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Last week...

More info on: 
Conference agenda
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Top Physics Timeline at the LHC
Top for commissioning: 
The first observation of the top quark is a landmark 
event for the initial detector commissioning.

10 pb-1

100 pb-1

1 fb-1

10 fb-1

100 fb-1

Early Measurements:
tT cross section will be among the first top physics 
measurements to be made.

Top for calibration:
The top mass and the tT topology are strong tool 
for understanding the detector.

Top as background:
Good understanding of the top is crucial to the 
discovery of new physics.

Precision measurements:
Precision-measurement of top properties and single 
top can be performed with accumulated data.

Discovery through top:
Study of the top quark may itself lead to the 
discovery of new physics.
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Top-physics topics of interest
tT cross section : 
• tT semileptonic (lepton + jets)
• tT dileptonic
• tT fully hadronic

Single top measurement: 
• s-, t-, Wt cross section
• Vtb measurement
• top polarization

Top mass: 
• tT semileptonic (using hadronic jets)
• tT dileptonic (using leptons)

Top property: 
• top charge
• top width
• tT spin correlation
• W helicity
• Yukawa coupling
• anomalous coupling
• resonance production

Dhiman Chakraborty The Top Quark
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W helicity

Figure by Dhiman ChakrabortyA rich collection of  physics programs.
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Experimental issues and known constraints

W mass constraint

Missing Et

Pile-up

Underlying event

Top mass constraint

Kinematic fit

A number of issues to be dealt with before 
measurements. Also a number of useful 
experimental handles once things are under control.

Triggering

Lepton ID

Light jet e scale

Final state rad.

Jet reconstruction

Uncertainties that affect 
measurements : 
• Trigger efficiency
• Lepton identification
• Missing Et measurement
• B-tagging efficiency
• Light/b jet energy scale
• QCD activity (MI, ISR/FSR)
• Beam related issues (Pile-

up, Luminosity, PDF)

Useful “known” constraints :
• W mass
• Top mass, branching ratio
• tT event topology

B-tagging

Bjet energy scale

B fragmentation

Initial state rad.

Luminosity

PDF
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Top production, Tevatron to LHC

proton-antiproton vs proto-proton

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

10 tt pairs per day (6.77 pb) vs 1 tt pair per sec (833 pb)
85% qqbar initial state (right) vs 90% gluon-gluon initial state (left)

1032cm-2s-1 vs 1034cm-2s-1 (design)

t̄t

singletop

t-channel
1.72 pb vs 244.6 pb

s-channel
0.82 pb vs 10.65 pb

Wt-channel
 0.14 pb vs 62.1 pb

The bigger the bang, the more exciting the result!

>> ~1/2 wih 10 TeV

1.96 TeV vs 14 TeV (design)
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ATLAS vs CMS

SUSY Searches at the LHC -4- Oleg Brandt, Univ. of Oxford

The ATLAS and CMS Experiments

Both ATLAS and CMS 

are multipurpose detectors

armed for discovery

Quite a development from

initial „Huge brick with 

muon chambers“-design!

µ

µ

• Two competing general purpose detectors on the LHC ring. General design 
concepts are similar: (from the center) inner tracking detectors, solenoid magnet, 
presampler, electromagetic calorimeter, hadronic calorimeter, toroid (ATLAS) / 
solenoid (CMS) muon magnet and muon spectrometers.

• Current “results” based on studies using Monte Carlo generators and detector 
simulation. CSC notes from ATLAS and TDR from CMS are the main source of this 
talk.

• Both experiments preparing for real data! Full Dress Rehearsal (ATLAS) and 
Computing, Software and Analysis Challenge (CMS) are stress testing their analysis 
facility.
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What to expect with early data?

• Unknown unknown

• Something unexpected, we might not have data as expected in 2008 :-(

• Known unknown

• Jet calibration is off and with large uncertainty.

• Poor inner detector performance - no useful b-tagging

• Unreliable missing ET

• Efficiency (trigger/offline reconstruction) not well measured

• Large uncertainty on luminosity

• Lots of bad runs

• Known known

• Top observation will not be the first publication but it will indicate the 
readiness of the “discovery machine”.

• Observability of top is high. Ten days of good run (at 1031 initial lumi = ~10 
pb-1) will provide enough data.

• Minimum requirements

• ID, EM calo, Had calo to trigger and reconstruct leptons and jets.
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Early top measurements - Dileptonic
• Trigger

• Single e (pT>16 GeV) or 
single μ (pT>17 GeV) 

• very high efficiency

• Lepton ID
• Two opposite charge with 

pT>20 GeV
• isolated (calo/track)

• Missing Et
• > 20 GeV for eμ
• > 30 GeV for ee and μμ
• Additional cuts for ee/μμ 

to remove fake from 
Drell-Yann

• Remove ee/μμ invariant mass 
within 15 GeV of MZ

‣ Count the number of jets 
with pT>30 GeV, no b-tag!

Somewhat large DY in ee/μμ, clear advantage in eμ. 
Estimate bkg from 0/1 jet bins, count number of ≧2 
jet events. At 10 pb, combined Δσ/σ ~ 9%. ~13% 

with eμ only. Expect systematics of the same order.

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

ee μμ

eμ sum

tT, Wj,Zj - Alpgen (NLO K fact. MCFM)
Dibosln - Pythia 
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Early top measurements - Semileptonic
“Commissioning tT analysis”

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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Figure 5: Left plot: Fit to the top signal. The Chebychev polynomial fit to the background is indicated
by the dotted line and the Gaussian fit of the signal events is indicated by the full line. Right plot:
Distribution of the expected statistical significance of the top signal in the peak as a function of the
integrated luminosity for two background scenarios.

statistical error is estimated from having simulated 100k toy experiments, applying the fluctuations which
are expected in 100 pb−1to both signal and background and fitting the peak in both the electron and muon
channels.

The main uncertainty is associated to the correct modelling of the jet multiplicity distribution as it
affects the fraction of tt̄ signal events that are correctly reconstructed using the algorithm described
earlier. An overview of the systematic uncertainties is given in Section 2.2.3.

2.2.2 Counting method

The tt̄ cross-section can be obtained by performing a counting experiment:

σ =
Nsig

L × ε =
Nobs −Nbkg

L × ε
Nbkg, the number of background events estimated from Monte Carlo simulations and/or data samples,
is subtracted from Nobs, the number of observed events meeting the selection criteria of a top-event
signature. This difference is divided by the integrated luminosity L and the total efficiency ε . The
latter includes the geometrical acceptance, the trigger efficiency and the event selection efficiency, and is
slightly dependent on mt . The advantage of using event counts in the commissioning phase is that, early
on, the Monte Carlo simulations may not predict the shapes of distributions very well.

In order to perform the counting experiment we divided our Monte Carlo samples into two, statisti-
cally independent, samples one which represents real data, used to obtain Nobs and the other one used as
a Monte Carlo to obtain both ε and Nbkg.

2.2.3 Systematic uncertainties

The main sources of systematic uncertainties are described in [8]. Some relevant points for the analyses
presented here are discussed for the case of the default selection plus the W mass constraint. The event
selection efficiencies have a nearly linear dependency for jet energy scale variations, which affects the
counting method directly. The hadronic top reconstruction efficiency has an inverse dependence on the
jet energy scale, caused by the algorithm that picks the three-jet combination that we consider to be the
hadronic top. If the jet energy scale is lowered, the jet multiplicity (and therefore the number of three-

9

• Algorithm

• Take tri-jet comb. with highest pT.

• Remove events if no dijet has mass ~ MW.

• Likelihood fit method

• Fit Gaussian (peak) and Chebyshev 
polynomial (background).

• Subtract background and correct for 
efficiency using MC. 

• Counting method

• More sensitive to bkg normalization.

‣ Likelihood fit method: Δσ/σ = 7(stat) ±15(syst)±3(pdf)±5(lumi)%

‣ Countingmethod:  Δσ/σ = 3(stat) ±16(syst)±3(pdf)±5(lumi)%

After W mass Window
bkg include: W+Jets, single top, 
DY+Jets, Wbb, Wcc, Diboson

(order of contribution)

tT - MC@NLO and AcerMC (NLO K)
Wj,Zj - Alpgen (NLO K fact. MCFM)
Dibosln - Herwig 

ATLAS 
preliminary

ATLAS 
preliminary

trijet mass before 
W mass window
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Top as background to new physics
Theory uncertainties for tT at LHC

! Note that at NLO with CTEQ6.6 pdf’s
the central prediction for the tT cross
section for µ=mt is ~850 pb (not 800
pb, which it would  be if the top mass
were 175 GeV); ~880 pb if use effect
of threshold resummation

! The scale dependence is around +/-
11% and mass dependence is around
+/-6%

! Tevatron plans to measure top mass
to 1 GeV

! mass dependence goes to ~+/-
3%

! NNLO tT cross section will be finished
this year (Czakon et al)

! scale dependence will drop (how
far?)

! threshold resummation reduces
scale dependence to <6%; may
hope for 3% with full NNLO

! tT still in worse shape than W/Z, but
not by too much

! and pdf uncertainty is (a bit)
smaller 16

Yesterday's discovery, today's background...
• Somewhat large theoretical uncertainty 

on tT production
• Scale uncertainty ~12 % with NLO, may 

be reduced by half with full NNLO 
calculation (soon?)

• Mass dependence ~6%, decreased with 
improved measurements.

• Challenge at LHC to test.

• With lepton, jets and missing Et, top 
events are background to a number of 
other measurements
• Higgs search (ttH, WH, H→ττ)
• SUSY search (various signatures)
• Twin Higgs Model (WH->tb), etc, etc.

• MC based approach: use whatever 
generator and normalize to NLO.

• Detector simulation in tail region is 
difficult and unreliable.

‣ Data driven tT background estimation is 
needed for new physics discovery.

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

4

DATA-DRIVEN DETERMINATIONS OF W, Z, AND TOP BACKGROUND

15

ATLAS preliminary
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Top as background to new physics
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• Datad-driven background 
estimation needs a control region

• Background-rich area (topbox, 
left) with little contamination 
from the signal is desirable. 

• May partially depend on MC 
(e.g. to estimate ratio between 
number in the box and outside.)

• Overlap between new physics and 
top can be large depending on 
signature.

• SM top measurements can be 
contaminated with new physics.

‣ Crucial to compare 
measurements from all tT final 
states to verify global consistency.

or new physics as background to top?2.2.4 Contributions of new physics

Many models of physics beyond the Standard Model contain new particles which couple to top-quarks.
For example, in SUSY these new particles are top squarks [9] and in warped extra dimensions they are
K aluza-K lein resonances [10]. Since the new particles are expected around the TeV scale, the typical
cross-sections are of order a few picobarns. We studied an extreme scenario: suppose the existence of
a new particle V that decays only into t t̄ pairs, V → t t̄ . The analysis efficiency for this new physics
is roughly twice that of the Standard Model and the number of events passing our selections will be
of the order of 1% or less of the t t̄ events. Hence the new particle V will not affect the cross-section
determination significantly.

We also studied the predictions at several mSU G R A benchmark points. The results are shown in
Table 6 and show that the expected signals are small. A t specific parameter points however, like SU4,
the cross-section is sizeable and the event topology is similar to that from top quark pairs which results
in additional backgrounds as large as the total Standard Model background. In F igure 6 we see that the
shape of the SU4 supersymmetry signal in the top quark candidate three-jet invariant mass distribution
is very similar to that from the Standard Model background.

The separation of t t̄ events and these new physics signals is addressed in more detail in the CSC
notes dedicated to searches for supersymmetry.

Electron analysis Muon analysis
E vent type Trigger+Selection Trigger+Selection

W const. mt win W const. mt win
SU1 53 9 1 64 12 2
SU2 10 2 0.5 13 3 0.7
SU3 108 22 4 124 26 4
SU4 1677 541 155 2141 700 199
SU6 29 5 0.6 35 6 0.6
SU8 27 5 0.6 33 6 0.8

Table 6: E xpected number of events in a 100 pb−1data sample at different stages of the analysis for
several event types: after trigger and event selection (left column), after a cut on the di-jet masses in the
top-quark candidate (middle column) and events with in addition to the di-jet mass cut a hadronic top
mass 141 < mt < 189 GeV (right column).

2.3 Implementation of b-tagging

O f course the b-tagging will greatly help in improving the signal-over-background. The numbers of
“tagged” b-jets in the t t̄ , single top and W +jet events which pass the default selection is shown in
F igure 7.

Tables 3 and 4 list the number of t t̄ and background events in the electron and muon channel which
survive the default selection plus the W mass constraint, and the request of having one and only one,
or two and only two b-jets are required (column six and seven). For all these cases, the corresponding
signal/over/background are given. Requiring one or two b-tagged jets improves the purity of the sample
by more than a factor of four, while the signal efficiency is only reduced by a factor of two.

In F igure 8 the reconstructed three-jet mass is shown when one or two b-tagged jets are required
for the default selection (left plot) and for the default selection plus the W -boson constraint (right plot).
To reconstruct the top mass, we find the three-jet combination with the highest possible pT , obtained
by requiring that one and only one of the three jets is a b-jet. When the W -boson mass constraint is

11

Topbox and SUSY

SUSY contamination in ATLAS commissioning analysis
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Top as a candle in the dark - B-tagging

• Conventional b-tagging performance estimation
• Measure rejection in inclusive jet samples
• Measure efficiency using soft-lepton tagger

• An alternative method using tT
• tT constraints can produce enriched b-jet 

sample.
• Closer to the environment where b-tagging is 

used in physics studies.

• Methods proposed
• Count number of events with different 

number of b-tagged jet. Only integrated 
efficiency measured.

• Reconstruct tT to identify a pure sample of 
b-jets and measures efficiency as function of 
other variables.

• Limited by background, statistically subtracted 
and the sample never completely pure.

‣ ~5% precision from counting method and 
~10% from tT reconstruction method at 100 
pb-1. Very useful once enough data is available.

!b (%) !c (%) "tt̄ (pb)

true meas. true meas.

w> 4 72.1 71.7±0.7 22.3 21.9±1.5 841±9

Lepton+jets w> 7 60.4 59.8±0.8 12.8 13.8±1.3 844±10

w> 10 48.1 47.4±0.9 6.7 8.2±1.4 832±13

w> 4 72.9 72.9±1.0 - - 882±17

Dilepton w> 7 61.1 60.5±1.2 - - 883±19

w> 10 48.4 47.9±1.3 - - 883±25

Table 4: Counting method: tagging effciencies and cross-section measured on a control sample and

compared to their true value for three levels ofb-tagging purity, for the lepton+jets and dilepton channels.

The tt̄ production cross-section was assumed to be 833 pb. The uncertainties are statistical only and

correspond to about 400 pb−1 of data.

the c-tagging efficiency is rather large, because this measurement is mostly determined by the number of

events with three tagged jets.

4.2 Backgrounds

In the lepton+jets channel, the main backgrounds areW+jets and single top. Other sources of background

are Z+jets (where one lepton fails to be identified), WW /WZ/ZZ+jets, and QCD processes (which has

not been studied, as discussed in Section 2). Figure 3 shows the total background due toW /Z+jets, single

top, and diboson+jets production and Fig. 5 (left) shows the expected signal over background ratio as a

function of the number of tagged jets. Events with one, or more than one, tagged jets have good purity,

with signal over background ratios of 14.4 and 26.8 respectively, but the background does need be taken

into account. The estimated background is subtracted from each sub-sample.

In the dilepton+jets channel, the main source of background is Z+jets production (but in the eµ

channel, only Z→ ## → eµ$$ is significant). WW /WZ/ZZ+jets and single top also contribute. Figure 4

shows the total background due to Z+jets and diboson+jets production. The purity of the dilepton+jets

sample (especially of the eµ channel) is good enough for the background estimate not to be an issue.

Figure 5 shows that the expected signal over background ratio for events with exactly one tagged jet

is 80 in the ee and µµ channels and 175 in the eµ channel; the background is completely negligible for

events with two or more tagged jets. It is remarkable that the eµ 0-tagged jet sub-sample is also quite

pure and could be used in the fit to improve its statistical power, provided a reliable background estimate

is available.

4.3 Systematic uncertainties

Table 5 summarizes the resulting systematic uncertainties for the counting method in the lepton+jets and

the dilepton channels. Some effects specific to this method are discussed in detail below.

The acceptance factors Fi jk depend upon the definition of jet flavour, which is arbitrary to some ex-

tent. By default, reconstructed jets are matched to the closest heavy quark (after FSR) in%R=
√

&2+'2;

the jet is attributed the quark flavour if %R < 0.3 (in case of ambiguity, b quarks have priority over c
quarks). Jets that are not associated to any b or c quark are considered light jets. Another possibility is

to match jets with hadrons, following the same procedure. It was checked that the choice of matching

hadrons or quarks has a negligible effect on the definition of jet flavour. To assess the systematic uncer-

tainty, the cut was shifted from 0.2 to 0.5 (nominal cut: 0.3) and the Fi jk factors were re-estimated for

each value. The shift observed on the same pseudo-experiments was taken as systematic effect.
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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: The b-tag weight distribution for the corrected sam-

ple (data points) compared with the distribution for true b-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 the corresponding 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 jet ET , 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 high ET , and the kinematic selection more at low ET . 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 low ET b-jets (20–40 GeV) suffer from large backgrounds.

5.5 Comparison of efficiency measurements

The performance of the different b-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

26

Estimated b-tag weight before and after background subtraction. 
Kinematic fit was used to select the sample exploiting tT topology.

Estimated efficiency from counting method. 100 pb-1
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Top as a candle in the dark - JES

± 0.6 GeV 
(± 0.6%)

PTcut = 40 GeV
Njets ≥ 2
All pairs

Before 
calibration

After 
calibration

<mjj> ~ 82.4 GeV 
bias from jet selection
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ν

b̄
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t̄

• Reducing dependency to the light jet energy scale by calibration using W hypothesis 
• Template fit for scale and resolution. 
• Important method to constrain quark-jet energy scale in general.
• Simultaneous fit to JES and top mass stabilize measured top mass against jet 

energy scale uncertainty. 

• Large out-of-cone energy at lower energy. 
• Even more of an issue with b-jets.
• No good data-driven method to fix b-jet energy scale other than to fix top mass! 

(a method under development to extract b-jet energy scale independent of Mtop)
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Top mass measurement
Top mass enters quadratically in loop corrections to the W mass, provides 
strong constraints on internal consistency of the Standard Model.Methods

• Semileptonic channel
• High branching ratio (~36/81)
• Event over-constrained
• Manageable background

• Dileptonic channel
• Low background
• Low branching ratio (~9/81)
• Event under-constrained

• Fully hadronic channel
• Event fully constrained
• Huge QCD and comb. background

• “Pure leptons” tt->lvJ/Psi(l+l-)+X
• No dependency on jet energy scale
• Very small branching ratio (~5.5*10-4)
• Mass indirect using MC lookup

• Others
• b quark decay length
• lepton pT

With ample statistics, possibility of 
competitive results from lepton 

based measurements, less sensitive 
to jet energy uncertainty. Aim for 
Δmtop < 1 GeV, a challenging goal.

TOP 2008, La Biodola, Isola d'Elba , May 18-24, 2008André H. Hoang  - 4

Need for a precise Top mass

Fit to electroweak precision observables

2 GeV error:            change in 

Best Independent Measurements

of the Mass of the Top Quark   (*=Preliminary)

CDF-I   dilepton 167.4 ± 11.4

D -I     dilepton 168.4 ± 12.8

CDF-II  dilepton* 171.2 ±   3.9

D -II    dilepton* 173.7 ±  6.4

CDF-I   lepton+jets 176.1 ±   7.3

D -I     lepton+jets 180.1 ±   5.3

CDF-II  lepton+jets* 172.7 ±   2.1

D -II    lepton+jets* 172.2 ±   1.9

CDF-I   alljets 186.0 ± 11.5

!!2
/ dof = 6.9 / 11

Tevatron Run-I/II* 172.6 ±  1.4

150 170 190

Top Quark Mass [GeV]

CDF-II  alljets* 177.0 ±  4.1

CDF-II  b decay length 180.7 ± 16.8

March 2008
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Top mass in semileptonic channel

• Trigger & Lepton ID & Missing Et > 20 GeV
• Single e (pT>25 GeV) or single μ (pT>20 GeV) 
• Corresponding offline cut plus isolation (calo)

• ≧ 4 Jets pT> 40 GeV, two of those are b-tagged

• Tight cut to remove combinatorial bkg and 
sensitivity to scale issues including ISR/FSR.

•  Geometric reconstruction (fit method also studied)
• Select nearest (in ΔR) jet pair as W candidate. 

Select 2σ from pdg mass. Add b-tagged jet 
nearest to the W to form top.

• Additional cuts to reduce combinatorics
• Mass of hadronic W + leptonic b-jet > 200GeV
• Mass of lepton and leptonic b-jet < 160 GeV

‣ Purity 78% with 3σ of mtop. Efficiency is 0.82.

‣ Mass extracted from Gaussian + polynomial fit. 
174.6 ±0.5 (stat 1fb-1) ±0.2 (syst JES 1%) ±0.7 (syst 
B-JES 1%) ±0.4 (ISR/FSR and b-fragmentation) GeV 

‣ JES extraction from W mass leads to 1% uncertainty 
at 1fb-1 but expect larger uncertainty on BJES.

The “Golden” channel

by this χ2 minimization is very narrow, as shown in Fig. 4. Further on, only the hadronicW boson

candidates within a mass window of 2 ΓMW
(ΓPDGMW

= 2.1 GeV) are kept; this cut is called C0.
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Figure 5: Energy correction factors estimated by the χ2 minimization.

3.5.2 HadronicW boson mass reconstruction through geometric criteria (geometric method)

In this method, the light jet pair with the smallest ∆R distance between the two jets is taken as the
hadronic W boson candidate. This method is simple and does not depend on the accuracy of the jet

energy scale. The resultingW boson mass distribution is shown in Fig. 6. Only hadronicW boson

candidates within a mass window of 2 σMW
(σMW

= 10.4 GeV) around the peak value of the invariant

mass distribution of all light jet pairs are kept; this cut is calledC1.
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Figure 6: HadronicW boson mass (geometric method).

3.6 LeptonicW boson mass reconstruction

The main difficulty in reconstructing the leptonic W boson comes from the kinematics of the

neutrino. The missing transverse momentum ET is used as an estimate of the neutrino transverse

momentum. This is, however, only an approximation, illustrated in Fig.7, as there may be other, softer,
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3.6 LeptonicW boson mass reconstruction

The main difficulty in reconstructing the leptonic W boson comes from the kinematics of the

neutrino. The missing transverse momentum ET is used as an estimate of the neutrino transverse

momentum. This is, however, only an approximation, illustrated in Fig.7, as there may be other, softer,
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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 10 6 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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3.6 LeptonicW boson mass reconstruction

The main difficulty in reconstructing the leptonic W boson comes from the kinematics of the

neutrino. The missing transverse momentum ET is used as an estimate of the neutrino transverse

momentum. This is, however, only an approximation, illustrated in Fig.7, as there may be other, softer,

8

Top mass after 
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ATLAS 
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W mass with 
geometric selection

tT - MC@NLO and AcerMC (NLO K)
Wj,Zj - Alpgen (NLO K fact. MCFM)
Single Top - AcerMC 
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Top mass in J/ψ+l channel
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8.2. Measurement of the top quark mass 225

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.

tT - TopRex + Pythia vs Alpgen (LO)
Wj, Wbb, Zbb - Alpgen

222 Chapter 8. Physics of Top Quarks

mt from the data which could reduce the contribution from these uncertainties considerably.
An alternative method, which is making use of exclusive b decays in semi-leptonic top-pair
events with the presence of a J/ψ decaying into an electron or muon pair was proposed
in [294, 295].

The top quark mass is determined by its correlation with the invariant mass of the recon-
structed J/ψ and the lepton from the W decay coming from the same top decay, mJ/Ψ!. The
correlation is present because the reconstruction of the J/ψ gives an accurate measurement
of the b quark flight direction and its momentum thanks to the relatively high mass of the
meson. Moreover, this measure is expected to have an excellent resolution because of the
very clean experimental reconstruction of the lepton three-vectors. Details on the analysis
presented here can be found in [296].

8.2.4.2 Event generation and selection

Signal events are generated using the TOPREX generator [44] and consist of tt events where
the presence of at least one J/ψ in the final state from the hadronisation of b-quarks is re-
quired. No distinction is made about the origin of the J/ψ; therefore the same samples
also contains combinatorial background where the J/ψ is coming from a b quark produced
together with a W boson decaying hadronically. Five samples corresponding to five dif-
ferent top masses are generated with a statistics of 200K events each. The event hadroni-
sation and the description of the underlying event and the minimum bias is realised with
PYTHIA 6.227 [24].

All the signal samples are passed through full detector simulation (ORCA) [10] with a simula-
tion of the minimum bias corresponding to high luminosity data taking. Indeed, the statistics
is expected to be so low that the use of high luminosity data must be considered. The same
signal samples, and several millions more for studies on systematics, are passed through the
fast simulation of the detector (FAMOS) [11]. The shape of the variables used in the selections
are fully compatible in both scenarios.

The studied physics backgrounds are generated with the ALPGEN [160] generator and in-
clude W + jets, Zbb + jets, Wbb + jets. In these cases the samples are not biased by requiring
an explicit J/ψ in the final state, therefore the separation from the signal is studied on the ba-
sis of cuts not involving the search for a J/ψ and the contribution of the resulting background
is then rescaled taking into account the proper branching fractions. The selection, in terms
of signal efficiency, is also cross-checked against tt + jets signal generated with ALPGEN, and
is found to be consistent.

The main difficulty of the analysis comes from the extremely low branching ratio for a tt
event to give a final state with a leptonic J/ψ. This can be written as:

BR(tt→ (Wb)(Wb)→ (Xb)("νJ/ψX)) = 2 · BR(W → "ν)
·BR(b(→ X)→ B±,0, Bs, Bbaryon → J/ψX) · BR(J/ψ → "") (8.3)

where charge conjugation is implicit, " indicates either an electron or a muon, and having
assumed a BR(t → Wb) of 1. Replacing the branching ratios with up-to-date numbers [54]
one gets for the global branching ratio the value 5.5 · 10−4 that, in terms of event yield and
assuming a cross section for pp→ tt of 830 pb, makes approximately 4500 events per 10 fb−1.
This number does not include neither the trigger and selection efficiency, nor the efficiency
for the correct pairing of the J/ψ to the correct lepton from the W decay.

=5.5*10-4

• Different systematics but extremely low BR
• 4500 events at 10 fb-1 before trigger/

selection. ~400 after selection.
• Difficult to reconstruct leptons (especially 

electrons) in jet.

• Event selection
• Opposite-sign leptons (pT>40 GeV)with 

invariant mass between 2.8-3.2 GeV
• 35 > Δϕ(l+l-) > 2 degrees
• HT jet momenta > 100 GeV
• Z inv mass veto

• Peak of the invariant mass of the 3 leptons 
most correlated to the top mass
• Non negligible combinatorial background 

with third lepton from wrong W.

‣ Statistical uncertainty ~1 GeV at 20 fb-1. 
Systematics ~1.5 GeV and dominated by 
MC model to calculate correlation. NLO 
model may reduce systematics.
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Top property - FCNC

−1σ expected +1σ
tt̄ → bWqγ :

e 4.1×10−4 1.1×10−3 1.9×10−3

µ 2.9×10−4 7.4×10−4 1.3×10−3

! 2.4×10−4 6.5×10−4 1.1×10−3

tt̄ → bWqZ:

e 4.4×10−3 9.4×10−3 1.6×10−2

µ 2.0×10−3 4.2×10−3 6.7×10−3

! 1.3×10−3 2.6×10−3 4.1×10−3

tt̄ → bWqg:

e 1.4×10−2 2.3×10−2 3.3×10−2

µ 1.1×10−2 1.7×10−2 2.5×10−2

! 8.5×10−3 1.3×10−2 2.0×10−2

Table 19: The expected 95% confidence level limits on the FCNC top 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.
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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 the HERA, Tevatron

and ATLAS (together with the statistic plus systematic 1σ band) is also represented by the dash lines.
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• Study FCNC in top (t→qX, X=ɣ,Z,g)
• Strongly suppressed in SM at tree level.
• Excess may be seen from new physics 

such as SUSY, multi-Higgs doublet models.

• Event reconstruction
• Study all lepton decay modes.
• Lepton trigger and requirement on jet/

lepton as appropriate. Additional cut 
specific to each channel.

• Fit the event assuming tT topology and 
use χ2 to resolve combinatorics.

• Additional selection based on likelihood 
discriminants.

‣ Extend the current limits by factor of 
101-102 with 10 fb-1 of data (inc. systematics)tT - t→qX  TopRex + Pythia 

Wj, Wbb, Zbb - Alpgen

10 fb-1

ATLAS 
preliminary

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

(with and without b-tag) and 10 fb−1, obtained from the ρL,R and A± observables using TopFit.

5.1 Event samples

The signal event samples used in this analysis correspond to tt̄ → b!νqX , where X = γ ,Z → !!,g and
! = e,µ . The other Standard Model samples were considered as background.

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 theW and the Z bosons decay hadronically) difficult. For this reason only the

leptonic decays of bothW 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 16. The expected number of

background events and signal efficiencies after the final selection are shown in Table 18. For the t → qγ
channel, the dominant backgrounds are tt̄, Z+jets and W+jets events, which correspond to 39%, 30%
and 28% of the total background. The total background for the t → qZ channel is mainly composed of

tt̄ and Z+jets events (63% and 30% of the total background, respectively), while for the t → qg it is

mainly composed ofW+jets and tt̄ events (which correspond, respectively, to 64% and 26% of the total

background).

For all the channels, the top quark with Standard Model semileptonic decay (t → b!ν) 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 (in the case of the qZ topology, this loop also includes the three leptons) which

give the value closest to 1 for the expression

χ2 =
(
mFCNCt −mt

)2

σ 2t
+

(
m!aν j−mt

)2

σ 2t
+

(m!aν −mW )2

σ 2W
+

(m!b!c −mZ)2

σ 2Z
, (10)

where mFCNCt , m!aν j, m!aν and m!b!c are, for each jet and lepton combination, the reconstructed mass of

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

22
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Top property - tT spin correlation
• Top quark decays quickly, ~10-25s

• Leaves no time for hadronization
• No gluon coupling to flip its spin
• Daughter particles carry spin 

information

• Test SM prediction, anomaly may come 
from resonance
• Use semileptonic tT, use θl-t , θq-t , θb-t 

(helicity basis) and fit for A (= 0.32 in 
SM).

• Apply event selection and correct
• Selection similar to cross section 

measurement plus wide window on 
W and top mass.

• Correct bin by bin for selection 
efficiency to remove bias. Also 
remove background using 
independent MC.

‣ Including systematics (Mtop, JES, b-tag, 
x-sec, jet multip.),  27% uncertainty on 
Ab−t l−t and 17% on  Aq−t l−t at 10 fb-1.

228 Chapter 8. Physics of Top Quarks

The spin correlation in the semi-leptonic tt decay channel can be measured in terms of a
double differential lepton and quark angular distribution, which, neglecting higher order
QCD corrections, is given by

1
N

d2N

d cos θl d cos θq
=

1
4
(1−Aκlκq cos θl cos θq) . (8.5)

Here, using the helicity basis the lepton and quark angles θl and θq are obtained by measuring
the angle between the decay particle momentum in its parent top quark rest frame and the
parent top quark momentum in the tt quark pair rest frame. The correlation coefficient

A =
N|| −NX

N|| + NX
=

N(tLt̄L + tRt̄R)−N(tLt̄R + tRt̄L)
N(tLt̄L + tRt̄R) + N(tLt̄R + tRt̄L)

, (8.6)

where N|| and NX give the number of events with parallel and anti-parallel top quark spins,
respectively. Two angle combinations are considered: θl versus θb and θl versus θq(lower energy);
in the following description these two combinations are denoted as b− t l − t and q − t l − t.

8.3.2 Simulation of tt with spin correlation

A tt sample of 3.1 · 106 events containing 9.1 · 105 semi-leptonic signal events was generated
with PYTHIA [24] and reconstructed using ORCA. As PYTHIA does not include spin correla-
tions the events are weighted according to Formula 8.5 with A = 0.32 [44] and appropriate
values of κ. Then, this data sample is subdivided into two sub-samples: one is regarded as
the “reference” sub-sample (1.61M events), used for determination of the selection efficiency
and backgrounds. The other is regarded as the “analysis” sub-sample (1.50M events), used
for the measurement of A. This sample provides 436K signal events. The double differential
angular distributions obtained from the “analysis” sample are presented in Figure 8.11.
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Figure 8.11: Double differential angular distributions obtained from the “analysis” sample,
see text.

The distributions in Figure 8.11 are fitted according to the Formula (8.5). The results are
Ab−t l−t = 0.321 ± 0.011 (stat.) and Aq−t l−t = 0.319 ± 0.009 (stat.) which are statistically
compatible with the input value of A = 0.32.
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The distributions in Figure 8.11 are fitted according to the Formula (8.5). The results are
Ab−t l−t = 0.321 ± 0.011 (stat.) and Aq−t l−t = 0.319 ± 0.009 (stat.) which are statistically
compatible with the input value of A = 0.32.

230 Chapter 8. Physics of Top Quarks

Table 8.15: The physics processes considered for signal and background. The number of
selected events for the non-tt processes are scaled to the same tt sample luminosity.

Process Simulated events σ(pb) Efficiency Selected events
tt (signal) 436K 246 5.0 · 10−2 21589
tt (background) 1.07M 584 4.0 · 10−3 4236
WW + jets 310K 188 4.5 · 10−5 15
W + jets (p̂T = 20− 400 GeV/c) 2.06M 43K 3.4 · 10−6 260
Wbt semi-leptonic decay 328K 63.1 1.3 · 10−3 144

8.3.4 Estimation of correlation coefficient

In order to correct for the selection efficiency, an efficiency (6 × 6) matrix is determined by
taking the ratio of the reconstructed double differential angular distribution to the gener-
ated one, using the “reference” sample. The final double differential angular distribution is
obtained by subtracting, bin-by-bin, the background obtained from the “reference” sample
from the total sample of signal plus background obtained from the “analysis” sample. The
resulting distributions are corrected for the selection efficiency, Figure 8.13, and fitted using
Formula 8.5.
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Figure 8.13: Background-subtracted and efficiency-corrected double-differential distribution
of the cosine of the analysis angles in the b− l l − t and q − l l − t systems.

The correlation coefficients obtained from the fit are:

Ab−t l−t = 0.375± 0.100 (stat.) ,
Aq−t l−t = 0.346± 0.079 (stat.) .

These results agree, within statistical uncertainties, with those obtained from the generated
events of Figure 8.11.

The following sources of systematic uncertainties have been evaluated. The choice of the
Parton Distribution Function in modelling tt production affects the number of tt events pro-
duced via gluon fusion and that via quark-anti-quark annihilation. The relative variation in
A, determined using TOPREX with different PDFs (CTEQ6M, MRST2003), is found to be 4%.

tT - re-weighted Pythia
Wj - Alpgen (?)
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Source Analysis in 1 fb−1 Analysis in 10 fb−1

Variation Cut-based BDT Variation Cut-based BDT

Data Statistics 5.0% 5.7 % 1.6% 1.8 %

MC Statistics 6.5 % 7.9% 2.0 % 2.5%

Luminosity 5% 18.3 % 8.8% 3% 10.9 % 5.2%

b-tagging 5% 18.1 % 6.6% 3% 10.9% 3.9%

JES 5% 21.6% 9.9% 1% 4.4 % 2.0%

Lepton ID 0.4% 1.5 % 0.7% 0.2% 0.6 % 0.3%

Trigger 1.0% 1.7 % 1.7% 1.0% 3.6 % 1.7%

Cross section 22.9% 8.2% 6.9 % 2.5%

ISR/FSR +7.2 -10.6% 9.8 % 9.4% +2.2 -3.2% 2.7 % 2.5%

PDF +1.38 -1.07% 12.3 % 3.2% +1.38 -1.07% 12.3 % 3.2%

MC Model 4.2% 4.2 % 4.2% 4.2% 4.2 % 4.2%

Total 44.7 % 22.4% 22.4 % 10.0%

Table 5: Summary of all uncertainties that affect the measured cross section, shown for the cut-based analysis and the BDT analysis. Data

statistics is the poisson error one would expect from real data while MC Statistics is the uncertainty on the estimated quantities due to MC

statistics.

• ∆R between leading non-b-tagged jet and lepton andW transverse mass

• η of jet with largest eta and number of jets with pT > 30 GeV

Figure 6 (left) shows the BDT output discriminator constructed from the variables discussed above.

By cutting on a high value of the discriminator, the t̄t background can be removed more effectively

than by cutting on individual input variables. Since the BDT was optimized for the t̄t separation, as

expected the output is not effective againstW+jets. It can be seen in the right figure that a high level of

signal purification is achieved using the BDT discriminator. We optimized the cut on the BDT output
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Figure 6: Boosted decision tree output for signal and background after the b-tagged jet pT cut (left) and leptonic top mass distribution using

cut on BDT output at 0.6 (right).

by minimizing the final uncertainty on the measured cross section, including the systematic effects. For

each cut, the systematic uncertainties were calculated assuming that the relative systematic uncertainty
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Single top measurement - t-channel
• Most promising single top channel
• |Vtb| measurement and top 

polarization measurement. Also 
background to tT, SUSY, Higgs.

• Background rejection strategy
• One isolated lepton, pT>25 GeV
• Veto dileptonic events (vs tT dilep)
• ≧ 2 jets with pT>30 GeV 

• veto >4 jets (vs tT semilep)
• MET>20 GeV
• 1 b-tag with pT>50GeV
• One jet in |η|>2.5

• Analysis dominated by systematics
• Due to high level of tT background
• Specifically trained BDT (12 

variables) to reject tT.

‣BDT very effective for single top.

‣Lacking data driven bkg estimation: 
QCD estimation!

‣10% (Δ|Vtb|~5%) at 10 fb-1, assuming 
very good understanding of detector.
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by minimizing the final uncertainty on the measured cross section, including the systematic effects. For

each cut, the systematic uncertainties were calculated assuming that the relative systematic uncertainty
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although dilepton events have a higher survival probability of 1.36% compared to 0.64% of the lepton +

jets. W+jets is the next largest background while theWbb̄ contribution is relatively small. The s-channel

single top contribution is almost negligible and the diboson background is even smaller and therefore is

not included in the table.

 (GeV)TP
0 20 40 60 80 100 120 140 160 180 200

E
n

tr
ie

s

0

0.05

0.1

0.15

0.2

0.25

 (GeV)TP
0 20 40 60 80 100 120 140 160 180 200

E
n

tr
ie

s

0

0.05

0.1

0.15

0.2

0.25

t-channel

tt
Wjets

Number

0 1 2 3 4 5 6 7 8 9

E
n
tr

ie
s

0

200

400

600

800

1000

1200

1400

1600

1800

2000

2200

Number

0 1 2 3 4 5 6 7 8 9

E
n
tr

ie
s

0

200

400

600

800

1000

1200

1400

1600

1800

2000

2200

t-channel

Wt-channel

s-channel

)µ l+jets (l=e→tt

)µ ll (l=e→tt

+jetsτ/τ+τ/τ l+→tt

Wbb

Wjets

Figure 4: Signal and background distributions of the b-tagged jet pT and multiplicity of jets with pT > 30 GeV after the t-channel selection.

As seen in Table 3, a precision (
√
S+B/S) of 5% can be obtained after the final selection. Note,

however, that the selection cut does not optimize the precision nor the significance of the signal obser-

vation. As it turns out, the uncertainty from systematic effects is much larger than the statistical error.

From purely statistical arguments, the t-channel cross section can be measured to a few percent accuracy

with a few fb−1 of data.

process Preselected b Jet pT light jet η
ε(%) N(1fb−1) ε(%) N(1fb−1) ε(%) N(1fb−1)

t-channel 7.7% 6191±112 5.5% 4412±95 1.8% 1460±56
µ channel 4.1% 3312±83 2.9% 2352±71 0.9% 728±40
e channel 3.6% 2879±78 2.6% 2060±66 0.9% 732±40

s-channel 9.0% 316±5 7.0% 245±4 0.8% 26±1
Wt-channel 8.9% 2575±37 6.4% 1854±32 0.4% 122±9
tt̄ l+jets (l = eµ) 9.3% 22580±176 7.3% 17775±158 0.6% 1556±48
tt̄ → l+ τ/τ + τ/τ+jets 4.3% 7342±104 3.4% 5776±93 0.4% 740±34
tt̄ → ll(l = eµ) 10.4% 4018±75 8.1% 3143±67 1.3% 520±28
W+jets 0.025% 12886±138 0.012% 6082±95 0.0017% 873±36
Wbb̄ 4.7% 939±27 3.0% 597±22 0.4% 69±8
S/B 0.12 0.12 0.37

S/
√
B (σ ) 27.5 23.4 23.4√

S+B/S 3.9% 4.5% 5.0%

Table 3: Number of events selected after each cut in the t-channel analysis. The last column shows the number of remaining events in the

cut-based analysis at the integrated luminosity of 1 fb−1 .

In comparison to the previous study in the ATLAS physics TDR [16], which reported S/B ratio of

3, there is a significant reduction in event selection performance. The cut-based selection used here

is similar to that used in the TDR and we would have expected a similar result. Further investigation

revealed several issues with the TDR analysis. Firstly, MC generators changed drastically in recent years.

9

Selected events After BDT

Jets

t-chan ST - AcerMC
tT - MC@NLO (NLO K)

Wj - Alpgen (NLO K fact. MCFM)

ATLAS preliminary

ATLAS 
preliminary
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Single Top Measurement - tW

S =
Rtt̄(Ns −No

s )− (Nc −No
c )

Rtt̄ −RtW
,

B =
(Nc −No

c )−RtW (Ns −No
s )

Rtt̄ −RtW
+ No

s .

• Severe background from tT
• Extremely similar final state to tT. 

Just one b-jet less.
• Dileptonic and semileptonic decay 

channels.

• Avoid heavy dependency on MC to 
estimate tT background

• “Ratio method” uses ratio of 
efficiencies Rx=εx(control region)/
εx(signal region), estimated with 
MC.

• Cancels systematic uncertainties 
from PDF, JES and b-tagging to a 
large extent.

• N0 , non tT background is 
estimated with MC. 

‣tW cross section 2nd largest after t-
channel but visibility is low. 

Ratio method

t-chan ST - SingleTop/TopRex
tW - TopRex
tT - Pythia
Wbb - TopRex/MadGraph
Wj - CopHep/MadGraph

240 Chapter 8. Physics of Top Quarks

Table 8.23: Summary of uncertainties of cross section measurement.

Source Uncertainty ∆σ/σ (dilept.) ∆σ/σ (semi-lept.)
Statistical uncertainty — 8.8% 7.5%
Integrated luminosity 5% 5.4% 7.8%

tt cross-section 9% negligible negligible
t-channel cross-section 5% negligible 0.8%

W+jets cross-section 10% not applicable 3.1%
WW+jets cross-section 10% 1% not applicable

Jet energy scale 5%-2.5% 19.7 % 9.4%
b tagging efficiency 4% - 5% 8.7 % 3.6%

PDF 1σ +4%/-6.0% 1.6%
Pileup 30% 6.1 % 10.3%

MC statistics — 9.9% 15.2%
Total uncertainty ±23.9%(syst.) ±16.8%(syst.)

± 9.9%(MC) ±15.2%(MC)

8.4.4 Selection and cross section - s-channel

The present analysis of the s-channel single top production is based on leptonic channels,
i.e. the top is identified and reconstructed by its semi-leptonic decays into "νb final states,
with " = e, µ. For this study, a fast simulation of the CMS detector with FAMOS was used,
see [316, 317] for details.

The signal events are triggered by the single lepton triggers. Since this production mode
suffers from low statistics, one could envisage the introduction of a combined trigger e ×
jet, with threshold 19 GeV/c for the electron (in order to make the electronic sample more
coherent with the muonic sample) and 45 GeV/c for the jet. This value has been chosen to be
the same as the threshold for the τ -jet in the already existing e× τ − jet trigger.

8.4.4.1 Pre-selection

The pre-selection criteria are as follows:

• The event has to fire at least one of the previously described triggers (including
the proposed e× j).

• The event must contain one isolated lepton (µ or e) with pT ≥ 19 GeV/c and |η| ≤
2.1(≤ 2.4) for muons (electrons) and no other lepton above 10 GeV/c.

• Exactly two uncalibrated jets must have pT ≥ 30 GeV/c and |η| ≤ 2.5 and no other
jet has to be present with pT ≥ 20 GeV/c.

• Both jets should have a positive b-tagging discriminator value.
• The event should have Emiss

T > 30 GeV.

• The transverse mass of the W -boson MW
T should be less than 100 GeV/c2.

Details on the effect of the pre-selection cuts are given in Table 8.24. Note, that as in Sec-
tion 8.4.2, the multi-jet QCD contribution is neglected.

10 fb-1
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Top as new physics signature

• Top may be a signature for new physics
• Alternative models to explain 

EWSB tend to couple strongly to 
the top quark (“best probe for 
EWSB”).

• Top-color, extra dimension (ADD, 
RS), extra generation etc.

• Measurement of di-top system is itself 
interesting and may reveal resonance 
structure.
• Can start as long as tT is fully 

reconstructed.
• But improvement on resolution can 

take time.
• Moreover, reconstruction of high-pT 

top can be problematic.

pp→ X → t t̄

pp→ b′ b̄′ →W−t W+t̄

pp→ g̃ g̃ → g̃t g̃t̄

2

pp→ X → t t̄

pp→ b′ b̄′ →W−t W+t̄

pp→ g̃ g̃ → g̃t g̃t̄

2

pp→ X → t t̄

pp→ b′ b̄′ →W−t W+t̄

pp→ g̃ g̃ → g̃t g̃t̄

2

Current limits

S/B increases by a factor of 3 at the LHC

(increase in energy)

1 fb-1

Randall-Sundrum 

Kaluza-Klein 

gluon

Topcolour 

Leptophobic 

Z!

Standard 

Model Z! 

k=1.3

9

1 fb-1
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Figure 15: Z′ mass resolution as a function of the

Z
′ mass.
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Figure 16: Discovery potential of a generic nar-

row tt resonance as a function of the integrated

luminosity.

6.3 Discovery potential

6.3.1 Method and results

The method used to extract the discovery sensitivity consists in counting the number of Standard Modeltt

events in a sliding mass window over the invariant mass spectrum. 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) 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 tt resonances.

This method, explained in detail in [75], requires as input the Z′ mass resolution (Figure 15), the

reconstruction efficiency of both Standard Modeltt events and resonance events, and the purity of final

samples.

The resulting sensitivity is shown on Figure 16. For example, a 700 GeVZ′ resonance produced with

a (σ ×Br) of 11 pb should be discovered with a 5σ significance after 1 fb−1 of data taking. The tt 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 tt background. The main contribution arises

from the expected error on the b-tag efficiency, which is set to±5 %.

• the background contribution (Standard Modeltt). The main contribution comes from the tt cross-
section uncertainty +6.2

−4.7 %.

• the tt mass resolution (Figure 15). The effect on the discovery potential increases with the reso-
nance mass.

• the luminosity of collected data.

The discovery potential is given as a function of the tt resonance mass. The position of the resonance

mass peak depends on the accuracy of the jet energy scale. This will be constrained by theW and top

events themselves.

29

discovery potential for narrow tT resonance.
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Higher end of the spectrum

pTtop = 150 GeV pTtop = 250 GeV

‣ Large phase space available for highly boosted top quarks, may even come from resonance.
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Reconstructing highly boosted topResonance Search

• Calculate the invariant mass for tt pairs ⇒ 

look for a bump!

• Now the dominant background is Standard 

Model tt!

• New challenges for large masses (> 1 TeV)

• highly boosted top quarks

• overlapping decay products

• reconstruct “top quark jets”

• Mass limits depend on the theoretical model

• Systematic errors similar to those for tt 

cross-section

8
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Figure 14: Distribution of YScale23 as a function of YScale34 for the background (blue) and signal (red)

samples. Events are required to lie above the line.
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Figure 15: Distribution of YScale23 as a function of jet mass for the background (blue) and signal (red)

samples. Events are required to lie above the line.

Cluster based signature : Y-scale

• For top quarks with pt above ~400 GeV, the decay 
products start to merge due to high boost. A different 
approach in top reconstruction is required:

•   less jets
•   lepton not isolated
•   b-tagging performance changes

• Gradually lose the useful features of the top quark as 
they go harder. 

• Need study of jet substructure to distinguish high pt 
QCD jets from “topjet”.
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Appendix
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tT branching fraction

Dhiman Chakraborty The Top Quark

The fi nal state signature of tt events

• In the SM, each top quark decays into a W
boson and a b quark.

• The final state of a tt̄ system is primarily clas-
sified by the decaymodes of the twoW bosons:

9 Oct 2006 13

Area 
represent 
branching 
fraction
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