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tt Physics at LHC

σ(pp → tt) ∼ 830 pb (NLO)

∼ 87% gluon fusion

• (pp  tt) ~ 830 pb (NLO)

• ~90% gg  tt

• ~10% qq’  tt

• BR(t  bW) ~100%

• BR(W  qq)  ~67%

• BR(W  l )   ~11%
for each l = e, ,

3btt Physics at LHC
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Fig. 3: Cross sectionsfor hard scatteringversus . The cross sectionvalues at TeV are:
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∼ 13% quark annihilation

• (pp  tt) ~ 830 pb (NLO)

• ~90% gg  tt

• ~10% qq’  tt

• BR(t  bW) ~100%

• BR(W  qq)  ~67%

• BR(W  l )   ~11%
for each l = e, ,
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approximately one tt-pair per
second at L = 1033 cm−2 s−1

⇒ LHC is a top factory!

BR(t → bW ) ∼ 100%

other rare SM decays either
CKM suppressed or via FCNC

• (pp  tt) ~ 830 pb (NLO)

• ~90% gg  tt

• ~10% qq’  tt

• BR(t  bW) ~100%

• BR(W  qq)  ~67%

• BR(W  l )   ~11%
for each l = e, ,
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Dilepton Channel

clean final state signature

two isolated opposite-sign high
momentum leptons

two jets from b quark hadronisation

lowest BR (1/9)

54 pb (LO) at LHC

27 pb (LO) without W± → τ±ν

⇒
high trigger probability

signal can be seen with less than 1 fb−1

S/B = 12 achieved (e and µ)
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Signal

Zjets

Diboson

ttbar non dilepton

• very clean final state signature with two isolated 
opposite-sign leptons and two b-jets

• two neutrinos prevent direct reconstruction

• event kinematic still has large sensitivity to mt

• selection

3bDi-Leptonic
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• single and di-lepton trigger

• two isolated opposite-sign 
leptons with pT > 20 GeV/c

• for two same-flavour leptons 
remove Z mass peak

• two b-jets with pT > 30 GeV/c

• MET > 40 GeV

2 cmstopmass printed on July 1, 2006

2. Di-leptonic Final States

The di-leptonic channel offers an easily selectable and distinguishable
final state, but the presence of two neutrions prevents a direct reconstruc-
tion of the top quark mass. However, the event kinematic retains a large
sensitivity to the top mass. The method presented here is discussed in more
detail in [2].

Events are selected using the single and di-lepton trigger, and then de-
manding at least two isolated opposite-sign leptons with pT > 20 GeV/c.
Figure 1 shows the invariant mass of the two highest-pT lepton candidates,
a cut around the visible Z mass peak is used to remove the contamina-
tion due to Z+jets events. Selected events must also contain at least two
b-tagged jets with pT > 30 GeV/c, using the CMS combined b-tagging algo-
rithm [3]. A upper cut on the number of high-pT jets is used to suppress
the other tt final states. Finally, a Emiss

T > 40 GeV selection cut reflects
the presence of two neutrions in the final state of signal events. The full
selection is detailed in Table 1.

tt dilepton other tt Z+jets diboson S/B
[pb] [pb] [pb] [pb]

before selection 54.22 433.78 11055.30 19.73 0.005
L1 45.06 302.34 2967.13 9.64 0.014
HLT 36.41 184.43 2007.67 6.9 0.017
2 isolated leptons 9.60 4.22 48.33 0.240 0.182
2 b-jets 5.30 3.13 2.55 0.031 0.928
lepton inv. mass 4.46 2.88 0.55 0.014 1.292
lepton pt cut 3.07 0.62 0.34 0.013 3.151
Emiss

T cut 2.30 0.43 0.05 0.011 4.748
# high pT jet cut 1.85 0.21 0.03 0.008 7.332
kinematical reco. 0.66 0.05 0.002 0.008 12.167
Table 1. Selection cuts for the signal and considered background samples.

The event kinematics of the di-leptonic tt decay channel yield an un-
derconstrained equation system due to the two undetected neutrinos in the
final state. Using the constraints of momentum balance in the transverse
plane, the known mW and the equalness of both top quark masses, the
event kinematics can be written as a fourth order polynomial with the top
mass as a parameter. For each selected event, a top mass value in the range
100 GeV/c2 ≤ mt ≤ 300 GeV/c2 is tried in 1GeV/c2 steps using the Standard
Model expectations of the neutrino momentum spectrum. Each solution,
including their fourfold ambiguity, is weighted and the highest weight one
is retained. The mass distribution of these most likely solutions for all se-
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Event Reconstruction in the Dilepton Channel

event kinematic has large sensitivity to mt

0 =
∑

i∈{`,ν,b} pi
T

m2
W± = (p`

±
+ pν|ν)2

m2
t = (p`

±
+ pν|ν + pb|b)2

 0 =
4∑

i=0

ci (mt , p
`± , pb, pb)(pνx )i
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→ distribution of most likely
solutions / top mass
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Measurements in the Dilepton Channel

mass measurement (1 and 10 fb−1)

main systematics: b-jet energy scale

1 fb−1 : ∆mt = ±1.5 (stat.)± 4.5 (syst.) GeV/c2

10 fb−1 : ∆mt = ±0.5 (stat.)± 1.1 (syst.) GeV/c2

cross section measurement (10 fb−1)

only e − µ dilepton events to remove Drell-Yan background

Effect ∆σtt/σtt Effect ∆σtt/σtt

Jet Energy Scale 3.6% Pile-Up 3.6%
b-tag efficiency 3.8% Underlying Event 4.1%
Lepton reco. 1.6% Heavy quark fragm. 5.1%
Emiss

T 1.1% PDF uncertainties 5.2%
ISR and FSR 2.5%

∆σtt/σtt = ±0.9% (stat.)± 11% (syst.)± 3% (lumi.)
Daiske Tornier, RWTH Aachen 3b Top physics with CMS LHC days, Split, 02.10.2006 6 / 20



Lepton+Jets Channel

golden channel

clean signature

large branching ratio

selection in µ channel

single-muon trigger

isolated muon

four non-overlapping jets
two b-tagged, two anti-b-tagged

kinematic fit (mW constraint)

likelihood ratio

< 4% non-tt background
S/B > 8 achieved in µ channel

 )
comb

log( L
-5 -4.5 -4 -3.5 -3 -2.5 -2 -1.5 -1 -0.5 0

n
r.

 o
f 

e
v

e
n

ts

0

50

100

150

200

250

300

350

400
correct choice

wrong choice

 )
comb

log( L
-5 -4.5 -4 -3.5 -3 -2.5 -2 -1.5 -1 -0.5 0

c
o

m
b

P

0

0.2

0.4

0.6

0.8

1

Figure 12: Distribution of the combined likelihood value for the chosen correct and wrong jet combinations of the

signal events containing a correct combination (left), and for the same events the relation between the combined

likelihood variable and the probability ( = S/(S+B) ) for the choosen combination to be the correct

one (right).

kinematic fit. The estimator would obtain the same statistical precision as when it is applied on a

data sample with an increased number of events by a factor 2, hence collecting twice as much data. The width of

the top quark mass distribution is reduced from 15.0 GeV/c to 13.0 GeV/c when applying the kinematic fit. The

top quark mass after the kinematic fit is shown in Figure 16 for all relevant processes contributing to the selected

event topology.

6 Construction of the events ideogram

Rather than developing top quark mass estimators on samples of events, an event-by-event likelihood approach is

pursued. The fitted kinematics of the three jets connected to the hadronic decaying top quark are used to determine

the top quark mass. From the covariance matrices of the kinematics of these three fitted jets the uncertainty on the

top quark mass can be determined for each event via error propagation. The result can be written as

(2)

for the measured event kinematics of the reconstructed event to agree with a reconstructed top quark mass

given the result from the kinematic fit as and the uncertainty . This variable can be transformed into a

probability as

(3)

where represents the resolution function or likelihood ratio mapping of the event in the space of

the reconstructed top quark mass . It is often called an ideogram of the event [16]. It reflects the relative

compatibility of the reconstructed kinematics of the event with the hypothesis that one heavy object with mass

decays into three jets of which two originate from the W boson.

This probability scan can also be determined explicitly by forcing a reconstructed top quark mass to

the event in the kinematic fit. The hypothesis of a Gaussian resolution function on the fitted top quark mass is not

needed in this approach, but the computing time is increase by a large factor. In Figure 17 the one-dimensional
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-• isolated lepton, MET, two b-jets, two light quark jets

• selection

• single-muon trigger

• isolated muon with pT > 20 GeV/c

• four non-overlapping jets with ET > 30 GeV,                                        
two b-tagged, two anti-b-tagged

• probability of kinematic fit (MW constraint) P!2 > 0.2

• likelihood ratio Lsignal # Psign > 0.8

• pT of muon candidate

• pT of second muon candidate

• min ET among four leading jets

• likelihood ratio Lcombined # Pcomb > 0.5

• "(b-jet, muon)

• "(b-jet, W)

• combined electric charge

• pT hadronic top

4 cmstopmass printed on July 1, 2006

the hadronic decaying top quark form three of the four selected jets. The jet
combination with the largest Lcomb value is taken as the best pairing. Trans-
forming the likelihood into a probability Pcomb and demanding Pcomb > 0.5
for selected events yields a pairing efficieny of 81.6%. For each jet com-
bination a kinematic fit with a W mass constraint is performed [5]. Only
jet combinations with a fit probability Pχ2 > 0.2 are taken into account,
discarding events where none of the jet combinations fulfill this criterium.
The full selection is detailed in Table 2.

signal other tt W+4j Wbb+2j Wbb+3j S/B
L1+HLT Trigger 62.2% 5.30% 24.1% 8.35% 8.29% 0.74
4 jets ET > 30 GeV 25.4% 1.01% 4.1% 1.48% 3.37% 1.69
plepton

T > 20 GeV/c 24.8% 0.97% 3.9% 1.41% 3.14% 1.72
b-tag criteria 5.5% 0.21% 0.052% 0.47% 0.70% 3.73
No jet overlap 3.0% 0.11% 0.027% 0.25% 0.44% 3.87
Pχ2-cut 20% 1.4% 0.039% 0.0097 0.061 0.07 5.3
Psign-cut 80% 1.2% 0.025% 0.0085 0.052 0.05 6.8
Pcomb-cut 50% 0.7% 0.013% 0.0036 0.013 0. 8.2
Scaled L = 1 fb−1 588 64 6 2 0 8.2
Table 2. Selection cuts for the signal and considered background samples.

Three different mass estimators, described in detail in [4], are used to
extract the top mass from the kinematically fitted hadronic top, their results
are compared in Table 3.

Gaussian Gaussian Full Scan
Fit Ideogram Ideogram

Bias (GeV/c2) −0.84± 0.59 −4.35± 0.54 −2.58± 0.31
Slope 0.86± 0.18 1.01± 0.16 1.01± 0.13
Pull 0.82 1.01 1.01
stat. for 1 fb−1 ( GeV/c2) 1.01 1.14 0.66
stat. for 10 fb−1 ( GeV/c2) 0.32 0.36 0.21

Table 3. Comparision of three different mass estimators for the kinematically fitted
hadronic top in all selected events.

The full range of systematic effects has been investigated and Table 4
summarizes and combines the systematic uncertainties on each of the top
quark mass estimators.

4. Fully Hadronic Final States

The fully hadronic final state consists of four light-quark jets and two
b-jets, and thus kinematics that can be fully reconstructed. However, it also
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Top Quark Mass Estimator

event-by-event likelihood approach

probability or ideogram of an event
P(y |mt) ∼ exp

(
−1

2 · χ
2(y |mt)

)
with

χ2(y |mt) =
(

mt−mfit
t

σfit
mt

)2

convolution with th. expected probability
density P(mt |Mt)
Li (Mt) =

∫
P(y |mt) · P(mt |Mt)dmt

P(mt |Mt) includes Breit-Wigner shape of
signal, combinatorial and process
background; with Mt as the true value of
the top mass

maximum likelihood method on
combination of all convoluted ideograms
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Figure 17: For some typical selected signal events the reconstructed ideogram from both a kinematic fit where
is free (full line) and a complete scan over several top quark mass hypotheses (dashed line).
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Figure 20: Distribution of the mass of the hadronic decaying top quark before the kinematic fit used for the

estimator (left) and the combined function over all events for both ideogram based estimators

and (right).

Gaussian Fit Gaussian Ideogram Full Scan Ideogram

(GeV/c ) (GeV/c ) (GeV/c )

-1.9 0.4 -1.4 0.4 -1.2 0.3

Table 4: Effect of the primary vertex constrain on the systematic uncertainty due to pile-up collisions.

event is modelled with QCD Monte-Carlo models like or (including initial state radiation) and

contains everything but the outgoing hard particles (including their final state radiation). The models contain both

pertubative and non-pertubative QCD physics of which the parameters can be tuned to fit the collision data. The

particles arising from the beam remnant in the proton collisions are produced at the same primary vertex as the

hard scattering event, and can therefore not be rejected by the primary vertex criterium applied in the selection of

final state jets.

In the model for the underlying event the main parameter is the color screening cut-off value ( ).

When tuned to CDF and UA5 data, its value is equal to 2.9 GeV, with a 3 confidence interval of GeV.

With in total 200k signal event are produced with both color screening cut-off values 2.4 GeV and 3.4

GeV. The result for each top quark mass estimator are shown in Table 5.

Half of the difference on the top quark mass between both samples is taken as a systematic uncertainty. This

estimation is conservative as the 3 confidence interval for the color screening cut-off value is used to obtain a

1 systematic uncertainty of the top quark mass estimator.

Gaussian Fit Gaussian Ideogram Full Scan Ideogram

(GeV/c ) (GeV/c ) (GeV/c )

-1.0 0.2 -0.7 0.2 -0.5 0.1

Table 5: Systematic uncertainty due to the underlying event.

20
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Mass Measurement in the Lepton+Jets Channel

ideogram method

self calibrating using mW

constraint

reduced bias and
systematic error

∆mt ≈ 1 GeV/c2 possible

be extrapolated to 0.42 GeV/c2 which overlaps with the uncertainty due to the jet energy scale knowledge. To take
into account this overlap, the systematic shift in the top quark mass estimators due to a 10% variation in the pile-up
collisions is divided by two, hence 0.21 GeV/c2 for the M̂FullIdeo

t estimator.

The uncertainty on the energy scale of b-quark jets is taken to be 2% in Table 32. This energy scale can be
calculated either from independent event samples like Zbb̄ or can be determined as a ratio with respect to the
energy scale of light quark jets. This number can be extrapolated to about 1.5% upon a better understanding of
the detector performance and with the application of advanced tools like energy flow algorithms. Also the worse
understood regions in the detector could rejected for the measurement of the top quark mass. For example for
the M̂FullIdeo

t estimator the effect of a 1.5% uncertainty on the jet energy scale is 0.96 GeV/c 2 which is a linear
combination of the effect on light and heavy quark jets.

In Table 32 for the b-tagging performance a 5% uncertainty is taken on the b-tag efficiency dominated by systematic
uncertainties of radiation effects. The experience at the Tevatron collider [32] illustrates that an uncertainty of 2%
could be reached. Therefore the uncertainties on the top quark mass estimators can be rescaled to match this
precision. For example for the M̂FullIdeo

t estimator the effect of the b-tagging uncertainty becomes 0.18 GeV/c 2.

The systematic effect determined on the top quark mass estimators due to the remaining background (20% vari-
ation) is dominated by its statistical precision. All of the 6 shifts in Table 30 deviate from zero by no more than
1 standard deviation. It is therefore assumed that the real effect, extrapolated to larger simulated event samples,
is half of this statistical precision. For example for the M̂FullIdeo

t estimator the effect of the background becomes
0.25 GeV/c2.

Standard Selection Alternative Selection
Gaussian Fit Gaussian Ideogram Full Scan Ideogram Full Scan Ideogram

∆mt ∆mt ∆mt ∆mt

(GeV/c2) (GeV/c2) (GeV/c2) (GeV/c2)
Pile-Up 0.32 0.23 0.21 0.21
Underlying Event 0.50 0.35 0.25 0.25
Jet Energy Scale (light) 1.80 0.15 0.06 0.06
Jet Energy Scale (heavy) 1.05 0.98 0.90 0.90
Radiation (pQCD) 0.80 0.27 0.22 0.20
Fragmentation 0.40 0.40 0.30 0.30
b-tagging 0.80 0.20 0.18 0.18
Background 0.30 0.25 0.25 0.25
Parton Density Functions 0.12 0.10 0.08 0.10
Total Systematical uncertainty 3.21 1.27 1.13 1.07
Statistical Uncertainty (10fb−1) 0.32 0.36 0.21 0.31
Total Uncertainty 3.23 1.32 1.15 1.11

Table 33: Overview of all uncertainty components for the top quark mass estimators, extrapolated to a better
understanding of both the proton collisions at the LHC and the detector performance.

Table 33 summarizes and combines the extrapolated systematic uncertainties on each of the top quark mass es-
timators. The uncertainty on the inferred top quark mass of about 1 GeV/c 2 is dominated by the uncertainty on
the energy scale of the b-quark jets. This relative uncertainty is taken to be 1.5% which is feasible by selecting
only events which have their leading jets in a detector region which is better understood, usually the central or
barrel region of the detector. Also in this central region the contributions from underlying event and pile-up are
smaller compared to the more forward regions. The inclusive jet energy scale and its resolution can be improved
by applying more advanced reconstruction tools as for example energy or particle flow algorithms connecting the
calorimeter information with the information provided by the central tracker device. An uncertainty of 1.5% on
the b-quark jet energy scale can therefore be set as a goal for the performance of jet calibration methods.

5.9 Conclusion
The reconstruction and selection of semi-leptonic t t̄ events is described for the decay channel where the lepton
is a muon. The event selection reaches a high signal-to-noise ratio and the background from non-t t̄ processes is
neglegible. A kinematic fit is applied to force the reconstructedW bosonmass into the event to its precise measured
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Cross Section in the Lepton(µ)+Jets Channel
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Statistical uncertainty

Total uncertainty without luminosity uncertainty

Total uncertainty with luminosity uncertainty

∆σ̂tt̄(µ)/σ̂tt̄(µ)

1 fb−1 5 fb−1 10 fb−1

Simulation samples (εsim) 0.6%
Simulation samples (Fsim) 0.2%
Pile-Up (30% On-Off) 3.2%
Underlying Event 0.8%
Jet Energy Scale (light quarks) (2%) 1.6%
Jet Energy Scale (heavy quarks) (2%) 1.6%
Radiation (ΛQCD , Q2

0 ) 2.6%
Fragmentation (Lund b, σq) 1.0%
b-tagging (5%) 7.0%
Parton Density Functions 3.4%
Background level 0.9%
Integrated luminosity 10% 5% 3%
Statistical Uncertainty 1.2% 0.6% 0.4%
Total Systematic Uncertainty 13.6% 10.5% 9.7%
Total Uncertainty 13.7% 10.5% 9.7%
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cross section error ≈ 10%
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Hadronic Channel

well defined multi-jet final state

six jets

two b-jets, four light quark jets

enormous QCD background

selection

specific multi-jet trigger with online
b-tagging

17% signal efficiency
S/B ≈ 1/300

event shape variables, e.g. centrality

simple cut based and neural network

S/B ≈ 2/3 (cut based)
cross section measurement to ≈ 20%

• six-jets topology, two b-jets, four light quark jets

• kinematics fully reconstructable

• large background from QCD multi-jet

• selection

• specific multi-jet trigger with online b-tagging

• eventshape variables

• offline b-tagging

• neural network

3bFully Hadronic
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t t

W-

W+ b

b

-
-

6 cmstopmass printed on July 1, 2006

Selection Requirement σε [pb] σεQCD [pb] S/B
Before Selection (pythia LO) 225 25M 1/105

Trigger HLT multi-jet+b-jet 38 11600 1/300
Event 6 ≤ Njet ≤ 8 35 7900 1/225

ET ≥ 30 GeV 15 930 1/60
centrality ≥ 0.68 9.9 324 1/33
aplanarity ≥ 0.024 9.0 251 1/28∑

3 ET ≥ 148 GeV 9.0 229 1/25
b-tagging 1 b-tag 8.6 148 1/17

2 b-tag 6.0 54 1/9
Table 5. Selection cuts for the signal and QCD background.
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Fig. 3. Invariant mass distribution of
the reconstructed and rescaled, chosen
top for signal and combinatorial back-
ground with a Gaussian fit to the peak.

Source ∆mt[ GeV/c2]
Pile Up 0.4
Underlying Event 0.6
PDF 1.4
IS/FS Radiation 2.3
Fragmentation 0.9
Jet Energy Scale 2.3
b-Tagging 0.3
Background 2.0

Table 6. Summary of the systematics
for the top mass determination in fully
hadronic tt final states. dummy dummy
dummy dummy dummy

since the currently available number of simulated events does not allow a
determination of the QCD background shape and of the uncertainty it in-
troduces into the top mass determination. Experience from CDF at the
Tevatron [8, 9] indicates that this uncertainty can be understood at the
∼ 2 GeV/c2 level, when using data for background estimation.

5. J/ψ Final States

The top quark mass is determined by its correlation with the invariant
mass of the reconstructed J/Ψ and the lepton from the W coming from
the same top. The correlation is present because the reconstruction of the

∑
ET/

√
ŝ
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Mass Measurement in the Hadronic Channel
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• S/B ~ 2/3, although not enough simulated QCD 
events (yet) to determine background shape

• for 1/fb already systematics dominated

• !mt = ± 0.6 (stat.) ± 4.2 (syst.) GeV/c2

3bFully Hadronic

Markus Duda11Physics at LHC, Cracow, 2006

Table 13: Distribution of the different signal event classes after jet-pairing and top-choice. The label column

indicates whether the class is considered signal- or background-like.

reconstruction pairing [pb] top-choice [pb] label

tt→ had.

good
correct 0.62 (35%) always correct 0.62 (35%) sig.

wrong 0.26 (14%) always wrong 0.26 (14%) bkg.

half-

good

correct 0.46 (25%)
correct 0.33 (18%) sig.

wrong 0.13 (7%) bkg.

wrong 0.26 (15%) always wrong 0.26 (15%) bkg.

bad always wrong 0.20 (11%) always correct 0.20 (11%) bkg.

4.4 Mass Determination

With all the pieces in place a kinematic reconstruction of the top quarks is straightforward. The resulting invariant

mass distribution of the chosen top, with the paired non-b-jets rescaled such that they yield the W-mass, is shown

in Figure 27(c).

As expected the signal-like events form a narrow peak, while the background-like events, which still contain top-

mass information, have a far broader shape. As a comparison, the distribution of the average invariant mass is

shown in Figure 27(d), now with only events coloured as signal-like, where both top quarks are paired correctly.

Fitting a Gaussian to the peak of the invariant mass distributions with a fit range corresponding to all bins containing

more than 40% of the entries at the maximum, as shown in Figures 27(c) and 27(d), serves as a simple mass

estimator. Its linearity is shown in Figures 27(e) and 27(f). The non-averaged mass distribution yields the best

linearity, with a slope closer to unity. The deviation is still large enough to demand a correction factor depending

on the value of the slope. The extracted top-mass is

mt = 175.0± 0.6 (stat.)± 4.2 (syst.) GeV/c2

for an input top-mass of 175 GeV/c2 and an integrated luminosity L = 1 fb−1, and already the statistical error

becomes negligible compared to the systematic ones.

The same systematic sources described in detail in Section 2.2.4 have been considered. Their influence on the

kinematic top-mass determination with fully hadronic events has been summerised in Table 14.

Table 14: Summary of the systematic uncertainties for the top-mass determination with fully hadronic events.

∆mt[ GeV/c2]

Pile Up 0.4

Underlying Event 0.6

PDF 1.4

IS/FS Radiation 2.3

Fragmentation 0.9

Jet Energy Scale 2.3

b-Tagging 0.3

Background 2.0

Most of the systematic uncertainties have been estimated according to the suggestions in reference [2]. The pile-

up value is derived as the full difference between simulated samples with and without in-time pile-up for the

low luminosity L = 2 × 1033 cm−2 s−1 scenario. The jet energy scale is treated according to the functional

form given in [8], estimated to be valid for the first 1 − 10 fb−1 of data. For offline b-tagging an uncertainty of

4%(barrel)/5%(endcap) [1] has been investigated.

By far the biggest systematic uncertainty is the QCD background. The signal-to-background ratio in the displayed

mass window of Figures 27(a) and 27(b) is ∼ 2/3, the QCD background having been further suppressed by the
likelihood pairing function cut and by having invariant masses above 350 GeV/c2. The low number of remaining

QCD events, namely 29 events, selected from the full 2.8M events of the official simulated datasets, coupled with

29
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systematic uncertainties

combinatorial background, e.g.
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Likelihood Pairing Function

• average of the two W-boson masses

• difference of the two W-boson masses

• sum of the inter-jet angles of the W-boson candidates

• difference of the two top-quark masses

• sum of the inter-jet angles of the top-quark candidates

• angle between the direction of the two top-quark candidates

jet pairing efficiency of ~ 68%

Combinatorial BackgroundQCD Background
put jet and eventshape variables in NN

improve S/B from 1/25 to 1/10 for same ! ~ 4%

training
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       and from 1/9   to 1/3   with 2 b-tags

1 fb−1

already systematics dominated
∆mt = ±0.6 (stat.)± 4.2 (syst.) GeV/c2
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tt Events with J/ψ (Mass Measurement)

very clean experimental reconstruction

only leptons, no jets

no b-tagging, limited use of jet
energy

extremely low BR

5.5 · 10−4 → 4500 events per 10 fb−1

selection of J/ψ and ` from W

inclusive lepton trigger

J/ψ candidate using m`` and angle

isolated high pT lepton from W

remove same flavour leptons near Z
mass
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• very clean experimental reconstruction

• no b-tagging used, limited use of jet energy

• extremely low branching ratio of the final state       
~ 5.5!10-4, ~ 4500 events per 10/fb 

• selection
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• inclusive lepton trigger

• same-flavour, opposite-sign leptons with       
2.8 < mll < 3.2 GeV/c2 and 2° < "(l,l) < 35°, 

considered J/! candidate

• isolated, highest pT lepton with pT > 40 GeV/c, 
considered lepton candidate from W from 
same t

• only one isolated lepton: ! pT,jets > 100 GeV/c

• for two isolated same-flavour leptons remove  
85 < mll < 97 GeV/c2
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• very clean experimental reconstruction

• no b-tagging used, limited use of jet energy

• extremely low branching ratio of the final state       
~ 5.5!10-4, ~ 4500 events per 10/fb 

• selection
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Mass Measurements in the J/ψ Channel
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8.3. Spin Correlation in Top-Quark Pair Production 219

Table 8.14: Systematic error breakdown. For each source either the maximum variation from
a reference sample or the resulting statistical error on the difference is quoted as a systematic
error.

Source δmt( GeV/c2)
ΛQCD 0.31

Q2 0.56
Scale definition 0.71

b-quark fragmentation 0.51
Light jet fragmentation 0.46

Minimum bias/Underlying event 0.64
Proton PDF 0.28

Total theoretical 1.37
Electron E scale 0.21
Muon p scale 0.38

Electron E resolution 0.19
Muon p resolution 0.12

Jet E scale 0.05
Jet E resolution 0.05

Background knowledge 0.21
Total experimental 0.54

Total systematic 1.47

8.2.5 Summary of top mass determinations

Measuring the mass of the top quark in different channels allows for a combination of the
individual results [289]. As the statistical component in the total uncertainty on mt in each
channel is negligible, the correlation between the systematic uncertainties must be deter-
mined. The dominant uncertainty arises from the knowledge of the energy scale of b-quark
jets, a component which is assumed to be fully correlated between decay channels. This un-
certainty can however be subdivided in several components: detector understanding, clus-
tering algorithms, related to the modelling of b- and light-quark fragmentation and decay
and, finally, the statistical precision of the data-based estimates of the b-jet energy scale dif-
ferentiated versus the pseudo-rapidity and the transverse momentum of the observed jet.

The measurement from the J/Ψ final states is however limited by other, mainly theoretical,
sources of systematic uncertainties. Therefore a reduction of the uncertainty on mt is ex-
pected when combining the direct measurements with the measurement from the J/ψ final
states. The knowledge of the top quark mass can be improved by developing alternative
methods which do not rely on the b-jet energy scale [290, 291]. Accounting for these future
improvements an uncertainty of 1 GeV/c2 on the top quark mass is feasible. The combination
can be performed by applying techniques described in [292, 293].

8.3 Spin Correlation in Top-Quark Pair Production

• for 20/fb already systematics dominated

• "mt = ± 1.2 (stat.) ± 1.5 (syst.) GeV/c2

for 20 fb−1 already systematics dominated
∆mt = ±1.2 (stat.)± 1.5 (syst.) GeV/c2
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tt Top Mass Summary

dilepton
±1.2 GeV/c2

hadronic
±4.2 GeV/c2
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Spin Correlation in tt Events

large width of top quark

decay before hadronisation

angular distribution of decay products → spin information of tt

A =
N||−NX

N||+NX
= N(tL t̄L+tR t̄R)−N(tL t̄R+tR t̄L)

N(tL t̄L+tR t̄R)+N(tL t̄R+tR t̄L)

quark annih.: A = −0.469

gluon fusion: A = 0.431

measured in double diff. distribution:

1

N

d2N

d cos θl d cos θq
=

1

4
(1−Aκlκq cos θl cos θq)

TopReX generator used

weighted pythia events simulated
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∆Ab−t,l−t/Ab−t,l−t = 27%
∆Aq−t,l−t/Aq−t,l−t = 17%
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tt FCNC Events

8.5. Search for flavour changing neutral currents in top decays 243

8.4.5 Conclusion

Selection strategies have been proposed for all the three single top production modes, and
their effectiveness is shown, taking into account the expected statistics after 10 fb−1. All
analyses will be systematics dominated. For the s-channel and tW -associated cases, control
samples have been proposed in order to constrain the dominant tt background.

The resulting signal-to-background ratio and the significance for the t-channel are: NS/NB =
1.34 and Sstat = NS/

√
NS + NB = 37.0, with a statistical error of 2.7%, and a systematic er-

ror excluding the 5% luminosity uncertainty of 8%, resulting in a total error of 10%. For tW -
channel we expect to reach the significance of 4.2 (5.1) for the dilepton (semi-leptonic) chan-
nel, increasing to 6.4 after combining the two channels. The total uncertainty is±23.9%(syst.)
±9.9%(MC) for dilepton and ±16.8%(syst.) ±15.2%(MC) for semi-leptonic channels. The to-
tal systematic uncertainty for the s-channel is 31%. The total error, including also the 5%
luminosity uncertainty, is 36%.

8.5 Search for flavour changing neutral currents in top decays
8.5.1 Introduction

The study of Flavour Changing Neutral Current (FCNC) interactions plays an important
role in testing the Standard Model (SM) and probing new physics beyond it. The top quark
is regarded to be more sensitive to new physics than other fermions, due to its mass close to
the electroweak scale. Owing to the GIM mechanism of the SM, top quark FCNC interactions
are absent at tree level and extremely small at loop level.

In recent years a lot of work has been done to explore the top quark FCNC couplings. On
the theoretical side, various FCNC top quark decays and top-charm associated production
at high energy colliders were extensively studied in the SM [322, 323], the Minimal Super-
symmetric Standard Model (MSSM) [324–327] and other new physics models [328–332]. In
models beyond the SM the top quark FCNC branching fractions may be significantly en-
hanced. Thus searching for top quark FCNC is a potentially powerful probe of new physics.
The CDF and DØ collaborations have reported interesting bounds on the FCNC top quark
decays [333–335]. The SM expectations for such top quark FCNC processes are far below the
detectable level but the MSSM can enhance them by several orders of magnitude to make
them potentially accessible at future collider experiments [336–338]. The theoretical branch-
ing ratios and the experimental limits are summarised in Table 8.27. Details of this analysis
can be found in [339].

Table 8.27: Theoretical branching ratios of FCNC top quark decays in various models and
experimental limits

Decay SM two-Higgs SUSY with R\ Exotic Quarks Exper. Limits(95% CL)
t→ gq 5× 10−11 ∼ 10−5 ∼ 10−3 ∼ 5× 10−4 < 0.29 (CDF+TH)
t→ γq 5× 10−13 ∼ 10−7 ∼ 10−5 ∼ 10−5 < 0.0059 (HERA)
t→ Zq ∼ 10−13 ∼ 10−6 ∼ 10−4 ∼ 10−2 < 0.14 (LEP-2)

selection

tt events generated with TopReX main background tt
one SM decaying top + jet and Z or γ mass cut on jet and Z or γ

FCNC signals detectable at 5 σ:
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Single Top Production at LHC
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σ·BR(W → `ν)

t-channel: 81.7 pb
s-channel: 3.3 pb
tW -channel: 40 pb

direct measurement of the CKM matrix element Vtb

investigation of the structure of tWb vertex
generated with SingleTop and TopReX

background

tt (830 pb) with similar final state

multi-jet QCD and W+jets events
→ use only leptonic W decays from top quark &

background determined from control samples
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Single Top Cross Section

t-channel selection

muon, b-jet & light forward jet
pT and η cut

| ~
∑

T | cut window

top mass window

tW-channel selection

ratio method

define tt-rich control region

use ratio of efficiencies in
control and signal region

S =
Rtt(NS−N0

S )−(NC−N0
C )

Rtt−RtW

→ systematics (PDF, JES, b-tag,
lumi.) cancel to large extent

2Mass (B-Jet,W) in GeV/c
0 50 100 150 200 250 300 350

2
E

ve
nt

/7
.0

 G
eV

/c

0

50

100

150

200

250

300

350

400

450 Signal+Backgrounds

Backgrounds

σ·BR(W → `ν) and est. error

t-channel: 81.7 pb 10%
s-channel: 3.3 pb 36%
tW -channel: 40 pb 17-24%
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Summary

improvements

tt

∆mt ≈ 1 GeV/c2 possible with O(10 fb−1)
∆σ/σ ≈ 10% (di-, semileptonic)− 20 (hadronic)%

spin correlation
correlation coefficient measurable to 17%− 27% in Lepton+Jets
channel

FCNC decays
BSM decays detectable at 5 σ (BR ≈ 10−4)

single top
cross section in the different channels to 10%− 36% measurable

LHC will be a top factory

Large cross section and favourable S/B ratio will permit much improved
measurements of top quark properties.
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