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Introduction

Top pairs at LHC

pp → tt̄ @ 7 TeV:
theoretical approx. NNLO σtt̄ = 165+11

−16 pb

⇒ with 35 pb−1 >5000 tt̄ pairs expected

A first ATLAS x-section measurement
(combining �+jets with b-tagging and di-lepton
channels) already performed with 2.9 pb−1:
σtt̄ = 145± 31 (stat.) +42

−27 (syst.+lumi.)
[CERN-PH-EP-2010-064, December 8, 2010]

With 35 pb−1 and with more sophisticated
techniques a precision measurement is possible

A measurement in �+jets channel only and
without any use of b-tagging is here presented
[ATLAS-CONF-2011-023, March 14, 2011]

Complementary measurements are being
finalized:

�+jets channel with b-tagging
di-lepton channel
all-hadronic channel

December 2010
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Top-quark pair cross-section measurement in the lepton+jets channel at ATLAS
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Outline
•Why top quark? 

•The tools of the trade 
‣ LHC: a top factory at work
‣ The ATLAS and CMS detectors: top observers

•Measuring top quark production 
‣ top pair
‣ single top

•Top Properties 
‣ Top mass
‣ Differential cross sections

•Top pair production as a window on new physics
‣ The emergence of boosted tops: Resonances in tt
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Standard (model) successes
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8 41. Plots of cross sections and related quantities

Annihilation Cross Section Near MZ

 

 

Figure 41.8: Combined data from the ALEPH, DELPHI, L3, and OPAL Collaborations for the cross section in e+e− annihilation into
hadronic final states as a function of the center-of-mass energy near the Z pole. The curves show the predictions of the Standard Model with
two, three, and four species of light neutrinos. The asymmetry of the curve is produced by initial-state radiation. Note that the error bars have
been increased by a factor ten for display purposes. References:

ALEPH: R. Barate et al., Eur. Phys. J. C14, 1 (2000).
DELPHI: P. Abreu et al., Eur. Phys. J. C16, 371 (2000).
L3: M. Acciarri et al., Eur. Phys. J. C16, 1 (2000).
OPAL: G. Abbiendi et al., Eur. Phys. J. C19, 587 (2001).
Combination: The ALEPH, DELPHI, L3, OPAL, SLD Collaborations, the LEP Electroweak Working Group,

and the SLD Electroweak and Heavy Flavor Groups, Phys. Rept. 427, 257 (2006) [arXiv:hep-ex/0509008].
(Courtesy of M. Grünewald and the LEP Electroweak Working Group, 2007)

Top quark  is found

a quick (biased) selection..

9. Quantum chromodynamics 25

The central value is determined as the weighted average of the individual measurements.
For the error an overall, a-priori unknown, correlation coefficient is introduced and
determined by requiring that the total χ2 of the combination equals the number of
degrees of freedom. The world average quoted in Ref. 172 is

αs(M2
Z) = 0.1184 ± 0.0007 ,

with an astonishing precision of 0.6%. It is worth noting that a cross check performed in
Ref. 172, consisting in excluding each of the single measurements from the combination,
resulted in variations of the central value well below the quoted uncertainty, and in a
maximal increase of the combined error up to 0.0012. Most notably, excluding the most
precise determination from lattice QCD gives only a marginally different average value.
Nevertheless, there remains an apparent and long-standing systematic difference between
the results from structure functions and other determinations of similar accuracy. This
is evidenced in Fig. 9.2 (left), where the various inputs to this combination, evolved to
the Z mass scale, are shown. Fig. 9.2 (right) provides strongest evidence for the correct
prediction by QCD of the scale dependence of the strong coupling.
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Figure 9.2: Left: Summary of measurements of αs(M2
Z), used as input for the

world average value; Right: Summary of measurements of αs as a function of the
respective energy scale Q. Both plots are taken from Ref. 172.
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Standard (model) questions

4

•What is the origin of mass?

•Why 3 generations 
with different 
quantum numbers ?

•What accounts for the energy balance of the universe?

•Why different 
forces (ranges, 
strengths)?

•How is gravity 
incorporated?
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Standard (model) questions
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•What is the origin of mass?

•Why 3 generations 
with different 
quantum numbers ?

•What accounts for the energy balance of the universe?

•Why different 
forces (ranges, 
strengths)?

Higgs, SuperSymmetry, New 
Strong forces..

Dark matter, Dark energy...

•How is gravity 
incorporated?

String theory..

Quantum gravity
Extra dimensions...

4th generation...?
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From bottom to top: a history of expectations
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No flavour changing 
neutral currents: no 

b iso-singlet 

A. Quadt: Top quark physics at hadron colliders 839

Fig. 3. A fermion (quark or lepton) triangle diagram which po-
tentially could cause an anomaly

In the specific example shown in Fig. 3, one conse-
quence of (14) is a relation where each triangle is propor-

tional to cfAQ
2
f , where Qf is the charge and c

f
A is the axial

coupling of the weak neutral current. Thus, for an equal
numberN of lepton and quark doublets, the total anomaly
is proportional to:

d∝
N∑

i=1

(
1

2
(0)2−

1

2
(−1)2

+
1

2
Nc

(
+
2

3

)2
−
1

2
Nc

(
−
1

3

)2)

. (15)

Consequently, taking into account the three colours of each
quark (Nc = 3), the anomalies are cancelled. Since three
lepton doublets were observed many years ago (the tau
neutrino was experimentally only observed directly in the
year 2000, but the number of light neutrino generations
was known to be 3 from the LEP data on the Z-pole), the
lack of anomalies such as the one shown in Fig. 3 therefore
requires the existence of the three quark doublets.
There is a lot of indirect experimental evidence for the

existence of the top quark. The experimental limits on
flavour changing neutral current (FCNC) decays of the
b-quark [25, 26] such as b→ s!+!− and the absence of large
tree level (lowest order) B0dB̄

0
d mixing at the Υ (4S) res-

onance [27–30] rule out the hypothesis of an isosinglet b-
quark. In other words, the b-quark must be a member of
a left-handed weak isospin doublet.
The most compelling argument for the existence of the

top quark comes from the wealth of data accumulated at
the e+e− colliders LEP and SLC in recent years, particu-
larly the detailed studies of the Zbb̄ vertex near the Z res-
onance [31]. These studies have yielded a measurement of
the isospin of the b-quark. The Z-boson is coupled to the
b-quarks (as well as the other quarks) through vector and
axial vector charges (vb and ab) with strength (Feynman
diagram vertex factor)

=
−ig
cos θW

γµ
1

2

(
vb−abγ

5
)

(16)

=−i
√√
2GFM2Zγ

µ(vb−abγ5), (17)

where vb and ab are given by

vb =
[
TL3 (b)+T

R
3 (b)
]
−2eb sin

2 θW , and

ab =
[
TL3 (b)+T

R
3 (b)
]
. (18)

Here, TL3 (b) and T
R
3 (b) are the third components of the

weak isospin for the left-handed and right-handed b-quark
fields, respectively. The electric charge of the b-quark, eb =
−1/3, has been well established from the Υ leptonic width
as measured by the DORIS e+e− experiment [32–34].
Therefore, measurements of the weak vector and axial-
vector coupling of the b-quark, vb and ab, can be inter-
preted as measurements of its weak isospin.
The (improved) Born approximation for the partial

Z-boson decay rate gives in the limit of a zero mass
b-quark:

Γbb̄ ≡ Γ (Z→ bb̄) =
GFM3Z
2
√
2π
(v2b +a

2
b) . (19)

The partial width Γbb̄ is expected to be thirteen times
smaller if TL3 (b) = 0. The LEP measurement of the ratio of
this partial width to the full hadronic decay width, Rb =
Γb/Γhad = 0.21629±0.00066 (Fig. 4), is in excellent agree-
ment with the Standard Model expectation (including the
effects of the top quark) of 0.2158, ruling out TL3 (b) = 0.
Figure 5 shows the sensitivity of Rb to the mass of the top
quark. A top quark with a mass aroundmt ≈ 175GeV/c2 is
strongly favoured.
In addition, the forward-backward asymmetry in e+e−

→ bb̄ below [35] and at the Z pole [31],

A0FB(MZ) =
3

4

2veae
(v2e +a

2
e)

2vbab
(v2b +a

2
b)
, (20)

measured to be A0,bFB = 0.0992± 0.0016 (Fig. 6) is sensi-
tive [31, 35] to the relative size of the vector and axial vector
couplings of the Zbb̄ vertex. The sign ambiguity for the two
contributions can be resolved by the AFB measurements

Fig. 4. Rb measurements used in the heavy flavour combina-
tion in the electroweak multi-parameter fit. The dotted lines
indicate the size of the systematic error

One needs top because

 I3 = -1.2 for b quark 
required by Z width in bb 
decay. Need additional 
quark, isospin partner of 
b, with I3 = +1.2 

A. Quadt: Top quark physics at hadron colliders 843

Table 2. History of the search for the top quark at e+e− and at hadron colliders. The quoted un-
certainties for the top quark mass from the 1995 discovery publications are statistical and systematic
uncertainties, respectively

Year Collider Particles References Limit on mt

1979–84 PETRA (DESY) e+e− [50]–[63] > 23.3 GeV/c2

1987–90 TRISTAN (KEK) e+e− [64]–[68] > 30.2 GeV/c2

1989–90 SLC (SLAC), LEP (CERN) e+e− [69]–[72] > 45.8 GeV/c2

1984 Spp̄S (CERN) pp̄ [75] > 45.0 GeV/c2

1990 Spp̄S (CERN) pp̄ [76, 77] > 69GeV/c2

1991 TEVATRON (FNAL) pp̄ [78]–[80] > 77GeV/c2

1992 TEVATRON (FNAL) pp̄ [81, 82] > 91GeV/c2

1994 TEVATRON (FNAL) pp̄ [84, 85] > 131GeV/c2

1995 TEVATRON (FNAL) pp̄ [42] = 174±10+13−12 GeV/c
2

[43] = 199+19−21±22GeV/c
2

By adding more search channels and due to the use of soft-
lepton b-tagging, CDF reached in 1992 a top quark mass
limit of mt > 91 GeV/c2 [81, 82]. In 1992, the DØ experi-
ment was commissioned and had comparable sensitivity to
the top quark as CDF [83]. In 1994, DØ set a limit on the
top quark mass of mt > 131GeV/c2 (later corrected down
to 128GeV/c2 due to a re-calibration of the DØ luminos-
ity measurement) [84, 85]. Later that year, CDF claimed
the first evidence for tt̄ production [86, 87] with a measured
tt̄ production cross section approximately 2.4 times that
expected in the Standard Model. Shortly after that, CDF
improved the determination of the background normalisa-
tion factor, reducing the obtained tt̄ cross section and the
significance of the claimed signal. A review of the status
of searches for the top quark in 1994 with the supposedly

Fig. 12. History of the limits on or measurements of the top
quark mass (updated Sept. 1995 by C. Quigg from [89]): (•)
Indirect bounds on the top-quark mass from precision elec-
troweak data; (!) world-average direct measurement of the
top-quark mass (including preliminary results); (") published
CDF and (#) DØ measurements; Lower bounds from pp̄ collid-
ers Spp̄S and the TEVATRON are shown as dash-dotted and
dashed lines, respectively, and lower bounds from e+e− collid-
ers (PETRA, TRISTAN, LEP and SLC) are shown as a solid
light grey line

tt̄ production cross section σtt̄ = 13.9
+6.1
−4.8 pb, measured by

CDF [86, 87], being significantly higher than the Stan-
dard Model expectation of σtt̄ ≈ 5 pb and the DØ results
(7 events observed, 3.2± 1.1 events expected from back-
ground, yielding σtt̄ = 6.5± 4.9 pb for mt = 180GeV/c2)
being consistent with the Standard Model prediction al-
beit not very significant yet is given in [83]. Finally, in 1995,
both CDF andDØ published the discovery of the top quark
in strong tt̄ production [42, 43], which marked the begin-
ning of a new era, moving on from the search for the top
quark to the studies and measurements of the properties
of the top quark. During the exciting time of the searches
for and the discovery of the top quark at the TEVATRON,
the journalist Kent W. Staley accompanied both collabo-
rations, CDF and DØ, at FERMILAB and describes his
scientific and non-scientific experiences in [88].
Table 2 summarises the history of searches for the top

quark and Fig. 12 shows the development of limits and
measurements on the top quarkmass from indirect and dir-
ect studies at e+e− and hadron colliders. The top quark
was discovered with a mass of exactly the value that was
predicted from global fits to electroweak precision data.

2 Top quark production and decay
at hadron colliders

2.1 Strong pair production of top quarks

The tt̄ production at high energy interactions of a pp̄ or
a pp collision at the TEVATRON or LHC, respectively, is
described by perturbative QCD. In this approach, a hard
scattering process between two hadrons (proton or anti-
proton) is the result of an interaction between the quarks
and gluons which are the constituents of the incoming
hadrons. The incoming hadrons provide broad band beams
of partons which possess varying fractions x of the mo-
menta of their parent hadrons. The description of hadron
collisions can be separated into a short distance (hard scat-
tering) partonic cross section for the participating par-
tons of type i and j, σ̂ij , and into long distance pieces

1.1.1 Indirect evidence for the top quark

Several experimental results already prior to its discovery did provide strong evidence
that the fermion spectrum of the Standard Model
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does include the top quark, imprinting the same multiplet structure on the third family
as the first two families. The evidence is based on theoretical selfconsistency (absence of
anomalies), the absence of flavour changing neutral currents (FCNC) and measurements
of the weak isospin of the b quark which has been proved to be non-zero, I3 = −1/2, thus
demanding an I3 = +1/2 partner in this isospin multiplet.

Absence of triangle anomalies

A compelling argument for the existence of top quarks follows from a theoretical consis-
tency requirement. The renormalizability of the Standard Model demands the absence of
triangle anomalies. Triangular fermion loops built-up by an axialvector charge I3A = −I3L

combined with two electric vector charges Q would spoil the renormalizability of the gauge
theory. Since the anomalies do not depend on the masses of the fermions circulating in
the loops, it is sufficient to demand that the sum

I3A

Q

Q

∼
∑

L

I3AQ2 = −
∑

L

I3

[
I3 +

1

2
Y

]2

∼
∑

L

Y ∼
∑

L

Q

of all contributions be zero. Such a requirement can be translated into a condition on the
electric charges of all the left-handed fermions

∑

L

Q = 0. (1.1)

This condition is met in a complete standard family in which the electric charges of the
lepton plus those of all color components of the up and down quarks add up to zero,

∑

L

Q = −1 + 3 ×
[(

+
2

3

)
+

(
−

1

3

)]
= 0.

If the top quark were absent from the third family, the condition would be violated and
the Standard Model would be theoretically inconsistent.
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Absence of FCNC decays

Mixing between quarks which belong to different isospin multiplets

[
c

s′

]

L b
′

L

s
′

L = sL cos ϑ
′

+ bL sin ϑ
′

b
′

L = −sL sin ϑ′ + bL cos ϑ′

generates non-diagonal neutral current couplings, i.e. the breaking of the GIM mechanism

< I3 > = +
1

2
(c̄L, cL) −

1

2

(
s̄
′

L, s
′

L

)

=
1

2
(c̄L, cL) −−

1

2
(s̄L, sL) cos2 ϑ′ −

1

2

(
b̄L, bL

)
sin2 ϑ′

−
1

2
sin ϑ

′

cos ϑ
′
(
(s̄L, bL) +

(
b̄L, sL

))
.

The non-diagonal current induces flavor-changing neutral lepton pair decays b→ s + l+l−

which have been estimated to be a substantial fraction of all semileptonic B meson decays.
The relative strenth of neutral versus charged current induced rate is essentially given by

ΓNC

ΓCC
∼

1

2

(
M2

W

M2
Z

)2
(v2

b + a2
b)(v

2
e + a2

e)

(1 + 1)(1 + 1)
∼ 0.06. (1.2)

Taking the proper momentum dependence of the matrix element and the phase space into
account one finds [9]

BR (B→ l+l−X)

BR (B→ l+νlX)
≥ 0.12. (1.3)

This ratio is four orders of magnitude larger than a bound set by the UA1 Collaboration
[10, 11]

BR (B→ µ+µ−X)

BR (B→ µνµX)
<

5.0 × 10−5

0.103 ± 0.005
. (1.4)

so that the working hypothesis of an isosinglet b quark is clearly ruled out experimentally
also by this method.

Partial width Γ(Z→ bb) and forward-backward asymmetry of b quarks

The Z boson couples to quarks through vector and axial–vector charges with the well–
known strength

Z

q

q

=

√√√√GFm2
Z

2
√

2
γµ [vq − aqγ5] .
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b couples to s only with  
neutral mediator

No triangular fermion loops anomalies i.e. 
additional quark required for lept.-ferm. cancellation
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1995: top is discovered!
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FIG. 4. Single-lepton + jets two-jet vs. three-jet invariant mass distribution for (a) background,
(b) 200 GeV/c2 top Monte Carlo (isajet), and (c) data.

0

2

4

6

100 200

Ev
en

ts
 / 

20
 G

eV
/c

2

Fitted Mass (GeV/c2)

(a)

100 200

(b)

FIG. 5. Fitted mass distribution for candidate events (histogram) with the expected mass
distribution for 199 GeV/c2 top quark events (dotted curve), background (dashed curve), and the
sum of top and background (solid curve) for (a) standard and (b) loose event selection.
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Abstract

The DØ collaboration reports on a search for the Standard Model top quark

in pp̄ collisions at
√

s = 1.8 TeV at the Fermilab Tevatron, with an integrated
luminosity of approximately 50 pb−1. We have searched for tt̄ production in

the dilepton and single-lepton decay channels, with and without tagging of
b-quark jets. We observed 17 events with an expected background of 3.8 ± 0.6
events. The probability for an upward fluctuation of the background to pro-

duce the observed signal is 2 × 10−6 (equivalent to 4.6 standard deviations).
The kinematic properties of the excess events are consistent with top quark

decay. We conclude that we have observed the top quark and measure its
mass to be 199+19

−21 (stat.) ±22 (syst.) GeV/c2 and its production cross section
to be 6.4 ± 2.2 pb.
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Observation of Top Quark Production in p̄p Collisions
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We establish the existence of the top quark using a 67 pb−1 data sample

of p̄p collisions at
√

s = 1.8 TeV collected with the Collider Detector at Fer-

milab (CDF). Employing techniques similar to those we previously published,

we observe a signal consistent with tt̄ decay to WWbb̄, but inconsistent with

the background prediction by 4.8σ. Additional evidence for the top quark is

provided by a peak in the reconstructed mass distribution. We measure the
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cross section to be 6.8+3.6
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A. Quadt: Top quark physics at hadron colliders 843

Table 2. History of the search for the top quark at e+e− and at hadron colliders. The quoted un-
certainties for the top quark mass from the 1995 discovery publications are statistical and systematic
uncertainties, respectively

Year Collider Particles References Limit on mt

1979–84 PETRA (DESY) e+e− [50]–[63] > 23.3 GeV/c2

1987–90 TRISTAN (KEK) e+e− [64]–[68] > 30.2 GeV/c2

1989–90 SLC (SLAC), LEP (CERN) e+e− [69]–[72] > 45.8 GeV/c2

1984 Spp̄S (CERN) pp̄ [75] > 45.0 GeV/c2

1990 Spp̄S (CERN) pp̄ [76, 77] > 69GeV/c2

1991 TEVATRON (FNAL) pp̄ [78]–[80] > 77GeV/c2

1992 TEVATRON (FNAL) pp̄ [81, 82] > 91GeV/c2

1994 TEVATRON (FNAL) pp̄ [84, 85] > 131GeV/c2

1995 TEVATRON (FNAL) pp̄ [42] = 174±10+13−12 GeV/c
2

[43] = 199+19−21±22GeV/c
2

By adding more search channels and due to the use of soft-
lepton b-tagging, CDF reached in 1992 a top quark mass
limit of mt > 91 GeV/c2 [81, 82]. In 1992, the DØ experi-
ment was commissioned and had comparable sensitivity to
the top quark as CDF [83]. In 1994, DØ set a limit on the
top quark mass of mt > 131GeV/c2 (later corrected down
to 128GeV/c2 due to a re-calibration of the DØ luminos-
ity measurement) [84, 85]. Later that year, CDF claimed
the first evidence for tt̄ production [86, 87] with a measured
tt̄ production cross section approximately 2.4 times that
expected in the Standard Model. Shortly after that, CDF
improved the determination of the background normalisa-
tion factor, reducing the obtained tt̄ cross section and the
significance of the claimed signal. A review of the status
of searches for the top quark in 1994 with the supposedly

Fig. 12. History of the limits on or measurements of the top
quark mass (updated Sept. 1995 by C. Quigg from [89]): (•)
Indirect bounds on the top-quark mass from precision elec-
troweak data; (!) world-average direct measurement of the
top-quark mass (including preliminary results); (") published
CDF and (#) DØ measurements; Lower bounds from pp̄ collid-
ers Spp̄S and the TEVATRON are shown as dash-dotted and
dashed lines, respectively, and lower bounds from e+e− collid-
ers (PETRA, TRISTAN, LEP and SLC) are shown as a solid
light grey line

tt̄ production cross section σtt̄ = 13.9
+6.1
−4.8 pb, measured by

CDF [86, 87], being significantly higher than the Stan-
dard Model expectation of σtt̄ ≈ 5 pb and the DØ results
(7 events observed, 3.2± 1.1 events expected from back-
ground, yielding σtt̄ = 6.5± 4.9 pb for mt = 180GeV/c2)
being consistent with the Standard Model prediction al-
beit not very significant yet is given in [83]. Finally, in 1995,
both CDF andDØ published the discovery of the top quark
in strong tt̄ production [42, 43], which marked the begin-
ning of a new era, moving on from the search for the top
quark to the studies and measurements of the properties
of the top quark. During the exciting time of the searches
for and the discovery of the top quark at the TEVATRON,
the journalist Kent W. Staley accompanied both collabo-
rations, CDF and DØ, at FERMILAB and describes his
scientific and non-scientific experiences in [88].
Table 2 summarises the history of searches for the top

quark and Fig. 12 shows the development of limits and
measurements on the top quarkmass from indirect and dir-
ect studies at e+e− and hadron colliders. The top quark
was discovered with a mass of exactly the value that was
predicted from global fits to electroweak precision data.

2 Top quark production and decay
at hadron colliders

2.1 Strong pair production of top quarks

The tt̄ production at high energy interactions of a pp̄ or
a pp collision at the TEVATRON or LHC, respectively, is
described by perturbative QCD. In this approach, a hard
scattering process between two hadrons (proton or anti-
proton) is the result of an interaction between the quarks
and gluons which are the constituents of the incoming
hadrons. The incoming hadrons provide broad band beams
of partons which possess varying fractions x of the mo-
menta of their parent hadrons. The description of hadron
collisions can be separated into a short distance (hard scat-
tering) partonic cross section for the participating par-
tons of type i and j, σ̂ij , and into long distance pieces

2009: single top 
observed!

PRL103 092001 (2009)

PRL 103 092002 (2009)

indirect bound from EWK data

A.Quadt 
Eur. Phys. J. C 48, 835–1000 (2006)

world average direct measurement

7

CDF direct 
D0 direct pub

pp(SppS) 
lower bound

Tevatron
lower 
bound

e+e-  lower bound (PETRA, SLC, TRISTAN, LEP) 
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Figure 4: Contours of 68% and 95% CL obtained from scans of fixed MW and mt. The blue (grey) areas
illustrate the fit results when including (excluding) the new MH measurements. The direct measurements
of MW and mt are always excluded in the fit. The vertical and horizontal bands (green) indicate the 1σ
regions of the direct measurements.

The measured value of MH together with the fermion masses, the strong coupling strength αS(M2
Z
)

and the three parameters defining the electroweak sector and its radiative corrections (chosen

here to be MZ , GF and ∆α(5)
had(M

2
Z
)) form a minimal set of parameters allowing one, for the

first time, to predict all the other SM parameters/observables. A fit using only this minimal
set of input measurements6 yields the SM predictions MW = 80.360 ± 0.011 GeV and sin2θ�eff =
0.23152± 0.00010. The ∆χ2 profile curves of these predictions are shown by the solid black lines
in Fig. 3 (bottom left) and (bottom right). The agreement in central value and precision of these
results with those from Eq. (4) and (7) (cf. blue bands in the plots) illustrates the marginal
additional information provided by the other observables.

Figure 4 displays CL contours of scans with fixed values of MW and mt, where the direct measure-
ments of MW and mt were excluded from the fit. The contours show agreement between the direct
measurements (green bands and data point), the fit results using all data except the MW , mt and
MH measurements (grey contour areas), and the fit results using all data except the experimental
MW and mt measurements (blue contour areas). The observed agreement again demonstrates the
impressive consistency of the SM.

Following the approach in [6] we extract from the electroweak fit the S, T, U parameters [35, 36]
describing the difference between the oblique vacuum corrections as determined from the experi-
mental data and the corrections expected in a reference SM (SMref defined by fixing mt and MH).
After the recent discovery, we change our definition of the reference SM for the S, T, U calculation

6For αS(M
2
Z) we use the result from Table 1.
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Why Top (quark)?
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Most massive constituent of matter
MTop~ M Gold Atom

Decay and strong 
production rate are tests 

of standard model

 Various scenarios with direct/indirect 
coupling to new physics: from

 extra dimensions to new strong forces

Background to possible new 
physics (Higgs, SUSY)
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and the full matrix element pp>X>tt>6f is 
used.

New resonances
In many scenarios for EWSB new resonances show up, some of which preferably couple 
to 3rd generation quarks.

Given the large number of models, in this case is more efficient to adopt a “model 
independent” search and try to get as much information as possible on the quantum 
numbers and coupling of the resonance.
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* Vector resonance, in a color 
singlet or octet states.

*Widths and rates very 
different

* Interference effects with 
SM ttbar production not 
always negligible

* Direct information on 
!•Br and ".
 

Phase 1: discovery

A large effort has been devoted to search for new physics in tt resonances
-

Frederix-Maltoni’09
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Top2012 -  Keith Ellis, Winchester, September 2012 

Why top now?

Top is unstudied

Tevatron studies of the top quark have limited statistical 
precision.

Top is special

1/mt       <    1/Γt    <    1/Λ           <     mt/Λ2                                      
Production time <    Lifetime     <  Hadronization time   <  Spin decorrelation time

Top quark may play a special role in Electroweak 
symmetry breaking and other BSM physics.

Top is ubiquitous. 

Top cross section is large at LHC because of large gluon 
flux

Top-related processes are significant backgrounds for new  
physics.

2

Friday, September 21, 2012

GFitter, arxiv:1209.2716
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 LHC  : a Top producer
counter-rotating high intensity proton bunches colliding at center of mass 

energy (Ecm) = 7 TeV in 27 Km tunnel 
eventually: ECM=14TeV  (7 TeV per beam, design value)

S. Redaelli, LHC jamboree, 17-12-2010

Introduction

3

Units for the luminosity: 
! Peak luminosity given in event rate per unit of area! cm-2s-1:! 2010 goal = 1032cm-2s-1

! Integral luminosity (prop. to number of collisions)! ! fb-1!      : ! 2011 goal = 1 fb-1

L ∝ N1N2nb

σ2

Key parameters: 
! Ni = bunch intensity

! nb = number of bunches

! σ  = colliding beam size

The rate of new particle!s production 

is proportional to the luminosity:

Collisions at the LHC: counter-rotating, high-
intensity bunches of protons or heavy ions.

Nominal LHC parameters (7 TeV): 2808 bunches of 1.1x1011 protons, 0.000016 m size.
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• Gluon fusion (dominant at LHC)

• Quark-antiquark annihilation

• Total cross section at 7 TeV:
o NLO (MCFM)
o approx. NNLO

• Kidonakis, PRD 82 (2010) 114030

• Langenfeld, Moch, Uwer, PRD80 (2009) 054009; 
• Aliev et al., CPC182 (2011) 1034

Top quark pair production
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Fig. 13. Parton model
description of a hard
scattering process using
the factorisation ap-
proach

which are factored into the parton longitudinal momen-
tum distribution functions (PDFs) fi(xi, µ2F). This sepa-
ration is called factorisation and is schematically shown
in Fig. 13.
The separation is set by the factorisation scale µ2F. The

short distance cross section only involves high momentum
transfer and is calculable in perturbative QCD. It is insen-
sitive to the physics of low momentum scale. In particular,
it does not depend on the hadron wave functions or the
type of the incoming hadrons. This factorisation property
of the cross section can be proven to all orders in pertur-
bation theory [90]. When higher order terms are included
in the perturbative expansion, the dependence on this ar-
bitrary scale µ2F gets weaker.
The parton distribution function (PDF), fi(xi, µ2F), can

be interpreted as the probability density to observe a par-
ton of flavour i and longitudinal momentum fraction xi in
the incoming hadron, when probed at a scale µ2F. Since the
PDFs can not be calculated a priori by perturbative QCD,
they are extracted in global QCD fits from deep-inelastic
scattering and other data [91–93]. An example parameter-
isation, obtained by the CTEQ collaboration [94], for two
different Q2 = µ2F scales, is shown in Fig. 14.
In higher order calculations, infinities such as ultra-

violet divergences appear. These divergences are removed
by a renormalisation procedure, which introduces another
artificial scale µ2R. However, the physical quantities can-
not depend on the arbitrary scale, µ2R, as expressed by the
renormalisation group equation [13–15, 91]. It is common
to choose the same scaleQ2 = µ2 for both, the factorisation

Fig. 14. The quark, anti-
quark and gluon momentum
densities in the proton as
a function of the longitudi-
nal proton momentum frac-
tion x at Q2 =m2t (left) and
at Q2 = 20GeV2 (right) from
the CTEQ5D parameterisa-
tion [94]

Fig. 15. Top-quark pair production via the strong interaction
at hadron colliders proceeds at lowest order through quark–
antiquark annihilation (top) and gluon fusion (bottom)

scale µ2F and the renormalisation scale µ
2
R. The convention

is used in the following.
The total top quark pair production cross section for

hard scattering processes, initiated by a pp̄ or a pp collision
at a centre-of-mass energy

√
s can be calculated as [95, 96]:

σtt̄(
√
s,mt) =

∑

i,j=q,q̄,g

∫
dxidxjfi

(
xi, µ

2
)
f̄j
(
xj , µ

2
)

× σ̂ij→tt̄
(
ρ,m2t , xi, xj ,αs(µ

2), µ2
)
. (31)

fi(xi, µ2) and f̄j(xj , µ2) are the PDFs for the proton and
the antiproton, respectively. The summation indices i and
j run over all qq̄, gg, qg, and q̄g pairs, ρ = 4m2t/

√
ŝ and

ŝ= xixjs is the effective centre-of-mass energy squared for
the partonic process. The corresponding lowest order par-
ton model processes are shown in Fig. 15.
Since there has to be at least enough energy to produce

a tt̄ pair at rest, ŝ ≥ 4m2t . Therefore, xixj = ŝ/s≥ 4m
2
t/s.

Since the probability of finding a quark of momentum frac-
tion x in the proton falls off with increasing x (see Fig. 14),
the typical value of xixj is near the threshold for tt̄ produc-
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ŝ= xixjs is the effective centre-of-mass energy squared for
the partonic process. The corresponding lowest order par-
ton model processes are shown in Fig. 15.
Since there has to be at least enough energy to produce
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a tt̄ pair at rest, ŝ ≥ 4m2t . Therefore, xixj = ŝ/s≥ 4m
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fi(x) falls with larger x typical
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Fig. 15. Top-quark pair production via the strong interaction
at hadron colliders proceeds at lowest order through quark–
antiquark annihilation (top) and gluon fusion (bottom)

scale µ2F and the renormalisation scale µ
2
R. The convention

is used in the following.
The total top quark pair production cross section for

hard scattering processes, initiated by a pp̄ or a pp collision
at a centre-of-mass energy

√
s can be calculated as [95, 96]:

σtt̄(
√
s,mt) =

∑

i,j=q,q̄,g

∫
dxidxjfi

(
xi, µ

2
)
f̄j
(
xj , µ

2
)

× σ̂ij→tt̄
(
ρ,m2t , xi, xj ,αs(µ

2), µ2
)
. (31)

fi(xi, µ2) and f̄j(xj , µ2) are the PDFs for the proton and
the antiproton, respectively. The summation indices i and
j run over all qq̄, gg, qg, and q̄g pairs, ρ = 4m2t/

√
ŝ and

ŝ= xixjs is the effective centre-of-mass energy squared for
the partonic process. The corresponding lowest order par-
ton model processes are shown in Fig. 15.
Since there has to be at least enough energy to produce

a tt̄ pair at rest, ŝ ≥ 4m2t . Therefore, xixj = ŝ/s≥ 4m
2
t/s.

Since the probability of finding a quark of momentum frac-
tion x in the proton falls off with increasing x (see Fig. 14),
the typical value of xixj is near the threshold for tt̄ produc-near 

threshold
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Fig. 16. Left: The scale dependence formt = 175 GeV of the tt̄ cross section at
√
s= 1.96 TeV in pp̄ collisions at the TEVATRON.

The exact definition of the terms which are considered in the perturbative expansion referred to as “NNLO” can be found in [116].
Right: Top quark mass dependence for µ=mt of the tt̄ cross section at

√
s= 1.96 TeV in pp̄ collisions at the TEVATRON. The

error band for the calculations of Cacciari et al. [114] contains scale and PDF uncertainties. The inner error band for the calcula-
tion of Kidonakis and Vogt [116, 118] contains kinematics uncertainties (one-particle inclusive versus pair-invariant mass), while
the outer error band also contains PDF uncertainties according to [119]

tion. Setting xi ≈ xj ≡ x gives:

x≈
2mt√
s

(32)

= 0.19 at the TEVATRON in Run I

= 0.18 at the TEVATRON in Run II

= 0.025 at the LHC

as the typical value of x for tt̄ production. For the typi-
cal values of x at the TEVATRON, the quark distribution
functions, in particular the u- and d-valence quark distri-
bution, are much larger than that of the gluon. This ex-
plains why quark–antiquark annihilation dominates at the
TEVATRON. At Run II, in comparison to Run I, a slightly
lower x value is already sufficient to produce a tt̄ pair,
resulting in a ≈ 30% increase in the tt̄ production cross
section at Run II compared to Run I. Since the gluon dis-
tribution increases more steeply towards low x than the
valence- or even the sea-quark distributions, the fraction
of gluon–gluon initiated interactions in the total tt̄ produc-
tion increases from 10% in Run I to 15% in Run II. For the
same reason, at the LHC, where x-values as small as 0.025
are sufficient for tt̄ production, the total tt̄ production cross
section increases by more than a factor of 100 and is vastly
dominated by gluon–gluon fusion. In reality xi and xj of
the partons in the proton and antiproton do not necessar-
ily have the same value, allowing asymmetric momenta of
the incoming partons in tt̄. Consequently, in particular at
the LHC, low-x gluons contribute a large fraction of the tt̄
production cross section. On the other hand, at the LHC tt̄
pairs are typically produced above the mass threshold due
to the large available centre-of-mass energy.
The top quark cross section was calculated at next-

to-leading order in QCD many years ago [97–100]. These
calculations were later improved with the resummation to
all orders of perturbation theory of classes of large soft log-
arithms. Large logarithmically enhanced corrections due
to soft-gluon radiation are a general feature in the study
of the production cross section of high-mass systems near

threshold. Techniques for re-summing these corrections
have been developed over the past several years, starting
from the case of Drell–Yan (DY) pair production [101, 102]
and then applied to heavy quark production in [103–107]
or the bottom-quark fragmentation in top-quark decays
in [108]. This transfer is possible since these logarithms
are universal between electroweak and QCD induced cross
sections. To go beyond leading logarithms one has to take
into account the complex colour structures of QCD cross
section calculations [109, 110]. The soft-gluon resumma-
tion for tt̄ production at the TEVATRON and the LHC5

of QCD corrections at next-to-leading logarithm (NLL)
accuracy including part of the higher order corrections is
performed in [109–117]6.
The introduction of resummation turns out to have

only a mild impact on the overall rates (the effects at
next-to-leading logarithm (NLL) are typically of the order
O(5%)), but improves the stability of the predictions with
respect to changes of the renormalisation or factorisation
scale (Fig. 16, left). In theoretical studies of the system-
atic uncertainties due to parton densities and scale depen-
dence [114], the importance of including the αs uncertainty

5 Since tt̄ pairs are produced at the LHC mostly well above
threshold, soft-gluons are a small effect and their resummation
a small correction to this small effect. Consequently, the soft-
gluon resummation is less important for the LHC than for the
TEVATRON.
6 The available tt̄ cross section calculations include the exact
NLO corrections and estimate part of the higher order NLLO
corrections. Kidonakis and Vogt [116] include estimates, de-
rived from a resummation approach, of part of the higher order
corrections at NNLO (2-loop) level, where they consider scale
uncertainties and the choice of kinematic variables as system-
atic uncertainties. Cacciari et al. [114] include estimates, also
derived from resummation, of part of the higher order correc-
tions of all orders, where they consider scale uncertainties and
uncertainties from the parton distribution functions in their
systematic uncertainty.

0.19 @ Tevatron √s=1.8 TeV
0.18 @ Tevatron √s=1.96  TeV
(0.048, 0.043, 0.025) @ LHC with √s=(7, 8,14) TeV

LHC(14) LHC(7) Tev(1.9)

gg ~90% ~85% ~10%

qq ~10% ~15% ~90%

Top quark @ LHC: production(I)

=

To produce tt
-

~massless partons
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Top quark @ LHC: production
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σ7TeV = 159 +12-13 +4-4  pb

top pairs: 
strong 

  single 
top: 

electroweak 

s chan
t chan Wt chan

probe low x in pdfs →
(abundant) gluon fusion dominated
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Figure 8.14: Feynman diagrams for the three channels of single top production.

MADGRAPH [80], and ALPGEN [160] programs as indicated in the Table 8.16. The hard
process events containing all needed information were passed to PYTHIA 6.227 [24] for show-
ering, hadronisation and decays of unstable particles. The tt and W + jets background
events were generated with the same PYTHIA version. All simulations were done with Mt =
175 GeV/c2 and Mb = 4.7 − 4.8 GeV/c2, proper considerations of the spin correlations, and
the finite W -boson and t-quark widths. The list of the signal and background process cross
sections as well as generators used are given in the Table 8.16. Both the full simulation chain
(OSCAR [8] and ORCA [10]) and a fast simulation (FAMOS [11]) were used.

Table 8.16: Cross section values (including branching ratio and kinematic cuts) and genera-
tors for the signal and background processes (here � = e, µ, τ ). Different generator-level cuts
are applied.

Process σ×BR, pb generator Process σ×BR, pb generator
t-ch. (W → µν) 18 (NLO) SINGLETOP Wbb (W → �ν) 100 (LO) TOPREX
t-ch. (W → �ν) 81.7 (NLO) TOPREX Wbb + jets (W → µ) 32.4 (LO) MADGRAPH
s-ch. (W → �ν) 3.3 (NLO) TOPREX W + 2j (W → µν) 987 (LO) COMPHEP
tW (2 W → �ν) 6.7 (NLO) TOPREX W + 2j (W → �ν) 2500 (LO) ALPGEN

tW (1 W → �ν) 33.3 (NLO) TOPREX Z/γ∗(→ µ+µ−)bb 116 (LO) COMPHEP
tt (inclusive) 833 (NLO) PYTHIA

8.4.1.2 Reconstruction algorithms and triggers

Muons are reconstructed by using the standard algorithm combining tracker and muon
chamber information as described in [310]; tracker and calorimeter isolation cuts are applied
as described in [311]. The electrons are reconstructed by the standard algorithm combining
tracker and ECAL information, see [312]. The jets are reconstructed by the Iterative Cone
algorithm with the cone size of 0.5, see [313]; for the calibration both the Monte Carlo (in the
t-channel analysis) and the γ + jets (in the tW - and s-channel) methods are used, see [314].
For b-tagging a probability algorithm based on the impact parameter of the tracks is used, as
described in [315].
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Kidonakis 
2010,2011

Tevat LHC(7) LHC(14)

gg ~10% ~85% ~90%

qq ~90% ~15% ~10%

σ7TeV = 64+3-3 pb σ7TeV = 15.7+1.3-1.4 pb σ7TeV = 4.6±0.3 pb

Cacciari,Czakon,Mangano,Mitov, 
Nason  2011

σ8TeV ~ 86 pb σ8TeV ~ 22 pb σ8TeV ~ 5.6 pb

σ8TeV = 227 +18-19 +6-6  pb
scales PDF

PDF=MSTW2008nnlo68cl
for mtop= 173.3
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into the PDF fits in a more systematic fashion is under-
scored. On the same footing, the impact of higher order
corrections, as well as the treatment of higher twist ef-
fects in the fitting of low-Q2 data, may need some more
study before a final tabulation of the PDF uncertainties
can be achieved [120]. The PDF uncertainty on the top
quark pair production cross section is mostly driven by the
poorly known gluon density, whose luminosity in the rel-
evant kinematic range for the TEVATRON varies by up
to a factor of 2 within the 1σ PDF range. For the LHC
cross section calculations, dominated by the gluon–gluon
fusion, this uncertainty is even larger. In recent years,
with increasing precision of the measurements of the deep-
inelastic scattering cross sections at HERA [121–124], ex-
perimental and theoretical groups have focused on the
proper evaluation and propagation of uncertainties on the
parton distribution functions, starting with [125] and fol-
lowed by [120, 121, 126–135]. While the overall top pair
production rate at the TEVATRON has a large relative un-
certainty of approximately 15% (Fig. 16, right shows the
total uncertainty of the tt̄ production cross section calcu-
lations with gluon resummation [114, 116], including scale,
kinematics and PDF uncertainties, as a function of the top
quark mass), it is important to point out that the ratio of
cross sections at

√
s= 1.96 TeV and

√
s = 1.8 TeV is very

stable.
Table 3 summarises the tt̄ production cross section cal-

culation for Run I and Run II at the TEVATRON and
for the LHC. Reference [113] only considers uncertainties
from scale variations, resulting in a≈ 10% uncertainty. An-
other ≈ 6% come from PDFs and αs. Reference [116] only
considers uncertainties from scale variations, resulting in
a ≈ 4% uncertainty. Another ≈ 5% come from PDFs. Ref-
erence [114] considers uncertainties from scale variations,
PDFs and αs. At the TEVATRON, for every 1 GeV/c2 in-
crease in the top quarkmass over the interval 170<mtop <
190GeV/c2, the tt̄ cross section decreases by 0.2 pb. The
hard scattering cross sections for several processes, includ-
ing tt̄ production, are shown in Fig. 17 as a function of the
centre-of-mass energy, covering the energy range for the
TEVATRON and the LHC. In addition to having similar
event topology to the Standard Model Higgs production,
tt̄ production also has a similar cross section, many orders
of magnitude lower than the W - or Z-production or the
inclusive QCD b-production.

Table 3. Cross section, at next-to-leading order in QCD including gluon resumma-
tion corrections, for tt̄ production via the strong interaction at the TEVATRON and
the LHC for mt = 175 GeV/c

2. Details on the meaning of the quoted uncertainties are
given in the text and in references [114, 116]. For the

√
s = 1.96 TeV result of refer-

ence [116], the quoted error includes the uncertainty from the PDFs according to [119]

σNLO (pb) qq̄→ tt̄ gg→ tt̄

TEVATRON(
√
s= 1.8 TeV, pp̄) 5.19±13% [114] 90% 10%

5.24± 6% [116] 90% 10%
TEVATRON(

√
s= 1.96 TeV, pp̄) 6.70±13% [114] 85% 15%

6.77± 9% [116] 85% 15%
LHC (

√
s= 14 TeV, pp) 833±15% [113] 10% 90%

Fig. 17. QCD predictions for hard scattering cross sections at
the TEVATRON and the LHC [141]. σt stands for the tt̄ pro-
duction cross section. The steps in the curves at

√
s = 4TeV

mark the transition from pp̄ scattering at the TEVATRON to
pp scattering at the LHC

An accurate calculation of the cross section for top
quark pair production is a necessary ingredient for the
measurement of |Vtb| since tt̄ production is an import-
ant background for the electroweak single-top production.
More importantly, this cross section is sensitive to new
physics in top quark production and/or decay. A new
source of top quarks (such as gluino production, followed
by the decay g̃→ t̃t) would appear as an enhancement

Top @ LHC: in the context

15

LHC14 tt cross section 

Rate at L=
1033cm-2 s-1√s(TeV) xsec (pb)

1.96 (pp)
7 (pp)
8(pp)

14 (pp)

~7
~165
~230
~900

0.16Hz

0.9Hz

LHC7

for ∫Ldt = 5 fb-1 @7TeV, expect ~8·105 events 

for ∫Ldt =18fb-1@8TeV, expect ~4.1 106 events 

Tevatron (lower energy collider): ∫Ldt =9.4 
fb-1 on tape, expect ~ 6.6·104 events

0.23Hz
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Top signatures
•High PT jets
•b-jets
•1 to 2 high PT leptons
•Missing energy

bkgs_tt: W/Z(+jets), single 
top, QCD, Di-bosons

t

l, q

ν, q’

b W
+

t

~32.4%
~67.6%

t

l, q

ν, 
q’

bW
+

p p

ℓν
qq

t

W
b

W

b

-

1.6%
4.9%

13.5%

45.7%

4.7%

29.6%

tt

had τ 
+jets 

all jets

decaysdi-lepton
(e,μ,τ) (e,μ)+jets 

lep τ
+jets 

t

l, q

ν, q’

b

W
+

W q’/q’b, b 

t,sWt
1 or 2 jets

single top

bkgs_single_t:  tt +some bkgs_tt
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size 
matters

44m

25
m

 ATLAS  &  CMS:  Top observers

YY
m

ATLAS CMS

Magne&c	
  field 2	
  T	
  solenoid	
  +	
  toroid	
  (0.5	
  T	
  barrel	
  1	
  T	
  endcap) 4	
  T	
  solenoid	
  +	
  return	
  yoke

Tracker Si	
  pixels,	
  strips	
  +	
  TRT

σ/pT	
  ≈	
  5x10-­‐4pT	
  +	
  0.01	
  

Si	
  pixels,	
  strips

σ/pT	
  ≈	
  1.5x10-­‐4pT	
  +	
  0.005

EM	
  calorimeter Pb+LAr	
  

σ/E	
  ≈	
  10%/√E	
  +	
  0.007

PbWO4	
  crystals

σ/E	
  ≈	
  2-­‐5%/√E	
  +	
  0.005

Hadronic	
  calorimeter Fe+scint.	
  /	
  Cu+LAr/W+LAr	
  (10λ)

σ/E	
  ≈	
  50%/√E	
  +	
  0.03	
  GeV	
  (central)

Cu+scin&llator	
  (5.8λ	
  +	
  catcher)/Fe+quartz	
  fibres

σ/E	
  ≈	
  100%/√E	
  +	
  0.05	
  GeV

Muon σ/pT	
  ≈	
  2%	
  @	
  50GeV	
  to	
  10%	
  @	
  1TeV	
  (ID+MS) σ/pT	
  ≈	
  1%	
  @	
  50GeV	
  to	
  5%	
  @	
  1TeV	
  (ID+MS)

Trigger L1	
  +	
  RoI-­‐based	
  HLT	
  (L2+EF) L1+HLT	
  (L2	
  +	
  L3)

CMS

ATLAS

14.6
m

21.6m

3 (ATLAS) or 2(CMS) trigger 
levels for event selection
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 ATLAS and CMS: Top observers.....

18

Top event selection

tt̄ → e+jets event display

15 / 22

Top-quark pair cross-section measurement in the lepton+jets channel at ATLAS

e+jets candidate

Top events are real commissioning 
tool: full detector at play!!

di-lepton (μμ+jets) candidate
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...with excellent data taking performance

19

Data sample for first top paper~3 pb-1

Luminosity 
uncertainty ~3.6 %

-

Luminosity 
uncertainty ~ 4% 

CMS

ATLAS 

Analyses use 1. to 4.6 fb-1 (2011) 
an ~5.6 fb-1  (2012) 

Total Recorded (Delivered) Lumi: 45.0 (48.1) pb-1 
Lumi uncertainty~3.4%

ATLAS (2010)

Total Recorded (Delivered) Lumi: 
47.03 (43.17) pb-1 

Lumi uncertainty~4%

CMS (2010)

2012

Total Recorded (Delivered) Lumi: 5.61 (5.25) fb-1 
Luminosity uncertainty ~3.7 to 4.5% (prel)% 

ATLAS LumiPublicPage

ATLAS (2011)
Total Recorded (Delivered) Lumi: 

5.73  (5.22) Fb-1 
Lumi uncertainty~4.6%

2012

CMS (2011)

CMSLumiPublicPage
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...In a harsh 
environment
• Number of Interactions per Crossing
Shown is the luminosity-weighted 
distribution of the mean number of 
interactions per crossing for 2012 taken upto 
June 18th. The integrated luminosities and the 
mean mu values are given in the figure. The 
mean number of interactions per crossing 
corresponds the mean of the poisson 
distribution on the number of interactions per 
crossing for each bunch. It is calculated from 
the instantaneous per bunch luminosity as 
µ=Lbunch x σinel / fr where Lbunch is the per bunch 
instantaneous luminosity, σinel is the inelastic 
cross section which we take to be 73 mb, nbunch 
is the number of colliding bunches and fr is the 
LHC revolution frequency. More details on this 
can be found in arXiv:1101.2185.
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ATLAS LumiPublicPage
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Selection/Ingredients for top quark pairs/single-top
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Selection/Ingredients for top quark pairs/single-top

t t

Electron
• Good	
  isolated	
  calo	
  object
• Matched	
  to	
  track
• ET>25	
  GeV
• |η|∈[0;1.37][1.52;2.47]

Muon
• Segments	
  in	
  tracker	
  

and	
  muon	
  detector
• Calo	
  and	
  track	
  

isolation
• pT	
  >	
  20	
  GeV	
  |η|	
  <	
  2.5	
  

(2.1	
  for	
  CMS)

b

bq
q

W

W l

ν
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Selection/Ingredients for top quark pairs/single-top

t t

Electron
• Good	
  isolated	
  calo	
  object
• Matched	
  to	
  track
• ET>25	
  GeV
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Jet
• Topological	
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  Anti-­‐kT	
  (R=0.4)
• MC	
  Calibration	
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  w/data
• pT	
  >	
  25	
  (20)	
  GeV	
  (30	
  for	
  CMS),	
  	
  	
  	
  |η|	
  <	
  2.5
• (large	
  JVF	
  =∑jet	
  trk	
  in	
  PV	
  pT/∑	
  jet	
  trk	
  pT	
  	
  vs	
  pile-­‐

up	
  jets,	
  CMS:	
  use	
  particle	
  flow	
  to	
  remove	
  	
  
charged	
  hadrons	
  not	
  from	
  prim	
  verted)	
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ν
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Selection/Ingredients for top quark pairs/single-top
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b-­‐Jet
• Displaced	
  tracks	
  or	
  secondary	
  lepton
• SV0:	
  reconstruct	
  sec.vertex
• JetProb:	
  track/jet	
  compatibility	
  with	
  prim.	
  

vertex
• IP3D+SV1	
  +/or	
  JetFitter:	
  advanced	
  lkl/NN	
  taggers
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Selection/Ingredients for top quark pairs/single-top
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 Backgrounds estimates  (single lepton+jets)
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• Di-bosons 
(WW,WZ,ZZ)

Simulated shape+
rate set to SM

• W+jets

• QCD

N
ot

re
vi

ew
ed

,f
or

in
te

rn
al

ci
rc

ul
at

io
n

on
ly

August 14, 2011 – 13 : 52 DRAFT 6

jetsN
1 2 3 4  5≥

E
ve

n
ts

210

310

410

510

610
 = 7 TeVsData 2011,  

tt

W+Jets

QCD Multijet

Other EW

-1
 L dt = 0.70 fb∫

e + Jets

ATLAS Preliminary

(a) e + jets channel

jetsN
1 2 3 4  5≥

E
ve

n
ts

210

310

410

510

610

 = 7 TeVsData 2011,  

tt

W+Jets

QCD Multijet

Other EW

-1
 L dt = 0.70 fb∫

 + Jetsµ

ATLAS Preliminary

(b) µ + jets channel

Figure 1: Event yields in the control and signal region for the (a) e + jets and (b) µ + jets channels. The
W+jets and QCD multijet contributions are extracted from data as explained in the text. All other physics
processes are normalized to the predictions from MC simulation.

QCD multijet events is obtained from data, the normalization for W+jets events is measured exploiting205

the W boson production charge asymmetry as described above, while the shape comes from MC. All206

other contributions are taken from MC prediction for both normalization and shape.207

A likelihood discriminant is built from these input variables using the projective likelihood option208

in the TMVA package [22]. The likelihood discriminant Di for an event i is defined as the ratio of the209

signal to the sum of signal and background likelihoods, where the individual likelihoods are products of210

the corresponding probability densities of the discriminating input variables. This approach assumes that211

the latter are uncorrelated.212

The discriminant function is evaluated for each physics process considered in this analysis and the213

corresponding template is created. For tt̄, Z+jets, single top and diboson production templates are ob-214

tained from simulation and normalized to the luminosity of the data sample. For W+jets, templates are215

also obtained from MC but normalized to the data-driven yield estimate. A template for the QCD mul-216

tijet background is obtained from data using loose and tight events weighted according to the matrix217

method. Templates containing 20 bins each are created for each of six analysis channels corresponding218

to different lepton flavor (e or µ) and jet multiplicity (3, 4 and ≥ 5 jets) and combined into one, 120 bin,219

histogram as shown in Fig. 6.220

The tt̄ cross section is extracted by performing a maximum-likelihood fit to the discriminant dis-221

tribution observed in data using templates for signal and all backgrounds. The likelihood is defined as222

follows:223

L(�β,�δ) =
120�

k=1

P(µk, nk) ×
�

j

G(β j,∆ j) ×
�

i

G(δi, 1) (3)

where the first term represents the Poisson probability density of observing nk events in bin k given that224

µk is expected from the sum of all templates. The second term implements a number of free parameters225

β j in the maximum likelihood fit constrained by Gaussian distributions with width ∆ j corresponding to226

the a priori uncertainty on these parameters. The last term incorporates systematic uncertainties i that227

ATLAS-CONF-2011-121

• simulated shape
• normalization: scale from charge 

asymmetry of W prod before b-tag, 
MC extrapolation to b-tagged region

• Single top

simulated shape+
rate from simul.

• “Fake” leptons:  mis-id 
jets,γ→e+e-, non-prompt 
leptons (b/c-decays), 
punch-through had

• Jet template:shape from jet 
triggered events with 1 high em. 
content jet. Normalize by fitting low 
ET

miss shape to data and extrapolate

Here N loose
real
and N loose

fake
are the numbers of events containing real and fake or non-prompt leptons, which

pass the loose lepton requirements; εreal and εfake are the efficiencies of real and fake loose leptons to be

selected as tight leptons. These efficiencies are defined as

εreal =
N
tight
real

N loose
real

and εfake =
N
tight
fake

N loose
fake

, (4)

where N
tight
real
and N

tight
fake
are the number of real and fake lepton events passing the tight selection criteria.

The efficiency εreal was measured using data control samples of Z boson decays to two leptons, while

εfake was measured from data control regions defined separately for the electron and muon channels,

where the contribution of fake leptons is dominant.

For the muon channel, the loose data sample was defined by dropping the isolation requirements on

the default muon selection. The fake lepton efficiencies were determined using a low mT (W) control

region with an additional inverted triangular cut, mT (W) < 20GeV, E
miss
T
+ mT (W) < 60GeV. The

efficiencies for signal leptons and fake leptons were parameterised as a function of muon |η| and pT in
order to account for the variation of the muon detector acceptance and hadronic activity from the detector

affecting muon isolation.

For the QCD background estimate in the electron channel, the loose data sample was defined by

modifying the electron isolation requirement: the total energy in a cone of ∆R = 0.2 around the electron

was required to be smaller than 6 GeV (instead of 3.5 GeV), after correcting for pile-up energy deposits.

The fake lepton efficiencies were determined using a low Emiss
T
control region (5GeV < Emiss

T
< 20GeV).

In both channels, contributions from W+jets and Z+jets backgrounds in the control region were

subtracted.

4.2 W+jets background estimation

The rate of W++jets production is larger than that of W−+jets production as the parton density of up

quarks in the proton is larger than that of down quarks. Theoretically, the ratio of W+ and W− cross-

sections is relatively well understood [24, 25]. Here this asymmetry is exploited to measure the total

W+jets rate from the data.

Since processes other than W+jets give equal numbers of positively and negatively charged leptons

to a good approximation, the formula

NW+ + NW− =

(
rMC + 1

rMC − 1

)
(D+ − D−), (5)

can be used to estimate the total W background to tt̄ in the semi-leptonic decay channel. Here D+(D−)

are the total numbers of events in data passing the selection cuts described in Section 3.2 (apart from the

b-tagging requirement) with positively (negatively) charged leptons, and rMC ≡
σ(pp→W+)
σ(pp→W−) is evaluated

from Monte Carlo simulation, using the same event selection.

The ratio rMC was found to be 1.56±0.07 in the electron channel and 1.66±0.06 in the muon channel.
The dominant uncertainties on rMC originate from uncertainties in parton distribution functions, the jet

energy scale, and the heavy flavour fraction inW+jet events.

Since the theoretical prediction for the heavy flavour fraction in W+jets suffers from large theoret-

ical uncertainties, a data-driven approach was developed to constrain these fractions. In this approach

samples with a lower jet multiplicity, obtained from the selection described in Section 3.2 but requiring

precisely one or two jets instead of four or more jets, were analysed. The numbers of W+jet events in

these samples, before and after tagging, were computed by subtracting the small contributions of other

4

 normalizations=fit 
parameters, estimates are 

starting points for fit

dataMC

• Matrix method
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Backgrounds (di-lepton)
• “Fake” leptons from data   
‣ Get probability for loose “fake” and real leptons to 

be in signal region ← control samples enriched 
with real (in Z window) or “fake” (low ETmiss) leptons 

‣ Combine with N(di-lep) for all loose/tight 
pairs→fake tight (i.e. signal) lep  

23

• Z/γ* bkg (ee, μμ) :  scale non-Z/γ*-bkg-
subtracted data in Z-mass window control 
region with ratio of N(Z/γ*) in signal region to 
control region from simul.
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Figure 1: (a) Jet multiplicity distribution for ee+µµ+eµ events without b-tag. (b) Multiplicity distribu-
tion of b-tagged jets in ee+µµ+eµ events. Contributions from diboson and single top-quark events are
summarized as ‘Other EW’. Note that the events in (b) are not a simple subset of those in (a) because the
event selections for the b-tag and non-b-tag analyses differ.
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Figure 2: The HT distribution in the signal region for (a) the non-b-tag eµ channel, (b) the b-tagged eµ
channel. Contributions from diboson and single top-quark events are summarized as ‘Other EW’.
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What we study about the top quark
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1
Introduction

The top quark is the heaviest elementary particle known, with a mass of m
t = 173.2 ± 0.9 GeV [1], has

a small lifetime (which does not allow bound-states of the top quark to be formed) and decays almost

exclusively to bW. This makes it a good object to test the Standard Model (SM) of particle physics.

According to the SM, flavour changing neutral currents (FCNC) are forbidden at tree level and are much

smaller than the dominant decay mode at one loop level.

Several SM
extensions predict higher branching fractions (BR) for the top quark FCNC

decays.

Examples of such extensions are the quark-singlet model (QS) [2–4], the two-Higgs doublet model

with (FC 2HDM) or without (2HDM) flavour-conservation [5–10], the minimal supersymmetric model

(MSSM) [11–17], SUSY with R-parity violation (/R
SUSY) [18], the Topcolour-assisted Technicolour

model (TC2) [19] or models with warped extra dimensions (RS) [20, 21]. For a review see Ref. [22].

Figure 1 shows the dominant decay of the top quark, as well as possible FCNC decays involving a photon,

a Z boson or a gluon. Table 1 shows the predicted BR values for these models as well as those predicted

by the SM.The present experimental limits on the branching fractions of the FCNC top quark decay channels

established by experiments at the LEP, HERA and Tevatron colliders are shown in Table 2. The CDF

collaboration has also published limits derived from the search for FCNC direct top production: BR(t →

ug) < 3.9 × 10 −4
and BR(t →

cg) < 5.7 × 10 −3
[23]. Results from 35 pb −1

of LHC data collected during

2010 were also presented previously by ATLAS [24]: BR(t →
qZ) < 17%

and σ
qg→t×BR(t →

bW) <

17.3 pb −1
.In this note, results of a search by ATLAS for FCNC decays of the top quark are presented. The

search for the t →
qZ decays was performed by searching for top quark pairs in which one of the top

quarks decays through FCNC and the other through the SM
dominant mode, considering only Z boson

decays to charged leptons and W
boson leptonic decays. The main background sources are ZZ and WZ

events, which include three charged leptons in the final state, and were estimated with Monte Carlo

simulation. Backgrounds with one (such as WW, Z+jets and dileptonic tt̄ events), two (such as W+jets

and single lepton tt̄ events) or three (such as QCD multi-jet and hadronic tt̄ events) fake leptons, were

estimated by data-driven (DD) methods.

This note is organised as follows: the ATLAS detector, the collected data samples, and the simulated

samples of signal and expected background from SM
processes are described in Sections 2 and 3. Sec-

tion 4 summarizes the object definition. The t →
qZ search analysis is discussed in Section 5, while the

sources of systematic uncertainties are described in Section 6. Conclusions are presented in Section 7.

a)

b)

c)

d)

Figure 1: Top quark decays: a) the dominant SM
decay channel t →

bW
and the FCNC channels of SM

extensions b) t →
qZ, c) t →

qγ and d) t →
qg, with q = u, c. The dots represent the FCNC vertices.

The subsequentW
and Z boson decays into leptons or quarks are also represented.
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Typical analysis flow

• Select sample(s)  enriched in top quark events with requirements on the 
characteristic kinematic objects or functions of them 

• Reconstruct tt event kinematics

• Extract measured variable/distribution by technique that involves 
‣ subtracting/accounting for the effect of the background 
‣ correcting for detector effects
‣ accounting for efficiencies/acceptances

• Assess statistics and systematc uncertainties on the measured 
quantity

• Combine the results from different samples (if necessary) 

• Compare with prediction(s)

25
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Measurement  of top cross sections: σtt  and σt

26

or 

how many tops have we got?

Start to combine results at the LHC...
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Measurement of σtt - single lepton

•Build discriminant from signal+ bkg 
templates of
‣ lepton η, pT of highest pT jet, aplanarity 

(←top is more spherical), HT,3p, ratio of 
transverse to longitudinal activity (←top is 
more transverse)
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Figure 9: Data-MC agreement of input distributions and additional control distributions after fit for the
exclusive µ+4 jets channel. The yellow error band shows uncertainty from MC statistics.
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Figure 10: Data-MC agreement of input distributions and additional control distributions after fit for the
inclusive µ+5 jets channel. The yellow error band shows uncertainty from MC statistics.
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Figure 11: Data-MC agreement of input distributions and additional control distributions after fit for the
exclusive e+3 jets channel. The yellow error band shows uncertainty from MC statistics.
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Figure 10: Data-MC agreement of input distributions and additional control distributions after fit for the
inclusive µ+5 jets channel. The yellow error band shows uncertainty from MC statistics.
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Figure 11: Data-MC agreement of input distributions and additional control distributions after fit for the
exclusive e+3 jets channel. The yellow error band shows uncertainty from MC statistics.
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•1 high pT single lepton 
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• high  ET
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transverse leptonic W mass 
(MTW ) * to reduce QCD bkg 
• ETmiss > 35 (25) GeV for e (μ) chan
• MTW > 25 GeV (60GeV - ETmiss) for e 

(μ) chan

*=

series of requirements on the reconstructed objects defined in Sec. 3, designed to select events with the
above topology. For each lepton flavour, the following event selections are first applied:

• the appropriate single-electron or single-muon trigger has fired;

• the event contains one and only one reconstructed lepton (electron or muon) with pT > 20 GeV,
matching the corresponding high-level trigger object;

• in the muon channel, EmissT > 20 GeV and EmissT +mT (W) > 60 GeV is required
2. The cut on EmissT

rejects a significant fraction of the QCD multi-jet background. Further rejection can be achieved
by applying a cut in the (EmissT , mT (W)) plane; true W → !ν decays with large E

miss
T also have

large mT (W), while mis-measured jets in QCD multi-jet events may result in large E
miss
T but small

mT (W). The requirement on the sum of E
miss
T and mT (W) discriminates between these two cases;

• in the electron channel more stringent cuts on EmissT and mT (W) are required because of the more
important QCD multi-jet background, i.e. EmissT > 35 GeV and mT (W) > 25 GeV;

• finally, the event is required to have ≥ 1 jet with pT > 25 GeV and |η| < 2.5. The requirement on
the pT and the pseudorapidity of the jets is a compromise between the efficiency of the tt̄ event
selection, and the rejection of W+jets and QCD multi-jet background.

Events are then classified by the number of jets with pT > 25 GeV and |η| < 2.5, being either 1, 2, 3 or at
least 4. The number of events observed in data and predicted by simulation or by data-driven estimates
(for QCD multi-jet as discussed in Sec. 4.1) are given in Table 1. The uncertainty on the number of
expected events comes from the data-driven method, in the case of the QCD background, or from the
theory predictions in the cases of the other processes. The number of observed and expected events are in
good agreement for each jet bin and lepton flavor. The distribution of mT (W) in the 2-jet control region
is shown in Fig. 1. A good agreement between data and predictions is observed in this region which is
dominated by the W+jets background. The distribution of the reconstructed hadronic top quark mass,
defined as the invariant mass of the three jets with the highest vector sum pT [6], is shown in Fig. 2 for
events with ≥4-jets. These events contain a significant fraction of tt̄ events and again a good agreement
between data and MC predictions is observed.
The estimated products of acceptance and branching fraction for tt̄ events, measured from Monte

Carlo samples, are 3.5% and 5.8% in the electron channel for events with exactly 3-jets and ≥4-jets,
respectively, and 5.1% and 8.6% in the muon channel for events with exactly 3-jets and ≥4-jets, respec-
tively.

4 QCD Data Driven Background Estimation

4.1 QCD background estimate in the µ+jets channel

In the µ+jets channel, the background to “real” (prompt) muons coming from non-prompt muons in QCD
multi-jet events is predominantly due to heavy flavor jets containing hadrons decaying semileptonically.
As all other processes in this channel (tt̄, W+jets, Z+jets and single-top) feature a prompt muon from a
W or Z boson decay, it is sufficient to estimate the number of events with a non-prompt muon to quantify
the QCD multi-jet background.
The number of events in the sample with a non-prompt muon can be extracted from the data by con-

sidering the event count in the signal region with two sets of muon identification criteria. The “standard”

2Here mT (W) is theW-boson transverse mass, defined as
√

2p!T p
ν
T (1 − cos(φ! − φν)) where the measured missing ET vector

provides the neutrino information.
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Figure 13: Data-MC comparison of electron η and exp[−4 × HT,3p] after the fit for the inclusive e+5 jets
channel (top) and their ratio (bottom). Uncertainties on the ratio points include data and MC statistical
uncertainties. The yellow error band shows the uncertainty from MC statistics.

placing the default tt̄ and single top samples generated with top quark mass of mt = 172.5 GeV by
the corresponding samples generated at different masses. In the range of masses between 160 GeV
and 190 GeV the dependence of the cross section on the mass is well-described by a linear function:
σtt̄ = 411.9 − 1.35 × mtop(GeV) pb.

8 Conclusion

We have measured the tt̄ production cross section in the lepton+jets final state by exploiting kinematic
event information yielding σtt̄ = 179.0±11.8 pb. The result is in a good agreement with the approximate
NNLO theoretical prediction. It represents the most precise measurement of σtt̄ at the LHC to date and
exceeds the precision of the theoretical calculation.
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Measurement of σtt - single lepton
•Extract σtt ,σbkg by binned maximum likelihood fit of 

discriminant to data in 3, 4 and  ≥ 5-jet bins
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Figure 4: The input variable exp[−4 × HT,3p] for the e + jets channel in the signal regions, before the fit.
By construction, this variable is defined only for events with at least three jets.

 [26]. The uncertainty from the parton shower simulation is determined by comparing 246

interfaced to  or  [27]. The uncertainty on tt̄ modeling from the choice of PDF is estimated247

by evaluating the effect of independent error sets of CTEQ66 PDFs [28] on the acceptance and the shape248

of the discriminant. The effect of the initial and final state radiation modeling is assessed using 249

samples generated with the varied parameters responsible for the amount of radiation. Unlike other250

modeling uncertainties this one is included in the fit since the parameter variations ensure continuous251

increase or decrease of activity in the event.252

The uncertainties on the background modeling come from the uncertainty on the shape of W+jets253

and QCD templates while the normalization of both is determined from the fit simultaneously with the254

extraction of σtt̄. The kinematics of W+jets depends on the  parameters used to generate this255

background, such as the parton matching threshold and the choice of the factorization scale. The associ-256

ated uncertainty is determined by comparing the effect of the different choices of these parameters on the257

shape ofW+jets template. Similarly, the uncertainty from the QCD background model is determined by258

replacing the background model obtained from a matrix method estimate by the estimate using a different259

control region for the fake rate measurement in the µ + jets channel and from an alternative model based260

on electron identification cut inversion in the e + jets channel [29] An uncertainty specific to the method261

comes from the limited available statistics of MC simulated events used to create templates.262

7 Results263

The combined fit of the six analysis channels to the likelihood discriminant distribution in data in-

cluding all systematic uncertainties treated within the fit yields a tt̄ production cross section of σtt̄ =
179.0+7.0−6.9 (stat + syst)±6.6 (lumi) pb . The result of the fit is shown in Fig. 7. Both statistical tests (χ

2 and

Kolmogorov-Smirnov probability) demonstrate an excellent agreement between data and the background

and tt̄ signal model. After including uncertainties that are not part of the fit, σtt̄ is measured to be

σtt̄ = 179.0±3.9 (stat)±9.0 (syst)±6.6 (lumi) pb = 179.0±9.8 (stat + syst)±6.6 (lumi) pb = 179.0±11.8 pb.

Table 3 shows the effects of various sources of uncertainties on the measurement. To quantify the264

influence of individual systematic uncertainties included via nuisance parameters in the fit on the total un-265

certainty, the nuisance parameters corresponding to the systematic uncertainty under study are removed266

from the fit one at a time. The quadratic difference in relative uncertainty between the two fits is taken as267

a measure of the individual contribution to the total uncertainty. A fit to data performed without nuisance268

parameters gives the statistical uncertainty.269

The largest contribution to the systematic uncertainty on the measured σtt̄ comes from the choice270

of the signal MC generator followed by the uncertainties on the jet energy scale calibration and the271
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Measurement of σtt @ 8 TeV - dilepton

29
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Measurement of σtt @ 8 TeV - di-lepton channel

•Subtract background and get Ntt

•Extract cross section combining channels with best linear 
unbiased estimator including correlations and systematics 

30

distributions 
after all cuts, 

except 
Ntagged jets CMS

δσ/σ~7% 

syst
dominated!

JES~2.5% ),
 lept eff~1.8% luminosity 

(~4%)
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Figure 4: The jet multiplicity for events passing the dilepton selection and the E/T criteria, for
e±µ∓ (left) and the sum of e+e− and µ+µ− channels (right) and the corresponding data-to-
simulation ratios.
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Figure 5: The multiplicity of b-tagged jets in events passing the full event selections (but with-
out cutting in number of b-tagged jets), for e±µ∓ (left) and the summed e+e− and µ+µ− (right)
channels and the corresponding data-to-simulation ratios.
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Figure 4: The jet multiplicity for events passing the dilepton selection and the E/T criteria, for
e±µ∓ (left) and the sum of e+e− and µ+µ− channels (right) and the corresponding data-to-
simulation ratios.
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Figure 5: The multiplicity of b-tagged jets in events passing the full event selections (but with-
out cutting in number of b-tagged jets), for e±µ∓ (left) and the summed e+e− and µ+µ− (right)
channels and the corresponding data-to-simulation ratios.

10 6 Cross Section Measurement

respectively.

Source µµ ee eµ

Trigger & Lepton efficiencies (ID, Iso) 2.2 2.5 1.9
LES 0.3 0.3 0.3
JES 3.5 2.9 2.3
JER 1.7 1.4 1.7
B-tagging 0.9 1.3 0.8
pileup 1.5 1.9 1.4
Branching ratio 1.7 1.7 1.7
Event Q2 scale 0.7 0.7 0.7
Matching 0.7 0.7 0.7
Total Systematic 5.2 5.1 4.3
Luminosity 4.4 4.4 4.4

Table 1: Summary of the relative systematic uncertainties in percentage on the number of signal
tt̄ events after the full selection criteria, shown separately for each of the dilepton channels.

Uncertainties from data-driven background determination have been presented in Secs. 4.1
and 4.2. The uncertainties on the remaining backgrounds are estimated through simulation.
Then, the uncertainties related to the selection efficiency of the VV, and single top quark back-
grounds are estimated as for the uncertainty on the tt̄ signal selection efficiency. In addition, an
uncertainty of 20% is used for each of these backgrounds. This term covers the uncertainty in
the cross sections as well as the uncertainty related to difference in the topology of backgrounds
and tt̄ events.

6 Cross Section Measurement
The tt̄ production cross section σtt̄ is measured as:

σtt̄ =
N − NB

A · L , (2)

where N is the total number of events observed in data, NB is the number of estimated back-
ground events, A is the total acceptance estimated from a sample of inclusive tt̄ events, and L
is the integrated luminosity. The values of N, NB, and A are available in Table 2, where also the
cross section per channel is shown.

The systematic uncertainties discussed in the previous section are included in the event counts,
and then propagated to the cross section measurement. When asymmetric uncertainties are ob-
tained, the maximum value is taken in order to remain conservative. A combined measurement
of the three channels is obtained using the BLUE method [26]:

σtt̄ = 227 ± 3 (stat.) ± 11 (syst.) ± 10 (lumi) pb

A break-down of the uncertainties contributing to the combined measurement is given in Ta-
ble 3. Compared to [1], the measured cross section presented in this analysis carries a similar
statistical uncertainty and larger systematic uncertainty due to the increase in different sources
such as JES, JER, tagging, efficiencies, pileup, etc.
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Measurement of σtt - Summary @ 7TeV
• CMS combination with 0.8-1.1/fb 

using binned max lkl. (see 
TOP-11-003)

• Improvement by 21% (11%) in 
stat (syst) uncertainty compared 
to l+jets channel
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ATLAS-CONF-2012-024
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Figure 1: The cross section of the tt̄ production obtained by a combination of measurements in

different channels at
√

s = 7 TeV. The data are compared to the approximate NNLO calcula-

tions [6–9]. The theoretical uncertainties include the variation of the scales as well as the parton

distribution functions.

• ATLAS  combination with 0.8-1.1/
fb using profile lkl  ratio method

• Improvement by 25% (11%) in 
stat (syst) uncertainty compared 
to l+jets channel

6 Results

The result of fitting the six-measurement combined model to the observed data is summarized in Table
1, together with the input measurements. The measured value of top quark pair production cross-section
is

σ̂tt̄ = 177 ± 3 (stat.) +8
−7 (syst.) ± 7 (lumi.) pb = 177 +11

−10 pb,

with the 68% confidence interval inferred from the asymptotic properties of the profile likelihood ratio,
which is shown in Figure 4. This interval includes the effect of all systematic and statistical uncertainties,
including their correlated effects on the signal and backgrounds in the six channels.

The statistical uncertainty is obtained by fixing all the nuisance parameters associated with under-
lying sources of systematic uncertainty to their best fit values. The systematic component of the total
uncertainty is obtained by subtracting in quadrature the statistical contribution from the total uncertainty,
keeping only the integrated luminosity fixed. Finally, the uncertainty attributed to the integrated luminos-
ity is obtained by subtracting in quadrature the combined systematic and statistical uncertainties from the
total uncertainty. The dominant systematic uncertainties in the six-measurement combination are listed
in Table 2. The systematic uncertainty attributed to a particular parameter is estimated by subtracting
in quadrature the uncertainty obtained while keeping that parameter fixed from the total uncertainty,
keeping the integrated luminosity fixed throughout. In total, 26 of the 88 nuisance parameters represent-
ing sources of systematic uncertainty are shared between one or more analysis and are treated as fully
correlated.

The combined cross-section and its statistical uncertainty are in good agreement with a simple ap-
proximate calculation in which σtt̄ is estimated by a weighted average of the dilepton, single-lepton, and
all-hadronic results. The total systematic uncertainty measured in the full combination is only slightly
larger than one would expect assuming fully uncorrelated uncertainties.

Because the all-hadronic measurement has the largest total uncertainties of the component analyes,
an auxiliary combination was performed using only the single-lepton and dilepton channels. The fitted
cross-section and its errors were found to agree, within rounding, with the values obtained in the nominal
three-channel fit. The size of individual systematic uncertainties in that fit varied only minimially from
those obtained in the nominal fit.

A separate determination of the combined cross-section was made using the BLUE method [13, 14]
as a cross-check to the primary result presented in this note. The BLUE method is another technique for
obtaining a combination of measurements that takes into account the statistical and systematic uncertain-
ties and their correlations. Since the standard implementation of the BLUE method requires symmetric
uncertainties as inputs, asymmetric uncertainties measured in component analyses were symmetrized by
taking the average of the positive and negative variations. The cross-section obtained using the BLUE
method is σtt̄ = 178±4(stat)±11(syst+lumi) pb = 178±11 pb, in good agreement with the combination
using full likelihoods.

7
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 = 172.5 GeVtfor m

stat. uncertainty
total uncertainty
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+ 14  6  ±173 
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-11.02 fb

  6 pb± 78 ± 18 ±167 

Combination   7 pb± -   7
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 + jetshad" -11.67 fb   7 pb± 42 ± 19 ±200 

 + leptonhad" -12.05 fb   7 pb± 20 ± 13 ±186 

All hadronic
-14.7 fb

  6 pb± -  57
+ 60 12  ±168 

CMS-PAS-TOP-11-024

7

• τ fake rate (µτ): An 11% uncertainty on the fake τ background rate is translated

into this 13% uncertainty on the tt̄ acceptance for the µτ channel.

• τ jet mis-ID (µτ): The uncertainty on the tau jet mis-identification affects only the

µτ analysis.

• Tau and hadron decay model (µτ): This is the theoretical uncertainty on signal

acceptance for the µτ analysis.

• Cross sections of MC background (µτ): This parameter is the sum in quadrature

of the uncertainties from all µτ background channels assuming the cross section

uncertainties are completely uncorrelated.

• MC tune (hadronic): This uncertainty in the underlying event simulation for the

hadronic channel is assessed by comparing Z2 and D6T tunes.

• Trigger (hadronic): The uncertainty in the hadronic trigger efficiency scale factor

affects only the hadronic channel.

• Background (hadronic): An uncertainty due to the shape of the background model

used in the top-quark mass fit in the hadronic channel is also considered.

5 Combination Results
Before performing the combination of results, it was verfied that the likelihood formulation

was capable of reproducing the individual analysis results, their central values as well as their

statistical and systematic uncertainties.

The breakdown of the combination’s final uncertainty is determined by performing the com-

bination in stages. First only the statistical uncertainties are included in the fit. Then the sys-

tematic uncertainty (except the luminosity uncertainty) terms are added to the fit. Finally the

statistical, systematic, and luminosity uncertainties are all included in the fit.

For the full combination of the four analyses we find

σtt̄ = 167.3 ± 2.2 (stat.) pb,

σtt̄ = 165.3 ± 10.8 (stat.+syst.) pb, and

σtt̄ = 165.8 ± 13.3 (stat.+syst.+lumi.) pb.

Subtracting the uncertainties in quadrature to extract the individual contributions, we find

σtt̄ = 165.8 ± 2.2(stat.)± 10.6(syst.)± 7.8(lumi.) pb. (6)

In Fig. 1 the value of the combined cross section is shown together with the results of the single

measurements and the approximate NNLO predictions of [6, 7], [8] and [9].

The combined cross section in Eq. 6 is cross-checked with the Best Linear Unbiased Estimate

method (BLUE [5]). The BLUE method was already used by the CMS collaboration for the

combination of the top-quark mass and cross section measurements in the dilepton channels

[2, 10] and for the combination of top-quark pair production cross section measurements done

with the 2010 datasets [11]. The uncertainties and correlations used for the BLUE combination

are identical to those used in the likelihood combination. The BLUE combination gives a cross

section of

δσ/σ~8% δσ/σ~6.2% 
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Measurement of σtt  - LHC Combination @  s = 7 TeV

•Combine with best linear 
unbiased estimator

•Total correlation~30%
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ATLAS-CONF-2012-134 & CMS-PAS-TOP-12-003

ATLAS CMS Correlation LHC combination

Cross-section 177.0 165.8 173.3

Uncertainty
Statistical 3.2 2.2 0 2.3

Jet Enegy Scale 2.7 3.5 0 2.1
Detector model 5.3 8.8 0 4.6

Signal model
Monte Carlo 4.2 1.1 1 3.1
Parton shower 1.3 2.2 1 1.6
Radiation 0.8 4.1 1 1.9
PDF 1.9 4.1 1 2.6

Background from data 1.5 3.4 0 1.6
Background from MC 1.6 1.6 1 1.6
Method 2.4 n/e 0 1.6
W leptonic branching ratio 1.0 1.0 1 1.0

Luminosity
Bunch current 5.3 5.1 1 5.3
Luminosity measurement 4.3 5.9 0 3.4

Total systematic 10.8 14.2 9.8

Total 11.3 14.4 10.1

Table 1: Table of uncertainties in the tt̄ cross-section used in the BLUE combination. Cross-sections and

uncertainties are in pb. The symbol “n/e” stands for “not evaluated”.
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Figure 1: Input σtt̄ measurements by the ATLAS and CMS collaborations and the result of the LHC

combination. The band corresponds to the approximate NNLO QCD calculation with Hathor 1.2 [6] of

σtt̄ = 167
+17
−18
pb .
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• Improvement by 7% (11%) 
w.r,t most precise l+jets 
channel

• Final δσ/σ~5.8% (10 pb)
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E.Shabalina -- TOP 2012 Sept 18, 2012

BLUE 101: method

5

BLUE = Best Linear Unbiased Estimate

correlations of uncertainties on input measurements

uncertainties on input measurements

 input 
measurements

 combined 
measurement

find set of weights 
that minimize the 

variance  

method of Lagrangian multipliers equivalent to χ2   method

33

Interlude on Tools( L Shabalina @ TOP2012)

E.Shabalina -- TOP 2012 Sept 18, 2012

Combination method

4

BLUE = Best Linear Unbiased Estimate 
L.Lyons, D.Gibaut, P.Clifford, NIM A270 (1988), A.Valassi, NIM A500 (2003)

‣ calculates linear weighted sum of individual results with 
weights determined such that they minimize the total 
uncertainty on the combined result 

‣ takes into account statistical and systematic uncertainties 
and their correlations 

Advantages
‣ Allows combination of correlated measurements of one or more 

parameters
‣ Produces a fit χ2 to evaluate consistency of inputs
‣ Fast and simple 

Treatment of uncertainties
‣ Provides clean way to breakdown uncertainties
‣ Measurement correlations are required as input
‣ Assumes all uncertainties Gaussian distributed 
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Measurement of σtt  - CMS Combination @  s = 8 TeV

•Combination of 8 TeV measurements 
(CMS)with best linear estimator, 
dominated by dilepton measurement

34

12 8 Summary

between the different systematic uncertainties are taken into account as follows: lepton-ID, b-

tagging, and background normalizations are treated as uncorrelated; PU, branching ratio, JES,

JER, theory and luminosity are treated as correlated.

The results of the combination is:

σtt̄ = 227 ± 3 (stat.) ± 11 (syst.) ± 10 (lumi) pb.

Figure 6 shows the measured cross section in the two different modes at
√

s = 8 TeV compared

with different theory predictions and NNLO.

The evolution of the cross section with the centre-of-mass energy is shown in Figure 7, includ-

ing the Tevatron measurement [28], [29]. The ratio of the cross section measurements at
√

s =

8 TeV (227 ± 3 (stat.) ± 11 (syst.) ± 10.0 (lumi) pb.) and
√

s = 7 TeV (161± 3 ± 6 (syst.) ±
4 (lumi) pb. [1]) is 1.41 ± 0.10. The experimental systematic uncertainties are considered to

be uncorrelated (i.e. the most pessimistic scenario), whereas the theoretical uncertainties are

assumed to be 100% correlated. Note that the systematic uncertainty due to the branching ratio

cancels out in the ratio.

Figure 6: The tt̄ cross section measurements using different decay modes, �+jets and dilepton,

and the combination of both. The vertical band shows different theory prediction at NNLO.

8 Summary
The work discussed in this document presents a measurement of the tt̄ cross section in the

dilepton final state (e+e−, µ+µ−, e±µ∓) using tt̄ event candidates containing two opposite sign

leptons, two jets, and requiring the presence of transverse missing energy. To further clean the

sample from background, b-tagging information is used as an additional selection requirement
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•Ratio of 8 TeV to 7 TeV cross 
section is 1.41 0.10
• partial cancellation of syst effects 

CMS-PAS-TOP-11-024

CMS-PAS-TOP-11-024

δσ/σ~6.6% 
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Attention to systematic uncertainties!

•Harmonization in approach towards theoretical systematic 
uncertainties. Particularly about Monte Carlo generators and 
Initial/Final state radiation.

•ATLAS: takes difference between different generators

•CMS: varies parameters within a given generator

•Discussion still ongoing in TOP LHC Working group
‣  test simulation of one exp in another’s
‣ use the same simulated set of events to compare performance/

correlations/analyses sensitivity to syst effects.
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Measurement  of top quark mass, mt

36

i.e. 

the defining property
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Top quark and vacuum stability
•Knowledge of top quark mass and higgs boson mass is crucial 

for stability vacuum 

38

Top2012 -  Keith Ellis, Winchester, September 2012 

Vacuum stability

An up-to-date analysis indicates that we are in the 
stable/metastable region. 

8

De Grassi et al, arXiv:1205.6497

Friday, September 21, 2012

(R.K. Ellis TOP2012)
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CMS Lepton+Jets: Event Selection & Reconstruction
Exactly 1 isolated muon/electron with pT > 30 GeV, |η| < 2.1
≥ 4 jets with pT > 30 GeV, |η| < 2.4, ≥ 2 with b-tag
Assign b-tagged jets → b-quarks, untagged jets → light quarks

Kinematic fit & final selection
Use 4 leading jets, constraints:
mW = 80.4 GeV, mt = mt̄

Weight each permutation by
Pgof

�
χ2� = exp

�
−1

2χ
2�,

Pgof
�
χ2� > 0.2 required

Selected sample contains 5194
events in 5 fb−1 data
Estimated purity: 96% tt̄ events

after kinematic fit: 44% of tt̄ correct
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Top-Quark Mass Measurements at the LHC

ATLAS
UPD Lepton+jets, template,
1.0 fb−1, ATLAS-TOPQ-2011-15,
Eur.Phys.J. C72 (2012) 2046
(with and without in-situ JES)

NEW Dilepton, mT2

4.7 fb−1, ATLAS-CONF-2012-082

NEW All-hadronic, template
2.0 fb−1, ATLAS-CONF-2012-030

From the tt̄ cross-section
35 pb−1, ATLAS-CONF-2011-054

NEW UPD in 2012

+ Shown for first time at TOP2012!

CMS
UPD+ Lepton+jets, ideogram
5.0 fb−1, CMS-TOP-11-015,
submitted to JHEP

UPD ∆mt , ideogram
5.0 fb−1, CMS-TOP-11-019,
JHEP 1206 (2012) 109)

UPD+ Dilepton, AMWT
5.0 fb−1, CMS-TOP-11-016,
submitted to EPJC

NEW+ Dilepton, endpoint
5.0 fb−1, CMS-PAS-TOP-11-027

NEW+ All-hadronic, ideogram
3.5 fb−1, CMS-PAS-TOP-11-017

From the tt̄ cross-section
1.1 fb−1, CMS-PAS-TOP-11-008
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CMS Lepton+Jets: 2D Ideogram Method
Likelihood for event with n permutations,
j representing correct, wrong and unmatched permutation case

L (event|mt , JES) =
n�

i=0

Pgof (i)P
�
mfit

t,i ,m
reco
W ,i |mt , JES

�
,

P
�
mfit

t,i ,m
reco
W ,i |mt , JES

�
=

�

j

fjPj

�
mfit

t,i |mt , JES
�
· Pj

�
mreco

W ,i |mt , JES
�
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Top-Quark Mass Measurements at the LHC

ATLAS
UPD Lepton+jets, template,
1.0 fb−1, ATLAS-TOPQ-2011-15,
Eur.Phys.J. C72 (2012) 2046
(with and without in-situ JES)

NEW Dilepton, mT2

4.7 fb−1, ATLAS-CONF-2012-082

NEW All-hadronic, template
2.0 fb−1, ATLAS-CONF-2012-030

From the tt̄ cross-section
35 pb−1, ATLAS-CONF-2011-054

NEW UPD in 2012

+ Shown for first time at TOP2012!

CMS
UPD+ Lepton+jets, ideogram
5.0 fb−1, CMS-TOP-11-015,
submitted to JHEP

UPD ∆mt , ideogram
5.0 fb−1, CMS-TOP-11-019,
JHEP 1206 (2012) 109)

UPD+ Dilepton, AMWT
5.0 fb−1, CMS-TOP-11-016,
submitted to EPJC

NEW+ Dilepton, endpoint
5.0 fb−1, CMS-PAS-TOP-11-027

NEW+ All-hadronic, ideogram
3.5 fb−1, CMS-PAS-TOP-11-017

From the tt̄ cross-section
1.1 fb−1, CMS-PAS-TOP-11-008
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before kine fit

functions fitted 
from simulated 

events,
pars depend
on JES and

m_top

3

4 Kinematic fit
A kinematic fit is employed to check the compatibility of an event with the tt hypothesis and

thereby improve the resolution of the measured quantities. The fit constrains the event to the

hypothesis for the production of two heavy particles of equal mass, each one decaying to a W

boson and a b quark. As indicated above, one of the W bosons decays into a lepton-neutrino

pair, while the other W boson decays into a quark-antiquark pair. The reconstructed masses of

the two W bosons are constrained in the fit to 80.4 GeV [7]. A comprehensive description of the

algorithm and constraints on the fit is available in Ref. [30].

The inputs to the fitter are the four-momenta of the lepton and the four leading jets, the missing

transverse momentum, and their respective resolutions. The two b-tagged jets are candidates

for the b quarks in the tt hypothesis, while the two untagged jets serve as candidates for the

light quarks for one of the W-boson decays. This leads to two possible parton-jet assignments

per event. For simulated tt events, the parton-jet assignments can be classified as correct permu-
tations (cp), wrong permutations (wp), and unmatched permutations (un), where, in the latter, at

least one quark from the tt decay is not matched to any of the four selected jets.

To increase the fraction of correct permutations, we require the goodness-of-fit (gof) probability

for the kinematic fit with two degrees of freedom Pgof = P
�
χ2

�
= exp

�
− 1

2
χ2

�
to be at least

0.2. This selects 2906 muon+jets and 2268 electron+jets events for the mass measurement. For

each event we use all permutations that fulfill this requirement, and weight the permutations

by their Pgof values. In simulation, the fraction of correct permutations improves from 13% to

44% and the non-tt background is reduced to 4%.

Figures 1 (a) and 1 (b) show, respectively, the distributions in the reconstructed mass mreco

W
of

the W boson decaying to a qq pair and the mass mreco
t

of the corresponding top quark for all

possible permutations before the kinematic fit. The reconstructed W-boson mass mreco

W
and the

top-quark mass from the kinematic fit mfit
t

, after the Pgof selection and weighting, are displayed

in Figs. 1 (c) and 1 (d).

5 Ideogram method
As the jet energy scale was found to be the leading systematic uncertainty in previous measure-

ments of mt in this channel, we chose to determine the JES and the top-quark mass simultane-

ously in a joint likelihood fit to the selected events. The observable used for measuring mt is

the mass mfit
t

found in the kinematic fit. We take the reconstructed W-boson mass mreco

W
, before

it is constrained by the kinematic fit, as an estimator for measuring in situ a residual JES to be

applied in addition to the CMS jet energy corrections described in Section 3. This is in contrast

to a similar measurement from the D0 Collaboration [31], where the kinematic fit is performed

for different JES hypotheses.

The ideogram method has been used by the DELPHI Collaboration to measure the W-boson

mass at the CERN LEP collider [32], and, at the Fermilab Tevatron collider, by the D0 Collabo-

ration to measure the top-quark mass in the lepton+jets channel [31] and by the CDF Collabo-

ration to measure the top-quark mass in the all-jet channel [33]. The likelihood in the ideogram

method is evaluated from analytic expressions obtained and calibrated using simulated events.

This makes the ideogram method relatively fast and reliable.

The likelihood used to estimate the top-quark mass and the JES, given the observed data, can

assume uncorrelated because of W mass constraint, 

asymm GaussBWigner conv with gauss

fix JES
change
m_top.

matched 
top

fix m_top
change

JES
matched

top

fix JES
change

m_top. matched 
W

(M Seidel, 
TOP2012)
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CMS Lepton+Jets: Uncertainties & Result
Calibration with pseudo-experiments, small corrections for mt and JES

Systematic uncertainty ∆mtop [GeV]
Calibration 0.06
b-JES 0.61
pT - and η-dependent JES 0.28
Lepton energy scale 0.02
Missing transverse energy 0.06
Jet energy resolution 0.23
b-tagging 0.12
Pile-up 0.07
Non-tt̄ background 0.13
PDF 0.07
µR , µF 0.24
ME-PS matching threshold 0.18
Underlying event 0.15
Color reconnections 0.54
Total 0.98
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Result: mt = 173.49 ± 0.43 (stat+JES) ± 0.98 (syst) GeV
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Top-Quark Mass Measurements at the LHC

ATLAS
UPD Lepton+jets, template,
1.0 fb−1, ATLAS-TOPQ-2011-15,
Eur.Phys.J. C72 (2012) 2046
(with and without in-situ JES)

NEW Dilepton, mT2

4.7 fb−1, ATLAS-CONF-2012-082

NEW All-hadronic, template
2.0 fb−1, ATLAS-CONF-2012-030

From the tt̄ cross-section
35 pb−1, ATLAS-CONF-2011-054

NEW UPD in 2012

+ Shown for first time at TOP2012!

CMS
UPD+ Lepton+jets, ideogram
5.0 fb−1, CMS-TOP-11-015,
submitted to JHEP

UPD ∆mt , ideogram
5.0 fb−1, CMS-TOP-11-019,
JHEP 1206 (2012) 109)

UPD+ Dilepton, AMWT
5.0 fb−1, CMS-TOP-11-016,
submitted to EPJC

NEW+ Dilepton, endpoint
5.0 fb−1, CMS-PAS-TOP-11-027

NEW+ All-hadronic, ideogram
3.5 fb−1, CMS-PAS-TOP-11-017

From the tt̄ cross-section
1.1 fb−1, CMS-PAS-TOP-11-008

Markus Seidel (UHH) Top-Quark Mass Results at the LHC September 18, 2012 2 / 32

(M Seidel, 
TOP2012)

mailto:fracesco.spano@cern.ch
mailto:fracesco.spano@cern.ch
https://indico.cern.ch/getFile.py/access?contribId=21&sessionId=6&resId=0&materialId=slides&confId=180665
https://indico.cern.ch/getFile.py/access?contribId=21&sessionId=6&resId=0&materialId=slides&confId=180665
https://indico.cern.ch/getFile.py/access?contribId=21&sessionId=6&resId=0&materialId=slides&confId=180665
https://indico.cern.ch/getFile.py/access?contribId=21&sessionId=6&resId=0&materialId=slides&confId=180665


francesco.spano@cern.ch Top Quark @ LHC HEP intercollegiate Post Graduate Lectures- 30th Oct  2012 42

!"#$%#!$&& '()**+,-+.+/0,1,23*45+0.+/

!"#$%&'()$*'++,$

*'-(./$012324-$*2-5"6
! !"#$%&''$#(#)*$+,)#-.*,/"$!$-0"*$12#/,"#$-#*304

! 502$#./3$#(#)*$/.'/&'.*#$1206.6,',*7$*0$6#'0)8$*0$/#2*.,)$*01$-.""

! 9#2%02-$',+#',3004$%,*$0%$#(#)*$1206.6,',*,#"

! 9206.6,',*7$4#1#)4"$0)$*01$-.""$:;$<=>$%02$,)?",*&$%,*@$

! !"#4$,)$'AB#*"$;$4,'#1*0)$%,).'$"*.*#"

&6

99
",8",8
:CD-:CD-

**
@$@$!!$$""$$9E5$9E5$C$F.*2,C$#'#-#)*$C$F.*2,C$#'#-#)*$C$G2.)"%#2$%&)/*,0)C$G2.)"%#2$%&)/*,0)

Y. Peters
PIC2011

mailto:fracesco.spano@cern.ch
mailto:fracesco.spano@cern.ch
http://indico.cern.ch/getFile.py/access?contribId=6&sessionId=2&resId=1&materialId=slides&confId=117880
http://indico.cern.ch/getFile.py/access?contribId=6&sessionId=2&resId=1&materialId=slides&confId=117880
http://indico.cern.ch/getFile.py/access?contribId=6&sessionId=2&resId=1&materialId=slides&confId=117880
http://indico.cern.ch/getFile.py/access?contribId=6&sessionId=2&resId=1&materialId=slides&confId=117880


francesco.spano@cern.ch Top Quark @ LHC HEP intercollegiate Post Graduate Lectures- 30th Oct  2012

Overall Status of mt - LHC+Tevatron

43

Most Precise Direct Measurements and Combinations
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Top quark as a window on new physics

44

i.e. 

Beyond the Standard model
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Top quark as a window on new physics 
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Introduction

The top quark is the heaviest elementary particle known, with a mass of m
t = 173.2 ± 0.9 GeV [1], has

a small lifetime (which does not allow bound-states of the top quark to be formed) and decays almost

exclusively to bW. This makes it a good object to test the Standard Model (SM) of particle physics.

According to the SM, flavour changing neutral currents (FCNC) are forbidden at tree level and are much

smaller than the dominant decay mode at one loop level.

Several SM
extensions predict higher branching fractions (BR) for the top quark FCNC

decays.

Examples of such extensions are the quark-singlet model (QS) [2–4], the two-Higgs doublet model

with (FC 2HDM) or without (2HDM) flavour-conservation [5–10], the minimal supersymmetric model

(MSSM) [11–17], SUSY with R-parity violation (/R
SUSY) [18], the Topcolour-assisted Technicolour

model (TC2) [19] or models with warped extra dimensions (RS) [20, 21]. For a review see Ref. [22].

Figure 1 shows the dominant decay of the top quark, as well as possible FCNC decays involving a photon,

a Z boson or a gluon. Table 1 shows the predicted BR values for these models as well as those predicted

by the SM.The present experimental limits on the branching fractions of the FCNC top quark decay channels

established by experiments at the LEP, HERA and Tevatron colliders are shown in Table 2. The CDF

collaboration has also published limits derived from the search for FCNC direct top production: BR(t →

ug) < 3.9 × 10 −4
and BR(t →

cg) < 5.7 × 10 −3
[23]. Results from 35 pb −1

of LHC data collected during

2010 were also presented previously by ATLAS [24]: BR(t →
qZ) < 17%

and σ
qg→t×BR(t →

bW) <

17.3 pb −1
.In this note, results of a search by ATLAS for FCNC decays of the top quark are presented. The

search for the t →
qZ decays was performed by searching for top quark pairs in which one of the top

quarks decays through FCNC and the other through the SM
dominant mode, considering only Z boson

decays to charged leptons and W
boson leptonic decays. The main background sources are ZZ and WZ

events, which include three charged leptons in the final state, and were estimated with Monte Carlo

simulation. Backgrounds with one (such as WW, Z+jets and dileptonic tt̄ events), two (such as W+jets

and single lepton tt̄ events) or three (such as QCD multi-jet and hadronic tt̄ events) fake leptons, were

estimated by data-driven (DD) methods.

This note is organised as follows: the ATLAS detector, the collected data samples, and the simulated

samples of signal and expected background from SM
processes are described in Sections 2 and 3. Sec-

tion 4 summarizes the object definition. The t →
qZ search analysis is discussed in Section 5, while the

sources of systematic uncertainties are described in Section 6. Conclusions are presented in Section 7.

a)

b)

c)

d)

Figure 1: Top quark decays: a) the dominant SM
decay channel t →

bW
and the FCNC channels of SM

extensions b) t →
qZ, c) t →

qγ and d) t →
qg, with q = u, c. The dots represent the FCNC vertices.

The subsequentW
and Z boson decays into leptons or quarks are also represented.
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New resonances
In many scenarios for EWSB new resonances show up, some of which preferably couple 
to 3rd generation quarks.

Given the large number of models, in this case is more efficient to adopt a “model 
independent” search and try to get as much information as possible on the quantum 
numbers and coupling of the resonance.
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* Vector resonance, in a color 
singlet or octet states.

*Widths and rates very 
different

* Interference effects with 
SM ttbar production not 
always negligible

* Direct information on 
!•Br and ".
 

Phase 1: discovery

A large effort has been devoted to search for new physics in tt resonances
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The Compact Muon Solenoid (CMS) Collaboration recently published a search for new physics

in events with same-sign isolated dileptons, jets, and E/T [1]. The results of that search are recast

in this short Letter to set constraints on the production of same-sign top-quark pairs at the Large

Hadron Collider (LHC). This effort is motivated by the recent Tevatron measurements of the

forward-backward tt asymmetry (AFB) which deviates from the standard model (SM) expec-

tations [2–4]. Many of the attempts put forth [5–24] to explain this asymmetry invoke Flavour

Changing Neutral Currents (FCNC) in the top-quark sector [5] mediated by the t-channel ex-

change of a new massive Z
�
boson, as shown in Fig. 1. It has also been suggested [18, 21–24] that

the anomalous dijet invariant mass distribution recently reported by the CDF collaboration in

pp → W + 2 jets [25] could be evidence for such a boson.

The same type of interaction would also give rise to same-sign top-quark pair production,

as illustrated in Fig. 2. In this case, the initial state involves two u quarks. Because of the

large valence quark parton density of the proton, the tt production cross section at the Large

Hadron Collider (LHC) could then be large enough to be observable with a modest amount of

integrated luminosity. This motivates the search described in this Letter.

u

ū
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Figure 1: Diagram for tt production induced by t-channel Z
�

exchange, which can generate a

forward-backward asymmetry.

u

u

t

t

Z � Z �

t

t

u

u

u

g

t

Z � t

ū
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Figure 2: Diagrams for tt and ttj production in the presence of a Z
�
.

For concreteness, we consider the model of Ref. [9]. The relevant u-t-Z
�
interaction term in the

Lagrangian is

 Same sign top pair

di-lep
fully had

t/
4th gen, FCNC, left-right 
symmetric, higgs triplets, 
SUSY, UED, little higgs

t/t charge asymmetry-
color octect vector, color singlet Z’, 

color triplet scalars

by no means 
exhaustive list of 

models!
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Spin color parity (1, γ5) some examples/Ref.
0 0 (1,0) SM/MSSM/2HDM, Ref. [51, 52, 53]
0 0 (0,1) MSSM/2HDM, Ref. [52, 53]
0 8 (1,0) Ref. [54, 55]
0 8 (0,1) Ref. [54, 55]
1 0 (SM,SM) Z ′

1 0 (1,0) vector
1 0 (0,1) axial vector
1 0 (1,1) vector-left
1 0 (1,-1) vector-right
1 8 (1,0) coloron/KK gluon, Ref. [56, 57, 58]
1 8 (0,1) axigluon, Ref. [57]
2 0 – graviton “continuum”, Ref. [17]
2 0 – graviton resonances, Ref. [18]

Table 1: The BSM particles included in the topBSM “model”.

particles.

3.1.1 Color singlet

Let us start by considering a color singlet (pseudo-)scalar boson φ contributing to the tt̄
process gg → (φ →)tt̄. The Feynman diagram for this loop induced process is depicted in
Fig. 8. The spin-0 coupling strength to quarks,

gφqq = a1i
mq

v
+ a2

mq

v
γ5, (5)

is proportional to the quark mass mq. In analogy with the SM, v is the spin-0 field vacuum
expectation value and a1 and a2 are real proportionality factors for the parity even and
odd spin-0 particles, respectively. For the SM Higgs boson a1 = 1 and a2 = 0, while for a
pure pseudo-scalar a1 = 0 and a2 is non-zero.

We do not include scalar production by (anti-)quark annihilation, qq̄ → φ, because for
this cross section to be sizeable compared to the loop induced gluon fusion process, the
branching ratio for the scalar to tt̄ has to be small and can be neglected.

Since we are interested in scalars with strong couplings to the top quark, we neglect
all particles in the loop of Fig. 8 except for the most heavy quark, i.e., the top quark.
If the mass of the spin-0 boson is larger than twice the mass of the top quark, the loop-
induced gluon-gluon-(pseudo-)scalar coupling develops an imaginary part, which leads to a
peak-dip structure for the interference terms between the QCD background and the signal
[51, 52, 53].

The possibility to detect a signal in the tt̄ invariant mass depends on the width of the
spin-0 resonance. In general, a scalar particle couples also to the electroweak bosons. In

11

Figure 12: Invariant tt̄ spectrum for pp → tt̄ including s-channel gravitons. The distribu-
tions show the effect of the almost degenerate tower of KK gravitons in the ADD model
with n = 3 extra dimensions and, from top to bottom, with a cutoff scale MS = 800, 900,
1100 and 1300 GeV. The bottom line are contributions from SM only. We used CTEQ6L1
and set the scales to µR = µF = mt.

is now solved with only a minor fine-tuning of κR " 12. After KK compactification of the
massless graviton field, the coupling constant of KK gravitons with matter is given by the
inverse of Λ.

A prediction in the RS model is that the masses of the KK modes mn are given by
m2

n = xnκe−πκR, where xn are the positive zero’s of the Bessel function J1(x). If one of the
masses is given, all the others are fixed, which could give rise to a series of resonances in
the tt̄ invariant mass spectrum.

In Fig. 13 the effect of a series of KK graviton modes on the tt̄ invariant mass spectrum
is shown with m1 = 600 GeV and for various ratios κ/Mpl. The resonances are clearly
visible over the QCD background. Higher KK states are characterized by larger widths.

4 Spin information from (anti-)top quark directions

A useful, yet simple, quantity sensitive to the spin of the intermediate heavy state into a
tt̄ pair, is the Collins-Soper angle θ [66]. This angle is similar to the angle between the top
quark and the beam direction, but minimizes the dependence on initial state radiation.
θ is defined as follows. Let pA and pB be the momenta of the incoming hadrons in the
rest frame of the top-antitop pair. If the transverse momentum of the top-antitop pair is
non-zero, then pA and pB are not collinear. The angle θ is defined to be the angle between
the axis that bisects the angle between pA and pB and the top quark momentum in the tt̄

17

enhancements

Figure 13: Invariant tt̄ spectrum for pp → tt̄ including s-channel gravitons. The distribu-
tion shows the effect of a couple of KK resonances in the RS extra dimensions model. The
mass of the first KK mode is m1 = 600 GeV and the colored lines represent various choices
for the ratio κ/Mpl. We used CTEQ6L1 and set the scales to µR = µF = mt.

rest frame.

4.1 Standard Model

The distribution of θ in the SM is plotted in Fig. 14. Also plotted in the same figure are
the distributions with cuts on the tt̄ invariant mass spectrum as backgrounds to narrow
resonances.

A simple analytic calculation confirms this behavior. The matrix element squared for
the initial state qq̄ to the SM tt̄ contribution in terms of the Collins-Soper angle cos θ is
proportional to

|M(qq̄ → tt̄)|2 ∼ s(1 + cos2 θ) + 4m2
t (1 − cos2 θ), (7)

where s is the center of mass energy squared, s = (pq + pq̄)2. For the gg initial state we
have

|M(gg → tt̄)|2 ∼
s(7 + 9 cos2 θ) − 36m2

t cos2 θ
(

sc− + 4m2
t cos2 θ

)2

[

s2c+c− + 2sm2
t

(

3c2
−

+ c2
+

)

− 4m4
t

(

3c2
−

+ c2
+ + c−

)

]

, (8)

where c+ = 1 + cos2 θ and c− = 1 − cos2 θ.
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set of 
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(a) (b)

(c) (d)

Figure 9: Invariant tt̄ mass spectrum for the boson-phobic scalar (left) and pseudo-scalar
(right). Bottom: The interesting region with finer binning. Different colors represent
different coupling strength of the Higgs to top quarks: dot-dashed for the standard model
coupling and dotted, dashed and light solid for 0.5, 2 and 4 times the standard model
coupling strength, respectively. Dark solid is QCD tt̄ production, i.e., without the Higgs
signal. All plots were produced using the CTEQ6L1 pdf set with µR = µF = 400 GeV. No
acceptance cuts are applied.

by the dotted line in Fig. 9.

3.1.2 Color octet

The case of a color octet resonance is very similar. Here we shall study scalar S0
R and a

pseudo-scalar S0
I color octets, similar to those introduced in Refs. [54, 55]. In these models

13

peak-dip
pseudo scalar with m=400 GeV

tower of degenerate KK gravitons ; only 
gravity in N “large” extra dim (ADD)

tower of KK 
gravitons ; all 
particles in 1 

“warped” 
extra dim (RS)

Figure 11: Invariant tt̄ spectrum for pp → tt̄ including a s-channel Z ′ color singlet vector
boson and color octet (axial) vector bosons with masses mX = 2000 GeV that couples
with standard model strength to quarks. Solid QCD tt̄ production, dotdashed with a color
singlet (Z ′), dotted with a color octet axial vector (axigluon g∗

A), dashed with a color octet
vector boson (KK gluon/coloron g∗

V ). All plots were produced using the CTEQ6L1 pdf set
with µR = µF = 2000 GeV. No cuts were applied in making any of the plots.

3.2 Spin-1 resonances

In this section we discuss a spin-1 resonance produced by qq̄ annihilation. This resonance
can either be a color singlet or a color octet. For the color octet case we distinguish between
a vector and an axial-vector. Although both the vector and the axial-vector interfere with
the QCD tt̄ production, only the vector shows interference effects in the tt̄ invariant mass
spectrum.

Including an s-channel color singlet vector boson (a “model-independent” Z ′) in the tt̄
production process gives a simple peak in the invariant mass spectrum as can be seen from
the dot-dashed line in Fig. 11. The precise width and height of the peak depends on the
model parameters in the model for the Z ′. As a benchmark we show a Z ′ vector boson
with mass mZ′ = 2 TeV that couples with the same strength to fermions as a standard
model Z boson. The interference effects with the SM Z boson can be neglected in the tt̄
channel, so the peak is independent of the parity of the coupling.

In general, for the color octet spin-1 particles the interference with the SM tt̄ production
cannot be neglected. Two cases are to be considered: a color octet vector particle (e.g., a
KK gluon [58] or coloron [57]), and an axial-vector particle (e.g., an axigluon [61, 62, 57]).
It is natural to assume a coupling strength equal to the strong (QCD) coupling gs for their
coupling to quarks.

In Fig. 11 the effects of a color octet spin-1 particle on the tt̄ invariant mass spectrum
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Figure 11. Normalised cross-sections as functions of
√
d12 of anti-kt jets with R = 1.0 in four

different pT bins.
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FIG. 6. The jet mass distributions for leading pT, anti-kt R = 0.6 (top) and R = 1.0 (bottom) jets in the full 2010 data set,

corrected for pileup and corrected to particle level. The data are compared to various tunes of Pythia 6 and Pythia 8 (left),

Herwig++ 2.4.2 and 2.5.1 (center) and Pythia AUET2B with and without PowHeg (right). The eikonal approximation of

NLO QCD for quark and gluon jets is also included for the R = 1.0 case (right, bottom). The shaded bands indicate the sum

of statistical and systematic uncertainties.

distribution measured in data and all the predictions.

C. Eccentricity

The eccentricity distributions for high mass (M >
100 GeV) anti-kt jets reconstructed with distance param-
eters of R = 0.6 and R = 1.0 are shown in Fig. 8, and the
corresponding numerical values are given in Table V and
Table VI. The Monte Carlo predictions generally describe
the data, while some small discrepancies can be observed
between the various predictions and between predictions
and data.

D. Planar flow

The planar flow distributions are shown only for events
known to be uncontaminated by pileup, corresponding to
events with NPV = 1. These distributions are shown in
Fig. 9 for jets reconstructed with the anti-kt algorithm
with R = 1.0 for the mass range 130 < M < 210 GeV,
and the corresponding numerical values are given in Ta-
ble VII. The Herwig++ 2.4.2 generator predicts jets
with a more planar, isotropic energy distribution than is
observed in data, while version 2.5.1 provides a very accu-

rate description of the planar flow. The various Pythia
and PowHeg Monte Carlo predictions also describe the
data well, within uncertainties.

E. Angularity

The τ−2 distribution for anti-kt R = 0.6 jets in the
mass region 100 < M < 130 GeV is presented in Fig. 10,
and the corresponding numerical values are given in Ta-
ble VIII. The QCD predictions for the peak position and
the maximum value of τ−2 [13], calculated using the av-
erages �M� = 111 GeV and �pT� = 434 GeV of the jets
in this kinematic region, are also shown on the distri-
butions. Good agreement is observed between the data
and the Monte Carlo simulation for the shape of the τ−2

distribution.
The comparison between data and the analytic QCD

prediction is limited by the intrinsic resolution of the data
distribution; however, there is good agreement between
theory and data within these limitations. The position
of the peak of the distribution, τpeak−2 , indicates that the
majority of jets in this data set can be described by a
two-body substructure in a symmetric pT configuration
with respect to the jet axis. No jets are observed above
the small-angle kinematic limit, τmax

−2 .

Going Boosted (with ATLAS)
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Figure 4: Reconstructed tt̄ mass on linear (a) and logarithmic (b) scales using the dRmin algorithm after

all cuts. The electron and muon channels have been added together and all events beyond the range of

the histogram have been added to the last bin. Only statistical uncertainties are shown.

Figure 5: Event display for a high-mass event (mtt̄ = 1602 GeV). The main panel on the top left shows

the r − φ view, the bottom panel the r − z view, and the middle right panel the calorimeter η − φ view.

The top quark boosts lead the decay products to be collimated, albeit still mostly distinguishable using

standard reconstruction algorithms.
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Lepton+jets channel
Event selection

� AKT4: Anti-k⊥ (R = 0.4) jets: pT > 25GeV, |η | < 2.5
� AKT10: Anti-k⊥ (R = 1.0) jets: |η | < 2.0, pT > 350GeV,

m > 100GeV,
√

d12 > 40GeV (expect
√

d12 ≈mt/2 for t→ bW)

resolved boosted

trigger single lepton trigger fat jet (AKT10) trigger

leptons 1 lepton (e± or µ±), pT > 25GeV
additional lepton (e± or µ±) veto, pT > 20GeV

lepton trigger match —

/ET e±: /ET > 30GeV, µ±: /ET > 20GeV

mW
T e±: MT (W) > 30GeV, µ±: MT (W)+ /ET > 60GeV

jets ≥ 4(3) jets
(if one jet mjet > 60GeV)

“leptonic jet”: AKT4 jet
“hadronic jet”: AKT10 jet

b-tag ≥ 1 b-tag using AKT4 jets (εb = 70%)
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Lepton+jets channel
“Mini-isolation” for leptons and specialised trigger

� Standard ATLAS lepton isolation (relative isolation with fixed
cone size) has bad efficiency when the top gets boosted

� “Mini-isolation” with shrinking cone size ∆R(�, track) < k⊥/p�
T

gives strong improvement in efficiency for leptons from boosted t
� Fat jet trigger (240GeV anti-k⊥, R = 1.0 jet)

� At high mass: Better efficiency than single-lepton trigger
(nearly 100% efficient)

� Plateau of trigger reached at pT � 350GeV
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Lepton+jets channel
tt reconstruction

� Longitudinal component pz of neutrino momentum computed by
W± mass constraint on lepton + /ET system

Resolved
Use jet combination with minimal
χ2 including W (mjj)
and t (mjjb, mjνb) mass constraints
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Boosted
Use sum of neutrino solution
(/ET ), lepton, AKT4 jet, AKT10 jet
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Lepton+jets channel
Limits

Combined limit of boosted and resolved selection:
� Use the boosted reconstruction, if a single event is selected by

the resolved and the boosted selection
� Resolved selection mainly relevant at low mtt , boosted relevant

at high mtt
� Still some events in resolved selection at high mass, which are

not selected by boosted
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Z� (Γ/mZ� = 1.2%) @95% CL:
0.5TeV < mZ� < 1.7TeV
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0.7TeV < mgKK < 1.9TeV

(S Fleischmann, TOP2012)

• No excess found →95% upper observed limit (Bayesian credible 
interval) for Z’ & RS KKGluon σ*BR,  including systematics as marginalized 
nuisance pars, flat prior.
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Going boosted extends reach!
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Figure 10: Expected and observed upper cross section limits times the tt̄ branching ratio on (a,c,e) Z′ and

(b,d,f) Kaluza-Klein gluons at 95% CL. In the top row, the resolved selection has been used (excluding

events that also pass the boosted selection) in the middle row the boosted selection has been used and

the bottom row shows the combination of the resolved and the boosted selections. Both systematic and

statistic uncertainties have been included.
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the bottom row shows the combination of the resolved and the boosted selections. Both systematic and
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Some words on prospects 

•Perform differential xsec measurements (dσ/dmtt, dσ/dpT,tt ,  
dσ/dytt, dσ/dpT,top) to test SM and complement direct searches

55

•Perform higher statistic searches to extend limits 
well in the TeV/sub pb region
‣ boosted top regime will use new tagging/reconstruction 

techniques, associated syst uncertainties
‣ consider jet triggers for boosted regime
‣ pile-up understanding for standard and “fat jets”

•Go for precision realm in tt cross section  + observe 
single top beyond t channel. Measurements are  mostly 
systematics dominated (that’s where the work is).

+
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Conclusions 

•Top analysis is in full swing thanks to the combined  
performance of LHC & detectors: a very rich program is already 
underway.

•The rapidly increasing data-set and detector understanding is 
quickly opening 
‣ possibility to talk about top precision physics
‣ unprecedented phase space for analysis of differential properties 

and new physics searches linked to top production 
❖ frfrom heavy resonances to dark matter candidates

•Present differential measurements  and searches do not show 
deviations form the standard model. 

•Analysis of  full 2011 dataset and 2012 data is in progress. Expect 
even more new results in coming months. Eager to analyze top 
quark events  with ~20/fb from 2012  !
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References and useful tools  

•Top2012: International workshop on top phys

•  Top Public results from ATLAS

•  Top Public results from CMS

•  Top Public results from CDF

•  Top Public results from D0
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