
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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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
‣ Angles: spin correlations (production)

•Top pair production as a window on new physics
‣ 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 
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quantum numbers ?

•What accounts for the energy balance of the universe?
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forces (ranges, 
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Higgs, SuperSymmetry, New 
Strong forces..

Dark matter, Dark energy...
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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 
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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.
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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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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-
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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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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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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)

                      

  Cargese 2010                                                                                                                                                      Fabio Maltoni
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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 
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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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 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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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.dNevents/dt = Luminosity * cross section 

bunches of 1011  protons  guided to 
collision by ~2000 superconducting 

magnets operating at 1.9 K 

Nevents(Δt)= ∫Ldt * cross section
Δt

mailto:fracesco.spano@cern.ch
mailto:fracesco.spano@cern.ch


francesco.spano@cern.ch Top Quark @ LHC HEP intercollegiate Post Graduate Lectures -15th Nov 2011 12

 LHC  : a Top producer

2011

      Plans  Achievement
✓peak lumi:~0.5 to 1⋅1033cm-2 s-1   
2011: 3.65⋅1033 cm-2 s-1

✓ ∫Ldt between 1 and 3 fb-1/exp 
2011: ∫Ldt ~5.2 fb-1/exp•peak instantaneous 

luminosity:2.1⋅1032 

cm-2s-1

•delivered integrated 
luminosity~50 pb-1

 2010

Ad maiora..

design lumi 1034cm-2 s-1  
(~30 times Tevatron pp collider )

Ecm=7 TeV

Ecm=7 TeV

-

2012: run , parameters  depend on 2011 perf.
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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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a tt̄ pair at rest, ŝ ≥ 4m2t . Therefore, xixj = ŝ/s≥ 4m
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• Gluon fusion (dominant at LHC)

• Quark-antiquark annihilation

• Total cross section at 7 TeV:
o NLO (MCFM)
o approx. NNLO
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• Langenfeld, Moch, Uwer, PRD80 (2009) 054009; 
• Aliev et al., CPC182 (2011) 1034
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fi(x) falls with larger x typical
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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 (0.025) @ LHC with √s=7 (14 TeV)

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

gg ~90% ~85% ~10%

qq ~10% ~15% ~90%

Top quark @ LHC: production(I)

=
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Top quark @ LHC: production
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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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Aliev et al 2011
Beneke et al 2010
Langefeld Moch 

Uwer 2009
Moch,Uwer 2008

Kidonakis 2010

Tevat LHC(7) LHC(14)

gg ~10% ~85% ~90%

qq ~90% ~15% ~10%

σ = 64+3-3 pb σ = 15.7+1.3-1.4 pb σ = 4.6±0.3 pb
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846 A. Quadt: Top quark physics at hadron colliders

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)
14 (pp)

~7
~165
~900

0.2Hz

0.9Hz

LHC7

for ∫Ldt = 1 fb-1 @ 7TeV, expect 1.6·104 
events 

Tevatron (lower energy collider): ∫Ldt =9.4 
fb-1 on tape, expect ~ 6.6·104 events
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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
HEP intercollegiate Post Graduate Lectures 16
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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 ~3.7 to 

4.5% (prel)% 

2011

-

Luminosity 
uncertainty ~ 4.5% 

CMS

ATLAS 

Analyses use 36 pb-1(2010) 
and  0.2 to 1.14 fb-1 (2011)

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)

2011

mailto:fracesco.spano@cern.ch
mailto:fracesco.spano@cern.ch


8 5 Systematic uncertainties
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Figure 6: Z → e+e− signal in linear(left) and logarithmic(right) scale. The points represent the

data, and the histograms, the expected distribution from simulations normalized to 36 pb−1

and NNLO cross sections. Backgrounds are negligible and cannot be seen on the linear scale

plot.
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Figure 7: Distribution of the di-muon invariant mass of Z → µ+µ− “golden” candidates for

data (dots) and Monte Carlo (histogram) signal and background events for a luminosity of

36 pb−1. The same distribution is shown in linear scale (left) and in logarithmic scale (right).
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Ingredients I : leptons

•Muons 
‣pT scale known at ≈<1%
‣ isolated central combined fitted track 

from primary vertex  
❖|ηtrack|<2.5 (A) <2.1(C), pT>20 GeV
❖suppress heavy flavour decays: no μ 

with ΔR< 0.4 (A ) or 0.3 (C) from a jet

20

scale factors to correct small data/MC mismatch 

*  A=|ηcluster|∉ [1.37,1,52],

*  C=|ηcluster|∉ [1.44,1,57]
A=ATLAS,C=CMS

CMS-PAS-
EWK-10-005

•Electrons 
• (A) E scale from data known at 0.3 to 1.6% 

up to 1 TeV (C) ECAL scale known at level 
of 0.6% to 1.5% 

• isolated central*combination of shower 
shape , track/calo-cluster match (correct 
for Bremsstrahlung, veto conversions )
‣ |ηcluster|<2.4 (A) or 2.5(C), pT>25(A) or 30(C) GeV

‣ remove duplicate close-by (ΔR< 0.2) jets 
(A)  or reco objects  (with Particle Flow(PF))

ATLAS Public 
EGamma

mailto:fracesco.spano@cern.ch
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Figure 12: Jet energy scale uncertainty as a function of p
jet
T in 0 ≤ |η | < 1.2. This plot shows the data

to Monte Carlo simulation ratios for several in-situ techniques that test the jet energy scale exploiting

photon jet balance (direct balance or using the missing transverse momentum projection technique), the

balance of a leading jet with a recoil system of two or more jets at lower transverse momentum (multi-

jets) or using the momentum measurement of tracks in jets.

the estimate in Ref. [12]. The jet energy scale calibration and the reduction in its uncertainty are validated594

by the comparison of calibrated jets in data and Monte Carlo simulation using in-situ techniques (tracks595

in jets, multi-jet balance, direct photon-jet balance, MPF method) up to jet transverse momenta of 1 TeV.596

The jet energy scale uncertainty is found to be similar for jets reconstructed with both the jet distance597

parameters studied: R = 0.4 and R= 0.6. In the central region (|η |< 0.8) the uncertainty is lower than598

4.6% for all jets with pT > 20 GeV, while for jet transverse momenta between 60 and 800 GeV the599

uncertainty is below 2.5%.600

In the endcap and forward region the relative intercalibration uncertainty dominates. The JES uncer-601

tainty amounts to a total of about 14% for the most forward pseudorapidities up to η = 4.5.602

The jet energy scale uncertainty is estimated for isolated jets, and similar results have been obtained603

using inclusive QCD jets. An additional correction due to the presence of close-by jets needs to be604

applied and an uncertainty of 1-3% added to the current estimate as a function of the distance to the605

nearest reconstructed jet.606

The JES uncertainty due to proton-proton collisions occurring in addition to the event of interest607

(pile-up) after a dedicated correction is applied is estimated separately as a function of the number of608

primary vertices. In the case of two primary vertices per event, the uncertainty due to pile-up for jets609

with pT = 20 GeV and pseudorapidity 0.3≤ |η |< 0.8 is about 1% while it amounts to about 2% for jets610

with pseudorapidity 2.1≤ |η |< 2.8. For jets with transverse momentum above 200 GeV, the uncertainty611

due to pile-up is negligible (< 1%) for jets in the full pseudorapidity range (|η |< 4.5).612
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Ingredients II : jets

21

• Calibrate jet energy scale with (η,pT) 
dependent weight from simulated 
“true” jet kinematics+ pile-up offset 
correction

ATLAS-CONF-2011-032

•Reco: particle flow objects (C) or 3d 
calo clusters(A)→ anti-kT algorithm 
(R=0.4(A),0.5(C)) 
• pT > 25(A) or 30(C) GeV 
•|ηjet| <2.4(A) or 2.5 (C)

•Scale uncertainty: between 2% to 
8% in pT  and η 
• Contributions from  physics modelling, 

calo response, det simulation
• in-situ validation

A=ATLAS,C=CMS

6.5 Absolute Jet Energy Scale 29

 (GeV)
T

p
20 100 200 1000

Ab
so

lu
te

 s
ca

le
 u

nc
er

ta
in

ty
 [%

]

0
1
2
3
4
5
6
7
8
9

10
Total uncertainty
MPF method
Photon scale
Extrapolation
Offset (2010)
Residuals
Jet flavor

 R=0.5 CaloTAnti-k

 = 7 TeVs-1CMS, L = 36 pb

 (GeV)
T

p
20 100 200 1000

Ab
so

lu
te

 s
ca

le
 u

nc
er

ta
in

ty
 [%

]

0
1
2
3
4
5
6
7
8
9

10

 (GeV)
T

p
20 100 200 1000

Ab
so

lu
te

 s
ca

le
 u

nc
er

ta
in

ty
 [%

]

0
1
2
3
4
5
6
7
8
9

10
Total uncertainty
MPF method
Photon scale
Extrapolation
Offset (2010)
Residuals
Jet flavor

 R=0.5 JPTTAnti-k

 = 7 TeVs-1CMS, L = 36 pb

 (GeV)
T

p
20 100 200 1000

Ab
so

lu
te

 s
ca

le
 u

nc
er

ta
in

ty
 [%

]

0
1
2
3
4
5
6
7
8
9

10

 (GeV)
T

p
20 100 200 1000

Ab
so

lu
te

 s
ca

le
 u

nc
er

ta
in

ty
 [%

]

0
1
2
3
4
5
6
7
8
9

10
Total uncertainty
MPF method
Photon scale
Extrapolation
Offset (2010)
Residuals
Jet flavor

 R=0.5 PFTAnti-k

 = 7 TeVs-1CMS, L = 36 pb

 (GeV)
T

p
20 100 200 1000

Ab
so

lu
te

 s
ca

le
 u

nc
er

ta
in

ty
 [%

]

0
1
2
3
4
5
6
7
8
9

10

Figure 25: Absolute jet energy scale uncertainty as a function of jet pT for CALO, JPT and PF

jets respectively.
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!"#

Figure 13: Calibrated E/ x,y resolution versus calibrated PF ∑ ET for Calo E/T, TC E/T, and PF E/T

in data and in simulation.

For ∑ ET, we use the PF ∑ ET as measured by the particle-flow algorithm for all types of E/T, as it

gives the best estimate of the true ∑ ET, and hence is an accurate evaluation of the event activity.

We use PF ∑ ET for all algorithms to ensure their measure is the same. We calibrate PF ∑ ET to

the particle-level ∑ ET, on average, using the predicted average mean value as a function of the

particle-level ∑ ET from a simulation of events from the PYTHIA 8 event generator [22].

Figure 13 shows the calibrated E/ x,y Gaussian core resolution versus the calibrated PF ∑ ET for

different E/T reconstruction algorithms in events containing at least two jets with pT > 25 GeV.

Both TC E/T and PF E/T show improvements in the E/T resolution compared to the Calo E/T, and

the PF E/T yields the smallest E/T resolution.

Figure 14 shows the PF E/T distributions for different intervals of Calo ∑ ET and for jet mul-

tiplicities varying from two to four, normalized to the same area. The jets are required to be

above a pT-threshold of 20 GeV. The good agreement of the normalized shapes in Fig. 14 in-

dicates that PF E/T-performance in events without genuine E/T is driven by the total amount of

calorimetric activity (parametrized by Calo ∑ ET) and no residual non-linear contribution from

jets to PF E/T is visible. Similar behaviour is also observed for Calo E/T and TC E/T.

6.5 Effect of multiple interactions

Pile-up, namely multiple proton collisions within the same bunch crossing, occurs because of

high LHC bunch currents and can play an important role in �E/T performance.

Because there is no true �E/T in minimum bias events and because the average value for a com-

ponent of �E/T in these events is zero (e.g., the x or y component), pile-up should have only a

small effect on the scale of the component of the measured �E/T projected along the true �E/T di-

rection. Pile-up, however, will have a considerable effect on the resolution of the parallel and

perpendicular components.

We investigate the effect of pile-up using multijet samples, γ, and Z data.

francesco.spano@cern.ch Top Quark @ LHC HEP intercollegiate Post Graduate Lectures -15th Nov 2011

•Negative vector sum of 
‣ A: energy in calorimeter cells, 

projected in transverse plane 
associated with high pT object + 
μ mom. + dead material loss
‣ C: energy/momentum from 1) PF 

particle flow objects or 2) Calo 
towers + μ or 3) TC: Track +Calo, 
no double counting

projected in transverse plane

22

Ingredients III: missing transverse energy (ETmiss)

ATLAS-CONF-2011-080

A=ATLAS,C=CMS

arxiv:1106.5048v1
• Cells/towers/tracks are calibrated 

according to association to high pT 
object (electron, photon,tau, jet, muon)

• Calo cells with overlapping 
association are counted once

multi-jet events
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Selecting top pairs - single lepton 

23

t

νν

l+

W 
+

b

tW 
–

b

q

q' ∫Ldt = ~690 pb-1 (A) 
(2011), 36 pb-1 (C) (2010)

ATLAS-CONF-2011-121

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.

3

*=

arxiv:1106.0902

TOP-10-003

A=ATLAS,C=CMS

•Trigger on high pT single lepton 
(e,μ)

•Good collision and no jet from noise/
out-of-time activity

•≥ 1 high pT central lepton, reject di-
leptons 

‣ A: exactly one lepton 
‣ C: ≥ 1 electron, reject if |m(ee) -MZ| <15 

GeV for any ee pair, no lower pT μ OR  
only one μ, no lower ET e

•≥ 3 central high pT jets  

AA CC
e μ e μ

tt
bkg

5232
18920

7478
33482

325
948

408
757

TotEx 24152 40960 1273 1165

Data 23824 41137 1611 1487

•A: high  ETmiss and large 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

NEW!

mailto:fracesco.spano@cern.ch
mailto:fracesco.spano@cern.ch
http://cdsweb.cern.ch/record/1376413
http://cdsweb.cern.ch/record/1376413
http://arxiv.org/pdf/1106.0902v1
http://arxiv.org/pdf/1106.0902v1
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP10003
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP10003


6.1 Analysis Method 7

Jet Multiplicity
0 1 2 3  4!

Ev
en

ts

1

10

210

310

410

510

610

710
CMS

 = 7 TeVs at  -136 pb
e+jets

Data
tt
Single-Top

"l#W
-l+l#*$Z/
+jets$QCD/

Jet Multiplicity
0 1 2 3  4!

Ev
en

ts

1

10

210

310

410

510

610

710
Data
tt
Single-Top

"l#W
-l+l#*$Z/

QCD

+jetsµ

CMS
 = 7 TeVs at  -136 pb

Figure 1: Observed numbers of events from data and simulation as a function of jet multiplicity
in the (left) electron+jets and (right) muon+jets selected samples. Yields are calculated after
applying the respective event selections and omitting any requirement on the number of jets.

events constrains the QCD and W+jet background normalization when a simultaneous fit to
the three and four-or-more jet samples is performed.

The predicted jet-multiplicity distribution and the predicted ratio between events with three
jets and events with four or more jets for the different processes are used to simultaneously fit
the fraction of tt̄ events and the contamination from background processes. Kinematic variables
whose shapes are different for the different processes are used to separate the backgrounds
from the signal. After a number of variables and combinations were tested, the variable M3 was
chosen to separate tt̄ events from background events in the four-or-more-jet sample. This vari-
able is defined as the invariant mass of the combination of the three jets with the largest vecto-
rially summed transverse momentum. It approximates the mass of the hadronically-decaying
top quark and thus provides good separation power. The three-jet sample is dominated by
W+jets events and QCD multijet events. For the three-jet sample, a variable that is well suited
for the discrimination of QCD multijet events from the other processes is needed. In contrast
to processes with W bosons, QCD processes exhibit only small amounts of missing transverse
energy, mostly because of mismeasured jets rather than the presence of neutrinos. Therefore
/ET was chosen as the discriminating variable to separate QCD events from W+jets and tt̄ signal
events in the three-jet sample.

The /ET and M3 distributions from the observed data sample are fit simultaneously to obtain
the contributions of the signal and the main background processes. We use a binned likelihood
fit, where the number of expected events µj[i] in each bin i of the distribution for the variable
of choice j (either /ET or M3) is compared to the observed number of events in this bin. The
number of expected events in bin i is given by:

µj[i] = ∑
k

βk · αjk[i] , (2)

where αjk is the binned contribution (called “template” in the following) for variable j and
process k. The fit parameters βk are the ratio of the measured (σk) and predicted (σpred

k ) cross
sections for process k:

βk =
σk

σ
pred
k

. (3)

Here, k denotes all processes that are taken into account, namely tt̄, W+jets, Z+jets, single-
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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

arxiv:1106.0902

• A:Combine isol. prob for real 
and fake lep in control region 
with N(isol. lep) and N(non-
iso lep)→isolated fake lep  

• C:shape from non-isolated or 
failing el-ID/quality, floating 
norm.

A=ATLAS,C=CMS

NEW!

ATLAS-CONF-2011-121
• simulated shape
• normalization from charge 

asymmetry of W prod 
before b-tag (A),floating(C)

• Single top
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non-prompt leptons (b/
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σtt - single lepton 

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

aplanarity (←top is more spherical), 
HT,3p, ratio of transverse to 
longitudinal activity (←top is more 
transverse)

‣C: ET
miss  for 3-jet bin (vs QCD), 

M3 for ≥ 4-jet bin, mass of 3-jet 
system with highest vectorially 
combined pT

•Extract σtt ,σbkg by binned 
likelihood fit of discriminant to 
data in A: 3, 4 and  ≥ 5-jet bins, 
C: 3 and ≥4-jet bins
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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 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 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.

-2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5

E
ve

n
ts

 /
 0

.2
5

200

400

600

800

1000

1200

1400

1600

1800
 = 7 TeVsData 2011,  

tt
W+Jets
QCD Multijet

Other EW

-1
 L dt = 0.70 fb∫

e+ 3 Jets

ATLAS Preliminary

(e)η
-2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5

M
C

 /
 d

a
ta

0.6

0.8

1

1.2

1.4

(a) η�

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

E
ve

n
ts

 /
 0

.1
0

1000

2000

3000

4000

5000

6000

7000

8000
 = 7 TeVsData 2011,  

tt
W+Jets
QCD Multijet

Other EW

-1
 L dt = 0.70 fb∫

e+ 3 Jets

ATLAS Preliminary

 Aplanarity)×exp(-8 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
M

C
 /

 d
a

ta

0.6

0.8

1

1.2

1.4

(b) exp[−8 ×A]

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.

12 6 Cross-Section Measurement

uncertainty in quadrature from the overall uncertainty, resulting in a systematic uncertainty of
+39

−31
pb. Individual uncertainties are summarized in Section 6.5.

Table 2: The predicted and fitted values for βtt̄ and for the numbers of events for the various

contributions from the inclusive three-jet electron+jets sample. The quoted uncertainties in

the tt̄ yield account for statistical and systematic uncertainties, while the uncertainties in the

background event yields are derived from the covariance matrix of the maximum-likelihood

fit and therefore represent purely statistical uncertainties.

βtt̄ Ntt̄ Nsingle-top NW+jets NZ+jets NQCD

electron+jets (predicted) 1.00 325 ± 52 31 ± 2 468 ± 34 81 ± 6 367 ± 27

electron+jets (fitted) 1.14
+0.29

−0.24
371

+94

−78
33 ± 9 669 ± 61 116 ± 36 422 ± 51

The measured tt̄ cross section, in combination with the background estimation, can be used to

compare distributions of /ETand M3 found in data with those predicted by Monte Carlo simu-

lation. Figure 3 shows the distributions of the missing transverse energy and M3 as observed

in data. For comparison, the templates from simulation are normalized to the fitted fractions.

The deviation visible in the high-M3 region between simulation and data has been investigated

using pseudo-experiments including statistical and systematic uncertainties. For 10% of the si-

multaneous fits to /ET and M3 in these pseudo-experiments, the derived Kolmogorov-Smirnov

(KS) value is larger than the KS value observed in data. Therefore, the observed deviation in

the M3 distribution is not outside the range of expected fluctuations.
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Figure 3: Electron+jets channel: Comparison of the distributions in data and simulation of the

discriminating variables /ET (left) and M3 (right) for signal and background. The simulation

has been normalized to the fit results. Only statistical uncertainties are shown.

6.4 Muon+Jets Analysis

The same analysis method is used to measure the tt̄ cross section in the muon+jets final state.

/ET and M3 are again used as discriminating variables. Shape comparisons for the different

physics processes are shown in Fig. 4. In the muon+jets channel, the QCD templates for these

two distributions are derived from data by selecting events in a sideband region enriched in

QCD multijet events. The relative isolation is required to be between 0.2 and 0.5 for the side-

band selection, in contrast to the nominal selection, where the muon must have a relative iso-

lation smaller than 0.05. The gap between the allowed isolation ranges in the two selections

reduces the signal events contribution to the sideband. Events containing muons with large

CMS
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showing the separation between tt̄ and W+jets processes.
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14 6 Cross-Section Measurement

Table 3: The predicted and fitted values for βtt̄ and for the numbers of events for the various
contributions from the inclusive three-jet muon+jets sample. The quoted uncertainties in the
tt̄ yield account for statistical and systematic uncertainties, while the uncertainties in the back-
ground event yields are derived from the covariance matrix of the maximum-likelihood fit and
therefore represent purely statistical uncertainties.

βtt̄ Ntt̄ Nsingle-top NW+jets NZ+jets NQCD

muon+jets (predicted) 1.00 408 ± 64 41 ± 2 601 ± 43 57 ± 4 58 ± 4
muon+jets(fitted) 1.07+0.26

−0.24 437+106
−90 41 ± 12 813 ± 59 76 ± 22 123 ± 33
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Figure 5: Muon+jets channel: Comparison of the data distributions of the discriminating vari-
ables /ET (left) and M3 (right) and the simulation of the different processes. The simulation has
been normalized to the fit results.

of such events contributing to this background in the electron+jets channel are very different
from those contributing to the muon+jets channel. The cross section was determined with the
same procedure used for the individual electron and muon channels. Figure 6 shows the Ney-
man construction with all systematic uncertainties included for the combined measurement.
The fitted βtt̄ parameter and the fitted numbers of events for the various background processes
are summarized in Table 4.
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Figure 6: Neyman construction including all systematic uncertainties for the combined mea-
surement of the tt̄ production cross section in the electron+jets and muon+jets channels. The
horizontal line indicates the determined value βtt̄ = 1.10 from the binned likelihood fit to ob-
served pp collision data.

The fitted βtt̄ value corresponds to a measured tt̄ cross section in the lepton+jets channel of
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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

• most syst uncertainties part of lkl fit as 
Gaussian nuisance parameters→reduction in 
JES,ISR/FSR (20% to 70% of initial value)

• still syst-dominated: generator ~3% lepton 
scale~2% 

• δσ/σ=6.6% (stat~0.5%, sys~5%)

6.6 Cross-checks 15

Table 4: Predicted and fitted values for βtt̄ and for the numbers of events for the various
contributions in the inclusive three-jet combined electron+jets and muon+jets sample. The
quoted uncertainties in the tt̄ yield account for statistical and systematic uncertainties, while
the uncertainties in the background event yields are derived from the covariance matrix of the
maximum-likelihood fit and therefore represent purely statistical uncertainties.

βtt̄ Ntt̄ Nsingle-top NW+jets NZ+jets NQCD e+jets NQCD µ+jets
predicted 1.00 733 ± 116 72 ± 4 1069 ± 77 138 ± 10 367 ± 27 58 ± 4

fitted 1.10+0.25
−0.21 806+183

−154 76 ± 22 1475 ± 86 184 ± 51 440 ± 44 113 ± 31

σtt̄ = 173+39
−32 (stat. + syst.)± 7 (lumi.)pb . (7)

The statistical uncertainty is 14 pb. Subtracting this in quadrature from the overall uncertainty
yields a systematic uncertainty of +36

−29 pb. The fit in the combined channel yields a KS p-value
of 68% and agrees well with a simple average of the results in the muon and electron channels,
while correctly accounting for correlations.

Table 5 gives an overview of the estimated statistical and systematic uncertainties for this com-
bined measurement as well as for the two channels separately. The different sources of system-
atic uncertainties are treated as fully correlated between the two channels, except for flavour-
specific QCD and lepton uncertainties, which are assumed to be uncorrelated. In order to
estimate the impact of individual systematic uncertainties, Neyman constructions where only
the specific source of systematic uncertainty under study is accounted for are used. Each result
indicates the combined statistical and systematic uncertainties of the contribution under study.

One can see that the largest contributor to the overall systematic uncertainty is the uncertainty
in the jet energy scale. Combining both channels significantly reduces the statistical uncer-
tainty in the measured cross section. However, since both single measurements are already
dominated by systematic uncertainties, the improvement in the total uncertainty of the com-
bined measurement is relatively small.

The combined transverse mass of the charged lepton and the /ET is a kinematic variable that
lacks the discriminating power of the M3 and /ET variables for identifying tt̄ decays. How-
ever, this variable does provide separation between events containing a decaying W boson and
non-W-boson decays, and thus serves as an independent check of the kinematics of the simu-
lated samples used in this analysis. Distributions of the transverse mass in the muon+jets and
electron+jets channels are shown in Fig. 7 for events with three or more jets. Good agreement
is found between the data and the sum of the signal and background derived from the simula-
tion scaled to the fit results. The reduced χ2 value from a fit of the data to the simulation is 1.8
(0.7) in the electron+jets (muon+jets) channel.

6.6 Cross-checks

To test the robustness of the result, the tt̄ cross section is also determined in the muon+jets
channel using four additional methods. In the first method, we use a procedure based on
counting the number of events with an isolated muon and four or more jets. This method uses
an event selection slightly different from that described above. Specifically, the jet pT is required
to be greater than 25 GeV instead of 30 GeV, and the muon is required to have relative isolation
less than 0.1, compared to 0.05 in the nominal selection. Also the backgrounds from W/Z+jets
and QCD multijet events are calculated by using the technique of Berends scaling [51]. In the

(e, μ combined)

•syst included in pseudo exp to derive 
Neyman CL belt for max lkl fit

• syst-dominated (JES~18%, 
factorization scales~7%)

• δσ/σ~23% (stat~8%, sys~21%) 
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• A: (1) jet prob from track impact parameter 
(IP) (2) 3D decay length significance of sec. 
vertex (SV)  (3) Neural net with 1), 2) + mass of 
SV tracks + N2track vertices+ ESV(tracks)/EPV(tracks)

• C:(1) 3D SV decay length significance (& 
Ntracks >3) (2)  track IP signif. & ≥2 or 3 high IP 
signif. tracks  
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mismatch in the observed number of reconstructed primary vertices between data and MC.54

3 Object Selection55

The reconstruction of tt̄ events makes use of electrons, muons, jets, and of missing transverse energy,56

which is an indicator of undetected neutrinos. The same object definition used for the previous tt̄ cross-57

section measurement is used in this analysis, except for a tighter electron selection and more stringent58

inner detector track quality requirements for the muons. Electron candidates are defined as electro-59

magnetic clusters consistent with the energy deposition of an electron in the calorimeters and with an60

associated well-measured track. They are required to satisfy pT > 20 GeV and |ηcluster| < 2.47, where61

ηcluster is the pseudorapidity of the calorimeter cluster associated with the candidate. Candidates in the62

calorimeter transition region at 1.37 < |ηcluster| < 1.52 are excluded. Also, in order to suppress the back-63

ground from photon conversions, the track must have an associated hit in the innermost pixel layer, except64

when the track passes through one of the 2% of pixel modules known to be dead. Muon candidates are65

reconstructed from track segments in the different layers of the muon chambers. These segments are66

combined starting from the outermost layer, with a procedure that takes material effects into account,67

and matched with tracks found in the inner detector. The final candidates are refitted using the complete68

track information from both detector systems, and required to satisfy pT > 20 GeV and |η| < 2.5.69

To reduce background from leptons from the decays of hadrons and from heavy flavour decays in-70

side jets, the leptons in each event are required to be “isolated”. For electrons the ET deposited in the71

calorimeter towers in a cone2 of size ∆R = 0.2 around the electron position is corrected to take into72

account the leakage of the electron energy. The remaining ET is required to be less than 4 GeV. For73

muons, the corresponding calorimeter isolation energy in a cone of ∆R = 0.3 is required to be less than74

4 GeV, and the analogous sum of track transverse momenta in a cone of ∆R = 0.3 is also required to be75

less than 4 GeV. Additionally, muons are required to have a distance ∆R greater than 0.4 from any jet76

with pT > 20 GeV, further suppressing muons from heavy flavour decays inside jets.77

Jets are reconstructed with the anti-kt algorithm [7] (∆R = 0.4) from topological clusters [8] of energy78

deposits in the calorimeters, calibrated at the electromagnetic scale appropriate for the energy deposited79

by electrons or photons. These jets are calibrated to the hadronic energy scale, using a correction factor80

which depends upon pT and η obtained from simulation. If the closest object to an electron candidate is81

a jet with a separation ∆R < 0.2 the jet is removed to avoid double-counting of electrons as jets.82

Jets stemming from the hadronisation of b-quarks are identified using two complementary tagging83

algorithms that take advantage of the long lifetime of b-hadrons (about 1.5 ps). The first algorithm, called84

JetProb [9] and used for the baseline analysis reported here, relies on the transverse impact parameter d085

of the tracks in the jet: this is the distance of closest approach in the transverse plane of a track to the86

primary vertex. It is signed with respect to the jet direction: the sign is positive if the track crosses the jet87

axis in front of the primary vertex, negative otherwise. The signed impact parameter significance d0/σd088

of each selected track is compared to a resolution function for prompt tracks to measure the probability89

that the track originates from the primary vertex. The individual track probabilities are then combined90

into a probability that the jet originates from the primary vertex. Different resolution functions are used91

for experimental data and for simulated data, to account for small residual discrepancies. This algorithm92

can reach very high tagging efficiency, though at a cost of a modest rejection of light jets: in simulated93

tt̄ events for a 70% b-tagging efficiency about 5% of the light jets are wrongly tagged. The second94

algorithm, called SV0 [10], attempts to reconstruct the inclusive vertex formed by the decay products of95

the bottom hadron and possibly subsequent charm hadron decay products. The discriminating variable96

for SV0 is the decay length significance L3D/σL3D measured in 3D and signed with respect to the jet97

2∆R =
√

(∆η)2 + (∆ϕ)2

• Efficiency: fit fraction of b-jets in sample 
with muons in jets, count # b-tagged

• Mis-tag rate: from SV properties (invariant 
mass of tracks (A), rate of negative decay length /
impact par significance (A,C) ) 

• B-hadrons~ long lifetime ~observable flight (few mm)

Tagging 

pT dependent scale factors to correct MC

3 Object Selection

The reconstruction of tt̄ events makes use of electrons, muons, jets, and of missing transverse energy,

which is an indicator of undetected neutrinos. The same object definition used for the previous tt̄ cross-

section measurement is used in this analysis, except for a tighter electron selection and more stringent

ID track quality requirements for the muons. Electron candidates are defined as electromagnetic clusters

consistent with the energy deposition of an electron in the calorimeters and with an associated well-

measured track. They are required to satisfy pT > 20 GeV and |ηcluster| < 2.47, where ηcluster is the
pseudorapidity of the calorimeter cluster associated with the candidate. Candidates in the barrel to end-

cap calorimeter transition region at 1.37 < |ηcluster| < 1.52 are excluded. Also, in order to suppress the
background from photon conversions, the track must have an associated hit in the innermost pixel layer,

except when the track passes through one of the 2% of pixel modules known to be dead. Muon candidates

are reconstructed from track segments in the different layers of the muon chambers. These segments are

combined starting from the outermost layer, with a procedure that takes material effects into account,

and matched with tracks found in the inner detector. The final candidates are refitted using the complete

track information from both detector systems, and required to satisfy pT > 20 GeV and |η| < 2.5.
To reduce background from leptons from the decays of hadrons and from heavy flavour decays in-

side jets, the leptons in each event are required to be “isolated”. For electrons the ET deposited in the

calorimeter towers in a cone2 of size ∆R = 0.2 around the electron position is corrected to take into

account the leakage of the electron energy. The remaining ET is required to be less than 4 GeV. For

muons, the corresponding calorimeter isolation energy in a cone of ∆R = 0.3 is required to be less than

4 GeV, and the analogous sum of track transverse momenta in a cone of ∆R = 0.3 is also required to be

less than 4 GeV. Additionally, muons are required to have a distance ∆R greater than 0.4 from any jet

with pT > 20 GeV, further suppressing muons from heavy flavour decays inside jets.

Jets are reconstructed with the anti-kt algorithm [7] (∆R = 0.4) from topological clusters [8] of energy

deposits in the calorimeters, calibrated at the electromagnetic scale appropriate for the energy deposited

by electrons or photons. These jets are calibrated to the hadronic energy scale, using a correction factor

which depends upon pT and η obtained from simulation. If the closest object to an electron candidate is

a jet with a separation ∆R < 0.2 the jet is removed to avoid double-counting of electrons as jets.

Jets stemming from the hadronisation of b-quarks are identified using two complementary tagging

algorithms that take advantage of the long lifetime of b-hadrons (about 1.5 ps). The first algorithm, called

JetProb [9] and used for the baseline analysis reported here, relies on the transverse impact parameter d0
of the tracks in the jet: this is the distance of closest approach in the transverse plane of a track to the

primary vertex. It is signed with respect to the jet direction: the sign is positive if the track crosses the jet

axis in front of the primary vertex, negative otherwise. The signed impact parameter significance, d0/σd0 ,

of each selected track is compared to a resolution function for prompt tracks, to measure the probability

that the track originates from the primary vertex. The individual track probabilities are then combined

into a probability that the jet originates from the primary vertex. Different resolution functions are used

for experimental data and for simulated data, to account for small residual discrepancies. This algorithm

can reach very high tagging efficiency, though at a cost of a modest rejection of light jets: in simulated

tt̄ events for a 70% b-tagging efficiency about 5% of the light jets are wrongly tagged. The second

algorithm, called SV0 [10], attempts to reconstruct the inclusive vertex formed by the decay products of

the bottom hadron and possibly subsequent charm hadron decay products. The discriminating variable

for SV0 is the decay length significance, L3D/σL3D , measured in 3D and signed with respect to the jet

direction. The SV0 operating point chosen requires that L3D/σ(L3D) > 5.85, yielding in simulated tt̄

events a 50% tagging efficiency for b-jets and a mistagging efficiency for light jets less than 0.4%.

The b-tagging efficiencies and mistag fractions for the two tagging algorithms at the various operat-

2∆R =
√

(∆η)2 + (∆φ)2

2Performance

Efficiency/mis-tag : from 80%/10% (track/NN 
based) to 40%/0.1% (SV based)

12 6 Mistag rate measurement with negative taggers

Figure 4: Signed b-tag discriminators in data (dots) and simulation for light flavour jets (blue
area, with a lighter colour for the negative discriminators), c-jets (green area) and b-jets (red
area). A jet-trigger pT threshold of 30 GeV is requested both to data and MC. The MC is nor-
malised to the number of entries in the data. Underflow and overflow entries are displayed in
the lower and upper bins,respectively.
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Figure 11: Distribution of the output of the IP3D+SV1 tagging algorithm for experimental data (solid
black points) and for simulated data (filled histograms for the various flavors). Jets are from the inclusive
leading jet sample. The ratio data/simulation is shown at the bottom of the plot.
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(a) inclusive leading jet sample
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(b) heavy flavor enriched jet sample

Figure 12: Distribution of the tagging rate for the IP3D+SV1 tagging algorithm at an operating point
"b ≈ 60% for experimental data (solid black points) and for simulated data (filled histograms for the
various flavors) versus the jet transverse momentum, for two jet samples: (a) the inclusive jet sample and
(b) the sample enriched in heavy-flavor jets. The ratio data/simulation is shown at the bottom of each
plot.
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Figure 1: Results of the combined muon and electron channel fit. The top and bottom plots are
for the muon and electron channels, respectively. The plots of the left are for single b-tags and
those on the right are for ≥ 2b-tags. The histograms within each panel correspond to events
with 1-, 2-, 3-, 4- and ≥5-jets,respectively.
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σtt - single lepton  with b-tag

•Standard single lepton selection +  large ETmiss and MTW 
• Bkg shapes/normalization as no-btag

28

∫Ldt = 36 pb-1 (A)(2010) 0.8 to 
1.1fb-1 (C)  (2011)  A=ATLAS,C=CMS

•≥ 1 b-tagged central high pT jet
Max lkl fit to secondary vertex 
mass in 2d plane of (Njet ,Nb-jet ) 

•Max lkl fit of 4-variable discriminant 
• replace leading jet pT with average of 

two largest jet b-tagging probability 
(←top has more b-jets)
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Figure 2: Distribution of the electron pseudorapidity (top row) and aplanarity (second row) in the electron channel,
and of jet probability (third row) and HT,3p (bottom row) in the muon channel for the 4-jet sample (a) and ≥5-jet
sample (b). Data are superimposed on the Standard Model expectation normalized according to the result of the
fit. Kolmogorov-Smirnov (KS) tests between the data and the predictions are shown.
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ATLAS-
CONF-2011-

035

C

A

   A,C: Syst uncertainties fitted as nuisance pars in profile lkl

δσ/σ~9%

δσ/σ~13%

5j-1tag-el

σtt  =186 ±10 (stat) ± 21-20 (syst) ±6 (lumi) pb-

CMS-PAS-TOP-11-003

10 4 Cross Section Measurements

σtt = 164.4 ± 2.8(stat.)± 11.9(syst.)± 7.4(lum.) pb (8)

which is in good agreement with both the separate channel measurements and those from the
cross-check analysis discussed below. The corresponding summary of the systematic uncer-
tainties is given in Table 3.

The fit provides in-situ measurements of the scale factors for both b-tagging and the jet energy
scale. We obtain a result of 97 ± 1% for the b-tagging scale factor which agrees well with the
result obtained in [5]. For the jet energy scale we obtain a result of 99 ± 2% in agreement with
1. The scale factors for the W+b-jets and W+c-jets components indicate that the contributions
to the data may be larger than what is predicted. For the W+b-jets contribution we find cross
section scale-factors of 1.2± 0.3 and for the W+c-jets contribution of 1.7± 0.1. These results are
consistent with the scale factors obtained by the individual lepton flavor analyses.

Table 5: Correlation matrix of the fit to the combined electron and muon data samples with at
least one b-tag.

Top SingleTop Wbx Wcx Wqq Zjets Q2 btag JES lftag
Top 1.000 -0.285 -0.180 0.288 0.032 0.074 -0.135 -0.627 -0.835 0.002
SingleTop -0.285 1.000 -0.731 0.049 0.047 -0.041 0.069 -0.104 0.134 -0.006
Wbx -0.180 -0.731 1.000 0.068 0.123 -0.145 0.295 0.195 0.269 -0.002
Wcx 0.288 0.049 0.068 1.000 0.053 0.034 0.673 -0.428 -0.204 -0.011
Wqq 0.032 0.047 0.123 0.053 1.000 -0.139 0.311 -0.058 -0.048 -0.763
ZJets 0.074 -0.041 -0.145 0.034 -0.139 1.000 0.129 0.000 -0.100 0.002
Q2 -0.135 0.069 0.295 0.673 0.311 0.129 1.000 -0.022 0.231 -0.016
btag -0.627 -0.104 0.195 -0.428 -0.058 0.000 -0.022 1.000 0.460 -0.011
jes -0.835 0.134 0.269 -0.204 -0.048 -0.100 0.231 0.460 1.000 0.003
lftag 0.002 -0.006 -0.002 -0.011 -0.763 0.002 -0.016 -0.011 0.003 1.000
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Selecting top pairs : di-lepton 

29

t
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tW 
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q

q'
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ν-

Backgrounds
Z/γ*+jets

QCD, Di-bosons
single lepton

(2011) ∫Ldt = 0.7 pb-1 (A), 
1.14 fb-1 (C) 

A=ATLAS,C=CMS

•Vertex and quality cuts
•After single (A,C) lepton and di-el (C) 

trigger (A), exactly (A) or at least (C) 
two opposite sign high pT central 
leptons (ee, eμ, μμ)  

•  ≥ 2 central high pT jet  

•High ET
miss  for (ee, μμ) (at least >30 

GeV) or transverse activity (eμ) 
• HT=∑jets,lepts |pT| (A) or ∑lept transv. mass(C)

• for (ee, μμ) veto low di-lep mass
(<15(A),12(C) GeV) & Z-like(mass window )  
events 

• if ≥ 1 b-tag, relax ETmiss 

ATLAS-CONF-2011-100

CMS-TOP-11-005 NEW!
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Di-lepton σtt - main backgrounds

• “Fake” leptons from data  
‣ Get probability for loose “fake” (A, C) and real (A) 

leptons to be in signal region (A)← control samples 
enriched with real (in Z window) or “fake” (low ETmiss) 
leptons (A), multi-jet single loose lepton sample (C) 

‣ Combine with N(di-lep) for all loose/tight pairs (A) or 
only loose pair (fail tight) (C)→fake tight (i.e. signal) lep  

30

• 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.

ee (A) ee(C) μμ(A) μμ(C) eμ(A) eμ(C)

tt
Bkg

167
25

427
78

314
45

559
100

666
68

1487
141

Tot Exp 192 505 359 659 734 1628

Data 202 589 349 688 823 1742

A=ATLAS,C=CMS

≥1-btag
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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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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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Di-lepton σtt results
• Include estimated background 
•Cross section from likelihood fit combining channels and 

including systematics as nuisance parameters 

31

distributions 
after all cuts, 
except Njets 

Channel Non-b-tag σtt̄ (pb) b-tag σtt̄ (pb)

ee 172 ± 16 +30−33
+8
−7 175 ± 15 +34−28

+8
−7

µµ 154 ± 10 +19−10
+7
−6 159 +11−10

+17
−14
+7
−6

eµ 176 ± 7 +17−14 ± 8 187 ± 8 +19−14
+8
−7

Combined 171 ±6 +16−14 ±8 177 ±6 +17−14
+8
−7

Table 4: Measured cross-sections in each dilepton channel, and the combination of the three untagged
channels and of the three tagged channels with their statistical, systematic and luminosity uncertainties.

source. The systematic variation is also modeled with Gaussian distribution, G j. The cross-section, σsig,
is left as a free parameter in the fit of the likelihood function [7]:

L(σsig, L, "α) =
∏

i∈{channel}
P
(

Nobsi |N
exp
i,tot("α)

)

× G(L0|L,σL) ×
∏

j∈syst
G j(0|α j, 1) .

The cross-section is extracted from the profile likelihood ratio λ(σsig) = L(σsig, ˆ̂L,
ˆ̂
"α)/L(σ̂sig, L̂, "̂α),

where a single circumflex represents the maximum likelihood estimate (MLE) of the parameter and
the double circumflex represents the conditional MLE for given σsig. Ensembles of pseudo-data are
generated for a given Nobsi and the resulting estimate of σ̂sig is confirmed to be unbiased. Additionally,
the variance of σ̂sig is found to be consistent with the curvature of the profile likelihood at its minimum
and with the mean square spread observed in the ensemble tests. Table 4 summarizes the cross-sections
extracted from the profile likelihood ratio for the individual channels and for the combination of all
channels for the analysis with and without a b-tagging requirement, respectively.

9 Results

The top-quark pair production cross-section is measured using events selected by requiring two oppositely-
charged lepton candidates, at least two additional jets and missing transverse energy. A measurement is
also made requiring one of the jets to be identified as a b-quark jet.

The top-quark pair production cross-section measured without b-tagging is

σtt̄ = 171 ± 6(stat.)+16−14(syst.) ± 8(lum.) pb.

Using b-tagging, the cross-section is

σtt̄ = 177 ± 6(stat.)+17−14(syst.)
+8
−7(lum.) pb.

These results have been cross-checked with other techniques, confirming their robustness. The cross-
section results are summarized in Fig. 5.

The measured cross-sections are in good agreement with a similar measurement made with 2010 data
by the CMS collaboration [38], with 2010 ATLASmeasurements made in the complementary lepton+jets
channels [39, 40], with an ATLAS measurement in the dilepton channel with earlier data [7], and with
the SM prediction of 165+11−16 pb. The agreement between the measurements with and without b-tagging
requirements confirms that the candidate events arise from top-quark pair production.
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Combined top pair cross section results

• Combined uncertainty is ~10% dominated by systematics. 
Comparable to theory
‣ATLAS: 176±5`+13-10+7 pb 
‣CMS   : 154±10+17-17+6 pb 
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 = 172.5 GeVtm
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Figure 5: The measured value of σtt̄ in the single-lepton with b-tagging channel, the dilepton without
b-tagging channel, and the combination of these two channels, including error bars for both statistical
uncertainties only (blue) and including systematic uncertainties (red). For comparison, cross-section
measurements using single-lepton without b-tagging and dilepton with b-tagging channels are shown.
However these are not used in the five-channel combination. The approximate NNLO prediction with its
error (yellow) is also shown.
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Figure 7: Comparison of the CMS measurements for the tt production cross sections and the
QCD predictions for

√
s = 7 TeV

grated luminosity of 36 pb−1. Using muon and electron+jets and using b tagging to suppress
the backgrounds, we measure cross sections of

µ+jets: σtt = 145 ± 12 (stat.)± 18 (syst.)± 6 (lumi.)pb,

e+jets: σtt = 158 ± 14 (stat.)± 19 (syst.)± 6 (lumi.)pb,

from the separate channels. The combination of these gives a cross section of

l+jets: σtt = 150 ± 9 (stat.)± 17 (syst.)± 6 (lumi.)pb.

When combined with the CMS dilepton measurement, we obtain an improved cross section
measurement of

CMS combined: σtt = 154 ± 17 (stat. + syst.)± 6 (lumi.)pb.

The measurements are in good agreement with the QCD predictions of 164+10
−13 pb [5, 6] and

163+11
−10 pb [7] which are based on the full NLO matrix elements and the resummation of the

leading and next-to-leading soft logarithms.
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•Exactly 1 high pT 
central lepton (e,μ), 
high ETmiss (A) and 
MTW(A,C), require 
exactly 2 (A,C) or 3 
jets (A) in |η|<4.5(A) 
or 5(C)
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σt - Single top - t chan
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t-chan: qℓνb(b)  

∫Ldt = 0.7 fb-1 (A) (2011), ~36 pb-1 (C) (2010)

arxiv:1106.3052
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2011/06/16

CMS-TOP-10-008

Measurement of the t-channel single top quark production
cross section in pp collisions at

√
s = 7 TeV

The CMS Collaboration∗

Abstract

Electroweak production of the top quark is measured in pp collisions at
√

s = 7 TeV,
using a dataset collected with the CMS detector at the LHC and corresponding to an
integrated luminosity of 36 pb−1. With an event selection optimized for t-channel pro-
duction, two complementary analyses are performed. The first one exploits the spe-
cial angular properties of the signal, together with background estimates from data.
The second approach uses a multivariate analysis technique to probe the compatibil-
ity with signal topology expected from electroweak top quark production. The com-
bined measurement of the cross section is 83.6 ± 29.8 (stat. + syst.)± 3.3 (lumi.) pb,
consistent with the standard model expectation.

Submitted to Physical Review Letters

∗See Appendix A for the list of collaboration members
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Figure 5: Distributions of the variable Mlνb, (a) in the 2-jet sample after the jet η cut, (b) in the 2-jet
sample after the jet η and the HT cuts, (c) in the 2-jet sample after the jet η, HT and ∆η cuts, (d) in the
2-jet sample after all selection cuts, and (e) in the 3-jet sample after all selection cuts except the one on
top mass. The t-channel signal contribution is normalized to the measured combined cut-based cross
section. The legend for the histograms is provided in (f).
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Figure 9: Neural network output distribution normalized to the result of the binned likelihood fit.

dominated region close to zero. In the fit the backgrounds are constrained within their uncertainties
that are either derived from the data driven techniques (W+ jets and multijets) or taken from theoretical
calculations (tt̄, Wt, s-channel and diboson processes). The number of predicted t-channel events using
the theoretical cross section is 556 ± 56. From the fit to the observed NN output distribution we obtain
a fit result of 901 ± 63 (stat. uncertainty only) events, or a factor 1.62 ± 0.11 with respect to the SM
expectation. The yields resulting from the fit for the signal and backgrounds are shown in Table 3. The
NN output distribution scaled to the fit result is shown in Fig. 9.

Table 3: Event yields with fit uncertainty after the NN likelihood fit in the 2-jet sample. The signal and
background yields and their uncertainties are from the fit to data.

Source yield after NN fit

single-top t-channel 900 ± 60
single-top s-channel 52 ± 5
single-top Wt 165 ± 16
top pairs 770 ± 64
W+light jets 545 ± 173
Wc+jets 1480 ± 400
Wbb̄/cc̄+jets 2130 ± 420
Diboson 79 ± 4
Z+jets 139 ± 78
Multijets 700 ± 250
TOTAL Expexted 6950 ± 880

DATA 6953

7 Systematic uncertainties

Systematic uncertainties in the extraction of the single top-quark t-channel cross-section affect the nor-
malisation of the individual backgrounds and the signal acceptance. In the neural network analysis the
shape of the individual predictions is also affected; both the rate and the shape uncertainties are taken

12

ATL-CONF-2011-101

δσ/σ~36%

δσ/σ~36%

is obtained. The 2-jet result is about 1.3 standard deviations above the SM expectation, while the 3-
jet result is about 0.9 standard deviations below it. Taking into account correlations of the systematic
uncertainties, the measurements in the two channels are consistent with each other at about the two
standard deviation level. If both channels are combined, the measured cross section and uncertainty is
σt = 90+9

−9(stat) +31
−20(syst) = 90+32

−22 pb with an expected cross section of σ
exp
t = 65+28

−19 pb. The expected
significance of the measurement, corresponding to the probability for the background alone to fluctuate
up to the SM t-channel expectation, is 5.4 standard deviations. The observed significance, corresponding
to the probability for the background alone to fluctuate up to the observed measurement, is 7.6 standard
deviations. The measured cross section is consistent with the SM t-channel expectation within about
1.1 standard deviations.

In the NN approach the fitted t-channel single top expectation value corresponds to a measured
cross section of σt = 105 ± 7 (stat)+36

−30 (syst) = 105+37
−31 pb, the expected measurement being σ

exp
t =

65 ± 6(stat) +28
−21(syst) = 65+29

−22 pb. As the cut-based method uses both 2- and 3-jet channels, and has a
slightly smaller overall uncertainty, it is chosen as the baseline result.
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• 2 samples: pre-tag,1 b-tag (A,C),>=1b-tag (C)
• QCD and W+jets norm from data 

syst dominated!

A=ATLAS,  C=CMS

CMS

•C: combine 2 results: 2D-max lkl fit 
to lepton-untagged jet angle & η of 
untagged jet + Bayesian estimate 
from BDT

•A: cut/count on angular jet var.,top 
mass and HT, confirmed by max Lkl fit 
to neural network discriminant (13 var.)

mailto:fracesco.spano@cern.ch
mailto:fracesco.spano@cern.ch
http://arxiv.org/pdf/1106.3052v1
http://arxiv.org/pdf/1106.3052v1
http://cdsweb.cern.ch/record/1369217
http://cdsweb.cern.ch/record/1369217


francesco.spano@cern.ch Top Quark @ LHC HEP intercollegiate Post Graduate Lectures -15th Nov 2011 34

!"#$%#!$&& '()**+,-+.+/0,1,23*45+0.+/ 6

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

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

-.
*/
-

0$+1#2+3,)%+342'$(
56789#"6):6%#;,

<)&62'%'*;

="+:3%*'+$)%"+,,),6%*'+$
="+:3%*'+$)>'$61#*'%,
="+:3%*'+$)?'#)"6,+$#$%6
567)4#"*'%26,

@+4)1#,,
@+4)1#,,):'AA6"6$%6
@+4)%&#"(6
B'A6*'16
@+4)7':*&

C4'$)%+""62#*'+$
D&#"(6)#,;116*";
D+2+")E2+7

,F)G)*F)%&#$$62)4"+:3%*'+$H)
4"+46"*'6,)#$:),6#"%&6,)'$)
,'$(26)*+4)6?6$*,

1

Y Peters 
PIC2011

mailto:fracesco.spano@cern.ch
mailto:fracesco.spano@cern.ch
https://indico.cern.ch/getFile.py/access?contribId=6&sessionId=2&resId=1&materialId=slides&confId=117880
https://indico.cern.ch/getFile.py/access?contribId=6&sessionId=2&resId=1&materialId=slides&confId=117880
https://indico.cern.ch/getFile.py/access?contribId=6&sessionId=2&resId=1&materialId=slides&confId=117880
https://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 -15th Nov 2011 35

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

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

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

! .)/#(+#"$01(+$2$'&334$%5(3$6)73("&17($)7$81//3$'&33

! -#&35"#'#7($9)7#$01(+$3#:#"&;$'#(+)934
.#'%;&(#$'#(+)9<$19#)/"&'<$'&("1=$#;#'#7(<$#(6>

! -#(+)93$&;3)$53#9$*)"$)(+#"$&7&;?3#3<$#>$/>$2$+#;161(?$@$3%17$6)""#;&(1)73
&$

Y Peters 
PIC2011

mailto:fracesco.spano@cern.ch
mailto:fracesco.spano@cern.ch
https://indico.cern.ch/getFile.py/access?contribId=6&sessionId=2&resId=1&materialId=slides&confId=117880
https://indico.cern.ch/getFile.py/access?contribId=6&sessionId=2&resId=1&materialId=slides&confId=117880
https://indico.cern.ch/getFile.py/access?contribId=6&sessionId=2&resId=1&materialId=slides&confId=117880
https://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 -15th Nov 2011 36

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

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

!-.#/'0-$*-01"2
! !"#$%&'(%)*+$$),-.-#,-#%)%-*./+%-0)12%)%"),+%+

! 3//4-%$)+#,)/54-%$6)7+8-)2#1")1&"*)9+,&"#2(+//:)
,-(+:2#;)<)*+$$)%")("#$%&+2#)4-%)-#-&;:)$(+/-

! =2/-.%"#6)!"#$%&'(%2"#)"1)%-*./+%-$)*"&-)
("*./2(+%-,),'-)%").&-$-#(-)"1)%>")#-'%&2#"$

! ?-'%&2#")>-2;9%2#;0)@+%&2A)<-2;9%2#;0BBB

&&

Y Peters 
PIC2011

mailto:fracesco.spano@cern.ch
mailto:fracesco.spano@cern.ch
https://indico.cern.ch/getFile.py/access?contribId=6&sessionId=2&resId=1&materialId=slides&confId=117880
https://indico.cern.ch/getFile.py/access?contribId=6&sessionId=2&resId=1&materialId=slides&confId=117880
https://indico.cern.ch/getFile.py/access?contribId=6&sessionId=2&resId=1&materialId=slides&confId=117880
https://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 -15th Nov 2011 37

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

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

! !"#$%&'#()*&+$,&*$*-$.#+-'"*./+*$+-(01#*#$%&'#()*&+"$-,$*2#$#3#'*$
!$4&#15"$,&**#5$(

*
$,-.$#)+2$6#*$*-$7/).%$)""&8'(#'*

! 9)1+/1)*#$#3#'*$1&%#1&2--5$)"$,/'+*&-'$-,$(
*

! !"#5$&'$1:6#*"$;$)116#*"

&!

Y Peters 
PIC2011

mailto:fracesco.spano@cern.ch
mailto:fracesco.spano@cern.ch
https://indico.cern.ch/getFile.py/access?contribId=6&sessionId=2&resId=1&materialId=slides&confId=117880
https://indico.cern.ch/getFile.py/access?contribId=6&sessionId=2&resId=1&materialId=slides&confId=117880
https://indico.cern.ch/getFile.py/access?contribId=6&sessionId=2&resId=1&materialId=slides&confId=117880
https://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 -15th Nov 2011 38

!"#$%#!$&& '()**+,-+.+/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
https://indico.cern.ch/getFile.py/access?contribId=6&sessionId=2&resId=1&materialId=slides&confId=117880
https://indico.cern.ch/getFile.py/access?contribId=6&sessionId=2&resId=1&materialId=slides&confId=117880
https://indico.cern.ch/getFile.py/access?contribId=6&sessionId=2&resId=1&materialId=slides&confId=117880
https://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 -15th Nov 2011 39

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

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

! !"#$%&'"(

! )*+,-&%%."'/01,2345678(,#
'
98:;32!"#$-/'&'</=/'0>"?

! )*+,-@A%"$'BC01,23D5678(,#
'
98:E3F!%#&-/'&''/=/'0>"?

! G'%&/,-%<."'/01,E3:5678(,#
'
98:23H!$#(-/'&'0!"#&)/=/'0>"?

! )IJ,-@A%"$'BC01,FD$678(,#
'
98:232!*#+-/'&'0!*#+)/=/'0>"?

! K@"BLM&#(,

! )IJ,-%<."'/01,FD$678(,#
'
98:F38!"#,-/'&'0<"#-

."#/
)/=/'0>"?,,,,,,,,

! I&'MAN,O%"#"C','"PQCARS"(

! *T,-%<."'/01,F3D5678(,#
'
98:U3H!,#/-/'&'</=/'0>"?

! *T,-@A%"$'BC01,23U5678(,#
'
98:U3E!%#$-/'&'</=/'0>"?

! )*+,-%<."'/01,23D5678(,#
'
98:F3E!,#"-/'&'</=/'0>"?

&6

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

+,')*-
.)($'#"

(-()*/

Y Peters 
PIC2011

mailto:fracesco.spano@cern.ch
mailto:fracesco.spano@cern.ch
https://indico.cern.ch/getFile.py/access?contribId=6&sessionId=2&resId=1&materialId=slides&confId=117880
https://indico.cern.ch/getFile.py/access?contribId=6&sessionId=2&resId=1&materialId=slides&confId=117880
https://indico.cern.ch/getFile.py/access?contribId=6&sessionId=2&resId=1&materialId=slides&confId=117880
https://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 -15th Nov 2011

What’s top mass?
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Top spin correlation
•Top quark decays before hadronization: 1/Γtop < 1 fm → top 

polarization preserved in angular dist of decay products
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Fig. 27. Parity symmetry of the strong interaction and ro-
tational symmetry are used to show that an ensemble of top
quarks is produced unpolarised by the strong interaction in
(unpolarised) pp̄ collisions. Higher order effects such as QCD fi-
nal state interactions and mixed QCD/weak interactions, how-
ever, can produce small polarisations perpendicular to or in the
scattering plane

2.4.4 Spin correlation in strong tt̄ production

One of the unique features of the top quark is that on aver-
age the top quark decays before there is time for its spin
to be depolarised by the strong interaction [164]. Thus, the
top quark polarisation9 is directly observable via the angu-
lar distribution of its decay products. This means that it
should be possible to measure observables that are sensi-
tive to the top quark spin.
It is well known that top quarks can be polarised at an

e+e− collider by polarising the electron beam10, and that
this is a useful tool to study the weak decay properties of
the top quark. There is an analogue of this tool at hadron
colliders.
Although the top and antitop quarks are produced es-

sentially unpolarised11 [188–191] in (unpolarised) hadron
collisions (Fig. 27), the spins of the t and t̄ are corre-
lated [192–197], as shown in Fig. 28. In tt̄ production by qq̄
annihilation the correlation can be 100% with respect to
a suitably chosen axis. The spins are also correlated in un-
polarised e+e− collisions (LO [198], NLO [187]). The spin
correlation can be used to study the tt̄ production mech-
anisms, which result in the spin correlation, as well as the
weak decay properties of the top quark by observing the
angular correlations between the decay products of the t
and t̄. The spin correlation is expected to be observed in
Run II at the TEVATRON.
The origin of the spin correlation in tt̄ production is as

follows:
For QCD processes close to the production threshold,

the tt̄ system is dominantly produced in a 3S1 state for qq̄
annihilation (Fig. 28b), or in a 1S0 state for gluon–gluon
fusion (Fig. 28c) [199]. Hence, in the first case, the top

9 The spin of an individual top quark cannot be measured,
only the spin polarisation of an ensemble of top quarks.
10 Top quarks are naturally polarised to a small degree
(−20% to −40%) via the weak interaction in unpolarised e+e−

collisions (at threshold [186], above threshold [187]). Using
polarised beams, the top quark polarisation is dramatically
enhanced.
11 Top and antitop quarks receive a small (2%) polarisa-
tion perpendicular to the scattering plane via QCD final state
interactions [188–190]. An additional, very small contribu-
tion of top/antitop quark polarisation is received from mixed
QCD/weak interactions in the scattering plane [191].

Fig. 28. Schematic of the tt̄ spin correlation in the qq̄ annihi-
lation (left) and gg annihilation (right). The parton momenta
are shown as thin arrows, the parton spins as big arrows. In
qq̄ annihilation the cross section for opposite-helicity tt̄ produc-
tion (b) is larger than that for same-helicity production (a).
Configurations with reversed spin directions are not shown ex-
plicitly, but always meant to be included implicitly. The spin
configurations shown are strictly valid only at the tt̄ production
threshold. Above threshold orbital angular momentum effects
need to be considered in addition

Fig. 29. In tt̄ production via qq̄ annihilation the spins of the
top quark and antiquark are 100% correlated when measured
along an axis that makes an angle ψ with respect to the beam
axis, where tanψ = β2 sin θ cos θ/(1−β2 sin2 θ): a near thresh-
old, b far above threshold, c intermediate energies

and the antitop tend to have parallel spins, i.e. opposite
helicities, while in the second case the spins tend to be an-
tiparallel, i.e. the same helicities. Since the qq̄ annihilation
dominates the tt̄ production at the TEVATRON while gg
annihilation dominates the tt̄ production at the LHC, the
spin correlation coefficient κ (43) is expected to have oppo-
site sign at both colliders (see Table 6). The absolute sign
of the spin correlation coefficient depends on the conven-
tion of its definition (for example (43)), which varies in the
literature.
At energies large compared to the top mass, chi-

rality conservation implies that the t and t̄ are pro-
duced with opposite helicities (“helicity basis”). At the
other extreme, the t and t̄ are produced with zero or-
bital momentum at threshold, so spin is conserved. Since
the colliding quark and antiquark have opposite spins
(due to chirality conservation), the t and t̄ have oppo-
site spins along the beam axis (“beam-line basis” [195],
“beam basis” [200, 201]). Remarkably, for qq̄ annihila-
tion there exists a basis which interpolates at all en-
ergies between these two extremes (“diagonal basis”),
such that the t and t̄ spins are always opposite [198]
(Fig. 29).
In single-top production at hadron colliders, the spin of

the top quark is 100% left-handed polarised along the di-

   tt is produced 
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Fig. 27. Parity symmetry of the strong interaction and ro-
tational symmetry are used to show that an ensemble of top
quarks is produced unpolarised by the strong interaction in
(unpolarised) pp̄ collisions. Higher order effects such as QCD fi-
nal state interactions and mixed QCD/weak interactions, how-
ever, can produce small polarisations perpendicular to or in the
scattering plane

2.4.4 Spin correlation in strong tt̄ production

One of the unique features of the top quark is that on aver-
age the top quark decays before there is time for its spin
to be depolarised by the strong interaction [164]. Thus, the
top quark polarisation9 is directly observable via the angu-
lar distribution of its decay products. This means that it
should be possible to measure observables that are sensi-
tive to the top quark spin.
It is well known that top quarks can be polarised at an

e+e− collider by polarising the electron beam10, and that
this is a useful tool to study the weak decay properties of
the top quark. There is an analogue of this tool at hadron
colliders.
Although the top and antitop quarks are produced es-

sentially unpolarised11 [188–191] in (unpolarised) hadron
collisions (Fig. 27), the spins of the t and t̄ are corre-
lated [192–197], as shown in Fig. 28. In tt̄ production by qq̄
annihilation the correlation can be 100% with respect to
a suitably chosen axis. The spins are also correlated in un-
polarised e+e− collisions (LO [198], NLO [187]). The spin
correlation can be used to study the tt̄ production mech-
anisms, which result in the spin correlation, as well as the
weak decay properties of the top quark by observing the
angular correlations between the decay products of the t
and t̄. The spin correlation is expected to be observed in
Run II at the TEVATRON.
The origin of the spin correlation in tt̄ production is as
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collisions (at threshold [186], above threshold [187]). Using
polarised beams, the top quark polarisation is dramatically
enhanced.
11 Top and antitop quarks receive a small (2%) polarisa-
tion perpendicular to the scattering plane via QCD final state
interactions [188–190]. An additional, very small contribu-
tion of top/antitop quark polarisation is received from mixed
QCD/weak interactions in the scattering plane [191].
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tiparallel, i.e. the same helicities. Since the qq̄ annihilation
dominates the tt̄ production at the TEVATRON while gg
annihilation dominates the tt̄ production at the LHC, the
spin correlation coefficient κ (43) is expected to have oppo-
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Fig. 27. Parity symmetry of the strong interaction and ro-
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(unpolarised) pp̄ collisions. Higher order effects such as QCD fi-
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ever, can produce small polarisations perpendicular to or in the
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age the top quark decays before there is time for its spin
to be depolarised by the strong interaction [164]. Thus, the
top quark polarisation9 is directly observable via the angu-
lar distribution of its decay products. This means that it
should be possible to measure observables that are sensi-
tive to the top quark spin.
It is well known that top quarks can be polarised at an

e+e− collider by polarising the electron beam10, and that
this is a useful tool to study the weak decay properties of
the top quark. There is an analogue of this tool at hadron
colliders.
Although the top and antitop quarks are produced es-

sentially unpolarised11 [188–191] in (unpolarised) hadron
collisions (Fig. 27), the spins of the t and t̄ are corre-
lated [192–197], as shown in Fig. 28. In tt̄ production by qq̄
annihilation the correlation can be 100% with respect to
a suitably chosen axis. The spins are also correlated in un-
polarised e+e− collisions (LO [198], NLO [187]). The spin
correlation can be used to study the tt̄ production mech-
anisms, which result in the spin correlation, as well as the
weak decay properties of the top quark by observing the
angular correlations between the decay products of the t
and t̄. The spin correlation is expected to be observed in
Run II at the TEVATRON.
The origin of the spin correlation in tt̄ production is as

follows:
For QCD processes close to the production threshold,

the tt̄ system is dominantly produced in a 3S1 state for qq̄
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fusion (Fig. 28c) [199]. Hence, in the first case, the top
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collisions (at threshold [186], above threshold [187]). Using
polarised beams, the top quark polarisation is dramatically
enhanced.
11 Top and antitop quarks receive a small (2%) polarisa-
tion perpendicular to the scattering plane via QCD final state
interactions [188–190]. An additional, very small contribu-
tion of top/antitop quark polarisation is received from mixed
QCD/weak interactions in the scattering plane [191].

Fig. 28. Schematic of the tt̄ spin correlation in the qq̄ annihi-
lation (left) and gg annihilation (right). The parton momenta
are shown as thin arrows, the parton spins as big arrows. In
qq̄ annihilation the cross section for opposite-helicity tt̄ produc-
tion (b) is larger than that for same-helicity production (a).
Configurations with reversed spin directions are not shown ex-
plicitly, but always meant to be included implicitly. The spin
configurations shown are strictly valid only at the tt̄ production
threshold. Above threshold orbital angular momentum effects
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and the antitop tend to have parallel spins, i.e. opposite
helicities, while in the second case the spins tend to be an-
tiparallel, i.e. the same helicities. Since the qq̄ annihilation
dominates the tt̄ production at the TEVATRON while gg
annihilation dominates the tt̄ production at the LHC, the
spin correlation coefficient κ (43) is expected to have oppo-
site sign at both colliders (see Table 6). The absolute sign
of the spin correlation coefficient depends on the conven-
tion of its definition (for example (43)), which varies in the
literature.
At energies large compared to the top mass, chi-

rality conservation implies that the t and t̄ are pro-
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other extreme, the t and t̄ are produced with zero or-
bital momentum at threshold, so spin is conserved. Since
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(due to chirality conservation), the t and t̄ have oppo-
site spins along the beam axis (“beam-line basis” [195],
“beam basis” [200, 201]). Remarkably, for qq̄ annihila-
tion there exists a basis which interpolates at all en-
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such that the t and t̄ spins are always opposite [198]
(Fig. 29).
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quarks is produced unpolarised by the strong interaction in
(unpolarised) pp̄ collisions. Higher order effects such as QCD fi-
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2.4.4 Spin correlation in strong tt̄ production
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to be depolarised by the strong interaction [164]. Thus, the
top quark polarisation9 is directly observable via the angu-
lar distribution of its decay products. This means that it
should be possible to measure observables that are sensi-
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correlation can be used to study the tt̄ production mech-
anisms, which result in the spin correlation, as well as the
weak decay properties of the top quark by observing the
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and t̄. The spin correlation is expected to be observed in
Run II at the TEVATRON.
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the tt̄ system is dominantly produced in a 3S1 state for qq̄
annihilation (Fig. 28b), or in a 1S0 state for gluon–gluon
fusion (Fig. 28c) [199]. Hence, in the first case, the top
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only the spin polarisation of an ensemble of top quarks.
10 Top quarks are naturally polarised to a small degree
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collisions (at threshold [186], above threshold [187]). Using
polarised beams, the top quark polarisation is dramatically
enhanced.
11 Top and antitop quarks receive a small (2%) polarisa-
tion perpendicular to the scattering plane via QCD final state
interactions [188–190]. An additional, very small contribu-
tion of top/antitop quark polarisation is received from mixed
QCD/weak interactions in the scattering plane [191].
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top quark and antiquark are 100% correlated when measured
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axis, where tanψ = β2 sin θ cos θ/(1−β2 sin2 θ): a near thresh-
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and the antitop tend to have parallel spins, i.e. opposite
helicities, while in the second case the spins tend to be an-
tiparallel, i.e. the same helicities. Since the qq̄ annihilation
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annihilation dominates the tt̄ production at the LHC, the
spin correlation coefficient κ (43) is expected to have oppo-
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tion of its definition (for example (43)), which varies in the
literature.
At energies large compared to the top mass, chi-
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other extreme, the t and t̄ are produced with zero or-
bital momentum at threshold, so spin is conserved. Since
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(due to chirality conservation), the t and t̄ have oppo-
site spins along the beam axis (“beam-line basis” [195],
“beam basis” [200, 201]). Remarkably, for qq̄ annihila-
tion there exists a basis which interpolates at all en-
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such that the t and t̄ spins are always opposite [198]
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In single-top production at hadron colliders, the spin of

the top quark is 100% left-handed polarised along the di-

dominant at Tevatron

dominant at LHC

mostly 
3S1 

2L+1SJ

s~2mtop

L=0,J=1 → parallel 
spins along given axis

L=J=0 → anti-parallel 
spins along given axis

mostly 
1S0 

opposite 
helicity

same 
helicity
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W+To access the spin of the intermediate 
resonance spin correlations should be 
measured.

It therefore mandatory for such cases to have 
MC samples where spin correlations are kept 
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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A

T
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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

t

t̄

Z �

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

exchange, which can generate a

forward-backward asymmetry.
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ū

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

 FCNC-induced 
same sign top pair

di-lep
fully had

t/
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Figure 7: (a) HT,lep before the HT,lep cut and Mtt for HT,lep > 150 GeV. The backgrounds have

been scaled to the most probable parameter values.

for βV+jets and βtop are compatible with the expected values from simulation. The value for

βQCD obtained from this maximum likelihood fit was used in Table 1.

We use simulated Z� samples for masses of 0.75, 1, 1.25, 1.5, 2, and 3 TeV/c
2. To derive limits

for other masses, we interpolate the templates between these mass points to obtain templates

for Z� masses from 0.75 to 3 TeV/c
2 mass in spacing of 50 GeV/c

2.

To evaluate the expected limit, we perform toy experiments with no signal, choosing random

values for βk and δu according to their prior distributions. The prior distributions for βV+jets

and βQCD are flat and cannot be used for random number sampling. Instead, we use lognor-

mal distributions with widths of 5% for βV+jets, which corresponds to the uncertainty given in

Table 1, and 100% for QCD. We perform 1000 toy experiments per mass point without signal to

determine the distribution of expected upper limits. The median and central 68% (95%) of the

upper limits for these toy experiments define the expected upper limit and the ±1σ (±2σ) belts,

respectively. Evaluating the integral in Eq. (4) for data yields the observed limit. The resulting

expected and observed limits are shown in Fig. 8 and Table 3.

We compare the limit with calculation for a Topcolor Z� from [40], updated to
√

s =7 TeV

via private communication with the authors. While we are not sensitive yet to a Topcolor Z�

with a natural width of 1%, we exclude a Topcolor Z� width width of 3% in the mass regions

805 < MZ� < 935 GeV/c
2 and 960 < MZ� < 1060 GeV/c

2.

8 Conclusion
We have searched for a heavy resonance in the Mtt spectrum using a sample of top quark pair

candidates in the muon+jets topology, tt → (W+b)(W−b̄) → (qq̄�b)(µ−ν̄b̄) (or charge conju-

gate). As a straw-man model of such a resonance, we consider a narrow Z�. Our search focuses

on heavy resonances resulting in energetic top quarks with decay products narrowly colli-

mated along the direction of the top quark. To handle the event topology of highly-energetic

top quarks, a dedicated event selection and reconstruction of the invariant tt mass is deployed.
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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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Search for excess in tt production vs Mtt - single-lepton

•A: standard single lep  (e μ) 
sel: ≥4 jets, ≥1 b-tag

•C: single μ, boosted top sel.
‣  ≥ 2 jets with pT>50 GeV, 

lead jet pT>250 GeV
‣  one non-iso μ with ΔR>0.5 

from closest jet OR pT rel. to jet 
>15 GeV 
‣ high pT,lep+ET

miss >150 GeV

44

•Data-driven QCD (jet template method 
normalize to low ETmiss (A),shape from ev. failing  
mu 2D cut (C) ), W+jets normalization (A) 
(extrapol. from  Njet in W+jets-enriched sample) 

e & μ 

combined

ATL-
CONF-2011-087

(2011) ∫Ldt = 0.2 fb-1 (A) 1.14 fb-1 (C) A=ATLAS,  C=CMS

•Reconstruct leptonic W from ETmiss, lepton & 
W mass, then Mtt

• sum leptonic W to (A) 4 leading pT jets or (C) 
jets giving back-to-back top-jets ←minimal ∑ 
ΔR (lep/b-jet, leptonic top) & max ΔR betw. tops 
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The observed limits on narrow and wide resonances using the dRmin mass reconstruction method are249

shown in Figure 6 together with the predicted cross-sections for the models considered and the expected250

sensitivity of the analysis. The observed (expected) cross-section limit on σ× BR(Z
� → tt̄) ranges from251

47 (23) pb at mZ� = 500 GeV to 4 (2.4) pb at mZ� = 1300 GeV. While narrow resonances with production252

cross-sections predicted by the topcolor model cannot be excluded, the analysis is already able to probe253

cross-sections in the few picobarn range for masses close to 1 TeV. The observed (expected) cross-section254

limit on σ× BR(gKK → tt̄) ranges from 32 (24) pb at mgKK
= 500 GeV to 6.6 (2.9) pb at mgKK

= 1300255

GeV, excluding gKK resonances with mass below 680 GeV at 95% C.L.
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Figure 6: Expected (dashed line) and observed (black points connected by a line) lower limits on

σ× BR(Z
� → tt̄) (a) and σ× BR(gKK → tt̄) (b) using the dRmin algorithm. The dark and light green

bands show the range in which the limit is expected to lie in 68% and 95% of experiments, respectively,

and the red points correspond to the predicted cross-sections in the topcolor model. The error bars on the

topcolor cross-section curve represent the effect of the PDF uncertainty on the prediction.

256

12 Summary and conclusions257

A search for top quark pair (tt̄) resonances in the lepton plus jets final state has been performed with the258

ATLAS experiment at the LHC. The search uses a data sample corresponding to an integrated luminosity259

of 200 pb
−1

, and was recorded at a proton-proton centre-of-mass energy of 7 TeV. No evidence for a260

resonance is found. Using the reconstructed tt̄ mass spectrum, limits are set on the production cross-261

section times branching ratio to tt̄ for narrow Z
�

models. The observed 95% C.L. limits range from 47262

pb at m = 500 GeV to 4 pb at m = 1300 GeV. In Randall-Sundrum models, Kaluza-Klein gluons with263

masses below 680 GeV are excluded at 95% C.L.264
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•Upper observed (expected) limit at 95% 
prob on Z‘ σ*BR  (with ΓZ’/mZ ~ 1% )
‣ C:sub-pb for mZ’>1.3 TeV, <0.2 pb for 
mZ’> 2.3 TeV
‣ A: 38 (40) pb  for mZ’=500 GeV to 3.2 (5) 
pb for mZ’=1.3 TeV

• A: KK Gluons with masses < 650 GeV 
are excluded with 95%prob

ATL-CONF-2011-087

Search for excess in tt production vs Mtt -single lepton

•No excess found →95% 
Bayesian credible interval for Z’ 
& RS KKGluon σ*BR,  including 
systematics as integrated (CMS), 
averaged(A) nuisance pars.

A=ATLAS,  C=CMS

12 8 Conclusion

Figure 8: Expected and observed Bayesian 95% confidence level upper limits on σ(pp → Z� →
tt) for narrow resonances Z�, as a function of the invariant mass of the resonance. The Top-

color Z� cross section is from [40], updated to
√

s =7 TeV via private communication with the

authors.

Table 3: Expected and observed Bayesian 95% confidence level upper limits on the production

cross section σ(pp → Z� → tt) for narrow resonances Z� with selected masses.

Process Expected limit ±1σ band [pb] Observed limit [pb]

Z�, M = 1 TeV/c2 2.7
+1.5

−0.9
2.7

Z�, M = 1.5 TeV/c2 0.64
+0.34

−0.21
0.70

Z�, M = 2 TeV/c2 0.23
+0.12

−0.07
0.22

Z�, M = 3 TeV/c2 0.10
+0.04

−0.03
0.11

NEW!

•C: For Z‘ with 3% width exclude 805 
GeV <mZ’< 935 GeV  and 960 GeV <mZ’< 
1060 GeV at 95% CL

--
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8 5 Algorithmic Characterization
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Figure 2: Mass of the highest mass jet in a semileptonic top sample.

Thus, the subjet energy scale scale factor for W jets is determined to be 1.01 ± 0.04. The top

mass is measured to be

mDATA
t = 176 ± 6 GeV/c2

(7)

mMC
t = 171 ± 5 GeV/c2

(8)

Only the statistical uncertaintis are quoted for these measurements.

Because the kinematic threshold for top jets to fully merge is rather high, there are very little

data left after the strong pT cuts, and too little data are left to isolate a fully-merged (“type 1”)

top jet sample.

In order to proceed, we make a simplifying assumption that the ratio between the jet energy

scale in data and the jet energy scale in Monte Carlo is the same between the W tagger and the

top tagger. Our previous studies of QCD jets [43] suggest that this is a reasonable assumption

within the large uncertainties quoted already.

Conservatively, we thus apply an additional uncorrelated 5% uncertainty in addition to the un-

certainties of the standard jet correction uncertainties (described in Section 4.2). This is applied

for both the top tagging and jet pruning algorithms.

5.2 Substructure Selection Efficiency

The selection efficiency of the substructure algorithms (top tagging and W tagging) can in prin-

ciple be different between data and simulation. In order to estimate the size of this effect, we

again examine the semileptonic sample described in the previous section, and look at the se-

quential selection of the jet pruning algorithm in data and simulation in order to estimate the

difference in efficiency for the W tagging algorithm. There are no statistics available for the top

tagging in the semileptonic sample, and so we make the assumption that the “ratio of efficien-

cies” between data and Monte Carlo (i.e. the data-to-Monte-Carlo scale factor) is the same for

the W and top tagging algorithms.

5.3 Mistagging Rate 9
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Figure 3: Mass of the hadronic top candidate in a semileptonic top sample.

Figure 4 shows the mass drop (µ) variable immediately before the W mass selection. The selec-

tion efficiencies for the data and Monte Carlo are

�DATA

µ = 0.56 ± 0.03 (9)

�MC

µ = 0.61 ± 0.03 (10)

Using Figure 2 to investigate the data and Monte Carlo efficiencies of the W mass-window cut,

we obtain

�DATA

mW
= 0.50 ± 0.04 (11)

�MC

mW
= 0.50 ± 0.04 (12)

Combining the efficiencies of the µ and mass cuts, the subjet energy scale scale factor is deter-

mined to be 0.93± 0.13. This is applied as an additional systematic uncertainty on the selection

efficiency.

5.3 Mistagging Rate

The mistagging rate is derived from data. However, a priori, the rates may depend on the

sample composition of the two different analyses considered (1+1 and 1+2). Thus, we derive

the mistag rate in both samples independently, and apply the rates to the appropriate analysis

(1+1 rate to 1+1 analysis, and likewise for 1+2).

We estimate the mistag rate (Pm) which is the probability that a QCD jet will be mistaken for a

top jet candidate by the top tagging algorithm. Highly energetic QCD jets have a larger proba-

bility to radiate, and as the jet mass increases, they are more likely to have top-like substructure

top

• Data-driven QCD: weight 1-top or W-tag 
control sample with mis-tag prob ← anti-
tag (fail  top tag cuts) & probe in semi-lep evs

•  Trigger on ≥ 1 jet with pT>200 GeV  
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•“1+2”: ≥3 R=0.8 CA jets
‣ leading top-tagged jet with 

pT>350 GeV
‣ 2nd(3rd) pruned (discard soft,wide-

angle clusters) jet with pT>200 (30) 
GeV, large Δϕ>2.1(1.7) from 1st
‣ j2 is W-tag (mjet ~mW ,2 sub-jets,max

(msub-jet)/mjet <0.4), m(j2,j3)~mtop

CMS-PAS-
EXO-11-006

CMS

CMS

•“1+1”: ≥ 2  R=0.8 Cambridge-Aachen 
(CA) jets
‣ pT>350 GeV & large Δϕ >2.1
‣ top-tagged (mjet ~mtop ,Nsub-jets in last 2 jet-

making steps  ≥ 3, min(m2 sub-jets) > 50 GeV)

∫Ldt = 0.89 fb-1 (2011)

- -

validation in boosted-W
semi-lep events
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•Mtt: sum top jets in “1+1”, 
sum top jet, Wjet and 
closest jet in “1+2”
‣ QCD: sum tag(s) & probe jet, 

random mprobe around mtop

47

15

)2 mass (GeV/ctType 1+1 t
500 1000 1500 2000 2500 3000 3500 4000 4500 5000

 #
 o

f E
ve

nt
s 

/ 1
00

 G
eV

0

10

20

30

40

50

60

70
Data
QCD background estimate

 Madgraph + Pythia Tune Z2    tt

 = 7 TeVs at -1CMS Preliminary, 886 pb

Figure 8: Results of “type 1 + 1” high mass event selection and background estimates. The
yellow histogram is the QCD estimate from the data-driven technique described in the text,
and the red histogram is the estimate from tt̄ continuum production. A data-to-Monte-Carlo
scale factor of 0.86 ± 0.24 is also applied to the tt̄ Monte Carlo to account for differences in
the jet substructure algorithms in a semileptonic tt̄ control sample. The black points are the
data. The shaded gray boxes indicate the statistical and systematic uncertainty on the total
background estimate. The errors shown are not an accurate representation of the background
uncertainty in the counting experiment, as they do not take into account events moving in and
out of the signal window.
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Figure 11: The 95% C.L. upper limit on a product of the production cross section of Z� and a
branching fraction for its decay into tt̄ pair, as a function of assumed Z� mass, for a combination
of “1+2” and “1+1” channels. The limits are evaluated using a Bayesian procedure, integrated
with Markov Chain MC. Three theoretical models are examined in shades of purple. From top
to bottom: a Kaluza-Klein gluon from Ref. [10], updated to 7 TeV via private communication
with the authors (Note: the KK gluon model has a width larger than that of the signal Monte
Carlo); a topcolor Z� model from Ref. [25] with width 3%; and a topcolor Z� model from Ref. [25]
with width 1.2%. (a) linear scale (b) log scale.

∫Ldt = ~0.89 fb-1  (2011)

CMS-PAS-EXO-11-006

•No excess found→95% 
Bayesian credible interval 
for Z’/RS KKGluon σ*BR 
including systematics as 
integrated nuisance pars.

•Sub-pb limit on Z’ σ*BR
•exclude 1 TeV<mKKGluon<1.5 

TeV @ 95%CL

CMS

CMS

-
Search for excess in tt production vs Mtt - fully hadronic-
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Search for excess in top pair 
production vs Mtt 
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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.

8

24 11 Cross Checks

Figure 12: Event display of a “golden” triply-tagged “1 + 2” candidate. The invariant mass

of the tt̄ candidate is 1352.5 GeV/c2
. In addition to the analysis selection, an additional b

tagging requirement is made on the candidate b jet in the “type 2” hemisphere. The “type 1”

top jet is shown in orange, with yellow denoting the three subjets. The “type 2” hemisphere

jets are shown in green. Jet 2 is tagged with the W tagging algorithm, and Jet 3 is tagged with

a secondary vertex tag. The electromagnetic calorimeter information is shown in red, and the

hadronic calorimieter information is shown in blue.

Figure 13: Event display of a “golden” triply-tagged “1 + 2” candidate. In addition to the

analysis selection, an additional b tagging requirement is made on the candidate b jet in the

“type 2” hemisphere. Here, the yellow corresponds to the particle flow candidates of the “type

1” hemisphere jets, and the green corresponds to the particle flow candidates of the “type 2”

hemisphere jets. The lines are charged and neutral particles. The electromagnetic calorimeter

information is shown in red, and the hadronic calorimieter information is shown in blue.

fully hadronic di-top-jet 
candidate

semi-leptonic di-top-jet 
candidate
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Conclusions
•Top analysis at LHC is in full swing thanks to the combined  

performance of LHC & detectors: a very rich program is already 
underway.

•Top pair production cross section is measured in nearly all 
expected final states. It is consistent with the standard model 
at √s=7 TeV and most precise channels/combination are 
‣ systematics dominated
‣ entering the realm of precision physics:  δσ/σ <~10%  comparable with 

theory uncertainty

•Single top production is clearly observed in the t-channel; need 
more data to observe it in Wt and s-channel.

•Top properties are rapidly reaching precision level with mtop 
already syst dominated 

•  The rapidly increasing data-set and detector understanding is 
quickly opening unprecedented phase space for new physics 
searches linked to top production ranging from resonances  to 
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Additional (useful) references

•A. Quadt, Top quark physics at hadron colliders, Eur. Phys. J. 
C 48, 835–1000 (2006) DOI 10.1140/epjc/s2006-02631-6

• A J,. Khun, Theory of Top Quark Production and Decay, http://
arxiv.org/abs/hep-ph/9707321v1

• S Willembrock,THE STANDARD MODEL AND THE TOP QUARK, http://arxiv.org/
abs/hep-ph/0211067v3

• Chris Quigg, Top-ophilia,FERMILAB-FN-0818-T
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Math Appendix : Mass, PT and DR

As we know that for any 4-
momentum

8 39. Kinematics

In the center-of-mass frame

t = (E1cm − E3cm)2 − (p1cm − p3cm)2 − 4p1cm p3cm sin2(θcm/2)

= t0 − 4p1cm p3cm sin2(θcm/2) , (39.33)

where θcm is the angle between particle 1 and 3. The limiting values t0 (θcm = 0) and
t1 (θcm = π) for 2 → 2 scattering are

t0(t1) =
[
m2

1 − m2
3 − m2

2 + m2
4

2
√

s

]2

− (p1 cm ∓ p3 cm)2 . (39.34)

In the literature the notation tmin (tmax) for t0 (t1) is sometimes used, which should
be discouraged since t0 > t1. The center-of-mass energies and momenta of the incoming
particles are

E1cm =
s + m2

1 − m2
2

2
√

s
, E2cm =

s + m2
2 − m2

1

2
√

s
, (39.35)

For E3cm and E4cm, change m1 to m3 and m2 to m4. Then

pi cm =
√

E2
i cm − m2

i and p1cm =
p1 lab m2√

s
. (39.36)

Here the subscript lab refers to the frame where particle 2 is at rest. [For other relations
see Eqs. (39.2)–(39.4).]

39.5.2. Inclusive reactions : Choose some direction (usually the beam direction) for
the z-axis; then the energy and momentum of a particle can be written as

E = mT cosh y , px , py , pz = mT sinh y , (39.37)

where mT , conventionally called the ‘transverse mass’, is given by

m2
T

= m2 + p2
x + p2

y . (39.38)

and the rapidity y is defined by

y =
1
2

ln
(

E + pz

E − pz

)

= ln
(

E + pz

mT

)
= tanh−1

(pz

E

)
. (39.39)

Note that the definition of the transverse mass in Eq. (39.38) differs from that used
by experimentalists at hadron colliders (see Sec. 39.6.1 below). Under a boost in the
z-direction to a frame with velocity β, y → y − tanh−1 β. Hence the shape of the rapidity
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− (p1 cm ∓ p3 cm)2 . (39.34)

In the literature the notation tmin (tmax) for t0 (t1) is sometimes used, which should
be discouraged since t0 > t1. The center-of-mass energies and momenta of the incoming
particles are

E1cm =
s + m2

1 − m2
2

2
√

s
, E2cm =

s + m2
2 − m2

1

2
√

s
, (39.35)

For E3cm and E4cm, change m1 to m3 and m2 to m4. Then

pi cm =
√

E2
i cm − m2

i and p1cm =
p1 lab m2√

s
. (39.36)

Here the subscript lab refers to the frame where particle 2 is at rest. [For other relations
see Eqs. (39.2)–(39.4).]

39.5.2. Inclusive reactions : Choose some direction (usually the beam direction) for
the z-axis; then the energy and momentum of a particle can be written as

E = mT cosh y , px , py , pz = mT sinh y , (39.37)

where mT , conventionally called the ‘transverse mass’, is given by

m2
T

= m2 + p2
x + p2

y . (39.38)

and the rapidity y is defined by

y =
1
2

ln
(

E + pz

E − pz

)

= ln
(

E + pz

mT

)
= tanh−1

(pz

E

)
. (39.39)

Note that the definition of the transverse mass in Eq. (39.38) differs from that used
by experimentalists at hadron colliders (see Sec. 39.6.1 below). Under a boost in the
z-direction to a frame with velocity β, y → y − tanh−1 β. Hence the shape of the rapidity
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distribution dN/dy is invariant, as are differences in rapidity. The invariant cross section
may also be rewritten

E
d3σ

d3p
=

d3σ

dφ dy pT dpT

=⇒ d2σ

π dy d(p2
T

)
. (39.40)

The second form is obtained using the identity dy/dpz = 1/E, and the third form
represents the average over φ.

Feynman’s x variable is given by

x =
pz

pz max
≈ E + pz

(E + pz)max
(pT # |pz |) . (39.41)

In the c.m. frame,

x ≈ 2pz cm√
s

=
2mT sinh ycm√

s
(39.42)

and
= (ycm)max = ln(

√
s/m) . (39.43)

The invariant mass M of the two-particle system described in Sec. 39.4.2 can be
written in terms of these variables as

M2 = m2
1 + m2

2 + 2[ET (1)ET (2) cosh∆y − pT (1) · pT (2)] , (39.44)

where
ET (i) =

√
|pT (i)|2 + m2

i , (39.45)

and pT (i) denotes the transverse momentum vector of particle i.
For p & m, the rapidity [Eq. (39.39)] may be expanded to obtain

y =
1
2

ln
cos2(θ/2) + m2/4p2 + . . .

sin2(θ/2) + m2/4p2 + . . .

≈ − ln tan(θ/2) ≡ η (39.46)

where cos θ = pz/p. The pseudorapidity η defined by the second line is approximately
equal to the rapidity y for p & m and θ & 1/γ, and in any case can be measured when
the mass and momentum of the particle are unknown. From the definition one can obtain
the identities

sinh η = cot θ , cosh η = 1/ sin θ , tanh η = cos θ . (39.47)
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where

Now if 1) the masses of the particles are  small w.r.t. their momenta and 2) the splitting is quasi collinear 
i.e. cosDPhi ~1 - (DPhi)2/2  and  cosh(Dy)~1+Dy2/2 , so  ET(I)~ pT(i)

M2 = m12 + m12 +2[ ET(1) ET(2)  cosh(Dy) - pT(1) pT(2) cos(DPhi)

where
DPhi =Phi(2)-Phi(1)is the 
angle between the  two 

momenta in the 
transverse plane 

This can be re-written as 

So

M2 ~ 2[ pT(1) pT(2) ( 1+Dy2/2  - 1+ (DPhi)2/2)]= pT(1) pT(2) (Dy2/2 + (DPhi)2)= pT(1) pT(2)(DR(1,2))2

therefore that the kt algorithm’s intrinsic internal information on substructure allowed one
to be more flexible in the compromise between identifying substructure and capturing the
bulk of the relevant radiation.

The next development on the subject was made by Butterworth, Cox and Forshaw [161]
who examined WW scattering, again with one leptonically and one hadronically decaying
W . They observed that the distribution of kt distance, dij (eq. (8)), between the two W
subjets was close to the W mass in W decays, but tended to have lower values in generic
massive jets. This allowed them to obtain a substantial reduction in the background. The
same idea was used later for electroweak-boson reconstruction in the context of a SUSY
search [162]. The tool associated with this technique is often referred to as “Y-splitter”.

It is worthwhile looking at some simple analytic results that relate to the techniques
of [161] and [160]. For a quasi-collinear splitting into two objects i and j, the total mass
is m2 ! ptiptj∆R2

ij . Labelling i and j such that ptj < pti and defining z = ptj/pt (pt =
pti + ptj), then

m2 ! z(1 − z)p2
t ∆R2

ij , (55)

dij = z2p2
t ∆R2

ij !
z

(1 − z)
m2 . (56)

It is the fact that electroweak bosons decay with a fairly uniform distribution in z (exactly
uniform for a Higgs boson), whereas a QCD splitting has a soft divergence, e.g.

Pgq ∝
1 + (1 − z)2

z
, (57)

that means that for a fixed mass window, the background will have lower dij values than the
signal. Indeed, the logarithm in eq. (54) comes from the integral over the 1/z divergence
in eq. (57), with lower limit z ! m2/p2

tR
2. If one places a cut on dij, or analogously on

z, then one eliminates that logarithm, thus reducing the QCD background (one can even
calculate, analytically, what the optimal cut is for given signals and backgrounds).

A second set of observations concerns mass resolution. Firstly, with a small cone of size
R $ ∆Rij used to reconstruct the two prongs of a colour-singlet qq̄ state, then there will
be an average loss of mass, dominated by a contribution from perturbative gluon radiation,

〈δm2〉 ! 2m2 · αsLq

π

(

ln
R

∆Rij
+ O (1)

)

, R $ ∆Rij , (58)

with Lq ! CF as given in eq. (28). If instead a single jet is used to reconstruct the whole
qq̄ system, then one can show that most of the perturbative radiation from the qq̄ system
will be contained in the jet. However there may then be significant contamination from
the UE and pileup,

〈δm2〉 ! ρ pt
πR4

2
, (59)

for a circular jet (cf. eq. (42), with ρ ≡ ΛUE/2π), with an additional contribution coming
also from perturbative radiation from the beam. Even though the above two equations
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Example background estimates: QCD multi-jet -single lep

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

54

Nloose = Nloosefake + Nloosereal 
Nstandard= εfake  Nloosefake + εreal Nloosereal 

ATLAS-CONF- 2011-035

ATLAS-
CONF- 

2011-035

μ channel: matrix method

εfake  from low ETmiss ,MTW and  εreal  from Z→μ+μ-

e channel: template method

• Derive QCD template from control region 
(electron fails one/more selection criteria)

• Normalize by fitting low ETmiss shape (QCD 
template + MC samples) to data→extrapolate to 
standard region

• Measure  Nstandard  (isolated-μ) and Nloose(non-iso-μ) 
events and find standard fake muons from  

• Do it in bins of any variable to get proper estimate
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Figure 1: Transverse mass of theW boson in events with exactly two jets for (a) the electron channel, (b)
the muon channel. The QCD multi-jet background is obtained from the data-driven methods described
in the text whilst all the other backgrounds and tt̄ are obtained from MC simulation. The uncertainty on
the MC and data-driven predictions are shown.
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•Define tight (standard) and loose lepton 
samples relaxing 
‣ calo and track isolation for μ
‣ calo isolation, TRT hits, E/p cuts for e

•Express measured (Tight,Loose) samples 
in terms of unknown (Real, Fake) and 
estimated probabilities r (f): for real (fake) 
leptons passing loose also to pass tight 
cuts

•Extract fake content by matrix inversion

55

The LHC instantaneous luminosity varied by several orders of magnitude during this data-taking

period, reaching a peak of about 2 × 1032 cm−2s−1. An average of about two extra pp interactions

are superimposed on each MC event, which is the average number of extra pp interactions expected in

the analyzed data sample. Data-driven determinations of efficiencies and backgrounds naturally include

effects of the extra interactions.

5 Backgrounds

The dominant backgrounds come from Z/γ∗+jets production and W+jets production with additional

leptons coming from b-quark decays, lighter hadron decays and conversions (non-prompt leptons), and

misidentified leptons arising from QCD jets. The term ‘fake lepton’ will in the following refer to both

sources of backgrounds. Both of these backgrounds are estimated from data. The calculation of the

fake lepton backgrounds uses a matrix method (Section 5.1). As this background is determined using

data-driven techniques, to avoid double-counting MC events when performing acceptance calculations,

misidentified leptons are removed from estimates obtained from Monte-Carlo. The calculation of the

Z/γ∗+jets background (Section 5.2) is assisted by Monte-Carlo calculations.

The contributions from other small cross section electroweak background processes, such as single

top, WW, ZZ and WZ production are estimated from Monte-Carlo simulations.

5.1 Non-Z lepton backgrounds

True tt̄ dilepton events contain two leptons from W decays; the background comes predominantly from

W+jets events (including the single-lepton tt̄ production) with a real and a fake lepton, though there

is a smaller contribution with two fake leptons coming from QCD multi-jet production. In the case

of muons, the dominant fake-lepton mechanism is a semi-leptonic decay of a heavy-flavour hadron,

in which a muon survives the isolation requirement. In the case of electrons, the three mechanisms

are heavy flavour decay, light flavour jets with a leading π0 overlapping with a charged particle, and

conversion of photons.

The fraction of the dilepton sample that comes from fake leptons is measured with the matrix method.

‘Loose’ muons are defined in the same way as tight muons (see Section 4.1), except that the calorimeter

and track isolation are relaxed. ‘Loose’ electrons must fulfill the tight electron cuts (see Section 4.1),

except that the requirements on calorimeter isolation, high threshold TRT hits and on E/p are relaxed [3].

The loose lepton selection criteria are then used to count the number of observed dilepton events

with two tight, two loose or one tight and one loose leptons (NTT , NLL or NT L and NLT , respectively).

Then two probabilities are defined, r ( f ), to be the probability that real (fake) leptons that pass the loose

identification criteria, will also pass the tight criteria. Using r and f , linear expressions are then obtained

for the observed yields as a function of the number of events with two real, two fake or one real and one

fake leptons (NRR, NFF and NRF or NFR, respectively). The method explicitly accounts for the presence

of events with two fake leptons. These linear expressions form a matrix that is inverted in order to extract

the real and fake content of the observed dilepton event sample:
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(1)

The efficiency for a real loose lepton to pass the tight criteria, r, is measured in data in a sample

of Z → ## events as a function of jet multiplicity. The corresponding efficiency for fake leptons, f , is

measured in data in events with a single loose lepton and low Emiss
T

, which are dominated by QCD di-jet

5

Measure r in Z →ll
Measure f in QCD enriched sample: single loose lepton, low ETmiss

(W+jets subtracted using simulation)
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(c) Lepton pair mass (ee)
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Figure 1: Control region distributions for the counting method analysis without b-tagging. Top row ee,

bottom row µµ: (a),(d) Emiss
T

in events with dilepton mass m!! inside the Z mass window with ≥ 2 jets,

(b),(e) the number of jets in events with m!! inside the Z mass window and Emiss
T
< 40 GeV and (c),(f),

the m!! of opposite-sign lepton pairs in events with ≥2 jets in the low Emiss
T

region. The error bands

reflect the statistical and systematic uncertainties of the MC prediction.
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Example background estimates: QCD multi-jet - di-lepton

ATLAS-
CONF-2011
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Example background estimates: W+jets - single lepton

•Shape from simulation
•Normalization
‣ floating parameter to be determined from kinematic fit
‣ final normalization from fit, but starting value and variations 

constrained from data using

56

N (W+jets,pre-tag, Njets,) = N (W+jets,pre-tag, Njets) * [ ∑Type fType,Njets] ; ∑ fType,Njets=1
Type= Wbb+jets,Wcc+jets,Wc+jets,W+light jets; Njets= jet mult bin (0,1,2,3...)

-

4

with an additional cut Emiss
T +mT < 60 GeV. The effi-239

ciencies for signal leptons and fake leptons are param-240

eterised as a function of muon |η| and pT in order to241

account for the variation of the muon detector accep-242

tance and hadronic activity from the detector affecting243

muon isolation.244

For the multijet background estimate in the electron245

channel, the loose data sample is defined by modifying246

the electron isolation requirement: the total energy in247

a cone of ∆R = 0.2 around the electron is required248

to be smaller than 6 GeV (instead of 3.5 GeV), after249

correcting for energy deposits from pile-up interactions250

and for the energy due to the electron. The fake lepton251

efficiencies are determined using a low Emiss
T control252

region (5 GeV < Emiss
T < 20 GeV).253

In both channels contributions from W+jets and254

Z+jets backgrounds in the control region, estimated255

using Monte Carlo simulation, are subtracted.256

4.2 W+jets background estimation257

At the LHC the rate of W++jets is larger than that of258

W−+jets because there are more up valence quarks in259

the proton than down quarks. Theoretically, the ratio of260

W++jets and W−+jets cross sections is predicted much261

more precisely than the total W+jets cross section [40,262

41]. This asymmetry is exploited here to measure the263

total W+jets background from the data.264

Since, to a good approximation, processes other than265

W+jets give equal numbers of positively and negatively266

charged leptons, the formula267

NW+ + NW− =

(
rMC + 1

rMC − 1

)
(D+ − D−), (2)268

can be used to estimate the total number of W events in269

the selected sample. Here D+(D−) are the total num-270

bers of events in data passing the selection cuts de-271

scribed in Section 3.2 (apart from the b-tagging require-272

ment) with positively (negatively) charged leptons, and273

rMC ≡ σ(pp→W+)
σ(pp→W−) is evaluated from Monte Carlo sim-274

ulation, using the same event selection.275

The ratio rMC is found to be 1.56±0.06 in the elec-276

tron channel and 1.65± 0.08 in the muon channel. The277

dominant uncertainties on rMC originate from uncer-278

tainties in parton distribution functions, the jet energy279

scale, and the heavy flavour fractions in W+jet events280

(fractions of W+jets events containing bb̄ pairs, cc̄ pairs281

and c quarks).282

Since the theoretical prediction for heavy flavour283

fractions in W+jets suffers from large uncertainties, a284

data-driven approach was developed to constrain these285

fractions with some inputs from MC simulation. In this286

approach samples with a lower jet multiplicity, obtained287

from the selection described in Section 3.2, but requir-288

ing precisely one or two jets instead of four or more289

jets, are analysed. The numbers WData
i,pretag,W

Data
i,tagged, of290

W + i jet events in these samples (where i = 1, 2),291

before and after applying the b-tagging requirement,292

are computed by subtracting the small contributions of293

other Standard Model processes - electroweak (WW ,294

WZ, ZZ, and Z+jets) and top (tt̄, and single top) us-295

ing predictions from the simulation, and by subtracting296

the multijet background as described in Section 4.1.297

A system of two equations — expressing the num-298

ber of W + 1 jet events and W + 2 jet events before299

and after b-tagging — can be written with six inde-300

pendent flavour fractions as the unknowns, correspond-301

ing to fractions of Wbb̄+jets, Wcc̄+jets, and Wc+jets302

events in the one and two jet bins. The simulation pre-303

diction for the ratio of the heavy flavour fractions be-304

tween the one and two jet bins is used to relate the305

heavy flavour fractions in the two bins, reducing the306

number of independent fractions to three. Finally, the307

ratio of the fractions of Wcc̄+jets and Wbb̄+jets events308

in the two jet bin is taken to be fixed to the value ob-309

tained from simulated events in order to obtain two310

equations for two independent fractions. Based on this311

measurement, the heavy flavour fractions in simulated312

W+jet events are adjusted by a scale factor 1.63±0.76313

for Wbb̄+jet and Wcc̄+jet events and 1.11 ± 0.35 for314

Wc+jets. When applied to the signal region, an ad-315

ditional 25% uncertainty on these fractions is added,316

corresponding to the uncertainty in the Monte Carlo317

prediction for the ratio of heavy flavour fractions in318

different jet multiplicities. The heavy flavour scale fac-319

tors are applied to simulated W+jet events throughout320

this paper, and the effect of their uncertainties on the321

value of rMC is evaluated.322

Using Equation (2), the total number of W+jet events323

passing the event selection described in Section 3.2 with-324

out requiring a b-tagged jet, W≥4,pretag, is estimated to325

be 5400±700 (stat. + syst.) in the electron channel and326

8600 ± 1200 (stat. + syst.) in the muon channel.327

The number of W+jet events passing the selection328

with at least one b-tagged jet is subsequently estimated329

as [39]330

W≥4,tagged = W≥4,pretag · f2,tagged · k2→≥4. (3)331

Here f2,tagged ≡ WData
2,tagged/WData

2,pretag is the fraction of332

W+2 jet events passing the requirement of having at333

least one b-tagged jet, and k2→≥4 ≡ fMC
≥4,tagged/fMC

2,tagged334

is the ratio of the fractions of simulated W+jet events335

passing the requirement of at least one b-tagged jet,336

for at least four and two jets, respectively. The value337

of f2,tagged is found to be 0.063 ± 0.005 in the electron338

and 0.068 ± 0.005 in the muon channel, where the un-339

1: Derive correction to fraction of heavy and light flavour  events in the W+2jet bin 
before b-tagging

•Derive N(W+1jet) and N(W+2jet) with 1)standard single lepton selection and 2)
subtraction of small backgrounds (tt,single t, di-boson, QCD from data)
•Write N(W+1jet, pre-tag ), N(W+2jet, pre-tag) and N(W+2jet, tag) as a function fType,

2jets . Assume fixed fType,2jets /fType,2jets + fWbb,Njets = fWbb,Njets → Derive fType,2jets

•Compare data-driven fType,2jets to MC value: derive scaling factors for fType,2jets. 
Assume scaling fType,4jets   is the same as fType,2jets .So now ∑ alpha fType,Njets

pre-tag=all standard cuts, no b-tag requirement
tagged= all standard cuts, including at least 1 b-tag

ATLAS
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Example background estimates: W+jets - single lepton (cont)

57

In the proton there are more up (valence) quarks  than down (valence) quarks →
(ud →W+)+jets events   are more numerous than (ud →W-)+jets 

ATLAS

-

2: Derive pre-tag W+jets normalization W i.e. full selection except for >=1 b-tagged jet

4

with an additional cut Emiss
T +mT < 60 GeV. The effi-239

ciencies for signal leptons and fake leptons are param-240

eterised as a function of muon |η| and pT in order to241

account for the variation of the muon detector accep-242

tance and hadronic activity from the detector affecting243

muon isolation.244

For the multijet background estimate in the electron245

channel, the loose data sample is defined by modifying246

the electron isolation requirement: the total energy in247

a cone of ∆R = 0.2 around the electron is required248

to be smaller than 6 GeV (instead of 3.5 GeV), after249

correcting for energy deposits from pile-up interactions250

and for the energy due to the electron. The fake lepton251

efficiencies are determined using a low Emiss
T control252

region (5 GeV < Emiss
T < 20 GeV).253

In both channels contributions from W+jets and254

Z+jets backgrounds in the control region, estimated255

using Monte Carlo simulation, are subtracted.256

4.2 W+jets background estimation257

At the LHC the rate of W++jets is larger than that of258

W−+jets because there are more up valence quarks in259

the proton than down quarks. Theoretically, the ratio of260

W++jets and W−+jets cross sections is predicted much261

more precisely than the total W+jets cross section [40,262

41]. This asymmetry is exploited here to measure the263

total W+jets background from the data.264

Since, to a good approximation, processes other than265

W+jets give equal numbers of positively and negatively266

charged leptons, the formula267

NW+ + NW− =

(
rMC + 1

rMC − 1

)
(D+ − D−), (2)268

can be used to estimate the total number of W events in269

the selected sample. Here D+(D−) are the total num-270

bers of events in data passing the selection cuts de-271

scribed in Section 3.2 (apart from the b-tagging require-272

ment) with positively (negatively) charged leptons, and273

rMC ≡ σ(pp→W+)
σ(pp→W−) is evaluated from Monte Carlo sim-274

ulation, using the same event selection.275

The ratio rMC is found to be 1.56±0.06 in the elec-276

tron channel and 1.65± 0.08 in the muon channel. The277

dominant uncertainties on rMC originate from uncer-278

tainties in parton distribution functions, the jet energy279

scale, and the heavy flavour fractions in W+jet events280

(fractions of W+jets events containing bb̄ pairs, cc̄ pairs281

and c quarks).282

Since the theoretical prediction for heavy flavour283

fractions in W+jets suffers from large uncertainties, a284

data-driven approach was developed to constrain these285

fractions with some inputs from MC simulation. In this286

approach samples with a lower jet multiplicity, obtained287

from the selection described in Section 3.2, but requir-288

ing precisely one or two jets instead of four or more289

jets, are analysed. The numbers WData
i,pretag,W

Data
i,tagged, of290

W + i jet events in these samples (where i = 1, 2),291

before and after applying the b-tagging requirement,292

are computed by subtracting the small contributions of293

other Standard Model processes - electroweak (WW ,294

WZ, ZZ, and Z+jets) and top (tt̄, and single top) us-295

ing predictions from the simulation, and by subtracting296

the multijet background as described in Section 4.1.297

A system of two equations — expressing the num-298

ber of W + 1 jet events and W + 2 jet events before299

and after b-tagging — can be written with six inde-300

pendent flavour fractions as the unknowns, correspond-301

ing to fractions of Wbb̄+jets, Wcc̄+jets, and Wc+jets302

events in the one and two jet bins. The simulation pre-303

diction for the ratio of the heavy flavour fractions be-304

tween the one and two jet bins is used to relate the305

heavy flavour fractions in the two bins, reducing the306

number of independent fractions to three. Finally, the307

ratio of the fractions of Wcc̄+jets and Wbb̄+jets events308

in the two jet bin is taken to be fixed to the value ob-309

tained from simulated events in order to obtain two310

equations for two independent fractions. Based on this311

measurement, the heavy flavour fractions in simulated312

W+jet events are adjusted by a scale factor 1.63±0.76313

for Wbb̄+jet and Wcc̄+jet events and 1.11 ± 0.35 for314

Wc+jets. When applied to the signal region, an ad-315

ditional 25% uncertainty on these fractions is added,316

corresponding to the uncertainty in the Monte Carlo317

prediction for the ratio of heavy flavour fractions in318

different jet multiplicities. The heavy flavour scale fac-319

tors are applied to simulated W+jet events throughout320

this paper, and the effect of their uncertainties on the321

value of rMC is evaluated.322

Using Equation (2), the total number of W+jet events323

passing the event selection described in Section 3.2 with-324

out requiring a b-tagged jet, W≥4,pretag, is estimated to325

be 5400±700 (stat. + syst.) in the electron channel and326

8600 ± 1200 (stat. + syst.) in the muon channel.327

The number of W+jet events passing the selection328

with at least one b-tagged jet is subsequently estimated329

as [39]330

W≥4,tagged = W≥4,pretag · f2,tagged · k2→≥4. (3)331

Here f2,tagged ≡ WData
2,tagged/WData

2,pretag is the fraction of332

W+2 jet events passing the requirement of having at333

least one b-tagged jet, and k2→≥4 ≡ fMC
≥4,tagged/fMC

2,tagged334

is the ratio of the fractions of simulated W+jet events335

passing the requirement of at least one b-tagged jet,336

for at least four and two jets, respectively. The value337

of f2,tagged is found to be 0.063 ± 0.005 in the electron338

and 0.068 ± 0.005 in the muon channel, where the un-339

NW+ MC (NW- MC) are the number of selected events with a W from MC, D is the number of 
selected events with a positive or negative lepton,  

rMC is NW+/NW- : it is estimated using ALL the W components and by scaling the heavy and 
light flavour samples according to point 1

3: Derive tagged W+jets normalization W by scaling pre-tag estimate

 Estimate f2,tagged = N(W+jets,2jets,tagged)/N(W+jets,2jets,pre-tag) where N(W+jets,2jets,XX)  
are obtained from the data with 1) selection 2) small bkg subtraction

pre-tag=all standard cuts, no b-tag requirement
tagged= all standard cuts, including at least 1 b-tag

 Estimate k2→≥4,= fMCtagged,≥4jet/fMCtagged,2jet 

 Simulate W+jets events:get fraction of those selected + at least 1 b-tag to simply selected .
Get these fractions for 2 jet bin and 4 jet bin. Get the ratio. 

,

region (≥ 4 jets) before b-tagging.474

W≥4,pretag = NW+ + NW− =
(NMC

W+ + N
MC
W− )

(NMC
W+ − NMC

W− )
(D+ − D−) =

(
rMC + 1
rMC − 1

)
(D+ − D−), (3)

where D+(D−) are the total number of events in data with a positively (negatively) charged lepton, and475

rMC ≡ σ(pp→W
+)

σ(pp→W−) is evaluated from simulated events for the signal region kinematic cuts. The value of476

rMC is determined forW+jes events passing all the selection cuts outlined in section 6 with the exception477

of requiring at least one b-tagged jet and it is found to be 1.56 ± 0.06 for e + jets events and 1.65 ±478

0.08 for µ + jets events. The ratio of cross sections, r ≡ σ(pp→W+)σ(pp→W−) is, theoretically, relatively well479

understood [54, 55].The formula is valid due to the fact that the processes t̄t, QCD multi-jets, Z+jets,480

are charge symmetric, and so NW+ − NW− ≈ D+ − D− to a very good approximation. Here D± denote481

the total number of events selected in the data with a positive or negative lepton and NW+ ,NW− are the482

numbers of W+,W− events in the signal region. We are interested in events with a single, high pT lepton483

(e or µ) plusEmissT and jets. In the standard model, W-boson production, in which the W-boson decays484

leptonically, is the dominant source of the charge asymmetry in data in the single lepton channel. The485

W+jets estimate is validated in the pre-tag sample, see Figure 2.486

The normalization in the tagged sample is obtained by extrapolating the pre-tagged factors with the487

expected fraction of tagged events derived from simulation. The resulting scale factors for the simulated488

samples are 0.78 ± 0.14 for the µ + jets channel and 0.98 ± 0.22 for the e + jets channel.489

The normalization uncertainty takes into account the statistical uncertainty of the measurement and490

a variety of systematic uncertainties: heavy flavour normalization, jet energy scale, b-tagging efficiency491

uncertainty, size of the simulated events. In particular three uncorrelated variations for the scaling factors492

adjusting the heavy flavour fraction are considered. First the scaling factors are varied within their total493

uncertainties of 46% for Wbb and Wcc events and 31% for Wc events in a fully correlated manner.494

Then a variation of 25% of the nominal scaling factor value needs to be considered both for correlated495

Wbb/Wcc (second) and for Wc (third) because of the extrapolation to the four jet inclusive bin.496

Finally the number ofW+jets events passing the event selection with at least one b-tagged jet outlined497

in section 6 is obtained by using the498

W≥4,tagged = W≥4,pretag · f2,tagged · k2→≥4. (4)

In formula 4 f2,tagged ≡ WData
2,tagged/W

Data
2,pretag is the fraction of W+2 jet events passing the requirement of499

having at least one b-tagged jet, and k2→≥4 ≡ fMC≥4,tagged/ f
MC
2,tagged is the ratio of the fractions of simulated500

W+jet events passing the requirement of at least one b-tagged jet, for at least four and two jets, respec-501

tively. The value of f2,tagged is found to be 0.063 ± 0.005 in the electron and 0.068 ± 0.005 in the muon502

channel, where the uncertainties include statistical and systematic contributions. The ratio k2→≥4 is found503

to be 2.52 ± 0.36 in the electron, and 2.35 ± 0.34 in the muon channel. The uncertainties include both504

systematic contributions and contributions arising from a limited number of simulated events.505

The W+jets shape uncertainty is considered in section 8 as derived from studies on differently gen-506

erated simulated events.507

6 Event selection508

The event selection is designed to select events with the signature of t̄t signal events decaying to the509

single lepton (electron e or muon µ) topology i.e. an isolated lepton, genuine missing transverse energy510

from the W boson decay and jets.511

--
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Example background estimates: W+jets - single lepton
•Shape from simulation, 
•Normalization
‣ floating parameter to be determined from kinematic fit
‣ final normalization from fit, but starting value and variations 

constrained from data
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Figure 1: Transverse mass (lepton and EmissT ) distribution after selection for the electron (a) and muon
(b) channel. The selection has been relaxed with respect to the plotted observable.

5.2 Estimation of the W+jets background450

The ALPGEN samples described in section 3 are combined to estimate the W+jets background. The451

flavour composition was determined by a direct measurement of the W+jets tagged fraction in the one452

and two-jet multiplicity sample in the data. The normalization of simulated samples is re-scaled while453

keeping the overall pre-tagged normalization a constant. The Wbb and Wcc components are scaled by a454

factor 1.63, theWc events need to be scaled by 1.11. On top of these corrections the overall normalization455

of W+jets in the events with four or more jets before b-tagging is determined by the measurement of the456

charge asymmetry in W boson production at the LHC. The parton distribution functions (PDFs) of up and457

down valence quarks are different in a proton, hence given that W+-bosons can derive from ud̄ → W+ or458

cs̄→ W+ processes and W−-bosons from, e.g., dū→ W−, a production asymmetry is obtained.459

Formula (3) is used to extract theW+jets background in the signal region (≥ 4 jets) before b-tagging.460

NW+ + NW− =
(NMC

W+ + N
MC
W− )

(NMC
W+ − NMC

W− )
(D+ − D−) =

(
rMC + 1
rMC − 1

)
(D+ − D−), (3)

where D+(D−) are the total number of events in data with a positively (negatively) charged lepton, and461

rMC ≡ σ(pp→W
+)

σ(pp→W−) is evaluated from simulated events for the signal region kinematic cuts. The ratio of462

cross sections, r ≡ σ(pp→W+)σ(pp→W−) is, theoretically, relatively well understood [54, 55].The formula is valid463

due to the fact that the processes tt̄, QCD multi-jets, Z+jets, are charge symmetric, and so NW+ − NW− ≈464

D+ − D− to a very good approximation. Here D± denote the total number of events selected in the data465

with a positive or negative lepton and NW+ ,NW− are the numbers of W+,W− events in the signal region.466

We are interested in events with a single, high pT lepton (e or µ) plusEmissT and jets. In the standard467

model, W-boson production, in which the W-boson decays leptonically, is the dominant source of the468

charge asymmetry in data in the single lepton channel. The W+jets estimate is validated in the pre-tag469

sample, see Figure 2.470

The normalization in the tagged sample is obtained by extrapolating the pre-tagged factors with the471

expected fraction of tagged events derived from simulation. The resulting scale factors for the simulated472

samples are 0.78 ± 0.14 for the µ + jets channel and 0.98 ± 0.22 for the e + jets channel.473

PDFs for up and down quarks  are different in proton
W+ are obtained from ud+  

ATLAS
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Search for excess in tt production - di-lepton

•Standard: di-lepton selection 
(e,) + data-driven Z/γ*+jets
(ETmiss-dep Z-window) and QCD bkg 
estimates

60

•Exclude RS KKGluon with 
MKK below 0.84 TeV at 95% CL 

ATLAS-CONF-2011-123∫Ldt = 1.04 fb-1 (2011)

•No excess found in HT+ETmiss → 
95% Bayesian credible interval 
for RS KKGluon σ*BR including 
systematics as integrated nuisance 
pars.
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Figure 4: Expected and observed limits on cross section times branching ratio at 95% C.L. and expected
cross section for a Randall-Sundrum KK-gluon gKK . Cross sections were calculated using the MRST
2007 LO∗ PDF.

Table 3: Expected and observed lower limits on the KK-gluon mass in the Randall-Sundrum model
Mass Limit (TeV)

gqqgKK /gs Expected Observed
-0.20 0.80 0.84
-0.25 0.88 0.88
-0.30 0.95 0.92
-0.35 1.02 0.96

KK-gluon production as well as upper limits at 95% C.L. on the mass of the KK-gluon in the Randall-
Sundrum model of 0.84 TeV.

For resonance masses above approximately 1 TeV, the top quark decay products start to become
strongly collimated. A search taking into account such final state topologies as well as reconstruction of
the resonance mass is the subject of a forthcoming analysis.
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Figure 4: Expected and observed limits on cross section times branching ratio at 95% C.L. and expected
cross section for a Randall-Sundrum KK-gluon gKK . Cross sections were calculated using the MRST
2007 LO∗ PDF.

Table 3: Expected and observed lower limits on the KK-gluon mass in the Randall-Sundrum model
Mass Limit (TeV)

gqqgKK /gs Expected Observed
-0.20 0.80 0.84
-0.25 0.88 0.88
-0.30 0.95 0.92
-0.35 1.02 0.96

KK-gluon production as well as upper limits at 95% C.L. on the mass of the KK-gluon in the Randall-
Sundrum model of 0.84 TeV.

For resonance masses above approximately 1 TeV, the top quark decay products start to become
strongly collimated. A search taking into account such final state topologies as well as reconstruction of
the resonance mass is the subject of a forthcoming analysis.
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Figure 5: BDT j (OS-SS) distributions after the Emiss
T and HT selection but before the b−tagging selection:

(a) τ1, (b) τ3. The normalization of each template is derived from a fit to the data and are shown as the
blue (signal), red (background) and black (total) lines. Red hatched bands are the statistical errors of the
background template.
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Figure 6: BDT j (OS-SS) distributions after the b−tagging selection: (a) τ1, (b) τ3. The normalization of
each template is derived from a fit to the data and are shown as the blue (signal), red (background) and
black (total) lines. Red hatched bands are the statistical errors of the background template.

Table 7: Results of template fits to BDT distributions. W+jet OS, W+jet SS, and signal correspond to a,
b, and c in Equation (1).

Before Emiss
T cut (data) W + jet (OS) W + jet (SS) Signal MC expectation

τ1 3180 ± 610 1150 ± 580 672 ± 70 806 ± 20
τ3 12100 ± 1200 6710 ± 1200 193 ± 50 261 ± 10

Before b−tag (data) W + jet (OS) W + jet (SS) Signal MC expectation
τ1 1840 ± 400 740 ± 380 427 ± 50 477 ± 10
τ3 7700 ± 810 4610 ± 810 106 ± 30 160 ± 10

After b−tag (data) W + jet (OS) W + jet (SS) Signal MC expectation
τ1 700 ± 190 360 ± 170 163 ± 30 198 ± 3
τ3 1930 ± 380 1010 ± 380 62 ± 20 66 ± 2
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Di-lepton: μ+τ (τ→ had) channel 

•One central high pT μ, no low pT (C) el 
• ≥1 jet-seeded τ candidate (←cut-based algo on 

particle flow objects (C) or Boosted Decision Tree 
(BDT) (A)) with opposite charge to μ (OS)

•≥2 jets & ≥1 b-tag 
• large ETmiss >40 (C) or 30 (A) GeV & HT>200 

GeV (A)

61

 ∫Ldt = ~1.08 fb-1 (A,C) (2011)

C

CM-PAS-TOP-11-006

A=ATLAS,  C=CMS
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ATLAS NOTE
August 16, 2011

Measurement of the top quark pair production cross section in pp1

collisions at
√
s = 7 TeV in µ + τ final states with ATLAS2

The ATLAS Collaboration3

Abstract4

A measurement of the cross section of top quark pair production in proton−proton colli-5

sions at a center-of-mass of 7 TeV at the LHC using events with an isolated µ and a τ lepton6

decaying hadronically is reported. Candidate events are selected requiring, in addition to a7

µ and a τ lepton, two or more jets in which at least one of them identfied as a jet originat-8

ing from a b quark, and large missing transverse energy. To identify τ leptons, the analysis9

uses a multivariate technique based on boosted decision trees. A data sample collected by10

ATLAS corresponding to an integrated luminosity of 1.08 fb−1 yields11

σtt̄ = 142 ± 21 (stat.) ±2016 (syst.) ± 5 (lumi.) pb.

δσ/σ~24%

δσ/σ~21%

Check universality + sensitivity to t→H±+b→τνb 

Available on the CERN CDS information server CMS PAS TOP-11-006

CMS Physics Analysis Summary

Contact: cms-pag-conveners-top@cern.ch 2011/07/27

First measurement of the tt̄ production cross section
in the dilepton channel with tau leptons in the final state

in pp collisions at
√

s=7 TeV

The CMS Collaboration

Abstract

We present a measurement of the tt production cross section in dilepton events
with one muon and one hadronically decaying tau lepton from the decay tt →
(µνµ)(τhντ)bb̄. This is the first measurement of the tt cross section explicitly including
tau leptons in proton-proton collisions at

√
s = 7 TeV. The data sample corresponds

to an integrated luminosity of 1.09 fb−1 collected by the CMS detector. The measured
value σtt = 148.7 ± 23.6(stat.)± 26.0(syst.)± 8.9(lumi.) pb is consistent with predic-
tions from the standard model.

•Data-driven dominant tt & W+jets 
(enriched low Njet region (A), weight W+≥ 
3jet with jet fake prob. from average of W
+≥1jet & QCD enriched (C),QCD (non-iso 
mu sample normalized to low ETmiss )

•σtt =Nμ+τ /A*Lumi.  Nμ+τ from
•C: bkg-subtracted data
•A: template lkl fit of difference of 

BDT in OS & SS samples (cancel 
most gluon & b-jet fakes) 

ATL-CONF-2011-119

A 6 4 Estimate of the background

Figure 6: Reconstructed top quark mass distribution for the tau dilepton candidate events after
the full event selection. Distributions obtained from data (points) are compared directly with
simulation.

Nτ−fake =
N

∑
i

n

∑
j

wj
i(jet → τ)− Nnon−τ− f ake, (1)

where j is the jet index of the event i. The Nnon−τ− f ake is the small (� 18%) contamination of
genuine tau contribution (i.e., non-τ-fake background) inside the τ-fake background, which is
estimated from MC. This is mostly due to the presence of real τ-jets in the W+ ≥ 3 jet sample.
In order to estimate this contribution, the same data driven method is applied to MC events
of Z/γ∗ → ττ, single top production, di-bosons, and the part of the SM tt background not
included in the τ-fake background. The probability w(jet → τ) is evaluated using all jets in
a sample enriched in QCD multijet events (wQCD), and all jets in another sample enriched in
W+ ≥ 1 jet events (wW+jets). The probability that a jet fakes a τ-jet as a function of jet pT, η and
Rjet are compared in MC (Z2 tune) and data for a QCD multijet sample and are shown in Fig. 7
(right).

For the evaluation of jet → τ fake probability, QCD multijet and W+ ≥ 1 jet events are selected.
The QCD multijet events are selected by requiring events to have at least two jets with pT >
20 GeV/c and |η| < 2.4. The triggering jet is removed from the fake rate calculation in order to
avoid a trigger bias. The W+ ≥ 1 jet events are selected by requiring only one isolated muon
with pT > 20 GeV/c and |η| < 2.1 and at least one jet with pT > 20 GeV/cGeV/c and |η| < 2.4.

Jets in QCD multijet events are mainly from gluon jets (� 75% obtained from MC), while the
jets in W+ ≥ 1 jet events are predominantly from quark jets (�64% obtained from MC), where
wQCD < wW+jets. Since the quark and gluon jet composition in � + Emiss

T ≥ 3 jet events lies
between two categories of events, QCD multijet and W+ ≥ 1 jet events, the Nτ−fake value will
be under- (over-) estimated by applying the wQCD (wW+jets) probability. Thus, the Nτ−fake and

C

NEW!

update and go to back-up

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-119/
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Fully hadronic channel

62

∫Ldt = 35 pb-1 (A) (2010), ~1.0 fb-1 (C) (2011)
ATL-CONF-2011-066

•Ntt from lkl fit to top mass (C) checked by 

neural network discr. or χ2(A)→σ=Ntt/A*Lumi
   Systematics from pseudo exp. (dominated  
by b-tag, jet scale, bkg norm) 

•Data-driven QCD bkg: weight control 
samples >=6 jets no b-tag (C) or 6,5 jets(A)  
with data driven b-tag prob 

Available on the CERN CDS information server CMS PAS TOP-11-007

CMS Physics Analysis Summary

Contact: cms-pag-conveners-top@cern.ch 2011/07/29

Measurement of the tt production cross section in the fully
hadronic decay channel in pp collisions at

√
s = 7 TeV

The CMS Collaboration

Abstract

This note presents a first measurement of the top quark pair production cross section
in the fully hadronic decay channel at a center-of-mass energy of

√
s = 7 TeV using

data corresponding to an integrated luminosity of 1.09 fb−1 taken with the CMS de-
tector. The cross section is determined from an unbinned maximum likelihood fit to
the reconstructed top quark mass. The reconstruction of tt candidates is performed
after a cut-based event selection using a kinematic fit. A data-driven technique is used
to estimate the dominant background from QCD multijet production. The cross sec-
tion measurement yields σtt = 136 ± 20 (stat.) ± 40 (sys.) ± 8 (lumi.) pb. This result is
consistent with measurements in other decay channels and with the Standard Model
prediction.

3

In the kinematic fit gaussian resolutions are used for the jets. These resolutions are determined
separately for jets originating from light quarks and bottom quarks using simulated tt events.
The resolutions are determined as functions of the jet transverse energy and pseudorapidity
and are corrected for the differences observed between data and simulation [16].

The number of events in data passing each selection step and the expected signal fraction using
a Standard Model tt production cross section of 163 pb [17] are given in Table 1.

Table 1: Number of events and the expected signal fraction in the data sample after each selec-
tion step. The expected signal fraction is taken from the simulation, assuming a cross section
of 163 pb [17].

Selection step Events Signal fraction
At least 6 jets 248 109 2%
At least two b-tags 6 905 17%
Kinematic fit 1 620 32%

4 Signal Extraction
The number of signal events after the final selection is determined via an unbinned maximum
likelihood fit to the reconstructed top quark mass distribution. The latter is obtained from the
kinematic fit. The shapes used in the fit for the signal and background distributions are derived
from simulation and a data-driven estimate, respectively. The resulting distribution is shown
in Figure 1.
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Figure 1: Result of the fit to the reconstructed top quark mass for the tt simulation (solid red
line) and the multijet QCD estimated from data (dashed blue line). The uncertainty stated on
the signal fraction fsig is only statistical.

4.1 QCD Multi-Jet Background Estimation

The background from QCD multijet events is estimated from events with six or more jets of
which exactly zero are b-tagged. In this region of the phase space the signal contribution is
below 1%. As the kinematics from b-tagged jets and non-b-tagged jets differ, the events that

CMS-PAS-TOP-11-007

syst dominated!

shows the fit result of the minimum mass χ2 distribution. The cross-section σtt̄ is obtained by applying

the equation:

σtt̄ =
Nobs × fs
ε ×
∫

Ldt
, (7)

where Nobs is 1172 and fs is the signal fraction of 6.4% from the fit. The factor ε of 1.8% includes signal

acceptance, the branching fraction as well as pT-, η- and flavor- dependent b-tag scale factors [3, 16].

The summary of the fitted numbers of signal and background events is shown in Table 2.
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Figure 9: Fit result of minimum mass χ2 distribution in ≥ 6-jet with 2 b-tag events (Signal Region).
The black points and filled histograms represent data and the predicted background from the tag rate

functions, respectively. The signal contribution based on the MC is shown as open histograms using the

theoretical cross-section of 165 pb.

Source Number of events

Background 1097.0

tt̄ signal 75.0 ± 46.5 (stat.)
Data 1172

Table 2: Summary of fit results for events with ≥ 6-jet and 2 b-tags.

Using the method described in this section with 36 pb−1, the fitted cross-section is

σ(pp→ tt̄) = 118 ± 73 (stat.) ± 48 (syst.) ± 4 (lumi.) pb.

11

The significance of the fitted value is 1.6σwhereas the expected sensitivity was 2.2σ. The probability

of obtaining a smaller value of the fitted cross-section assuming the theoretical value of 165 pb is 32.5%.

The p-value of the background-only hypothesis is 5.5%. The observed one-sided upper limit at 95%

confidence level is σtt̄ < 261 pb.

5 Summary and Conclusions

We have searched for tt̄ production in the all-hadronic channel. The analysis is performed using 36 pb−1

of pp collisions produced at the LHC with a center-of-mass energy of
√
s =7 TeV and recorded with the

ATLAS detector. A clear observation of tt̄ production in this channel is not expected given the a priori

sensitivity of this search for the current dataset. Furthermore, the measured uncertainty on the fitted

cross-section is found to be too large to claim that an unambiguous signal has been observed. Therefore,

a 95% confidence level limit is set at 261 pb, compatible with the expected Standard Model cross-section

of 165+11−16 pb [17].
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95% CL  upper limit

A=ATLAS,  C=CMS

q
q’

-
•≥ 4 jet trigger, good jets
•≥ 6 high pT jets, ≥ 2 b-tags
‣ 4 jets with pT ≥ 60 GeV (A,C), 5th 

(6th) jet pT ≥ 50 (40) GeV (C)

•A: no e or μ, small ETmiss/
√ETcalo & large HT > 300 GeV 

•Reconstruct with χ2  kine fit

δσ/σ~33%
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Peak Luminosity per day in 2011
The maximum instantaneous luminosity versus day 
delivered to ATLAS. The luminosity determination is 
the same as described above for the integrated 
luminosity. Only the peak luminosity during stable 
beam periods is shown.
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Number of Interactions per Crossing
Shown is the luminosity-weighted 
distribution of the mean number of 
interactions per crossing for 2011. The 
plot is shown for data taken before and 
after the September Technical Stop 
where the beta* was reduced from 
1.5m to 1.0m. 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. It is 
calculated from the instantaneous 
luminosity as µ=L x σinel / (nbunch x fr) 
where L is the instantaneous luminosity, 
σinel is the inelastic cross section which 
we take to be 71.5 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. The entries at µ~0 arise 
from pilot bunches that were present 
during many of the early LHC fills. The 
luminosity in these bunches is >100 
times smaller than in the main bunches 
resulting in values µ<0.1.

ATLASPublicResults

also see arxiv:1101.2185

Number of interactions per crossing at LHC seen by 
ATLAS - 2011 
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Simulation Monte Carlo used in top analyses

• Top quark : MC@NLO (A), MADGRAPH(C)
‣ xsec is normalized to NNLO effects

‣ variationas with ACER (A), POWHEG(A,C)
‣ tau decays with TAUOLA

• Single top : MC@NLO(A), MADGRAPH (C)
‣  t, Wt and s channels

‣ normalized to MC@NLO, remove Wt overlaps with tt final state 

• Z/gamma+jets : PYTHIA (A) for Z_tautau, ALPGEN  (A) for Z to ee and Z to 
mumu NLO factor of 1.25, MADGRAPH(C)

• Di-boson : WW, ZZ: ALPGEN (A) normalized to NLO from MCFM, PYTHIA(C)
• W+jets: ALPGEN (A), MADGRAPH(C)
‣ W+n light partons, W+bb, W+cc, W+c

66

Generation

Hadronization
• HERWIG + JIMMY for underlying event modelling (A), PYTHIA(C)

Detector
• GEANT4

Simulation for pile-up  
mostly included (from 
zero to 8 events on av (A) )

A=ATLAS,  C=CMS

mailto:fracesco.spano@cern.ch
mailto:fracesco.spano@cern.ch
http://livepage.apple.com/
http://livepage.apple.com/


francesco.spano@cern.ch Top Quark @ LHC HEP intercollegiate Post Graduate Lectures -15th Nov 2011

Why Top (quark)?

67

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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measured.

It therefore mandatory for such cases to have 
MC samples where spin correlations are kept 
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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Masses of known fundamental particles

mailto:fracesco.spano@cern.ch
mailto:fracesco.spano@cern.ch

