
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

 [TeV]s

1 2 3 4 5 6 7 8

 [
p
b
]

tt
σ

1

10

210

ATLAS

)-1(2.9 pb

CMS

)-1(3.1 pb

CDF

D0

NLO QCD (pp)

Approx. NNLO (pp)  

)pNLO QCD (p

)  pApprox. NNLO (p

 [TeV]s

1 2 3 4 5 6 7 8

 [
p
b
]

tt
σ

1

10

210

6.5 7 7.5

100

150

200

250

300

6.5 7 7.5

100

150

200

250

300

2 / 15

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

Top quark physics  
with the ATLAS 
detector @ LHC 

Francesco Spanò 

Università “La Sapienza”- Roma
21st Oct 2012

francesco.spano@cern.ch

?

mailto:francesco.spano@cern.ch
mailto:francesco.spano@cern.ch


fracesco.spano@cern.ch Top Quark Physics with ATLAS @ LHC Seminar at  Università` “La Sapienza” & INFN Roma     21st Oct 2013

Outline

•Why top quark ? 

•The tools of the trade
‣  LHC: a Top factory at work
‣ The ATLAS detector: a  Top observer

•Measuring top quark production
‣ top pair & single top: going differential

•Measuring Top Mass  

•Top and Higgs

•A view  from the Top Beyond SM in Top production
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Recent public 
results!
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Standard (model) successes

3

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

5

•What is the origin of mass?

•Why 3 generations 
with different 
quantum numbers ?

•What accounts for the energy balance of the universe?

•Why different 
forces (ranges, 
strengths)?

Higgs, SuperSymmetry, New 
Strong forces..

Dark matter, Dark energy...

•How is gravity 
incorporated?

String theory..

Quantum gravity
Extra dimensions...

4th generation...?
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Standard (model) successes: scalar boson is observed!

The puzzle is not complete..
8

5(6)THE NOBEL PRIZE IN PHYSICS 2013  THE ROYAL SWEDISH ACADEMY OF SCIENCES  HTTP://KVA.SE

A puzzle inside the puzzle
Particle experiments are sometimes compared to the act of smashing two Swiss watches together in 
order to examine how they are constructed. But it is actually much more di#cult than so, because the 
particles scientists look for are entirely new — they are created from the energy released in the collision.

According to Einstein’s well-known formula E = mc2, mass is a kind of energy. And it is the magic of 
this equation that makes it possible, even for massless particles, to create something new when they 
collide; like when two photons collide and create an electron and its antiparticle, the positron, or 
when a Higgs particle is created in the collision of two gluons, if the energy is high enough. 

The protons are like small bags %lled with particles — quarks, antiquarks and gluons. The majority 
of them pass one another without much ado; on average, each time two particle swarms collide only 
twenty full frontal collisions occur. Less than one collision in a billion might be worth following 
through. This may not sound much, but each such collision results in a sparkling explosion of about a 
thousand particles. At 125 GeV, the Higgs particle turned out to be over a hundred times heavier than 
a proton and this is one of the reasons why it was so di#cult to produce. 

However, the experiment is far from %nished. The scientists at CERN hope to bring further ground-
breaking discoveries in the years to come. Even though it is a great achievement to have found the 
Higgs particle — the missing piece in the Standard Model puzzle — the Standard Model is not the %nal 
piece in the cosmic puzzle.

One of the reasons for this is that the Standard Model treats certain particles, neutrinos, as being vir-
tually massless, whereas recent studies show that they actually do have mass. Another reason is that 

Even if the Higgs particle has completed the Standard Model puzzle, the Standard Model is not the final piece in the 
greater cosmic puzzle.

Nobel for Phys 2013 - InfoForPublicPhys. Lett. B 716 (2012) 1-29

Phys. Lett. B 716 (2012) 30
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http://www.sciencedirect.com/science/article/pii/S037026931200857X
http://www.sciencedirect.com/science/article/pii/S037026931200857X
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Why Top (quark)?
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Most massive constituent of matter
MTop~ M Gold Atom

Decay and strong 
production rate are tests 

of standard model

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

 extra dimensions to new strong forces

Background to Higgs  and 
possible new physics (SUSY,..)

                      

  Cargese 2010                                                                                                                                                      Fabio Maltoni
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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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Large Yukawa coupling in SM: Yt  >0.9
 Mtop~ electroweak symmetry breaking scale 

Top2012 -  Keith Ellis, Winchester, September 2012 

Why top now?

Top is unstudied

Tevatron studies of the top quark have limited statistical 
precision.

Top is special

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

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

Top is ubiquitous. 

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

Top-related processes are significant backgrounds for new  
physics.

2

Friday, September 21, 2012

GFitter, Eur. Phys. J. C 72, 2205 (2012) 

Masses of known fundamental particles
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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.

fracesco.spano@cern.ch Top Quark Physics with ATLAS @ LHC Seminar at  Università` “La Sapienza” & INFN Roma     21st Oct 2013 10

 LHC  : a Top producer

2012
   peak lumi: 7.7⋅1033 cm-2 s-1

   ∫Ldt ~22 fb-1 /exp•peak instantaneous 
luminosity:2.1⋅1032 

cm-2s-1

•delivered integrated 
luminosity~50 pb-1

 2010

Ad maiora..

design: ECM=14TeV , lumi 1034cm-2 s-1  
(~30 times Tevatron pp collider )

Ecm =8 TeVEcm=7 TeV

-
peak lumi  2⋅1033 cm-2 s-1  
∫Ldt ~5.6 fb-1 /exp

counter-rotating high intensity proton bunches colliding at center of mass 
energy (Ecm or √s ) = 7 TeV in 27 Km tunnel 

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

Introduction

3
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! 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.

Nevents(Δt)= ∫Ldt * cross section

Ecm(Tevatron)= 1.96 TeV

2011 Ecm =7 TeV

RUN1

RUN2 (start)
Ecm =13 TeV at start 
(14 to be decided later)

2015

 peak lumi: 1.6⋅1034 cm-2 s-1 ± 20%
   ∫Ldt ~40-45 fb-1 /exp per year
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• Gluon fusion (dominant at LHC)

• Quark-antiquark annihilation

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

• Kidonakis, PRD 82 (2010) 114030

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

Top quark pair production
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844 A. Quadt: Top quark physics at hadron colliders

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

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

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

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

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

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

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

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

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

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

√
s can be calculated as [95, 96]:

σtt̄(
√
s,mt) =

∑

i,j=q,q̄,g

∫
dxidxjfi

(
xi, µ

2
)
f̄j
(
xj , µ

2
)

× σ̂ij→tt̄
(
ρ,m2t , xi, xj ,αs(µ

2), µ2
)
. (31)

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

√
ŝ and

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

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

Since the probability of finding a quark of momentum frac-
tion x in the proton falls off with increasing x (see Fig. 14),
the typical value of xixj is near the threshold for tt̄ produc-
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ŝ= xixjs is the effective centre-of-mass energy squared for
the partonic process. The corresponding lowest order par-
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Since there has to be at least enough energy to produce

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

fi(x) falls with larger x typical

844 A. Quadt: Top quark physics at hadron colliders

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/

√
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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.
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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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(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].

Kidonakis 
2010,2011

Tevat LHC(7) LHC(14)

gg ~10% ~85% ~90%

qq ~90% ~15% ~10%

σ7TeV = 4.6±0.2 pb

Czakon,Mitov,Fiedler 2013

σ8TeV = 245.8 +6.2-8.4 +6.2-6.4  pb
scales PDF

PDF=MSTW2008nnlo68cl
for mtop= 173.3

NNLO+NNLL accuracy

approx NNLO

δσtt/σtt ~4% 

δσt/σt ~2 to 7% 

mtop= 172.5

σ8TeV = 87.8±3.4 pb σ8TeV =22.4±1.5 pb σ8TeV =5.6±0.2 pb
σ7TeV = 64.6 ± 2.4 pb σ7TeV = 15.7 ± 1.1 pb

gluon fusionqq annihilation
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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

13

LHC14 t and tt  cross section 

tt/t Rate at L=
1033cm-2 s-1

√s(TeV) σtt(pb) σt(pb)

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

14 (pp)

~7
~172
~230
~900

 
~65
~88

0.16 (0.06)Hz

0.9Hz

LHC7

for ∫Ldt = 5 fb-1  (18fb-1 ))@7 (8) TeV, expect 
~8·105  (~4.5 106 )tt events 

Single top events are ~50%
 
Tevatron (lower energy collider): ∫Ldt =9.4 
fb-1 on tape, expect ~ 6.6·104 events

0.23 (0.08)Hz
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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

-

tt

τ to 
(e,μ) 
+jets 

(e,μ)+ 
jets

decayshad τ
+lep

all jets

di-lepton 
( e,μ) 

t

l, q

ν, q’

b

W
+

W q’/q’b, b 

t,sWt
1 or 2 jets

single top

bkgs_single_t:  tt +  same bkgs_tt
14

3.7%

9.8%

4.7%

29.6%
6.4%

45.7%μ

had τ
+jets 
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size 
matters

p
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EM Calorimeters

Hadronic Calorimeters

Inner detector

3 trigger levels 
for event 
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44m

25
m

η = pseudorapidity =-ln (tan(θ/2))

ϕ
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!"#
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 ATLAS : a Top observer...
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...with excellent performance

16

Top event selection

tt̄ → e+jets event display

15 / 22

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

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

Total Recorded (Delivered) Lumi: 
45.0 (48.1) pb-1 

Lumi uncertainty~3.4%
Data sample for first top paper~3 pb-1

Analyses use : 4.7 fb-1 (2011) to 
20.3 fb-1 (2012)

Luminosity uncertainty ~1.8% to 3.1%(prel)

2011-2012

2010

ATLAS Luminosity Public Page
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Selection/Ingredients for top quark pairs/single-top

t t

b

bq
q

W

W l

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

t t

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

Muon
• Segments	  in	  tracker	  

and	  muon	  detector
• Calo	  and	  track	  

isolation
• pT	  >	  20	  GeV	  |η|	  <	  2.5

b

bq
q

W

W l

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

t t

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

Muon
• Segments	  in	  tracker	  

and	  muon	  detector
• Calo	  and	  track	  

isolation
• pT	  >	  20	  GeV	  |η|	  <	  2.5

Jet
• Topological	  clusters,	  Anti-‐kT	  (R=0.4)
• MC	  Calibration	  checked	  w/data
• pT	  >	  25	  (20)	  GeV,	  	  	  	  |η|	  <	  2.5
• (large	  JVF	  =∑jet	  trk	  in	  PV	  pT/∑	  jet	  trk	  pT	  	  vs	  

pile-‐up	  jets)	  

b

bq
q

W

W l

ν
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Selection/Ingredients for top quark pairs/single-top
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• (large	  JVF	  =∑jet	  trk	  in	  PV	  pT/∑	  jet	  trk	  pT	  	  vs	  

pile-‐up	  jets)	  

b-‐Jet
• Displaced	  tracks	  or	  secondary	  lepton
• SV0:	  reconstruct	  sec.vertex
• JetProb:	  track/jet	  compatibility	  with	  prim.	  

vertex
• IP3D+SV1	  +/or	  JetFitter:	  advanced	  lkl/NN	  taggers

b

bq
q

W

W l

ν
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• Displaced	  tracks	  or	  secondary	  lepton
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vertex
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ET
miss

• Vector	  sum	  of	  calo	  
energy	  deposits

• Corrected	  for	  
identified	  objectsb
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Selection/Ingredients for top quark pairs/single-top
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 Backgrounds estimates  (single lepton+jets)
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(a) e + jets channel
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(b) µ + jets channel

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

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

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

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

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

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

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

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

the latter are uncorrelated.212

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

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

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

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

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

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

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

histogram as shown in Fig. 6.220

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

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

follows:223

L(�β,�δ) =
120�

k=1

P(µk, nk) ×
�

j

G(β j,∆ j) ×
�

i

G(δi, 1) (3)

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

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

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

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

ATLAS-CONF-2011-121

• simulated shape
• normalization: scale from charge 

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

• Single top

simulated shape+
rate from simul.

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

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

miss shape to data and extrapolate

Here N loose
real
and N loose

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

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

selected as tight leptons. These efficiencies are defined as

εreal =
N
tight
real

N loose
real

and εfake =
N
tight
fake

N loose
fake

, (4)

where N
tight
real
and N

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

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

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

where the contribution of fake leptons is dominant.

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

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

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

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

affecting muon isolation.

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

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

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

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

T
< 20GeV).

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

subtracted.

4.2 W+jets background estimation

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

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

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

W+jets rate from the data.

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

to a good approximation, the formula

NW+ + NW− =

(
rMC + 1

rMC − 1

)
(D+ − D−), (5)

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

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

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

from Monte Carlo simulation, using the same event selection.

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

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

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

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

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

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

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

4
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Backgrounds (di-lepton)
• “Fake” leptons from data   
‣ Get probability for loose “fake” and real leptons to be 

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

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

19

• Z/γ* bkg (ee, μμ) :  scale non-Z/γ*-bkg-subtracted data in Z-mass 
window control region with ratio of N(Z/γ*) in signal region to control 
region from simul.
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Figure 1: (a) Jet multiplicity distribution for ee+µµ+eµ events without b-tag. (b) Multiplicity distribu-
tion of b-tagged jets in ee+µµ+eµ events. Contributions from diboson and single top-quark events are
summarized as ‘Other EW’. Note that the events in (b) are not a simple subset of those in (a) because the
event selections for the b-tag and non-b-tag analyses differ.
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Figure 2: The HT distribution in the signal region for (a) the non-b-tag eµ channel, (b) the b-tagged eµ
channel. Contributions from diboson and single top-quark events are summarized as ‘Other EW’.
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‣ Alternative: scale bkg-subtracted N(same sign 
leptons) in data with N(opposite sign)/ N(same sign) from 
simulation 
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Producing top quarks
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Inclusive σtt :  dilepton - √s = 8 TeV

21

• Require opposite sign (OS) eμ, no HT,ETmiss 

cuts, no lep isolation  minimal use of jet/ETmiss info

• Bkg: single top (Wt), fake leptons, reduced Z+jets 

Most precise LHC σtt  @ 8 TeV!

ATLAS-CONF-2013-097
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ATLAS NOTE

ATLAS-CONF-2013-097

September 13, 2013

Measurement of the tt̄ production cross-section in pp collisions at√
s = 8 TeV using eµ events with b-tagged jets

The ATLAS Collaboration

Abstract

This note describes a measurement of the inclusive top-pair production cross-section
(σtt̄) with the full 2012 ATLAS data sample of 20.3 fb−1 of proton-proton collision data at
a centre-of-mass energy of

√
s = 8 TeV, using tt̄ events with an opposite-sign eµ pair in the

final state. Jets containing b quarks were tagged using an algorithm based on track impact
parameters and reconstructed secondary vertices. The numbers of events with exactly one
and exactly two b-tagged jets were counted and used to simultaneously determine σtt̄ and
the efficiency to reconstruct and b-tag a jet from a top quark decay, thereby minimising the
associated systematic uncertainties. The cross-section was measured to be:

σtt̄ = 237.7 ± 1.7 (stat) ± 7.4 (syst) ± 7.4 (lumi) ± 4.0 (beam energy) pb,

where the four uncertainties arise from data statistics, experimental and theoretical system-
atic effects, the integrated luminosity, and the LHC beam energy, giving a total relative
uncertainty of 4.8 %. The result is consistent with recent theoretical QCD calculations at
next-to-next-to-leading order.

c� Copyright 2013 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.

• “External” Syst dominated: Lumi ~3.1%, 
E_b~1.7%, tt modelling ~1.5%  Elec. ID/isol ~1.4%

t
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b

tW 
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freshly presented at TOP2013 in September

• Simultaneous fit for σtt and εb, efficiency to 
select, reco and b-tag a jet in 1-b-tag and 2-
b-tag samples→minimize jet & b-tag syst 

ℓνℓνbb  

δσtt/σtt ~4.8% 
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the implementation of the fit to extract the cross-section in Section 5. The uncertainties on the selection

efficiency for tt̄ events are discussed in Section 6, the evaluation of backgrounds in Section 7 and tagging

correlations between the two b-jets of the event in Section 8. Other small uncertainties are discussed in

Section 9. Finally, the results are given in Section 10 and conclusions in Section 11.

2 Analysis outline

The tt̄ cross-section is measured in the dileptonic eµ channel, where one top quark decays as t → Wb→
eνb and the other as t → Wb → µνb.

1
The final state of interest contains one electron, one muon (of

opposite charge sign), two b-jets from the top quark decays and missing transverse momentum from the

two neutrinos. Additional jets from initial- or final-state radiation (ISR/FSR), or from pileup, may also

be present.

To reduce the dependence on such additional jets (only a small fraction of which originate from b or

c quarks), the analysis only considers jets which are b-tagged as having a high probability of originating

from b-quarks. Each tt̄ pair produces two candidate b-jets, and a variable number of additional light

jets, which are ignored in the selection. Three event samples are defined: the number of events with

an electron and muon Neµ (the eµ preselection), the subset of these events which have exactly one b-

tagged jet (N1), and the subset which have exactly two b-tagged jets (N2). The latter two numbers can be

calculated as:

N1 = Lσtt̄ �eµ2�b(1 −Cb�b) + Nbkg

1

N2 = Lσtt̄ �eµCb�b
2 + Nbkg

2
(1)

where L is the integrated luminosity of the sample, σtt̄ the tt̄ production cross-section, and �eµ the effi-

ciency for a tt̄ event to pass the eµ preselection. The combined probability for a b-jet from a top quark

decay to fall within the fiducial acceptance of the detector, be reconstructed as a jet with momentum

above the analysis cut, and to be tagged as a b-jet, is denoted by �b. If the decays of the two top quarks

and the subsequent reconstruction of the two b-tagged jets are completely independent, the probability

to tag both b-jets �bb is given by �bb = �b2
. In practice, small correlations are present for both physical

and instrumental reasons, and these are taken into account with the tagging correlation Cb, defined as

Cb = �bb/�b2
. As discussed further in Section 8, this correlation term also accounts for the small effect

of mistagging additional light quark jets from radiation in tt̄ events, and for possible small dependencies

of �eµ on the number of tagged jets. Background from events other than tt̄ production also contributes to

the event counts N1 and N2, and is taken into account via the background terms Nbkg

1
and Nbkg

2
.

In the analysis, events with one reconstructed electron with ET > 25 GeV and one reconstructed

muon with pT > 25 GeV are selected, giving a preselection efficiency �eµ for tt̄ events of about 0.8%,

including the branching ratio of tt̄ → eµνν̄bb̄ of about 2.3 %. The small contribution where one or both

leptons are produced via a W → τ → e, µ decay is included in the signal definition. Jets reconstructed

with pT > 25 GeV and |η| < 2.5 are counted if they are tagged by the MV1 b-tagging algorithm with a

working point giving a nominal 70 % efficiency for b-jets in tt̄ events. The product of jet and b-tagging

efficiencies and acceptances �b is about 55 %. The analysis is a counting experiment in which the numbers

of 1 b-tag and 2 b-tag events N1 and N2 are determined from the data. The background Nbkg

1
in the 1-tag

sample is about 11 %, dominated by the associated production of a single top quark and a W boson (Wt),
and is estimated using Monte Carlo simulation. The 2 b-tag sample is about 96 % pure in tt̄ events, again

with a background dominated by Wt. Other backgrounds from Z+jets (with Z → ττ → eµ), diboson

production and fake leptons are determined using both data and simulation. Monte Carlo simulation is

also used to determine the efficiency of the preselection �eµ, and the tagging correlation Cb, which is close

1
Charge-conjugate modes are implied unless otherwise stated.

3

∫Ldt ~ 20.3 fb-1 (2012)-

-

--
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Inclusive top pair cross section results σtt

✤  

✤  

√s = 7 TeV (latest) √s = 8 TeV

• ATLAS relative uncertainty is ~6% (4.8%)  at √s =7 (8) TeV 
dominated by systematics. Comparable to theory.
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δσtt/σtt ~5.8% 

-

--

mailto:fracesco.spano@cern.ch
mailto:fracesco.spano@cern.ch
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-134/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-134/


fracesco.spano@cern.ch Top Quark Physics with ATLAS @ LHC Seminar at  Università` “La Sapienza” & INFN Roma     21st Oct 2013

• Reconstruct tt with kinematic likel. fit 
(mt,mW constraint) → -log(lkl) > 50 

• Unfold d(N-Nbkg)/dX to full phase space 
(regularized unfolding, linearity tests), scale 
with L and σtt →1/σtt dσtt/dX

23

• 1 isol. (e,μ), symmetric ET and mTW cuts, ≥ 4 
central jets,  ≥1 b-tag, standard bkg

evolution from EJPC (2013) 73 2261)

8

pact of the PDF uncertainties is studied using the procedure469

described in [48].470

Background processes are either estimated by simula-471

tion or using auxiliarymeasurements, see Sect. 4. The uncer-472

tainty on the fake lepton background is estimated by vary-473

ing the control data sample, taking into account the statis-474

tical uncertainty and background corrections. The total un-475

certainty is estimated to be 100%. The normalization ofW+476

jets is derived from auxiliary measurements using the asym-477

metric production of positively and negatively charged W478

bosons in W+jets events. The uncertainties are estimated479

to be 21% and 23% in the four jet bin, for the electron and480

muon channels respectively. This uncertainty is estimated by481

evaluating the effect on both rMC and k2→≥4 from the JES482

uncertainty and different PDF and generator choices. Sys-483

tematic uncertainties on the shape of W+jets distributions484

are assigned based on differences in simulated events gener-485

ated with different factorization and parton matching scales.486

Scaling factors correcting the fraction of heavy flavour con-487

tributions in simulated W+ jets samples are derived from488

auxiliary measurements, see Sect. 4.2. The systematic un-489

certainties are found by changing the normalizations of the490

non-W processes within their uncertainties when computing491

W data
i,pretag,W data

i,tagged, as well as taking into account the impact492

of uncertainties in b-tagging efficiencies. The total uncer-493

tainties are 47% forWbb̄+jets andWcc̄+jets contributions494

and 32% for Wc+jets contributions. In the µ + jets chan-495

nel the fractional contributions ofWbb̄+jets,Wcc̄+jets and496

Wc+jets samples to the total W+jets prediction are esti-497

mated to be 9%, 17% and 12% (36%, 25% and 17%) re-498

spectively, before (after) the b-tagging requirement. In the499

e+ jets channel the fractional contributions of Wbb̄+jets,500

Wcc̄+jets and Wc+jets samples to the total W+jets pre-501

diction are estimated to be 9%, 17% and 13% (35%, 25%502

and 17%) respectively, before (after) the b-tagging require-503

ment. The normalization of Z+jets events is estimated using504

Berends-Giele-scaling [49]. The uncertainty in the normal-505

ization is 48% in the four jet bin and increases with the jet506

multiplicity. The uncertainties on the normalization of the507

small background contributions from diboson and single top508

production are estimated to be about 5% [32, 36, 37] and509

10% [38–40], respectively.510

The statistical uncertainty on the Monte Carlo predic-511

tion due to limited Monte Carlo sample size is included as a512

systematic uncertainty in each bin for each process.513

7 Cross section unfolding514

7.1 Unfolding procedure515

The underlying binned true differential cross section distri-
butions (! j) are obtained from the reconstructed events us-
ing an unfolding technique that corrects for detector effects.

The unfolding starts from the reconstructed event distribu-
tion (Ni), where the backgrounds (Bi) have been subtracted.
The unfolding uses a response matrix (Ri j), see Eq. (3), de-
rived from tt̄ simulations, which maps the binned true events
to the binned reconstructed events. The kinematic properties
of the generated t and t̄ partons in simulated tt̄ events define
the “true” properties of the tt̄ events. In its simplest form the
unfolding equation can be written as

Ni ="
j
Ri j! jL +Bi ="

j
Mi jA j! jL +Bi, (3)

where L is the integrated luminosity, Mij is the bin migra-516

tion matrix (see Fig. 3), and Aj is the acceptance which in-517

cludes the branching fraction BR(tt̄ →≥ 1l) = 0.543, taken518

from Ref. [50], for tt̄ where at least one W boson decays519

to leptons. The estimated acceptance for simulated tt̄ events520

ranges from about 2.5% (3.5%) for mtt̄ # 500 GeV to 1.5%521

(1.5%) for mtt̄ # 1.5 TeV for e+ jets (µ + jets) selected522

events. In bins of tt̄ rapidity the acceptance for simulated523

tt̄ events ranges from about 2.7% (3.8%) for ytt̄ # 0 to about524

0.3% (0.5%) for |ytt̄ | = 2 for e+ jets (µ+ jets) selected events.525

In bins of tt̄ transverse momentum the acceptance for sim-526

ulated tt̄ events ranges from about 3.0% (4.2%) for pT,tt̄#527

300 GeV to 1.0% (1.0%) for pT,tt̄ # 700 GeV for e+ jets528

(µ+ jets) selected events.529

The cross section ! j is then extracted by solving Eq .(3)

! j =
"i M−1

i j (Ni−Bi)
AjL

. (4)

The bin size is optimized using pseudoexperiments drawn530

from simulated events including systematic uncertainties.531

The adopted optimi zation strategy is to choose as small a532

bin size as possible without substantially deteriorating the533

total uncertainty after unfolding. This effectivelymeans keep-534

ing about 68% of the events on the diagonal of the migration535

matrix, and requiring that the condition number3 of the mi-536

gration matrix is O(1). The fine binned distributions before537

unfolding reported in Fig. 2 show good agreement between538

reconstructed data and the prediction.539

To evaluate the performance of the unfolding procedure,
and to estimate the systematic uncertainties, Eq. (4) has been
extended to the following form to allow detailed studies us-
ing pseudoexperiments

! j(dk) =
"iM−1

i j (dk)[P(Ni)−Bi(dk)]
Aj(dk)L (dk)

, (5)

where P(Ni) is the Poisson distribution with mean Ni and dk540

are continuous variables representing the systematic sources,541

3The condition number k is defined as k= ||M|| · ||M−1||, and is a mea-
sure of how much the matrix inversion increases the size of the uncer-
tainties in the error propagation.

• X= pT,top (new), mtt ytt pT,tt : compare with MC and 
calculations!

• Typical syst:<7% for ytt, 10-20% pT,tt  2 to 10% 
for pT,top , 2% to 5% mtt,  

--

fresh from TOP2013 (September)!

Differential! Test QCD , constrain new (non-)resonant phys. in tt!

qqℓνbb  

 1/σtt dσtt/dpT,top

t

νν

l+

W 
+

b

tW 
–

b

q

q'

Differential dσtt/dX:  l+jets √s = 7 TeV
∫Ldt =  4.7 fb-1 (2011)
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Figure 3: Reconstructed distributions for pt
T (from the hadronically decaying top quark) in the elec-

tron (a) and muon (b) channels and for mtt̄ in the electron (c) and muon (d) channels. Data is compared
to predictions, using Alpgen+Herwig as the signal model. The hashed area indicates the combined sta-
tistical and systematic uncertainties on the total prediction, excluding systematic uncertainties related
to the modeling of the tt̄ system. “Other” includes the small backgrounds from the diboson and Z+jets
production. Events beyond the axis range are included in the last bin.
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Figure 11: Ratios of the NLO QCD predictions [58] to the measured normalized differential cross-
sections for different PDF sets (CT10 [23], MSTW2008NLO [55], NNPDF2.3 [56] and HERA-
PDF1.5 [59]) (points) for (a) pt

T, (b) mtt̄, (c) ptt̄
T, and (d) ytt̄. The points are slightly offset in each

bin to allow for better visibility. The gray bands show the total statistical and systematic uncertainty on
the unfolded distributions, while the error bars denote the uncertainties on the PDFs which include the
internal PDF set variations and also fixed scale uncertainties.
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Figure 11: Ratios of the NLO QCD predictions [58] to the measured normalized differential cross-
sections for different PDF sets (CT10 [23], MSTW2008NLO [55], NNPDF2.3 [56] and HERA-
PDF1.5 [59]) (points) for (a) pt

T, (b) mtt̄, (c) ptt̄
T, and (d) ytt̄. The points are slightly offset in each

bin to allow for better visibility. The gray bands show the total statistical and systematic uncertainty on
the unfolded distributions, while the error bars denote the uncertainties on the PDFs which include the
internal PDF set variations and also fixed scale uncertainties.
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FIG. 4: The ratio RHF of fiducial cross sections as a function
of Fb/HF, the ratio of tt̄ events with additional b-quarks to tt̄
events with additional c- or b-quarks. Events with b-jets are
reconstructed with a higher efficiency than events with c-jets,
so the total reconstruction efficiency for tt̄ + HF events de-
pends on how the HF is divided between b- and c-jets. Fb/HF
as predicted in ALPGEN and MADGRAPH are indicated with
vertical dashed lines. The fitted fraction of additional b-jets is
used to extract Fb/HF (solid vertical line) from the data. The
statistical uncertainty from the fit is used to define 1" and 2"
uncertainty bands.

2.5. A value of RHF = [7.1±1.3 (stat.) +5.3
−2.0 (syst.)]% is631

extracted using a fit to the vertex mass distribution for632

b-tagged jets in tt̄ candidate events with three or more633

b-tagged jets. Using the ALPGEN Monte Carlo gen-634

erator interfaced with HERWIG, a leading-order theo-635

retical expectation of [3.4 ± 1.1 (syst.)]% is obtained.636

An approximate next-to-leading order calculation from637

POWHEG interfaced with HERWIG gives an expecta-638

tion of [5.2 ± 1.7]%. Taking into account the total un-639

certainty on the measured value of RHF and the theo-640

retical uncertainty, the fitted result is consistent at the641

1.4" level with the leading-order Standard Model pre-642

diction from ALPGEN and at the 0.6" level with the ap-643

proximate next-to-leading order result from POWHEG.644
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FIG. 1: Selected jet multiplicities observed using the nominal dilepton tt̄ event selection and 0, 1, or 2 b-tagged jets for the sum
of ee, µµ and eµ channels. Uncertainties are statistical and systematic. The last bin contains any overflow.

of the tt̄ + HF fiducial cross section, "fid(tt̄ +HF),303

three or more jets are required to match a b- or c-304

quark (referred to as a HF jet). All simulated b- and305

c-quarks that were generatedwith pT> 5 GeV are con-306

sidered for the matching, and are required to satisfy307

#R(quark, jet) < 0.25. Jets that overlap both b- and c-308

quarks are considered as b-jets. At least two HF jets309

(and at least three total jets) are required for the mea-310

surement of tt̄ events with at least one additional jet,311

"fid(tt̄+ j).312

Each fiducial cross section is determined using mea-313

sured quantities from the data, and an acceptance factor314

derived from the Monte Carlo simulation. The ratio of315

cross sections is defined as:316

RHF =
"fid(tt̄+HF)
"fid(tt̄+ j)

. (1)

The fiducial cross section for tt̄ + HF production is de-317

termined from:318

"fid(tt̄+HF) =
NHF

∫

L dt · $
; (2)

where NHF is the number, measured in data, of b-tags319

from HF jets, in addition to the two b-jets from top-320

quark decay.
∫

L dt is the integrated luminosity of the321

sample, and $ is an acceptance factor taken fromMonte322

Carlo simulation that converts the number of observed323

b-tags from additional HF jets to the number of events324

in the signal fiducial volume. The ALPGEN tt̄ Monte325

Carlo simulation gives a value of $ = 0.093 ± 0.004326

(stat).327

The denominator for RHF, "fid(tt̄+ j), is computed328

using the same prescription, where NHF is replaced by329

Nj, the yield of dilepton events with at least two b-330

tagged (and at least three total) jets in data and $ is an331

acceptance factor, calculated in the ALPGEN tt̄ Monte332

Carlo simulation to be 0.129 ± 0.001 (stat). The ac-333

ceptance calculation for each fiducial cross section as-334

sumes that all b-tagged jets are from real HF quarks.335

Events with b-tagged jets fromLF are treated as a back-336

ground when computing both NHF and Nj.337

The prediction for RHF from ALPGEN interfaced338

with HERWIG is 3.4%. A 33% uncertainty on the pre-339

dicted cross section for tt̄ + bb̄ is quoted in Ref. [3].340

Since tt̄+ cc̄ has a similar production mechanism and341

these two processes are predicted to dominate the342

smaller tt̄+b and tt̄+c contributions to tt̄ + HF produc-343

tion, a 33% uncertainty is assigned to the predicted tt̄344

+ HF cross section. A parton-level study using MAD-345

GRAPH5 v 1.47 [38] gives results consistent with the346

fraction predicted by ALPGEN. An approximate next-347

to-leading-order result obtained from a sample pro-348

cessed using the POWHEG v 1.01 [39] generator [40]349

is 5.2%.350

V. EXPECTED SIGNAL AND BACKGROUND351

YIELDS352

Table I shows the number of events with ≥ 3 b-353

tagged jets expected from the Monte Carlo simula-354

tion, where the extra jet(s), not from the top-quark de-355

cays, comes from a heavy-flavor (HF) quark (signal),356

a light-flavor quark or a gluon (LF) faking a HF jet357

(main background), or one of the other sources of back-358

ground. The number of observed events is also shown.359

While Monte Carlo simulation is used to estimate tt̄ +360

HF rates and kinematic features, data-driven methods361

and Monte Carlo simulation are both used to estimate362

mtt

1/σ dσ/dX, 
X= pT,top mtt pT,tt y,tt 5/fb

ATLAS-CONF-2013-099Eur. Phys. J. C (2013) 73: 2261

mtt

Eur.Phys.J. C72 (2012) 2043
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Measuring σt

•Observed in t-chan at 
√s = 7 & 8 TeV

27

t-chan: qℓνb(b)  

∫Ldt = 1.0 - 0.7 fb-1 (2011) & 5.8 fb-1 (2012)  

t

Wt-chan: qqℓνb,ℓνℓνb

•Wt evidence at 8 TeV!

s-chan: ℓνbb

•Have 95% CL obs
(exp) upper limit

ATLAS NOTE
ATLAS-CONF-2011-118

August 17, 2011

Search for s-channel single top-quark production in pp collisions at
√
s =

7 TeV

The ATLAS Collaboration

Abstract

A search for s-channel single top-quark production in 0.70 fb−1 of LHC pp collision data

collected with the ATLAS detector at a center-of-mass energy of 7 TeV is presented. Se-

lected events contain one lepton, missing transverse energy and two jets. The final selection

requires both jets to be identified as coming from b-quarks. The background model con-

sists of multijets, W+jets and top-quark pair events, with smaller contributions from Z+jets

and diboson events. An observed (expected) upper limit at 95% CL on the s-channel single

top-quark production cross-section of σt (s-channel) < 26.5 (20.5) pb is obtained using a
cut-based analysis.
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ATLAS NOTE
September 10, 2013

Measurement of the cross-section of the associated production of a top1

quark and a W boson with ATLAS at
√

s = 8 TeV2

C. Fenga, C. Gabaldonc,d, P. Gea,b, J. Kollb, A. Lucottec,d, R. Schwienhorstb, A. Supkab, H.3

Zhangb
4

aSchool of Physics, Shandong University, Shandong, China5
bDepartment of Physics and Astronomy, Michigan State University, East Lansing, MI, United States of America6

cCentre National de la Recherche Scientifique (CNRS) and Inst. Nat. Phys. Nucl. et Particul. (IN2P3)7
dUniversité Joseph FourierUniversité Joseph Fourier and Laboratoire de Physique Subatomique et de8

Cosmologie, Grenoble, France9

Abstract10

This paper presents the measurement of single top quark production in association with11

a W boson in a sample of 20.3 fb−1 of 8 TeV pp collisions collected in 2012 with the12

ATLAS detector at the LHC. Events containing leptonic decays (electron and muon) of13

both W bosons are selected by requiring one electron and one muon, oppositely-charged,14

and one or two central high pT jets. The Wt signal is separated from the backgrounds15

using a boosted decision tree combining several discriminating variables into one classifier.16

A template fit to the final classifier output distribution is used to extract the signal cross-17

section. The significance of the observed excess over the background prediction is obtained18

from ensemble testing. The measured Wt cross-section is 27.2 ± 2.8 (stat) ± 5.4 (syst) pb,19

which is in agreement with the Standard Model expectation and corresponds to a significance20

of 4.2σ. The measured cross-section is used to extract a direct measurement of the CKM21

matrix element |Vtb| = 1.10 ± 0.12. From this measurement a lower limit at the 95% CL of22

0.72 is derived.23

σWt = 
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so-called “profiling” technique. Three systematic uncertainties have been profiled in the present analysis:582

the b-tagging efficiency, the JES modelling and the soft jet energy scale. The impact of the profiling can583

be clearly understood for the two former sources. For the latter, the presence of soft jet uncertainties is584

definitely constrained by the use of 1-jet and 2-jet exclusive events. For this one, both the normalisation585

and shape of the distributions have been profiled. The impact of the profiling in pseudo-experiments and586

the cross-checks performed on the systematic range of variations are described in details in Appendix N.587

The uncertainty breakdown without profiling is given in Tab. 22 in Appendix P. The result of the pro-588

filing on data is given in Table 13. The input constraint for each systematic is 0 ± 1. The shift indicates589

how much the data shifts a certain systematic and the profiled uncertainty indicates how strongly the data590

constrain this systematic. For JESEffModel1 and btag, the constraint is marginal and the shift is smaller591

than the uncertainty, though it should be noted that the btag shift is in the negative direction as expected592

from the data-background comparison. For sc soft, the shift is a little larger than 1 sigma, again in the593

negative direction as expected from the data-background comparison. The constraint on sc soft is also594

stronger, which can be understood from the shifted sc soft templates shown in Figure 80. The systematic595

is shifted up and down by up to 10% in the background-dominated region of the 1-jet bin and essentially596

not at all in the 2-jet bin. This provides a unique constraint on sc soft, different from for example b-tag.597

Systematic Profiled δ
JESEffModel1 0.37±0.71
btag -0.58±0.83
sc soft -0.44±0.34

Table 13: Result of the fit to the data for the profiled systematic uncertainties.

Finally, the measured cross-section for Wt-channel single top quark production is:

σ(pp→Wt + X) = 27.2 ± 6.3(syst) ± 2.3(stat) pb

The BDT distribution, scaled to the fit result, is shown in Fig. 19 for both 1-jet and 2-jet events. Fig-598

ure 20 shows the background-subtracted distribution. Both figures show that after the fit the agreement599

with data is excellent, and the Wt signal is clearly visible.600
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Figure 19: BDT response for 1-jet (left) and 2-jet (right) events scaled to the fit result from Tables 11
and 13. All systematic uncertainties are included, summed in quadrature in each bin. The signal and
backgrounds are normalized to the fit results.

Figure 21 shows several of the most discriminant variables scaled to the fit result.601

NEW!
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significance: 4.2 s.d. 
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ATLAS NOTE

ATLAS-CONF-2012-132

September 16, 2012

Measurement of t-Channel Single Top-Quark Production in pp Collisions

at
√

s = 8 TeV with the ATLAS detector

The ATLAS Collaboration

Abstract

We present a measurement of the t-channel single-top quark production cross-section

in the lepton+jets channel with 5.8 fb−1 of
√

s = 8 TeV pp collision data, taken with the

ATLAS detector in 2012, using a neural network based discriminant. Selected events con-

tain one lepton, missing transverse momentum, and two or three jets, including one which

is b-tagged. The background model includes multijets, W+jets and top quark pair events,

with smaller contributions from Z+jets and diboson events. We show data-background com-

parisons for kinematic distributions and measure the t-channel production cross-section by

performing a combined binned maximum likelihood fit to the neural network output distri-

bution for the observed data with two and three jets. The measured t-channel cross-section

is σt = 95 ± 2 (stat.) ± 18 (syst.) pb = 95 ± 18 pb, which is in good agreement with the

Standard Model prediction. Using the ratio of the measured to the theoretically predicted

cross section and assuming that the top-quark-related CKM matrix elements obey the re-

lation |Vtb| # |Vts|, |Vtd |, the coupling strength at the W-t-b vertex is determined to be

|Vtb| = 1.04+0.10
−0.11

. If it is assumed that |Vtb| ≤ 1, a lower limit of |Vtb| > 0.80 is obtained

at the 95% CL.

c© Copyright 2012 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.
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Inclusive σt :  Wt-channel -√s = 8 TeV

• Extract σWt and bkg norm by simultaneous binned 
max. likelihood fit of Boosted Decision Tree  
outputs in 1 and 2-jet bin (with 19 and 20 kine vars)

28

• OS eμ, 1 or 2 central high pT jets, ≥1 b-tag,
• bkg: tt,diboson, Z+jets, data-driven (MM) fake lept.

• Syst: Wt(tt) gen+ had 11%(~7.5%) b-tag eff. ~8%, 
ISR/FSR (~5.9%) and b-jet en. scale (~5.0%). 
Profile b-tag, 1 comp of JES and soft JES.

 δσWt/σWt ~22%

syst dominated

Wt evidence at 8 TeV!

t

ℓνℓνb
ATLAS-CONF-2013-100

fresh from TOP2013!
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Abstract10

This paper presents the measurement of single top quark production in association with11

a W boson in a sample of 20.3 fb−1 of 8 TeV pp collisions collected in 2012 with the12

ATLAS detector at the LHC. Events containing leptonic decays (electron and muon) of13

both W bosons are selected by requiring one electron and one muon, oppositely-charged,14

and one or two central high pT jets. The Wt signal is separated from the backgrounds15

using a boosted decision tree combining several discriminating variables into one classifier.16

A template fit to the final classifier output distribution is used to extract the signal cross-17

section. The significance of the observed excess over the background prediction is obtained18

from ensemble testing. The measured Wt cross-section is 27.2 ± 2.8 (stat) ± 5.4 (syst) pb,19

which is in agreement with the Standard Model expectation and corresponds to a significance20

of 4.2σ. The measured cross-section is used to extract a direct measurement of the CKM21

matrix element |Vtb| = 1.10 ± 0.12. From this measurement a lower limit at the 95% CL of22

0.72 is derived.23
If |Vtb |<1 |Vtb |>0.72 at 95%CL

• Assuming |Vtb| >> |Vts|, |Vtd| determine Vtb
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both W bosons are selected by requiring one electron and one muon, oppositely-charged,14

and one or two central high pT jets. The Wt signal is separated from the backgrounds15

using a boosted decision tree combining several discriminating variables into one classifier.16

A template fit to the final classifier output distribution is used to extract the signal cross-17

section. The significance of the observed excess over the background prediction is obtained18

from ensemble testing. The measured Wt cross-section is 27.2 ± 2.8 (stat) ± 5.4 (syst) pb,19

which is in agreement with the Standard Model expectation and corresponds to a significance20

of 4.2σ. The measured cross-section is used to extract a direct measurement of the CKM21

matrix element |Vtb| = 1.10 ± 0.12. From this measurement a lower limit at the 95% CL of22

0.72 is derived.23
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so-called “profiling” technique. Three systematic uncertainties have been profiled in the present analysis:582

the b-tagging efficiency, the JES modelling and the soft jet energy scale. The impact of the profiling can583

be clearly understood for the two former sources. For the latter, the presence of soft jet uncertainties is584

definitely constrained by the use of 1-jet and 2-jet exclusive events. For this one, both the normalisation585

and shape of the distributions have been profiled. The impact of the profiling in pseudo-experiments and586

the cross-checks performed on the systematic range of variations are described in details in Appendix N.587

The uncertainty breakdown without profiling is given in Tab. 22 in Appendix P. The result of the pro-588

filing on data is given in Table 13. The input constraint for each systematic is 0 ± 1. The shift indicates589

how much the data shifts a certain systematic and the profiled uncertainty indicates how strongly the data590

constrain this systematic. For JESEffModel1 and btag, the constraint is marginal and the shift is smaller591

than the uncertainty, though it should be noted that the btag shift is in the negative direction as expected592

from the data-background comparison. For sc soft, the shift is a little larger than 1 sigma, again in the593

negative direction as expected from the data-background comparison. The constraint on sc soft is also594

stronger, which can be understood from the shifted sc soft templates shown in Figure 80. The systematic595

is shifted up and down by up to 10% in the background-dominated region of the 1-jet bin and essentially596

not at all in the 2-jet bin. This provides a unique constraint on sc soft, different from for example b-tag.597

Systematic Profiled δ
JESEffModel1 0.37±0.71
btag -0.58±0.83
sc soft -0.44±0.34

Table 13: Result of the fit to the data for the profiled systematic uncertainties.

Finally, the measured cross-section for Wt-channel single top quark production is:

σ(pp→Wt + X) = 27.2 ± 6.3(syst) ± 2.3(stat) pb

The BDT distribution, scaled to the fit result, is shown in Fig. 19 for both 1-jet and 2-jet events. Fig-598

ure 20 shows the background-subtracted distribution. Both figures show that after the fit the agreement599

with data is excellent, and the Wt signal is clearly visible.600
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Figure 19: BDT response for 1-jet (left) and 2-jet (right) events scaled to the fit result from Tables 11
and 13. All systematic uncertainties are included, summed in quadrature in each bin. The signal and
backgrounds are normalized to the fit results.

Figure 21 shows several of the most discriminant variables scaled to the fit result.601

1-jet sample

∫Ldt =  20.3 fb-1 (2012)
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Measuring top mass
i.e. what makes top special

29

CERN Seminar, July 2nd,  2013                                                                                                              G. Cortiana 

Higgs potential stability 
!   The current experimental values of mH and mtop are very 

intriguing from the theoretical point of view:  
!   the Higgs quartic coupling could be rather small, vanish or 

even turn negative at a scale slightly smaller than the Planck 
scale. 

!   if !(µ)>0  
 the electroweak vacuum is a global minimum   

!   if !(µ) <0  
 the electroweak vacuum becomes metastable (does not 
 become unstable over the age of the  universe) 

!   Even in the absence of direct 
evidences for new physics at the LHC, 
the experimental information on mH 
and mtop gives us useful hints on the 
structure of the theory at very short 
distances 

!   Renewed interest for precision mtop 
measurements 

42 

 G. Degrassi et. al., arxiv:1205.6497  
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Measuring top mass
•Standard single lepton selection
‣ good quality objects, 1 lepton, cuts on 

ET ,mTW,  ≥4 jets, at least 1 b-tagged jet 

30

 ∫Ldt = 4.7 fb-1 (2011)  

• Build simulated template(s) of 
variables as a function of
• mtop

• global jet en. scale factor (JSF)
• relative b-to-light jet energy scale 

factor (truth matched):b-JSF 

•Reconstruct mtop-sensitive variables 
Reconstruct LO tt picture with kinematic 
likel. fit (mtop,HAD= mtop,LEP + weight for b/mis-
tag ,mW constraint) → assign jets 

t

νν

l+

W 
+

b

tW 
–

b

q

q'

‣ channel dep analytic shape for bkg,
‣ W+jets and QCD from data 

qqℓνbb  

• Jet energy scale is crucial: different reduction

• mtop,reco from fit-assigned & constrained jets
• mw,reco from fit-assigned but unconstrained jets
• Rlb (1 or 2 btag) =   α∑b-tag pT,b-tag/ pT,Wjet1+pT,Wjet2

 α=2 for  1-btag and α=1 for 2 b-tag
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(a) mreco
top , one b-tagged jet
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(b) mreco
top , at least two b-tagged jets

 [GeV]reco
topm

140 160 180 200 220

n
o
rm

a
liz

e
d
 e

ve
n
ts

 /
 G

e
V

 

0

0.005

0.01

0.015

0.02

0.025

JSF = 0.95

JSF = 1.00

JSF = 1.05

ATLAS Preliminary
= 7 TeVsSimulation, 

(c) mreco
top , one b-tagged jet
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(d) mreco
top , at least two b-tagged jets
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(e) mreco
top , one b-tagged jet
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Figure 4: Template parameterisations for signal, composed of tt̄ and single top quark production events.

The expected sensitivity ofmreco
top to all fit parameters is shown separately for the events with one b-tagged

jet (a, c, e), and for the events with at least two b-tagged jets (b, d, f). Each distribution is overlaid with

the corresponding probability density function from the combined fit to all templates.
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Rlb

mtop,reco
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mailto:fracesco.spano@cern.ch
mailto:fracesco.spano@cern.ch
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-046/
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-046/


fracesco.spano@cern.ch Top Quark Physics with ATLAS @ LHC Seminar at  Università` “La Sapienza” & INFN Roma     21st Oct 2013

Measuring top mass

31

Measuring top mass

• Systematic dominated! b-JES reduced by 40% w.r.t to 
previous measurement
‣ b-JES (starting from reduced baseline), reduction ISR/FSR 

modelling (jet activity), jets are dominant, modelling is still important  

reduce JES by in-situ fix to W mass + 
transfer  uncertainty to JSF, bJSF 
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Figure 6: Fitted mreco
W

(a), Rreco
lb

(b) and mreco
top (c) distributions in the data. The fitted probability density

functions for the background alone and background plus signal contributions are also shown.
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• Unbinned likelihood fit 
of data in windows of 
mW,rec, mtop,reco and Rlb  to 
3 analytic template(s)  
derived by fit to 
MC→mtop,JSF,bJSF

• mtop,reco: mtop, JSF,b-JSF 
• mw,reco : JSF
• Rlb: mtop, b-JSF

 ∫Ldt = 4.7 fb-1 (2011)  ATLAS-CONF-2013-046
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mtop @ LHC (Oct 2013)

• Systematics dominated
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Figure 1: (a): Input measurements and result of the LHC combination (see also Table 1), compared

with the Tevatron combined mtop value [2]; for each measurement, the statistical uncertainty, the iJES

contribution (when applicable) and the sum of the remaining uncertainties are reported separately. The

iJES contribution is statistical in nature and applies to analyses performing in-situ (tt̄) jet energy cali-

bration procedures. The grey vertical band indicates the total Tevatron mtop uncertainty. (b, c) : BLUE

combination coefficients and pulls of the input measurements.

8

B Results of the individual ATLAS and CMS combinations

In this Appendix the separate ATLAS and CMS mtop combinations using the same inputs, uncertainty
categories, and correlation assumptions as for the LHC mtop combination are reported.

ATLAS comb. CMS comb. LHC comb.
Measured mtop 172.65 173.59 173.29

iJES 0.41 0.27 0.26
uncorrelated JES comp. 0.66 0.32 0.29

in-situ JES comp. 0.30 0.08 0.10
intercalib. JES comp. 0.28 0.02 0.07

flavour JES comp. 0.21 0.19 0.16
b-jet energy scale 0.35 0.56 0.43

Monte Carlo simulation 0.40 0.06 0.14
Radiation modelling 0.42 0.28 0.32
Colour reconnection 0.31 0.48 0.43

Underlying event 0.25 0.17 0.17
Proton PDF 0.15 0.07 0.09

Detector modelling 0.22 0.25 0.20
b-tagging 0.66 0.11 0.25

Lepton reconstruction 0.07 0.00 0.01
Background from MC 0.06 0.10 0.08

Background from Data 0.06 0.03 0.04
Method 0.08 0.07 0.06

Multiple Hadronic Interactions 0.02 0.06 0.05
Statistics 0.31 0.29 0.23

Systematics 1.40 0.99 0.92
Total Uncertainty 1.43 1.03 0.95

Table 7: Results of the individual ATLAS and CMS combinations using the same inputs listed in Table 1.
The uncertainty breakdown is provided and compared with the results of the LHC combination.
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Status/history on mtop
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Sept 2013 combinations  
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Top-Higgs coupling measurements
• In SM : top Yukawa coupling (Yt) >0.9,  mtop ~ coupling
•  measure of  Yt : Test nature of newly found boson & EWK sym. break.
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ATLAS most 
recent direct 
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ttH with H→bb 
and H→γγ
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• Diphoton branching ratio @ 125 GeV = 2.28e-3
• Low statistics for signal

• Narrow reconstructed Higgs boson mass resolution ~3 GeV
• Fit the sidebands to estimate backgrounds

LHC Higgs WG
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Table 10
Summary of the coupling benchmark models discussed in this Letter, where λi j = κi/κ j , κii = κiκi/κH , and the functional dependence assumptions are: κV = κW = κZ ,
κF = κt = κb = κτ (and similarly for the other fermions), κg = κg (κb,κt ), κγ = κγ (κb,κt ,κτ ,κW ), and κH = κH (κi). The tick marks indicate which assumptions are made in
each case. The last column shows, as an example, the relative couplings involved in the gg → H → γ γ process, see Eq. (7), and their functional dependence in the various
benchmark models.

Model Probed
couplings

Parameters of interest Functional assumptions Example: gg → H → γ γ
κV κF κg κγ κH

1
Couplings to fermions and bosons

κV , κF
√ √ √ √ √

κ2
F · κ2

γ (κF ,κV )/κ2
H (κF ,κV )

2 λF V , κV V
√ √ √ √

– κ2
V V · λ2

F V · κ2
γ (λF V ,λF V ,λF V ,1)

3
Custodial symmetry

λW Z , λF Z , κZ Z –
√ √ √

– κ2
Z Z · λ2

F Z · κ2
γ (λF Z ,λF Z ,λF Z ,λW Z )

4 λW Z , λF Z , λγ Z , κZ Z –
√ √

– – κ2
Z Z · λ2

F Z · λ2
γ Z

5 Vertex loops κg , κγ = 1 = 1 – –
√

κ2
g · κ2

γ /κ2
H (κg ,κγ )

with the SM particle j scale with κ2
j compared to the SM pre-

diction [119]. With this notation, and with κ2
H being the scale

factor for the total Higgs boson width ΓH , the cross section for
the gg → H → γ γ process, for example, can be expressed as:

σ · B (gg → H → γ γ )

σSM(gg → H) · BSM(H → γ γ )
=

κ2
g · κ2

γ

κ2
H

. (7)

In some of the fits, κH and the effective scale factors κγ and
κg for the loop-induced H → γ γ and gg → H processes are ex-
pressed as a function of the more fundamental factors κW , κZ , κt ,
κb and κτ (only the dominant fermion contributions are indicated
here for simplicity). The relevant relationships are:

κ2
g (κb,κt) =

κ2
t · σ tt

ggH + κ2
b · σ bb

ggH + κtκb · σ tb
ggH

σ tt
ggH + σ bb

ggH + σ tb
ggH

,

κ2
γ (κb,κt,κτ ,κW ) =

∑
i, j κiκ j · Γ i j

γ γ
∑

i, j Γ
i j
γ γ

,

κ2
H =

∑

j j=WW∗,Z Z∗,bb̄,τ−τ+,
γ γ ,Zγ ,gg,tt̄,cc̄,ss̄,µ−µ+

κ2
j Γ

SM
j j

Γ SM
H

(8)

where σ i j
ggH , Γ

i j
γ γ and Γ SM

f f are obtained from theory [14,119].
Results are extracted from fits to the data using the profile like-

lihood ratio Λ(κ), where the κ j couplings are treated either as
parameters of interest or as nuisance parameters, depending on
the measurement.

The assumptions made for the various measurements are sum-
marised in Table 10 and discussed in the next sections together
with the results.

7.4.1. Couplings to fermions and bosons
The first benchmark considered here (indicated as model 1 in

Table 10) assumes one coupling scale factor for fermions, κF , and
one for bosons, κV ; in this scenario, the H → γ γ and gg → H
loops and the total Higgs boson width depend only on κF and
κV , with no contributions from physics beyond the Standard Model
(BSM). The strongest constraint on κF comes indirectly from the
gg → H production loop.

Fig. 10 shows the results of the fit to the data for the three
channels and their combination. Since only the relative sign of
κF and κV is physical, in the following κV > 0 is assumed. Some
sensitivity to this relative sign is provided by the negative interfer-
ence between the W boson loop and t-quark loop in the H → γ γ
decay. The data prefer the minimum with positive relative sign,
which is consistent with the SM prediction, but the local mini-
mum with negative sign is also compatible with the observation
(at the ∼ 2σ level). The two-dimensional compatibility of the SM

Fig. 10. Likelihood contours (68% CL) of the coupling scale factors κF and κV for
fermions and bosons (benchmark model 1 in Table 10), as obtained from fits to the
three individual channels and their combination (for the latter, the 95% CL contour
is also shown). The best-fit result (×) and the SM expectation (+) are also indi-
cated.

prediction with the best-fit value is 12%. The 68% CL intervals of
κF and κV , obtained by profiling over the other parameter, are:

κF ∈ [0.76,1.18], (9)

κV ∈ [1.05,1.22] (10)

with similar contributions from the statistical and systematic un-
certainties.

In this benchmark model, the assumption of no contributions
from new particles to the Higgs boson width provides strong con-
straints on the fermion coupling κF , as about 75% of the total SM
width comes from decays to fermions or involving fermions. If this
assumption is relaxed, only the ratio λF V = κF /κV can be mea-
sured (benchmark model 2 in Table 10), which still provides useful
information on the relationship between Yukawa and gauge cou-
plings. Fits to the data give the following 68% CL intervals for λF V
and κV V = κV κV /κH (when profiling over the other parameter):

λFV ∈ [0.70,1.01], (11)

κVV ∈ [1.13,1.45]. (12)

The two-dimensional compatibility of the SM prediction with
the best-fit value is 12%. These results also exclude vanishing cou-
plings of the Higgs boson to fermions (indirectly, mainly through
the gg → H production loop) by more than 5σ .

7.4.2. Ratio of couplings to the W and Z bosons
In the Standard Model, custodial symmetry imposes the con-

straint that the W and Z bosons have related couplings to the

gluon fusion: 
dominant at 

LHC
interference 

with W boson 
in decay to 

photons

Jahred Adelman Yale University Top2013 ttH

8Cross sections for ttH production at 8 (14) TeV

• ggFusion: 19 pb (50 @ 14 TeV)
• VBFusion: 1.6 pb (4.2 @ 14 TeV)
•WH associated: 0.70 pb (1.5 @ 14 TeV)
• ZH associated: 0.42 pb (0.88 @ 14 TeV)
• ttH: 0.13 pb (0.61 @ 14TeV)
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σ (ttH) = 0.13 (0.61) pb @ 8 (14) TeV
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Fig. 7. Likelihood contours in the (µ f
ggF+ttH ,µ f

VBF+V H ) plane for the final states
f = H → γ γ , H → ZZ∗ → 4", H → WW∗ → "ν"ν and a Higgs boson mass mH =
125.5 GeV. The sharp lower edge of the H → ZZ∗ → 4" contours is due to the small
number of events in this channel and the requirement of a positive pdf. The best
fits to the data (×) and the 68% (full) and 95% (dashed) CL contours are indicated,
as well as the SM expectation (+).

Fig. 8. Measurements of the µVBF+V H/µggF+ttH ratios for the individual diboson
final states and their combination, for a Higgs boson mass mH = 125.5 GeV. The
best-fit values are represented by the solid vertical lines, with the total ±1σ and
±2σ uncertainties indicated by the dark- and light-shaded band, respectively, and
the statistical uncertainties by the superimposed horizontal error bars. The numbers
in the second column specify the contributions of the statistical uncertainty (top),
the total (experimental and theoretical) systematic uncertainty (middle), and the
theoretical uncertainty (bottom) on the signal cross section (from QCD scale, PDF,
and branching ratios) alone. For a more complete illustration, the distributions of
the likelihood ratios from which the total uncertainties are extracted are overlaid.

Fig. 9. Likelihood curve for the ratio µVBF/µggF+ttH for the combination of the
H → γ γ , H → ZZ∗ → 4" and H → WW∗ → "ν"ν channels and a Higgs boson mass
mH = 125.5 GeV. The parameter µV H/µggF+ttH is profiled in the fit. The dashed
curve shows the SM expectation. The horizontal dashed lines indicate the 68% and
95% CL.

is obtained from the combination of the three channels (Fig. 9),
where the main components of the systematic uncertainty come
from the theoretical predictions for the ggF contributions to the
various categories and jet multiplicities and the knowledge of the
jet energy scale and resolution. This result provides evidence at
the 3.3σ level that a fraction of Higgs boson production occurs
through VBF (as Fig. 9 shows, the probability for a vanishing value
of µVBF/µggF+ttH , given the observation in the data, is 0.04%). The
inclusion of preliminary H → ττ results [117], which also provide
some sensitivity to this ratio, would give a significance of 3.1σ .

7.4. Couplings measurements

Following the approach and benchmarks recommended in
Ref. [119], measurements of couplings are implemented using a
leading-order tree-level motivated framework. This framework is
based on the following assumptions:

– The signals observed in the different search channels origi-
nate from a single resonance. A mass of 125.5 GeV is assumed
here; the impact of the uncertainty reported in Eq. (2) on the
results discussed in this section is negligible.

– The width of the Higgs boson is narrow, justifying the use of
the zero-width approximation. Hence the predicted rate for a
given channel can be decomposed in the following way:

σ · B (i → H → f ) = σi · Γ f

ΓH
(6)

where σi is the production cross section through the initial
state i, B and Γ f are the branching ratio and partial decay
width into the final state f , respectively, and ΓH the total
width of the Higgs boson.

– Only modifications of coupling strengths are considered, while
the tensor structure of the Lagrangian is assumed to be the
same as in the Standard Model. This implies in particular that
the observed state is a CP-even scalar.6

The coupling scale factors κ j are defined in such a way that
the cross sections σ j and the partial decay widths Γ j associated

6 The spin-CP hypothesis is addressed in Ref. [10].
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Search for ttH, H→γγ @ √s = 8 TeV

• Di-photon (γ) trigger, 2 
offline γ (ET > 40/30 GeV) 

• Leptonic sel: ≥1 loose pT 
lep (e,μ),  ≥1 b-tag, ETmiss 

cut & Z-mass veto
• Hadronic sel: ≥6 jets,no 

lep, ≥2 b-tags
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• Diphoton branching ratio @ 125 GeV = 2.28e-3
• Low statistics for signal

• Narrow reconstructed Higgs boson mass resolution ~3 GeV
• Fit the sidebands to estimate backgrounds
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Figure 2: Invariant mass spectra for the leptonic (a) and hadronic (b) channels. An exponential function

was used to model the shape of the non-Higgs boson background distribution in each channel (solid line).

The decay parameter of the exponential was determined by a simultaneous fit of the signal region (SR,

upper part of each figure) and control region (CR, lower part of each figure) where the signal window

120 – 130 GeV in the control region was excluded from the fit. The results of a fit in the signal region

only, by constraining the slope parameter of the exponential background model to be negative, is shown

as the dash-dotted line. The SM Higgs boson signal is shown as a dashed line in the upper part of each

figure.

analysis are addressed in more detail. The uncertainties can affect both the signal yield and the signal

resolution.

The following systematic uncertainties were considered in order to estimate the effects on the ex-

pected signal yields:

• Luminosity: the uncertainty on the integrated luminosity is ±2.8%. It was derived, following the

same methodology as that detailed in Ref. [67], from a preliminary calibration of the luminosity

scale derived from beam-separation scans performed in November 2012.

• Trigger efficiency: an uncertainty of ±0.5% was assigned on the trigger efficiency, which was

measured to be above 99% for events passing the full selection [68].

• Photon identification efficiency: on top of the identification uncertainty of ±2.4% per event, based

on the comparisons of the photon identification efficiency in simulation with a combination of

data-driven measurements [19], an additional uncertainty was added covering possible differences

between data and simulation with increasing jet multiplicity. This uncertainty was obtained by

testing the dependence of the converted photon identification efficiency on the jet multiplicity

using Z → ee decays in data, and comparing to the efficiency in simulated tt̄H and ggF samples.

A conservative uncertainty of ±6% per photon was assigned.

• Photon isolation: the uncertainty on the isolation cut efficiency has been estimated by comparing

data and simulation for Z→ e+e− events. A ±4% uncertainty covered a possible dependence of the

efficiency on the jet multiplicity.

• Photon energy scale: the photon energy scale is described by parameters related to the calibration

method, the presampler energy scales (in the barrel and end-cap calorimeters) and the material de-

scription of the Inner Detector and the beam pipe. Uncertainties on this scale lead to an uncertainty

of ±0.25% on the signal yield.

6

Table 5: Observed and expected 95% CL limits on the tt̄H production cross section times H → γγ
branching ratio relative to the SM expectation at mH = 126.8 GeV.

Observed limit Expected limit +2σ +1σ -1σ -2σ

Combined (with systematics) 5.3 6.4 16.2 9.9 4.6 3.4

Combined (statistics only) 5.0 6.0 13.5 8.9 4.3 3.2

Leptonic (with systematics) 9.0 8.4 21.9 13.2 6.1 4.5

Leptonic (statistics only) 8.5 8.0 18.8 12.1 5.7 4.3

Hadronic (with systematics) 8.4 13.6 36.4 21.6 9.8 7.3

Hadronic (statistics only) 7.9 12.6 29.1 18.9 9.1 6.8

Table 6: Observed and expected 95% CL limits on the inclusive Higgs boson production cross section

times H → γγ branching ratio relative to the SM expectation at mH = 126.8 GeV with the tt̄H-specific

selections.

Observed limit Expected limit +2σ +1σ -1σ -2σ

Combined (with systematics) 4.7 5.4 13.7 8.4 3.9 2.9

Combined (statistics only) 4.4 5.0 11.4 7.5 3.6 2.7

Leptonic (with systematics) 7.6 6.9 17.9 10.8 4.9 3.7

Leptonic (statistics only) 7.1 6.4 15.3 9.8 4.6 3.5

Hadronic (with systematics) 7.7 12.5 34.0 19.9 9.0 6.7

Hadronic (statistics only) 7.2 11.4 26.4 17.2 8.2 6.1
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Figure 3: Observed and expected 95% CL upper limits on the tt̄H production cross section (a) and

inclusive Higgs boson production cross section (b) times the H → γγ branching ratio divided by the

SM expectations as a function of the Higgs boson mass, combining the results of the tt̄H leptonic and

hadronic channels. For the tt̄H limits, the contributions from all other Higgs boson production modes

were set to the SM prediction taking into account their respective uncertainties.
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• Expect 0.55 (0.36) ev, Observe 1 (zero) ev 
in lep(had):no excess →95% upper limit 
for inclusive H and ttH σ*BR (fixing other 
H decays to SM) including systematics in 
profile likelihood 

Expect H signal 
composed of 80% 
to 90% ttH

• Low BR: 2 10-3, clean ←narrow H ~3 GeV

• δNbkg :Stat~50% (~35%) >Syst~20% (10%) 
in lep(had) sel

σttH/σttHSM ~5.3
@mH~126.8

•  Bkg from fit of m(γγ) to exp. bkg in signal + 
side-band of loose γ-ID & isol. control regions 
including mH-dependent Crystal Ball+Gauss signal 
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Search for ttH, H→bb @ √s = 7 TeV
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Figure 7: Comparison between data and simulation for the final discriminant variable used in the combined e+jets
and µ+jets channels with ≥ 6 jets and (top) 2 b-tags, (middle) 3 b-tags, and (bottom) ≥ 4 b-tags, (left) before
and (right) after fitting of the nuisance parameters to data under the signal-plus-background hypothesis (assuming
mH = 125 GeV). The last bin in all figures contains the overflow. The bottom panel displays the ratio between data
and background prediction. The shaded area represents the total background uncertainty (left) before and (right)
after fitting the nuisance parameters to data.• No excess → Simultaneous Profile Likelihood 

(PL) ratio for HThad and m(bb) → 95% upper 
limit for ttH σ*BR (bb)) constraining syst in 
situ as nuisance pars in fits to build PL ratio

high BR: 57% ,combinatorics, huge bkg

• 1 isol. (e,μ), ET and mTW cuts, ≥ 4 
central jets,  ≥1 b-tag, main bkg: 
tt+(bb)/jets, (from simulation) W
+jets (norm from data), data-driven 
multi-jets
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•  Build distributions of
‣ HThad = ∑ |pT,jet| in 5 jets x 3 or ≥ 4b-tags + 

4 jets (0,1, ≥ 2b-tags)+ 5, ≥6 jets (2b-tags)  
‣  m(bb) from kine likelihood fit to ttbb 

hypothesis in 6 jets x 3 or ≥ 4b-tags 

signal rich
for syst constraint

• Dominant syst: tt+HF content, b-tag
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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

T

A0

T A0

- -
-

Top production as a window 
on new physics 
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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.
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Figure 1: Diagram for tt production induced by t-channel Z
�

exchange, which can generate a

forward-backward asymmetry.
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Figure 2: Diagrams for tt and ttj production in the presence of a Z
�
.

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

Lagrangian is
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Measure top quarks charge asymmetry

•At LHC AFB = 0. Charge asymmetry ⇔ t emitted along q direction.
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Charge asymmetry at LHC

At the LHC, AFB = 0. Charge asymmetry ↔ tops preferentially emitted in quark
direction. Since quarks generally carry a larger momentum fraction of the proton than
antiquarks, tops tend to be more forward than antitops in the lab frame:

Consider instead the observable:

AC =
N(∆|Y | > 0)−N(∆|Y | < 0)
N(∆|Y | > 0) +N(∆|Y | < 0)

, (1)

with ∆|Y | = |Yt|− |Yt̄|. MC@NLO prediction is 0.006.
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•As generally z(q) > z(anti-q),  t is more forward than anti-t in LAB 
frame 
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Y

• In pp/pp→tt: t/anti-t have different differential distributions (from 
pQCD).  NLO effect in qq /qg→tt/ttq: interference of amplitudes 
that are relatively odd under  t ⇔ anti-t exchange.

Interference of SM gluon with new phys?

-

Top charge asymmetry: introduction/motivation

The top/antitop differential distributions in tt̄ events are predicted to be different
in perturbative QCD.

NLO effect; only qq̄ → tt̄ and qg → tt̄q events exhibit an asymmetry. Due to

interference of amplitudes with relative sign under the exchange of t and t̄.

Manifests as a forward-backward asymmetry AFB at Tevatron (where mostly

qq̄ → tt̄).

AFB =
N(∆Y > 0)−N(∆Y < 0)

N(∆Y > 0) +N(∆Y < 0)
,

with ∆Y = Yt − Yt̄.

Both D0 and CDF observe discrepancies from SM prediction, in particular for

large mtt̄ (3.4σ at CDF).
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•At Tevatron (qq~85%) it manifests as FB asymmetry in lab. 

where 

•Observe discrepancies with SM: i.e. 
AFB (CDF)~3.4σ SM  for mtt> 450 GeV

-
- -

-

1 Introduction

The measurement of the tt̄ production charge asymmetry represents an important test of quantum chro-

modynamics (QCD) at high energies and is also an ideal place to observe effects of possible new physics

processes beyond the Standard Model (BSM). Several BSM processes can alter this asymmetry [1–13],

either with anomalous vector or axial-vector couplings or via interference with the Standard Model (SM).

Different models also predict different asymmetries as a function of the invariant mass mtt̄, the transverse

momentum pT,tt̄ and the rapidity ytt̄ of the tt̄ system [14].

At leading order (LO), tt̄ production at hadron colliders is predicted to be symmetric under the ex-

change of top quark and antiquark. At next-to-leading order (NLO), the process qq̄ → tt̄g exhibits an

asymmetry in the rapidity distributions of the top quark and antiquark, due to interference between initial

and final state gluon emission. In addition, the qq̄→ tt̄ process itself possesses an asymmetry due to the

interference between the Born and the NLO diagrams. The production of tt̄ events by gluon-gluon fusion,

gg → tt̄, is symmetric. At the Tevatron proton-antiproton collider, where tt̄ events are predominantly

produced by qq̄ annihilation, top quarks are preferentially emitted in the direction of the incoming quark

while the top antiquarks are emitted preferentially in the direction of the incoming antiquark [15–21].

The tt̄ asymmetry at the Tevatron is therefore measured as a forward-backward asymmetry:

AFB =
N(∆y > 0) − N(∆y < 0)

N(∆y > 0) + N(∆y < 0)
, (1)

where ∆y ≡ yt − yt̄ is the difference in rapidity between top quarks and antiquarks and N represents

the number of events with ∆y being positive or negative. The interest in this measurement has grown

when the CDF and D0 collaborations [22–26] reported AFB measurements significantly larger than the

SM predictions, both in the inclusive and differential case as a function of mtt̄ and |ytt̄|.
In proton-proton (pp) collisions at the LHC, the dominant mechanism for tt̄ production is the gg

fusion process, while production via qq̄ or qg interactions is small. Since the colliding beams are sym-

metric, AFB is no longer a useful observable. However, tt̄ production via qq̄ - qg processes is asymmetric

under top quark-antiquark exchange, and, in addition, the valence quarks carry, on average, a larger mo-

mentum fraction than antiquarks from the sea. Hence QCD predicts at the LHC, for qq̄ - qg production

processes, a small excess of centrally produced top antiquarks while top quarks are produced, on average,

at higher absolute rapidities. Therefore, the top quark charge asymmetry AC is defined as [1, 27]:

AC =
N(∆|y| > 0) − N(∆|y| < 0)

N(∆|y| > 0) + N(∆|y| < 0)
, (2)

where ∆|y| ≡ |yt| − |yt̄| is the difference between the absolute value of the top-quark rapidity |yt| and the

absolute value of the top quark-antiquark rapidity |yt̄|.
The SM prediction for the charge asymmetry at the LHC is ASM

C
= 0.0123±0.0005 [21], computed at

NLO in QCD including electroweak corrections. Recent asymmetry measurements at the LHC [28–30]

did not report any significant deviation from the SM predictions neither in inclusive nor in differential AC

measurements. The agreement with the SM predictions at the LHC is compatible with an excess at the

Tevatron for the most general new physics scenarios [31] but creates a tension between the measurements

at the two colliders in specific simple models [8]. This motivates the interest in a precise measurement

of the top quark charge asymmetry.

In this note, a measurement of the top quark pair charge asymmetry in the single lepton final state is

reported. To allow comparisons with theory calculations, a Bayesian unfolding procedure is applied to

account for distortions due to acceptance and detector effects, leading to parton level AC measurements.

An inclusive AC measurement, and measurements of AC as a function of the invariant mass, the rapidity

and the transverse momentum of the tt̄ system are presented. The inclusive AC result and the differential

result as a function of mtt̄ are also presented, with the additional requirement of a minimum velocity of

the tt̄ system along the beam axis βz,tt̄ to enhance the sensitivity to BSM effects [32].
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to explain the excesses in the CDF and D0 measurements postulate the presence of new particles that can

alter the SM prediction for AC. Requiring βz,tt̄ > 0.6 defines a region of phase-space where the effects of

these new particles on the asymmetry are enhanced [32].

3.1 Reconstruction of the tt̄ system

A kinematic fit is used to determine the likelihood for candidate events to be tt̄ events as well as to deter-

mine the four-vectors of the top and antitop quark to compute ∆|y| . A detailed description of the method

and its assumptions can be found in [30]. In simulation studies using tt̄ events, the fraction of events

reconstructed with the correct ∆|y| sign was measured to be 75%. For the differential measurements a

cut on the likelihood is applied to reject badly reconstructed events, reducing the migrations across the

differential bins. The reconstructed ∆|y| distribution is shown in Figure 1 along with the distributions of

the invariant mass, the transverse momentum and the absolute value of the rapidity for the tt̄ system.
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Figure 1: Measured ∆|y| (top left), tt̄ invariant mass mtt̄ (top right), transverse momentum pT,tt̄ (bottom

left) and rapidity |ytt̄| (bottom right) distributions for the electron and muon channel combined after

requiring at least one b-tagged jet. Data (points) and prediction (solid lines) are shown. The uncertainty

on the total prediction includes both statistical and systematic components. The overflow is included in

the last bin.

3.2 Unfolding procedure

The reconstructed ∆|y| distributions are distorted by acceptance and resolution effects. We use the Fully

Bayesian Unfolding (FBU) [52] technique to estimate the parton level distributions from the measured
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spectra in data after background subtraction. This method relies on applying Bayes’ theorem to the

unfolding problem, which can be formulated in the following terms.

Given an observed data spectrum D ∈ NNr and a migration matrixM ∈ RNr × RNt (Nr and Nt are

the number of bins in the measured and true spectra respectively) that takes into account the distortion

effects mentioned above, the posterior probability of the true spectrum T ∈ NNt follows the probability

density

p (T|D,M) ∝ L (D|T,M) · π (T) (4)

where L (D|T,M) is the conditional likelihood for the data D assuming the true T and the migration

matrixM, and π is the prior probability density for the true T.

Assuming that the data follows a Poisson distribution, the likelihood L (D|T,M) can be computed

starting from the migration matrixM, whose elementsMtr represent the probability and the efficiency

of an event produced in the true bin t to be reconstructed in any bin r. While the above quantities can

be estimated from simulated samples of signal events, the prior probability density π(T) must be chosen

according to what is known about T before the measurement. In this context, the choice of the prior can

be interpreted as the choice of a regularisation in other unfolding techniques (see Ref. [53] for instance).

After choosing a prior, the posterior probability density p (T|D) is computed by generating uniformly-

distributed points in the Nt-dimensional space, and evaluating for each of them L (D|T,M) and π(T).

A weight given by L (D|T,M) · π(T) is then assigned to each point, allowing the posterior probability

density of the unfolded spectrum to be determined, for each ∆|y| bin and for AC.

The choice of the prior is arbitrary. With a flat prior, FBU has been checked to be equivalent to

unregularised matrix inversion. Non-uniform priors favour spectra that have some well-defined features.

By assuming that some spectra are more likely than others, information is added to the measurement,

reducing the uncertainty but potentially biasing its outcome.

Two different priors are used in the following: a flat prior and a curvature prior. The curvature prior

is defined starting from the definition of the curvature C(T) being the sum of the squares of the second

derivatives of the ∆|y| distribution T with Nt bins:

C(T) =

Nt−1
∑

t=2

(∆t+1,t − ∆t,t−1)2, (5)

where ∆a,b = Ta − Tb. The curvature prior is then defined as follows:

π (T) ∝















eαS (T) in the integration space,∀t ∈ [1,Nt]

0 otherwise
(6)

where α is the regularisation parameter and S (T) ≡ |C(T) − C(T∗)| is a regularisation function, defined,

for each generated point, as the difference between the curvature C(T) of the true ∆|y| spectrum T and

that of the estimated spectrum T∗.

The flat prior is used for the differential measurements of AC as a function of mtt̄ and of |ytt̄|. The

curvature prior defined in Equation 6 is used for the inclusive measurement and for the differential mea-

surement as a function of pT,tt̄, because it reduces the uncertainty on these measurements. The regulari-

sation strength α = 10−8 is chosen based on the numerical value of the curvature of the true spectrum. It

has been checked, by varying α within a reasonable interval, including the α = 0 unregularised case, that

this particular choice of α does not cause any significant bias neither in the unfolded distributions nor in

the computed asymmetries. The consistency of the FBU method with the the iterative scheme [53] has

been checked as well.

The ∆|y| bin ranges are the same in both the inclusive and the differential measurements. The bin

ranges for the differential variables are chosen to have approximately the same number of entries in each

6

T= spectrum, D=data, M=migration 
model,  π=prior, flat= no reg,

latter is estimated in simulated events generated with the same variations of the ALPGEN parameters as

described above for the modelling of the signal process.

For each of the systematic uncertainties discussed above, except for those related to the modelling of

the tt̄ signal and for the W+jets shape, the W+jets normalisation and the heavy-flavour composition are

recomputed as described in Section 2.3 to take into account the correlation with the various sources of

systematic uncertainty considered.

4 Results

4.1 Inclusive and differential measurements

The measured charge asymmetry AC, together with the additional measurement for mtt̄ > 600 GeV, is

shown in Table 2. The value is AC = 0.006 ± 0.010 (stat. + syst.) compatible with the SM prediction

ASM
C
= 0.0123 ± 0.0005 [21]. The total systematic uncertainty is computed with the marginalisation

procedure described in Section 3.3. The uncertainties quoted for all the results in this Section include

statistical and systematic components.

AC Data Theory

Unfolded 0.006±0.010 0.0123±0.0005
Unfolded with mtt̄ > 600 GeV 0.018±0.022 0.0175+0.005−0.004

Unfolded with βz,tt̄ > 0.6 0.011±0.018 0.0202+0.006−0.007

Table 2: Measured inclusive charge asymmetry values for the electron and muon channels combined

after unfolding. The asymmetries with a requirement on the tt̄ invariant mass mtt̄ > 600 GeV and on the

velocity of the tt̄ system βz,tt̄ > 0.6 are also shown. Theoretical predictions are also reported. The quoted

uncertainties include statistical and systematic components after the marginalisation.

In order to estimate the impact of each systematic source, the marginalisation procedure is repeated

removing one systematic source at a time from the global marginalisation. For each of the systematic

uncertainties considered in this analysis, the impact on the AC measurement is lower than 0.1% and thus

negligible with respect to the statistical uncertainty.

As a cross-check, the systematic uncertainties are computed one by one before the marginalisation

procedure described above. Table 3 summarises the result of this procedure for the inclusive charge

asymmetry measurement and for the measurement with the mtt̄ > 600 GeV requirement after unfolding.

The uncertainty for each systematic source represents the variation of the mean of posteriors correspond-

ing to a 1σ variation of the nuisance parameter. The statistical uncertainty is still dominant with respect

to the variations computed with this procedure.

Figure 2 shows the charge asymmetry as a function ofmtt̄, pT,tt̄ and |ytt̄| compared with the theoretical

SM predictions [21] and provided by the authors for the chosen bins. In addition, predictions for two

assumed mass values (300 GeV and 7 TeV) for a heavy axigluon exchanged in the s-channel [12, 13]

are also shown. The masses are chosen taking into account the fact that they could not be visible as

resonances in the mtt̄ spectrum. The parameters of the model are tuned to give a forward-backward

asymmetry compatible with the Tevatron results. The differential distributions and respective asymme-

tries do not show any significant deviation from the SM prediction. The resulting charge asymmetry

AC is shown in Tables 4, 5 and 6, respectively, for the differential measurements as a function of mtt̄,

pT,tt̄ and |ytt̄ |. The systematic uncertainties, computed before the marginalisation procedure as described

above in the cross-check procedure, are listed in Tables 7, 8 and 9 for each of the differential measure-

ments. The correlation matrices for the statistical uncertainties are shown in Tables 10, 11 and 12 for
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Figure 2: Charge asymmetry distributions as a function of mtt̄ (top left), pT,tt̄ (top right) and |ytt̄ | (bottom
left) after unfolding, for the electron and muon channel combined. The AC distribution as a function

of mtt̄, after the βz,tt̄ > 0.6 requirement, is also shown (bottom right). The AC values after unfolding

(points) are compared with the SM predictions (hatched grey bands) and the predictions for a color octet

axigluon with a mass of 300 GeV (hatched red bands) and 7000 GeV (hatched blue bands) respectively.

The bands in the theoretical predictions include scale variation uncertainties. The error bars include both

the statistical and systematic uncertainties on the AC values. The bins are the same as the ones reported

in Table 4, 5, 6 and 14 respectively.

5 Conclusion

This note presented the top quark production charge asymmetry measurement in tt̄ events with a single

lepton (electron or muon), at least four jets, of which at least one is tagged as a b-jet, and large missing

transverse momentum, using an integrated luminosity of 4.7 fb−1 recorded by the ATLAS experiment in

pp collisions at a centre-of-mass energy of
√
s = 7 TeV at the LHC. The inclusive charge asymmetry

AC and its differential distributions, as a function of mtt̄, pT,tt̄ and |ytt̄ |, have been unfolded to parton

level. The measured inclusive charge asymmetry is AC = 0.006± 0.010 (stat. + syst.). All measurements

presented are statistically limited and are found to be compatible with the SM prediction within the

uncertainties.
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The bands in the theoretical predictions include scale variation uncertainties. The error bars include both

the statistical and systematic uncertainties on the AC values. The bins are the same as the ones reported
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1 Introduction

Since the discovery of the top quark [1,2], which completed the third generation of fundamental fermions

in the quark sector of the Standard Model (SM) of particle physics, searches for heavier quarks have been

of particular interest in high-energy physics research. These quarks are predicted by many new physics

models aimed at solving some of the limitations of the SM.

A compelling possibility is the addition of weak-isospin singlets, doublets or triplets of vector-like

quarks [3], defined as quarks for which both chiralities have the same transformation properties under

the electroweak group S U(2) × U(1). Vector-like quarks appear in many extensions of the SM such as

little Higgs [4–6] or extra-dimensional models [7,8]. In these models, a top-partner quark, for simplicity

referred to here as t�, often plays a key role in cancelling the quadratic divergences in the Higgs boson

mass induced by radiative corrections involving the top quark.

The large centre-of-mass energy (
√

s) and integrated luminosity in proton-proton (pp) collisions

produced at the CERN Large Hadron Collider (LHC) offer a unique opportunity to probe these models.

At the LHC, vector-like quarks would be produced predominantly in pairs via the strong interaction for

masses below O(1 TeV) [3], with sizable cross sections and clean experimental signatures. For higher

masses, single production mediated by the electroweak interaction can potentially dominate, depending

on the strength of the interaction between the new quarks and the weak gauge bosons.

Vector-like quarks can couple preferentially with third-generation quarks, as the mixing is propor-

tional to the mass of the SM quark [9], and thus present a rich phenomenology. In particular, a vector-like

t� quark has a priori three possible decay modes, t� → Wb, t� → Zt, and t� → Ht, with branching ratios

that vary as a function of mt� and depend on the weak-isospin quantum number of the t� quark. While all

three decay modes can be sizable for a weak-isospin singlet, decays to only Zt and Ht are most natural

for a doublet [3]. In the case of a triplet, the t� quark can decay either as a singlet or a doublet depend-

ing on its hypercharge. The recent observation of a Higgs-like boson with a mass of ∼125 GeV by the

ATLAS [10] and CMS [11] Collaborations raises the level of interest for vector-like quark searches, as

t� → Ht and b� → Hb decays have completely specified final states for a SM-like Higgs boson.

Most searches for t� t̄� production by the ATLAS and CMS Collaborations so far have focused on the

t� → Wb decay mode, exploiting both the lepton+jets signature [12, 13], where one of the W bosons

decays leptonically and the other decays hadronically, and the dilepton signature [14, 15], where both

W bosons decay leptonically. These searches make the assumption that BR(t� → Wb) = 1, which is

reasonable for a chiral fourth generation t� quark. Under this assumption, the most restrictive lower limit

obtained on the mass of a t� quark is mt� > 656 GeV at 95% confidence level (CL) [16]. A recent search

by the CMS Collaboration using the lepton+jets signature [17] has focused instead on the t� → Zt decay

mode assuming that BR(t� → Zt) = 1. Unfortunately, the limits derived by these searches can not easily

be applied to other branching ratio values, due to the potentially large signal contamination from mixed

decay modes. A consistent treatment of those additional signal contributions is thus necessary to set

quasi-model independent limits on the plane of BR(t� → Ht) vs BR(t� → Wb) as a function of mt� . Such

an analysis was done recently by the ATLAS Collaboration [16], using a search for t� t̄� → W+bW−b̄ to set

constraints in that branching ratio plane: e.g. a t� quark with a mass of 550 GeV and BR(t� → Wb) > 0.63

is excluded at 95% CL, regardless of the value of its branching ratios to Ht and Zt.
The search presented in this note is focused on the lepton+jets signature and requires events with

high multiplicities of jets (≥ 6) and b-tagged jets (≥ 2), making it particularly sensitive to decay modes

such as t� t̄� → HtHt̄, ZtHt and WbHt 1
, with H → bb̄, and thus to the low BR(t� → Wb) region. This

search assumes a SM Higgs boson with mass of 125 GeV. A simple kinematic variable, chosen to be

rather insensitive to the signal decay mode in order to ensure good sensitivity over most of the branching

ratio plane, is used to discriminate between signal and background, which is dominated by tt̄+jets. This

1
Complex-conjugate decay modes are implicit: ZtHt includes ZtHt̄ and HtZt̄, and WbHt includes W+bHt̄ and HtW−b̄.
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Figure 5: Observed (solid line) and expected (dashed line) 95% CL upper limits on the t� t̄� cross section
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Figure 3: Comparison of HT between data and simulation in the combined e+jets and µ+jets channels with ≥ 6
jets and (a) 2 b tags, (b) 3 b tags, and (c) ≥ 4 b tags. A requirement of HT < 700 GeV is made in order to suppress
a possible signal contribution. The tt̄+jets background is the nominal Alpgen prediction before the fit to data (see
text for details). Also shown is the expected t

�
t̄� signal corresponding to mt� = 600 GeV in the t

� doublet scenario.
The bottom panel displays the ratio between data and the background prediction. The shaded area represents the
total background uncertainty.
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Figure 4: Comparison between data and simulation for HT in the combined e+jets and µ+jets channels with ≥ 6
jets and (a) 2 b tags, (b) 3 b tags, and (c) ≥ 4 b tags. The tt̄ background prediction is after fitting to data using
the full HT spectrum (see text for details). Also shown is the expected t

�
t̄� signal corresponding to mt� = 600 GeV

in the t
� doublet scenario. The last bin in all figures contains the overflow. The bottom panel displays the ratio

between data and background prediction. The shaded area represents the total post-fit background uncertainty.

8 Systematic Uncertainties

Several sources of systematic uncertainties are considered that can affect the normalisation of signal and
background and/or the shape of their corresponding final discriminant distributions. Individual sources
of systematic uncertainty are considered uncorrelated. Correlations of a given systematic uncertainty are
maintained across processes and channels. Table 2 presents a summary of the systematic uncertainties
considered in the analysis indicating whether they are taken to be normalisation-only, or to affect both
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Spin color parity (1, γ5) some examples/Ref.
0 0 (1,0) SM/MSSM/2HDM, Ref. [51, 52, 53]
0 0 (0,1) MSSM/2HDM, Ref. [52, 53]
0 8 (1,0) Ref. [54, 55]
0 8 (0,1) Ref. [54, 55]
1 0 (SM,SM) Z ′

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

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

particles.

3.1.1 Color singlet

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

gφqq = a1i
mq

v
+ a2

mq

v
γ5, (5)

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

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

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

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

11

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

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

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

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

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

4 Spin information from (anti-)top quark directions

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

17

enhancements

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

rest frame.

4.1 Standard Model

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

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

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

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

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

t cos2 θ
(

sc− + 4m2
t cos2 θ

)2

[

s2c+c− + 2sm2
t

(

3c2
−

+ c2
+

)

− 4m4
t

(

3c2
−

+ c2
+ + c−

)

]

, (8)

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

(c) (d)

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

by the dotted line in Fig. 9.

3.1.2 Color octet

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

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

13

peak-dip
pseudo scalar with m=400 GeV

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

tower of KK 
gravitons ; all 
particles in 1 

“warped” 
extra dim (RS)

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

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

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

3.2 Spin-1 resonances

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

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

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

In Fig. 11 the effects of a color octet spin-1 particle on the tt̄ invariant mass spectrum
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For ∆R=0.8,  
Mtt ~1.7 
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Mtt =1 TeV & anti-kT 
(R=0.4): 86% resolved 
Mtt =2 TeV & antikt 
(R=0.8): 60% boosted  

di-lep
fully had
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 ∫Ldt = 14.3 fb-1 (2012)  √s=8 TeV

- -

qqℓνbb  

‣ ≥ 1 anti-kT (R=1.0) jet  with large 
ΔR(jet,jet for lep top) ≥ 1.5, large 
pT ≥ 300 GeV, large mjet>100 GeV, 
large kT (1 → 2) scale (> 40 GeV) 
after shedding soft rad (trimmimg) 
→ lead “fat” jet is had top

Resolved selection (Fully) Boosted selection

‣ exactly 1 good, high pT central lepton (e, μ) with pT dep isolation

‣ single lepton trigger ‣ trigger on  R=1.0 anti-kT jet with 
pT > 240 GeV  (~100% eff > 350 GeV)

‣ ≥ 3 (4) good anti-kT (R=0.4) 
jets if ≥ 1 (no) jet  with mjet 
> 60 GeV

‣ ≥ 1 anti-kT (R=0.4) b-tagged jet

-

‣ ≥ 1 anti-kT (R=0.4)  jet  with ΔR
(lep,jet)<1.5,closest jet → b-jet 
for leptonic top 

‣ tops in opposite hemisphere → 
Δϕi(lep,had t-jet)>2.3, ΔR(lept b-
jet, had t-jet)>1.5

2 exclusive samples: pass boosted, fail boosted & pass resolved

A
TL

-P
H

Y
S-

SL
ID

E-
20

10
-3

40
07

O
ct

ob
er

20
10

! !

!"#$%&'($)*#")&+",-)(#%)+.(/0(#%)
"&$#.+.'&))$&+"'1&$))/.))23425

t

νν

l+

W 
+

b

tW 
–

b

q

q'

6#(/7+(/#.
!"#$ %&'()'"#$ *+,"&%&-+,$ ,+%*-.+,$ .%/+$ 0%(&+1$ (&-*+%,+1$ (&'+*+,'$ (&$ *+-+&'$
2+%*,$3('.$ '.+$ %&'(-(#%'("&$ "4$ '.+$ 5#-"6(&0$#.2,(-,$ #*"0*%6,$"4$ '.+$ 7%*0+$
8%1*"&$ 9"::(1+*$ ;789<$ +=#+*(6+&',>$ !.+$ '"#$ ?5%*@$ A$ B2$ 4%*$ '.+$ .+%/(+,'$
@&"3&$ #%*'(-:+$ A$ (,$ +=#+-'+1$ '"$ #:%2$ %$ -*5-(%:$ *":+$ (&$ 6%&2$ !"#$%&' ()"'
*(+%&+,&'-$&".$;CDE<$#.2,(-,$,-+&%*(",>

F+2&6%&$ 1(%0*%6$ "4$ %$ '"#$
%&'()'"#$ #*"15-'("&$ (&$ '.+$
:+#'"&GH+',$ 4(&%:$ ,'%'+I$ "&+$"4$
'.+$ / $ B","&,$ 1+-%2,$
: + # ' " & ( - % : : 2 J$ ' . +$ " ' . + *$
.%1*"&(-%::2>

8##$(&9)(()(#%#,#:/&$
!!"#$%& '()*+!"#$%&,

!!
"#$%&

-./+01

1.#+%(10

!"

#$%&'()*$%

"+,-.$%$/0,1-2334$2&+

B2$C+*'*%&1$9.%#:+%5$
"&$B+.%:4$"4$'.+$K!7KD$9"::%B"*%'("&>

!"#!$

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

-.
/0
"12
3#
24
#&
5&
3"
6

*

*7,

*78

*79

*7:

+ !"#!$ ;.&<1=13/.>
?1=@</"123A#B/."23#<&5&<

C2#B/."23#=&.D&E
,#B/."236#=&.D&E
F#B/."236#=&.D&E

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

1-
."
$
%&

2/
%3
%4
(+
10
..
"5
6

.

-

/.

/-
2/"7"/."8%&9"0.."56+

!"#!$ :;%<=)=4*;>
?=)@<*(=A4 """ ?B"((

CDE%(+

FDE%(+

+=4G<%"(A5

HIJ"K%(+

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

1-
."
$
%&

2/
%3
%4
(+
10
..
"5
6

.

/..

0..
2/"7"/."8%&9"0.."56+

!"#!$ :;%<=)=4*;>
?=)@<*(=A4 """ ?B"((

CDE%(+

FDE%(+

+=4G<%"(A5

HIJ"K%(+

5*%*.2'-4,&$%)14(&1*$%-

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

./$
0!
12
3"
2.
"(
4(
3!
%

+

+5+6

+5+7

+5+8

+5+9

+5-

+5-6
!"#!$ :/(;1#13$/<

=1#>;$!123

32
/#
$;
1%
(?
"!2
">
31
!"$
/(
$/(%2;4(?

@$/!1$;"#(/A(
#232BC(!

$;;

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

./$
0!
12
3"
2.
"(
4(
3!
%

+

+5+,

+5+-

+5+6

+5+7

+5+8

+5+9 !"#!$ :/(;1#13$/<
=1#>;$!123

32
/#
$;
1%
(?
"!2
">
31
!"$
/(
$/(%2;4(?

@$/!1$;"#(/A(
#232BC(!

$;;

!"#!$ !"#!$ !"#!$

!"#$%&'#()*&+,-,.,(/0#1,/-
2 234 235 236 237 8

9
"#
$1
,/
-
&/
:&
;)
1(

.<82

.482

.882

8

!/=&>)1(

?@A&>)1(

!"#!$ B")0,+,-#"C
D,+E0#1,/-

#-1,.%!F&GH8

-
/
"+
#
0,(
)
*
&1
/
&E
-
,1&
#
")
#

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

.
/0
1
23
4
5
64
76
89
2:

#

#$#)

#$%

#$%)

#$&

#$&)

;4<6=92:

>?@6=92:

!"#!$ A/9!3B350/C
D3BE!02345

0523FG;H6IJ%

5
4
/B
0
!3:
9
K
62
4
6E
5
32
60
/9
0

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

$%&',
-./ -.0 -1 -2 -3 -/ 0 / 3 2

45
67
89%
:"
%;
"<)
8=

0

0>0?

0>.

0>.?

0>/

0>/?

0>@

A%B"C)8=
DEF"C)8=

!"#!$ G5)$9H9:65,
I9HJ$689%:

6:89-KAL"MN.

:%
5H
6$
9=
)O
"8%
"J
:9
8"6
5)
6

6(''-4,&$%)14(&1*$%-

!"#$%&'()*$+!,-..!,
/00 100 2000 2300 2400 2/00 2100 3000

5!+
6,
67!
"8
9&

7
!7!

!:
;
!<'

!
!

0

3

4

/

1

20

23

24

2/

21

=>?!,6@6,-+!A$B)@.7ACB76)@
D)!.E.7$,-76B.!<:-E$.5
FE.7$,-76B.!6@B+C*$*!<:-E$.5
2!FGH!A-@I$
7)8B)+)A!=>!<J$8K8JLMM223115

!"#!$ K2!N!20!G$%?!300!89.OA$+6,6@-AE?!.6,C+-76)@!!!

!"#$%&'()*$+!,-..!,
/00 100 2000 2300 2400 2/00 2100 3000

5!+
6,
67!
"8
9&

7
!7!

!:
;
!<'

!
!

0

3

4

/

1

20

23

24

2/

21

=>?!@A++!B$C)D.7BAC76)D
E)!.F.7$,-76C.!<:-F$.5
GF.7$,-76C.!6DC+A*$*!<:-F$.5
GF.7$,-76C.!6DC+A*$*!<HI5
2!GJK!B-DL$
7)8C)+)B!=>!<M$8N8MOPP223115

!"#!$ N2!Q!20!J$%?!300!89.RB$+6,6D-BF?!.6,A+-76)D!!!

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

/000 /100 /200 /300 /400 1000

5!+
6,
67!
"8
9&

7
!7!

!:
;
!<'

!
!

0

/

1

=

2

>

3

?

4

@

AA!B+C)DE!,)D)FG$7!-88H)-IJ
K)!.L.7$,-76I.!<MN5
OL.7$,-76I.!6DI+C*$*!<MN5
/!OPQ!H-DB$

!<J$8F8JR0?0//335
AA
B

!"#!$ F/!S!/0!P$%E!100!89.TH$+6,6D-HLE!.6,C+-76)D!!!

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

/000 /100 /200 /300 /400 1000

5!
+6,

67!
"8
9
&

7
!7
!

!:
;
!<
'
!

!

0

/

1

=

2

>

3

?

4

@

ABC!,)D)EF$7!-88G)-HI

J)!.K.7$,-76H.!<LM5

NK.7$,-76H.!6DH+O*$*!<LM5
/!NPQ!G-DR$
7)8H)+)G!AB!<I$8E8IS@@//1445

!"#!$ E/!T!/0!P$%C!100!89.UG$+6,6D-GKC!.6,O+-76)D!!!

L&$ '.+$ #*+,+&'$ ,'512J$ #*",#+-',$ 4"*$ +%*:2$ ''$
*+,"&%&-+$,+%*-.+,$(&$K!7KD$%*+$+/%:5%'+1$4"*$
+%*:2$#.2,(-,$*5&,>$M+,5:',$%*+$*+#"*'+1$4*"6$%$
45::$ E"&'+)9%*:"$ ,'512$ 5,(&0$ '.*++$ 1(44+*+&'$
;6

''
<$ *+-"&,'*5-'("&$ ,-.+6+,$ 1+,(0&+1$ '"$

+&.%&-+$'.+$,+&,('(/('2$(&$'.+$!+N$*+0(6+>
$$$
!3"$ '2#+,$ "4$ B+&-.6%*@$ 6"1+:,$ 3+*+$
-"&,(1+*+1I$ &%**"3$ *+,"&%&-+,$ ;,+?5+&'(%:$ 01$
B","&<$ %&1$ B*"%1$ *+,"&%&-+,$ ;OO$ 0:5"&,<>$ L&$
%::$-%,+,J$"&:2$'.+$:+#'"&GH+',$4(&%:$,'%'+J$3.+*+$
'.+$:+#'"&$6(0.'$B+$%&$+:+-'*"&$"*$%$65"&J$3%,$
(&/+,'(0%'+1>

P&+$"4$'.+$6",'$-.%::+&0(&0$%,#+-',$"4$.+%/2$''$*+,"&%&-+$,+%*-.+,$:(+,$(&$
'.+$ *+-"&,'*5-'("&$ %&1$ (1+&'(4(-%'("&$ "4$ B"",'+1$ '"#$ ?5%*@$ 1+-%2,>$ K$ '"#$
?5%*@$B+(&0$#*"15-+1$3('.$/+*2$.(0.$'*%&,/+*,+$6"6+&'56$(,$%$,"5*-+$"4$%$
&+3$ +=#+*(6+&'%:$ #.+&"6+&":"02I$ (',$ 1+-%2$ #*"15-',$ B+-"6+$ /+*2$
-"::(6%'+1$%&1$:+%/+$%&$5&5,5%:$,(0&%'5*+$(&$'.+$1+'+-'"*>$$
Q(44+*+&'$B"",'$*+0(6+,$3(::$0(/+$*(,+$'"$1(44+*+&'$+/+&'$'"#":"0(+,>$!.+$6%,,$
"4$'.+$.+%/(+,'$H+'$(&$'.+$+/+&'$-%&$B+$5,+1$'"$-:%,,(42$,5-.$'"#":"0(+,>

R*"B%B(:('2$ '.%'$ #%*'"&,$ 4*"6$ %$
.%1*"&(-$ '"#$ 1+-%2$ %*+$ 4"5&1$
3('.(&$%$ 2'1(,'%&-+$"4$S>T>

M+-"&,'*5-'+1$ (&/%*(%&'$ 6%,,$ "4$
'.+$ :+%1(&0$ H+'$ (& ' 33' '4' ' (( ' $
:+#'"&GH+',$+/+&',>$$

$!"#$#%&'()*#$+*#)%,-!"#$#%&'()*#$+*#)%,-
8(0.$,(0&%:$+44(-(+&-2$"/+*$%$3(1+$*%&0+$"4$6

''

U%,2$%&1$4%,'$-"66(,,("&(&0
E(&(6(V+$,2,'+6%'(-$B(%,+,

$!"#$%"#$&'(!"#$%"#$&'(
M+:(+,$"&$%$,6%::$&56B+*$"4$"B,+*/%B:+,
W"$4:%/"5*$'%00(&0$;5)H+',<
W"$%''+6#'$'"$*+-"&,'*5-'$'"#$?5%*@,$
(&1(/(15%::2

$!"#$%"&'('#')(*$!"#$%"&'('#')(*$K!7KD$9"&+$%:0"*('.6J$MXS>YJ$
-%:"*(6+'+*$'"3+*,J$H+'$U

!
$Z$YS$[+N

$U/+&',$%*+$-:%,,(4(+1$$%--"*1(&0$$$$$$
'"$'.+$H+'$6%,,$%&1$'.+$&56B+*$$$$$
"4$H+',$(&$'.+$+/+&'I
\$H+',J$6

H+'$
Z$]^$[+N

!
!!
"!"#

$$$%&

\$H+',J$6
H+'
$_$]^$[+N

!
!!
"!"#

$$$%&

Y$H+',
!
!!
"!"#

$$$$%&

ZX$^$H+',
!
!!
"!"#

$$$$%&$
;Y$.(0.+,'$U

!
$H+',<

K!7KD$,+&,('(/('2$#*"H+-'("&$;`^$a$
-"&4(1+&-+$:+/+:$,(0&%:$-*",,),+-'("&$:(6('<$$
4"*$%$&%**"3$*+,"&%&-+$"B'%(&+1$4*"6$'.+$
6(&(6%:$*+-"&,'*5-'("&$%##*"%-.>$

$!"#$#%&'()*#$+*#)%,-!"#$#%&'()*#$+*#)%,-
D+&,('(/+$'"$'.+$(,+%67(7$%$*+0("&
C+''+*$-"&'*":$"4$'.+$*+15-(B:+$B%-@0*"5&1

$!"#$%"#$&'(!"#$%"#$&'(
F5::$*+-"&,'*5-'("&$"4$'"#$%&1$%&'()'"#>
E%@+,$5,+$"4$4:%/"5*$'%00(&0$;5)H+',<

$!"#$%"&'('#')(*$!"#$%"&'('#')(*$K&'()@
!
$%:0"*('.6J$MXS>YJ$

-%:"*(6+'+*$'"3+*,J$H+'$U
!
$Z$bS$[+N

$U/+&',$%*+$-:%,,(4+1$%--"*1(&0$'"$'.+$$$$$
.(0.+,'$(&/%*(%&'$H+'$6%,,>
6
H+'
$_$]^$[+N
Y$H+',$*+?5(*+1
b$B)'%00+1$H+',
!
!!
"#"$

!""!#$
!"!#

!""
!"!#

!"#
!"!#$

!
!"#

]^$[+N$_$6
H+'
$_$c\S$[+N

\$H+',$*+?5(*+1
c$B)'%00+1$H+',
!
!!
"#"$

!!"#$
!"!#

!!
!"!#

!"#
!"!#$

!
!"#

6
H+'
$Z$c\S$[+N
b$H+',$*+?5(*+1
c$B)'%00+1$H+',
!
!!
"#"$

!"#$
!"!#

!
!"!#

!"#
!"!#$

!
!"#

K!7KD$ ,+&,('(/('2$ #*"H+-'("&$ ;`^$ a$
-"&4(1+&-+$ :+/+:$ ,(0&%:$ -*",,),+-'("&$
:(6('<$4"*$%$&%**"3$*+,"&%&-+$"B'%(&+1$
4*"6$'.+$45::$*+-"&,'*5-'("&$%##*"%-.>$ M+-"&,'*5-'+1$6Xb$!+N$de$

6%,,$1(,'*(B5'("&$
M+-"&,'*5-'+1$6Xc$!+N$de$
6%,,$1(,'*(B5'("&$

$!"#$#%&'()*#$+*#)%,-!"#$#%&'()*#$+*#)%,-
F%/"*$'.+$.(0.$+&1$"4$'.+$6

''
$,#+-'*56$

;B"",'+1$'"#,<$
[""1$6%,,$*+,":5'("&
D'*"&0$.%&1:+$"&$B%-@0*"5&1>

$!"#$%"#$&'(!"#$%"#$&'(
M+:(+,$,":+:2$"&$'.+$6"&")H+'$'"#":"02$A$-.",+$%$
H+'$1+4(&('("&$'.%'$+&.%&-+,$'.(,$'"#":"02>
W"$4:%/"5*$'%00(&0$;5)H+',<
E%@+,$5,+$"4$H+'$,5B,'*5-'5*+>

$!"#$%"&'('#')(*!"#$%"&'('#')(* K&'()@
!
$%:0"*('.6J$MXc>SJ$

\Q$:"-%::2$-%:(B*%'+1$'"#":"0(-%:$
-:5,'+*,J$H+'$U

!
$Z$bSS$[+N>

$!"#$%&"'()*$+,()',-"+./
U6B+11+1$:+#'"&$A$'*%1('("&%:$(,":%'("&$
*+?5(*+6+&'$(&+44(-(+&'>$
W++1$ '"$ 1(,+&'%&0:+$ 4*"6$ ,"4'$ :+#'"&,$
;+,#+-(%::2$65"&,<$-"6(&0$4*"6$C)$%&1$
Q).%1*"&,>
95'$ "&$ "B,+*/%B:+,$ #*"B(&0$ '.+$
#*+,+&-+$"4$%$.%*1$:+#'"&$(&,(1+$'.+$H+'$
-"6(&0$4*"6$'.+$/$B","&$1+-%2>$

$!"#$%&'()*%+)#,("-!"#$%&'()*%+)#,("-
Q+-%2$#*"15-',$%*+$45::2$6+*0+1$ $'"#$
6"&"H+'$;,(&0:+$*+-"&,'*5-'+1$4%'$H+'<
W++1$ '"$1(,+&'%&0:+$ 4*"6$f9Q$.(0.)#

!
$

H+',>$
M5&$ '.+$ @

!
$ %:0"*('.6$ "&$ '.+$ H+'$

-"&,'('5+&',$ '"$ +='*%-'$ (&4"*6%'("&$
%B"5'$'.+$H+'$,5B,'*5-'5*+>

#!
:+#'"&

#!
-"&+ M c^ [+N

#!
:+#'"&

c 6B
b 6/(,(B:+

b :"0 #:+#'"& H M:+#'"&J H

M+-"&,'*5-'+1$H+'$6%,,I$
,56$"4$6%,,:+,,$
-"&,'('5+&',>

M+-"&,'*5-'+1$g$-%&1(1%'+$
6%,,I$(&/%*(%&'$6%,,$"4$'.+$
,5BH+'$#%(*$;"5'$"4$\$,5BH+',<$
3('.$:"3+,'$6%,,>

F(*,'$@
!
$,#:(''(&0$,-%:+>

K!7KD$ ,+&,('(/('2$ #*"H+-'("&$ ;` ^$ a$
-"&4(1+&-+$ :+/+:$ ,(0&%:$ -*",,),+-'("&$ :(6('<$
4"*$ %$ &%**"3$ *+,"&%&-+$"B'%(&+1$ 4*"6$ '.+$
6"&")H+'$*+-"&,'*5-'("&$%##*"%-.>$

K!7KD$ ,+&,('(/('2$ #*"H+-'("&$ ;` ^$ a$
-"&4(1+&-+$:+/+:$,(0&%:$-*",,),+-'("&$:(6('<$
4"*$ %$ B*"%1$ *+,"&%&-+$ "B'%(&+1$ 4*"6$ '.+$
6"&")H+'$*+-"&,'*5-'("&$%##*"%-.>$

!.+$ DE$ '' $ 6%,,$ ,#+-'*56$ %&1$ %::$ *+:+/%&'$ B%-@0*"5&1$
#*"-+,,+,$ *+-"&,'*5-'+1$ 3('.$ '.+$ 6(&(6%:$ *+-"&,'*5-'("&$
%##*"%-.$(&$'.+$\$H+',J$6

H+'$
Z$]^$[+N$-.%&&+:$;:+4'<$%&1$'.+$Y$

H+',$-.%&&+:$;*(0.'<>

!"
!!
"#"$

!!"#

!.*++$ -"6#:+6+&'%*2$ %:0"*('.6,$ 4"*$ '.+$ *+-"&,'*5-'("&$ "4$ '.+$ '' $(&/%*(%&'$6%,,$,#+-'*56$
.%/+$ B++&$ 1+/+:"#+1$ %&1$ '.+(*$ #+*4"*6%&-+$ +/%:5%'+1$ "&$ 45::2$ ,(65:%'+1$ +/+&',>$ !3"$
%1%#'%'("&,$"4$-:%,,(-%:$'"#$*+-"&,'*5-'("&$%:0"*('.6,$%::"3$4"*$.(0.$,(0&%:$+44(-(+&-2$+/+&$(&$
'.+$ !+N$ *+0(6+$ ;h$ cTa$ %&1$ ^a$ (&$ '.+$ 6Xc)b$ !+N$ *%&0+$ 4"*$ '.+$ 6(&(6%:$ %&1$ 45::$
*+-"&,'*5-'("&$ %##*"%-.+,$ *+,#+-'(/+:2<$ >$ !.+$ 6"&")H+'$ %##*"%-.$ .%,$ B++&$ ,."3&$ '"$ B+$
+44(-(+&'$1"3&$'"$6

''
$X$c$!+NJ$3('.$%$,(0&%:$+44(-(+&-2$"4$h$`a$;c^a<$%'$6Xc$!+N$;b$!+N<>

L4$&"$1+/(%'("&$4*"6$'.+$D'%&1%*1$E"1+:$(,$"B,+*/+1J$%$`^$a$9>7>$:(6('$"4$ $!$!2;4' $((<$X$\$
#B$(,$+=#+-'+1$4"*$%$*+,"&%&-+$6%,,$"4$c$!+N$%4'+*$bSS$#B c$%'$-+&'+*)"4)6%,,$+&+*02$"4$cS$
!+N>$K##*"=(6%'+:2$'.+$,%6+$,+&,('(/('2$4"*$6Xc$!+N$$(,$+=#+-'+1$4"*$c$4B)c$"4$1%'%$%'$i$!+N>

M+4+*+&-+I K!7KD$9"::%B"*%'("&J$8,$63"9(6':$,'"+,.#'((',"6$%+%9"'6"+,9)"6'7%';<=;*J$
!"#$%&'($%)*$+,-,$,,.>$

ATLAS-CONF-2013-052

had top

lep top

Ev
en

ts
 / 

G
eV

0
5

10
15
20
25
30
35
40
45

Data tt
Single top Multi-jets
W+jets Z+jets
Diboson

ATLAS Preliminary

 = 8 TeVs

-1 L dt = 14.3 fb!
e + jets

boosted

 [GeV]t, lepm
50 100 150 200 250 300 350D

at
a/

Bk
g

0.5
1

1.5

(a) e+jets channel.

Ev
en

ts
 / 

G
eV

0

10

20

30

40

50
Data tt
Single top Multi-jets
W+jets Z+jets
Diboson

ATLAS Preliminary

 = 8 TeVs

-1 L dt = 14.2 fb!
 + jetsµ
boosted

 [GeV]t, lepm
50 100 150 200 250 300 350D

at
a/

Bk
g

0.5
1

1.5

(b) µ+jets channel.

Figure 5: The invariant mass of the semi-leptonically decaying top quark candidate, mt, lep, after the
boosted selection. The mass has been reconstructed from the narrow jet, the charged lepton and the
missing transverse momentum, using a W mass constraint to obtain the longitudinal momentum of the
neutrino. The shaded areas indicate the total systematic uncertainties. Some background sources are too
small to be visible in the figure.
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Figure 6: The mass of the hadronic top jet, mt, had, after the boosted selection. The shaded areas indicate
the total systematic uncertainties. Some background sources are too small to be visible in the figure.
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Figure 9: The tt̄ invariant mass spectrum, summing the spectra from the two channels and the two
selection methods. The shaded areas indicate the total systematic uncertainties. Two benchmark signals
are indicated on top of the background, a Z′ with m = 1.5 TeV and a gKK with m = 2.0 TeV. The assumed
cross sections of the signals in this figure are the theoretical predictions given in Tables 3 and 4.
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 ∫Ldt = 14.3 fb-1 (2011)  √s=8 TeV
qqℓνbb  

•Resolved Mtt: sum of top 4-momenta 
from four jet assignment, lep and ν with 
minimal least squared sum, imposing W, 
top mass and similar pT,top constraints
❖pz (ν) from W mass constraint 
❖all selected jets are used
❖if  jet with mjet >60 GeV, allow qq and qb merging

•Boosted Mtt: from had t-jet + 
high pT lepton, pz (ν) from W 
mass constraint, leptonic b-jet

“Boosted” Search for excess in tt production vs Mtt -single-lepton- -

•Data-driven QCD (matrix method, validated 
in low ETmiss , mT(W) region, orthogonal to 
boosted ), W+jets normalization (from 
charge asymmetry of W production, relaxed pT , 
b-tag and kT (1 → 2) cuts ) 
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Figure 7: The first kt splitting scale,
√

d12, of the hadronic top jet after the boosted selection. The shaded
areas indicate the total systematic uncertainties. Some background sources are too small to be visible in
the figure.
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(b) µ+jets channel, resolved selection.
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(c) e+jets channel, boosted selection.
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(d) µ+jets channel, boosted selection.

Figure 8: The tt̄ invariant mass spectra for the two channels and the two selection methods. The shaded
areas indicate the total systematic uncertainties.
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Figure 7: The first kt splitting scale,
√

d12, of the hadronic top jet after the boosted selection. The shaded
areas indicate the total systematic uncertainties. Some background sources are too small to be visible in
the figure.
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(b) µ+jets channel, resolved selection.
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(c) e+jets channel, boosted selection.
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Figure 8: The tt̄ invariant mass spectra for the two channels and the two selection methods. The shaded
areas indicate the total systematic uncertainties.
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Search for excess in tt production vs Mtt -single lepton

•No excess found →95% upper 
observed limit (Bayesian credible 
interval) for Z’ & RS KKGluon σ*BR. 
Combine 4 spectra (2 chan x 2 sel)  
including systematics as marginalized 
nuisance pars, flat prior.

--

•Limit on KKGluon σ*BR  (with ΓKKG/
mkkG ~ 15% ): 0.56 pb  (mkkG’= 1 TeV) to 
0.15 pb (mkkG’=2.5 TeV)

 Z’ with  500 GeV <mZ’ <1.8 TeV  are 
excluded at 95% prob 

KK Gluons with 500 GeV < mkkG < 2.0 
TeV are excluded with 95%prob

 ∫Ldt = 14.3 fb-1 (2011)  √s=8TeV

ATLAS-CONF-2013-052
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•Limit on Topcolour Z‘ σ*BR  (with ΓZ’/mZ ~ 
1%) : 5.3 pb  (mZ’=500 GeV) to 0.08 pb ( mZ’=3 TeV)
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Some words on prospects

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

• Active effort to design/develop fiducial measurements (uniform 
definition of stable particles after hadronization) in ongoing/future 
analyses to reduce theory extrapolations,  allow durable comparison 
with theory advancements and combination with CMS
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• Expect higher statistic searches to 
extend limits in the TeV/sub pb region
‣ pile-up understanding for standard and 

boosted jets
‣ boosted top regime will use new tagging/

reconstruction techniques, associated syst 
uncertainties,new triggers

• Go for precision realm in top production and top mass. Measurements: 
mostly systematics dominated (that’s where the work is).

+

ATLAS 
Luminosity 

Public 
Page

Introduction: LHC schedule

Period Lumi [cm−2s−1 ] pile-up LInt (fb
−1)

2012 7 · 1033 21 25
2015-2017 1 · 1034 25 90
2019-2021 2 · 1034 50-80 300

2022- 5 · 1034 ∼ 140 3000

Pile-up corresponds to the average number of interactions per bunch
crossing (�µ�).
Aiming to collect 90fb−1 at 13-14 TeV by LS2!

3 / 33

(K Suruliz, TOP2013)
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Conclusions
• Top analysis is in full swing thanks to the combined  performance of LHC & 

detectors: a very rich program is already underway.

• By exploiting  the LHC top quark factory (~6M tt, ~3M single top  events produced by LHC 
in 2011+2012)  ATLAS is testing top strong and electroweak inclusive 
production at unprecedented precision 
‣ δσtt/σtt ~4.7% compared to ~4% prediction uncertainty (NNLO+NNLL)
‣ δσt/σt ~12% to 15%: still space for improvement

• Differential cross sections measurements test SM tt production  and 
complement new physics searches in completely new phase space with 10% 
to 50% relative unc.

• The top mass is measured at 0.83% (ATLAS)/0.55%(LHC) level. Work is ongoing  for 
LHC and  LHC-Tevatron combination.

• Direct determination of top quark coupling  to the newly found Higgs boson is  still 
limited by number of events.

• New physics connected to top quark by resonances/asymmetries and top rare decays to 
HIggs boson is being searched in previously unexplored TeV/sub pb regions of mass and 
cross sections

50
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Top decay as a window on new physics 
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Introduction

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

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

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

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

smaller than the dominant decay mode at one loop level.

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

decays.

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

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

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

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

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

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

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

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

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

ug) < 3.9 × 10 −4
and BR(t →

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

of LHC data collected during

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

and σ
qg→t×BR(t →

bW) <

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

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

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

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

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

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

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

estimated by data-driven (DD) methods.

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

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

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

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

a)

b)

c)

d)

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

bW
and the FCNC channels of SM

extensions b) t →
qZ, c) t →

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

The subsequentW
and Z boson decays into leptons or quarks are also represented.
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Jet Energy Scale (JES) in ATLAS
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following a Poisson distribution around the average number of additional proton-proton collisions per
bunch crossing measured in the experiment. The LHC bunch train structure is also modeled in that the
simulated collisions are organised in four trains with 50 ns spacing between the bunches. Additional
proton-proton collisions from nearby bunch crossings within trains of consecutive bunches (out-of-time
pile-up) are simulated. Monte Carlo simulation samples are then weighted such that the distribution of
the average number of interactions per bunch crossing matches the data distribution.

The Geant4 software toolkit [32] within the ATLAS simulation framework [33] propagates the gen-
erated particles through the ATLAS detector and simulates their interactions with the detector material.
Hadronic showers are simulated with the QGSP BERT model [34–42]. Compared to the simulation
used for the 2010 data analysis, a newer version of Geant4 (version 9.4) is used and a more detailed
description of the geometry of the LAr calorimeter is introduced.
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Figure 1: Overview of the ATLAS jet reconstruction. After the jet finding, the jet four momentum is
defined as the four momentum sum of its constituents.
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(LCW scale)

Jet finding Calorimeter jets
(EM scale)

Tracks Track jets

Simulated
particles

Particle jets
(aka truth jets)

Calibrates clusters based on 
cluster properties related to 
shower development

Jet finding

Jet finding

Figure 2: Overview of the ATLAS jet calibration scheme used for the 2011 dataset. The pile-up, absolute
JES and the residual in situ corrections calibrate the scale of the jet, while the origin and the η corrections
affect the direction of the jet.

5 Jet reconstruction and calibration in the ATLAS detector

Jets are reconstructed using the anti-kt algorithm [1] with distance parameters R = 0.4 or R = 0.6 using
the FastJet software [43, 44]. The four-momentum recombination scheme is used. The input to the
jet algorithm are stable simulated particles2 (truth jets), reconstructed tracks in the inner detector (track

2A particle is defined as stable if its lifetime is longer than 10 ps. Muons and neutrinos are not included as input to truth
jets as they interact weakly with the detector.
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JES uncertainty 
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light jets 

b-tagged jets 

rtrk =

�
�p track
T

pjetT

Rrtrk ≡ [< rtrk >]data
[< rtrk >]MC

ATLA
S

-C
O

N
F-2013-002  

b-jets 

ATLAS-CONF-2013-004  

light-jets 

• JES validation: use tracks in jets in di-jets and top-anti-top events
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• Additional topology/flavour uncertainties are specific to top-antitop events

JES in ATLAS
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JES uncertainty 
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ATLAS-CONF-2013-004  

light jets 

b-tagged jets 
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�p track
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pjetT

Rrtrk ≡ [< rtrk >]data
[< rtrk >]MC
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N
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R
�
≡

Rrtrk,b−jets

Rrtrk,inclusive

Sensitive to the 
relative b-to-light  
jets energy scale 

Top quark pair events complement the di-jet 
studies otherwise limited to intermediate to 
high pT ranges due to jet trigger thresholds 
 

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


fracesco.spano@cern.ch Top Quark Physics with ATLAS @ LHC Seminar at  Università` “La Sapienza” & INFN Roma     21st Oct 2013

Top production
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Measurement of σtt  - LHC Combination @  s = 7 TeV

•Combine with best linear 
unbiased estimator

•Total correlation~30%

60

ATLAS-CONF-2012-134 & CMS-PAS-TOP-12-003

ATLAS CMS Correlation LHC combination

Cross-section 177.0 165.8 173.3

Uncertainty
Statistical 3.2 2.2 0 2.3

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

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

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

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

Total systematic 10.8 14.2 9.8

Total 11.3 14.4 10.1

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

uncertainties are in pb. The symbol “n/e” stands for “not evaluated”.
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13.3

LHC combined  9.8± 2.3 ±173.3 

CMS combined 13.2± 2.2 ±165.8 
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CMS, all jets   41±  20 ± 136 
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CMS, l+jets   14±   3 ± 164 
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ATLAS, all jets   78±  18 ± 167 

-1 = 0.7 fb
int

   L
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Figure 1: Input σtt̄ measurements by the ATLAS and CMS collaborations and the result of the LHC

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

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

• Final δσ/σ~5.8% (10 pb)
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LHC σtt̄ Measurement @ 8 TeV
LHC σtt̄ measurements at 8 TeV have not been combined yet.

Present measurements are:

• ATLAS dilepton:ATLAS-CONF-2013-097 (20.3 fb−1) Extract

signal counting only eµ events with 1 and 2 b-tagged jets

σtt̄ = 238 ± 2(stat) ± 7(syst) ± 7(lumi) ± 4(b.e.u.) pb

• CMS dilepton:CMS PAS TOP-12-007 (2.4 fb−1)

Extract signal from b jet multiplicity, use ee,µµ and eµ

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

• ATLAS "+jets:ATLAS-CONF-2012-149 (5.8 fb−1)

σtt̄ = 241 ± 2(stat) ± 31(syst) ± 9(lumi) pb

• CMS "+jets:CMS PAS TOP-12-006 (2.8 fb−1)

σtt̄ = 228 ± 9(stat) ± 29(syst) ± 10(lumi) pb

Dilepton measurements dominate any combination.

- 21 - S. Protopopescu
S. Protopopescu, TOP2013
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CMS xsec status
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Summary at 7 TeVSummary at 7 TeV

 Further reduction by combination
 ! see Talk by Serban Protopopescu

 Most precise theory prediction by Czakon et al.: ~ 4.4 %
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TOP2013: Inclusive tt Xsec Session

•1 theory summary on NNLO + 3 summaries on  at LHC +Tevatron on: 
e\μ final states, τ+hadronic channels, combination 

63

Cross Section Measurements at the LHC 

Measurements benefiting from: 
•  (often) smaller experimental uncertainties than at the Tevatron, 
•  large available data statistics ! optimize strategy to reduce impact from systematics 

Lepton+jets @ 7 TeV Dilepton (eµ) @ 8 TeV 

A. Jung 
M. Gallinaro 

±6.9% ±4.5% Most precise at 8 TeV 

A Juste - Experimental Summary

• LHC
‣@7 TeV : no news, CMS dilepton 

has  δσtt/σtt  4.4%, ATLAS  has 
old combination including 
unrealistic single lepton at from 
0.7/fb 
‣@8 TeV: ATLAS has most precise 

measurement: new dilepton with 
4.7%.

• Tevatron:  syst dominated, D0-CDF combined has δσtt/σtt~5.4% New 
full stat l+jets result for D0 with δσtt/σtt ~10% ( ~9.7/fb)

• Fully differential QCD NNLO MC is in the works, possibly including decays 
in narrow width approximation  →prediction is possible for diff cross sections

-

--

--
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Implications of Precision !tt 

Improve gluon PDF at high x First measurement of "s at NNLO from a hadron collider 

(*) Using only CMS dilepton @ 7 TeV 

S. Naumann-Emme 

TOP2013: bonuses from precise tt cross section

A Juste - Experimental Summary

-

mailto:fracesco.spano@cern.ch
mailto:fracesco.spano@cern.ch
https://indico.desy.de/contributionDisplay.py?contribId=49&confId=7095
https://indico.desy.de/contributionDisplay.py?contribId=49&confId=7095


fracesco.spano@cern.ch Top Quark Physics with ATLAS @ LHC Seminar at  Università` “La Sapienza” & INFN Roma     21st Oct 2013

TOP2013: suggestions on tt cross section 

65

What to do with NNLO top cross section?

‣ Establishes trust in QCD production mechanism: it really, really works

‣ Can check that no stops/vector tops/etc masking as tops are in data

‣ Very competitive extraction of alpha_s

‣ Top quark induction into Hall of PDF Global Fit Data

‣ gluon density handle at large x   

‣ Not least: encouraging to theorists!

16

Baernreuther, Fiedler, Mitov, Czakon

Czakon, Mitov, Mangano, Rojo

αs(mZ) = 0.115± 0.003
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Figure 5. Left plot: the ratio of the NNPDF2.3 NNLO gluon PDF at Q2 = 100 GeV2 between
the default fit and after including the Tevatron and LHC top quark cross section data. Right plot:
the relative reduction of PDF uncertainties thanks to the inclusion of top data in the PDF fit.

negligible.

It is interesting to study the modifications of the theory predictions after the top

quark data have been added into the NNPDF2.3 fit. In Table 9 we show the tt̄ cross

section for NNPDF2.3, comparing the default prediction with the predictions after adding

different subsets of the top quark data. We show only the entries which correspond to pure

predictions. By including top data from lower energy colliders, we can provide arguably

the most accurate theoretical prediction for the total tt̄ cross section at higher energies,

given that PDF uncertainties will be reduced in the same kinematical range from lower

energy data.11

These predictions are collected in Table 9. As an illustration, the NNPDF2.3 prediction

including Tevatron and LHC 7 top data would be the best available theory prediction for

LHC 8 TeV. Note that not only PDF uncertainties are reduced, but that also the central

value is shifted to improve the agreement with the experimental data. As can be seen, the

precise 7 TeV data carry most of the constraining power, though of course improved power

of the 8 TeV data will be provided with the analysis of the full 2012 dataset.

Then in Table 10 we provide NNPDF2.3 χ2 compared to the top quark data, before

adding any data, after adding all Tevatron and LHC data and adding only the Tevatron

and LHC 7 TeV data points. The slight improvement of an already good quantitative

description can be seen. As expected, the agreement of the prediction with LHC8 data,

when only Tevatron and LHC7 data are used, is a non-trivial consistency check of the

whole procedure.12

Given that the constraints from top quark data in a global PDF fit such as NNPDF2.3

are already substantial, we expect even larger constrains in PDF sets based on reduced

11Note that, as shown by Fig. 1, the typical x ranges covered by the theory predictions at LHC 7, 8

and 14 TeV are quite similar, justifying the extrapolation of lower LHC energy data to improve the theory

predictions at higher LHC center of mass energies.
12The small change of the χ2 between TEV+LHC data and TEV+LHC7 data is due to statistical fluc-

tuations, reflecting the fact that the 8 TeV data are still not precise enough to provide constraints on the

gluon PDF.

– 13 –

[Weiler, Lysak]

[Naumann-Emme]

Eric Laenen -Theory summary-TOP2013
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TOP2013: Differential Xsec session
•1 theory summary + 2 experimental summaries: on kinematic 

differential cross sections, on jet multiplicities

• Theory: many advancements at NLO (see next page)
• Kinematic diffxsec: data-prediction agreement 
‣ mtt : ATLAS: o.k. with MCs, NLO & NLO+NNLL are harder (more populated high mtt 

tails); CMS is o.k. for generators and NLO+NNLL 
‣ pT,tt:

 ok with MCs and predictions for ATLAS and CMS 
‣ ytt: ATLAS: ALPGEN is o.k., other MCs somewhat different ; o.k. for CMS (available  

in dilepton channel only)
‣ pt,top: some differences between ATLAS and CMS

❖CMS o.k. with approx NNLO (data is above MC at low pt,top ), MCs are different from data 
at low pt,top:

❖ATLAS: not o.k. with approx NNLO (data is below MC at low pt,top ), only POWHEG is o.k. 
for MCs

‣ ATLAS: ALPGEN is o.k. for mtt, but not for pt,top

‣ Only common point between ATLAS and CMS is MC@NLO+HERWIG, CMS 
has POWHEG+HERWIG (but shows POWHEG+PYTHIA)

• jet multiplicities: no news (CMS has results with ~19.6/fb)
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Inclusive σt :  t-channel -√s = 8 TeV

67

• Syst dominated (JES,b-tag and t-chan gen.)  

 t-chan is established! First LHC combination

t-chan: qℓνb(b)  

tribution by computing the transverse mass of the lepton-Emiss
T

system which resembles the transverse

mass of the W boson for W+ jets events:

mT (W) =

√

2pT (!)Emiss
T

[

1 − cos∆φ
(

!, Emiss
T

)]

and requiring mT(W) > 50 GeV.

The “signal region” is defined as events containing one lepton and two or three jets, exactly one of

which is b-tagged by the NN b−tagger. Additionally a “control region” is defined, which has similar

kinematics but contains less t-channel signal. Events in the control region pass the signal selection cuts

except that all of the jets are required to fail the NN b-tag requirement. In order to keep the flavour

composition similar to the signal region, a looser b-tag requirement is made using a b-tag algorithm

which has an efficiency of about 85% in tt̄ simulation samples resulting in an overall tagging efficiency

of about 28%.

4 Background estimation

The main backgrounds to the single top-quark final state arise from W boson production in association

with jets, top quark pair production and QCD multijet events. Smaller backgrounds originate from

Z+jets, Wt-channel and s-channel single top-quark production, and diboson production. These smaller

backgrounds and the top quark pair background are modeled using Monte Carlo (MC) simulation and

normalised to the corresponding theory predictions.

4.1 Estimation of the multijet background

The multijet background normalisation is obtained using a binned maximum likelihood fit to the Emiss
T

dis-

tribution in the data, before applying the Emiss
T

requirement. A dijet sample simulated with PYTHIA is

used for the multijet background, together with templates derived from MC simulation for all other pro-

cesses (top, W/Z+jets, dibosons). The multijet template consists of events where the electron requirement

in the selection is replaced by a jet requirement (jet-electron model). This jet must have pT > 25 GeV,

satisfy the same |η| cuts as the signal electrons, have εjvf > 0.5, and 80-95% of its energy must be de-

posited in the electromagnetic section of the calorimeter. The jet must also contain at least four tracks

to reduce the contribution from converted photons. To avoid a contamination of the jet-electron sample

by W+jets, events are vetoed if they contain one or more leptons that are identified according to high-

efficiency but low-purity identification criteria. The same model is also used in the muon channel, as all

QCD sensitive distributions are well-described by the model in this channel as well. The electron distri-

butions are fitted in two channels, separately for electrons in the endcap (|η| > 1.5) and central (|η| < 1.5)

region of the electromagnetic calorimeter. The resulting estimates, performed separately for each lepton

channel, of the rates and fractions of the multijet background in the tagged datasets are given in Table 1.

The fitted Emiss
T

distributions in the W + 2 jets signal region leading to these results are shown in Fig. 2.

Based on studies done for
√

s = 7 TeV analyses [1, 2] we assign a systematic uncertainty of 50% on the

multijet rate. Additionally a comparison in the muon channel with an alternative method, the so-called

matrix method, yields good compatibility within the quoted uncertainty. The jet-electron sample is also

used to model the multijet kinematics and in the NN fit. All selection cuts are applied, including the

requirement of one b-tagged jet.

4.2 Estimation of the W+ jets background

For the backgrounds other than QCD-mulitjet, the expected number of events passing the selection cri-

teria is based on the cross-section from a theoretical calculation or the prediction of the MC generator.

4

∫Ldt =  5.8 fb-1 (2012)

ATL-CONF-2012-132

• 1 isol. lep (e or μ), 2 or 3  jets with |η|<4.5, ETmiss 

cut, large mT(W)*→ fake lep veto , 1 b-tag
• bkg: tt/Wt/s-chan, W/Z+jets, data-driven fake lep

• Extract σt  and bkg norm by binned max. 
likelihood fit of Neural Network (NN) 
distribution (11 kin. vars: jet-lep masses, 
rapidities) to data in 2- & 3-jet bins

band from MC stat+fakes uncertainty
• First BLUE ATLAS +CMS combination  !

(∫Ldt =  5.8 (5.0) fb-1 (2012))  

N
ot

re
vi

ew
ed

,f
or

in
te

rn
al

ci
rc

ul
at

io
n

on
ly

TOPLHC NOTE
ATLAS-CONF-2013-098

CMS-PAS-TOP-12-002

September 15, 2013

Combination of single top-quark cross-section measurements in the

t-channel at
√
s = 8 TeV with the ATLAS and CMS experiments

The ATLAS and CMS Collaborations

Abstract

A combination of measurements of the single top-quark production cross-section in the

t-channel at
√
s = 8 TeV by the ATLAS and CMS experiments at the LHC is presented.

The measurements from ATLAS and CMS are based on integrated luminosities of 5.8 fb−1

and 5.0 fb−1, respectively. The best linear unbiased estimator (BLUE) method is applied for

the combination, taking into account the individual contributions to systematic uncertainties

of the two experiments and their correlations. The combined single top-quark production

cross-section in the t-channel is σt-ch. = 85± 4 (stat.)± 11 (syst.)± 3 (lumi.) pb = 85± 12 pb

which is in agreement with the theoretical predictions.
δσt/σt ~14% 

ATLAS-CONF-2013-098  
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Measurement of t-Channel Single Top-Quark Production in pp Collisions

at
√

s = 8 TeV with the ATLAS detector

The ATLAS Collaboration

Abstract

We present a measurement of the t-channel single-top quark production cross-section

in the lepton+jets channel with 5.8 fb−1 of
√

s = 8 TeV pp collision data, taken with the

ATLAS detector in 2012, using a neural network based discriminant. Selected events con-

tain one lepton, missing transverse momentum, and two or three jets, including one which

is b-tagged. The background model includes multijets, W+jets and top quark pair events,

with smaller contributions from Z+jets and diboson events. We show data-background com-

parisons for kinematic distributions and measure the t-channel production cross-section by

performing a combined binned maximum likelihood fit to the neural network output distri-

bution for the observed data with two and three jets. The measured t-channel cross-section

is σt = 95 ± 2 (stat.) ± 18 (syst.) pb = 95 ± 18 pb, which is in good agreement with the

Standard Model prediction. Using the ratio of the measured to the theoretically predicted

cross section and assuming that the top-quark-related CKM matrix elements obey the re-

lation |Vtb| # |Vts|, |Vtd |, the coupling strength at the W-t-b vertex is determined to be

|Vtb| = 1.04+0.10
−0.11

. If it is assumed that |Vtb| ≤ 1, a lower limit of |Vtb| > 0.80 is obtained

at the 95% CL.

c© Copyright 2012 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.

δσt/σt ~19% 

• Assuming |Vtb| >> |Vts|, |Vtd| determine Vtb ←ratio of 
measured to predicted σt   

If |Vtb |<1 |Vtb |>0.89 at 95%CL
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Measurement of t-Channel Single Top-Quark Production in pp Collisions

at
√

s = 8 TeV with the ATLAS detector

The ATLAS Collaboration

Abstract
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√

s = 8 TeV pp collision data, taken with the
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bution for the observed data with two and three jets. The measured t-channel cross-section

is σt = 95 ± 2 (stat.) ± 18 (syst.) pb = 95 ± 18 pb, which is in good agreement with the

Standard Model prediction. Using the ratio of the measured to the theoretically predicted

cross section and assuming that the top-quark-related CKM matrix elements obey the re-
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−0.11

. If it is assumed that |Vtb| ≤ 1, a lower limit of |Vtb| > 0.80 is obtained

at the 95% CL.

c© Copyright 2012 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.
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Inclusive σt:  t-chan √s = 7 TeV

68

--

top

• standard single lepton sel + bkg estimates (tt/Wt,W+jets,fakes)

∫Ldt =  4.7 fb-1 (2011)

• Extract σt  and σanti-t  by binned max. likelihood 
fit of standard NN distribution  to data in 2- & 3-
jet bin with pos and neg lep (e,μ)

• Calculate Rt =σt / σanti-t (sensitive to u/d PDFs)
including corr→reduce δR 
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ATLAS NOTE

September 12, 2013

Measurement of the t-channel single top-quark and top-antiquark1

production cross-sections and their ratio in pp collisions at
√
s = 7 TeV2

using Neural Networks3

K. Beckera, D. Hirschbuehla, P. Tepela, W. Wagnera,4

Editor:5

K. Beckera6

aFachbereich C Physik, Bergische Universität Wuppertal, Wuppertal, Germany7

Abstract8

We present measurements of the single top-quark and top-antiquark cross sections and9

their ratio in t-channel production in pp collisions at the LHC. The collision data recorded10

with the ATLAS detector correspond to an integrated luminosity of 4.59 fb−1. Selected11

events contain one charged lepton, missing transverse momentum, and two or three jets, one12

and only one of them b-tagged. The background consists of multijets, W+jets and tt̄ pair13

events, with smaller contributions from Z+jets and diboson events. The top-quark and top-14

antiquark as well as the inclusive production cross sections are measured by performing a15

binned maximum likelihood fit to the output distribution of neural networks in the 2-jets and16

3-jets data sets, resulting in σt(t) = 50.7 ± 1.6 (stat.) ± 6.0 (syst.) pb = 50.7 ± 6.2 pb, σt(t̄) =17

25.4±1.3 (stat.)±3.7 (syst.) pb = 25.4±3.9 pb andσt(t+t̄) = 76.2±2.1 (stat.)±9.1 (syst.) pb =18

76.2 ± 9.4 pb. A cross section ratio of Rt = 2.00 ± 0.12 (stat.) ± 0.11 (syst.) = 2.00 ± 0.16 is19

measured. When evaluating the uncertainties of Rt the correlations between the individual20

cross section measurements are taken into account, leading to a reduction of the uncertainty.21

The ratio Rt is sensitive to the ratio of the up-quark and down-quark parton density functions22

(PDF) in the proton. At the current precision, the measurement is in agreement with the23

predictions based on various global PDF sets that range from 1.86 to 2.07. Using the ratio24

of the measured to the theoretically predicted inclusive cross section and assuming that the25

top-quark-related CKM matrix elements obey the relation |Vtb| # |Vts|, |Vtd |, the coupling26

strength at theW-t-b vertex is determined to be |Vtb| = 1.09 ± 0.07.27

c© Copyright 2013 CERN for the benefit of the ATLAS Collaboration.

band from MC stat+fakes uncert.

~12%

δσt/σt 

~12%

~15%syst 
dominated:
ISR/FSR,

JES

Wealth of t-chan info! Test of EWK top production 

ATL-CONF-2012-056

antitop

9 Conclusion

Single top quark production in the t-channel has been studied in 4.7 fb−1 of
√
s = 7 TeV data recorded

by the ATLAS detector in 2011. Events are selected in theW + 2 jets andW + 3 jets data set and exactly

one of the jets is required to be b-tagged. Both channels are combined by a simultaneous likelihood fit to

the neural network discriminant in both channels. We measure the following cross-sections of top-quark

and top-antiquark production in the t-channel:

σt(t) = 53.2 ± 1.7 (stat.) ± 10.6 (syst.) pb = 53.2 ± 10.8 pb and

σt(t̄) = 29.5 ± 1.5 (stat.) ± 7.3 (syst.) pb = 29.5+7.4−7.5 pb.

The measured cross-section ratio of t-channel top-quark and t-channel top-antiquark is

Rt = 1.81 ± 0.10 (stat.) +0.21−0.20 (syst.) = 1.81
+0.23
−0.22.

The measured value of Rt is compared to the predictions obtained with different PDF sets in Figure 9.

The statistical uncertainty of the measurement is at the same level as the uncertainties of the predictions

which is also approximately equal to the spread of the predictions of Rt. But the present measurement

is dominated by systematic uncertainties which need to be reduced to increase the leverage of the Rt

measurement on the u-quark and the d-quark PDFs.
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Figure 9: Calculated Rt values for different NLO PDF sets. The error contains the uncertainty on the

renormalisation and factorisation scales. The black line indicates the central value of the measured Rt

value. The combined statistical and systematic uncertainty of the measurement is shown in green, while

the statistical uncertainty is represented by the yellow error band.
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TOP2013: Differential Xsec session - Theory intro

• tt+j, tt+jj, tt+bb,tt
+tt : now all 
available at NLO

69

Top pairs plus stuff in 3D

28
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[Schulze]
‣ More amazing progress. Review:

‣ ttb+QCD,  ttb+EW,  ttb+ Nothing

Eric Laenen -Theory summary-TOP2013

- - - -
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TOP2013: Differential Xsec session

•Differences 
are well 
captured 
by A. Juste  
in the 
summary

70

Differential Cross Sections: pT,t, mtt 

28 

•  Top pT: in general softer spectrum in data 
than predicted by MCs.  

•  Some tension between ATLAS and CMS in 
the first bin affects conclusion on agreement 
with NLO+NNLL prediction. 

•  Partonic level defined in the same way? 
 Non-perturbative corrections missing?  

•  mtt: very sensitive to PDFs but also to NP. 
Beware of EW effects not accounted for! 

•  Somewhat contradictory conclusions by 
ATLAS and CMS regarding agreement with 
NLO+NNLL. 

M. Aldaya 

A Juste - Experimental Summary-TOP2013
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TOP2013: Differential Xsec session

71

t!+jets and t!+heavy-flavor Cross Sections 

29 

LL.-M. Mir 

•  Improved theoretical understanding of t!+heavy-flavor 
background critical for t!H, H!b" and other NP searches. 

•  New measurement of !(t!b")/!(t!jj) by CMS. 

K. Lannon 

A Juste - Experimental Summary-
TOP2013
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D
IS

 2013 
N E W : To be submitted to Phys. R. D 

13 

 Vertex mass for b-tagged jets 

tt + heavy flavor quarks ( 7 TeV ) 
Motivation: tt +b/c +X  events are main background  
to 

cc/bb are produced in association with top via gluon 
splitting from ISR/FSR  

Signature: two opposite sign leptons + ET miss + at 
least two jets 

tt+HF: at least 3 b-tagged jets 
tt+jets: at least 2 b-tagged jets (at least 3 jets)  

Background: 
Di-boson, Z+jets, single top: rely on simulation 
fake leptons: data-driven from same sign lepton 
sample 
b-tag jets from mistagged LH jets: 

tt+jets: MC simulation 
tt+HF: fit to the vertex mass of b-tagged jets 

Strategy: quote the RHF ratio between the tt+HF cross section and tt+jets one in a 
fiducial volume  

  
 

NX :  the number of additional b-tagged jets for the tt+HF selection; number of 
selected dilepton events for the tt+jets selection 
Fiducial volume: two leptons from top decay with pT >25(20) GeV  for e( ) and 
| |<2.5 and at least 3 (2) b-jets for tt + HF (tt + jets) and at least 3 jets for tt +HF 

 

Ldt
N

R XXtt
fidjtt

fid

HFtt
fid

HF

)(
)(

)(

)( bbHHtt

(C. Bertella @ DIS2013)
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N E W: To be submitted to Phys. R. D 

14 RH F as a function of Fb/H F , ratio of tt 
events with additional b-quarks to tt 
events with additional c- or b-quarks 

 Template fit results to vertex mass    

tt + heavy flavor quarks ( 7 TeV ) 
Fraction of HF jets extracted by a binned 
maximum likelihood template fit on the vertex 
mass distribution 

To increase the sensitivity  p.d.f . (pT 
 vertex mass) 

Three exclusive bins of b-jet purity:           
b-tag  = 60%, 60% to 70%, 70% to 75%  

To differentiate between b , light flavor 
and c  

HF (tt+HF)= 0.18  0.03(stat.) pb 

HF (tt+jets)= 2.55  0.07(stat.) pb 
RHF = [ 7.1  1.3(stat.)-2.0

+5.3 (syst.) ] % 
Dominant uncertainty: fiducial flavor 
composition 

Result consistent at 1.4  level with LO SM 
prediction from ALPGEN and at 0.6  level with 
approx. NLO result from POWHEG 
 
 

(C. Bertella @ DIS2013)

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


fracesco.spano@cern.ch Top Quark Physics with ATLAS @ LHC Seminar at  Università` “La Sapienza” & INFN Roma     21st Oct 2013

Top mass

74

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


fracesco.spano@cern.ch Top Quark Physics with ATLAS @ LHC Seminar at  Università` “La Sapienza” & INFN Roma     21st Oct 2013

mtop @ ATLAS with 3D template: uncertainties
• Larger stat in 3D 

because of 
higher dim, but 
reduced b-JES

• Dominant 
modelling is 
reduced by JSF/
b-JSF

• Residual JES 
from pT 
dependence of 
JES

• b-tag:pT 
dependence of 
scale factors 
affecting Rlb 

• Overall: better 
total syst , bJES 
absorbed by 
bJSF, scaling 
with lumi, 
uncorrelated in 
combinations

75

2d-analysis 3d-analysis

mtop [GeV] JSF mtop [GeV] JSF bJSF

Measured value 172.80 1.014 172.31 1.014 1.006

Data statistics 0.23 0.003 0.23 0.003 0.008

Jet energy scale factor (stat. comp.) 0.27 n/a 0.27 n/a n/a

bJet energy scale factor (stat. comp.) n/a n/a 0.67 n/a n/a

Method calibration 0.13 0.002 0.13 0.002 0.003

Signal MC generator 0.36 0.005 0.19 0.005 0.002

Hadronisation 1.30 0.008 0.27 0.008 0.013

Underlying event 0.02 0.001 0.12 0.001 0.002

Colour reconnection 0.03 0.001 0.32 0.001 0.004

ISR and FSR (signal only) 0.96 0.017 0.45 0.017 0.006

Proton PDF 0.09 0.000 0.17 0.000 0.001

single top normalisation 0.00 0.000 0.00 0.000 0.000

W+jets background 0.02 0.000 0.03 0.000 0.000

QCD multijet background 0.04 0.000 0.10 0.000 0.001

Jet energy scale 0.60 0.005 0.79 0.004 0.007

b-jet energy scale 0.92 0.000 0.08 0.000 0.002

Jet energy resolution 0.22 0.006 0.22 0.006 0.000

Jet reconstruction efficiency 0.03 0.000 0.05 0.000 0.000

b-tagging efficiency and mistag rate 0.17 0.001 0.81 0.001 0.011

Lepton energy scale 0.03 0.000 0.04 0.000 0.000

Missing transverse momentum 0.01 0.000 0.03 0.000 0.000

Pile-up 0.03 0.000 0.03 0.000 0.001

Total systematic uncertainty 2.02 0.021 1.35 0.021 0.020

Total uncertainty 2.05 0.021 1.55 0.021 0.022

Table 2: The measured values of mtop and the contributions of various sources to the uncertainty of the

2d-analysis and 3d-analysis.The corresponding uncertainties on the measured values of the JSF and for

the 3d-analysis also the bJSF are also shown. The Signal MC generator systematic uncertainty is ob-

tained from pairs of independent Monte Carlo samples. The statistical precision on mtop of all Monte

Carlo samples in the 3d-analysis (2d-analysis) is about 0.15 GeV (0.07 GeV). The corresponding val-

ues for the JSF and bJSF are 0.0017 and 0.0006, respectively. Consequently, for the uncertainty source

Signal MC generator the statistical uncertainty of the evaluation of the systematic uncertainty on mtop is

0.21 GeV for the 3d-analysis and 0.10 GeV for the 2d-analysis. For the sources Hadronisation, Under-

lying event, Colour reconnection, ISR and FSR the same hard scattering events before hadronisation are

used, albeit with respective different further processing for the source under study. For these sources the

samples are not independent, and the statistical uncertainty of the evaluation of the systematic uncertainty

is correspondingly smaller.

15

set b-JES to 1 (thanks to G. Cortiana’s CERN seminar, 
2nd July 2013)
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CERN Seminar, July 2nd,  2013                                                                                                              G. Cortiana 

Motivation

This measurement aims to study the differences between b- and
light-quarks in terms of jet shapes.

Sensitive observables for the modelling of the parton shower.

Differential jet shape r ≤ R −∆r/2

ρ(r) =
1
∆r

pT (r −∆r/2, r +∆r/2)
pT (0,R)

Integrated jet shape r ≤ R

Ψ(r) =
pT (0, r)
pT (0,R)

Previous b-jet results by CDF [Phys. Rev. D 78, 072005 (2008)]

Inclusive jet results by ATLAS [Phys. Rev. D 83, 052003 (2011)]

The ATLAS Collaboration Jet shapes in tt̄ events 2 / 16

top-quark events: MC modelling 

39 

Observable/analysis Modelling improvements 

Jet multiplicity  MC@NLO+Herwig replaced by PowHeg+Pythia 

Gap fraction Reduced parameter range for ISR/FSR systematics 

Jet shape Hadronization: from Herwig to Pythia Perugia tunes 

!   Modelling of signal events is 
crucial for precision 
measurements 
!   analysis calibration 
!   event reconstruction 
!   definition of the parameter 

range used for systematic 
variations of MC samples 

Ψ(r) =
pT (0, r)

pT (0, R)

Eur.Phys.J.C 71 (2011) 1795  

ρ(r) =
1

∆r

pT (r −∆r/2, r +∆r/2

pT (0, R)

!   Jet shapes are sensitive to the 
details of the parton shower models. 
(differential/integrated, using 
calorimeter clusters/tracks)  

 
!   Top pair events complement studies 

from the inclusive jet sample. 
Possibility to analyse separately b-
quark and light-quark jets. 

Differential jet shape                                                       Integrated jet shape: 

inclusive jets 

top-pair sample 

(G. Cortiana, CERN seminar, 2nd July 2013)
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Definition of mtop from top decays

If Γtop were < 1 GeV, top would 
hadronize before decaying. Same as b-
quark

T
p1

pn

t

q

m2
T =




�

i=1,...,n

pi




2

But Γtop is > 1 GeV, top decays before 
hadronizing. Extra antiquarks must be 
added to the top-quark decay final state 
in order to produce the physical state 
whose mass will be measured

As a result, Mexp is not equal to mpoletop, 
and will vary in each event, depending 
on the way the event has evolved. 

The top mass extracted in hadron 
collisions is not well defined below a 
precision of O(Γtop)~ 1 GeV

pn

b

Wt

B
p1

q

q
_

_

t
_

g

M2
exp =




�

i=1,...,n

pi




2

Goal: 
- correctly quantify the systematic uncertainty
- identify observables that allow to validate the 
theoretical modeling of hadronization in top 
decays
- identify observables less sensitive to these 
effects

q

q
_

mt = Flattice/potential models (mT, αQCD)

(M. Mangano
TOP2013)

• To the level of 250-500 MeV, it is justified to consider mMC=mpole

• Dynamics “on the W side” extremely stable against all that happens 
on the b-side: try to exploit lepton endopoints, or other related 
observables

• Absolute effects of b-jet recombination in the few-GeV range, most 
of it controlled by perturbative effects, thus unaffected by NP 
uncertainties

Conclusions
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mtop @ LHC (Oct 2013)
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 [GeV]topm
166 168 170 172 174 176 178 180 1821

10

Tevatron March 2013  0.61± 0.36 ± 0.51 ±173.20 

LHC September 2013  0.88± 0.26 ± 0.23 ±173.29 

-1 = 3.5 fbint   L

CMS 2011, all jets  1.23± 0.69            ±173.49 

-1 = 4.9 fbint   L
CMS 2011, di-lepton  1.46± 0.43            ±172.50 

-1 = 4.9 fbint   L

CMS 2011, l+jets  0.98± 0.33 ± 0.27 ±173.49 

-1 = 4.7 fbint   L
ATLAS 2011, di-lepton  1.50± 0.64            ±173.09 

-1 = 4.7 fbint   L

ATLAS 2011, l+jets  1.35± 0.72 ± 0.23 ±172.31 

-1 - 4.9 fb-1 = 3.5 fb
int

 combination - September 2013,  LtopLHC m

 = 7 TeVsATLAS + CMS Preliminary, 

      (syst.)    (iJES)    (stat.)

(a)

BLUE Combination Coefficient [%]
-100 0 100

1

10

 comb.topLHC m
September 2013

 = 7 TeVsATLAS + CMS Preliminary, 

21.6-1 = 3.5 fbint   L
CMS 2011, all jets

-8.4-1 = 4.9 fbint   L
CMS 2011, di-lepton

60.6-1 = 4.9 fbint   L
CMS 2011, l+jets

 3.6-1 = 4.7 fbint   L
ATLAS 2011, di-lepton

22.6-1 = 4.7 fbint   L
ATLAS 2011, l+jets

(b)

Pull
-5 -4 -3 -2 -1 0 1 2 3
1

10

 comb.topLHC m
September 2013

 = 7 TeVsATLAS + CMS Preliminary, 

 0.2-1 = 3.5 fbint   L
CMS 2011, all jets

-0.7-1 = 4.9 fbint   L
CMS 2011, di-lepton

 0.4-1 = 4.9 fbint   L
CMS 2011, l+jets

-0.2-1 = 4.7 fbint   L
ATLAS 2011, di-lepton

-0.8-1 = 4.7 fbint   L
ATLAS 2011, l+jets

(c)

Figure 1: (a): Input measurements and result of the LHC combination (see also Table 1), compared

with the Tevatron combined mtop value [2]; for each measurement, the statistical uncertainty, the iJES

contribution (when applicable) and the sum of the remaining uncertainties are reported separately. The

iJES contribution is statistical in nature and applies to analyses performing in-situ (tt̄) jet energy cali-

bration procedures. The grey vertical band indicates the total Tevatron mtop uncertainty. (b, c) : BLUE

combination coefficients and pulls of the input measurements.

8

ATLAS-CONF-2013-102

mailto:fracesco.spano@cern.ch
mailto:fracesco.spano@cern.ch
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-102/
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-102/


fracesco.spano@cern.ch Top Quark Physics with ATLAS @ LHC Seminar at  Università` “La Sapienza” & INFN Roma     21st Oct 2013

mtop @ LHC (Oct 2013)

• LHC 
Categorization 
of syst 
(compared to 
Tevatron)

• ρexp  (ρLHC )is 
correlation 
assumed 
within same 
experiment 
(between 
different exp)

• ρexp and ρLHC 
only reported 
for  ungrouped 
categories 

80

Uncertainty Categories Size [GeV] Correlation

Tevatron ATLAS CMS

ATLAS CMS LHC ρexp ρLHC

2011 2011 2011 2011 2011

l+jets di-l l+jets di-l all jets comb

Measured mtop 172.31 173.09 173.49 172.50 173.49 173.29

Jet Scale Factor 0.27 0.33

bJet Scale Factor 0.67

iJES Sum (statistical comp.) 0.72 0.33 0.26 0 0

uncorrelated JES comp. 0.61 0.73 0.24 0.69 0.69 0.29 1 0

dJES in-situ γ/Z JES comp. 0.29 0.31 0.02 0.35 0.35 0.10 1 0

intercalib. JES comp. 0.19 0.39 0.01 0.08 0.08 0.07 1 0.5

aJES flavour JES comp. 0.36 0.02 0.11 0.58 0.58 0.16 1 0.0

bJES b-jet energy scale 0.08 0.71 0.61 0.76 0.49 0.43 1 0.5

MC Generator 0.19 0.20 0.02 0.04 0.19

S
ig

n
a
l

Hadronisation 0.27 0.44

MC Sum 0.33 0.48 0.02 0.04 0.19 0.14 1 1

ISR/FSR 0.45 0.37

Q
2
-scale 0.24 0.55 0.22

Jet-Parton scale 0.18 0.19 0.24

Rad Sum 0.45 0.37 0.30 0.58 0.33 0.32 1 1

CR Colour reconnection 0.32 0.29 0.54 0.13 0.15 0.43 1 1

- Underlying event 0.12 0.42 0.15 0.05 0.20 0.17 1 1

PDF Proton PDF 0.17 0.12 0.07 0.09 0.06 0.09 1 1

Jet Resolution 0.22 0.21 0.23 0.14 0.15

Jet Reco Efficiency 0.05

E
miss

T
0.03 0.05 0.06 0.12

DetMod Sum 0.23 0.22 0.24 0.18 0.28 0.20 1 0

b-tagging 0.81 0.46 0.12 0.09 0.06 0.25 1 0.5

LepPt Lepton reconstruction 0.04 0.12 0.02 0.14 0.01 1 0

Background from MC 0.14 0.13 0.05 0.08 1 1

Background from Data 0.10 0.13 0.04 0 0

Method 0.13 0.07 0.06 0.40 0.13 0.06 0 0

Multiple Hadronic Interactions 0.03 0.01 0.07 0.11 0.06 0.05 1 1

Statistics 0.23 0.64 0.27 0.43 0.69 0.23

Systematics 1.53 1.50 1.03 1.46 1.23 0.92

Total Uncertainty 1.55 1.63 1.06 1.52 1.41 0.95

Comb. Coeff. [%] 22.6 3.6 60.6 -8.4 21.6 χ2/ndf = 1.8/4

Pull -0.80 -0.15 0.41 -0.67 0.19 χ2
prob = 77%

Table 1: Uncertainty categories mapping for the input measurements and the result of the LHC mtop

combination. For comparison, the categorisation used in the Tevatron 2013 combination [2] is reported

in the first column. The correlation ρexp represents the assumed correlation between measurements from

the same experiment, while ρLHC indicates the correlation assumed between measurements across exper-

iments. The values of ρexp and ρLHC are reported for the categorisation actually used in the combination,

and are omitted for those sub-categories which are grouped into a single uncertainty component. The

stability of the result under different correlation assumptions is discussed in Section 6.

it is assumed to be uncorrelated between ATLAS and CMS measurements: ρexp = 1; ρLHC = 0.

Since the methodologies and assumptions to derive corrections and uncertainties are not always

directly comparable between the two experiments, variations of ρLHC are considered in the com-

bination stability checks.

intercalibJES: This is the JES uncertainty component originating from the modelling of the radiation in the rel-

ative jet η (central-forward) and pT inter-calibration procedures. Within CMS, when evaluating

4
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depending on jet pT and η is assigned to jets arising
from the fragmentation of b-quarks, due to differences
between light jets and gluon jets, and jets containing
b-hadrons. This uncertainty decreases with pT, and the
average uncertainty for the spectrum of jets selected in
the analyses is below ±2%.

This additional systematic uncertainty has been ob-
tained from Monte Carlo simulation and was also veri-
fied using b-jets in data. The validation of the b-jet en-
ergy scale uncertainty is based on the comparison of the
jet transverse momentum as measured in the calorime-
ter to the total transverse momentum of charged par-
ticle tracks associated to the jet. These transverse mo-
menta are evaluated in the data and in Monte Carlo
simulated events for inclusive jet samples and for b-jet
samples [19]. Moreover, the jet calorimeter response un-
certainty has been evaluated from the single hadron re-
sponse. Effects stemming from b-quark fragmentation,
hadronisation and underlying soft radiation have been
studied using different Monte Carlo event generation
models [19].

b-tagging efficiency and mistag rate: The
b-tagging efficiency and mistag rates in data and Monte
Carlo simulation are not identical. To accommodate
this, b-tagging scale factors, together with their uncer-
tainties, are derived per jet [20,35]. They depend on the
jet pT and η and the underlying quark-flavour. For the
default result the central values of the scale factors are
applied, and the systematic uncertainty is assessed by
changing their values within their uncertainties.

Jet energy resolution: To assess the impact of
this uncertainty, before performing the event selection,
the energy of each reconstructed jet in the simulation is
additionally smeared by a Gaussian function such that
the width of the resulting Gaussian distribution corre-
sponds to the one including the uncertainty on the jet
energy resolution. The fit is performed using smeared
jets and the difference to the default mtop measurement
is assigned as a systematic uncertainty.

Jet reconstruction efficiency: The jet reconstruc-
tion efficiency for data and the Monte Carlo simulation
are found to be in agreement with an accuracy of better
than ±2% [19]. To account for this, jets are randomly
removed from the events using that fraction. The event
selection and the fit are repeated on the changed sam-
ple.

Missing transverse momentum: The Emiss
T is

used in the event selection and also in the likelihood for
the 1d-analysis, but is not used in the mtop estimator
for either analysis. Consequently, the uncertainty due to
any mis-calibration is expected to be small. The impact
of a possible mis-calibration is assessed by changing the
measured Emiss

T within its uncertainty.
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Fig. 7 1d-analysis: The R32 distribution observed in the
data together with the signal and background contributions
determined by the fit. The distributions are for (a) the e+jets
channel and (b) the µ+jets channel. The data points are
shown with their statistical uncertainties.

The resulting sizes of all uncertainties are given in
Table 2. They are also used in the combination of results
described below. The three most important sources of
systematic uncertainty for both analyses are the rel-
ative b-jet to light jet energy scale, the modelling of
initial and final state QCD radiation, and the light jet
energy scale. Their impact on the precision on mtop are
different as expected from the difference in the estima-
tors used by the two analyses.

8.2 Results

Figure 7 shows the results of the 1d-analysis when per-
formed on data. For both channels, the fit function de-
scribes the data well, with a χ2/dof of 21/23 (39/23)
for the e+jets (µ+jets) channels. The observed statis-
tical uncertainties in the data are consistent with the
expectations given in Section 6 with the e+jets chan-

8 The ATLAS Collaboration

The R32 templates are parameterised with a func-
tional form given by the sum of a ratio of two corre-
lated Gaussians and a Landau function. The ratio of
two Gaussians [25] is motivated as a representation of
the ratio of two correlated measured masses. The Lan-
dau function is used to describe the tails of the dis-
tribution stemming mainly from wrong jet-triplet as-
signments. The correlation between the two Gaussian
distributions is fixed to 50%. A simultaneous fit to all
templates per decay channel is used to derive a continu-
ous function ofmtop that interpolates the R32 shape dif-
ferences among all mass points with mtop in the range
described above. This approach rests on the assump-
tion that each parameter has a linear dependence on
the top quark mass, which has been verified for both
channels. The fit minimises a χ2 built from the R32

distributions at all mass points simultaneously. The χ2

is the sum over all bins of the difference squared be-
tween the template and the functional form, divided by
the statistical uncertainty squared in the template. The
combined fit adequately describes the R32 distributions
for both channels. In Figure 4(a) the sensitivity to mtop

is shown in the e+jets channel by the superposition of
the signal templates and their fits for four of the six
input top quark masses assumed in the simulation.

For the background template, the mtop independent
parts, see Table 1, are treated together. Their individ-
ual distributions, taken either fromMonte Carlo or data
estimates as detailed above, are summed, and a Lan-
dau distribution is chosen to parameterise their R32

distribution. For each channel this function adequately
describes the background distribution as shown in Fig-
ure 4(b) for the e+jets channel, which has a larger back-
ground contribution than the µ+jets channel.

Signal and background probability density functions,
Psig(R32|mtop) and Pbkg(R32), respectively, are used in
a binned likelihood fit to the data using a number of
bins, Nbins. The likelihood reads:

L(R32|mtop) = Lshape(R32|mtop)× Lbkg(R32) ,

Lshape(R32|mtop) =
Nbins�

i=1

λNi
i

Ni!
· e−λi ,

Lbkg(R32) = exp




−
(nbkg − npred

bkg )2

2σ2
npred
bkg




 ,

with:

λi = (N − nbkg) · Psig(R32|mtop)i + nbkg · Pbkg(R32)i ,

N =
Nbins�

i=1

Ni = nsig + nbkg .

The variable Ni denotes the number of events observed
per bin, and nsig and nbkg denote the total numbers
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Fig. 4 1d-analysis: Template parameterisations for (a) sig-
nal and (b) background contributions in the e+jets channel.
The background fit is labelled Pbkg.

of signal and background events to be determined. The
term Lshape accounts for the shape of the R32 distribu-
tion and its dependence on the top quark mass mtop.
The term Lbkg constrains the total number of back-

ground events, nbkg, using its prediction, npred
bkg , and

the background uncertainty, chosen to be 50%, see Ta-
ble 1. In addition, the number of background events
is restricted to be positive. The two free parameters
of the fit are the total number of background events,
nbkg, andmtop. The performance of this algorithm is as-
sessed with the pseudo-experiment technique. For each
mtop value, distributions from pseudo-experiments are
constructed by random sampling of the simulated sig-
nal and background events used to construct the corre-
sponding templates. Using Poisson statistics, the num-
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•Standard single lepton selection
‣ good quality objects, 1 lepton, cuts on 

ET ,mTW,  ≥4 jets, at least 1 b-tagged jet 
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 ∫Ldt = 4.7 fb-1 (2011)  

•Binned likelihood fit of data to mtop-
dependent template(s) of variable(s) →mtop

linearity tested with Poisson-fluctuated pseudoexp.

cancel jet syst in ratio

•fit R32 = Ratio of 3-jet (top) to 2-jet (W)  masses: 
assign jets with kinematic likelihood fit using W mass 
constraint, mtop,HAD= mtop,LEP + weight for b/mis-tag  

•Compare/Combine

1d R32 analysis

•Reconstruct two mtop-sensitive variables  
• Jet energy scale is crucial: different reduction

6 The ATLAS Collaboration

6 The 1d-analysis

The 1d-analysis is a one-dimensional template analysis
using the reconstructed mass ratio:

R32 ≡
mreco

top

mreco
W

.

Here mreco
top and mreco

W are the per event reconstructed
invariant masses of the hadronically decaying top quark
and W boson, respectively.

To select the jet triplet for determining the two
masses, this analysis utilises a kinematic fit maximis-
ing an event likelihood. This likelihood relates the ob-
served objects to the tt̄ decay products (quarks and
leptons) predicted by the NLO signal Monte Carlo, al-
beit in a Leading Order (LO) kinematic approach, using
tt̄ → �νb� q1q2bhad. In this procedure, the measured jets
relate to the quark decay products of the W boson, q1
and q2, and to the b-quarks, b� and bhad, produced in
the top quark decays. The Emiss

T vector is identified with
the transverse momentum components of the neutrino,
p̂x,ν and p̂y,ν .

The likelihood is defined as a product of transfer
functions (T ), Breit-Wigner (B) distributions, and a
weight Wbtag accounting for the b-tagging information:

L = T
�
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· T

�
Ejet2 |Êb�
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�
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�
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�
·
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B
�
m(q1 q2 bhad)|mreco,like

top ,Γtop

�
·

B
�
m(� ν b�)|mreco,like

top ,Γtop

�
·Wbtag .

The generator predicted quantities are marked with
a circumflex (e.g. Êbhad), i.e. the energy of the b-quark
from the hadronic decay of the top quark. The quanti-
ties mW and ΓW are taken from Ref. [6], and mreco,like

top

is the likelihood estimator for the top quark mass,
i.e. the per event result of maximising this likelihood.
Transfer functions are derived from the MC@NLO

tt̄ signal Monte Carlo sample at an input mass of
mtop = 172.5 GeV, based on reconstructed objects
that are matched to their generator predicted quarks
and leptons. When using a maximum separation of
∆R = 0.4 between a quark and the corresponding jet,
the fraction of events with four matched jets from all
selected events amounts to 30% – 40%. The transfer
functions are obtained in three bins of η for the ener-
gies of b-quark jets, Ejet1 and Ejet2 , light quark jets,
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Fig. 2 1d-analysis: Performance of the likelihood fit in the
e+jets channel. Shown in (a) are the predicted ln L distri-
butions for various jet permutations in the tt̄ signal Monte
Carlo. The figures (b, c) compare two output variables of the
likelihood fit as observed in the data with their respective
prediction. These are (b) the ln L value, and (c) the pT of
the b-jet associated to the hadronic decay of the top quark.
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2dM analysis

Measuring top mass

Results 

• Systematic dominated! b-JES
‣ 1dR32 (GeV) : ISR/FSR (1.4 ), JES(~1.2), b-

JES(~1.16), MCGen (~0.7), Colour Rec (0.6)
‣ 2dM (GeV): b-JES (~1.6), ISR/FSR(~1), JES 

(~0.66), Colour Rec(0.55), JSF (0.4)
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Fig. 9 2d-analysis: The correlation of the measured top
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respond to the one- and two standard deviation uncertainties
of the two parameters.
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Fig. 10 The measurements on mtop from the individual
analyses and the combined result from the 2d-analysis com-
pared to the present combined value from the Tevatron ex-
periments [3] and to the most precise measurement of mtop

used in that combination.

ties on the measured mtop with different methods. The
e+jets and µ+jets channels, and both analyses, lead to
consistent results within their correlated uncertainties.

A combined 1d-analysis and 2d-analysis result does
not currently improve the precision of the measured
top quark mass from the 2d-analysis and hence the
2d-analysis result is presented as the final result:

mtop = 174.5 ± 0.6stat ± 2.3syst GeV .

This result is statistically as precise as the mtop mea-
surement obtained in the Tevatron combination, but
the total uncertainty, dominated by systematic effects,
is still significantly larger. In this result, the three most
important sources of systematic uncertainty are from
the relative b-jet to light jet energy scale, the modelling
of initial and final state QCD radiation, and the light
quark jet energy scale. These sources account for about
85% of the total systematic uncertainty.

Acknowledgements

We thank CERN for the very successful operation of the
LHC, as well as the support staff from our institutions
without whom ATLAS could not be operated efficiently.

We acknowledge the support of ANPCyT, Argentina;
YerPhI, Armenia; ARC, Australia; BMWF, Austria;
ANAS, Azerbaijan; SSTC, Belarus; CNPq and FAPESP,
Brazil; NSERC, NRC and CFI, Canada; CERN; CON-
ICYT, Chile; CAS, MOST and NSFC, China; COL-
CIENCIAS, Colombia; MSMT CR, MPO CR and VSC
CR, Czech Republic; DNRF, DNSRC and Lundbeck
Foundation, Denmark; ARTEMIS and ERC, European
Union; IN2P3-CNRS, CEA-DSM/IRFU, France; GNAS,
Georgia; BMBF, DFG, HGF, MPG and AvH Founda-
tion, Germany; GSRT, Greece; ISF, MINERVA, GIF,
DIP and Benoziyo Center, Israel; INFN, Italy; MEXT
and JSPS, Japan; CNRST, Morocco; FOM and NWO,
Netherlands; RCN, Norway; MNiSW, Poland; GRICES
and FCT, Portugal; MERYS (MECTS), Romania; MES
of Russia and ROSATOM, Russian Federation; JINR;
MSTD, Serbia; MSSR, Slovakia; ARRS and MVZT,
Slovenia; DST/NRF, South Africa; MICINN, Spain;
SRC and Wallenberg Foundation, Sweden; SER, SNSF
and Cantons of Bern and Geneva, Switzerland; NSC,
Taiwan; TAEK, Turkey; STFC, the Royal Society and
Leverhulme Trust, United Kingdom; DOE and NSF,
United States of America.

The crucial computing support from all WLCG part-
ners is acknowledged gratefully, in particular from CERN
and the ATLAS Tier-1 facilities at TRIUMF (Canada),
NDGF (Denmark, Norway, Sweden), CC-IN2P3 (France),
KIT/GridKA (Germany), INFN-CNAF (Italy), NL-T1

Measurement of the Top Quark Mass with the Template Method using ATLAS Data 17

 [GeV]topm
171 172 173 174 175 176 177 178 179

JS
F

0.97

0.98

0.99

1

1.01

1.02
ATLAS

 0.008±JSF = 0.985 
 GeVstat+JSF 1.0± = 174.3 topm

e + jets
-1 L dt = 1.04 fb!

"1 
"2 

(a) e+jets channel

 [GeV]topm
171 172 173 174 175 176 177 178 179

JS
F

0.97

0.98

0.99

1

1.01

1.02
ATLAS

 0.006±JSF = 0.986 
 GeVstat+JSF 0.9± = 175.0 topm

 + jetsµ

-1 L dt = 1.04 fb!

"1 
"2 

(b) µ+jets channel

Fig. 9 2d-analysis: The correlation of the measured top
quark mass mtop, and jet energy scale factor JSF for (a) the
e+jets channel, and (b) the µ+jets channel. The ellipses cor-
respond to the one- and two standard deviation uncertainties
of the two parameters.

 [GeV]topm
160 165 170 175 180 185 1900.5

9

  0.0±  0.0 ± 0.0 

Tevatron September 2011   0.8±  0.6 ±173.2 

Most precise (CDF l+jets)   1.1±  0.7 ±173.0 

l+jets   2.3±  0.6 ±174.5 

+jets (2d)µ   2.6±  0.7 ±175.0 

e+jets (2d)   2.3±  0.8 ±174.3 

+jets (1d)µ   2.6±  1.1 ±175.5 

e+jets (1d)   2.5±  1.5 ±172.9 
ATLAS (Date: February 23, 2012)

(stat)      (syst)

Fig. 10 The measurements on mtop from the individual
analyses and the combined result from the 2d-analysis com-
pared to the present combined value from the Tevatron ex-
periments [3] and to the most precise measurement of mtop

used in that combination.

ties on the measured mtop with different methods. The
e+jets and µ+jets channels, and both analyses, lead to
consistent results within their correlated uncertainties.

A combined 1d-analysis and 2d-analysis result does
not currently improve the precision of the measured
top quark mass from the 2d-analysis and hence the
2d-analysis result is presented as the final result:

mtop = 174.5 ± 0.6stat ± 2.3syst GeV .

This result is statistically as precise as the mtop mea-
surement obtained in the Tevatron combination, but
the total uncertainty, dominated by systematic effects,
is still significantly larger. In this result, the three most
important sources of systematic uncertainty are from
the relative b-jet to light jet energy scale, the modelling
of initial and final state QCD radiation, and the light
quark jet energy scale. These sources account for about
85% of the total systematic uncertainty.

Acknowledgements

We thank CERN for the very successful operation of the
LHC, as well as the support staff from our institutions
without whom ATLAS could not be operated efficiently.

We acknowledge the support of ANPCyT, Argentina;
YerPhI, Armenia; ARC, Australia; BMWF, Austria;
ANAS, Azerbaijan; SSTC, Belarus; CNPq and FAPESP,
Brazil; NSERC, NRC and CFI, Canada; CERN; CON-
ICYT, Chile; CAS, MOST and NSFC, China; COL-
CIENCIAS, Colombia; MSMT CR, MPO CR and VSC
CR, Czech Republic; DNRF, DNSRC and Lundbeck
Foundation, Denmark; ARTEMIS and ERC, European
Union; IN2P3-CNRS, CEA-DSM/IRFU, France; GNAS,
Georgia; BMBF, DFG, HGF, MPG and AvH Founda-
tion, Germany; GSRT, Greece; ISF, MINERVA, GIF,
DIP and Benoziyo Center, Israel; INFN, Italy; MEXT
and JSPS, Japan; CNRST, Morocco; FOM and NWO,
Netherlands; RCN, Norway; MNiSW, Poland; GRICES
and FCT, Portugal; MERYS (MECTS), Romania; MES
of Russia and ROSATOM, Russian Federation; JINR;
MSTD, Serbia; MSSR, Slovakia; ARRS and MVZT,
Slovenia; DST/NRF, South Africa; MICINN, Spain;
SRC and Wallenberg Foundation, Sweden; SER, SNSF
and Cantons of Bern and Geneva, Switzerland; NSC,
Taiwan; TAEK, Turkey; STFC, the Royal Society and
Leverhulme Trust, United Kingdom; DOE and NSF,
United States of America.

The crucial computing support from all WLCG part-
ners is acknowledged gratefully, in particular from CERN
and the ATLAS Tier-1 facilities at TRIUMF (Canada),
NDGF (Denmark, Norway, Sweden), CC-IN2P3 (France),
KIT/GridKA (Germany), INFN-CNAF (Italy), NL-T1

16 The ATLAS Collaboration

 [GeV]reco
Wm

50 60 70 80 90 100 110

Ev
en

ts
 / 

6 
G

eV

0
100
200
300
400
500
600
700
800
900

1000

 [GeV]reco
Wm

50 60 70 80 90 100 110

Ev
en

ts
 / 

6 
G

eV

0
100
200
300
400
500
600
700
800
900

1000
ATLAS
e + jets

-1 L dt = 1.04 fb!

 0.008±JSF = 0.985 

bkg + PsigP
bkgP

Data

(a) e+jets channel

 [GeV]reco
Wm

50 60 70 80 90 100 110

Ev
en

ts
 / 

6 
G

eV

0

200

400

600

800

1000

1200

 [GeV]reco
Wm

50 60 70 80 90 100 110

Ev
en

ts
 / 

6 
G

eV

0

200

400

600

800

1000

1200 ATLAS
 + jetsµ

-1 L dt = 1.04 fb!

 0.006±JSF = 0.986 

bkg + PsigP
bkgP

Data

(b) µ+jets channel

 [GeV]reco
topm

100 150 200 250 300 350 400

Ev
en

ts
 / 

10
 G

eV

0

100

200

300

400

500

600

 [GeV]reco
topm

100 150 200 250 300 350 400

Ev
en

ts
 / 

10
 G

eV

0

100

200

300

400

500

600
ATLAS
e + jets

-1 L dt = 1.04 fb!

 0.008±JSF = 0.985 
 GeVstat+JSF 1.0± = 174.3 topm

bkg + PsigP
bkgP

Data

(c) e+jets channel

 [GeV]reco
topm

100 150 200 250 300 350 400

Ev
en

ts
 / 

10
 G

eV

0

100

200

300

400

500

600

700

800

 [GeV]reco
topm

100 150 200 250 300 350 400

Ev
en

ts
 / 

10
 G

eV

0

100

200

300

400

500

600

700

800
ATLAS

 + jetsµ

-1 L dt = 1.04 fb!

 0.006±JSF = 0.986 
 GeVstat+JSF 0.9± = 175.0 topm

bkg + PsigP
bkgP

Data

(d) µ+jets channel

Fig. 8 2d-analysis: Mass distributions fitted to the data for the e+jets channel on the left and the µ+jets channel on the
right. Shown are (a, b) the mreco

W distributions, and in (c, d) the mreco
top distributions. The data points are shown with their

statistical uncertainties. The lines denote the background probability density function (dashed) and the sum of the signal and
background probability density functions (full).

Combining the results for the two lepton channels

separately for each analysis gives the following results

(note that these two analyses are correlated as described

above):

mtop = 174.4 ± 0.9stat ± 2.5syst GeV (1d-analysis),

mtop = 174.5 ± 0.6stat ± 2.3syst GeV (2d-analysis).

For the 1d-analysis the µ+jets channel is more precise,

and consequently carries a larger weight in the com-

bination, whereas for the 2d-analysis this is reversed.

However, for both analyses, the improvement on the

more precise estimate by the combination is moderate,

i.e. a few percent, see Table 2.

The combination of all four measurements of mtop

yields statistical and systematic uncertainties on the

top quark mass of 0.6 GeV and 2.3 GeV, respec-

tively. Presently this combination does not improve the

precision of the measured top quark mass from the

2d-analysis, which has the better expected total un-

certainty. Therefore, the result from the 2d-analysis is

presented as the final result. The two analyses will dif-

ferently profit from progress on the individual system-

atic uncertainties, which can be fully exploited by the

method to estimate the statistical correlation of differ-
ent estimators ofmtop obtained in the same data sample

together with the outlined combination procedure. The

results are summarised in Figure 10 and compared to

selected measurements from the Tevatron experiments.

9 Summary and conclusion

The top quark mass has been measured directly via two

implementations of the template method in the e+jets

and µ+jets decay channels, based on proton-proton col-

lision data from 2011 corresponding to an integrated lu-

minosity of about 1.04 fb
−1

. The two analyses mitigate

the impact of the three largest systematic uncertain-

• fit (mt,reco, mw,rec): function of 
global Jet Energy Scaling Factor 
(JSF)➝ mtop,JSF

‣use largest pT 3-jet system (b- +2 l-jets) 
‣ mW,rec from 2 light-jets 

‣  χ2 with 2 l-jets energies imposing MW 
➝ mtop,rec from fitted jets + b-jet 

‣ scale all jets with same JSF 

reduce JES by in-situ fix 
to W mass + transfer  

uncertainty to JSF 

m(2 l-jets)∈ (50,100) GeV
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W distributions, and in (c, d) the mreco
top distributions. The data points are shown with their

statistical uncertainties. The lines denote the background probability density function (dashed) and the sum of the signal and
background probability density functions (full).

Combining the results for the two lepton channels

separately for each analysis gives the following results

(note that these two analyses are correlated as described

above):

mtop = 174.4 ± 0.9stat ± 2.5syst GeV (1d-analysis),

mtop = 174.5 ± 0.6stat ± 2.3syst GeV (2d-analysis).

For the 1d-analysis the µ+jets channel is more precise,

and consequently carries a larger weight in the com-

bination, whereas for the 2d-analysis this is reversed.

However, for both analyses, the improvement on the

more precise estimate by the combination is moderate,

i.e. a few percent, see Table 2.

The combination of all four measurements of mtop

yields statistical and systematic uncertainties on the

top quark mass of 0.6 GeV and 2.3 GeV, respec-

tively. Presently this combination does not improve the

precision of the measured top quark mass from the

2d-analysis, which has the better expected total un-

certainty. Therefore, the result from the 2d-analysis is

presented as the final result. The two analyses will dif-

ferently profit from progress on the individual system-

atic uncertainties, which can be fully exploited by the

method to estimate the statistical correlation of differ-
ent estimators ofmtop obtained in the same data sample

together with the outlined combination procedure. The

results are summarised in Figure 10 and compared to

selected measurements from the Tevatron experiments.

9 Summary and conclusion

The top quark mass has been measured directly via two

implementations of the template method in the e+jets

and µ+jets decay channels, based on proton-proton col-

lision data from 2011 corresponding to an integrated lu-

minosity of about 1.04 fb
−1

. The two analyses mitigate

the impact of the three largest systematic uncertain-
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(b) µ+jets channel
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Fig. 8 2d-analysis: Mass distributions fitted to the data for the e+jets channel on the left and the µ+jets channel on the
right. Shown are (a, b) the mreco

W distributions, and in (c, d) the mreco
top distributions. The data points are shown with their

statistical uncertainties. The lines denote the background probability density function (dashed) and the sum of the signal and
background probability density functions (full).

Combining the results for the two lepton channels

separately for each analysis gives the following results

(note that these two analyses are correlated as described

above):

mtop = 174.4 ± 0.9stat ± 2.5syst GeV (1d-analysis),

mtop = 174.5 ± 0.6stat ± 2.3syst GeV (2d-analysis).

For the 1d-analysis the µ+jets channel is more precise,

and consequently carries a larger weight in the com-

bination, whereas for the 2d-analysis this is reversed.

However, for both analyses, the improvement on the

more precise estimate by the combination is moderate,

i.e. a few percent, see Table 2.

The combination of all four measurements of mtop

yields statistical and systematic uncertainties on the

top quark mass of 0.6 GeV and 2.3 GeV, respec-

tively. Presently this combination does not improve the

precision of the measured top quark mass from the

2d-analysis, which has the better expected total un-

certainty. Therefore, the result from the 2d-analysis is

presented as the final result. The two analyses will dif-

ferently profit from progress on the individual system-

atic uncertainties, which can be fully exploited by the

method to estimate the statistical correlation of differ-
ent estimators ofmtop obtained in the same data sample

together with the outlined combination procedure. The

results are summarised in Figure 10 and compared to

selected measurements from the Tevatron experiments.

9 Summary and conclusion

The top quark mass has been measured directly via two

implementations of the template method in the e+jets

and µ+jets decay channels, based on proton-proton col-

lision data from 2011 corresponding to an integrated lu-

minosity of about 1.04 fb
−1

. The two analyses mitigate

the impact of the three largest systematic uncertain-

2dM

1d R32

• Correl 1d-2d O(15-16%) , combination not better than 2d

mtop (CMS) = 172.6 ± 0.6 (stat+JES) ± 1.2 (syst)  GeV

CMS-PAS-TOP-11-015
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CMS limits on ttH 

•ttH, H→γγ @ √s = 8 TeV
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∫Ldt = 4.7 fb-1 (2011) 
bef  unfolding, 

no bkg subtraction

Measure top quarks charge asymmetry
qqℓνbb  

ATLAS-CONF-2013-078

to explain the excesses in the CDF and D0 measurements postulate the presence of new particles that can

alter the SM prediction for AC. Requiring βz,tt̄ > 0.6 defines a region of phase-space where the effects of

these new particles on the asymmetry are enhanced [32].

3.1 Reconstruction of the tt̄ system

A kinematic fit is used to determine the likelihood for candidate events to be tt̄ events as well as to deter-

mine the four-vectors of the top and antitop quark to compute ∆|y| . A detailed description of the method

and its assumptions can be found in [30]. In simulation studies using tt̄ events, the fraction of events

reconstructed with the correct ∆|y| sign was measured to be 75%. For the differential measurements a

cut on the likelihood is applied to reject badly reconstructed events, reducing the migrations across the

differential bins. The reconstructed ∆|y| distribution is shown in Figure 1 along with the distributions of

the invariant mass, the transverse momentum and the absolute value of the rapidity for the tt̄ system.
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Figure 1: Measured ∆|y| (top left), tt̄ invariant mass mtt̄ (top right), transverse momentum pT,tt̄ (bottom

left) and rapidity |ytt̄| (bottom right) distributions for the electron and muon channel combined after

requiring at least one b-tagged jet. Data (points) and prediction (solid lines) are shown. The uncertainty

on the total prediction includes both statistical and systematic components. The overflow is included in

the last bin.

3.2 Unfolding procedure

The reconstructed ∆|y| distributions are distorted by acceptance and resolution effects. We use the Fully

Bayesian Unfolding (FBU) [52] technique to estimate the parton level distributions from the measured

5

to explain the excesses in the CDF and D0 measurements postulate the presence of new particles that can

alter the SM prediction for AC. Requiring βz,tt̄ > 0.6 defines a region of phase-space where the effects of

these new particles on the asymmetry are enhanced [32].

3.1 Reconstruction of the tt̄ system

A kinematic fit is used to determine the likelihood for candidate events to be tt̄ events as well as to deter-

mine the four-vectors of the top and antitop quark to compute ∆|y| . A detailed description of the method

and its assumptions can be found in [30]. In simulation studies using tt̄ events, the fraction of events

reconstructed with the correct ∆|y| sign was measured to be 75%. For the differential measurements a

cut on the likelihood is applied to reject badly reconstructed events, reducing the migrations across the

differential bins. The reconstructed ∆|y| distribution is shown in Figure 1 along with the distributions of

the invariant mass, the transverse momentum and the absolute value of the rapidity for the tt̄ system.

|y|∆

-3 -2 -1 0 1 2 3

E
v
e
n

ts
 /
 0

.2
5
 

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

Data

tt
W+jets
Z+jets

Diboson
Single top
Multijets
Uncertainty

ℓ + ≥ 4 jets (≥ 1 b − tag)

= 7 TeVs

-1
 L dt = 4.7 fb∫

ATLAS Preliminary

 [GeV]
tt

m

0 200 400 600 800 1000 1200

E
v
e
n

ts
 /
 4

0
 G

e
V

0

2000

4000

6000

8000

10000

12000

14000

16000

Data

tt
W+jets
Z+jets

Diboson
Single top
Multijets
Uncertainty

ℓ + ≥ 4 jets (≥ 1 b − tag)

= 7 TeVs

-1
 L dt = 4.7 fb∫

ATLAS Preliminary

 [GeV]
tT,t

p

0 50 100 150 200 250

E
v
e
n

ts
 /
 1

0
 G

e
V

0

2000

4000

6000

8000

10000

Data

tt
W+jets
Z+jets

Diboson
Single top
Multijets
Uncertainty

ℓ + ≥ 4 jets (≥ 1 b − tag)

= 7 TeVs

-1
 L dt = 4.7 fb∫

ATLAS Preliminary

|
tt

|y

0 0.5 1 1.5 2 2.5

E
v
e
n

ts
 /
 0

.1
 

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

Data

tt
W+jets
Z+jets

Diboson
Single top
Multijets
Uncertainty

ℓ + ≥ 4 jets (≥ 1 b − tag)

= 7 TeVs

-1
 L dt = 4.7 fb∫

ATLAS Preliminary

Figure 1: Measured ∆|y| (top left), tt̄ invariant mass mtt̄ (top right), transverse momentum pT,tt̄ (bottom

left) and rapidity |ytt̄| (bottom right) distributions for the electron and muon channel combined after

requiring at least one b-tagged jet. Data (points) and prediction (solid lines) are shown. The uncertainty

on the total prediction includes both statistical and systematic components. The overflow is included in

the last bin.

3.2 Unfolding procedure

The reconstructed ∆|y| distributions are distorted by acceptance and resolution effects. We use the Fully

Bayesian Unfolding (FBU) [52] technique to estimate the parton level distributions from the measured

5

to explain the excesses in the CDF and D0 measurements postulate the presence of new particles that can

alter the SM prediction for AC. Requiring βz,tt̄ > 0.6 defines a region of phase-space where the effects of

these new particles on the asymmetry are enhanced [32].

3.1 Reconstruction of the tt̄ system

A kinematic fit is used to determine the likelihood for candidate events to be tt̄ events as well as to deter-

mine the four-vectors of the top and antitop quark to compute ∆|y| . A detailed description of the method

and its assumptions can be found in [30]. In simulation studies using tt̄ events, the fraction of events

reconstructed with the correct ∆|y| sign was measured to be 75%. For the differential measurements a

cut on the likelihood is applied to reject badly reconstructed events, reducing the migrations across the

differential bins. The reconstructed ∆|y| distribution is shown in Figure 1 along with the distributions of

the invariant mass, the transverse momentum and the absolute value of the rapidity for the tt̄ system.

|y|∆

-3 -2 -1 0 1 2 3

E
v

e
n

ts
 /

 0
.2

5
 

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

Data

tt
W+jets
Z+jets

Diboson
Single top
Multijets
Uncertainty

ℓ + ≥ 4 jets (≥ 1 b − tag)

= 7 TeVs

-1
 L dt = 4.7 fb∫

ATLAS Preliminary

 [GeV]
tt

m

0 200 400 600 800 1000 1200

E
v

e
n

ts
 /

 4
0

 G
e

V

0

2000

4000

6000

8000

10000

12000

14000

16000

Data

tt
W+jets
Z+jets

Diboson
Single top
Multijets
Uncertainty

ℓ + ≥ 4 jets (≥ 1 b − tag)

= 7 TeVs

-1
 L dt = 4.7 fb∫

ATLAS Preliminary

 [GeV]
tT,t

p

0 50 100 150 200 250

E
v

e
n

ts
 /

 1
0

 G
e

V

0

2000

4000

6000

8000

10000

Data

tt
W+jets
Z+jets

Diboson
Single top
Multijets
Uncertainty

ℓ + ≥ 4 jets (≥ 1 b − tag)

= 7 TeVs

-1
 L dt = 4.7 fb∫

ATLAS Preliminary

|
tt

|y

0 0.5 1 1.5 2 2.5

E
v

e
n

ts
 /

 0
.1

 

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

Data

tt
W+jets
Z+jets

Diboson
Single top
Multijets
Uncertainty

ℓ + ≥ 4 jets (≥ 1 b − tag)

= 7 TeVs

-1
 L dt = 4.7 fb∫

ATLAS Preliminary

Figure 1: Measured ∆|y| (top left), tt̄ invariant mass mtt̄ (top right), transverse momentum pT,tt̄ (bottom

left) and rapidity |ytt̄| (bottom right) distributions for the electron and muon channel combined after

requiring at least one b-tagged jet. Data (points) and prediction (solid lines) are shown. The uncertainty

on the total prediction includes both statistical and systematic components. The overflow is included in

the last bin.

3.2 Unfolding procedure

The reconstructed ∆|y| distributions are distorted by acceptance and resolution effects. We use the Fully

Bayesian Unfolding (FBU) [52] technique to estimate the parton level distributions from the measured

5

to explain the excesses in the CDF and D0 measurements postulate the presence of new particles that can

alter the SM prediction for AC. Requiring βz,tt̄ > 0.6 defines a region of phase-space where the effects of

these new particles on the asymmetry are enhanced [32].

3.1 Reconstruction of the tt̄ system

A kinematic fit is used to determine the likelihood for candidate events to be tt̄ events as well as to deter-

mine the four-vectors of the top and antitop quark to compute ∆|y| . A detailed description of the method

and its assumptions can be found in [30]. In simulation studies using tt̄ events, the fraction of events

reconstructed with the correct ∆|y| sign was measured to be 75%. For the differential measurements a

cut on the likelihood is applied to reject badly reconstructed events, reducing the migrations across the

differential bins. The reconstructed ∆|y| distribution is shown in Figure 1 along with the distributions of

the invariant mass, the transverse momentum and the absolute value of the rapidity for the tt̄ system.

|y|∆

-3 -2 -1 0 1 2 3

E
v
e
n

ts
 /
 0

.2
5
 

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

Data

tt
W+jets
Z+jets

Diboson
Single top
Multijets
Uncertainty

ℓ + ≥ 4 jets (≥ 1 b − tag)

= 7 TeVs

-1
 L dt = 4.7 fb∫

ATLAS Preliminary

 [GeV]
tt

m

0 200 400 600 800 1000 1200

E
v
e
n

ts
 /
 4

0
 G

e
V

0

2000

4000

6000

8000

10000

12000

14000

16000

Data

tt
W+jets
Z+jets

Diboson
Single top
Multijets
Uncertainty

ℓ + ≥ 4 jets (≥ 1 b − tag)

= 7 TeVs

-1
 L dt = 4.7 fb∫

ATLAS Preliminary

 [GeV]
tT,t

p

0 50 100 150 200 250

E
v
e
n

ts
 /
 1

0
 G

e
V

0

2000

4000

6000

8000

10000

Data

tt
W+jets
Z+jets

Diboson
Single top
Multijets
Uncertainty

ℓ + ≥ 4 jets (≥ 1 b − tag)

= 7 TeVs

-1
 L dt = 4.7 fb∫

ATLAS Preliminary

|
tt

|y

0 0.5 1 1.5 2 2.5

E
v
e
n

ts
 /
 0

.1
 

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

Data

tt
W+jets
Z+jets

Diboson
Single top
Multijets
Uncertainty

ℓ + ≥ 4 jets (≥ 1 b − tag)

= 7 TeVs

-1
 L dt = 4.7 fb∫

ATLAS Preliminary

Figure 1: Measured ∆|y| (top left), tt̄ invariant mass mtt̄ (top right), transverse momentum pT,tt̄ (bottom

left) and rapidity |ytt̄| (bottom right) distributions for the electron and muon channel combined after

requiring at least one b-tagged jet. Data (points) and prediction (solid lines) are shown. The uncertainty

on the total prediction includes both statistical and systematic components. The overflow is included in

the last bin.

3.2 Unfolding procedure

The reconstructed ∆|y| distributions are distorted by acceptance and resolution effects. We use the Fully

Bayesian Unfolding (FBU) [52] technique to estimate the parton level distributions from the measured

5

mailto:fracesco.spano@cern.ch
mailto:fracesco.spano@cern.ch
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-078/
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-078/


fracesco.spano@cern.ch Top Quark Physics with ATLAS @ LHC Seminar at  Università` “La Sapienza” & INFN Roma     21st Oct 2013 88

CHARGE ASYMMETRY AT LHC @ 7 TEV

12

[CMS, PLB717 (2012) 129]

[CMS-PAS-TOP-12-010]

[ATLAS-CONF-2012-057]

SM prediction QCD NLO + EW:                               .

Lepton+jets

Dilepton

CMS:

ATLAS:

CMS:

ATLAS:

A|y|
C = 0.4± 1.0± 1.1%

A|y|
C = 5.0± 4.3+1.0

−3.9 %

A|y|
C = 5.7± 2.4± 1.5%

[Bernreuther, Si, PRD86 (2012) 034026]

A|y|
C = 0.6± 1.0%

[ATLAS-CONF-2013-078]

A|y|
C = 1.23± 0.05%

Results are compatible with SM, but significance is limited.
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Figure 2: Charge asymmetry distributions as a function of mtt̄ (top left), pT,tt̄ (top right) and |ytt̄ | (bottom
left) after unfolding, for the electron and muon channel combined. The AC distribution as a function

of mtt̄, after the βz,tt̄ > 0.6 requirement, is also shown (bottom right). The AC values after unfolding

(points) are compared with the SM predictions (hatched grey bands) and the predictions for a color octet

axigluon with a mass of 300 GeV (hatched red bands) and 7000 GeV (hatched blue bands) respectively.

The bands in the theoretical predictions include scale variation uncertainties. The error bars include both

the statistical and systematic uncertainties on the AC values. The bins are the same as the ones reported

in Table 4, 5, 6 and 14 respectively.

5 Conclusion

This note presented the top quark production charge asymmetry measurement in tt̄ events with a single

lepton (electron or muon), at least four jets, of which at least one is tagged as a b-jet, and large missing

transverse momentum, using an integrated luminosity of 4.7 fb−1 recorded by the ATLAS experiment in

pp collisions at a centre-of-mass energy of
√
s = 7 TeV at the LHC. The inclusive charge asymmetry

AC and its differential distributions, as a function of mtt̄, pT,tt̄ and |ytt̄ |, have been unfolded to parton

level. The measured inclusive charge asymmetry is AC = 0.006± 0.010 (stat. + syst.). All measurements

presented are statistically limited and are found to be compatible with the SM prediction within the

uncertainties.
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(a) The mass drop and symmetric splitting criteria.

(b) Filtering.

Figure 2: A cartoon depicting the two stages of the mass-drop filtering procedure.

Figure 3: A cartoon depicting the jet trimming procedure.

most of which is due to the removal pileup or the UE (see, for example, Figures 22 and 25 in
Section 5.3). The fraction removed increases with the number of interactions in the event [1].

Six configurations of trimmed jets are studied here, arising from combinations of fcut and Rsub,
given in Table 1. They are based on the optimized parameters in Ref. [19] ( fcut = 0.03,Rsub = 0.2)
and variations suggested by the authors of the algorithm. This set represents a wide range of phase
space for trimming and is somewhat broader than considered in the original paper on the subject.
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Pruning: The pruning algorithm [20, 21] is similar to trimming in that it removes constituents with a

small relative pT, but additionally utilizes a wide-angle radiation veto. The pruning procedure is

invoked at each successive recombination of the jet algorithm used (either C/A or kt), based on the

branching at each point in the jet reconstruction, and as such does not require the reconstruction of

subjets. This results in definitions of the terms “wide-angle” or “soft” that are not directly related

to the original jet but rather to the proto-jets formed in the process of rebuilding the pruned jet.

Figure 4: A cartoon illustrating the pruning procedure.

The procedure is as follows:

• Run either the C/A or kt recombination jet algorithm on the constituents found by any jet

finding algorithm.

• At each recombination step with constituents j1 and j2 (where p j1
T > p j2

T ), require that

p j2
T /p

j1+ j2
T

> zcut or ∆R j1, j2 < Rcut × 2mjet

pjet

T

.

• Merge j2 with j1 if the above criteria are met, otherwise, discard j2 and continue with the

algorithm.

The pruning procedure is illustrated in Figure 4. Six configurations, given in Table 1, based on

combinations of zcut and Rcut are studied here. They are not configurations that have been stud-

ied before in Refs. [20, 21] but are chosen based on discussion with the authors of the pruning

algorithm [22]. This set of parameters also represents a relatively wide range of possible configu-

rations.

2.5 HEPTopTagger

The HEPTopTagger [23] is an example of how jet grooming techniques may be used to optimize the

selection of boosted objects (in this case, top quarks with a hadronically-decaying W boson daughter)

over a large multi-jet background. The method uses the C/A jet algorithm and a variant on the mass-

drop filtering technique described in Section 2.4 in order to utilize information about the recombination

history of the jet. The algorithm proceeds as follows:

• Decomposition into substructure objects: The mass-drop criterion defined in Eq. (7) is applied

to a large-R C/A jet, where j1 and j2 are the two subjets from the last stage of clustering. If the

criterion is satisfied, the same prescription is followed iteratively on both j1 and j2 until Ni subjets

are left, where the subjets either have masses mi ≤ mcut or represent individual constituents, such
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each new subjet is decomposed

consider all triplets of subjets

new sub-jets
require total mass in 
top mass window

Jet finding algorithms used Grooming algorithm Configurations considered
C/A Mass-Drop Filtering µfrac = 0.20, 0.33, 0.67

anti-kt and C/A Trimming fcut = 0.01, 0.03, 0.05
Rsub = 0.2, 0.3

anti-kt and C/A Pruning
Rcut = 0.1, 0.2, 0.3
zcut = 0.05, 0.1

C/A HEPTopTagger (see Table 2)

Table 1: Summary of the grooming configurations considered in this study. Values in boldface are
optimized configurations reported in Ref. [16] and Ref. [19] for filtering and trimming, respectively.

as topo-clusters, tracks, or truth particles (i.e. no clustering history). If at any stage m j1 > mjetµfrac,
the mass-drop criterion and subsequent iterative de-clustering is not applied to j2. The values of
mcut and R studied in this note are summarized in Table 2. R values of 1.5 and 1.8, somewhat
larger than used generally in mass-drop filtering, are chosen based on previous studies [23]. When
the iterative process of de-clustering the jet is complete, there must exist at least three substructure
objects, otherwise the jet is discarded.

• Filtering: Combinations of three substructure objects are filtered at a time. The constituents of the
substructure objects in a given triplet are reclustered into Ni subjets using the C/A algorithm with
a distance parameter Rfilt = min[0.3, ∆R j1 , j2

2 ], where ∆R j1, j2 is the minimum separation between all
possible pairs in the current triplet.

• Top mass window requirement: If the invariant mass of the four-vector determined by summing
the constituents of the Ni subjets is not in the range 140 ≤ mjet < 200 GeV then the triplet
combination is ignored. If more than one triplet satisfies the criteria, only the one with mass
closest to the top quark mass, mtop, is used.

• Reclustering of subjets: From the Ni subjets formed from the chosen top candidate triplet, a
number of leading-pT subjets (Nsubjet) are chosen, where 3 ≤ Nsubjet ≤ Ni. Of these chosen subjets,
exactly three jets are built by applying the C/A algorithm to the constituents of the Nsubjet subjets
(exclusive clustering using a distance parameter R jet listed in Table 2). These subjets are calibrated
as described in [24].

• W boson mass requirements: Relations listed in A1 of [23] are defined using the total invariant
mass of the three subjets (m123) and the invariant mass mi j formed from combinations of two of
the three C/A jets ordered in pT. These relations include:

R− <
m23

m123
< R+ (9)

0.2 < arctan
m13

m12
< 1.3 (10)

Here, R± = (1 ± fW) mW
mtop

, fW is a resolution variable (given in Table 2), and the quantities mW

and mtop denote the W boson and top quark masses, respectively. If at least one of the criteria in
A1 of [23] is met, the four-momentum addition of the three subjets is considered a candidate top
quark.
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Table 1: Average impact of the dominant systematic uncertainties on the total background yield and on
the estimated yield of a Z′ with m = 1.5 TeV. The electron and muon channel spectra are added. The
shift is given in percent of the nominal value. Certain systematic uncertainties are not applicable to the
Z′ samples, which is indicated with a bar (−) in the table.

Resolved selection Boosted selection
yield impact [%] yield impact [%]

Systematic Uncertainties total bkg. Z′ total bkg. Z′

Luminosity 2.9 4 3.3 4
PDF 2.9 5 6 2.9
ISR/FSR 0.2 − 0.7 −
Parton shower and fragm. 5 − 4 −
tt̄ normalization 8 − 9 −
tt̄ EW virtual correction 2.2 − 4 −
tt̄ Generator 1.5 − 1.6 −
W+jets bb̄+cc̄+c vs. light 0.8 − 1.0 −
W+jets bb̄ variation 0.2 − 0.4 −
W+jets c variation 1.1 − 0.6 −
W+jets normalization 2.1 − 1.0 −
Multi-Jet norm, e+jets 0.6 − 0.3 −
Multi-Jet norm, µ+jets 1.8 − 0.3 −
JES, small-radius jets 6 2.2 0.7 0.5
JES+JMS, large-radius jets 0.3 4 17 3.3
Jet energy resolution 1.6 0.4 0.6 0.7
Jet vertex fraction 1.7 2.3 2.1 2.4
b-tag efficiency 4 1.8 3.4 6
c-tag efficiency 1.4 0.3 0.7 0.9
Mistag rate 0.7 0.3 0.7 0.1
Electron efficiency 1.0 1.1 1.0 1.0
Muon efficiency 1.5 1.5 1.6 1.6
All systematic uncertainties 14 9 22 9

9 Comparison between data and expected background

After all event selection criteria are applied, 280251 resolved and 5122 boosted events remain. The event
yields from data and from the expected backgrounds are listed in Table 2, along with the normalization
uncertainties. The full treatment of systematic uncertainties was described in Sec. 8.

Good agreement is observed between the data and the expected background. Figures 3 and 4 show the
transverse momentum of the leading (small-radius) jet after the full resolved selection and the transverse
momentum of the selected large-radius jet after the boosted selection, respectively. In Figures 5 and
6, the reconstructed mass of the semi-leptonically and hadronically decaying top quark candidates are
shown, using the boosted event selection. Figure 7 shows the distribution of the first kt splitting scale of
the selected large-radius jet.

The tt̄ invariant mass spectra for the resolved and the boosted selections in the electron and muon
channels are shown in Figure 8. Figure 9 shows the tt̄ invariant mass spectrum for all channels added
together. Data agrees with the expected background within the uncertainties. The slight shape mismatch
between data and the expected background that can be seen especially for the resolved selection is fully
covered by the uncertainties. Systematic uncertainties which tilt the shape in this way are, e.g., the tt̄ gen-
erator uncertainty, electroweak virtual corrections, the small-radius jet scale and resolution uncertainties
and the ISR/FSR modeling. All of them are significant uncertainties in this analysis.
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“Boosted” Search for excess in tt production vs Mtt -single-lepton
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Search for vector-like quark @ √s=8 TeV
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Figure 6: Observed (red filled area) and expected (red dashed line) 95% CL exclusion in the plane of

BR(t
� → Wb) versus BR(t

� → Ht), for different values of the vector-like t
�

quark mass. The grey (dark

shaded) area corresponds to the unphysical region where the sum of branching ratios exceeds unity. The

default branching ratio values from the Protos event generator for the weak-isospin singlet and doublet

cases are shown as plain circle and star symbols, respectively. This result includes both statistical and

systematic uncertainties.
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Going boosted extends reach!
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Figure 10: Expected and observed upper cross section limits times the tt̄ branching ratio on (a,c,e) Z′ and

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

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

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

statistic uncertainties have been included.
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Figure 2: Distributions obtained with the t → qZ analysis after the preselection. Transverse momentum
of the a) leading lepton, b) lepton with second highest transverse momentum and c) lepton with third
highest transverse momentum; d) missing transverse energy; e) reconstructed mass of the two leptons
with same flavour and opposite charge and f) number of jets, are shown. The background uncertainties
shown include the Monte Carlo simulation statistical uncertainties and the DD uncertainties. The signal
distributions are normalized to the observed BR limit, at 95% CL.

DD methods.
For the estimation of the Z+jets events in the FCNC signal region, a DD method was developed,

similar to the one used for the ATLAS tt̄ cross-section measurement [61]. This method uses a sin-
gle control region in the (Emiss

T , m!!) plane by selecting events with two leptons, Emiss
T ≤ 20 GeV and

|91.19 GeV−mreco
!!
| < 15 GeV. The Z+jets estimate in the FCNC signal region is then simply the num-

ber of simulation Z+jets events in the signal region scaled by the ratio of data events (reduced by the
Monte Carlo simulation expectation of other backgrounds) to the number of simulation Z+jets events,
both counted in the control region:

[NData
Z+jets]Signal region =

















NData − NMonte Carlo
Other backgrounds

NMonte Carlo
Z+jets

















Control region

×
[

NMonte Carlo
Z+jets

]

Signal region
. (2)

An overall scale factor was obtained and applied to the simulated Z+jets background, in order to estimate
the expected number of Z+jets events in the FCNC signal region. The remaining backgrounds with one
fake lepton (dileptonic tt̄ and Wt single top production) were estimated using Monte Carlo simulation
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Figure 2: Distributions obtained with the t → qZ analysis after the preselection. Transverse momentum
of the a) leading lepton, b) lepton with second highest transverse momentum and c) lepton with third
highest transverse momentum; d) missing transverse energy; e) reconstructed mass of the two leptons
with same flavour and opposite charge and f) number of jets, are shown. The background uncertainties
shown include the Monte Carlo simulation statistical uncertainties and the DD uncertainties. The signal
distributions are normalized to the observed BR limit, at 95% CL.

DD methods.
For the estimation of the Z+jets events in the FCNC signal region, a DD method was developed,

similar to the one used for the ATLAS tt̄ cross-section measurement [61]. This method uses a sin-
gle control region in the (Emiss

T , m!!) plane by selecting events with two leptons, Emiss
T ≤ 20 GeV and

|91.19 GeV−mreco
!!
| < 15 GeV. The Z+jets estimate in the FCNC signal region is then simply the num-

ber of simulation Z+jets events in the signal region scaled by the ratio of data events (reduced by the
Monte Carlo simulation expectation of other backgrounds) to the number of simulation Z+jets events,
both counted in the control region:

[NData
Z+jets]Signal region =
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×
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NMonte Carlo
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An overall scale factor was obtained and applied to the simulated Z+jets background, in order to estimate
the expected number of Z+jets events in the FCNC signal region. The remaining backgrounds with one
fake lepton (dileptonic tt̄ and Wt single top production) were estimated using Monte Carlo simulation
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Charged Higgs searches in ATLAS

•The European Physical Journal C December 2012, 72:2244, 
Doubly charged higgs in like-sign dilepton, 4.7/fb

Open Access

•Journal of High Energy Physics  March 2013, 2013:76, lepton 
universality violation 4/.6/fb 

•The European Physical Journal C  June 2013, 73:2465, light 
charged higgs to decaying to cs 4.7/fb
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Fig. 4 The unfolded ∆|y| distribution for the electron channel (left) and the muon channel (right) after b-tagging, compared
to the prediction from MC@NLO. The uncertainties on the measurement include both statistical and systematic contributions.
The error bands on the MC@NLO prediction include uncertainties from parton distribution functions and renormalisation and
factorisation scales.

Asymmetry reconstructed detector and acceptance unfolded

AC (electron) -0.034 ± 0.019 (stat.) ± 0.010 (syst.) -0.047 ± 0.045 (stat.) ± 0.028 (syst.)

AC (muon) -0.010 ± 0.015 (stat.) ± 0.008 (syst.) -0.002 ± 0.036 (stat.) ± 0.023 (syst.)

Combined -0.018 ± 0.028 (stat.) ± 0.023 (syst.)

Table 3 The measured inclusive charge asymmetry values for the electron and muon channels after background substraction,
before and after unfolding.
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Fig. 5 Unfolded asymmetries in two regions of mtt̄ compared to the prediction from MC@NLO. The error bands on the
MC@NLO prediction include uncertainties from parton distribution functions and renormalisation and factorisation scales.

considering masses between 100 GeV and 10 TeV and
the range of couplings for which the new physics con-
tribution to the tt̄ cross section at the Tevatron lies in
the interval [-0.8,1.7] pb. This is a conservative require-
ment which takes into account the different predictions

for the SM cross section as well as the experimental
measurement (see Ref. [17] for details).

In addition, a conservative upper limit on new physics
contributions to σtt̄ for mtt̄ > 1 TeV is imposed. Fur-
ther details can be found in Refs [17,55]. The coloured
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Measure top quarks charge asymmetry

•Unfold 2d (dN/dΔ|Y| , Mtt) for det effects 
(iterative bayesian) → derive AC vs Mtt 

•Disfavours flavour changing Z’ (uu 
→Z’→tt) with rh coupling to us and  W’ with rh 
coupling to d (dd → W’ → tt)

unfolded
bkg-subtracted

G : axigluon
ϕ: scalar Higgs-like doublet
Ω4,ω2: charge 4/3 scalar 

∫Ldt = 1 fb-1 (2011) 
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Fig. 6 Measured FB asymmetries from the Tevatron and charge asymmetries from the LHC, compared to predictions from
the SM as well as predictions incorporating various potential new physics contributions. The horizontal (vertical) bands and
lines correspond to the ATLAS and CMS (CDF and D0) measurements. In (a) the inclusive values are presented and in (b)
the ATLAS measurement for mtt̄ > 450 GeV is compared to the CDF measurement. The MC predictions for the new physics
models are from Refs. [17, 55].
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Figure 3: Reconstructed tt̄ mass for all events (left) and for events with a jet with mass m j > 60 GeV
(right), on linear (top) and logarithmic (bottom) scales. 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. The
grey hashed area shows the background normalization uncertainties.
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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

102

•Data-driven QCD (jet template 
method normalized to low ETmiss ) W
+jets normalization (normalization 
scaling from charge asymmetry of W 
production) 

e & μ+jets 

ATL-CONF-2012-029 ∫Ldt = 2.05 fb-1 (2011)

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

• sum leptonic W to
• if  ≥1 jet mjet > 60 GeV : high mass jet 

+ closest Dr jet  
• else 4 or 3 leading pT jets, exclude too 

close (in DR (mjet) ) jets to lepton/other 
jets. Iterate until 4 or 3  jets remain.   
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Figure 3: Reconstructed tt̄ mass for all events (left) and for events with a jet with mass m j > 60 GeV
(right), on linear (top) and logarithmic (bottom) scales. 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. The
grey hashed area shows the background normalization uncertainties.
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•Upper observed (expected) limit at 95% prob 
on topcolour Z‘ σ*BR  (with ΓZ’/mZ ~ 1% )
‣ 9.3 pb  for mZ’=500 GeV to 0.95 pb for 
mZ’=1.3 TeV
‣Z’ with  500 GeV <mZ’ <860 GeV  are 
excluded at 95% prob 

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 averaged(A) nuisance pars.
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Figure 4: Expected (dashed line) and observed (solid line) upper limits on σ× BR(Z� → tt̄) (a) and
σ× BR(gKK → tt̄) (b) The green and yellow bands show the range in which the limit is expected to
lie in 68% and 95% of experiments, respectively, and the red lines correspond to the predicted cross-
section times branching ratio in the leptophobic topcolour and RS models. The bands around the signal
cross-section curves represent the effect of the PDF uncertainty on the prediction.

12 Summary and conclusions

A search for top quark pair (tt̄) resonances in the lepton plus jets final state has been performed with the
ATLAS experiment at the LHC. The search uses a data sample corresponding to an integrated luminosity
of 2.05 fb−1, and was recorded at a proton-proton centre-of-mass energy of 7 TeV. No evidence for a
resonance is found. Using the reconstructed tt̄ mass spectrum, limits are set on the production cross-
section times branching ratio to tt̄ for narrow Z� models. Observed limits range from 9.3 pb at m =
500 GeV to 0.95 pb at m = 1300 GeV, excluding a leptophobic topcolour Z� boson with 500 GeV < mZ� <
860 GeV at 95% C.L. In Randall-Sundrum models, Kaluza-Klein gluons with masses between 500 and
1025 GeV are excluded at 95% C.L.
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Figure 4: Expected (dashed line) and observed (solid line) upper limits on σ× BR(Z� → tt̄) (a) and
σ× BR(gKK → tt̄) (b) The green and yellow bands show the range in which the limit is expected to
lie in 68% and 95% of experiments, respectively, and the red lines correspond to the predicted cross-
section times branching ratio in the leptophobic topcolour and RS models. The bands around the signal
cross-section curves represent the effect of the PDF uncertainty on the prediction.

12 Summary and conclusions

A search for top quark pair (tt̄) resonances in the lepton plus jets final state has been performed with the
ATLAS experiment at the LHC. The search uses a data sample corresponding to an integrated luminosity
of 2.05 fb−1, and was recorded at a proton-proton centre-of-mass energy of 7 TeV. No evidence for a
resonance is found. Using the reconstructed tt̄ mass spectrum, limits are set on the production cross-
section times branching ratio to tt̄ for narrow Z� models. Observed limits range from 9.3 pb at m =
500 GeV to 0.95 pb at m = 1300 GeV, excluding a leptophobic topcolour Z� boson with 500 GeV < mZ� <
860 GeV at 95% C.L. In Randall-Sundrum models, Kaluza-Klein gluons with masses between 500 and
1025 GeV are excluded at 95% C.L.
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‣ 11.6 pb  for mkkG’=500 GeV to 1.6 pb for 
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Search for excess in tt production - di-lepton

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

104

•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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Going Boosted in ATLAS
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semi-leptonic 
di-top-jet 
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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

50 100 150 200 250 300

d
m

 [
G

e
V

]
σ

d
 

 
σ1

0

0.002

0.004

0.006

0.008

0.01

0.012 -1
ATLAS 2010 Data, L = 35pb

Pythia

HerwigJimmy

Herwig++

Cambridge-Aachen R=1.2 jets

 > 300 GeV, |y| < 2
T

 = 1, pPVN

 PreliminaryATLAS

Jet Mass [GeV]
50 100 150 200 250 300

M
C

 /
 D

a
ta

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

Jet Mass [GeV]
50 100 150 200 250 300

M
C

 /
 D

a
ta

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

(a)

50 100 150 200 250 300

d
m

 [
G

e
V

]
σ

d
 

 
σ1

0

0.002

0.004

0.006

0.008

0.01 -1
ATLAS 2010 Data, L = 35pb

Pythia

HerwigJimmy

Herwig++

Cambridge-Aachen R=1.2 jets

 > 0.3
qq

Split/Filtered with R

 > 300 GeV, |y| < 2
T

 = 1, pPVN

 PreliminaryATLAS

Jet Mass [GeV]
50 100 150 200 250 300

M
C

 /
 D

a
ta

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

Jet Mass [GeV]
50 100 150 200 250 300

M
C

 /
 D

a
ta

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

(b)

Figure 15: Invariant mass spectrum of Cambridge-Aachen jets with pT > 300 GeVand |y| < 2 (a) before
and (b) after a splitting and filtering procedure has been applied. Both distributions are fully corrected
for detector effects, systematic uncertainties are depicted by the shaded band.
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certainties are depicted by the shaded band.
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