
Introduction

Top pairs at LHC

pp ⇥ tt̄ @ 7 TeV:
theoretical approx. NNLO �tt̄ = 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:
�tt̄ = 145± 31 (stat.) +42

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

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

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

Complementary measurements are being
finalized:

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

December 2010
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Outline
• Why top quark ? 

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

• Measuring top quark production: top pair, single top

• Measuring top quark properties:mass

• Measuring top quark and Higgs coupling

• Top pair production as a window on new physics
‣ The emergence of boosted tops

•Conclusions
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Latest 
highlights!
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Top quark  is found

Strong interaction 
strength changes with 
momentum exchange
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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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a quick (biased) 
selection..

Electromagnetic 
force unified to 
Weak: electrons 

annihilate to W, Z, in 
addition to photons

The known
 micro-world

e+

e−

γ

f
−

f

e+

e−

Z

f
−

f

10

10 2

10 3

10 4

10 5

0 20 40 60 80 100 120 140 160 180 200 220
Centre-of-mass energy (GeV)

C
ro

ss
-s

ec
tio

n 
(p

b)

CESR
DORIS

PEP
PETRA

TRISTANKEKB
PEP-II

SLC
LEP I LEP II

Z

W+W-

e+e−→hadrons

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)

there are only 3 standard 
neutrinos

Standard (model) successes at colliders

ee 
collisions

ee collisions

ee, ep 
collisions

pp 
collisions
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Standard (model) questions

4

• What  is the origin of 
mass? Why are 
symmetries of forces 
different from those 
of particles?

• Why 3 generations of 
matter with different 
quantum numbers ?

• What accounts for the energy balance of the universe?

• Why different 
forces (ranges, 
strengths)?

• How is gravity 
incorporated?

francesco.spano@cern.ch

The anisotropies of the 
CMB 

 (P. Natoli,  Cosmology with 
Planck, LaThuile 2014)

G

See for instance arXiv:0312096v1[hep-ph]
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Dark matter, Dark energy...

4th generation...?

Higgs, SuperSymmetry, 
New Strong forces..

String theory..

Quantum gravity
Extra dimensions...
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Standard (model) successes: 
scalar boson is observed!

The puzzle is not complete..
7

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 difficult 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 filled 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 difficult to produce. 

However, the experiment is far from finished. 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 final 
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

Standard Model particles
masses
u,d: 10 MeV
s: 100 Mev
c: 1.5 GeV
b: 5 GeV
t: 170 GeV

masses
W: 80 GeV
Z: 91 GeV

masses
e: 0.5 MeV
mu: 100 MeV
tau: 1.77 GeV
nu’s: non-zero!
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Most massive known constituent of matter

MTop~ M Gold Atom

Strong, EWK production and 
decay rate test standard model

 In many scenarios top quark has 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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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

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) 

Page 6 of 7 Eur. Phys. J. C (2012) 72:2205

ment again demonstrates the impressive consistency of the
SM.

Following the approach in [6] we extract from the elec-
troweak fit the S,T ,U parameters [35, 36] describing the
difference between the oblique vacuum corrections as de-
termined from the experimental data and the corrections
expected in a reference SM (SMref defined by fixing mt

and MH ). After the recent discovery, we change our def-
inition of the reference SM for the S,T ,U calculation to
MH,ref = 126 GeV and mt,ref = 173 GeV. With these we
find

S = 0.03 ± 0.10, T = 0.05 ± 0.12, U = 0.03 ± 0.10,

(5)

Fig. 4 Contours of 68 % and 95 % CL obtained from scans of fixed
MW and mt . The blue (gray) areas illustrate the fit results when includ-
ing (excluding) the new MH measurements. The direct measurements
of MW and mt are always excluded in the fit. The vertical and horizon-
tal bands (green) indicate the 1σ regions of the direct measurements
(Color figure online)

with correlation coefficients of +0.89 between S and T , and
−0.54 (−0.83) between S and U (T and U ). Fixing U = 0
we obtain S|U=0 = 0.05 ± 0.09 and T |U=0 = 0.08 ± 0.07
with a correlation coefficient of +0.91. Figure 5 shows the
68 %, 95 % and 99 % CL allowed regions in the (S,T ) plane
for freely varying U (left) and the constraints found when
fixing U = 0 (right). For illustration also the SM prediction
is shown. The MH measurement reduces the allowed SM
area from the gray sickle, defined by letting MH float within
the indicated range, to the narrow black strip.

4 Conclusion

Assuming the newly discovered particle at ∼126 GeV to be
the Standard Model (SM) Higgs boson, all fundamental pa-
rameters of the SM are known. It allows, for the first time, to
overconstrain the SM at the electroweak scale and to evalu-
ate its validity. The global fit to all the electroweak precision
data and the measured Higgs mass results in a goodness-of-
fit p-value of 0.07. Only a fraction of the contribution to the
“incompatibility” stems from the Higgs mass, which agrees
at the 1.3σ level with the fit prediction. The largest devi-
ation between the best fit result and the data is introduced
by the known tension between A0,b

FB from LEP and Aℓ from
SLD, predicting, respectively, a larger (by 2.5σ ) and smaller
(1.9σ ) Higgs mass, and by R0

b for which an improved cal-
culation increased the deviation from the measurement from
previously −0.8σ to −2.4σ .

The knowledge of the Higgs mass dramatically improves
the SM predictions of several key observables. The un-
certainties in the predictions of the W mass, sin2 θℓ

eff, and
the top mass decreases from 28 to 11 MeV, 2.3 · 10−5 to
1.0 · 10−5, and from 6.2 to 2.5 GeV, respectively. The im-
proved accuracy sets a benchmark for direct measurements,

Fig. 5 Experimental constraints on the S and T parameters with re-
spect to the SM reference (MH,ref = 126 GeV and mt,ref = 173 GeV).
Shown are the 68 %, 95 % and 99 % CL allowed regions, where the

third parameter U is left unconstrained (orange, left) or fixed to 0 (blue,
right). The prediction in the SM is given by the black (gray) area when
including (excluding) the new MH measurements (Color figure online)

Largest coupling to Higgs in SM: Yt  >0.9
 Mtop~ electroweak symmetry breaking scale 
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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

�2

Key parameters: 
! Ni = bunch intensity

! nb = number of bunches

! σ  = colliding beam size

The rate of new particle!s production 

is proportional to the luminosity:

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

Nominal LHC parameters (7 TeV): 2808 bunches of 1.1x1011 protons, 0.000016 m size.
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 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
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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

14/06/2011 4Frank,Peter0Schilling00, CMS0Top0Physics

LHC Tevatron

gg ~85% ~10%

qq ~15% ~90%

11

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

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

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

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

tion. Setting xi ≈ xj ≡ x gives:

x≈
2mt√
s

(32)

= 0.19 at the TEVATRON in Run I

= 0.18 at the TEVATRON in Run II

= 0.025 at the LHC

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

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

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

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

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

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

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

LHC(14) LHC(7) Tev(1.9)
gg ~90% ~85% ~10%
qq ~10% ~15% ~90%

=

To produce tt-
~massless partons
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•Cross section in”tails” increase 
differently than the overall value
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6. Benchmarks for the LHC

6.1. Introduction

Scattering at the LHC is not simply rescaled scattering at the Tevatron. For many of the

key processes the typical momentum fractions x are small; thus, there is a dominance of

sea quark and gluon scattering as compared to valence quark scattering at the Tevatron.

There is a large phase space for gluon emission and thus intensive QCD backgrounds
for many of the signatures of new physics. Many of the scales relating to interesting

processes are large compared to the W mass; thus, electroweak corrections can become

important even for nominally QCD processes. In this section, we will try to provide

some useful benchmarks for LHC predictions.

6.2. Parton-parton luminosities at the LHC ‡

It is useful to return to the idea of differential parton-parton luminosities. Such

luminosities, when multiplied by the dimensionless cross section ŝσ̂ for a given process,

provide a useful estimate of the size of an event cross section at the LHC. Below we

define the differential parton-parton luminosity dLij/dŝ dy and its integral dLij/dŝ:

dLij

dŝ dy
=

1

s

1

1 + δij
[fi(x1, µ)fj(x2, µ) + (1 ↔ 2)] . (46)

The prefactor with the Kronecker delta avoids double-counting in case the partons are

identical. The generic parton-model formula

σ =
∑

i,j

∫ 1

0
dx1 dx2 fi(x1, µ) fj(x2, µ) σ̂ij (47)

can then be written as

σ =
∑

i,j

∫

(

dŝ

ŝ
dy

) (

dLij

dŝ dy

)

(ŝ σ̂ij) . (48)

(Note that this result is easily derived by defining τ = x1 x2 = ŝ/s and observing that
the Jacobian ∂(τ, y)/∂(x1, x2) = 1.)

Equation (48) can be used to estimate the production rate for a hard scattering

process at the LHC as follows. Figure 69 shows a plot of the luminosity function

integrated over rapidity, dLij/dŝ =
∫

(dLij/dŝ dy) dy, at the LHC
√

s = 14 TeV for

various parton flavour combinations, calculated using the CTEQ6.1 parton distribution

functions [11]. The widths of the curves indicate an estimate for the pdf uncertainties.
We assume µ =

√
ŝ for the scale §. As expected, the gg luminosity is large at low

√
ŝ

but falls rapidly with respect to the other parton luminosities. The gq luminosity is

large over the entire kinematic region plotted.

‡ Parts of this discussion also appeared in a contribution to the Les Houches 2005 proceedings [149]
by A. Belyaev, J. Huston and J. Pumplin
§ Similar plots made with earlier pdfs are shown in Ellis, Stirling, Webber [8]
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dŝ dy
=

1

s

1

1 + δij
[fi(x1, µ)fj(x2, µ) + (1 ↔ 2)] . (46)

The prefactor with the Kronecker delta avoids double-counting in case the partons are

identical. The generic parton-model formula

σ =
∑

i,j

∫ 1

0
dx1 dx2 fi(x1, µ) fj(x2, µ) σ̂ij (47)

can then be written as

σ =
∑

i,j

∫

(

dŝ
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the Jacobian ∂(τ, y)/∂(x1, x2) = 1.)

Equation (48) can be used to estimate the production rate for a hard scattering

process at the LHC as follows. Figure 69 shows a plot of the luminosity function

integrated over rapidity, dLij/dŝ =
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Figure 69. The parton-parton luminosity
[

dLij

dτ

]

in picobarns, integrated over y.

Green=gg, Blue=
∑

i(gqi + gq̄i + qig + q̄ig), Red=
∑

i(qiq̄i + q̄iqi), where the sum runs
over the five quark flavours d, u, s, c, b.

Figures 70 and 71 present the second product, [ŝσ̂ij ], for various 2 → 2 partonic

processes with massless and massive partons in the final state respectively. The parton

level cross sections have been calculated for a parton pT > 0.1 ×
√

ŝ cut and for fixed

αS = 0.118 using the CalcHEP package [150]. For the case of massive partons in the
final state, there is a threshold behaviour not present with massless partons. Note also

that the threshold behaviour is different for qq and gg initial states. The gg processes

can proceed through the t-channel as well as the s-channel and this is responsible for

the extra structure.

The products [ŝσ̂ij ] are plotted for massless and massive final state partons as a

function of the ratio pT /
√

ŝ in Figures 72 and 73. One can use (48) in the form

σ =
∆ŝ

ŝ

(

dLij

dŝ

)

(ŝ σ̂ij) . (49)

and Figures 70, 72, 71, 73 to estimate the QCD production cross sections for a given ∆ŝ

interval and a particular cut on pT /
√

ŝ. For example, for the gg → gg rate for ŝ=1 TeV

and ∆ŝ = 0.01ŝ, we have dLgg/dŝ ≃ 103 pb and ŝ σ̂gg ≃ 20 leading to σ ≃ 200 pb (for
the pg

T > 0.1 ×
√

ŝ cut we have used above). Note that for a given small ∆ŝ/ŝ interval,

the corresponding invariant mass ∆
√

ŝ/
√

ŝ interval, is ∆
√

ŝ/
√

ŝ ≃ 1
2∆ŝ/ŝ. One should

also mention that all hard cross sections presented in Figure 70 are proportional to α2
S

and have been calculated for αS = 0.118, so production rates can be easily rescaled for

a particular αS at a given scale.

Parton luminosities and tt̄ production

The dominant part of the pp ! X production cross section tends to come from
luminosity term,

L(M, s) =
1
s

Z 1

⌧

dx

x

X

i,j

fi(x,M)fj(⌧/x,M)

Cross sections of processes dominated by gg ! X grow faster than those of qq̄ ! X.

The biggest gains are for high final state mass processes: factor of O(100) gains for

multi-TeV masses!
9 / 33

thanks to K. Suruliz, TOP2013

(formulas from Campbell et al, hep/ph 0611148)
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•Different x-range and center of 
mass dependence incorporated 
in Parton luminosities→
‣ gg→X dominated processes 

grow more than qq →X ones
‣ larger gains at high multi-TeV 

masses ~up to O(100)
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Cross section ratios: 14 TeV to 8 TeV

Cross Section Rth,nnpdf �PDF(%) �↵s (%) �scales (%)

tt̄/Z 2.12 ± 1.3 �0.8 – 0.8 �0.4 – 1.1
tt̄ 3.90 ± 1.1 �0.5 – 0.7 �0.4 – 1.1
Z 1.84 ± 0.7 �0.1 – 0.3 �0.3 – 0.2

W+ 1.75 ± 0.7 �0.0 – 0.3 �0.3 – 0.2
W� 1.86 ± 0.6 �0.1 – 0.3 �0.3 – 0.1

W+/W� 0.94 ± 0.3 �0.0 – 0.0 �0.0 – 0.0
W/Z 0.98 ± 0.1 �0.1 – 0.0 �0.0 – 0.0
ggH 2.56 ± 0.6 �0.1 – 0.1 �0.9 – 1.0

tt̄(Mtt � 1 TeV) 8.18 ± 2.5 �1.3 – 1.1 �1.6 – 2.1
tt̄(Mtt � 2 TeV) 24.9 ± 6.3 �0.0 – 0.3 �3.0 – 1.1
�jet(pT � 1 TeV) 15.1 ± 2.1 �0.4 – 0.0 �1.9 – 2.4
�jet(pT � 2 TeV) 182 ± 7.7 �0.3 – 0.2 �5.7 – 4.0

(from Mangano, Rojo, JHEP 1208 (2012))

Cross sections in tails increase by a lot - careful with extrapolations using
overall cross section scaling!

10 / 33
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Rth,nnpdf =  14TeV to 8 TeV xsec ratios
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(abundant) gluon fusion dominated
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Figure 8.14: Feynman diagrams for the three channels of single top production.

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

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

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

tW (1 W ⇤ �⇤) 33.3 (NLO) TOPREX Z/�⇥(⇤ 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 � + jets (in the tW - and s-channel) methods are used, see [314].
For b-tagging a probability algorithm based on the impact parameter of the tracks is used, as
described in [315].
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Kidonakis 
2010,2011

Tevatron LHC(7) LHC(14)
gg ~10% ~85% ~90%
qq ~90% ~15% ~10%

Czakon,Mitov,Fiedler 2013

NNLO+NNLL accuracy

approx NNLO

δσtt/σtt ~4% 

δσt/σt ~2 to 7% 

mtop= 172.5 gluon fusionqq annihilation

pp collisions

t-chan Wt chan s-chan
σ7TeV (pb) 64.6±2.4 15.7±1.1 4.6±0.2
σ8TeV (pb) 87.8±3.4 22.4±1.5 5.6±0.2
σ13TeV (pb) ~213 ~71.7 ~10.9

At Tevatron

σ7TeV (pb) 172+4.4-5.8+4.7-48   

σ8TeV (pb) 245+6.2-8.4+6.2-6.4

σ13TeV (pb) ~741

σtt ~ 7  pb
σt ~ 3.5 pb

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

√
s= 1.96 TeV and

√
s = 1.8 TeV is very

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

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

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

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

√
s = 1.96 TeV result of refer-

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

σNLO (pb) qq̄→ tt̄ gg→ tt̄

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

5.24± 6% [116] 90% 10%
TEVATRON(

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

6.77± 9% [116] 85% 15%
LHC (

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

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

√
s = 4TeV

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

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

Top @ LHC: in the context

14

LHC14
tt(t) Rate at L=

1033cm-2 s-1√s(TeV) σtt(pb) σt(pb)

1.96(pp)
 7(pp)
 8(pp)
13(pp)
14(pp)

~7
~172
~245
~740
~900

3.5
~85
~115
~296
~338

0.17 (0.08)Hz

0.90 (0.33)Hz

LHC7 0.24 (0.12)Hz
0.74 (0.30)Hz

t and tt  cross section -

~5.4M (~0.96 M) tt events produced by 
LHC in 2012 (2011)
for ∫Ldt = 100fb-1  @13 (14) TeV, expect 
~59.2 106 ( ~72 106) tt events

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

-

-

-

LHC is a TOP FACTORY
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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%

had τ
+jets 

- -
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size 
matters

p
θ

EM Calorimeters

Hadronic Calorimeters

Inner detector

3 trigger levels 
for event 
selectionMuon spectrometer

44m

25
m

η = pseudorapidity =-ln (tan(θ/2))

ϕ

p

#:"

The ATLAS Detector!
g134,"[2'2,')("72,X&)?)5E"

 ATLAS : a Top observer
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 ATLAS : Top observer.....

17

Top event selection

tt̄ ! e+jets event display
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15 / 22

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

e+jets candidate

Top quark events are 
real commissioning 
tool: full detector at 

play!!
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...with excellent data taking performance

18

Data sample for first top paper~3 pb-1

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

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

ATLAS (2010)

ATLAS LumiPublicPage

2011-2012

Lumi uncertainty 
~1.8% to 3.1%(prel)
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...In a harsh 
environment

19

ATLAS LumiPublicPage

,)*!R2F!:)$77*4F*C!S27*TU0!

•  G;11>1O(Q>$/(.-18(&;1?/(8#2?>1O(D>18$"2S(4K(,.18I((
–  !(S4;&5"(#>5"@;#(K4'(82%"(5;%>148>$=(

•  R28($4(&"(K4;O/$(21S(%>3O2$"S(2$(255(5"P"58Z(
–  9'>OO"'+('"?418$';?341(4K(#/=8>?8(4&h"?$8+(>8452341(?;$8+("$?B(
–  M2$2(#'4?"88>1OZ(E<n(3%"(K4'('"?418$';?341o(

.$/(01$"'1234125(64'78/4#(41(94#(:;2'7(</=8>?8(@(AB(C5"782(DEFGHI(!"#$"%&"'()*+(,-),( *(

F[#"'>%"1$p8(S"8>O1(P25;"(

q!rr("P"1$(K'4%(,-),(Q>$/(,.('"?418$';?$"S(P"'3?"8(
+,

-+
"!

CP"'2O"(1;%&"'(4K(>1$"'2?3418(#"'(&;1?/(?'488>1O((

M. Aleksa
TOP2012Number of Interactions per Crossing

Shown is the luminosity-weighted 
distribution of the mean number 
of interactions per crossing for 
the 2011 and 2012 data. 

This shows the full 2011 run and 2012 
data taken between April 4th and 
Novemebr 26th The integrated 
luminosities and the mean mu values 
are given in the figure. The mean 
number of interactions per crossing 
corresponds the mean of the poisson 
distribution on the number of 
interactions per crossing calculated 
for each bunch. It is calculated from 
the instantaneous per bunch luminosity 
as μ=Lbunch x σinel / fr where Lbunch is the 
per bunch instantaneous luminosity, 
σinel is the inelastic cross section which 
we take to be 71.5 mb for 7TeV 
collisions and 73.0 mb for 8TeV 
collisions, nbunch is the number of 
colliding bunches and fr is the LHC 
revolution frequency. More details on 
this can be found in arXiv:1101.2185.

Example

Distribution of 
<μ>
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Selection/Ingredients for top quark pairs/single-top

t t

b

bq
q

W

W l

ν

20

ATLAS (CMS is similar)
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Selection/Ingredients for top quark pairs/single-top

t t

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

Muon
• Segments	
  in	
  tracker	
  

and	
  muon	
  detector
• Calo	
  and	
  track	
  

isolation
• pT	
  >	
  20	
  GeV	
  |η|	
  <	
  2.5	
  

(2.1	
  for	
  CMS)

b

bq
q

W

W l

ν

20

ATLAS (CMS is similar)
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Selection/Ingredients for top quark pairs/single-top

t t
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and	
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  track	
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Jet
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  >	
  25	
  (20)	
  GeV	
  (30	
  for	
  CMS),	
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  <	
  2.5
• (large	
  JVF	
  =∑jet	
  trk	
  in	
  PV	
  pT/∑	
  jet	
  trk	
  pT	
  	
  vs	
  pile-­‐

up	
  jets,	
  CMS:	
  use	
  particle	
  flow	
  to	
  remove	
  	
  
charged	
  hadrons	
  not	
  from	
  prim	
  verted)	
  

b

bq
q

W

W l

ν

20

ATLAS (CMS is similar)
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Selection/Ingredients for top quark pairs/single-top
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  track
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b-­‐Jet
• Displaced	
  tracks	
  or	
  secondary	
  lepton
• SV0:	
  reconstruct	
  sec.vertex
• JetProb:	
  track/jet	
  compatibility	
  with	
  prim.	
  

vertex
• IP3D+SV1	
  +/or	
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  taggers

b

bq
q

W
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ν

20

ATLAS (CMS is similar)

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


fracesco.spano@cern.ch Top Quark Physics with ATLAS @LHC Seminar - Università & INFN Pisa   1st April  2014

Selection/Ingredients for top quark pairs/single-top
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• Di-bosons 
(WW,WZ,ZZ)

Simulated shape+
rate set to SM

• W+jets

• QCD
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August 14, 2011 – 13 : 52 DRAFT 6
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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 di⇥erent 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(⇧�,⇧⇥) =
120�

k=1

P(µk, nk) �
�

j

G(� j,� j) �
�

i

G(⇥i, 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

� 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

Here N loose
real
and N loose

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

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

selected as tight leptons. These efficiencies are defined as

ϵreal =
N
tight
real

N loose
real

and ϵfake =
N
tight
fake

N loose
fake

, (4)

where N
tight
real
and N

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

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

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

where the contribution of fake leptons is dominant.

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

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

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

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

affecting muon isolation.

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

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

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

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

T
< 20GeV).

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

subtracted.

4.2 W+jets background estimation

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

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

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

W+jets rate from the data.

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

to a good approximation, the formula

NW+ + NW− =

(
rMC + 1

rMC − 1

)
(D+ − D−), (5)

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

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

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

from Monte Carlo simulation, using the same event selection.

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

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

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

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

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

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

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

4

 normalizations=fit 
parameters, estimates are 

starting points for fit
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THE MATRIX METHOD: LEPTON + JETS 
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DØ Collaboration, B. Abbott, et al., Phys. Rev. D 61 (2000) 072001. 

THE MATRIX METHOD: LEPTON + JETS 
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 Backgrounds estimates  (tt single lepton+jets, single top t,s-chan)

Shape from jet triggered events 
with 1 high em. content jet. 
Normalize by fitting low ETmiss 
shape to data and extrapolate

• Jet template
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MATRIX METHOD IN DILEPTON CHANNELS, 
SINGLE TOP WT CHANNEL 

Same idea, more categories (j=jet, l=lepton) 
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& other inputs and 
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Backgrounds (tt di-lepton, Wt single top)

‣ Get r and f : probability for loose “fake” and real leptons 
to pass standard sel.← control samples enriched with 
real (in Z window) or “fake” (low ETmiss) leptons 

‣ Combine with N(di-lep) for all loose “fake” & real  
pairs→fake standard lepton content  
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• Z/γ* bkg (ee, μμ)

Number of jets
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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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MATRIX METHOD IN DILEPTON CHANNELS, 
SINGLE TOP WT CHANNEL 
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(J Boudreau,
Top2012 )

• Fake leptons : generalize single lepton estimate  

real,fake
in loose

loose,
standard

di-lep 
topologies

NZ/γ  (SR) =  MCZ/γ (SR)
MCZ/γ (CR)[Data(CR)-NonZBkg(CR)]

CR (SR)=in (out of) Z mass window

Assume constant Zdata/Z MC 
ratio in/out Z window 

mZ

mailto:fracesco.spano@cern.ch
mailto:fracesco.spano@cern.ch
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-100/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-100/
https://indico.cern.ch/getFile.py/access?contribId=8&sessionId=2&resId=0&materialId=slides&confId=180665
https://indico.cern.ch/getFile.py/access?contribId=8&sessionId=2&resId=0&materialId=slides&confId=180665
https://indico.cern.ch/getFile.py/access?contribId=8&sessionId=2&resId=0&materialId=slides&confId=180665
https://indico.cern.ch/getFile.py/access?contribId=8&sessionId=2&resId=0&materialId=slides&confId=180665


francesco.spano@cern.ch Top Quark @ LHC HEP intercollegiate Post Graduate Lectures-10th Dec 2013

What we study about the top quark
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top spin 
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q/g
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1
Introduction

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

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

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

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

smaller than the dominant decay mode at one loop level.

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

decays.

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

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

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

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

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

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

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

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

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

ug) < 3.9 × 10 −4
and BR(t →

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

of LHC data collected during

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

and σ
qg→t×BR(t →

bW) <

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

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

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

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

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

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

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

estimated by data-driven (DD) methods.

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

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

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

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

a)

b)

c)

d)

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

bW
and the FCNC channels of SM

extensions b) t →
qZ, c) t →

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

The subsequentW
and Z boson decays into leptons or quarks are also represented.
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Defining feature: Top Production

24

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


 francesco.spano@cern.ch francesco.spano@cern.ch

Inclusive σtt :  dilepton - √s = 8 TeV
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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
(⇥tt̄) 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 ⇥tt̄ and
the e⇥ciency 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:

⇥tt̄ = 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 e�ects, 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.

• Dominated by “External” Syst: Lumi ~3.1%, 
E_b~1.7%, tt modelling ~1.5%  Elec. ID/isol ~1.4%
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the implementation of the fit to extract the cross-section in Section 5. The uncertainties on the selection
e⇥ciency 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⇥
e⌅b and the other as t ⇥ Wb ⇥ µ⌅b.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 = L⇧tt̄ �eµ2�b(1 �Cb�b) + Nbkg
1

N2 = L⇧tt̄ �eµCb�b
2 + Nbkg

2 (1)

where L is the integrated luminosity of the sample, ⇧tt̄ the tt̄ production cross-section, and �eµ the e⇥-
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 e�ect
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 e⇥ciency �eµ for tt̄ events of about 0.8%,
including the branching ratio of tt̄ ⇥ eµ⌅⌅̄bb̄ of about 2.3 %. The small contribution where one or both
leptons are produced via a W ⇥ ⌃ ⇥ e, µ decay is included in the signal definition. Jets reconstructed
with pT > 25 GeV and |⇥| < 2.5 are counted if they are tagged by the MV1 b-tagging algorithm with a
working point giving a nominal 70 % e⇥ciency for b-jets in tt̄ events. The product of jet and b-tagging
e⇥ciencies 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 ⇥ ⌃⌃ ⇥ eµ), diboson
production and fake leptons are determined using both data and simulation. Monte Carlo simulation is
also used to determine the e⇥ciency of the preselection �eµ, and the tagging correlation Cb, which is close

1Charge-conjugate modes are implied unless otherwise stated.

3

∫Ldt ~ 20.3 fb-1 (2012)

89%

96%

tt purity

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

cuts, no lep isolation  minimal use of jet/ETmiss info
• Bkg: single top (Wt) (from simul.), data-driven fake 

leptons (extrapolated from same sign lep. sample), Z+jets 
(extrapolated  from Z→μμ sample) 

-

δσtt/σtt ~4.8% - -

-

Top Quark Physics at the Large Hadron Collider Graduate Program in Physics - Università di Pavia - 26/3/2014
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Inclusive σtt   -  Summary  at √s = 7 & 8 TeV

• Systematics dominated, comparable to theory uncertainty 

26

ATLAS-CONF-2012-134
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TOPLHC NOTE

ATLAS-CONF-2012-134
CMS PAS TOP-12-003

September 17, 2012

Combination of ATLAS and CMS top-quark pair cross-section

measurements using proton-proton collisions at
√
s = 7 TeV

The ATLAS and CMS Collaborations

Abstract

A combination of top-quark pair production cross-section (σtt̄) measurements at a centre-

of-mass energy of 7 TeV performed by the ATLAS and CMS experiments at the LHC

is presented. The combination includes σtt̄ measurements in the lepton+jets, di-lepton,

and all-jets channels which use between 0.7 and 1.1 fb−1 of proton-proton collisions. The

combined preliminary LHC measurement of the top-quark pair production cross-section is

σtt̄ = 173.3± 2.3 (stat.)± 7.6 (syst.)± 6.3 (lumi.) pb = 173.3± 10.1 pb for a top-quark mass

of 172.5 GeV/c2, corresponding to a total uncertainty of 5.8%. The result is in agreement

with the standard model prediction.

-

δσtt/σtt ~6.2% --

δσtt/σtt ~4.8% - -

LHC (ATLAS+CMS) combined σtt @ 7 TeV-

δσtt/σtt ~5.8% - -
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General analysis strategy   

M. Aldaya 

Measure σ(tt) as a function of kinematic distributions of top, top pairs,  
b-jets, leptons, and lepton pairs 

Response 
matrix 

(1) Event selection (2) tt kinematic reconstruction (3) Bin-wise cross section    
      measurement 

•  Subtract background 

•  Unfolding: correct for  
  detector effects and  
  acceptance   

(4) Differential tt cross sections 

•  Normalised  to in-situ  
  measured σ(tt)   

•  ‘Visible’ or extrapolated to  
  full phase space   

•  Compare to theory predictions   

TOPLHCWG, 28.11.13 
27

test of SM QCD tt production & 
kine (generators & had scheme)  

complementary in searches for 
new forces, dimensions 

M. Aldaya, FS  
TOPLHCWG open 
session  28-29th 

Nov. 2013

Going differential for σtt !

Why?
provide info on Parton Dist Functions
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• Reconstruct tt with kinematic likel. fit 
(mt,mW constraint) → cut on quality of kine fit

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

28
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νν

l+
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+

b

tW 
–

b

q

q'

Differential dσtt/dX:  l+jets √s = 7 TeV

 dN/dpT,top

 1/σtt dσtt/dpT,top

qqℓνbb  


  •
Data-driven W+jets (normalize pre-tag with W+/W-  
asymmetry, extrapol. b-tag prob from 2-jet-bin) fake lep. 
(loose/tight matrix method), single top, dibosons (from sim.)

ATLAS-CONF-2013-099

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

∫Ldt =  4.7 fb-1 (2011)

• Combine (e,μ)+jets channels with minimal 
covariance estimator (BLUE) including correlations
‣ Propagate syst uncertainties through unfolding: 

modify migration matrix & acceptances, fix data

-

-

- - -

X= pT,top , mtt , |y|tt , pT,tt - - -

8 Di↵erential Cross-section Determination

The measured di↵erential cross-sections are corrected for the e�ciency to pass the event selection, for
the detector resolution, and to account for the branching ratio for the tt̄ ! `+jets channel. To facilitate
the comparison to theoretical predictions, the cross-section measurements are defined with respect to
the top quarks before the decay (parton level), with kinematics of the top quarks modified by the QCD
radiation.

The e�ciency (✏ j) to pass the selection criteria in bin j for each variable is evaluated as the ratio of
the parton-level spectra before and after implementing the event selection at the reconstruction level. The
e�ciencies are displayed in Figure 5 and are typically in the 3–5% range. The decrease in the e�ciencies
at high values of pt

T, mtt̄, and ptt̄
T is primarily due to the increasingly large fraction of non-isolated leptons

and merged jets in events with high top-quark transverse momentum. There is also a decrease in the
e�ciency at high ytt̄ due to jets and leptons falling outside of the fiducial pseudorapidity range.

The influence of detector resolution is corrected through a process referred to as unfolding. The
measured distributions in the electron and muon channels are unfolded separately by a regularized in-
version of the migration matrix (symbolized byM�1) described in Section 8.1 and then the channels are
combined as described in Section 8.2. The formula used to extract the cross-section in each bin is:

d�
dX j
⌘ 1
�X j
·

P
i
M�1

ji [Di � Bi]

BR · L · ✏ j
, (5)

where �X j is the bin width, Di (Bi) are the data (expected background) yields in each bin of the recon-
structed variable, L is the integrated luminosity of the data sample, ✏ j is the event selection e�ciency,
and BR = 0.438 [47] is the branching ratio of tt̄ ! `+jets.

The normalized cross-section 1/� d�/dX j is computed by dividing by the measured total cross-
section, evaluated by integrating over all bins. The final results are presented as normalized di↵erential
cross-sections to focus the comparisons with theory on the shape di↵erences between data and prediction.
The normalized distributions also have reduced systematic uncertainties.

8.1 Unfolding Procedure

The binning for each of the distributions is determined based on the experimental resolution of the
kinematic variables, and then optimized to minimize the uncertainty on the final result. Typical values of
the fractional resolution for pt

T and mtt̄ are 25% and 15% respectively, while the fractional resolution for
ptt̄

T improves as a function of ptt̄
T and is 40% at 100 GeV. For ytt̄, the absolute resolution varies from 0.25

to 0.35, from central to forward rapidities.
The e↵ect of detector resolution is taken into account by constructing the migration matrices shown

in Figures 6 and 7. This is done with the tt̄ signal simulation, relating the variables of interest at the
reconstructed and parton levels. Each column of the matrix is normalized by the number of truth events
in that bin. The probability for truth events to remain in the same bin is therefore shown on the diagonal,
and the o↵-diagonal elements represent the fraction of truth events which migrate into other bins. The
fraction of events in the diagonal bins is always greater than 50%, but significant migrations are present
in several bins.

The regularized SVD [48] method is used for the unfolding procedure. A regularized unfolding
technique is chosen in order to prevent large statistical fluctuations which can be introduced when directly
inverting the migration matrix.

To ensure that the results are not biased by the MC used for unfolding, the parton-level spectra in MC
are altered by changing their slopes, and it is confirmed that these altered shapes are indeed recovered by
the unfolding based on the nominal migration matrices.

12
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FIG. 11. (Color online) Ratios of the NLO QCD predictions65 to the measured normalized di↵erential cross-sections for
di↵erent PDF sets (CT1024, MSTW2008NLO61, NNPDF2.362 and HERAPDF1.568) (markers) for the transverse momentum
of the hadronically decaying top-quark (ptT) (a), and the mass (mtt̄) (b) , the transverse momentum (ptt̄T) (c), and the absolute
value of the rapidity (|ytt̄|) (d) of the tt̄ system. The markers are o↵set in each bin and the bins are of equal size to allow
for better visibility. The gray bands indicate the total uncertainty on the data in each bin, while the error bars denote the
uncertainties on the predictions which include the internal PDF set variations and also fixed scale uncertainties.
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• Data show sensitivity to PDF with 
some preference for HeraPDF

 Compare with MC, NLO & approx NNLO

NNLO, generators for pt top

• pT,top spectrum is softer than most 
predictions for pT,top >200 GeV

 Compare with different PDF sets

ATLAS-CONF-2013-099

∫Ldt =  4.7 fb-1 (2011)Differential dσtt/dX:  l+jets √s = 7 TeV-

• Syst dominated:<7% for ytt,,10-20% pT,tt, 2% to 11% for pT,top, 3% to 6% mtt,  - - -

 1/σtt dσtt/dpT,top--

 1/σtt dσtt/dmtt- - -
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(a) High-purity b-tagged jets
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(b) Medium-purity b-tagged jets
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(c) Low-purity b-tagged jets

FIG. 2: Vertex mass distributions for all b-tagged jets in data events satisfying the nominal dilepton tt̄ event selection, with
no requirement on b-tagged jet multiplicity, compared to Monte Carlo predictions. By definition, jets with no reconstructed
secondary decay vertex are assigned to the ‘−1 GeV’ bin.

Background events from non-dilepton tt̄ processes
are included using Monte Carlo simulation, and enter
the fit with a fixed normalization. Monte Carlo simu-
lation is used to obtain templates for additional (non-
t →Wb) b-jets, c-jets, and LF jets.
In the fit to determine the number of b-tags from HF

jets in addition to the two b-jets from top-quark decay,
NHF, separate templates for each category of jet in each
of the three purity classes (high, medium, and low) are
used. The b-tagging efficiencies (Table II) for each fla-
vor of jet are used to relate the number of jets in each
purity bin. After the application of all constraints, the
fit has two floating parameters: the fraction of LF jets
and the fraction of additional b-jets. The fraction of
additional c-jets makes up the remainder.
Monte Carlo pseudo-experiments show that the fit-

ting method is unbiased in both best-fit values and es-
timated uncertainties. The fit strategy (including esti-
mates of statistical and systematic uncertainties) was
verified using 10% of the full data sample as well as
with Monte Carlo pseudo-experiments before the fit
was performed on the full data sample. These studies
indicated that the fit could achieve only a 1σ separation
of b- vs. c- jets based on the expected statistical uncer-
tainty alone. Inclusion of the systematic uncertainty
would further reduce the sensitivity. However, the LF-

jet fraction is expected to be measured with sufficient
precision to give a statistically significant measurement
of the total HF content, defined as the fraction of addi-
tional b-tagged jets not coming from LF jets. In the fit,
the individual fractions are not constrained to be posi-
tive or below unity.

VIII. SYSTEMATIC UNCERTAINTIES

Systematic uncertainties may affect the shape of the
vertex mass and pT templates as well as the acceptance
calculations. For the systematic uncertainties on the
template shapes, the fit to the data is re-evaluated using
new templates, derived by varying the relevant param-
eters by their systematic uncertainties, and a new fit
to the data is performed. Major uncertainties that af-
fect the fit are the jet energy scale and resolution, the
tagging efficiencies for b-, c- and LF jets, the parton-
shower and hadronizationmodels, and theMonte Carlo
event generators.
The template for b-jets from top-quark decays is

nominally taken from the data with exactly two b-
tags. To account for kinematic biases due to additional
heavy-flavor jets in the event, a systematic uncertainty
on the shape of this template is assessed using b-jets
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1/σ dσ/dX, 
X=mtt pT,tt y,tt 2/fb

Differential σtt :growing field of action 
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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, σfid(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

ΔR(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

σfid(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 =
σfid(tt̄+HF)
σfid(tt̄+ j)

. (1)

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

termined from:318

σfid(tt̄+HF) =
NHF

∫

L dt · ε
; (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 ε 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 ε = 0.093 ± 0.004326

(stat).327

The denominator for RHF, σfid(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 ε 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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• Extract number of t-chan events, νt,  by binned 
max. likelihood fit of Neural Network output to data 
(11 kin. vars: jet-lep masses,∑jet,lep pT + ETmiss, jet rapidities) 

• 1 isol. lep (e or μ), 2 jets with |η|<4.5, large ETmiss  and 
mT(W)*→ fake lep. veto, 1 b-tag, additional lepton iso

• Bkg: simulated tt/Wt/s-chan, W/Z+jets, data-driven fake lep 
(el-like jet template or sample with inverted muon quality cuts)
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δσt/σt ~14%
syst dominated

JES from detector intercalibration ~7.9%, t-chan generator~7.9% 
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Figure 7: Neural-network output-distribution for the combined electron and muon channel. The signal
and backgrounds are normalised to the fit result. The bottom panel shows the relative difference between
observed data and expectation. The grey shaded band reflects the t-channel generator uncertainty and the
uncertainty on the jet energy scale η-intercalibration.

and the shape of the NN output. In case of the signal acceptance, only the uncertainty on Rf needs to be
considered within the fiducial volume. The correlations between the different analysis channels are fully
accounted for by applying correlated systematic shifts across all channels. The RMS of the distribution
of fit results for the pseudo-experiments is an estimator for the expected uncertainty. The systematic
uncertainty on the measured parameters is similarly estimated using the measured β values for the single
top-quark t-channel signal and the backgrounds.

Table 5 shows the contributions to the total uncertainty on the cross-section measurement. The table
provides the uncertainties evaluated for the observed signal and background rates as obtained from the
maximum likelihood fit to the observed collision data.

7.4 Estimation of the fiducial cross-section

The estimated number of t-channel single top-quark events ν̂ obtained from the binned maximum-
likelihood fit of the network output distribution is used to calculate the fiducial cross-section, defined
in Table 3,

σfid = 3.37 ± 0.05 (stat.) ± 0.47 (syst.) ± 0.09 (lumi.) pb.

The uncertainty on ν̂ is obtained from the pseudo experiments and propagated to the measured cross-
section. The total relative uncertainty on the measurement of the fiducial cross-section is ±14%, the
dominant contributions being the uncertainty on the JES η-intercalibration and the t-channel generator.
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High-pT electrons associated from theW-boson decay can be mimicked by hadronic jets, electrons from
the decay of heavy quarks, and photon conversions. These backgrounds can be suppressed by isolation
criteria which require minimal calorimeter activity and only low-pT tracks in an η-φ cone around the
electron candidate. Isolation cuts optimized to achieve a uniform isolation efficiency across ηclus and the
transverse energy ET are applied to the electron candidates. For the calorimeter isolation a cone size of
∆R =

√

(∆η)2 + (∆φ)2 = 0.2 is used. In addition, the pT of all tracks within a cone of radius ∆R = 0.3
around the electron direction, excluding the track belonging to the electron, is restricted to be below an
ET-dependent threshold.

Muon candidates are reconstructed by matching track segments or complete tracks in the muon spec-
trometer with inner detector tracks. The final candidates are required to have a transverse momentum
pT > 25 GeV and to be in the pseudorapidity region of |η| < 2.5. Isolation criteria are applied to reduce
background events in which a high-pT muon is produced in the decay of a heavy flavour quark. An isola-
tion with variable cone size [37] (mini-isolation) is defined as the scalar sum of the transverse momenta
from all tracks with pT above 1 GeV (except the one matched to the muon) within a cone with radius
Riso = 10 GeV/ pT(µ). Muon candidates are accepted with a mini-isolation to muon pT ratio of less than
0.05.

Jets are reconstructed using the anti-kt algorithm [38] with a width parameter of 0.4, starting from
calorimeter energy clusters calibrated using the local cluster weighting method [39], and corrected
for the effects of pileup as described in [40]. Jets were calibrated using an energy- and η-dependent
simulation-based calibration scheme, with in-situ corrections based on data [41], and required to satisfy
pT > 30GeV and |η| < 4.5. Jets in the endcap-forward calorimeter transition region, corresponding to
2.75 < |η| < 3.5, must have pT > 35 GeV. If any jets fall within ∆R < 0.2 of an electron, the closest jet
is removed, as in these cases the jet and the electron are very likely to correspond to the same physical
object. Remaining electron candidates overlapping with jets within ∆R < 0.4 are subsequently rejected.
To reject jets from pile-up events, a so-called jet-vertex fraction criterion is applied, where at least 50%
of the scalar sum of the pT of tracks matched to a jet is required to be from tracks compatible with the
primary vertex2. This criterion is only applied to jets with pT < 50 GeV and |η| < 2.4. One of the
selected jets is required to have pT > 30 GeV and be identified (b-tagged) as a b-quark jet. The tagging
algorithm exploits the properties of a b-quark decay in a jet using neural-network techniques and the
reconstruction of a secondary vertex [42] and is optimized to reject c-quark induced jets as well as light-
quark jets. The b- and c-tagging efficiencies, and the mis-tag rate for the taggers, are measured using the
methods described in Ref. [43, 44, 45, 46] updated using the 2012 data set. The b-tagging algorithm has
an efficiency of about 50% for b-jets in simulated tt̄ events, while only 0.1% of light-quark jets and 3.7%
of c-quark jets are mis-tagged as b-quark jets.

The magnitude of the missing transverse momentum vector is defined as EmissT = |E⃗missT |, where E⃗missT
is calculated using the calibrated three-dimensional calorimeter energy clusters associated with the jets
together with either the calibrated calorimeter energy cluster associated with an electron or the pT of a
muon track [47]. Transverse energy deposited in calorimeter cells but not associated with any high-pT
object is also included in the EmissT calculation. Due to the presence of a neutrino in the final state of the
signal process, candidate events must have EmissT > 30 GeV. In order to reduce the number of multijet
background events, which are characterised by low EmissT and low transverse W-boson mass3 mT(W), the
event selection requires mT(W) > 50 GeV. Multijet events are further reduced by applying an additional
isolation cut to the lepton for leptons with low pT. This is realised by the following condition between

2The primary vertex is defined as the vertex with the largest
∑

p2T of the associated tracks and is taken to be the hard-
scattering collision.

3The transverseW boson mass is defined as: mT(W) =
√

2
[

pT(ℓ)EmissT − p⃗T(ℓ) · E⃗missT

]

, where p⃗T(ℓ) denotes the transverse
momentum of the lepton and pT(ℓ) = | p⃗T(ℓ)|

4

∫Ldt = 20.3 fb-1 (2012)

• Calculate cross section with fiducial 
efficiency

7 Cross-section measurement

The extraction of the t-channel single top-quark cross-section in this analysis is done in a fiducial vol-
ume within the detector acceptance. The cross-section includes top-quark and top-antiquark production.
The benefit of measuring a production cross-section σfid within a fiducial volume is that uncertainties
connected with event generation can be reduced to differences within the fiducial volume. Differences
between generators, hadronisation models or PDFs can be separated into components visible in the mea-
sured phase space and in the non-visible phase space. The fiducial cross-section σfid is defined as:

σfid =
ϵcorr,sel
ϵcorr,fid

·
ν̂

L
= Rf ·

ν̂

L
, (2)

where ϵcorr,sel is the fraction of events which are selected by the offline selection to be within the fiducial
volume and ϵcorr,fid is the fraction of events within the fiducial volume to be selected by the offline
selection. The ratio of these two quantities is defined as Rf and is of the order of 3.5. The estimated
number of expected t-channel single top-quark events is named ν̂ and obtained by the binned maximum-
likelihood fit. The fiducial cross-section can be extrapolated to the total inclusive cross-section σ with:

σ =
1
ϵfid
· σfid, (3)

where ϵfid is the selection efficiency of the particle-level selection as defined in the next section.

7.1 Definition of particle-level objects and the fiducial volume

All objects are defined on particle level using stable particles, namely particles with a mean lifetime
greater than 30 ps. The particle-level lepton is defined as the electron or the muon coming from the
W boson decay, i.e. leptons from hadron decays either directly or via a τ decay are rejected, while
electrons or muons from τ decays are accepted. In t-channel single top-quark events exactly one electron
or muon passing the above criteria is present. The selected lepton is dressed with photons within a cone
of ∆R < 0.1. The missing transverse momentum EmissT is defined as the vectorial sum of all neutrinos
present in the event, where a neutrino is defined in the same way as the particle-level lepton. Neutrinos
from hadron decays either directly or via a τ decay are rejected. Particle level jets are reconstructed using
the anti-kt algorithm, implemented in the FASTJET [71] package, with a width parameter of R = 0.4 .
For the clustering all stable particles, except the selected leptons and dressing photons associated with
them, are used. Reconstructed particle-level jets are tagged using a B-hadron matching, where tagged
means that at least one B-hadron is found within the jet. Events are rejected where a selected lepton is
identified within a ∆R of 0.4 of a selected jet.

The definition of the fiducial phase space is close to the phase space of the reconstructed and selected
data set. The applied cuts on the leptons, the EmissT and jets are detailed in Table 3.

7.2 Extraction of number of t-channel events

A binned maximum-likelihood fit to the NN output distribution is performed to extract the fiducial cross-
section σfid. Gaussian priors are added multiplicatively to the maximum-likelihood function to constrain
the rates of the W+jets and top-quark background processes. The fit parameters of the likelihood func-
tion are scale factors β j that multiply the expected value for each fitted process j. The background
normalisation constraints are 60% for W+jets production, and 6.6% for top-quark backgrounds (tt̄, Wt
and s-channel), while the contributions from diboson and Z+jets processes are fixed to their predictions.
The background rates are determined by the background-dominated region with low discriminant values.
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For comparison, the uncertainty of a non-fiducial measurement is determined using the acceptances
referring to the full phase space and is found to be 17%. A comparison of predictions for the fiducial
cross-section for different NLO MC event generators and the matched LO generator AcerMC together
with the measured value is shown in Figure 8. The fiducial cross-section is calculated using the inclusive
cross section for each generator and the corresponding selection efficiency of the particle-level selection.
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Figure 8: Predicted t-channel single top-quark fiducial cross-section for different NLO MC generators
and the matched LO generator AcerMC together with the measured value. The uncertainty on the pre-
diction consists of the scale uncertainty and the uncertainty on the PDFs.

7.5 Extrapolated cross-section results and Vtb measurement

Using various MC generator models, the fiducial cross-section can be extrapolated to the full phase
space and can be compared to the NLO+NNLL calculation. There is an additional uncertainty on the
extrapolation due to the uncertainty on the PDF with a size of 3.8 %. A summary of these inclusive
cross-sections is presented in Figure 9. The values deduced with the acceptances obtained with the NLO
generators POWHEG and aMC@NLO are in excellent agreement with the NLO+NNLL prediction and
have only a difference of 1.7 % to each other. When using samples generated with AcerMC for the
extrapolation a larger spread is found. The acceptances and thereby the cross-sections show a strong
dependence on the factorization and renormalization scale that is used in AcerMC. Using a smaller scale
(µ = 60 GeV) leads to a larger acceptance and correspondingly to a smaller cross-section, while samples
generated with a large scale (µ = mt = 172.5 GeV) predict a smaller acceptance, leading to a larger
cross-section. The relative difference between the cross-sections obtained from aMC@NLO +Herwig
and AcerMC +Pythia6 with µ = mt = 172.5 GeV is 9 %.

In case of the aMC@NLO generator an extrapolated total inclusive cross-section of

σt = 82.6 ± 1.2 (stat.) ± 11.4 (syst.) ± 3.1 (PDF) ± 2.3 (lumi.) pb (4)

is obtained.
Single top-quark production in the t-channel proceeds via a W-t-b vertex and the measured cross-

section is proportional to |Vtb|2, where Vtb is the relevant CKM matrix element. In the Standard Model
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the anti-kt algorithm, implemented in the FASTJET [71] package, with a width parameter of R = 0.4 .
For the clustering all stable particles, except the selected leptons and dressing photons associated with
them, are used. Reconstructed particle-level jets are tagged using a B-hadron matching, where tagged
means that at least one B-hadron is found within the jet. Events are rejected where a selected lepton is
identified within a ∆R of 0.4 of a selected jet.

The definition of the fiducial phase space is close to the phase space of the reconstructed and selected
data set. The applied cuts on the leptons, the EmissT and jets are detailed in Table 3.

7.2 Extraction of number of t-channel events

A binned maximum-likelihood fit to the NN output distribution is performed to extract the fiducial cross-
section σfid. Gaussian priors are added multiplicatively to the maximum-likelihood function to constrain
the rates of the W+jets and top-quark background processes. The fit parameters of the likelihood func-
tion are scale factors β j that multiply the expected value for each fitted process j. The background
normalisation constraints are 60% for W+jets production, and 6.6% for top-quark backgrounds (tt̄, Wt
and s-channel), while the contributions from diboson and Z+jets processes are fixed to their predictions.
The background rates are determined by the background-dominated region with low discriminant values.
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particle level selection efficiency
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Figure 9: Inclusive total t-channel single top-quark production cross-section obtained from extrapolating
the fiducial cross-section to the full phase space using the acceptance of different MC generators and
taking theB(t → ℓνb) into account. The vertical line indicates the NLO+NNLL theoretical cross-section,
including the uncertainty displayed as a grey band. The uncertainty on each extrapolated cross-section
emerges from the uncertainty on the fiducial cross-section and the uncertainty on the PDF.

|Vtb| is close to one, but new physics contributions could alter its value, for example if there were more
quark generations. The |Vtb|measurement via single top-quark production is independent of assumptions
about the number of quark generations or about the unitarity of the CKM matrix. The assumptions made
are: |Vtb| ≫ |Vtd |, |Vts|; B(t → b +W) = 1; and that the W-t-b interaction is a SM-like left-handed weak
coupling.

The value of |Vtb| is extracted by dividing the extrapolated single top-quark t-channel cross-section
using the acceptance of the aMC@NLO +Herwig generators, by the SM expectation [11]. In addition to
the uncertainty quoted in Equation 4 a relative uncertainty of 9% on the choice of the t-channel gener-
ator by comparing the extrapolated measured cross-sections of the aMC@NLO +Herwig and AcerMC
+Pythia6 generators is added. In principle Wt and s-channel production are also affected when |Vtb|
changes. However, their contributions are small and their variation does not change the t-channel fit
result. The result obtained is

|Vtb| = 0.97 ± 0.01 (stat.)+0.06−0.07 (syst.) ± 0.06 (gen. + PDF)
+0.02
−0.01 (theor.) ± 0.01 (lumi.) (5)

= 0.97+0.06−0.07 (exp.) ± 0.06 (gen. + PDF + theor.)
= 0.97+0.09−0.10.

The experimental uncertainty, denoted exp. in Equation 5, is 0.07, summarizing the statistical uncer-
tainty, the systematic uncertainties in determining the fiducial cross-section, and the uncertainty on the
luminosity. Restricting the range of |Vtb| to the interval [0, 1], as required by the SM, a lower limit on
|Vtb| is extracted: |Vtb| > 0.78 at 95% CL. In the Bayesian-style limit computation, it is assumed that the
likelihood curve of |Vtb|2 has a Gaussian shape, centered at the measured value (5). A flat prior in |Vtb|2
is applied, being one in the interval [0, 1] and zero otherwise.
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tainty, the systematic uncertainties in determining the fiducial cross-section, and the uncertainty on the
luminosity. Restricting the range of |Vtb| to the interval [0, 1], as required by the SM, a lower limit on
|Vtb| is extracted: |Vtb| > 0.78 at 95% CL. In the Bayesian-style limit computation, it is assumed that the
likelihood curve of |Vtb|2 has a Gaussian shape, centered at the measured value (5). A flat prior in |Vtb|2
is applied, being one in the interval [0, 1] and zero otherwise.
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For comparison, the uncertainty of a non-fiducial measurement is determined using the acceptances
referring to the full phase space and is found to be 17%. A comparison of predictions for the fiducial
cross-section for different NLO MC event generators and the matched LO generator AcerMC together
with the measured value is shown in Figure 8. The fiducial cross-section is calculated using the inclusive
cross section for each generator and the corresponding selection efficiency of the particle-level selection.

 [pb]fid
tσ

1.5 2 2.5 3 3.5 4
=60 GeVµAcerMC+Pythia6 
=172.5 GeVµAcerMC+Pythia6 

2)+Pythia6→Powheg(2
3)+Pythia8→Powheg(2
3)+Pythia6→Powheg(2

3)+Herwig→aMC@NLO(2

 resultATLAS

Predicted fiducial cross-section:

=60 GeVµAcerMC+Pythia6 
=172.5 GeVµAcerMC+Pythia6 

2)+Pythia6→Powheg(2
3)+Pythia8→Powheg(2
3)+Pythia6→Powheg(2

3)+Herwig→aMC@NLO(2

 sys.⊕stat. stat.

=8 TeVs  -1 dt = 20.3 fbL ∫     Preliminary ATLAS

Figure 8: Predicted t-channel single top-quark fiducial cross-section for different NLO MC generators
and the matched LO generator AcerMC together with the measured value. The uncertainty on the pre-
diction consists of the scale uncertainty and the uncertainty on the PDFs.

7.5 Extrapolated cross-section results and Vtb measurement

Using various MC generator models, the fiducial cross-section can be extrapolated to the full phase
space and can be compared to the NLO+NNLL calculation. There is an additional uncertainty on the
extrapolation due to the uncertainty on the PDF with a size of 3.8 %. A summary of these inclusive
cross-sections is presented in Figure 9. The values deduced with the acceptances obtained with the NLO
generators POWHEG and aMC@NLO are in excellent agreement with the NLO+NNLL prediction and
have only a difference of 1.7 % to each other. When using samples generated with AcerMC for the
extrapolation a larger spread is found. The acceptances and thereby the cross-sections show a strong
dependence on the factorization and renormalization scale that is used in AcerMC. Using a smaller scale
(µ = 60 GeV) leads to a larger acceptance and correspondingly to a smaller cross-section, while samples
generated with a large scale (µ = mt = 172.5 GeV) predict a smaller acceptance, leading to a larger
cross-section. The relative difference between the cross-sections obtained from aMC@NLO +Herwig
and AcerMC +Pythia6 with µ = mt = 172.5 GeV is 9 %.

In case of the aMC@NLO generator an extrapolated total inclusive cross-section of

σt = 82.6 ± 1.2 (stat.) ± 11.4 (syst.) ± 3.1 (PDF) ± 2.3 (lumi.) pb (4)

is obtained.
Single top-quark production in the t-channel proceeds via a W-t-b vertex and the measured cross-

section is proportional to |Vtb|2, where Vtb is the relevant CKM matrix element. In the Standard Model
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 PDF  & scale 
uncertainty uncertainty

• Compare  result with predictions of LO/NLO generators

• Extrapolate the fiducial cross section  
to the full phase space

other full space get to 17%
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If |Vtb |<1 |Vtb| > 0.80 at 95% C.L.
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✤  

• Limit on s-channel at √s =7 TeV

• First ATLAS + CMS combination at √s = 8 TeV !
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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% 

Inclusive σt   -  Summary  at √s = 7 & 8 TeV

∫Ldt =  5.8 (5.0) fb-1 (2012))  

• Observation of t-channel
•  δσt/σt ~19% to 25% 

• Evidence on Wt channel
•  δσWt/σWt ~20% to 30% 

At √s =7 and 8 TeV

ATLAS-CONF-2013-098
CMS-PAS-TOP-12-002
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Measuring top mass
i.e. what makes top special

34

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 

36

 ∫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

• 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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top , one b-tagged jet
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(b) mreco
top , at least two b-tagged jets
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(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

ATLAS-CONF-2013-046

kin fit
likelihood
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Measuring top mass
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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
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(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 @ 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

38

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.
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NEW!

 [GeV]topm
165 170 175 180 1851

17

       LHC September 2013  0.88)± 0.26 ± (0.23  0.95±173.29 
       Tevatron March 2013 (Run I+II)  0.61)± 0.36 ± (0.51  0.87±173.20 

 prob.=93%2χ 
 / ndf =4.3/102χ World comb. 2014  0.67)± 0.24 ± (0.27  0.76±173.34 

-1 = 3.5 fbint   L
CMS 2011, all jets  1.23)± (0.69             1.41±173.49 

-1 = 4.9 fbint   L
CMS 2011, di-lepton  1.46)± (0.43             1.52±172.50 

-1 = 4.9 fbint   L
CMS 2011, l+jets  0.97)± 0.33 ± (0.27  1.06±173.49 

-1 = 4.7 fbint   L
ATLAS 2011, di-lepton  1.50)± (0.64             1.63±173.09 

-1 = 4.7 fbint   L
ATLAS 2011, l+jets  1.35)± 0.72 ± (0.23  1.55±172.31 

-1 = 5.3 fbint   L
D0 RunII, di-lepton  1.38)± 0.55 ± (2.36  2.79±174.00 

-1 = 3.6 fbint   L
D0 RunII, l+jets  1.16)± 0.47 ± (0.83  1.50±174.94 

-1 = 8.7 fbint   L

+jetsmiss
TCDF RunII, E

 0.86)± 1.05 ± (1.26  1.85±173.93 
-1 = 5.8 fbint   L

CDF RunII, all jets  1.04)± 0.95 ± (1.43  2.01±172.47 
-1 = 5.6 fbint   L

CDF RunII, di-lepton  3.13)± (1.95             3.69±170.28 
-1 = 8.7 fbint   L

CDF RunII, l+jets  0.86)± 0.49 ± (0.52  1.12±172.85 

-1 - 8.7 fb-1 = 3.5 fbint combination - March 2014,  LtopTevatron+LHC m
ATLAS + CDF + CMS + D0 Preliminary

)    syst.   iJES  stat.total    (Pr
ev

io
us

C
om

b.

(a)

BLUE Combination Coefficient [%]
-100 0 100

1

17

 comb.topTevatron + LHC m
March 2014

ATLAS + CDF + CMS + D0 Preliminary

  7.5-1 = 3.5 fbint   L
CMS 2011, all jets

  3.1-1 = 4.9 fbint   L
CMS 2011, di-lepton

27.7-1 = 4.9 fbint   L
CMS 2011, l+jets

 -7.1-1 = 4.7 fbint   L
ATLAS 2011, di-lepton

15.8-1 = 4.7 fbint   L
ATLAS 2011, l+jets

  0.3-1 = 5.3 fbint   L
D0 RunII, di-lepton

10.3-1 = 3.6 fbint   L
D0 RunII, l+jets

  6.3-1 = 8.7 fbint   L

+jetsmiss
TCDF RunII, E

  5.5-1 = 5.8 fbint   L
CDF RunII, all jets

 -4.2-1 = 5.6 fbint   L
CDF RunII, di-lepton

34.6-1 = 8.7 fbint   L
CDF RunII, l+jets

(b)

Pull
-5 -4 -3 -2 -1 0 1 2 3
1

17

 comb.topTevatron + LHC m
March 2014

ATLAS + CDF + CMS + D0 Preliminary

  0.1-1 = 3.5 fbint   L
CMS 2011, all jets

 -0.6-1 = 4.9 fbint   L
CMS 2011, di-lepton

  0.2-1 = 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

  0.2-1 = 5.3 fbint   L
D0 RunII, di-lepton

  1.2-1 = 3.6 fbint   L
D0 RunII, l+jets

  0.4-1 = 8.7 fbint   L

+jetsmiss
TCDF RunII, E

 -0.5-1 = 5.8 fbint   L
CDF RunII, all jets

 -0.8-1 = 5.6 fbint   L
CDF RunII, di-lepton

 -0.6-1 = 8.7 fbint   L
CDF RunII, l+jets

(c)

Figure 1: (a): Input measurements and result of their combination (see also Table 3), compared with the
Tevatron and LHC combined mtop values [6, 7]. With respect to Ref. [6] only a partial set of Tevatron mtop
measurements is used in the world combination (see Section 4). For each measurement, the total uncertainty,
the statistical and the iJES contributions (when applicable), as well as the sum of the remaining uncertainties
are reported separately. The iJES contribution is statistical in nature and applies only to analyses performing in
situ (tt̄) jet energy calibration procedures. The grey vertical band reflect the total uncertainty on the combined
mtop value. Panels (b) and (c) show, respectively, the BLUE combination coe�cients and pulls of the input
measurements. 14
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NEW!
arxiv:1403.4427[hep-ex]Input measurements and uncertainties in GeV

CDF D0 ATLAS CMS World
Uncertainty l+jets di-l all jets Emiss

T l+jets di-l l+jets di-l l+jets di-l all jets Combination
mtop 172.85 170.28 172.47 173.93 174.94 174.00 172.31 173.09 173.49 172.50 173.49 173.34
Stat 0.52 1.95 1.43 1.26 0.83 2.36 0.23 0.64 0.27 0.43 0.69 0.27
iJES 0.49 n.a. 0.95 1.05 0.47 0.55 0.72 n.a. 0.33 n.a. n.a. 0.24
stdJES 0.53 2.99 0.45 0.44 0.63 0.56 0.70 0.89 0.24 0.78 0.78 0.20
flavourJES 0.09 0.14 0.03 0.10 0.26 0.40 0.36 0.02 0.11 0.58 0.58 0.12
bJES 0.16 0.33 0.15 0.17 0.07 0.20 0.08 0.71 0.61 0.76 0.49 0.25
MC 0.56 0.36 0.49 0.48 0.63 0.50 0.35 0.64 0.15 0.06 0.28 0.38
Rad 0.06 0.22 0.10 0.28 0.26 0.30 0.45 0.37 0.30 0.58 0.33 0.21
CR 0.21 0.51 0.32 0.28 0.28 0.55 0.32 0.29 0.54 0.13 0.15 0.31
PDF 0.08 0.31 0.19 0.16 0.21 0.30 0.17 0.12 0.07 0.09 0.06 0.09
DetMod <0.01 <0.01 <0.01 <0.01 0.36 0.50 0.23 0.22 0.24 0.18 0.28 0.10
b-tag 0.03 n.e. 0.10 n.e. 0.10 <0.01 0.81 0.46 0.12 0.09 0.06 0.11
LepPt 0.03 0.27 n.a. n.a. 0.18 0.35 0.04 0.12 0.02 0.14 n.a. 0.02
BGMC 0.12 0.24 n.a. n.a. 0.18 n.a. n.a. 0.14 0.13 0.05 n.a. 0.10
BGData 0.16 0.14 0.56 0.15 0.21 0.20 0.10 n.a. n.a. n.a. 0.13 0.07
Meth 0.05 0.12 0.38 0.21 0.16 0.51 0.13 0.07 0.06 0.40 0.13 0.05
MHI 0.07 0.23 0.08 0.18 0.05 <0.01 0.03 0.01 0.07 0.11 0.06 0.04
Total Syst 0.99 3.13 1.41 1.36 1.25 1.49 1.53 1.50 1.03 1.46 1.23 0.71
Total 1.12 3.69 2.01 1.85 1.50 2.79 1.55 1.63 1.06 1.52 1.41 0.76

Table 3: Uncertainty categories assignment for the input measurements and the result of the world mtop com-
bination. All values are in GeV. In the table, “n.a.” stands for not applicable; “n.e.” refers to uncertainties not
evaluated (see text for details).

⇢EXP ⇢LHC ⇢TEV
⇢COL

⇢CDF ⇢D0 ⇢ATL ⇢CMS ⇢ATL�TEV ⇢CMS�TEV

Stat 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
iJES 0.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0

stdJES 1.0 1.0 1.0 1.0 0.0 0.0 0.0 0.0
flavourJES 1.0 1.0 1.0 1.0 0.0 0.0 0.0 0.0

bJES 1.0 1.0 1.0 1.0 0.5 1.0 1.0 0.5
MC 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Rad 1.0 1.0 1.0 1.0 1.0 1.0 0.5 0.5
CR 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

PDF 1.0 1.0 1.0 1.0 1.0 1.0 0.5 0.5
DetMod 1.0 1.0 1.0 1.0 0.0 0.0 0.0 0.0

b-tag 1.0 1.0 1.0 1.0 0.0 0.0 0.0 0.0
LepPt 1.0 1.0 1.0 1.0 0.0 0.0 0.0 0.0

BGMC† 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
BGData 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Meth 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
MHI 1.0 1.0 1.0 1.0 1.0 0.0 0.0 0.0

Table 4: Assumed correlation coe�cients for each source of uncertainty. The symbols ⇢CDF, ⇢D0, ⇢ATL, and
⇢CMS represent the assumed correlations among measurements from the same experiment, while ⇢LHC and
⇢TEV indicate the correlations assumed respectively between measurements at the LHC and at the Tevatron.
The ⇢ATL�TEV and ⇢CMS�TEV reflect the correlations between measurements from ATLAS or CMS and the
Tevatron.
† For the BGMC, the 100% correlation is assumed only for measurements using the same tt̄ final state.

5.2 JES uncertainties

The following systematic uncertainties stem from the limited knowledge of the JES [27, 28, 31–35, 65]. Since
the methodologies and assumptions to derive JES corrections and their corresponding uncertainties are not
always directly comparable between experiments, variations of the correlation assumptions described below
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Figure 3: Variation of the combined mtop result (a,c) and its total uncertainty (b,d) as a function of variations in
the correlation assumptions. (a,b) ⇢EXP, ⇢LHC, ⇢TEV and ⇢COL are varied simultaneously using a multiplicative
factor f in the range [0,1] (open light blue dots). Separate variations of each correlation coe�cient in the
same range, are reported by the blue (filled dots), orange (filled triangles), red (filled squares) and the grey
(open triangles) curve, respectively. (c,d) Stability of the world combination under variations of the default
assumptions on the correlation for selected uncertainty sources. The sensitivity of the combination to di↵erent
scenarios concerning the treatment of the hadronisation systematics is also shown. See text for details.
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Figure 3: Variation of the combined mtop result (a,c) and its total uncertainty (b,d) as a function of variations in
the correlation assumptions. (a,b) ⇢EXP, ⇢LHC, ⇢TEV and ⇢COL are varied simultaneously using a multiplicative
factor f in the range [0,1] (open light blue dots). Separate variations of each correlation coe�cient in the
same range, are reported by the blue (filled dots), orange (filled triangles), red (filled squares) and the grey
(open triangles) curve, respectively. (c,d) Stability of the world combination under variations of the default
assumptions on the correlation for selected uncertainty sources. The sensitivity of the combination to di↵erent
scenarios concerning the treatment of the hadronisation systematics is also shown. See text for details.
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Figure 2: Comparison of the world mtop combination result with the individual mtop determinations per tt̄ decay
channel, experiment, and collider. Results are compared with the Tevatron and LHC combined mtop values
from Refs. [6, 7]. The grey vertical band reflect the total uncertainty on the combined mtop value.

Tevatron and LHC colliders (mTEV, mLHC). Figure 2 reports the comparison of the world mtop combination with
the individual mtop determinations per tt̄ decay channel, experiment, and collider. In addition mtop combination
results from Refs. [6, 7] are also reported (see Appendix B, Figure 4 for the correlated mtop determinations).
The full uncertainty breakdown of the individual CDF, D0, ATLAS, CMS, Tevatron and LHC combinations
is reported in Appendix C. The individual combination for mTEV and mLHC present some di↵erences with
respect to the results documented in Refs. [6, 7]. For mTEV, these mainly originate from the reduced set of
input measurements used in the combination with respect to Ref. [6], and to a lesser extent from the use of
a finer MC modelling uncertainty splitting (four separate categories: MC, Rad, CR, PDF, rather than a single
one including all of them), and the change in the JES uncertainty categories for the CDF measurements. The
slight di↵erences in the uncertainty breakdown of the separate combination of mLHC with respect to Ref. [7]
are mainly attributed to the changes of the uncertainty categorisation and correlation assumption underlying the
stdJES and b-tagging categories.

7 E↵ects of using alternative correlation models and uncertainty treatments

The categorisation and the correlation assumptions summarised in Tables 3 and 4 reflect the present understand-
ing and the limitations due to the di↵erent choices made by the experiments when evaluating the individual
uncertainty sources. In this preliminary result, the e↵ects of the approximations are evaluated by perform-
ing stability cross checks, in which the input assumptions are changed with respect to the values reported in
Section 5. The results of these cross checks are described in the following, and summarised in Figure 3.
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First Mtop World average : consistency 
•Combine by allowing different top masses for different data sets
‣ for inst. 4 parameter fit (ml+jets mdi-l malljets mETmiss )instead of 1 mtop

•Keep correlations, check consistency
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All measurements are very well consistent

NEW!
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Measuring Top and Higgs coupling

42
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Top, Higgs and BSM
Discovery of Higgs 

43

Measure/Study top-
Higgs coupling

EWK mechanism gives mass to fermions: 
mf =(Yukawa coupling for f)*(vev)/√2

look beyond: Naturalness 
to alleviate Hierarchy 

problem = fine tuning to 
renormalize Higgs mass

Here be dragons
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Top and 
BSM: a 
“natural” 
view

44

Top mass/Yukawa & production Xsection 
♦ Tevatron: top mass now known to 0.5%,  mt = 173.2 ± 0.9 GeV

Tevatron combination (11).

!W,Z, higgstop

H,Z                                  H,Z

t

t̄

W                 W

t̄

t

Standard Model (SM): top coupling to Higgs is perturbative but LARGE:  yt ' 1

Quantum effects (virtual tops) => dramatic impact on EW & flavor phys.: 2Nc yt2

16⇡2
' 5%

♦ Theory: t-Xsection (Tevatron) now known to NNLO (+NNLL resum’)

Bärnreuther, Czakon & Mitov (12).

NNLO phenomenology at the Tevatron: 

9 Two loop hard matching coefficient extracted and included 
  
9 Very week dependence on unknown parameters (sub 1%): gg NNLO, A, etc. 

 
9 ~ 50% scales reduction compared to the NLO+NNLL analysis of  

Cacciari, Czakon, Mangano, Mitov, Nason ‘11 

9 Independent F/R scales 
9 MSTW2008NNLO 
9 mt=173.3 

P. Bärnreuther et al arXiv:1204.5201 

Best prediction at NNLO+NNLL 

NNLO 

Resumed (approximate NNLO) 

Top physics: theory                                                                     Alexander Mitov                                                                     PLHC, Vancouver, 7 June, 2012 

Will be discussed in detail, WG VI.
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Naturalness after LHC8

Gian Francesco Giudice
CERN, Theory Division
1211 Geneva 23, Switzerland

Talk delivered at the 2013 Europhysics Conference on High Energy Physics (EPS),
Stockholm, Sweden, 18-24 July 2013.

The main task of the LHC was to clarify the mechanism of electroweak symmetry
breaking. Now that the Higgs boson has been discovered, the most pressing goal is
to elucidate the origin of this particle and, in this respect, naturalness has become
the central issue. Since long ago [1–4], it had been recognised that the Higgs boson
introduces a conceptual problem associated with the quantum corrections to its mass
term. In an e↵ective-theory approach where momenta of virtual particles are cut o↵ at
the scale ⇤, the quantum corrections to the physical Higgs mass grow proportionally
with ⇤
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⇤

500 GeV

◆2

. (1)

This is generally taken as an indication that a simple extrapolation of the Standard
Model (SM) beyond a scale of about 500 GeV su↵ers from a naturalness problem
because ultraviolet (UV) contributions tom2

h exceed its physical value. The larger the
value of ⇤, the more acute the problem becomes, although the maximum acceptable
⇤ is a matter of subjective judgement. (For general discussions about naturalness,
see refs. [5–7].)

The expectations for new physics beyond the SM have not been substantiated
by the first 20 fb�1 of data from the LHC operating at 8 TeV. There is no doubt
that these experimental results represent a considerable challenge to the idea that
naturalness of the electroweak breaking is restored by new dynamics below the TeV.
This has led to an intense debate inside the high-energy physics community about
the validity of the naturalness principle. A commonly asked question is:

Is the e↵ective field-theory approach unreliable?

In other words: is it misleading to give a physical interpretation to the UV cuto↵ in
eq. (1)? My answers to this question is a definite no. But to avoid getting confused
with regularisation procedures in e↵ective theories and with the physical meaning of
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Higgs mass has quantum corrections

Top partners &  LHC Searches

Naturalness => new colored partners, potentially within the LHC reach.
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Figure 5: Expected and observed exclusion limits at 95% CL for the model of (pp → t̃1t̃∗1 →
t χ̃0

1 t χ̃0
1 ) with 100% branching ratio of t̃1 → t χ̃0

1 . The top quark produced in the decay has a right-
handed polarization in 95% of the decays. The band around the median expected limit shows
the ±1σ variations on the median expected limit, including all uncertainties except theoretical
uncertainties on the signal. The dotted lines around the observed limit indicate the sensitivity
to ±1σ variations on these theoretical uncertainties. The expected limit from the previous
ATLAS search [29] with the same final state is also shown.
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Figure 6: Excluded (at 95% CL) branching fractions for t̃1 → t χ̃0
1 in the model where pp →

t̃1t̃∗1 . The conservative assumption is made here that this analysis is sensitive only to the decay
channel t̃1 → t χ̃0

1 and has no sensitivity to other decay modes.

13

m
stop

& 700GeV

2 leading frameworks 
of naturalness

Figure 1. Quadratically divergent one-loop contribution to the Higgs mass parameter in the SM

(a), canceled by scalar superpartner contributions in a SUSY model (b).

I. INTRODUCTION

The recent discovery of a Higgs-like boson at the LHC, while being a breakthrough in

the understanding of electroweak symmetry breaking (EWSB), leaves a lot of questions

unanswered. One of the most pressing problems is the stabilization of the EWSB scale,

which in the Standard Model requires an unnaturally fine-tuned cancellation between tree-

level and loop contributions to the Higgs potential. One of the most popular solutions to

this problem is supersymmetry, which allows to cancel the dangerous quadratically divergent

contributions from the SM particles by their respective superpartners with opposite spin-

statistics. Most important from the point of view of naturalness is the cancellation of

the top quadratic divergence, which is governed by the large top Yukawa coupling. In

supersymmetry this contribution is canceled by the corresponding loop contribution of its

supersymmetric partners, the stops, as depicted in Figure 1.

While the cancellation of the quadratically divergent contribution is independent of the

stop masses, the remaining logarithmically divergent contributions are mass dependent—

therefore naturalness in the Higgs potential generally requires light stops. This common lore

however is being put under severe pressure by the non-observation of stops at the LHC and

the increased bounds on their masses.

This simplified picture however contains the intrinsic assumption of complete alignment

between the up quark and up squark mass bases. While this is a very good approximation

for the left-handed sector, where due to the SU(2)L symmetry the stringent constraints from

K and B decays are relevant, the situation is di↵erent in the right-handed up sector. Here

the only relevant constraints are related to the D system so that the third generation is

much less constrained. In fact it is su�cient to assume the 12 and 13 mixings to be samll in

order to comply with data; the mixing angle ✓R
23

describing stop-scharm mixing. Constraints

from flavor violating top decays on the other hand are still fairly weak. There should be

2

mT5/3 & 800GeV

SU
SY

composite Higgs

3

Top partners &  LHC Searches

Naturalness => new colored partners, potentially within the LHC reach.
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t χ̃0

1 t χ̃0
1 ) with 100% branching ratio of t̃1 → t χ̃0

1 . The top quark produced in the decay has a right-
handed polarization in 95% of the decays. The band around the median expected limit shows
the ±1σ variations on the median expected limit, including all uncertainties except theoretical
uncertainties on the signal. The dotted lines around the observed limit indicate the sensitivity
to ±1σ variations on these theoretical uncertainties. The expected limit from the previous
ATLAS search [29] with the same final state is also shown.
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The recent discovery of a Higgs-like boson at the LHC, while being a breakthrough in

the understanding of electroweak symmetry breaking (EWSB), leaves a lot of questions

unanswered. One of the most pressing problems is the stabilization of the EWSB scale,

which in the Standard Model requires an unnaturally fine-tuned cancellation between tree-

level and loop contributions to the Higgs potential. One of the most popular solutions to

this problem is supersymmetry, which allows to cancel the dangerous quadratically divergent

contributions from the SM particles by their respective superpartners with opposite spin-

statistics. Most important from the point of view of naturalness is the cancellation of

the top quadratic divergence, which is governed by the large top Yukawa coupling. In

supersymmetry this contribution is canceled by the corresponding loop contribution of its

supersymmetric partners, the stops, as depicted in Figure 1.

While the cancellation of the quadratically divergent contribution is independent of the

stop masses, the remaining logarithmically divergent contributions are mass dependent—

therefore naturalness in the Higgs potential generally requires light stops. This common lore

however is being put under severe pressure by the non-observation of stops at the LHC and

the increased bounds on their masses.

This simplified picture however contains the intrinsic assumption of complete alignment

between the up quark and up squark mass bases. While this is a very good approximation

for the left-handed sector, where due to the SU(2)L symmetry the stringent constraints from

K and B decays are relevant, the situation is di↵erent in the right-handed up sector. Here

the only relevant constraints are related to the D system so that the third generation is

much less constrained. In fact it is su�cient to assume the 12 and 13 mixings to be samll in
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1 ) with 100% branching ratio of t̃1 → t χ̃0

1 . The top quark produced in the decay has a right-
handed polarization in 95% of the decays. The band around the median expected limit shows
the ±1σ variations on the median expected limit, including all uncertainties except theoretical
uncertainties on the signal. The dotted lines around the observed limit indicate the sensitivity
to ±1σ variations on these theoretical uncertainties. The expected limit from the previous
ATLAS search [29] with the same final state is also shown.
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m
stop

& 700GeV

2 leading frameworks 
of naturalness

Figure 1. Quadratically divergent one-loop contribution to the Higgs mass parameter in the SM

(a), canceled by scalar superpartner contributions in a SUSY model (b).

I. INTRODUCTION

The recent discovery of a Higgs-like boson at the LHC, while being a breakthrough in

the understanding of electroweak symmetry breaking (EWSB), leaves a lot of questions

unanswered. One of the most pressing problems is the stabilization of the EWSB scale,

which in the Standard Model requires an unnaturally fine-tuned cancellation between tree-

level and loop contributions to the Higgs potential. One of the most popular solutions to

this problem is supersymmetry, which allows to cancel the dangerous quadratically divergent

contributions from the SM particles by their respective superpartners with opposite spin-

statistics. Most important from the point of view of naturalness is the cancellation of

the top quadratic divergence, which is governed by the large top Yukawa coupling. In

supersymmetry this contribution is canceled by the corresponding loop contribution of its

supersymmetric partners, the stops, as depicted in Figure 1.

While the cancellation of the quadratically divergent contribution is independent of the

stop masses, the remaining logarithmically divergent contributions are mass dependent—

therefore naturalness in the Higgs potential generally requires light stops. This common lore

however is being put under severe pressure by the non-observation of stops at the LHC and

the increased bounds on their masses.

This simplified picture however contains the intrinsic assumption of complete alignment

between the up quark and up squark mass bases. While this is a very good approximation

for the left-handed sector, where due to the SU(2)L symmetry the stringent constraints from

K and B decays are relevant, the situation is di↵erent in the right-handed up sector. Here

the only relevant constraints are related to the D system so that the third generation is

much less constrained. In fact it is su�cient to assume the 12 and 13 mixings to be samll in

order to comply with data; the mixing angle ✓R
23

describing stop-scharm mixing. Constraints

from flavor violating top decays on the other hand are still fairly weak. There should be

2

mT5/3 & 800GeV

SU
SY

composite Higgs

3

top quark gives largest contrib

UV corrections from particles coupling to Higgs are additive and 
uncorrelated with Mh  so if scale is about 500 GeV they are larger than Mh  

If naturalness is a 
guide: need  top 
partners to avoid 
fine tuning mH in 
renormalization

The LHC Battle for Naturalness

“micro energy frontier”:
keep pushing bound; 
boosted massive jets.

“micro intensity frontier”:
partners are elusive;
why? how to search?

(RPV, compression)

LHC8: where are the partners ??

14

SUSY:stops Composite Higgs:T 
partners

(figure from 
Gilad Perez, 

CLICMeeting, Oct2013)

(Gian Giudice: 
arXiv 1307.7879) 

 (Gilad Perez,
CKM2012) 
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Top-Higgs coupling measurements
• In SM : top Yukawa coupling (Yt) >0.9,  mtop ~ coupling
• measure Yt : Test nature of newly found boson & EWK sym. break.

45
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7Indirect evidence for top-Higgs coupling

Already strong, indirect evidence of 
top quark-Higgs boson coupling

Gluon-gluon fusion (dominant 
Higgs production mechanism 

at LHC)

W/X/

/W/X

W/X/

Induces decay to massless 
photons. Destructive 

interference with W boson
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7Indirect evidence for top-Higgs coupling

Already strong, indirect evidence of 
top quark-Higgs boson coupling

Gluon-gluon fusion (dominant 
Higgs production mechanism 

at LHC)

W/X/

/W/X

W/X/

Induces decay to massless 
photons. Destructive 

interference with W boson
• Indirect evidence for  SM-like  Yt

Phys. Lett. B 726 (2013), pp. 88-119

Jahred Adelman Yale University Top2013 ttH
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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

gluon fusion: 
dominant at 

LHC
interference 
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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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Direct observation 
of ttH vertex

LHC Higgs WG
arXiv:1307.1347 [hep-ph]

arXiv:1307.1347 
[hep-ph]

σ (ttH) = 0.13 (0.63) pb @ 8 (14) TeV

100 ATLAS Collaboration / Physics Letters B 726 (2013) 88–119

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∗ → 4ℓ, H → WW∗ → ℓνℓν and a Higgs boson mass mH =
125.5 GeV. The sharp lower edge of the H → ZZ∗ → 4ℓ 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∗ → 4ℓ and H → WW∗ → ℓνℓν 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].

Most recent 
direct searches 
use ttH with 
H→bb  and 
H→γγ 

-

•Direct evidence for decay to taus (fermions)
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Search for ttH, H→bb @ √s = 7 TeV

46

ATLAS-CONF-2014-011high H →bb BR: 57%, combinatorics, huge bkg

• 1 isol. (e,μ), ET and 
mTW cuts,4 to  ≥ 6 
central jets,  2 to ≥ 4 
b-tag,

• 2 opposite sign lep 
(e,μ),  2  to ≥ 4 jets, 2 
to ≥ 4 b-tag

•  Separate events in 
9 regions with 
different b-tag and 
jet multiplicities

signal rich
for syst/bkg constraint

-
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Figure 5: Comparison of prediction to data in all analysis regions before the fit to data in the single
lepton (top) and dilepton (bottom) channel. The signal, normalised to the SM prediction is shown both
as a filled red area stacked on the other backgrounds and separately as a dashed red line. The hashed area
corresponds to the total uncertainty on the yields.
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Figure 5: Comparison of prediction to data in all analysis regions before the fit to data in the single
lepton (top) and dilepton (bottom) channel. The signal, normalised to the SM prediction is shown both
as a filled red area stacked on the other backgrounds and separately as a dashed red line. The hashed area
corresponds to the total uncertainty on the yields.
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di-lepton

single lepton

Analysis strategy

• Focusing on tt̄H, H ! bb̄ in two tt̄ final states:
I `+jets: 1 lepton (e or µ), 4 to � 6 jets with 2 to

� 4 b-tagged jets
I Dilepton: 2 leptons (ee, µµ and eµ) with opposite

charge, 2 to � 4 jets with 2 to � 4 b-tagged jets

• Categorize events by jet and b-tag multiplicities
I Improve sensitivity by keeping separate regions

with di↵erent S/
p
B

I Signal-depleted regions used to constrain
systematic uncertainties

• Choose suitable discriminant variable in each
region (simple kinematic variable for
signal-depleted channels, multivariate discriminant
in signal-rich channels)

• Perform hypothesis testing including in-situ
constraining of systematic uncertainties via global
fit to all regions
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• main bkg: tt+(bb)/
jets, (from simulation
+data-driven 
corrections) W+jets 
(norm from data), 
data-driven multi-jets

Two selections

NEW!
Analysis strategy

• Focusing on tt̄H, H ! bb̄ in two tt̄ final states:
I `+jets: 1 lepton (e or µ), 4 to � 6 jets with 2 to

� 4 b-tagged jets
I Dilepton: 2 leptons (ee, µµ and eµ) with opposite

charge, 2 to � 4 jets with 2 to � 4 b-tagged jets

• Categorize events by jet and b-tag multiplicities
I Improve sensitivity by keeping separate regions

with di↵erent S/
p
B

I Signal-depleted regions used to constrain
systematic uncertainties

• Choose suitable discriminant variable in each
region (simple kinematic variable for
signal-depleted channels, multivariate discriminant
in signal-rich channels)

• Perform hypothesis testing including in-situ
constraining of systematic uncertainties via global
fit to all regions
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Signal-to-background discrimination

2 b-tags 3 b-tags � 4 b-tags

4 jets Hhad
T Hhad

T Hhad
T

5 jets Hhad
T NN NN

� 6 jets Hhad
T NN NN

2 b-tags 3 b-tags � 4 b-tags

2 jets HT

3 jets HT NN

� 4 jets HT NN NN

• Signal-depleted regions: use
Hhad

T =
P

pjets
T for `+jets and

HT =
P

pjets
T +

P
p`
T for dilepton

• `+jets, 5 jets, 3 b-tags region: use NN
trained to separate tt̄ + bb̄/cc̄ from
tt̄+light jets

• Signal-rich regions: use NN trained to
separate tt̄H from tt̄+jets in each of
the region
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Search for ttH, H→bb @ √s = 8 TeV
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ATLAS-CONF-2014-011

• Build signal-bkg discriminating variable in each  region

-Signal-to-background discrimination

2 b-tags 3 b-tags � 4 b-tags

4 jets Hhad
T Hhad

T Hhad
T

5 jets Hhad
T NN NN

� 6 jets Hhad
T NN NN

2 b-tags 3 b-tags � 4 b-tags

2 jets HT

3 jets HT NN

� 4 jets HT NN NN

• Signal-depleted regions: use
Hhad

T =
P

pjets
T for `+jets and

HT =
P

pjets
T +

P
p`
T for dilepton

• `+jets, 5 jets, 3 b-tags region: use NN
trained to separate tt̄ + bb̄/cc̄ from
tt̄+light jets

• Signal-rich regions: use NN trained to
separate tt̄H from tt̄+jets in each of
the region
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(E. Le Menedu, 
Moriond EWK 2014)

NEW!

single lepton

dilepton

• Signal depleted regions:
• HThad = ∑ |pT,jet| for single lep  
• HT = ∑ |pT,jet|+∑ |pT,lep| for dilep

• l+jets, 5 jets, 3 b-tags • Signal rich regions

• Train on 10 region- & channel-dep variables
• object kinematics, global event variables: HT, Njets, pT>40GeV

• object pair: M(b,b),Angles(b,b) event shapes

NEW!
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Figure 10: Comparison of data and prediction for the discriminant variable used in the single lepton
channel with � 6 jets and (top) 2 b-tags, (middle) 3 b-tags, and (bottom) � 4 b-tags, (left) before and
(right) after the combined fit to data under the signal-plus-background hypothesis. The last bin in all
figures contains the overflow. The bottom panel displays the ratio between data and total prediction. The
hashed area represents the uncertainty on the background. Red dashed line shows tt̄H signal distribution
normalised to background yield. The tt̄H signal yield (solid red) is normalised to the SM cross section
before the fit and to the fitted µ after the fit.
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Figure 13: Comparison of data and prediction for the discriminant variable used in the dilepton channel
with 4 jets and (top) 2 b-tags, (middle) 3 b-tags, and (bottom) � 4 b-tags, (left) before and (right) after
the combined fit to data under the signal-plus-background hypothesis. The last bin in all figures contains
the overflow. The bottom panel displays the ratio between data and total prediction. The hashed area
represents the uncertainty on the background. Red dashed line shows tt̄H signal distribution normalised
to background yield. The tt̄H signal yield (solid red) is normalised to the SM cross section before the fit
and to the fitted µ after the fit.
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Search for ttH, H→bb @ √s = 8 TeV
• Derive likelihood L for distributions of 

all discriminating variables  in all (15) 
regions in the signal (ttH)+ background 
hypothesis 
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NEW!

All sources of uncertainties are taken to be either 100%-correlated (positively or nega-39

tively) or uncorrelated (independent). Partially correlated errors are either broken down40

to sub-components that can be said to be either 100% correlated or uncorrelated, or41

declared to be 100% / 0% correlated, whichever is believed to be appropriate or more42

conservative. This allows us to include all constraints in the likelihood functions in a43

clean factorised form.44

The systematic error pdfs ⇢(✓|✓̃), where ✓̃ is the default value of the nuisance param-45

eter, reflect our degree of belief on what the true value of ✓ might be. Both the form of46

these pdfs to be used in the combination and the question of which errors are to be taken47

as correlated between ATLAS and CMS are discussed in detail in Section 5.48

Next, we take a conceptual step to re-interpret systematic error pdfs ⇢(✓|✓̃) as posteri-49

ors arising from some real or imaginary measurements ✓̃, as given by the Bayes’ theorem:50

51

⇢(✓|✓̃) ⇠ p(✓̃ | ✓) · ⇡✓(✓), (1)

where ⇡✓(✓) functions are hyper-priors for those “measurements”. As will be shown later,52

the pdfs we chose to work with (normal, log-normal, gamma distribution) can be easily53

re-formulated in such a context, while keeping ⇡✓(✓) flat.54

Such a shift in the point of view allows one to represent all systematic errors in a55

frequentist context. By writing a systematic error pdf as the posterior ⇢(✓|✓̃) constructed56

from a fictional auxiliary “measurement”, the pdf p(✓̃ | ✓) for that auxiliary measurement57

can be used to constrain the likelihood of the main measurement in a frequentist calcu-58

lation. Furthermore, the auxiliary “measurement” pdf p(✓̃ | ✓) can be used to construct59

sampling distributions of the test statistic following the pure frequentist language (in con-60

trast to the Bayesian-frequentist hybrid used at LEP and Tevatron—see Appendix A for61

details).62

The following enumerated list specifies explicitly the entire procedure.63

2.1 Observed limits64

1. Construct the likelihood function L(data|µ, ✓)65

L(data |µ, ✓) = Poisson ( data |µ · s(✓) + b(✓) ) · p(✓̃|✓) . (2)

Here “data” represents either the actual experimental observation or pseudo-data66

used to construct sampling distributions to be discussed further below. The pa-67

rameter µ is the signal strength modifier and ✓ represents the full suite of nuisance68

parameters.69

Poisson ( data |µs+ b ) stands either for a product of Poisson probabilities to observe70

ni events in bins i:71

Y

i

(µsi + bi)ni

ni!
e�µsi�bi , (3)

or for an unbinned likelihood over k events in the data sample:72

k�1

Y

i

(µSfs(xi) + Bfb(xi)) · e�(µS+B) . (4)

4

• Maximize global L versus μ, θ →extract 
signal strength μfit, θfit i.e. constrain syt 
uncertaintie and bkg normalization (b(θ)) 

• Consistent single lepton and dilepton 
results. Uncertainty reduced by factor 
5-6 in most sensitive regions

• Main syst uncertainties:
‣ jet energy scale
‣ b-tagging efficiency
‣ modelling of tt+jets bkg (data-

reweighting, hadronization,generator)

‣ p(θ|θ) : Gaussian or log-normal distributions 
for nuisance parameters → effect of syst 
uncertainties

product over all bins

μ=σobs /σSM ~
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Figure 10: Comparison of data and prediction for the discriminant variable used in the single lepton
channel with � 6 jets and (top) 2 b-tags, (middle) 3 b-tags, and (bottom) � 4 b-tags, (left) before and
(right) after the combined fit to data under the signal-plus-background hypothesis. The last bin in all
figures contains the overflow. The bottom panel displays the ratio between data and total prediction. The
hashed area represents the uncertainty on the background. Red dashed line shows tt̄H signal distribution
normalised to background yield. The tt̄H signal yield (solid red) is normalised to the SM cross section
before the fit and to the fitted µ after the fit.
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Figure 10: Comparison of data and prediction for the discriminant variable used in the single lepton
channel with � 6 jets and (top) 2 b-tags, (middle) 3 b-tags, and (bottom) � 4 b-tags, (left) before and
(right) after the combined fit to data under the signal-plus-background hypothesis. The last bin in all
figures contains the overflow. The bottom panel displays the ratio between data and total prediction. The
hashed area represents the uncertainty on the background. Red dashed line shows tt̄H signal distribution
normalised to background yield. The tt̄H signal yield (solid red) is normalised to the SM cross section
before the fit and to the fitted µ after the fit.

29

example 
in  6j,4b

pre-fit

post-fit

mailto:fracesco.spano@cern.ch
mailto:fracesco.spano@cern.ch
https://cds.cern.ch/record/1670532
https://cds.cern.ch/record/1670532


francesco.spano@cern.ch Top Quark Physics at the Large Hadron Collider Graduate Program in Physics - Università di Pavia - 26/3/2014

Search for ttH, H→bb @ √s = 8 TeV

• in the bkg only hypothesis (μ=0), derive the probability to observe a more 
discrepant f-value than the observed one → test bkg hypothesis

• in the sig+bkg hypothesis, derive [0,upper limit] interval that covers the 
“true” μ value 95% of the times→ test signal hypothesis

49

NEW!
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Figure 15: 95% CL upper limits on �(tt̄H) relative to the SM prediction, �/�S M, for the individual
channels as well as their combination, assuming mH = 125 GeV. The observed limits (solid line) are
compared to the expected (median) limits under the background-only hypothesis (black dashed line) and
under the signal-plus-background hypothesis assuming the SM prediction for �(tt̄H) (red dashed line).
The surrounding shaded bands correspond to the ±1� and ±2� ranges around the expected limit under
the background-only hypothesis.
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bkg only assumption
sig+bkg assumption
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Figure 16: The fitted value of the signal strength and its uncertainty for the individual channels and their
combination, assuming mH = 125 GeV. The green line shows the statistical error on the signal strength.
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Given model for probability distributions for signal, bkg, systematic 
uncertainties (det⊗theory) build likelihood-based variable f(μ) to

• Estimate signal strength from maximum likelihood fit
upper limit signal strength

95% CL Observed (Expected) upper limit  4.1 (2.6)x SM, μbest= 1.7 ± 1.4 

ATLAS-CONF-2014-011
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Top and New physics
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Top quark as a window on new physics

51

i.e. 
Beyond the Standard model

inspired by figure 
by D Chakraborty
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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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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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Prospects for early top anti-top 
resonance  searches  in  ATLAS
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q

q'

Motivation
Top anti-top resonances searches have gained increased interest in recent 
years with the anticipation of the upcoming physics programs of the Large 
Hadron Collider (LHC) experiments. The top quark A by far the heaviest 
known particle A is expected to play a crucial role in many Beyond the 
Standard Model (BSM) physics scenarios.

Feynman diagram of a top 
anti-top production in the 
lepton+jets final state: one of 
the W  bosons decays 
l e p t o n i c a l l y , t h e o t h e r 
hadronically.

Boosted tt topologies
b quark Light quarks

b 
quark

lepton

neutrino

PT

Conclusion

The mono-jet approach

by Bertrand Chapleau 
on behalf of the ATLAS Collaboration.
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In the present study, prospects for early tt 
resonance searches in ATLAS are evaluated for 
early physics runs. Results are reported from a 
full Monte-Carlo study using three different 
(m

tt
) reconstruction schemes designed to 

enhance the sensitivity in the TeV regime.
   
Two types of benchmark models were 
considered: narrow resonances (sequential Z' 
boson) and broad resonances (KK gluons). In 
all cases, only the lepton+jets final state, where 
the lepton might be an electron or a muon, was 
investigated.

One of the most challenging aspects of heavy tt resonance searches lies in 
the reconstruction and identification of boosted top quark decays. A top 
quark being produced with very high transverse momentum is a source of a 
new experimental phenomenology: its decay products become very 
collimated and leave an unusual signature in the detector.  
Different boost regimes will give rise to different event topologies. The mass 
of the heaviest jet in the event can be used to classify such topologies.

Probability that partons from a 
hadronic top decay are found 
within a �R distance of 0.8.

Reconstructed invariant mass of 
the leading jet in  pp � X � tt  � 
lepton+jets events.  

� Driving motivations:Driving motivations:
� High signal efficiency over a wide range of m

tt
� Easy and fast commissioning
� Minimize systematic biases

� Highlights:Highlights:
� Relies on a small number of observables
� No flavour tagging (b-jets)
� No attempt to reconstruct top quarks 

individually

� Jet definition: Jet definition: ATLAS Cone algorithm, R=0.4, 
calorimeter towers, jet E

T
 > 40 GeV

� Events are classified  according      
to the jet mass and the number     
of jets in the event:

� 3 jets, m
jet 

> 65 GeV
� m

tt
 = m

jjjlv

� 3 jets, m
jet

 < 65 GeV
� m

tt
 = m

jjjlv
� 4 jets

� m
tt
 = m

jjjjlv
� >= 5 jets

� m
tt
 = m

jjjjlv 
(4 highest E

T
 jets)

ATLAS sensitivity projection (95 % 
confidence level signal cross-section limit)  
for a narrow resonance obtained from the 
minimal reconstruction approach. 

� Driving motivations:Driving motivations:
� Sensitive to the transition region
� Better control of the reducible background

� Highlights:Highlights:
� Full reconstruction of top and anti-top.
� Makes use of flavour tagging (b-jets)

� Jet definition: Jet definition: Anti-k
T
 algorithm, R=0.4, 

calorimeter towers, jet E
T
 > 20 GeV

� Events are classifed according to the     
highest invariant jet mass.

� m
jet

 < 65 GeV
� 4 jets required
� 2 b-tagged jets
� m

Z'
 = m

bjjblv
 " m

bjj
 " m

blv
 + 2m

t
PDG

� 65 GeV < m
jet

 < 130 GeV
� 3 jets required
� 1 b-tagged jets
� m

Z'
 = m

jjblv
 " m

jj
 " m

blv
 + 2m

t
PDG

� m
jet

 > 130 GeV
� 2 jets required
� 1 b-tagged jets
� m

Z'
 = m

jblv
 " m

j
 " m

blv
 + 2m

t
PDG

ATLAS sensitivity projection (95 % 
confidence level signal cross-section 
limit) for a narrow resonance obtained 
from the full reconstruction approach. Reconstructed m=2 TeV Z' 

mass distribution 
Reconstructed m=1 TeV Z' 
mass distribution 

� Driving motivations:Driving motivations:
� Favor the high end of the m

tt
 spectrum 

(boosted tops) 
� Good mass resolution
� Strong handle on background.

� Highlights:Highlights:
� Relies solely on the mono-jet topology A chose a 

jet definition that enhances this topology.
� No flavour tagging (b-jets)
� Makes use of jet substructure.

� Jet definition:Jet definition: Anti-k
T
 algorithm, R=1.0, 

3D locally calibrated topological 
clusters, jet E

T
 > 200 GeV.

� Semi-leptonic top decay
� Embedded lepton A traditional isolation 

requirement inefficient. 
� Need to disentangle from soft leptons 

(especially muons) coming from B- and 
D-hadrons.

� Cut on observables probing the 
presence of a hard lepton inside the jet 
coming from the W boson decay. 

� Hadronic top decayHadronic top decay
� Decay products are fully merged � top 

monojet (single reconstructed fat jet)
� Need to disentangle from QCD high-p

T
 

jets. 
� Run the k

T
 algorithm on the jet 

constituents to extract information 
about the jet substructure.

pT
lepton

pT
cone�	R�15 GeV

pT
lepton �

1�mb
2�mvisible

2 log�plepton� j�	Rlepton, j�

Reconstructed jet mass: 
sum of massless 
constituents.

Reconstructed W candidate 
mass: invariant mass of the 
subjet pair (out of 3 subjets) 
with lowest mass.

First k
T
 splitting scale.

ATLAS sensitivity projection (9 5 % 
confidence level signal cross-section limit) 
for a narrow resonance obtained from the 
mono-jet reconstruction approach. 

ATLAS sensitivity projection (9 5 % 
confidence level signal cross-section limit) 
for a broad resonance obtained from the 
mono-jet reconstruction approach. 

The SM tt  mass spectrum and all relevant background 
processes reconstructed with the minimal reconstruction 
approach in the 3 jets, m

jet 
> 65 GeV channel (left) and the 4 

jets channel (right).

� m
Z'
 = m

jjlv

Three complementary algorithms for the reconstruction of the tt  invariant mass spectrum 
have been developed and their performance evaluated on fully simulated events. Two 
adaptations of classical top reconstruction algorithms allow for high signal efficiency even in 
the TeV regime (~ 18% and 5% in the m=1-2 TeV range for the minimal and full 
reconstruction approaches respectively) . The mono-jet approach has been shown to be 
efficient down to m

tt
 = 1 TeV, with a signal efficiency of ~ 9% (15%) at m=1 TeV (2 TeV).

If no deviation from the Standard Model is observed, a 95 % C.L. limit of � × BR(X � tt) = 3 
pb is expected for a resonance mass of 1 TeV after 200 pb�1 at center-of-mass energy of 10 
TeV. Approximately the same sensitivity for m=1 TeV  is expected for 1 fb-1 of data at 7 TeV.

Reference: ATLAS Collaboration, Prospects for early tt resonance searches in ATLAS, 
ATL-PHYS-PUB-2010-008. 
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Motivation
Top anti-top resonances searches have gained increased interest in recent 
years with the anticipation of the upcoming physics programs of the Large 
Hadron Collider (LHC) experiments. The top quark A by far the heaviest 
known particle A is expected to play a crucial role in many Beyond the 
Standard Model (BSM) physics scenarios.

Feynman diagram of a top 
anti-top production in the 
lepton+jets final state: one of 
the W  bosons decays 
l e p t o n i c a l l y , t h e o t h e r 
hadronically.
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The mono-jet approach

by Bertrand Chapleau 
on behalf of the ATLAS Collaboration.
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In the present study, prospects for early tt 
resonance searches in ATLAS are evaluated for 
early physics runs. Results are reported from a 
full Monte-Carlo study using three different 
(m

tt
) reconstruction schemes designed to 

enhance the sensitivity in the TeV regime.
   
Two types of benchmark models were 
considered: narrow resonances (sequential Z' 
boson) and broad resonances (KK gluons). In 
all cases, only the lepton+jets final state, where 
the lepton might be an electron or a muon, was 
investigated.

One of the most challenging aspects of heavy tt resonance searches lies in 
the reconstruction and identification of boosted top quark decays. A top 
quark being produced with very high transverse momentum is a source of a 
new experimental phenomenology: its decay products become very 
collimated and leave an unusual signature in the detector.  
Different boost regimes will give rise to different event topologies. The mass 
of the heaviest jet in the event can be used to classify such topologies.

Probability that partons from a 
hadronic top decay are found 
within a �R distance of 0.8.

Reconstructed invariant mass of 
the leading jet in  pp � X � tt  � 
lepton+jets events.  

� Driving motivations:Driving motivations:
� High signal efficiency over a wide range of m

tt
� Easy and fast commissioning
� Minimize systematic biases

� Highlights:Highlights:
� Relies on a small number of observables
� No flavour tagging (b-jets)
� No attempt to reconstruct top quarks 

individually

� Jet definition: Jet definition: ATLAS Cone algorithm, R=0.4, 
calorimeter towers, jet E

T
 > 40 GeV

� Events are classified  according      
to the jet mass and the number     
of jets in the event:

� 3 jets, m
jet 

> 65 GeV
� m

tt
 = m

jjjlv

� 3 jets, m
jet

 < 65 GeV
� m

tt
 = m

jjjlv
� 4 jets

� m
tt
 = m

jjjjlv
� >= 5 jets

� m
tt
 = m

jjjjlv 
(4 highest E

T
 jets)

ATLAS sensitivity projection (95 % 
confidence level signal cross-section limit)  
for a narrow resonance obtained from the 
minimal reconstruction approach. 

� Driving motivations:Driving motivations:
� Sensitive to the transition region
� Better control of the reducible background

� Highlights:Highlights:
� Full reconstruction of top and anti-top.
� Makes use of flavour tagging (b-jets)

� Jet definition: Jet definition: Anti-k
T
 algorithm, R=0.4, 

calorimeter towers, jet E
T
 > 20 GeV

� Events are classifed according to the     
highest invariant jet mass.

� m
jet

 < 65 GeV
� 4 jets required
� 2 b-tagged jets
� m

Z'
 = m

bjjblv
 " m

bjj
 " m

blv
 + 2m

t
PDG

� 65 GeV < m
jet

 < 130 GeV
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� m
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jjblv
 " m

jj
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blv
 + 2m

t
PDG
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jet

 > 130 GeV
� 2 jets required
� 1 b-tagged jets
� m

Z'
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jblv
 " m

j
 " m

blv
 + 2m

t
PDG

ATLAS sensitivity projection (95 % 
confidence level signal cross-section 
limit) for a narrow resonance obtained 
from the full reconstruction approach. Reconstructed m=2 TeV Z' 

mass distribution 
Reconstructed m=1 TeV Z' 
mass distribution 

� Driving motivations:Driving motivations:
� Favor the high end of the m

tt
 spectrum 

(boosted tops) 
� Good mass resolution
� Strong handle on background.

� Highlights:Highlights:
� Relies solely on the mono-jet topology A chose a 

jet definition that enhances this topology.
� No flavour tagging (b-jets)
� Makes use of jet substructure.

� Jet definition:Jet definition: Anti-k
T
 algorithm, R=1.0, 

3D locally calibrated topological 
clusters, jet E

T
 > 200 GeV.

� Semi-leptonic top decay
� Embedded lepton A traditional isolation 

requirement inefficient. 
� Need to disentangle from soft leptons 

(especially muons) coming from B- and 
D-hadrons.

� Cut on observables probing the 
presence of a hard lepton inside the jet 
coming from the W boson decay. 

� Hadronic top decayHadronic top decay
� Decay products are fully merged � top 

monojet (single reconstructed fat jet)
� Need to disentangle from QCD high-p

T
 

jets. 
� Run the k

T
 algorithm on the jet 

constituents to extract information 
about the jet substructure.

pT
lepton

pT
cone�	R�15 GeV

pT
lepton �

1�mb
2�mvisible

2 log�plepton� j�	Rlepton, j�

Reconstructed jet mass: 
sum of massless 
constituents.

Reconstructed W candidate 
mass: invariant mass of the 
subjet pair (out of 3 subjets) 
with lowest mass.

First k
T
 splitting scale.

ATLAS sensitivity projection (9 5 % 
confidence level signal cross-section limit) 
for a narrow resonance obtained from the 
mono-jet reconstruction approach. 

ATLAS sensitivity projection (9 5 % 
confidence level signal cross-section limit) 
for a broad resonance obtained from the 
mono-jet reconstruction approach. 

The SM tt  mass spectrum and all relevant background 
processes reconstructed with the minimal reconstruction 
approach in the 3 jets, m

jet 
> 65 GeV channel (left) and the 4 

jets channel (right).

� m
Z'
 = m

jjlv

Three complementary algorithms for the reconstruction of the tt  invariant mass spectrum 
have been developed and their performance evaluated on fully simulated events. Two 
adaptations of classical top reconstruction algorithms allow for high signal efficiency even in 
the TeV regime (~ 18% and 5% in the m=1-2 TeV range for the minimal and full 
reconstruction approaches respectively) . The mono-jet approach has been shown to be 
efficient down to m

tt
 = 1 TeV, with a signal efficiency of ~ 9% (15%) at m=1 TeV (2 TeV).

If no deviation from the Standard Model is observed, a 95 % C.L. limit of � × BR(X � tt) = 3 
pb is expected for a resonance mass of 1 TeV after 200 pb�1 at center-of-mass energy of 10 
TeV. Approximately the same sensitivity for m=1 TeV  is expected for 1 fb-1 of data at 7 TeV.

Reference: ATLAS Collaboration, Prospects for early tt resonance searches in ATLAS, 
ATL-PHYS-PUB-2010-008. 
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Motivation
Top anti-top resonances searches have gained increased interest in recent 
years with the anticipation of the upcoming physics programs of the Large 
Hadron Collider (LHC) experiments. The top quark A by far the heaviest 
known particle A is expected to play a crucial role in many Beyond the 
Standard Model (BSM) physics scenarios.

Feynman diagram of a top 
anti-top production in the 
lepton+jets final state: one of 
the W  bosons decays 
l e p t o n i c a l l y , t h e o t h e r 
hadronically.
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on behalf of the ATLAS Collaboration.
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In the present study, prospects for early tt 
resonance searches in ATLAS are evaluated for 
early physics runs. Results are reported from a 
full Monte-Carlo study using three different 
(m

tt
) reconstruction schemes designed to 

enhance the sensitivity in the TeV regime.
   
Two types of benchmark models were 
considered: narrow resonances (sequential Z' 
boson) and broad resonances (KK gluons). In 
all cases, only the lepton+jets final state, where 
the lepton might be an electron or a muon, was 
investigated.

One of the most challenging aspects of heavy tt resonance searches lies in 
the reconstruction and identification of boosted top quark decays. A top 
quark being produced with very high transverse momentum is a source of a 
new experimental phenomenology: its decay products become very 
collimated and leave an unusual signature in the detector.  
Different boost regimes will give rise to different event topologies. The mass 
of the heaviest jet in the event can be used to classify such topologies.

Probability that partons from a 
hadronic top decay are found 
within a �R distance of 0.8.

Reconstructed invariant mass of 
the leading jet in  pp � X � tt  � 
lepton+jets events.  

� Driving motivations:Driving motivations:
� High signal efficiency over a wide range of m

tt
� Easy and fast commissioning
� Minimize systematic biases

� Highlights:Highlights:
� Relies on a small number of observables
� No flavour tagging (b-jets)
� No attempt to reconstruct top quarks 

individually

� Jet definition: Jet definition: ATLAS Cone algorithm, R=0.4, 
calorimeter towers, jet E

T
 > 40 GeV

� Events are classified  according      
to the jet mass and the number     
of jets in the event:

� 3 jets, m
jet 

> 65 GeV
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tt
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jjjlv
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jjjlv
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(4 highest E

T
 jets)

ATLAS sensitivity projection (95 % 
confidence level signal cross-section limit)  
for a narrow resonance obtained from the 
minimal reconstruction approach. 

� Driving motivations:Driving motivations:
� Sensitive to the transition region
� Better control of the reducible background

� Highlights:Highlights:
� Full reconstruction of top and anti-top.
� Makes use of flavour tagging (b-jets)

� Jet definition: Jet definition: Anti-k
T
 algorithm, R=0.4, 

calorimeter towers, jet E
T
 > 20 GeV

� Events are classifed according to the     
highest invariant jet mass.

� m
jet
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� 4 jets required
� 2 b-tagged jets
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ATLAS sensitivity projection (95 % 
confidence level signal cross-section 
limit) for a narrow resonance obtained 
from the full reconstruction approach. Reconstructed m=2 TeV Z' 

mass distribution 
Reconstructed m=1 TeV Z' 
mass distribution 

� Driving motivations:Driving motivations:
� Favor the high end of the m

tt
 spectrum 

(boosted tops) 
� Good mass resolution
� Strong handle on background.

� Highlights:Highlights:
� Relies solely on the mono-jet topology A chose a 

jet definition that enhances this topology.
� No flavour tagging (b-jets)
� Makes use of jet substructure.

� Jet definition:Jet definition: Anti-k
T
 algorithm, R=1.0, 

3D locally calibrated topological 
clusters, jet E

T
 > 200 GeV.

� Semi-leptonic top decay
� Embedded lepton A traditional isolation 

requirement inefficient. 
� Need to disentangle from soft leptons 

(especially muons) coming from B- and 
D-hadrons.

� Cut on observables probing the 
presence of a hard lepton inside the jet 
coming from the W boson decay. 

� Hadronic top decayHadronic top decay
� Decay products are fully merged � top 

monojet (single reconstructed fat jet)
� Need to disentangle from QCD high-p

T
 

jets. 
� Run the k

T
 algorithm on the jet 

constituents to extract information 
about the jet substructure.

pT
lepton

pT
cone�	R�15 GeV

pT
lepton �

1�mb
2�mvisible

2 log�plepton� j�	Rlepton, j�

Reconstructed jet mass: 
sum of massless 
constituents.

Reconstructed W candidate 
mass: invariant mass of the 
subjet pair (out of 3 subjets) 
with lowest mass.

First k
T
 splitting scale.

ATLAS sensitivity projection (9 5 % 
confidence level signal cross-section limit) 
for a narrow resonance obtained from the 
mono-jet reconstruction approach. 

ATLAS sensitivity projection (9 5 % 
confidence level signal cross-section limit) 
for a broad resonance obtained from the 
mono-jet reconstruction approach. 

The SM tt  mass spectrum and all relevant background 
processes reconstructed with the minimal reconstruction 
approach in the 3 jets, m

jet 
> 65 GeV channel (left) and the 4 

jets channel (right).

� m
Z'
 = m

jjlv

Three complementary algorithms for the reconstruction of the tt  invariant mass spectrum 
have been developed and their performance evaluated on fully simulated events. Two 
adaptations of classical top reconstruction algorithms allow for high signal efficiency even in 
the TeV regime (~ 18% and 5% in the m=1-2 TeV range for the minimal and full 
reconstruction approaches respectively) . The mono-jet approach has been shown to be 
efficient down to m

tt
 = 1 TeV, with a signal efficiency of ~ 9% (15%) at m=1 TeV (2 TeV).

If no deviation from the Standard Model is observed, a 95 % C.L. limit of � × BR(X � tt) = 3 
pb is expected for a resonance mass of 1 TeV after 200 pb�1 at center-of-mass energy of 10 
TeV. Approximately the same sensitivity for m=1 TeV  is expected for 1 fb-1 of data at 7 TeV.

Reference: ATLAS Collaboration, Prospects for early tt resonance searches in ATLAS, 
ATL-PHYS-PUB-2010-008. 
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(R=0.4): 86% resolved 
Mtt =2 TeV & antikt 
(R=0.8): 60% boosted  

Production
cross 

section

Resonant
production

Production
 kinematics 

Spin 
polarization

tt+jets/ETmiss

t

t

KK Gluon

q/g

q/g

-

top partner + stable scalar (dark matter)
exotic 4th gen, leptoquarks, 
stop →top +neutralino, UED, 

little higgs,

1

The Compact Muon Solenoid (CMS) Collaboration recently published a search for new physics
in events with same-sign isolated dileptons, jets, and E/T [1]. The results of that search are recast
in this short Letter to set constraints on the production of same-sign top-quark pairs at the Large
Hadron Collider (LHC). This effort is motivated by the recent Tevatron measurements of the
forward-backward tt asymmetry (AFB) which deviates from the standard model (SM) expec-
tations [2–4]. Many of the attempts put forth [5–24] to explain this asymmetry invoke Flavour
Changing Neutral Currents (FCNC) in the top-quark sector [5] mediated by the t-channel ex-
change of a new massive Z⇥ boson, as shown in Fig. 1. It has also been suggested [18, 21–24] that
the anomalous dijet invariant mass distribution recently reported by the CDF collaboration in
pp � W + 2 jets [25] could be evidence for such a boson.

The same type of interaction would also give rise to same-sign top-quark pair production,
as illustrated in Fig. 2. In this case, the initial state involves two u quarks. Because of the
large valence quark parton density of the proton, the tt production cross section at the Large
Hadron Collider (LHC) could then be large enough to be observable with a modest amount of
integrated luminosity. This motivates the search described in this Letter.

u

ū

t

t̄

Z �

Figure 1: Diagram for tt production induced by t-channel Z⇥ exchange, which can generate a
forward-backward asymmetry.

u

u

t

t

Z � Z �

t

t

u

u

u

g

t

Z � t

ū

g

u

t

Z � t

ū

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

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

 Same sign top pair

di-lep
fully had

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

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

color triplet scalars

by no means 
exhaustive list of 

models!
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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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t/anti-t 
figures by 
K.Suruliz

(U Sheffield)

z =  proton momentum fraction
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Y

• In pp/pp→tt: t/anti-t have different differential distributions (from 
pQCD).  NLO effect in qq /qg→tt/ttg: 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 di�erential distributions in tt̄ events are predicted to be di�erent
in perturbative QCD.

NLO e�ect; 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 (3.4� at CDF).
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• At Tevatron (qq~85%) it manifests as FB asymmetry in lab. 

where 

• Observe some tension with SM (CDF 
somewhat higher than expected)

-
- -

-

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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Figure 1. Reconstructed ∆|y| (top left), invariant mass mtt̄ (top right), transverse momentum
pT,tt̄ (centre left), rapidity |ytt̄| (centre right) and velocity βz,tt̄ (bottom) distributions for the
electron and muon channels combined after requiring at least one b-tagged jet. Data (dots) and
SM expectations (solid lines) are shown. The uncertainty on the total prediction includes both the
statistical and the systematic components. The overflow is included in the last bin.

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. [56] for instance). After choosing

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

distributed points in theNt-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 FBU method has two main advantages. Firstly, it gives a precise physical meaning

to the regularisation procedure through the choice of a prior built with well-motivated

physical quantities. Secondly, systematic uncertainties are accounted for consistently with

– 8 –
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•  Subtract bkg and unfold dN/dΔ|Y| for det 
effects ( regularized “Bayesian” unfolding): → 
derive AC 

54

∫Ldt = 4.7 fb-1 (2011) 

• Data-driven QCD (matrix method), W+jets 
normalization (from  W asymmetry meas.) 

• Reconstruct tt with kinematic lkl fit 
(mtop,mW constraint) → Δ|Y| distribution

• Combine e and μ chan marginalizing 
posterior w.r.t. syst 

bef 
unfolding, 

no bkg 
subtraction

consistent with SM,  stat 
dominated ,main syst: JES  and 

lep. en scale & res

l+jets

Measure top quarks charge asymmetry

• Standard single lepton selection
‣ good quality objects, 1 lepton, cuts on 

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

qqℓνbb  

-
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,
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AC Data Theory

Unfolded 0.006±0.010 0.0123±0.0005

Unfolded with mtt̄ > 600GeV 0.018±0.022 0.0175+0.0005
−0.0004

Unfolded with βz,tt̄ > 0.6 0.011±0.018 0.020+0.006
−0.007

Table 2. Measured inclusive charge asymmetry, AC, values for the electron and muon channels
combined after unfolding without and with the βz,tt̄ > 0.6 cut explained in the text. The AC

measurement with a cut on the tt̄ invariant mass mtt̄ > 600GeV is also shown. SM predictions, as
described in the text, are also reported. The quoted uncertainties include statistical and systematic
components after the marginalisation.

the likelihood used in the unfolding is marginalised by integrating out its dependence on the

nuisance parameters. It is assumed that the priors for all nuisance parameters are Gaussian

and that there is no correlation between them. A marginalisation is then performed by

transforming the integral over the nuisance parameter into a discrete sum of the posterior

probability densities evaluated at three values of the nuisance parameter: the central one

and the 1σ variations. The resulting posterior probability density is finally used to extract

the systematic uncertainty on the measurements.

4 Results

4.1 Inclusive and differential measurements

The tt̄ production charge asymmetry is measured to be AC = 0.006 ± 0.010 compatible

with the SM prediction AC = 0.0123 ± 0.0005 [21]. These values are shown in table 2

together with the measurement and prediction for mtt̄ > 600 GeV. 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. In order to estimate the impact of each source of systematic uncertainty, the

marginalisation procedure is repeated removing one such source at a time from the global

marginalisation. For each of the systematic uncertainties considered in this analysis and

for all the measurements, the impact on the AC value and its uncertainty is less than 10%

of the statistical uncertainty, and thus negligible.

As a cross-check, the systematic uncertainties affecting AC are computed one by one

before the marginalisation procedure described above. For each source, the systematic un-

certainty represents the variation of the mean of posterior probability densities correspond-

ing to a 1σ variation of the nuisance parameter. The statistical uncertainty still dominates

the variations in AC even before the marginalisation procedure. Table 3 summarises the

result of this ‘cross-check’ procedure for the inclusive charge asymmetry measurement (left

column) and for the measurement with the mtt̄ > 600 GeV requirement after unfolding

(central column). Figure 2 shows the charge asymmetry as a function of mtt̄, pT,tt̄ and

|ytt̄| compared with the theoretical SM predictions described in ref. [21] and provided by

its authors for the chosen bins. In addition, predictions for two assumed mass values (300

GeV [14] and 7000 GeV), for a heavy axigluon exchanged in the s-channel, are also shown.
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Figure 2. Distributions of AC as a function of mtt̄ (top left), pT,tt̄ (top right) and |ytt̄| (bottom left)
after unfolding, for the electron and muon channels 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 the
unfolding (points) are compared with the SM predictions (green lines) and the predictions for a
colour-octet axigluon with a mass of 300 GeV (red lines) and 7000 GeV (blue lines) respectively, as
described in the text. The thickness of the lines represents the factorisation and renormalisation
scale uncertainties on the corresponding theoretical predictions. The values plotted are the average
AC in each bin. The error bars include both the statistical and the systematic uncertainties on AC

values. The bins are the same as the ones reported in tables 4 and 7 respectively.

the correlation coefficients among the different bins. These measurements do not deviate

significantly from the SM expectations either.

4.3 Interpretation

Figure 3 shows the inclusive AC measurements with and without the additional require-

ment on the invariant mass of the tt̄-system mtt̄ > 600 GeV described in section 4.1.

In the left plot, the AC measurement without the mtt̄ > 600 GeV requirement is com-

pared with the corresponding measurement from CMS [29] (horizontal lines) and with

the tt̄ forward-backward asymmetry AFB measurements made at the Tevatron by CDF,

AFB = 0.164±0.045 [24], and D0, AFB = 0.196±0.065 [26] (vertical lines). In the right plot,

the AC measurement with the requirement of mtt̄ > 600 GeV, is compared with the AFB

measurement, with the requirement of mtt̄ > 450 GeV, performed by the CDF experiment

at the Tevatron [24].

Predictions given by several new physics models introduced to explain the larger than

expected AFB values measured at the Tevatron are also displayed. Details of these models

can be found in refs. [8, 30, 60]. For each model, the predictions for AFB and AC are derived
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Figure 2. Distributions of AC as a function of mtt̄ (top left), pT,tt̄ (top right) and |ytt̄| (bottom left)
after unfolding, for the electron and muon channels 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 the
unfolding (points) are compared with the SM predictions (green lines) and the predictions for a
colour-octet axigluon with a mass of 300 GeV (red lines) and 7000 GeV (blue lines) respectively, as
described in the text. The thickness of the lines represents the factorisation and renormalisation
scale uncertainties on the corresponding theoretical predictions. The values plotted are the average
AC in each bin. The error bars include both the statistical and the systematic uncertainties on AC

values. The bins are the same as the ones reported in tables 4 and 7 respectively.

the correlation coefficients among the different bins. These measurements do not deviate

significantly from the SM expectations either.

4.3 Interpretation

Figure 3 shows the inclusive AC measurements with and without the additional require-

ment on the invariant mass of the tt̄-system mtt̄ > 600 GeV described in section 4.1.

In the left plot, the AC measurement without the mtt̄ > 600 GeV requirement is com-

pared with the corresponding measurement from CMS [29] (horizontal lines) and with

the tt̄ forward-backward asymmetry AFB measurements made at the Tevatron by CDF,

AFB = 0.164±0.045 [24], and D0, AFB = 0.196±0.065 [26] (vertical lines). In the right plot,

the AC measurement with the requirement of mtt̄ > 600 GeV, is compared with the AFB

measurement, with the requirement of mtt̄ > 450 GeV, performed by the CDF experiment

at the Tevatron [24].

Predictions given by several new physics models introduced to explain the larger than

expected AFB values measured at the Tevatron are also displayed. Details of these models

can be found in refs. [8, 30, 60]. For each model, the predictions for AFB and AC are derived
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Figure 2. Distributions of AC as a function of mtt̄ (top left), pT,tt̄ (top right) and |ytt̄| (bottom left)
after unfolding, for the electron and muon channels 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 the
unfolding (points) are compared with the SM predictions (green lines) and the predictions for a
colour-octet axigluon with a mass of 300 GeV (red lines) and 7000 GeV (blue lines) respectively, as
described in the text. The thickness of the lines represents the factorisation and renormalisation
scale uncertainties on the corresponding theoretical predictions. The values plotted are the average
AC in each bin. The error bars include both the statistical and the systematic uncertainties on AC

values. The bins are the same as the ones reported in tables 4 and 7 respectively.

the correlation coefficients among the different bins. These measurements do not deviate

significantly from the SM expectations either.

4.3 Interpretation

Figure 3 shows the inclusive AC measurements with and without the additional require-

ment on the invariant mass of the tt̄-system mtt̄ > 600 GeV described in section 4.1.

In the left plot, the AC measurement without the mtt̄ > 600 GeV requirement is com-

pared with the corresponding measurement from CMS [29] (horizontal lines) and with

the tt̄ forward-backward asymmetry AFB measurements made at the Tevatron by CDF,

AFB = 0.164±0.045 [24], and D0, AFB = 0.196±0.065 [26] (vertical lines). In the right plot,

the AC measurement with the requirement of mtt̄ > 600 GeV, is compared with the AFB

measurement, with the requirement of mtt̄ > 450 GeV, performed by the CDF experiment

at the Tevatron [24].

Predictions given by several new physics models introduced to explain the larger than

expected AFB values measured at the Tevatron are also displayed. Details of these models

can be found in refs. [8, 30, 60]. For each model, the predictions for AFB and AC are derived
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Figure 2. Distributions of AC as a function of mtt̄ (top left), pT,tt̄ (top right) and |ytt̄| (bottom left)
after unfolding, for the electron and muon channels 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 the
unfolding (points) are compared with the SM predictions (green lines) and the predictions for a
colour-octet axigluon with a mass of 300 GeV (red lines) and 7000 GeV (blue lines) respectively, as
described in the text. The thickness of the lines represents the factorisation and renormalisation
scale uncertainties on the corresponding theoretical predictions. The values plotted are the average
AC in each bin. The error bars include both the statistical and the systematic uncertainties on AC

values. The bins are the same as the ones reported in tables 4 and 7 respectively.

the correlation coefficients among the different bins. These measurements do not deviate

significantly from the SM expectations either.

4.3 Interpretation

Figure 3 shows the inclusive AC measurements with and without the additional require-

ment on the invariant mass of the tt̄-system mtt̄ > 600 GeV described in section 4.1.

In the left plot, the AC measurement without the mtt̄ > 600 GeV requirement is com-

pared with the corresponding measurement from CMS [29] (horizontal lines) and with

the tt̄ forward-backward asymmetry AFB measurements made at the Tevatron by CDF,

AFB = 0.164±0.045 [24], and D0, AFB = 0.196±0.065 [26] (vertical lines). In the right plot,

the AC measurement with the requirement of mtt̄ > 600 GeV, is compared with the AFB

measurement, with the requirement of mtt̄ > 450 GeV, performed by the CDF experiment

at the Tevatron [24].

Predictions given by several new physics models introduced to explain the larger than

expected AFB values measured at the Tevatron are also displayed. Details of these models

can be found in refs. [8, 30, 60]. For each model, the predictions for AFB and AC are derived
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•Unfold Δ|Y| distribution with 

different regularized schemes: 
bayesian inspired (A), generalized 
matrix inversion (C)
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ATLAS-CONF-2014-012
LHC combination of charge asymmetry at s=7 TeV

CA
-0.05 0 0.05-2

4

ATLAS+CMS  0.006± 0.007 ±0.005 

ATLAS  0.005± 0.010 ±0.006 

CMS  0.011± 0.010 ±0.004 
[PLB 717 (2012) 129]

[JHEP 1402 (2014) 107]

 0.0006  ±0.0115 Theory (NLO+EW)
[JHEP 1201 (2012) 063]

(stat)               (syst)

 = 7 TeVsATLAS+CMS Preliminary 
TOPLHCWG         March 2014

Figure 1: Summary of the single measurements and the LHC combination compared to the theory pre-
diction (calculated at NLO including electroweak corrections). The inner red error bars indicate the
statistical uncertainty, the blue outer error bars indicate the total uncertainty. The grey band illustrates
the total uncertainty of the combined result.

6 Stability tests

The correlation assumptions summarized in Table 1 reflect the present understanding and the limitations
due to the di↵erent choices made by the two experiments when evaluating the individual uncertainty
sources. In order to check the stability of the combined result with respect to these assumed correlations,
the correlation factors are varied (0.0, 0.5, and 1.0) and the resulting central values and total uncertainties
are compared to the nominal result. Changing the correlation factors individually changes the central
value weights at most by 7% in absolute value but has neither an e↵ect on the central value of the
combination itself nor on the total uncertainty of the combination within the quoted precision.

In a second test, a multiplicative factor is applied to the correlation factors, thus changing the cor-
relations for all systematic uncertainties that are assumed to be correlated simultaneously to 0.5 or 0.0.
The central value as well as the total uncertainty remain unchanged in all tests.

Both studies show that the combined result and its uncertainty are stable with respect to changes in
the assumed correlations.
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New physics in mtt
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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
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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
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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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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
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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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Motivation
Top anti-top resonances searches have gained increased interest in recent 
years with the anticipation of the upcoming physics programs of the Large 
Hadron Collider (LHC) experiments. The top quark A by far the heaviest 
known particle A is expected to play a crucial role in many Beyond the 
Standard Model (BSM) physics scenarios.
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In the present study, prospects for early tt 
resonance searches in ATLAS are evaluated for 
early physics runs. Results are reported from a 
full Monte-Carlo study using three different 
(m

tt
) reconstruction schemes designed to 

enhance the sensitivity in the TeV regime.
   
Two types of benchmark models were 
considered: narrow resonances (sequential Z' 
boson) and broad resonances (KK gluons). In 
all cases, only the lepton+jets final state, where 
the lepton might be an electron or a muon, was 
investigated.

One of the most challenging aspects of heavy tt resonance searches lies in 
the reconstruction and identification of boosted top quark decays. A top 
quark being produced with very high transverse momentum is a source of a 
new experimental phenomenology: its decay products become very 
collimated and leave an unusual signature in the detector.  
Different boost regimes will give rise to different event topologies. The mass 
of the heaviest jet in the event can be used to classify such topologies.

Probability that partons from a 
hadronic top decay are found 
within a �R distance of 0.8.

Reconstructed invariant mass of 
the leading jet in  pp � X � tt  � 
lepton+jets events.  

� Driving motivations:Driving motivations:
� High signal efficiency over a wide range of m

tt
� Easy and fast commissioning
� Minimize systematic biases

� Highlights:Highlights:
� Relies on a small number of observables
� No flavour tagging (b-jets)
� No attempt to reconstruct top quarks 

individually

� Jet definition: Jet definition: ATLAS Cone algorithm, R=0.4, 
calorimeter towers, jet E

T
 > 40 GeV

� Events are classified  according      
to the jet mass and the number     
of jets in the event:

� 3 jets, m
jet 

> 65 GeV
� m

tt
 = m

jjjlv

� 3 jets, m
jet

 < 65 GeV
� m

tt
 = m

jjjlv
� 4 jets

� m
tt
 = m

jjjjlv
� >= 5 jets

� m
tt
 = m

jjjjlv 
(4 highest E

T
 jets)

ATLAS sensitivity projection (95 % 
confidence level signal cross-section limit)  
for a narrow resonance obtained from the 
minimal reconstruction approach. 

� Driving motivations:Driving motivations:
� Sensitive to the transition region
� Better control of the reducible background

� Highlights:Highlights:
� Full reconstruction of top and anti-top.
� Makes use of flavour tagging (b-jets)

� Jet definition: Jet definition: Anti-k
T
 algorithm, R=0.4, 

calorimeter towers, jet E
T
 > 20 GeV

� Events are classifed according to the     
highest invariant jet mass.

� m
jet

 < 65 GeV
� 4 jets required
� 2 b-tagged jets
� m

Z'
 = m

bjjblv
 " m

bjj
 " m

blv
 + 2m

t
PDG

� 65 GeV < m
jet

 < 130 GeV
� 3 jets required
� 1 b-tagged jets
� m

Z'
 = m

jjblv
 " m

jj
 " m

blv
 + 2m

t
PDG

� m
jet

 > 130 GeV
� 2 jets required
� 1 b-tagged jets
� m

Z'
 = m

jblv
 " m

j
 " m

blv
 + 2m

t
PDG

ATLAS sensitivity projection (95 % 
confidence level signal cross-section 
limit) for a narrow resonance obtained 
from the full reconstruction approach. Reconstructed m=2 TeV Z' 

mass distribution 
Reconstructed m=1 TeV Z' 
mass distribution 

� Driving motivations:Driving motivations:
� Favor the high end of the m

tt
 spectrum 

(boosted tops) 
� Good mass resolution
� Strong handle on background.

� Highlights:Highlights:
� Relies solely on the mono-jet topology A chose a 

jet definition that enhances this topology.
� No flavour tagging (b-jets)
� Makes use of jet substructure.

� Jet definition:Jet definition: Anti-k
T
 algorithm, R=1.0, 

3D locally calibrated topological 
clusters, jet E

T
 > 200 GeV.

� Semi-leptonic top decay
� Embedded lepton A traditional isolation 

requirement inefficient. 
� Need to disentangle from soft leptons 

(especially muons) coming from B- and 
D-hadrons.

� Cut on observables probing the 
presence of a hard lepton inside the jet 
coming from the W boson decay. 

� Hadronic top decayHadronic top decay
� Decay products are fully merged � top 

monojet (single reconstructed fat jet)
� Need to disentangle from QCD high-p

T
 

jets. 
� Run the k

T
 algorithm on the jet 

constituents to extract information 
about the jet substructure.

pT
lepton

pT
cone�	R�15 GeV

pT
lepton �

1�mb
2�mvisible

2 log�plepton� j�	Rlepton, j�

Reconstructed jet mass: 
sum of massless 
constituents.

Reconstructed W candidate 
mass: invariant mass of the 
subjet pair (out of 3 subjets) 
with lowest mass.

First k
T
 splitting scale.

ATLAS sensitivity projection (9 5 % 
confidence level signal cross-section limit) 
for a narrow resonance obtained from the 
mono-jet reconstruction approach. 

ATLAS sensitivity projection (9 5 % 
confidence level signal cross-section limit) 
for a broad resonance obtained from the 
mono-jet reconstruction approach. 

The SM tt  mass spectrum and all relevant background 
processes reconstructed with the minimal reconstruction 
approach in the 3 jets, m

jet 
> 65 GeV channel (left) and the 4 

jets channel (right).

� m
Z'
 = m

jjlv

Three complementary algorithms for the reconstruction of the tt  invariant mass spectrum 
have been developed and their performance evaluated on fully simulated events. Two 
adaptations of classical top reconstruction algorithms allow for high signal efficiency even in 
the TeV regime (~ 18% and 5% in the m=1-2 TeV range for the minimal and full 
reconstruction approaches respectively) . The mono-jet approach has been shown to be 
efficient down to m

tt
 = 1 TeV, with a signal efficiency of ~ 9% (15%) at m=1 TeV (2 TeV).

If no deviation from the Standard Model is observed, a 95 % C.L. limit of � × BR(X � tt) = 3 
pb is expected for a resonance mass of 1 TeV after 200 pb�1 at center-of-mass energy of 10 
TeV. Approximately the same sensitivity for m=1 TeV  is expected for 1 fb-1 of data at 7 TeV.

Reference: ATLAS Collaboration, Prospects for early tt resonance searches in ATLAS, 
ATL-PHYS-PUB-2010-008. 
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years with the anticipation of the upcoming physics programs of the Large 
Hadron Collider (LHC) experiments. The top quark A by far the heaviest 
known particle A is expected to play a crucial role in many Beyond the 
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In the present study, prospects for early tt 
resonance searches in ATLAS are evaluated for 
early physics runs. Results are reported from a 
full Monte-Carlo study using three different 
(m

tt
) reconstruction schemes designed to 

enhance the sensitivity in the TeV regime.
   
Two types of benchmark models were 
considered: narrow resonances (sequential Z' 
boson) and broad resonances (KK gluons). In 
all cases, only the lepton+jets final state, where 
the lepton might be an electron or a muon, was 
investigated.

One of the most challenging aspects of heavy tt resonance searches lies in 
the reconstruction and identification of boosted top quark decays. A top 
quark being produced with very high transverse momentum is a source of a 
new experimental phenomenology: its decay products become very 
collimated and leave an unusual signature in the detector.  
Different boost regimes will give rise to different event topologies. The mass 
of the heaviest jet in the event can be used to classify such topologies.
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� Jet definition: Jet definition: ATLAS Cone algorithm, R=0.4, 
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minimal reconstruction approach. 

� Driving motivations:Driving motivations:
� Sensitive to the transition region
� Better control of the reducible background

� Highlights:Highlights:
� Full reconstruction of top and anti-top.
� Makes use of flavour tagging (b-jets)

� Jet definition: Jet definition: Anti-k
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 algorithm, R=0.4, 
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� Driving motivations:Driving motivations:
� Favor the high end of the m

tt
 spectrum 

(boosted tops) 
� Good mass resolution
� Strong handle on background.

� Highlights:Highlights:
� Relies solely on the mono-jet topology A chose a 

jet definition that enhances this topology.
� No flavour tagging (b-jets)
� Makes use of jet substructure.

� Jet definition:Jet definition: Anti-k
T
 algorithm, R=1.0, 

3D locally calibrated topological 
clusters, jet E

T
 > 200 GeV.

� Semi-leptonic top decay
� Embedded lepton A traditional isolation 

requirement inefficient. 
� Need to disentangle from soft leptons 

(especially muons) coming from B- and 
D-hadrons.

� Cut on observables probing the 
presence of a hard lepton inside the jet 
coming from the W boson decay. 

� Hadronic top decayHadronic top decay
� Decay products are fully merged � top 

monojet (single reconstructed fat jet)
� Need to disentangle from QCD high-p

T
 

jets. 
� Run the k

T
 algorithm on the jet 

constituents to extract information 
about the jet substructure.
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ATLAS sensitivity projection (9 5 % 
confidence level signal cross-section limit) 
for a narrow resonance obtained from the 
mono-jet reconstruction approach. 

ATLAS sensitivity projection (9 5 % 
confidence level signal cross-section limit) 
for a broad resonance obtained from the 
mono-jet reconstruction approach. 

The SM tt  mass spectrum and all relevant background 
processes reconstructed with the minimal reconstruction 
approach in the 3 jets, m

jet 
> 65 GeV channel (left) and the 4 

jets channel (right).

� m
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Three complementary algorithms for the reconstruction of the tt  invariant mass spectrum 
have been developed and their performance evaluated on fully simulated events. Two 
adaptations of classical top reconstruction algorithms allow for high signal efficiency even in 
the TeV regime (~ 18% and 5% in the m=1-2 TeV range for the minimal and full 
reconstruction approaches respectively) . The mono-jet approach has been shown to be 
efficient down to m

tt
 = 1 TeV, with a signal efficiency of ~ 9% (15%) at m=1 TeV (2 TeV).

If no deviation from the Standard Model is observed, a 95 % C.L. limit of � × BR(X � tt) = 3 
pb is expected for a resonance mass of 1 TeV after 200 pb�1 at center-of-mass energy of 10 
TeV. Approximately the same sensitivity for m=1 TeV  is expected for 1 fb-1 of data at 7 TeV.

Reference: ATLAS Collaboration, Prospects for early tt resonance searches in ATLAS, 
ATL-PHYS-PUB-2010-008. 
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Motivation
Top anti-top resonances searches have gained increased interest in recent 
years with the anticipation of the upcoming physics programs of the Large 
Hadron Collider (LHC) experiments. The top quark A by far the heaviest 
known particle A is expected to play a crucial role in many Beyond the 
Standard Model (BSM) physics scenarios.

Feynman diagram of a top 
anti-top production in the 
lepton+jets final state: one of 
the W  bosons decays 
l e p t o n i c a l l y , t h e o t h e r 
hadronically.
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Conclusion

The mono-jet approach

by Bertrand Chapleau 
on behalf of the ATLAS Collaboration.
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In the present study, prospects for early tt 
resonance searches in ATLAS are evaluated for 
early physics runs. Results are reported from a 
full Monte-Carlo study using three different 
(m

tt
) reconstruction schemes designed to 

enhance the sensitivity in the TeV regime.
   
Two types of benchmark models were 
considered: narrow resonances (sequential Z' 
boson) and broad resonances (KK gluons). In 
all cases, only the lepton+jets final state, where 
the lepton might be an electron or a muon, was 
investigated.

One of the most challenging aspects of heavy tt resonance searches lies in 
the reconstruction and identification of boosted top quark decays. A top 
quark being produced with very high transverse momentum is a source of a 
new experimental phenomenology: its decay products become very 
collimated and leave an unusual signature in the detector.  
Different boost regimes will give rise to different event topologies. The mass 
of the heaviest jet in the event can be used to classify such topologies.

Probability that partons from a 
hadronic top decay are found 
within a �R distance of 0.8.

Reconstructed invariant mass of 
the leading jet in  pp � X � tt  � 
lepton+jets events.  

� Driving motivations:Driving motivations:
� High signal efficiency over a wide range of m

tt
� Easy and fast commissioning
� Minimize systematic biases

� Highlights:Highlights:
� Relies on a small number of observables
� No flavour tagging (b-jets)
� No attempt to reconstruct top quarks 

individually

� Jet definition: Jet definition: ATLAS Cone algorithm, R=0.4, 
calorimeter towers, jet E

T
 > 40 GeV

� Events are classified  according      
to the jet mass and the number     
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ATLAS sensitivity projection (95 % 
confidence level signal cross-section limit)  
for a narrow resonance obtained from the 
minimal reconstruction approach. 

� Driving motivations:Driving motivations:
� Sensitive to the transition region
� Better control of the reducible background

� Highlights:Highlights:
� Full reconstruction of top and anti-top.
� Makes use of flavour tagging (b-jets)

� Jet definition: Jet definition: Anti-k
T
 algorithm, R=0.4, 

calorimeter towers, jet E
T
 > 20 GeV

� Events are classifed according to the     
highest invariant jet mass.
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ATLAS sensitivity projection (95 % 
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limit) for a narrow resonance obtained 
from the full reconstruction approach. Reconstructed m=2 TeV Z' 

mass distribution 
Reconstructed m=1 TeV Z' 
mass distribution 

� Driving motivations:Driving motivations:
� Favor the high end of the m

tt
 spectrum 

(boosted tops) 
� Good mass resolution
� Strong handle on background.

� Highlights:Highlights:
� Relies solely on the mono-jet topology A chose a 

jet definition that enhances this topology.
� No flavour tagging (b-jets)
� Makes use of jet substructure.

� Jet definition:Jet definition: Anti-k
T
 algorithm, R=1.0, 

3D locally calibrated topological 
clusters, jet E

T
 > 200 GeV.

� Semi-leptonic top decay
� Embedded lepton A traditional isolation 

requirement inefficient. 
� Need to disentangle from soft leptons 

(especially muons) coming from B- and 
D-hadrons.

� Cut on observables probing the 
presence of a hard lepton inside the jet 
coming from the W boson decay. 

� Hadronic top decayHadronic top decay
� Decay products are fully merged � top 

monojet (single reconstructed fat jet)
� Need to disentangle from QCD high-p

T
 

jets. 
� Run the k

T
 algorithm on the jet 

constituents to extract information 
about the jet substructure.
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Reconstructed jet mass: 
sum of massless 
constituents.

Reconstructed W candidate 
mass: invariant mass of the 
subjet pair (out of 3 subjets) 
with lowest mass.

First k
T
 splitting scale.

ATLAS sensitivity projection (9 5 % 
confidence level signal cross-section limit) 
for a narrow resonance obtained from the 
mono-jet reconstruction approach. 

ATLAS sensitivity projection (9 5 % 
confidence level signal cross-section limit) 
for a broad resonance obtained from the 
mono-jet reconstruction approach. 

The SM tt  mass spectrum and all relevant background 
processes reconstructed with the minimal reconstruction 
approach in the 3 jets, m

jet 
> 65 GeV channel (left) and the 4 

jets channel (right).

� m
Z'
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jjlv

Three complementary algorithms for the reconstruction of the tt  invariant mass spectrum 
have been developed and their performance evaluated on fully simulated events. Two 
adaptations of classical top reconstruction algorithms allow for high signal efficiency even in 
the TeV regime (~ 18% and 5% in the m=1-2 TeV range for the minimal and full 
reconstruction approaches respectively) . The mono-jet approach has been shown to be 
efficient down to m

tt
 = 1 TeV, with a signal efficiency of ~ 9% (15%) at m=1 TeV (2 TeV).

If no deviation from the Standard Model is observed, a 95 % C.L. limit of � × BR(X � tt) = 3 
pb is expected for a resonance mass of 1 TeV after 200 pb�1 at center-of-mass energy of 10 
TeV. Approximately the same sensitivity for m=1 TeV  is expected for 1 fb-1 of data at 7 TeV.

Reference: ATLAS Collaboration, Prospects for early tt resonance searches in ATLAS, 
ATL-PHYS-PUB-2010-008. 
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(b) W ! qq̄

Figure 1. (a) The angular separation between the W boson and b-quark in top decays, t ! Wb,
as a function of the top-quark transverse momentum (pt

T

) in simulated PYTHIA [10] Z 0 ! tt̄

(m
Z

0 = 1.6 TeV) events. (b) The angular distance between the light quark and anti-quark from
t ! Wb decays as a function of the p

T

of the W boson (pW
T

). Both distributions are at the generator
level and do not include e↵ects due to initial and final-state radiation, or the underlying event.

individual hadronic decay products using standard narrow-radius jet algorithms begins to

degrade, and when pt
T

is greater than 300GeV, the decay products of the top quark tend

to have a separation �R < 1.0. Techniques designed to recover sensitivity in such cases

focus on large-R jets in order to maximize e�ciency. In this paper, large-R refers to jets

with a radius parameter R � 1.0. At
p
s = 7 TeV, nearly one thousand SM tt̄ events per

fb�1 are expected with pt
T

greater than 300GeV. New physics may appear in this region of

phase space, the study of which was limited by integrated luminosity and available energy

at previous colliders.

A single jet that contains all of the decay products of a massive particle has signifi-

cantly di↵erent properties than a jet of the same p
T

originating from a light quark. The

characteristic two-body or three-body decays of a high p
T

vector boson or top quark result

in a hard substructure that is absent from typical high p
T

jets formed from gluons and light

quarks. These subtle di↵erences in substructure can be resolved more clearly by removing

soft QCD radiation from jets. Such adaptive modification of the jet algorithm or selective

removal of soft radiation during the process of iterative recombination in jet reconstruction

is generally referred to as jet grooming [9, 11, 12].

Recently many jet grooming algorithms have been designed to remove contributions

to a given jet that are irrelevant or detrimental to resolving the hard decay products from

a boosted object (for recent reviews and comparisons of these techniques, see for example

refs. [13, 14]). The structural di↵erences between jets formed from gluons or light quarks

and individual jets originating from the decay of a boosted hadronic particle form the basis

for these tools. The former are characterized primarily by a single dense core of energy

surrounded by soft radiation from the parton shower, hadronization, and underlying event

(UE) remnants [15–17]. Jets containing the decay products of single massive particles,
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Figure 1. (a) The angular separation between the W boson and b-quark in top decays, t ! Wb,
as a function of the top-quark transverse momentum (pt

T

) in simulated PYTHIA [10] Z 0 ! tt̄

(m
Z

0 = 1.6 TeV) events. (b) The angular distance between the light quark and anti-quark from
t ! Wb decays as a function of the p

T

of the W boson (pW
T

). Both distributions are at the generator
level and do not include e↵ects due to initial and final-state radiation, or the underlying event.

individual hadronic decay products using standard narrow-radius jet algorithms begins to

degrade, and when pt
T

is greater than 300GeV, the decay products of the top quark tend

to have a separation �R < 1.0. Techniques designed to recover sensitivity in such cases

focus on large-R jets in order to maximize e�ciency. In this paper, large-R refers to jets

with a radius parameter R � 1.0. At
p
s = 7 TeV, nearly one thousand SM tt̄ events per

fb�1 are expected with pt
T

greater than 300GeV. New physics may appear in this region of

phase space, the study of which was limited by integrated luminosity and available energy

at previous colliders.

A single jet that contains all of the decay products of a massive particle has signifi-

cantly di↵erent properties than a jet of the same p
T

originating from a light quark. The

characteristic two-body or three-body decays of a high p
T

vector boson or top quark result

in a hard substructure that is absent from typical high p
T

jets formed from gluons and light

quarks. These subtle di↵erences in substructure can be resolved more clearly by removing

soft QCD radiation from jets. Such adaptive modification of the jet algorithm or selective

removal of soft radiation during the process of iterative recombination in jet reconstruction

is generally referred to as jet grooming [9, 11, 12].

Recently many jet grooming algorithms have been designed to remove contributions

to a given jet that are irrelevant or detrimental to resolving the hard decay products from

a boosted object (for recent reviews and comparisons of these techniques, see for example

refs. [13, 14]). The structural di↵erences between jets formed from gluons or light quarks

and individual jets originating from the decay of a boosted hadronic particle form the basis

for these tools. The former are characterized primarily by a single dense core of energy

surrounded by soft radiation from the parton shower, hadronization, and underlying event

(UE) remnants [15–17]. Jets containing the decay products of single massive particles,

– 4 –

Pile up & soft activity degrade  
identification & energy estimate 

 Need to distinguish top-jet  from 
light q-, gluon-initiated jets: di-jets 

bkg overwhelming fully had tt decays

W →qq

t →Wb

ΔR(q,q)

ΔR(W,b)

 Reduced efficiency for 
“resolved” reco

W
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Look into the 
jet substructure
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Prospects for early top anti-top 
resonance  searches  in  ATLAS
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Motivation
Top anti-top resonances searches have gained increased interest in recent 
years with the anticipation of the upcoming physics programs of the Large 
Hadron Collider (LHC) experiments. The top quark A by far the heaviest 
known particle A is expected to play a crucial role in many Beyond the 
Standard Model (BSM) physics scenarios.

Feynman diagram of a top 
anti-top production in the 
lepton+jets final state: one of 
the W  bosons decays 
l e p t o n i c a l l y , t h e o t h e r 
hadronically.

Boosted tt topologies
b quark Light quarks

b 
quark

lepton

neutrino

PT

Conclusion

The mono-jet approach

by Bertrand Chapleau 
on behalf of the ATLAS Collaboration.
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In the present study, prospects for early tt 
resonance searches in ATLAS are evaluated for 
early physics runs. Results are reported from a 
full Monte-Carlo study using three different 
(m

tt
) reconstruction schemes designed to 

enhance the sensitivity in the TeV regime.
   
Two types of benchmark models were 
considered: narrow resonances (sequential Z' 
boson) and broad resonances (KK gluons). In 
all cases, only the lepton+jets final state, where 
the lepton might be an electron or a muon, was 
investigated.

One of the most challenging aspects of heavy tt resonance searches lies in 
the reconstruction and identification of boosted top quark decays. A top 
quark being produced with very high transverse momentum is a source of a 
new experimental phenomenology: its decay products become very 
collimated and leave an unusual signature in the detector.  
Different boost regimes will give rise to different event topologies. The mass 
of the heaviest jet in the event can be used to classify such topologies.

Probability that partons from a 
hadronic top decay are found 
within a �R distance of 0.8.

Reconstructed invariant mass of 
the leading jet in  pp � X � tt  � 
lepton+jets events.  

� Driving motivations:Driving motivations:
� High signal efficiency over a wide range of m

tt
� Easy and fast commissioning
� Minimize systematic biases

� Highlights:Highlights:
� Relies on a small number of observables
� No flavour tagging (b-jets)
� No attempt to reconstruct top quarks 

individually

� Jet definition: Jet definition: ATLAS Cone algorithm, R=0.4, 
calorimeter towers, jet E

T
 > 40 GeV

� Events are classified  according      
to the jet mass and the number     
of jets in the event:

� 3 jets, m
jet 

> 65 GeV
� m

tt
 = m

jjjlv

� 3 jets, m
jet

 < 65 GeV
� m

tt
 = m

jjjlv
� 4 jets

� m
tt
 = m

jjjjlv
� >= 5 jets

� m
tt
 = m

jjjjlv 
(4 highest E

T
 jets)

ATLAS sensitivity projection (95 % 
confidence level signal cross-section limit)  
for a narrow resonance obtained from the 
minimal reconstruction approach. 

� Driving motivations:Driving motivations:
� Sensitive to the transition region
� Better control of the reducible background

� Highlights:Highlights:
� Full reconstruction of top and anti-top.
� Makes use of flavour tagging (b-jets)

� Jet definition: Jet definition: Anti-k
T
 algorithm, R=0.4, 

calorimeter towers, jet E
T
 > 20 GeV

� Events are classifed according to the     
highest invariant jet mass.

� m
jet

 < 65 GeV
� 4 jets required
� 2 b-tagged jets
� m

Z'
 = m

bjjblv
 " m

bjj
 " m

blv
 + 2m

t
PDG

� 65 GeV < m
jet

 < 130 GeV
� 3 jets required
� 1 b-tagged jets
� m

Z'
 = m

jjblv
 " m

jj
 " m

blv
 + 2m

t
PDG

� m
jet

 > 130 GeV
� 2 jets required
� 1 b-tagged jets
� m

Z'
 = m

jblv
 " m

j
 " m

blv
 + 2m

t
PDG

ATLAS sensitivity projection (95 % 
confidence level signal cross-section 
limit) for a narrow resonance obtained 
from the full reconstruction approach. Reconstructed m=2 TeV Z' 

mass distribution 
Reconstructed m=1 TeV Z' 
mass distribution 

� Driving motivations:Driving motivations:
� Favor the high end of the m

tt
 spectrum 

(boosted tops) 
� Good mass resolution
� Strong handle on background.

� Highlights:Highlights:
� Relies solely on the mono-jet topology A chose a 

jet definition that enhances this topology.
� No flavour tagging (b-jets)
� Makes use of jet substructure.

� Jet definition:Jet definition: Anti-k
T
 algorithm, R=1.0, 

3D locally calibrated topological 
clusters, jet E

T
 > 200 GeV.

� Semi-leptonic top decay
� Embedded lepton A traditional isolation 

requirement inefficient. 
� Need to disentangle from soft leptons 

(especially muons) coming from B- and 
D-hadrons.

� Cut on observables probing the 
presence of a hard lepton inside the jet 
coming from the W boson decay. 

� Hadronic top decayHadronic top decay
� Decay products are fully merged � top 

monojet (single reconstructed fat jet)
� Need to disentangle from QCD high-p

T
 

jets. 
� Run the k

T
 algorithm on the jet 

constituents to extract information 
about the jet substructure.

pT
lepton

pT
cone�	R�15 GeV

pT
lepton �

1�mb
2�mvisible

2 log�plepton� j�	Rlepton, j�

Reconstructed jet mass: 
sum of massless 
constituents.

Reconstructed W candidate 
mass: invariant mass of the 
subjet pair (out of 3 subjets) 
with lowest mass.

First k
T
 splitting scale.

ATLAS sensitivity projection (9 5 % 
confidence level signal cross-section limit) 
for a narrow resonance obtained from the 
mono-jet reconstruction approach. 

ATLAS sensitivity projection (9 5 % 
confidence level signal cross-section limit) 
for a broad resonance obtained from the 
mono-jet reconstruction approach. 

The SM tt  mass spectrum and all relevant background 
processes reconstructed with the minimal reconstruction 
approach in the 3 jets, m

jet 
> 65 GeV channel (left) and the 4 

jets channel (right).

� m
Z'
 = m

jjlv

Three complementary algorithms for the reconstruction of the tt  invariant mass spectrum 
have been developed and their performance evaluated on fully simulated events. Two 
adaptations of classical top reconstruction algorithms allow for high signal efficiency even in 
the TeV regime (~ 18% and 5% in the m=1-2 TeV range for the minimal and full 
reconstruction approaches respectively) . The mono-jet approach has been shown to be 
efficient down to m

tt
 = 1 TeV, with a signal efficiency of ~ 9% (15%) at m=1 TeV (2 TeV).

If no deviation from the Standard Model is observed, a 95 % C.L. limit of � × BR(X � tt) = 3 
pb is expected for a resonance mass of 1 TeV after 200 pb�1 at center-of-mass energy of 10 
TeV. Approximately the same sensitivity for m=1 TeV  is expected for 1 fb-1 of data at 7 TeV.

Reference: ATLAS Collaboration, Prospects for early tt resonance searches in ATLAS, 
ATL-PHYS-PUB-2010-008. 
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efficiency to tag top jet 
vs rejection against 

light-gluon jet

efficiency to select the top final 
state vs bkg

sensitivity to energy from  
superposed collisions 

(pile-up)

Performance 
figures of merit
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Figure 7: Comparison of expected top jet tagging e�ciency and light quark/gluon jet rejection. All
substructure taggers and scans use trimmed anti-kt R = 1.0 jets, except the HEPTopTagger (HTT) that
uses C/A R = 1.2. The same Z0! tt, mZ0 = 1.75 TeV signal samples and multijet background samples and
selection are used for all taggers. Systematic uncertainties are not considered for any of the algorithms.
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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
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Prospects for early top anti-top 
resonance  searches  in  ATLAS
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Motivation
Top anti-top resonances searches have gained increased interest in recent 
years with the anticipation of the upcoming physics programs of the Large 
Hadron Collider (LHC) experiments. The top quark A by far the heaviest 
known particle A is expected to play a crucial role in many Beyond the 
Standard Model (BSM) physics scenarios.

Feynman diagram of a top 
anti-top production in the 
lepton+jets final state: one of 
the W  bosons decays 
l e p t o n i c a l l y , t h e o t h e r 
hadronically.

Boosted tt topologies
b quark Light quarks

b 
quark

lepton

neutrino

PT

Conclusion

The mono-jet approach

by Bertrand Chapleau 
on behalf of the ATLAS Collaboration.
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In the present study, prospects for early tt 
resonance searches in ATLAS are evaluated for 
early physics runs. Results are reported from a 
full Monte-Carlo study using three different 
(m

tt
) reconstruction schemes designed to 

enhance the sensitivity in the TeV regime.
   
Two types of benchmark models were 
considered: narrow resonances (sequential Z' 
boson) and broad resonances (KK gluons). In 
all cases, only the lepton+jets final state, where 
the lepton might be an electron or a muon, was 
investigated.

One of the most challenging aspects of heavy tt resonance searches lies in 
the reconstruction and identification of boosted top quark decays. A top 
quark being produced with very high transverse momentum is a source of a 
new experimental phenomenology: its decay products become very 
collimated and leave an unusual signature in the detector.  
Different boost regimes will give rise to different event topologies. The mass 
of the heaviest jet in the event can be used to classify such topologies.

Probability that partons from a 
hadronic top decay are found 
within a �R distance of 0.8.

Reconstructed invariant mass of 
the leading jet in  pp � X � tt  � 
lepton+jets events.  

� Driving motivations:Driving motivations:
� High signal efficiency over a wide range of m

tt
� Easy and fast commissioning
� Minimize systematic biases

� Highlights:Highlights:
� Relies on a small number of observables
� No flavour tagging (b-jets)
� No attempt to reconstruct top quarks 

individually

� Jet definition: Jet definition: ATLAS Cone algorithm, R=0.4, 
calorimeter towers, jet E

T
 > 40 GeV

� Events are classified  according      
to the jet mass and the number     
of jets in the event:

� 3 jets, m
jet 

> 65 GeV
� m

tt
 = m

jjjlv

� 3 jets, m
jet

 < 65 GeV
� m

tt
 = m

jjjlv
� 4 jets

� m
tt
 = m

jjjjlv
� >= 5 jets

� m
tt
 = m

jjjjlv 
(4 highest E

T
 jets)

ATLAS sensitivity projection (95 % 
confidence level signal cross-section limit)  
for a narrow resonance obtained from the 
minimal reconstruction approach. 

� Driving motivations:Driving motivations:
� Sensitive to the transition region
� Better control of the reducible background

� Highlights:Highlights:
� Full reconstruction of top and anti-top.
� Makes use of flavour tagging (b-jets)

� Jet definition: Jet definition: Anti-k
T
 algorithm, R=0.4, 

calorimeter towers, jet E
T
 > 20 GeV

� Events are classifed according to the     
highest invariant jet mass.

� m
jet

 < 65 GeV
� 4 jets required
� 2 b-tagged jets
� m

Z'
 = m

bjjblv
 " m

bjj
 " m

blv
 + 2m

t
PDG

� 65 GeV < m
jet

 < 130 GeV
� 3 jets required
� 1 b-tagged jets
� m

Z'
 = m

jjblv
 " m

jj
 " m

blv
 + 2m

t
PDG

� m
jet

 > 130 GeV
� 2 jets required
� 1 b-tagged jets
� m

Z'
 = m

jblv
 " m

j
 " m

blv
 + 2m

t
PDG

ATLAS sensitivity projection (95 % 
confidence level signal cross-section 
limit) for a narrow resonance obtained 
from the full reconstruction approach. Reconstructed m=2 TeV Z' 

mass distribution 
Reconstructed m=1 TeV Z' 
mass distribution 

� Driving motivations:Driving motivations:
� Favor the high end of the m

tt
 spectrum 

(boosted tops) 
� Good mass resolution
� Strong handle on background.

� Highlights:Highlights:
� Relies solely on the mono-jet topology A chose a 

jet definition that enhances this topology.
� No flavour tagging (b-jets)
� Makes use of jet substructure.

� Jet definition:Jet definition: Anti-k
T
 algorithm, R=1.0, 

3D locally calibrated topological 
clusters, jet E

T
 > 200 GeV.

� Semi-leptonic top decay
� Embedded lepton A traditional isolation 

requirement inefficient. 
� Need to disentangle from soft leptons 

(especially muons) coming from B- and 
D-hadrons.

� Cut on observables probing the 
presence of a hard lepton inside the jet 
coming from the W boson decay. 

� Hadronic top decayHadronic top decay
� Decay products are fully merged � top 

monojet (single reconstructed fat jet)
� Need to disentangle from QCD high-p

T
 

jets. 
� Run the k

T
 algorithm on the jet 

constituents to extract information 
about the jet substructure.

pT
lepton

pT
cone�	R�15 GeV

pT
lepton �

1�mb
2�mvisible

2 log�plepton� j�	Rlepton, j�

Reconstructed jet mass: 
sum of massless 
constituents.

Reconstructed W candidate 
mass: invariant mass of the 
subjet pair (out of 3 subjets) 
with lowest mass.

First k
T
 splitting scale.

ATLAS sensitivity projection (9 5 % 
confidence level signal cross-section limit) 
for a narrow resonance obtained from the 
mono-jet reconstruction approach. 

ATLAS sensitivity projection (9 5 % 
confidence level signal cross-section limit) 
for a broad resonance obtained from the 
mono-jet reconstruction approach. 

The SM tt  mass spectrum and all relevant background 
processes reconstructed with the minimal reconstruction 
approach in the 3 jets, m

jet 
> 65 GeV channel (left) and the 4 

jets channel (right).

� m
Z'
 = m

jjlv

Three complementary algorithms for the reconstruction of the tt  invariant mass spectrum 
have been developed and their performance evaluated on fully simulated events. Two 
adaptations of classical top reconstruction algorithms allow for high signal efficiency even in 
the TeV regime (~ 18% and 5% in the m=1-2 TeV range for the minimal and full 
reconstruction approaches respectively) . The mono-jet approach has been shown to be 
efficient down to m

tt
 = 1 TeV, with a signal efficiency of ~ 9% (15%) at m=1 TeV (2 TeV).

If no deviation from the Standard Model is observed, a 95 % C.L. limit of � × BR(X � tt) = 3 
pb is expected for a resonance mass of 1 TeV after 200 pb�1 at center-of-mass energy of 10 
TeV. Approximately the same sensitivity for m=1 TeV  is expected for 1 fb-1 of data at 7 TeV.

Reference: ATLAS Collaboration, Prospects for early tt resonance searches in ATLAS, 
ATL-PHYS-PUB-2010-008. 

ATLAS-CONF-2013-052
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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.

15

62

 ∫Ldt = 14.3 fb-1 (2012)  √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 ) 

all

Ev
en

ts
 / 

G
eV

0
5

10
15
20
25
30
35
40 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]12d
40 60 80 100 120 140 160 180 200D

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]12d
40 60 80 100 120 140 160 180 200D

at
a/

Bk
g

0.5
1

1.5

(b) µ+jets channel.

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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(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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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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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
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Figure 10: Observed and expected upper cross section limits times the tt̄ branching ratio on (a) Z′

bosons and (b) Kaluza–Klein gluons. The resolved and the boosted selections have been combined
in the estimation of the limits. Both systematic and statistical uncertainties are included.

of the nuisance parameters which decrease the estimated high-mass background in all channels and the
small excess in the boosted electron channel is amplified, leading to weaker observed limits than expected
limits.

Table 3: Upper 95% CL cross section limits times branching ratio on a leptophobic topcolor Z′ decaying
to tt̄, using the combination of all four samples. The observed and expected limits for each mass point
are given, as well as the ±1σ variation of the expected limit. The second column gives the theoretical
predictions with the 1.3 K-factor to account for NLO effects.

Mass (TeV) σ× BR ×1.3 [pb] Obs. (pb) Exp. (pb) −1σ (pb) +1σ (pb)
0.50 23. 5.30 4.99 1.50 10.7
0.75 5.6 2.17 1.00 0.249 1.87
1.00 1.6 0.406 0.335 0.091 0.674
1.25 0.57 0.187 0.160 0.064 0.323
1.50 2.1×10−1 0.148 0.096 0.041 0.198
1.75 0.087 0.066 0.030 0.137
2.00 3.9×10−2 0.078 0.055 0.023 0.117
2.25 0.078 0.045 0.021 0.103
2.50 6.9×10−3 0.081 0.035 0.017 0.081
3.00 1.5×10−3 0.083 0.019 0.010 0.053

11 Summary

A search for tt̄ resonances in the lepton plus jets decay channel has been carried out with the ATLAS
experiment at the LHC. The search uses a data sample corresponding to an integrated luminosity of
14.3 fb−1 of proton-proton collisions at a center-of-mass energy of 8 TeV. The tt̄ system is reconstructed
in two different ways. For the resolved selection, the hadronic top quark decay is reconstructed as two
or three R = 0.4 jets, and for the boosted selection, it is reconstructed as one R = 1.0 jet. No excess
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putting it all together: boosted ttH?

•Cons: lower rates →to be explored in Run2 and beyond
•Pros: much less severe combinatorial bkg, improve S/√B
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2

Signal and backgrounds — We consider associated top
and Higgs production with one hadronic and one leptonic
top decay. The latter allows the events to pass the Atlas
and CMS triggers. The main backgrounds are

pp → tt̄bb̄ irreducible QCD background

pp → tt̄Z irreducible Z-peak background

pp → tt̄ + jets include fake bottoms (2)

To account for higher-order effects we normalize our to-
tal signal rate to the next-to-leading order prediction of
702 fb for mH = 120 GeV [21]. The tt̄bb̄ continuum back-
ground we normalize to 2.6 pb after the acceptance cuts
|yb| < 2.5, pT,b > 20 GeV and Rbb > 0.8 of Ref. [22]. This
conservative rate estimate for very hard events implies a
K factor of σNLO/σLO = 2.3 which we need to attach
to our leading-order background simulation — compared
to K = 1.57 for the signal. Finally, the tt̄Z background
at NLO is normalized to 1.1 pb [23]. For tt̄ plus jets
production we do not apply a higher-order correction be-
cause the background rejection cuts drives it into kine-
matic configuration in which a constant K factor cannot
be used. Throughout this analysis we use an on-shell top
mass of 172.3 GeV. All hard processes we generate using
MadEvent [24], shower and hadronize via Herwig++ [25]
(without g → bb̄ splitting) and analyze with FastJet [26].
We have verified that we obtain consistent results for sig-
nal and background using Alpgen [27] and Herwig 6.5 [28]

An additional background is W+jets production. The
Wjj rate starts from roughly 15 nb with pT,j > 20 GeV.
Asking for two very hard jets, mimicking the boosted
Higgs and top jets, and a leptonic W decay reduces this
rate by roughly three orders of magnitude. Our top
tagger described below gives a mis-tagging probability
around 5% including underlying event, the Higgs mass
window another reduction by a factor 1/10, i.e. the final
Wjj rate without flavor tags ranges around 100 fb.

Adding two bottom tags we expect a purely fake-
bottom contribution around 0.01 fb. To test the gen-
eral reliability of bottom tags in QCD background re-
jection we also simulate the Wjj background including
bottom quarks from the parton shower and find a re-
maining background of O(0.1 fb), well below 10% of the
tt̄+jets background already for two bottom tags. For
three bottom tags it is essentially zero, so we neglect it
in the following.

The charm-flavored Wcj rate starts off with 1/6 of
the purely mis-tagged Wjj rate. A tenfold mis-tagging
probability still leaves this background well below the
effect of bottoms from the parton shower. Finally, a
lower limit mrec

bb > 110 GeV keeps us safely away from
CKM-suppressed W → bc̄ decays where the charm is
mis-identified as a bottom jet.

Search strategy — The motivation for a tt̄H search
with boosted heavy states can be seen in Fig. 1: the
leading top quark and the Higgs boson both carry size-
able transverse momentum. We therefore first cluster

10
-4

10
-3

10
-2

10
-1

0 100 200 300 400 500 600 700

1/σtot dσ/dpT

pT[GeV]

ttH: pT,t

ttH: pT,H

WH: pT,HWjj: pT,j

FIG. 1: Normalized top and Higgs transverse momentum
spectra in tt̄H production (solid). We also show pT,H in
W−H production (dashed) and the pT of the harder jet in
W−jj production with pT,j > 20 GeV (dotted).

the event with the Cambridge/Aachen (C/A) jet algo-
rithm [29] using R = 1.5 and require two or more hard
jets and a lepton satisfying:

pT,j > 200 GeV |y(H)
j | < 2.5 |y(t)

j | < 4

pT,ℓ > 15 GeV |yℓ| < 2.5 . (3)

The maximum Higgs jet rapidity y(H)
J is limited by the

requirement that it be possible to tag its b-content. For
lepton identification and isolation we assume an 80% ef-
ficiency, in agreement with what we expect from a fast
Atlas detector simulation. The outline of our analysis is
then as follows (cross sections at various stages are sum-
marized in Tab. I):

(1) one of the two jets should pass the top tagger (de-
scribed below). If two jets pass we choose the one whose
top candidate is closer to the top mass.
(2) the Higgs tagger (also described below) runs over all
remaining jets with |y| < 2.5. It includes a double bottom
tag.
(2’) a third b tag can be applied in a separate jet analysis
after removing the constituents associated with the top
and Higgs.
(3) to compute the statistical significance we require
mrec

bb = mH ± 10 GeV.

In this analysis, QCD tt̄ plus jets production can fake
the signal assuming three distinct topologies: first, the
Higgs candidate jet can arise from two mis-tagged QCD
jets. The total rate without flavored jets exceeds tt̄bb̄
production by a factor of 200. This ratio can be balanced
by the two b tags inside the Higgs resonance. Secondly,
there is an O(10%) probability for the bottom from the
leptonic top decay to leak into the Higgs jet and combine
with a QCD jet, to fake a Higgs candidate. This topology
is the most dangerous and can be essentially removed by
a third b tag outside the Higgs and top substructures.
Finally, the bottom from the hadronic top can also leak
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pT reach of Higgs and top quark 
is definitely larger than their 

masses →potential for boosted 
configs
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Conclusions
• Top analysis is in full swing thanks to the combined  performance of LHC & 

detectors: a very rich program is under way.
• 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. Expect higher reach in Multi TeV region with reduced syst 
uncertainties, due to parametrization/understanding of more phase space corners & 
improvement in MC generators (NNLO).

• The top mass is measured at 0.83% (ATLAS)/0.55%(LHC)/0.44%(World) level. 
Work is ongoing  for LHC and  LHC-Tevatron combination. Expect sub-GeV 
precision if progress is made on syst uncertainties exploiting differential info.

• Direct determination of top quark coupling  to the newly found Higgs boson is  still 
limited by number of events. Run2 expects observation with high luminosity.

• 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: reach to be extended greatly in multi-TeV region with pile-up mitigation 
technqiues & improved syst uncertainties
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top properties
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232 Chapter 8. Physics of Top Quarks

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, ⇧ ). Different generator-level cuts
are applied.

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

tW (1 W ⇤ �⇤) 33.3 (NLO) TOPREX Z/�⇥(⇤ 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 � + 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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t-channel analysis) and the � + 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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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, ⇧ ). Different generator-level cuts
are applied.

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

tW (1 W ⇤ �⇤) 33.3 (NLO) TOPREX Z/�⇥(⇤ 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 � + 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

Tevatron LHC(7) LHC(14)
gg ~10% ~85% ~90%
qq ~90% ~15% ~10%

Czakon,Mitov,Fiedler 2013

NNLO+NNLL accuracy

approx NNLO

δσtt/σtt ~4% 

δσt/σt ~2 to 7% 

mtop= 172.5 gluon fusionqq annihilation

pp collisions

t-chan Wt chan s-chan
σ7TeV (pb) 64.6±2.4 15.7±1.1 4.6±0.2
σ8TeV (pb) 87.8±3.4 22.4±1.5 5.6±0.2

At Tevatron

σ7TeV (pb) 172+4.4-5.8+4.7-48   

σ8TeV (pb) 245+6.2-8.4+6.2-6.4

σtt ~ 7  pb
σt ~ 3.5 pb

-

-

francesco.spano@cern.ch Top Quark Physics at the Large Hadron Collider 

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


francesco.spano@cern.ch Top Quark Physics at the Large Hadron Collider Graduate Program in Physics - Università di Pavia - 26/3/2014

signal and backgrounds

70

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


francesco.spano@cern.ch Top Quark Physics at the Large Hadron Collider Graduate Program in Physics - Università di Pavia - 26/3/2014

Backgrounds - single lepton+jets - full scale example

71

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

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

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

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

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

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

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

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

the latter are uncorrelated.212

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

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

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

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

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

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

to di⇥erent 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(⇧�,⇧⇥) =
120�

k=1

P(µk, nk) �
�

j

G(� j,� j) �
�

i

G(⇥i, 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

� 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

‣ Iterate: use events with 1lep + large ETmiss +2 jets to derive α and βxx 
before  b-tagging

‣Extrapolate shape and norm from 2 jets channel to any jet multiplicity 
b-tagged channel with

α (

N
o

t
r
e
v

i
e
w

e
d

,
f
o

r
i
n

t
e
r
n

a
l

c
i
r
c
u

l
a
t
i
o

n
o

n
l
y

July 31, 2013 – 15 : 54 DRAFT 53

where D+(D�) are the total number of events selected in data with a positively (negatively) charged820

lepton, and rMC ⇥ �(pp⇧W+)
�(pp⇧W�) was evaluated for the signal region kinematic cuts from Monte Carlo821

simulation. Since the charge asymmetry depends on the W+jet flavour composition, the data driven822

HF fractions as discussed below are used in this procedure when estimating rMC .823

The formula is valid since the processes tt̄, QCD multijets, Z+jets, are charge symmetric, so NW+ �824

NW� ⌅ D+ � D� to a very good approximation. Smaller sources of charge asymmetry in the data were825

expected e.g. single top quark production. These contributions were estimated from MC simulation and826

subtracted from Eq. 16 appropriately to yield the W+jet estimate.827

A mixed data-driven/Monte Carlo approach was then used to estimate the fraction of W+jets events828

expected to have at least one b-tagged jet. The estimate in the i-th jet bin is given by829

Wn
⇤1tag = Wn

pretag · f 2 j
tag · f 2⇧n

tag , (17)

where Wn
pretag is the estimate in the pretag region for the n jet bin obtained with using Eq. 16; f 2 j

tag is830

the tagging fraction in the 2 jet bin (i.e. the ratio between the number of events with at least 1 tagged831

jets and the number of events with 0 tagged jets) measured from data after the subtraction of all ”non832

W+jets” backgrounds and the tt̄ signal estimated from Monte Carlo except for QCD; f 2⇧n
tag is the ratio833

between the tagging fractions in the n jet bin (n=1, 3, ⇤3, 4, ⇤4 and ⇤5) and the 2 jet bin computed834

using W+jets Monte Carlo simulation. This method was shown to be more stable against systematics835

because the f 2 j
tag factor is derived almost only from data in a region dominated by W+jets background836

and especially because it relies only on the ratio between the two tagging fractions in the 2-jet and n837

jet bins, strongly reducing the systematics related to the b-tagging/light tagging e⇥ciencies and heavy838

flavour components of the W+jets background. Since the flavour scale factors used to correct the W+jets839

contributions are estimated using 2-jet events, as explained in the following section, the tagging fraction840

in the 2-jet bin measured from data and the tagging fraction in the 2-jet bin computed using W+jets841

Monte Carlo simulation are the same (if one uses precisely the same random seeds for smearing etc and842

samples to compute them, as was the case here). Therefore, the pretagged and tagged scale factors have843

the same nominal value, though they clearly have di�erent systematic uncertainties.844

4.1.1 Systematic Uncertainties845

Various systematic uncertainties on the measurement of rMC have been calculated and propagated to the846

measurement of the pretag W+jet background. These include the uncertainty due to the MC generator847

choice, charge misidentification, jet energy scale (JES) and PDF variations. MC studies varying Alpgen848

parameters (iqopt, qfac, ktfac, drjmin, ptjmin) showed that the flavour fraction di�erences between jet849

bins could be covered by a systematic uncertainty when extrapolating from the 2-jet bin to other jet850

bins. In Table 7 the uncertainties are listed for the various jet bin. The heavy flavour fraction uncertainty,851

WbbWccjet and Wcjet is determined by varying the WbbWcc and Wc contributions by 25%, respectively.852

For the tagged estimate, additional sources of uncertainty such as b-tagging and light tagging e⇥ciencies853

were also included.854

Flavour 2 j⇧ 3 j 2 j⇧ 4 j 2 j⇧ 5 j
Wbb/Wcc 11% 15% 29%

Wc 13% 15% 38%
W + light 2% 5% 8%

Table 7: Relative systematic uncertainties (expressed as percentages) on the extrapolation of the heavy
flavour fraction from 2-jet bin to other jet bins.
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4 W+jet Estimates778

In many of the analyses and measurements being undertaken by the Top Working Group, the kinematic779

shape and acceptances of the W+jet background are taken from MC simulation samples; however since780

both the overall normalisation and the heavy flavour (HF) composition are not accurately known in MC781

a data driven approach is required.782

In this section the procedures to estimate these factors are described for the 2012 data set. The charge783

asymmetry method is used to extract the overall normalisation. The method exploits the asymmetrical784

cross sections for positively and negatively charged prompt leptons from W-decays and is described in785

Section 4.1. In Section 4.2, the method used to extract the flavour scale factors that will be applied786

to W+jet Monte Carlo events (Wbb, Wcc, Wc j, and W j j) is described. The normalisation and flavor787

scale factors, explained in the following sections, are determined simultaneously. The total W+jet scale788

factors for each flavour component are the product of the overall W+jet scale factors and the flavour-789

specific scale factors.790

The aim is to determine the normalisation of W+jet events and the HF scale factors for Wbb, Wcc791

and Wc in each jet bin for both pretagged and tagged events. The measurement of these parameters is792

limited by the presence of tt̄ signal, the QCD background contribution and systematic uncertainties like793

the b-tagging for example. Several configurations with pretagged and tagged event-counts, separately for794

events with a positive and negative lepton (named Charge Asymmetry or just ’CA’), and, combinations795

of several jet bins have been studied to find the optimal approach. It turns out that using the 2-jet bin796

information to extract the HF fractions, which are then extrapolated to the other jet bins, results in the797

smallest systematic uncertainties. The normalisation for W+jets in pretagged events is best determined798

in each jet bin independently when CA is exploited. The optimal normalisation of tagged W+jet events799

is then determined from the combination of the overall (pretagged) normalisation with the HF fractions800

and the tagging fraction from MC.801

As of the time of the first release of this document, the W+jets estimates for 8 TeV were being802

finalized, thus, for Moriond, the recommendation is to use 7 TeV results [38]. Analyses should then803

individually consider whether further systematic uncertainties are potentially necessary. The method is804

in any case described below.805

4.1 W+jets normalisation806

At a proton-proton collider like the LHC, there is an overall charge asymmetry in the production of W-807

bosons (with and without associated jets) due to relative di�erences in the quark and anti-quark parton808

distribution functions. Positively charged W-bosons can be produced from parton level processes such809

as ud̄ ⌅ W+ or cs̄ ⌅ W+ and depend upon products of PDFs such as u(x1)d̄(x2). On the other hand,810

the production of W�-bosons from, e.g., dū ⌅ W� depends upon the d(x1)ū(x2) PDF products. These811

PDF products are di�erent in a proton, hence there is a charge asymmetry. The ratio of cross-sections,812

r ⇥ �(pp⌅W+)
�(pp⌅W�) is, theoretically, relatively well understood [39]. In fact, the main theoretical uncertainty813

on r is due to uncertainties in PDFs and r is predicted to within a few percent at LHC energies - better814

than the prediction of the total W cross-section for W-bosons produced in association with three or more815

jets. One can therefore use the theoretical prediction for r to measure the W+jet background to top quark816

pair production in the single lepton plus jets channel.817

The W+jet background (before the b-tagging requirement was applied) in the signal region (⇤ 4 jets)818

was extracted from the following formula:819

NW+ + NW� =
(NMC

W+ + NMC
W� )

(NMC
W+ � NMC

W� )
(D+ � D�) =

�
rMC + 1
rMC � 1

⇥
(D+ � D�), (16)

simulated shapes
data-driven overall norm and flavour fractions

++ + βlight )

1.Derive α as ratio of asymmetric production of W+ and W-   is well known (more 
u-quarks than d-quarks ) in W+2jets events, no b-tag

2.Derive βxx from 3 equations using 2 data samples with positive and negative leptons 
in W+2 jet bin with standard sel & no b-tag  + 1 normalization condition

3.Derive α as in 1, but in rMC  use  βxx  from step 2 
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(a) Central electron channel in the signal region
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(b) Muon channel in the signal region
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(c) Central electron channel in the W-boson control re-
gion
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(d) Muon channel in theW-boson control region
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(e) Central electron channel in the top control region
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(f) Muon channel in the top control region

Figure 2: Observed and simulated EmissT distributions for the signal region ((a),(b)), theW-boson control-
region ((c),(d)), and the tt̄ control-region ((e),(f)) for electrons (left) and muons (right), respectively. The
normalisation is obtained from the maximum binned-likelihood fit to the EmissT distributions. The hatched
error band represents the uncertainty on the limited sample size. The relative difference (Oi − Ei)/Ei
between the observed Oi and expected Ei number of events in each bin i is shown in the lower histogram.
Events beyond the axis range are included in the last bin.7
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(a) High-purity b-tagged jets
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(b) Medium-purity b-tagged jets
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(c) Low-purity b-tagged jets

FIG. 2: Vertex mass distributions for all b-tagged jets in data events satisfying the nominal dilepton tt̄ event selection, with
no requirement on b-tagged jet multiplicity, compared to Monte Carlo predictions. By definition, jets with no reconstructed
secondary decay vertex are assigned to the ‘−1 GeV’ bin.

Background events from non-dilepton tt̄ processes
are included using Monte Carlo simulation, and enter
the fit with a fixed normalization. Monte Carlo simu-
lation is used to obtain templates for additional (non-
t →Wb) b-jets, c-jets, and LF jets.
In the fit to determine the number of b-tags from HF

jets in addition to the two b-jets from top-quark decay,
NHF, separate templates for each category of jet in each
of the three purity classes (high, medium, and low) are
used. The b-tagging efficiencies (Table II) for each fla-
vor of jet are used to relate the number of jets in each
purity bin. After the application of all constraints, the
fit has two floating parameters: the fraction of LF jets
and the fraction of additional b-jets. The fraction of
additional c-jets makes up the remainder.
Monte Carlo pseudo-experiments show that the fit-

ting method is unbiased in both best-fit values and es-
timated uncertainties. The fit strategy (including esti-
mates of statistical and systematic uncertainties) was
verified using 10% of the full data sample as well as
with Monte Carlo pseudo-experiments before the fit
was performed on the full data sample. These studies
indicated that the fit could achieve only a 1σ separation
of b- vs. c- jets based on the expected statistical uncer-
tainty alone. Inclusion of the systematic uncertainty
would further reduce the sensitivity. However, the LF-

jet fraction is expected to be measured with sufficient
precision to give a statistically significant measurement
of the total HF content, defined as the fraction of addi-
tional b-tagged jets not coming from LF jets. In the fit,
the individual fractions are not constrained to be posi-
tive or below unity.

VIII. SYSTEMATIC UNCERTAINTIES

Systematic uncertainties may affect the shape of the
vertex mass and pT templates as well as the acceptance
calculations. For the systematic uncertainties on the
template shapes, the fit to the data is re-evaluated using
new templates, derived by varying the relevant param-
eters by their systematic uncertainties, and a new fit
to the data is performed. Major uncertainties that af-
fect the fit are the jet energy scale and resolution, the
tagging efficiencies for b-, c- and LF jets, the parton-
shower and hadronizationmodels, and theMonte Carlo
event generators.
The template for b-jets from top-quark decays is

nominally taken from the data with exactly two b-
tags. To account for kinematic biases due to additional
heavy-flavor jets in the event, a systematic uncertainty
on the shape of this template is assessed using b-jets
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∫Ldt ~ 4.7 fb-1 (2011)

• 2 OS leptons, ≧ 2 jets, ee,μμ: high ETmiss cut & M(ℓℓ)≠mZ, 
eμ: high HT =∑jets,lepts pT  - Bkg: as in dilepton inclusive 

• In ≧ 3 b-tag ev. calculate

• In ≧ 3 jets & ≧ 2 b-tags ev. get

• Syst dominated: c-tagging (21%),fragm. (10%) flavour 
comp. (6%),
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FIG. 1: Jet multiplicity distributions in dilepton tt̄ candidate events with (a) zero, (b) one, or (c) two b-tagged jets for the sum
of ee, µµ and eµ channels. The lower plots show the ratio between the data and the Monte Carlo predictions in each bin.
Uncertainties are statistical and systematic. The last bin contains any overflow.

ing exactly two opposite-sign leptons and at least two
jets. To reduce the background from Z/γ∗ processes,
events with like-flavor leptons are required to have
EmissT above 60 GeV and a dilepton invariant mass sat-
isfying |mℓ+ℓ− −mZ| > 10 GeV. For events with one
electron and one muon, the scalar sum of the lepton
and jet transverse momenta is required to be above
130 GeV to reduce the backgrounds from Z/γ∗ →
τ+τ−, as well as WW , WZ, and ZZ processes. This
set of selection criteria is termed the ‘nominal’ tt̄ selec-
tion criteria. The measurement of tt̄ + HF production
is carried out in the subset of these events that contain
three or more b-tagged jets, whereas the measurement
of tt̄ production with at least one additional jet is per-
formed in the subset with at least three jets, at least two
of which are b-tagged.
Using the nominal selection criteria described above,

data and Monte Carlo events are compared in three
control regions: dilepton tt̄ candidate events with zero,
one, or two b-tagged jets. Data-to-simulation normal-
ization corrections are applied to Monte Carlo simula-
tion samples when calculating acceptances to account
for observed differences in predicted and observed trig-
ger and lepton reconstruction efficiencies, jet flavor
tagging efficiencies and mistag rates, as well as jet and
lepton energy scales and resolutions. In Fig. 1, the jet
multiplicity distributions in the three regions are com-
pared to Monte Carlo predictions. Agreement is ob-
served within uncertainties.

V. DEFINITION OF THE FIDUCIAL PHASE SPACE
AND CALCULATION OF CORRECTION FACTORS

To allow comparison of the analysis results to the-
oretical predictions, the measurement is made within

a fiducial phase space. The fiducial volume is de-
fined in Monte Carlo simulation by requiring two lep-
tons (e, µ) from the t → Wb → ℓνb decays (includ-
ing electrons and muons coming from τ → ℓνντ ) with
pT > 25 (20) GeV for e (µ), and |η | < 2.5 as well as
three or more jets with pT > 25 GeV and |η |< 2.5.
In the simulation, jets are formed by considering all

particles with a lifetime longer than 10 ps, excluding
muons and neutrinos. Particles arising from pile-up in-
teractions are not considered. For the determination of
the tt̄ + HF fiducial cross section, σfid(tt̄+HF), three
or more jets are required to match a b- or c-quark, two
of which must match a b-quark from top-quark decay.
All simulated b- and c-quarks that were generated with
pT > 5 GeV are considered for the matching, and are
required to satisfy ∆R(quark, jet) < 0.25. Jets that
match both a b- and a c-quark are considered as b-jets.
For the calculation of σfid(tt̄+ j) three or more jets are
required, two of which must contain a b-quark from
top-quark decay.
Each fiducial cross section is determined using mea-

sured quantities from the data, and a correction factor
derived from the Monte Carlo simulation. The ratio of
cross sections is defined as:

RHF =
σfid(tt̄+HF)
σfid(tt̄+ j)

The fiducial cross section for tt̄ + HF production is de-
termined from:

σfid(tt̄+HF) =
NHF

∫

L dt · εHF
; (1)

whereNHF is the number, after background subtraction,
of b-tags from HF jets observed in the data, in addition

=
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FIG. 1: Jet multiplicity distributions in dilepton tt̄ candidate events with (a) zero, (b) one, or (c) two b-tagged jets for the sum
of ee, µµ and eµ channels. The lower plots show the ratio between the data and the Monte Carlo predictions in each bin.
Uncertainties are statistical and systematic. The last bin contains any overflow.

ing exactly two opposite-sign leptons and at least two
jets. To reduce the background from Z/γ∗ processes,
events with like-flavor leptons are required to have
EmissT above 60 GeV and a dilepton invariant mass sat-
isfying |mℓ+ℓ− −mZ| > 10 GeV. For events with one
electron and one muon, the scalar sum of the lepton
and jet transverse momenta is required to be above
130 GeV to reduce the backgrounds from Z/γ∗ →
τ+τ−, as well as WW , WZ, and ZZ processes. This
set of selection criteria is termed the ‘nominal’ tt̄ selec-
tion criteria. The measurement of tt̄ + HF production
is carried out in the subset of these events that contain
three or more b-tagged jets, whereas the measurement
of tt̄ production with at least one additional jet is per-
formed in the subset with at least three jets, at least two
of which are b-tagged.
Using the nominal selection criteria described above,

data and Monte Carlo events are compared in three
control regions: dilepton tt̄ candidate events with zero,
one, or two b-tagged jets. Data-to-simulation normal-
ization corrections are applied to Monte Carlo simula-
tion samples when calculating acceptances to account
for observed differences in predicted and observed trig-
ger and lepton reconstruction efficiencies, jet flavor
tagging efficiencies and mistag rates, as well as jet and
lepton energy scales and resolutions. In Fig. 1, the jet
multiplicity distributions in the three regions are com-
pared to Monte Carlo predictions. Agreement is ob-
served within uncertainties.

V. DEFINITION OF THE FIDUCIAL PHASE SPACE
AND CALCULATION OF CORRECTION FACTORS

To allow comparison of the analysis results to the-
oretical predictions, the measurement is made within

a fiducial phase space. The fiducial volume is de-
fined in Monte Carlo simulation by requiring two lep-
tons (e, µ) from the t → Wb → ℓνb decays (includ-
ing electrons and muons coming from τ → ℓνντ ) with
pT > 25 (20) GeV for e (µ), and |η | < 2.5 as well as
three or more jets with pT > 25 GeV and |η |< 2.5.
In the simulation, jets are formed by considering all

particles with a lifetime longer than 10 ps, excluding
muons and neutrinos. Particles arising from pile-up in-
teractions are not considered. For the determination of
the tt̄ + HF fiducial cross section, σfid(tt̄+HF), three
or more jets are required to match a b- or c-quark, two
of which must match a b-quark from top-quark decay.
All simulated b- and c-quarks that were generated with
pT > 5 GeV are considered for the matching, and are
required to satisfy ∆R(quark, jet) < 0.25. Jets that
match both a b- and a c-quark are considered as b-jets.
For the calculation of σfid(tt̄+ j) three or more jets are
required, two of which must contain a b-quark from
top-quark decay.
Each fiducial cross section is determined using mea-

sured quantities from the data, and a correction factor
derived from the Monte Carlo simulation. The ratio of
cross sections is defined as:

RHF =
σfid(tt̄+HF)
σfid(tt̄+ j)

The fiducial cross section for tt̄ + HF production is de-
termined from:

σfid(tt̄+HF) =
NHF

∫

L dt · εHF
; (1)

whereNHF is the number, after background subtraction,
of b-tags from HF jets observed in the data, in addition

5

to the two b-jets from top-quark decays. The integrated
luminosity of the sample is denoted as

∫

L dt, and εHF
is a correction factor taken from Monte Carlo simula-
tion that converts the number of observed b-tags from
additional HF jets to the number of events in the signal
fiducial volume. This correction factor includes the ac-
ceptance within the fiducial region, the reconstruction
efficiency, and a factor to account for the multiplicity
of extra b-tagged HF jets per tt̄+HF event in the signal
region. This correction factor is different for tt̄+b+X
(εb) and tt̄+ c+X (εc), and thus εHF is determined as
a weighted sum of these two contributions. The weight
used to form the sum is the fraction of tt̄+HF events
in the fiducial volume which contain additional b-jets
as opposed to c-jets. This fraction is termed Fb/HF. The
total correction factor (εHF) is calculated as:

εHF = Fb/HF · εb+(1−Fb/HF) · εc

The denominator for RHF, σfid(tt̄+ j), is computed us-
ing a similar prescription:

σfid(tt̄+ j) =
Nj

∫

L dt · ε j
; (2)

where Nj is the yield of dilepton events in data with at
least three jets, at least two of which are b-tagged, and
ε j is the tt̄ + j acceptance factor calculated from the
Monte Carlo simulation. The acceptance calculation
for each fiducial cross section assumes that all b-tagged
jets are from real HF quarks. Events with b-tagged jets
from LF quarks are treated as a background, and sub-
tracted when computing both NHF and Nj .
The ALPGEN + HERWIG Monte Carlo sample pre-

dicts εb = 0.19, εc = 0.06, and Fb/HF = 0.31. The total
correction factor is thus predicted to be εHF = 0.106 ±
0.005 (stat.) for σfid(tt̄+HF). For σfid(tt̄+ j) the ac-
ceptance factor is calculated to be ε j = 0.129 ± 0.001
(stat.).
The prediction for RHF from the ALPGEN + HER-

WIG Monte Carlo sample is 3.4%. The value ob-
tained from the POWHEG v1.01 [38] generator show-
ered with HERWIG [16] is RHF = 5.2%, with Fb/HF =
0.34. While this RHF value is different to that from
ALPGEN + HERWIG, the predicted Fb/HF values are
similar. Furthermore, a parton-level study using MAD-
GRAPH5 v1.47 [39] gives Fb/HF = 0.29. The value
of Fb/HF is also stable when different showering algo-
rithms are used: the ALPGEN + PYTHIA Monte Carlo
sample predicts a value of Fb/HF = 0.32, in good agree-
ment with the prediction when HERWIG is used. Based
on comparison of these predictions for Fb/HF, a sym-
metric 10% Monte Carlo systematic uncertainty is as-
signed, Fb/HF = 0.31±0.03. The prediction of Fb/HF is
also tested in data (see Sec. IX).

VI. EXPECTED SIGNAL AND BACKGROUND
YIELDS

Table I shows the number of events with ≥ 3 b-
tagged jets expected in the Monte Carlo simulation
from dilepton tt̄ production and from various back-
ground sources. At this point, no distinction is made
between events with a true additional HF jet and those
containing a mistagged LF jet. The number of observed
events is also shown. While Monte Carlo simulation is
used to estimate tt̄ + HF event rates and kinematic fea-
tures, data-drivenmethods andMonte Carlo simulation
are both used to estimate background processes, as de-
tailed below.
Background processes containing real b-jets and lep-

tons, such as single top-quark, Z/γ∗ + jets, and diboson
(WW , WZ, and ZZ) production, are estimated using
Monte Carlo simulation. Contributions from diboson
production are found to be negligible.
A major source of background comes from tt̄ events

in which one or more of the b-tagged jets is from a
mistagged LF jet. This background is estimated us-
ing Monte Carlo simulation for the measurement of
σfid(tt̄ + j). However, in the measurement of σfid(tt̄
+ HF), the final tt̄ + LF background is determined by
a fit to the vertex mass distribution of b-tagged jets in
data, as explained in Sec. VII.
Background from events in which at least one of the

leptons is either non-prompt (originating from e.g. a
photon conversion or b-quark decay) or is a misiden-
tified hadron, is estimated using data and Monte Carlo
simulation. For instance, W + jets, multi-jet, and tt̄
events with one hadronically decaying W boson can
contribute in this way. This contribution is deter-
mined by scaling the yield of events in the data with
a pair of same-sign leptons by the ratio of opposite-
sign to same-sign yields (ROS/SS) obtained in Monte
Carlo simulation. The opposite-sign to same-sign ratio
is determined separately for the three dilepton chan-
nels, and found to be 1.3 ± 0.1 (stat.) +1.8

−1.3 (syst.)
for e+e− events, 1.2 ± 0.1 (stat.) ± 0.7 (syst.) for
µ+µ− events, and 1.2 ± 0.1 (stat.) ± 0.5 (syst.) for
events with one electron and one muon. The system-
atic uncertainty takes into account the unknown relative
mixture of fake-lepton sources (photon conversions, b-
and c-hadron decays, or misidentified hadrons) in the
ROS/SS calculation. Since the central value of the pre-
diction for this background is zero events, only varia-
tions in ROS/SS that lead to larger background predic-
tions are considered in the systematic uncertainty cal-
culation. This method for estimating the background
due to events with fake leptons is validated in a control
sample of dilepton events with less restrictive lepton
identification requirements and no isolation criteria.
The dominant uncertainties on the total yield in Ta-

ble I come from the jet energy scale, b-tagging effi-
ciency, parton showering model, and initial- and final-

‣ εHF: from NHF to #ev. with ≧3 true b-/c-jets (2 top 
b-jets)←MC 

high b-jet purity sample
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from top-quark decays from Monte Carlo inclusive tt̄
events with three or more b-tagged jets.
The vertex mass of additional b- and c-jets is sen-

sitive to the number of HF quarks contained in a jet
(for instance, for bb̄ or cc̄ produced via gluon splitting).
The dominant uncertainty from this effect would mani-
fest itself as a difference in the shape of the template for
additional b-jets. To assess this uncertainty, the tem-
plate for additional b-jets is replaced by the template
for b-jets from top-quark decays.
By default, the normalization of the template for

b-jets from top-quark decays is fixed to two per
event. A systematic uncertainty on this normalization
is assessed by using the predicted normalization from
Monte Carlo simulation, which includes events with
less than two b-tags from top-quark decays, due to b-
tagging inefficiency. The total uncertainty due to spe-
cific template shape variations is referred to as ‘addi-
tional fit uncertainties’ for the rest of this paper.
Systematic uncertainties also affect the overall event

reconstruction efficiency. Dominant sources of uncer-
tainty for this category are: the tagging effiencies for
b-, c- and LF jets, the jet energy scale and resolution,
and the Monte Carlo event generator. Uncertainties on
the lepton identification efficiency, EmissT reconstruc-
tion, and fragmentation modeling are negligible. In
general, systematic uncertainties are evaluated on the
full data sample, with each uncertainty being taken as
the difference between the nominal and the varied re-
sulting values of RHF.
An important uncertainty in this analysis comes

from the flavor composition in the fiducial volume,
namely in the value of Fb/HF, the fraction of tt̄ + HF
events in the fiducial volumewhich contain b-jets, used
to calculate the correction factor εHF. As described in
Sec. V, an uncertainty of 10% on Fb/HF is estimated
using different Monte Carlo generators. It is possible
to evaluate Fb/HF using the data, but with the present
data set, significant discrimination between b- and c-
jets is not possible, making such a comparison of lim-
ited use. Nonetheless, the result of this study is pre-
sented as a point of comparison to the result obtained
from the Monte Carlo.

IX. RESULTS

In the 106 events in the signal sample (with ≥ 3 b-
tagged jets), there are 325 b-tagged jets. After subtract-
ing the non-tt̄ background component, and the contri-
bution from the tagged jets from the t→Wb decay, the
number of additional b-tags is found to be 105. As de-
scribed in Sec. VII, a template fit to all b-tagged jets is
performed to determine the flavor composition of these
additional b-tagged jets. The result of the fit to all 325
b-tagged jets is shown in Fig. 3. The weighted sums of
all fit templates are shown, with contributions for extra
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FIG. 3: The result of the template fit (solid line) to the ver-
tex mass distribution in data (points). Data are divided into
three groups depending on the purity of b-jets passing each
selection, as described in the text. The first three bins are
the vertex mass distributions for the high-purity b-tags, the
middle three bins for the medium-purity b-tags, and the last
three bins for the low-purity b-tags. Within each purity cat-
egory, the first bin contains jets with no reconstructed sec-
ondary vertex. The middle bin contains jets with ‘low’ mass:
less than 2 GeV. The third bin contains jets with ‘high’ mass:
greater than 2 GeV. The best fit is shown as a sum (labeled
as ‘Combined fit’, which includes the b-jets from top-quark
decay) with separate contributions from additional b- and c-
jets (labeled as ‘Heavy flavor’), and LF jets (labeled as ‘Light
flavor’).

TABLE III: Relative composition of b-tagged jets in the sig-
nal region, fitted in data and compared to the expectation
from Monte Carlo (MC) simulation. In data, the fractions
of LF and additional b-jets are determined by the fit. The
fraction of b-jets from top-quark decays is fixed in the fit to
two b-tags in each event. The contributions from tt̄ events
with a fake lepton, or non-tt̄ events are fixed in the fit using
the Monte Carlo simulation (those are labeled as ‘b-jets from
other sources’ in the table). The fraction of c-jets is inferred
from unitarity. All quoted errors are statistical.

Type of b-tag, fractions Data fit MC expectation
Additional LF jets, % 8 ± 4 20
Additional b-jets, % −2 ± 7 9
Additional c-jets, % 26 ± 8 3.5
b-jets from t →Wb, % 65 –

b-jets from other sources, % 2.5 –

HF and mistagged LF jets shown separately. The fitted
fractions of b-tags from LF jets and additional b-jets
are given in Table III. Of the 105 additional b-tags, 79
± 14 (stat.) ± 22 (syst.) are attributed to HF jets. A
detailed breakdown of the systematic uncertainties on
the total number of HF jets is shown in Table IV.
Using Eq. 1, the number of HF jets observed in

data, and the quoted correction factor εHF derived from

no # b-tag requirement 

≧ 3 b-tag ~106 events~325 jets

HF=tt+b +X and tt+c+X

large uncertainty on b- to c- separation →measure only HF

SM: 3.4% (ALPGEN) , 5.2% (POWHEG)   

Inclusive σtt+heavy flavour :dilepton-√s =7 TeV
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‣ εHF: from NHF to #ev. with ≧3 true jets (2 top b-jets)←MC 

[6.2 ±1.1(stat)±1.8 (syst)]%

- -
-

‣ NHF =#b-tags from combined HF = 79±26←Max lkl. 
fit of templates (tt, bkg, HF, mis-tag) to displaced 
vertex mass of b-tags & jet pT in 3 b-tag purity bins

-

‣ Nj = #events with tt + ≧ 1 jet =1541±41 ←cut & count-

-
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 Results: ATLAS & CMS (7 TeV, l+jets) – pT(top)        

16 

- CMS: softer spectrum in data, best described by  
  Approx. NNLO 

  Powheg+Herwig describes ATLAS & CMS data  
  reasonably well over the full pT range 

  pT(top) < 200 GeV: disagreement btw ATLAS & CMS 

M. Aldaya TOPLHCWG, 28.11.13 

  CMS: Similar behaviour for dileptons, both at 7 & 8 TeV  

- ATLAS: disagreement with Approx. NNLO  

M. Aldaya, F.Spanò  (for ATLAS & CMS) TOPLHCWG open 
session  28-29th Nov. 2013
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- ATLAS result in agreement  
  with MCFM  

  First attempt at direct data comparison: data/NLO prediction (MCFM) 

 pT(top) < 200 GeV:  
- Disagreement between  
  ATLAS & CMS data 

- ATLAS & CMS in  
  disagreement with MCFM  

 pT(top) > 200 GeV:  
- Good agreement between  
  ATLAS & CMS data 

M. Aldaya, F.Spanò (for ATLAS & 
CMS) TOPLHCWG open session  

28-29th Nov. 2013
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Inclusive σt :  t-channel -√s = 8 TeV

77

• Syst. dominated (I/FSR~9%,JES~7%,b-tag eff~ 8%)  

 qℓνb(b)  

 ATL-CONF-2012-132
• same selection and bkg estimate as √s = 7 TeV
• Extract σt  and bkg norm by max. lkl fit of NN 

distribution (11 kin. vars: jet-lep masses,∑jet,lep pT + 
ETmiss, jet rapidities) to data in 2- & 3-jet bins

band: MC stat+fakes uncertainty
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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.

c⃝ 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.

∫Ldt =  5.8 fb-1 (2012)

Table 3: Estimators β̂ of the parameters of the likelihood function as obtained from the maximum like-

lihood fit to data. The β̂ are scale factors that multiply the expected rate for each process. The quoted

uncertainties are statistical only.

Process β̂

t channel 1.08 ± 0.03

W+ heavy flavour 1.04 ± 0.03

W+ light jets 0.93 ± 0.04

Z+ jets, diboson 0.94 ± 0.10

tt̄,Wt, s channel 0.88 ± 0.01
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Figure 10: Neural network output distributions (a) for the two-jet sample and (b) for the three-jet sam-

ple. The signal and backgrounds are normalised to the fit result. The bottom panels show the relative

difference between observed data and expectation. The blue shaded band reflects the uncertainty from

the limited MC statistics and the uncertainty on the QCD multijet normalisation.

7.1 Estimation of the systematic uncertainties

The systematic uncertainties on the cross-section measurement are determined using a frequentist method

based on pseudo-experiments that accounts for variations of the signal acceptance, the background rates

and the shape of the NN output. The correlations between the different analysis channels are fully

accounted for by applying correlated systematic shifts across all channels. The RMS of the distribution of

fit results for the pseudo-datasets is an estimator for the expected uncertainty. The systematic uncertainty

on the measured parameters is similarly estimated using the measured β values for the single top-quark

t-channel signal and the backgrounds.

Table 4 shows the contributions to the total uncertainty on the cross-section measurement. The table

provides the uncertainties evaluated for the observed signal and background rates as obtained from the

maximum likelihood fit to the observed collision data. The total relative uncertainty on the measured

cross-section σt is ±19%.
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• Determine  If |Vtb |<1 |Vtb| > 0.80 at 95% C.L.

The value of |Vtb · f |2 is extracted by dividing the observed single top-quark t-channel cross section,

measured using the NN method, by the SM expectation [9]. The experimental and theoretical uncer-

tainties are added in quadrature. In principle Wt and s-channel production are also affected when |Vtb|
changes. However, their contributions are small and their variation does not change the t-channel fit

result. The result obtained is |Vtb · f | = 1.04+0.10
−0.11

. Setting f = 1 as in the SM, a lower limit on |Vtb| is
extracted: |Vtb| > 0.80 at the 95% CL.

8 Conclusion

Single top quark production in the t-channel has been studied in 5.8 fb−1 of
√

s = 8 TeV pp collision data

recorded with the ATLAS detector in 2012. Events are selected in two exclusive samples by requiring

either two jets or three jets, where exactly one of the jets is required to be b-tagged. The single top

t-channel cross-section is extracted in a simultaneous likelihood fit to a neural network discriminant in

both channels. We measure a cross-section of σt(t) = 95 ± 2 (stat.) ± 18 (syst.) pb = 95 ± 18 pb, which

is in excellent agreement with the SM prediction. The corresponding coupling at the W-t-b vertex is

|Vtb| = 1.04+0.10
−0.11

and the 95% C.L. lower limit on the CKM matrix element |Vtb| is 0.80. This result for

the cross-section is compared to the SM prediction and the
√

s = 7 TeV results in Fig. 11.
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Figure 11: Summary of ATLAS
√

s = 7 TeV and
√

s = 8 TeV single top measurements.
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 δσt/σt ~19%

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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• Calculate Rt =σt / σanti-t (sensitive to 
u/d PDFs) including corr→reduce δR 

syst dominated:
ISR/FSR~4%

JES~4%, fakes

stat ~ spread of predictions ~ uncertainty on pred.
NLO PDF uncertainty on ren. and fact. scale
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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)
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• 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

ATLAS-CONF-2013-100
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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
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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 = 

significance: 4.2 s.d. 
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Figure 7: Background-subtracted BDT classifier for 1-jet (left) and 2-jet (right) events, using the fit result
for signal and backgrounds. The uncertainty band is the quadratic sum of all background uncertainties,
including profiled uncertainties.

sensitivity of this analysis, this implies Br(t → Wb) > 0.99. The observed |Vtb|2 is obtained by dividing
the measured cross-section by the theoretical cross-section (Eq. 1), calculated at a fixed top quark mass
of 172.5 GeV:

|Vtb · f |2 =
σexp

Wt

σtheory
Wt

, (3)

where f is a coupling which is allowed to be bigger than one ( f = 1 in the SM). The central value
and uncertainties on |Vtb · f |2 are then converted into a central value and uncertainties on |Vtb · f |. The
Gaussian distribution of |Vtb · f |2 defines a likelihood distribution from which a lower limit on |Vtb|2 is
obtained by integrating from one to smaller values until 95% of the |Vtb|2 area between zero and one is
covered. The resulting value defines the lower 95% CL limit on |Vtb|2, which again is converted into a
lower limit on |Vtb|.

Using the measurement from Eq. 2 and the theoretical cross-section from Eq. 1, the following value
is obtained for |Vtb · f |:

|Vtb · f | = 1.10 ± 0.12 (exp) ± 0.03 (theory) . (4)

Setting f = 1, a lower limit on |Vtb| is extracted: |Vtb| > 0.72 at 95% CL. This result is compatible
with the combination of direct measurements at the Tevatron: |Vtb · f | = 0.88+0.07

−0.07 [64] and the t-channel
measurements by ATLAS: |Vtb · f | = 1.04+0.10

−0.11 [13] and CMS: |Vtb · f | = 1.020 ± 0.049 [12].

8 Conclusion

The cross-section for the production of a single-top quark in association with a W boson has been mea-
sured with an integrated luminosity of 20.3 fb−1 of data collected with the ATLAS detector in 2012 at√

s = 8 TeV, using dilepton events in the eµ channel with at least one central b-tagged jet and missing
transverse momentum. A BDT classifier discriminates the signal from top quark pair events and the
cross-section is measured in a fit of the classifier output to data. The cross-section for Wt single-top
quark production is σ(pp → Wt + X) = 27.2 ± 2.8 (stat) ±5.4 (syst) pb, corresponding to an observed
significance of 4.2 s.d. for 4.0 s.d. expected. This result can be interpreted in terms of the CKM matrix

13

Wt evidence at 8 TeV!

If |Vtb |<1 |Vtb |>0.72 at 95%CL

Source ∆σ/σ [%]
observed expected

Data statistics 7.1 8.6
MC statistics 2.8 3.5
Experimental uncertainties
Lepton modeling 2.4 2.4
Jet identification 0.2 0.6
Jet energy scale 10 12
b-jet energy scale 5.0 6.3
Jet energy resolution 0.7 0.2
Emiss

T scale 4.1 5.0
Emiss

T resolution 4.5 5.3
Flavor tagging 8.4 9.4

Theory uncertainties
Wt/tt̄ overlap modeling 1.4 1.6
PDF 2.5 3.2
Background normalization 3.6 4.4
ISR/FSR 5.9 6.0
Wt generator and PS 11 11
tt̄ generator and PS 7.5 9.2

Luminosity 3.7 3.9
Total (syst) 20 23
Total (syst+stat) 21 24

Table 4: Breakdown of the uncertainty on the Wt cross-section.
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Figure 6: BDT classifier for 1-jet (left) and 2-jet (right) events. Signal and backgrounds are normal-
ized to the fit result. The uncertainty band is the quadratic sum of all uncertainties, including profiled
uncertainties.

12

1-jet sample

t• OS eμ, 1 or 2 central high pT jets, ≥1 b-tag,
• Bkg: tt,diboson, Z+jets, data-driven (matrix method) 

fake lept.
-

ℓνℓνb
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Summary of LHC σ(tt) results @ 7 TeV  

15 M. Aldaya 

  

TOPLHCWG, 28.11.13 

New or updated 
measurements, not 
included in current 
LHC combination 

Using  
mtop = 172.5 GeV  
as a temporary fix until 
experiments provide 
parametrisation for the 
mass dependence 

Plan for future 
combinations: 
 

- Provide LHC  
  combination at 7 TeV  
  with updated results 
 
- Combine 8 TeV  
  results as soon as    
  updated CMS  
  measurement is  
  released 

ATLAS+CMS Preliminary 

combinations: BLUE for LHC
likelihood for separate ATLAS & CMS

M Aldaya, J Ferrando, TOPLHCWG 28th-29th Nov 2013
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σ(tt) as a function of √s  

16 M. Aldaya 

  

TOPLHCWG, 28.11.13 

mtop = 172.5 GeV (temporary) 

ATLAS+CMS Preliminary 

M Aldaya, J Ferrando, TOPLHCWG 28th-29th Nov 2013
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Top mass definition(I)

82

xDetector

• Mass is a parameter in Lagrangian that undergoes renormalization 
to take into account higher order corrections (self energy) 
• redefinition of physical amplitudes as a function of parameters depending on a 

cut-off that limits the integration range of integrals which would go to infinity
• the bare parameters encode the high energy degrees of freedom

propagator to amplitude: higher order sel-energy corrections

+ + ...
+ + ...1 part irreducible: cannot 

be split in two by removing 
a single line

=

• Self energy corrections shift the “bare” mass: m0→m0 +  Σ(m0) 
• Σ(m0) is finite term +divergent  part 

• Renormalization changes m0→ mren +Σ(mren) where Σ(mren) is 
finite as one subtracts the divergent part

• Renormalization implies choice of scheme i.e. what to keep fixed.

Phys.Rept. 504 (2011) 145-233
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Top mass definition(II)
• Rapidity of convergence  in perturbative regime depends on 

renormalization scheme (even if results don’t)
•  QCD is  only asymptotically convergent : scheme should be acceptable in 

non pert regime too + no infinite order in perturbative regime

83

Lake Louise Winter Institute 2014 Fabio Maltoni

The pole mass corresponds to our physical intuition of a stable particle (pole = propagation of 
particle, though a quark doesn’t usually really propagate -- hadronisation!) however,  it can never be 
determined with accuracy better than O(ΛQCD).

31

The pole mass is closer to what we measure at colliders through invariant mass of the top decay 
products. The ambiguities in that case are explicitly seen in the modeling of extra radiation, the color 
connect effects and hadronization. 

It can be connected to a short distance mass perturbatively (modulo non-perturbative corrections!!):

 Top-quark Mass

mardi 18 février 2014

F Maltoni Lake 
Louise2014

Typical renormalization scheme
• Long distance scheme ~ Pole mass: operative definition as real part of pole 

position in complex momentum space; imagine taking free particle to infinity, 
and measuring mass (impossible for QCD, top is coloured and confined); 
closer to collider measurement

• Short distance ~ Minimal Subtraction (MS): subtract the divergent term of 
corrections + universal constant; do not touch finite part.

• Mass difference between any two schemes is calculable as perturbative 
series in αs

• Difference involves integral of alpha_s over a region where it becomes large so the series 
does not converge : the ambiguity is of order ΛQCD

Phys.Rept. 504 (2011) 145-233
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Top mass: LHC combination mt = 173.3± 0.23± 0.29 GeV, but what mass?

Subtraction of the UV divergences in the self energy Σ(p)

p p✲☛"✁✡

✓
✓
"✂✁

✟
✂✁
☛ ✏

✏✁✄✂
✠✄✂ ✟

Renormalized propagator: S−1(p) = −i[ ̸ p−m0
t + ΣR(p,m0

t , µ)]

Mass is solution of equation ̸ p−mt + ΣR(p,mt, µ) = 0

Pole mass:
ΣR(p) = 0 and

∂ΣR

∂ ̸ p
= 0 for ̸ p = m

MS mass m̄t(µ)– dimensional regularization D = 4− 2ϵ

Σ(p) =
iαSCF

4π

{[

1

ϵ
− γ + ln 4π + A(m0

t , p, µ)

]

̸ p −

[

4

(

1

ϵ
− γ + ln 4π

)

+ B(m0
t , p, µ)

]

m0
t

}

Counterterm to subtract (1/ϵ+ γE − ln 4π)

Relation with the pole mass (coefficients ci depending on ln[µ2/m̄t(µ)2])

mt = m̄t(µ)
[

1 + αS(µ)c1 + α2
S(µ)c2 + . . .

]
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Top mass definition(III)

• MS calculation shows faster convergence for tt cross section, top 
width..Possibly use it to define top mass. 

• What do we measure though?

• A third quantity: the Monte Carlo mass.   resulting from decay products, 
form hadronization and colour effects. Expect it to be close to the pole 
mass.

• Understanding the ambiguity  (1 GeV, hundreds of MeV) is the object of 
current studies.
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Top mass measurement driven by parton shower generators

!
!
!!

✒

θ
p(E)

✓
✓
✓
✓
✓

"
"
"
"

✂✁
✂✁
✂✁
✂✁

k(ω)

✲ p2(E2), z = ω/E

dP = αS
2π P (z)dz dQ2

Q2 ∆S(Q2
max, Q

2)

Q2: ordering variable

∆S(Q2
max, Q

2) : no radiation in [Q2, Q2
max] (soft/collinear virtual corrections)

∆S(Q
2
max, Q

2) = exp

⎡

⎣−
αS

2π

∫ Q2
max

Q2

dQ′2

Q′2

∫ zmax

zmin

dzP (z)

⎤

⎦

HERWIG : Q2 = E2(1− cos θ) ≃ E2θ2/2 (angular ordering);

PYTHIA: Q2 = p2 or k2T

αS(k2T ) with two-loop evolution in HERWIG and one-loop in PYTHIA

Total cross section LO thanks to unitarity (1 = R+ V )

Distributions equivalent to threshold LL resummation, + some NLLs

Λ → ΛMC = Λ exp(4Kβ0): NLL Sudakov form factor at large x (Catani, Marchesini and Webber)

– Typeset by FoilTEX – 12G Corcella, ATLAS Italia Workshop,Jan2014

mailto:fracesco.spano@cern.ch
mailto:fracesco.spano@cern.ch
https://agenda.infn.it/getFile.py/access?contribId=31&sessionId=7&resId=0&materialId=slides&confId=7221
https://agenda.infn.it/getFile.py/access?contribId=31&sessionId=7&resId=0&materialId=slides&confId=7221


fracesco.spano@cern.ch Top Quark Physics with ATLAS @LHC Seminar - Università & INFN Pisa   1st April  2014 87
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1.Template and Matrix Element Methods.  Still LO in 
their essence, yet calibrated to NLO MC simulations. 
MC mass is closely related to the pole mass (=suffers 
of the same NP uncertainties).  MEM:  automation 
[Artoisenet et al. 2010] and first steps towards NLO [Campbell et 
al. 2012]

2. More exclusive final state observables, such as the m
(J/psi, lepton)[Kharchilava ’99],  [Chierici, Dierlamm CMS NOTE 2006/058]. 

Statistically limited.

3. End point method [CMS, 2013] : mT2, simple and resilient. 

32

Several strategies for top mass measurement:

 Top-quark Mass
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3.  Extraction of mMSbar from the cross section 

[Langenfeld, Moch, Uwer 2009, Beneke, Falgari, Klein, Schwinn `11 Ahrens, Ferroglia, Neubert, Pecjak, Yang `11]

• Not competit ive r ight now due 
uncer tainties in the cross section 
measurement,  to the slope and the TH 
uncertainty band.

• Δm/m ~ 3%

33

Several strategies for top mass measurement:

 Top-quark Mass
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The total inclusive NNLO+NNLL tt̄ cross section can be used to extractmt and αS(mZ):
consistency with theoretical definitions, small perturbative and non-perturbative errors,
very little impact of width effects

Disadvantage: mild dependence on mt implies large errors on the extracted values

Found result (CMS): mpole
t = 176.7+3.8

−3.4 GeV agrees with the ‘Monte Carlo’ mass
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Figure 1: Predicted tt cross section at NNLO+NNLL, as a function of the top-quark pole mass
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Figure 5: Results obtained for m from the measured tt cross section together with the

– Typeset by FoilTEX – 14

G Corcella, ATLAS Italia Workshop,Jan2014

mailto:fracesco.spano@cern.ch
mailto:fracesco.spano@cern.ch
https://agenda.infn.it/getFile.py/access?contribId=31&sessionId=7&resId=0&materialId=slides&confId=7221
https://agenda.infn.it/getFile.py/access?contribId=31&sessionId=7&resId=0&materialId=slides&confId=7221


fracesco.spano@cern.ch Top Quark Physics with ATLAS @LHC Seminar - Università & INFN Pisa   1st April  2014 90

Lake Louise Winter Institute 2014 Fabio Maltoni

[Frederix, FM 2009]

4.  Extraction of mtop from distributions: 

Several strategies for top mass measurement:

[Alioli et al.  2013]

Difficult roads, yet worth to be explored! Boosted states and single-top 
production could also be used to independently assess the impact of non-
perturbative corrections.

34

 Top-quark Mass
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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 =

0

@
X

i=1,...,n

pi

1

A
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
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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)

• 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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(M. Mangano
TOP2013)

Top mass
Definition 

(III)
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        Open issues/suggestions/prospects:

• Evaluate systematic uncertainties from showering/hadronization/color 
recombination to go from pole mass to  “MC” mass.  [Skands and Wicke 2007] 

• Study top mass determination in other contexts:  as a function of pt of 
the top in ttbar, from single-top,...

• Study new variables that are more resilient to QCD effects (such as 
those constructed out of the leptons).

• Consider the opportunities coming from very high statistics samples.

36

 Top-quark Mass
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Experimental analyses employ Monte Carlo parton showers which are not NLO QCD
calculations, but LO+LL (soft/collinear), with some NLLs, neglect Γt and depend on a
few tunable non-perturbative parameters (x1, . . . xn)

However, the reconstruction relies on final-state observables, then one would expect the
extracted ‘Monte Carlo mass’ (mMC mimicks the pole mass)

In the SCET framework (Hoang and Stewart) mt can be identified with the jet mass at
the shower cutoff Q0 ∼ O(1 GeV) and is in fact close to the pole mass:

mpole = mJ(µ) + eγEΓt
αS(µ)CF

π

(

ln
µ

Γt
+

1

2

)

+O(α2
S)

Other strategy to address the meaning of the top mass (G.C. and M.L.Mangano):

Hadronize the top quark, i.e. meson states T±,0 ∼ tū, td̄ and let them decay according
to the spectator model, i.e. t → bW with a spectator light quark and W → ℓν

Showers from b and spectator quarks

Invariant mass m(Wbjet) mimicks the top mass

Relate meson mass to pole or MS top masses via lattice, NRQCD, etc.

Work carried out within the LPCC and TOPLHCWG: hope of results for next meetings
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top and new physics
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Search for vector-like quark @ √s=8 TeV

• 1 isol. (e,μ), symmetric ET and mTW + ET cuts, 
≥ 6 central jets,  ≥2 b-tag 

95

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) o�er 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

1Complex-conjugate decay modes are implicit: ZtHt includes ZtHt̄ and HtZt̄, and WbHt includes W+bHt̄ and HtW�b̄.
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energetic leptons and jets in t’ signal)  in 2,3,≥ 
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• Dominant syst in bkg yield: tt+HF 
content, b/c-tag, JES, phys modeling

• Data-driven tt + heavy/light jets (norm, scale 
factors by fit to low b-tag, HT regions), W+jets 
(norm from charge asymm.) and multi-jets bkg

 ∫Ldt = 14.3 fb-1 (2012) 

Weak-isospin doublet (singlet) t’ with mt’ < 790 
(640) GeV are excluded at  95%CL 300 400 500 600 700 800 900

-3
10

-210

-110

1

10

210

 [GeV]t’m

) 
[p

b
]

t’
 t

’
→

(p
p

 
σ

ATLAS

Preliminary

SU(2) doublet
-1

Ldt = 14.3 fb∫
 = 8 TeVs

)σ1±Theory (approx. NNLO prediction 

95% CL expected limit

σ1±95% CL expected limit 

σ2±95% CL expected limit 

95% CL observed limit

300 400 500 600 700 800 900
-3

10

-210

-110

1

10

210

 [GeV]t’m

) 
[p

b
]

t’
 t

’
→

(p
p

 
σ

ATLAS

Preliminary

SU(2) singlet
-1

Ldt = 14.3 fb∫
 = 8 TeVs

)σ1±Theory (approx. NNLO prediction 

95% CL expected limit

σ1±95% CL expected limit 

σ2±95% CL expected limit 

95% CL observed limit

(a) (b)

Figure 5: Observed (solid line) and expected (dashed line) 95% CL upper limits on the t⇥ t̄⇥ cross section
times branching fraction for a weak-isospin (a) doublet and (b) singlet t⇥ quark as a function of the t⇥

quark mass. The surrounding shaded bands correspond to the ±1 and ±2 standard deviations around the
expected limit. The thin red line and band show the theoretical prediction and its ±1 standard deviation
uncertainty.
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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 a�ect 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 a�ect both

9
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Motivation
Top anti-top resonances searches have gained increased interest in recent 
years with the anticipation of the upcoming physics programs of the Large 
Hadron Collider (LHC) experiments. The top quark A by far the heaviest 
known particle A is expected to play a crucial role in many Beyond the 
Standard Model (BSM) physics scenarios.

Feynman diagram of a top 
anti-top production in the 
lepton+jets final state: one of 
the W  bosons decays 
l e p t o n i c a l l y , t h e o t h e r 
hadronically.
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Conclusion

The mono-jet approach

by Bertrand Chapleau 
on behalf of the ATLAS Collaboration.
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In the present study, prospects for early tt 
resonance searches in ATLAS are evaluated for 
early physics runs. Results are reported from a 
full Monte-Carlo study using three different 
(m

tt
) reconstruction schemes designed to 

enhance the sensitivity in the TeV regime.
   
Two types of benchmark models were 
considered: narrow resonances (sequential Z' 
boson) and broad resonances (KK gluons). In 
all cases, only the lepton+jets final state, where 
the lepton might be an electron or a muon, was 
investigated.

One of the most challenging aspects of heavy tt resonance searches lies in 
the reconstruction and identification of boosted top quark decays. A top 
quark being produced with very high transverse momentum is a source of a 
new experimental phenomenology: its decay products become very 
collimated and leave an unusual signature in the detector.  
Different boost regimes will give rise to different event topologies. The mass 
of the heaviest jet in the event can be used to classify such topologies.

Probability that partons from a 
hadronic top decay are found 
within a �R distance of 0.8.

Reconstructed invariant mass of 
the leading jet in  pp � X � tt  � 
lepton+jets events.  

� Driving motivations:Driving motivations:
� High signal efficiency over a wide range of m

tt
� Easy and fast commissioning
� Minimize systematic biases

� Highlights:Highlights:
� Relies on a small number of observables
� No flavour tagging (b-jets)
� No attempt to reconstruct top quarks 

individually

� Jet definition: Jet definition: ATLAS Cone algorithm, R=0.4, 
calorimeter towers, jet E

T
 > 40 GeV

� Events are classified  according      
to the jet mass and the number     
of jets in the event:

� 3 jets, m
jet 

> 65 GeV
� m

tt
 = m

jjjlv

� 3 jets, m
jet

 < 65 GeV
� m

tt
 = m

jjjlv
� 4 jets

� m
tt
 = m

jjjjlv
� >= 5 jets

� m
tt
 = m

jjjjlv 
(4 highest E

T
 jets)

ATLAS sensitivity projection (95 % 
confidence level signal cross-section limit)  
for a narrow resonance obtained from the 
minimal reconstruction approach. 

� Driving motivations:Driving motivations:
� Sensitive to the transition region
� Better control of the reducible background

� Highlights:Highlights:
� Full reconstruction of top and anti-top.
� Makes use of flavour tagging (b-jets)

� Jet definition: Jet definition: Anti-k
T
 algorithm, R=0.4, 

calorimeter towers, jet E
T
 > 20 GeV

� Events are classifed according to the     
highest invariant jet mass.

� m
jet

 < 65 GeV
� 4 jets required
� 2 b-tagged jets
� m

Z'
 = m

bjjblv
 " m

bjj
 " m

blv
 + 2m

t
PDG

� 65 GeV < m
jet

 < 130 GeV
� 3 jets required
� 1 b-tagged jets
� m

Z'
 = m

jjblv
 " m

jj
 " m

blv
 + 2m

t
PDG

� m
jet

 > 130 GeV
� 2 jets required
� 1 b-tagged jets
� m

Z'
 = m

jblv
 " m

j
 " m

blv
 + 2m

t
PDG

ATLAS sensitivity projection (95 % 
confidence level signal cross-section 
limit) for a narrow resonance obtained 
from the full reconstruction approach. Reconstructed m=2 TeV Z' 

mass distribution 
Reconstructed m=1 TeV Z' 
mass distribution 

� Driving motivations:Driving motivations:
� Favor the high end of the m

tt
 spectrum 

(boosted tops) 
� Good mass resolution
� Strong handle on background.

� Highlights:Highlights:
� Relies solely on the mono-jet topology A chose a 

jet definition that enhances this topology.
� No flavour tagging (b-jets)
� Makes use of jet substructure.

� Jet definition:Jet definition: Anti-k
T
 algorithm, R=1.0, 

3D locally calibrated topological 
clusters, jet E

T
 > 200 GeV.

� Semi-leptonic top decay
� Embedded lepton A traditional isolation 

requirement inefficient. 
� Need to disentangle from soft leptons 

(especially muons) coming from B- and 
D-hadrons.

� Cut on observables probing the 
presence of a hard lepton inside the jet 
coming from the W boson decay. 

� Hadronic top decayHadronic top decay
� Decay products are fully merged � top 

monojet (single reconstructed fat jet)
� Need to disentangle from QCD high-p

T
 

jets. 
� Run the k

T
 algorithm on the jet 

constituents to extract information 
about the jet substructure.

pT
lepton

pT
cone�	R�15 GeV

pT
lepton �

1�mb
2�mvisible

2 log�plepton� j�	Rlepton, j�

Reconstructed jet mass: 
sum of massless 
constituents.

Reconstructed W candidate 
mass: invariant mass of the 
subjet pair (out of 3 subjets) 
with lowest mass.

First k
T
 splitting scale.

ATLAS sensitivity projection (9 5 % 
confidence level signal cross-section limit) 
for a narrow resonance obtained from the 
mono-jet reconstruction approach. 

ATLAS sensitivity projection (9 5 % 
confidence level signal cross-section limit) 
for a broad resonance obtained from the 
mono-jet reconstruction approach. 

The SM tt  mass spectrum and all relevant background 
processes reconstructed with the minimal reconstruction 
approach in the 3 jets, m

jet 
> 65 GeV channel (left) and the 4 

jets channel (right).

� m
Z'
 = m

jjlv

Three complementary algorithms for the reconstruction of the tt  invariant mass spectrum 
have been developed and their performance evaluated on fully simulated events. Two 
adaptations of classical top reconstruction algorithms allow for high signal efficiency even in 
the TeV regime (~ 18% and 5% in the m=1-2 TeV range for the minimal and full 
reconstruction approaches respectively) . The mono-jet approach has been shown to be 
efficient down to m

tt
 = 1 TeV, with a signal efficiency of ~ 9% (15%) at m=1 TeV (2 TeV).

If no deviation from the Standard Model is observed, a 95 % C.L. limit of � × BR(X � tt) = 3 
pb is expected for a resonance mass of 1 TeV after 200 pb�1 at center-of-mass energy of 10 
TeV. Approximately the same sensitivity for m=1 TeV  is expected for 1 fb-1 of data at 7 TeV.

Reference: ATLAS Collaboration, Prospects for early tt resonance searches in ATLAS, 
ATL-PHYS-PUB-2010-008. 
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FIG. 1. Jet mass distribution for fully-merged W decay prod-
ucts (a) and fully-merged top quark candidate jets (b), in the
muon + jets selection. The shaded band corresponds to the
total SM background uncertainty.

We provide additional plots that illustrate the top-

tagging procedure used in the analysis presented in this

Letter. Figure 1 shows the distribution of single-jet

masses in a selection optimized to identify partially-

merged top quark decays. In this topology, the W boson

decay products will be merged into a single jet, but the

b quark will escape. The figure also shows the jet mass
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FIG. 2. Plots from Fig. 1 from the Letter, including plots
of the ratio of data and total expected background for each
analysis channel.

distribution for fully-merged boosted top quarks. The re-

construction of these kinematic observables, in a sample

enriched in t¯t events in data, serves to validate the top-

tagging algorithm. Further details are given in Ref. 20 of

the Letter. We also repeat the plots from Fig. 1 of the

main text here in Fig. 2, including ratios to better show

the agreement between data and expectation.

Searches for new physics using the tt invariant mass distribution in pp collisions atp
s = 8TeV

—Supplemental Material—

The CMS Collaboration

CERN
(Dated: October 25, 2013)
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distribution for fully-merged boosted top quarks. The re-

construction of these kinematic observables, in a sample

enriched in t¯t events in data, serves to validate the top-

tagging algorithm. Further details are given in Ref. 20 of

the Letter. We also repeat the plots from Fig. 1 of the

main text here in Fig. 2, including ratios to better show

the agreement between data and expectation.

• “1+1”: 2  fat (R=0.8) Cambridge-Aachen (CA) jets
‣ pT>400 GeV & back-to-back (|Δϕ| >π/2)
‣ top-tagged (mjet ~mtop ,Nsub-jets after pT-based 

declustering = 3 or 4, min(m2 sub-jets) > 50 GeV)

• “1+2”: ≥3 R=0.8 CA 
jets
‣ leading top-tagged jet 

with pT>350 GeV
‣ 2nd(3rd) pruned (discard 

soft,wide-angle clusters) jet 
with pT>200 (30) GeV, 
large Δϕ>2.1(1.7) from 
1st

‣ j2 is W-tag (mjet ~mW ,2 sub-
jets,max(msub-jet)/mjet <0.4), 
m(j2,j3)~mtop

Phys. Rev. Lett. 111 (2013) 211804
‣ trigger: Sum pT R=0.5 anti-kT jets >750 GeV

partially 
merged 

top 
quarks

top jet 
mass is 

as 
expected

fully merged 
top quarks:

W p

min (mpair) of 3 
leading sub-

jets

qqqqbb  
“Boosted” Search for excess in tt production vs Mtt -all had

mailto:fracesco.spano@cern.ch
mailto:fracesco.spano@cern.ch
http://link.aps.org/doi/10.1103/PhysRevLett.111.211804
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 ∫Ldt = 19.7 fb-1 (2012)  √s=8 TeV qqqqbb  

• Boosted Mtt: mass of four momentum 
sum of two top-tagged jets

“Boosted” Search for excess in tt production vs Mtt -all had- -

Searches for new physics using the tt invariant mass distribution in pp collisions atp
s = 8TeV

—Supplemental Material—

The CMS Collaboration

CERN
(Dated: October 25, 2013)
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We provide additional plots that illustrate the top-

tagging procedure used in the analysis presented in this

Letter. Figure 1 shows the distribution of single-jet

masses in a selection optimized to identify partially-

merged top quark decays. In this topology, the W boson

decay products will be merged into a single jet, but the

b quark will escape. The figure also shows the jet mass
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distribution for fully-merged boosted top quarks. The re-

construction of these kinematic observables, in a sample

enriched in t¯t events in data, serves to validate the top-

tagging algorithm. Further details are given in Ref. 20 of

the Letter. We also repeat the plots from Fig. 1 of the

main text here in Fig. 2, including ratios to better show

the agreement between data and expectation.

• Data-driven Non-Top Multi-jet (NTMJ) bkg 
• in events with 2 leading fat jets with pT >400 

GeV + 1 (random) inverted top-tag (min(m2 sub-

jets) <30 GeV): count number of times other jet is 
top-tagged  → prob. to mis-top-tag light 
parton jet vs jet pT

• in events with 2 leading fat jets with pT >400 
GeV + 1 (random) top-jet: apply mis-top-tag 
rate as function of non-top-tagged jet pT
• set mass of non-top-tagged jet to random 

value from simulated NTMJ ← vs kine bias as 
mtop-jetsig region  > mnon-top-jetpre-tag 

• assume no signal is present in pre-tag sample → 
correct by subtracting simulated signal events 
passing NTMJ procedure

• tt bkg from simulation(shape and normalization) 

Phys. Rev. Lett. 111 (2013) 211804
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Search for excess in tt production vs Mtt -single lepton--

•ATLAS: Limit on KKGluon σ*BR  (with 
ΓKKG/mkkG ~ 15% ) 0.56 pb  (mkkG’= 1 TeV) 
to 0.15 pb (mkkG’=2.5 TeV)

KK Gluons with 500 GeV < mkkG < 2.0  
(A) , mkkG < 2.5 TeV (C) are excluded 
with 95%prob

 ∫Ldt = 14.3 fb-1 (2011)  √s=8TeV

ATLAS-CONF-2013-052
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Figure 10: Observed and expected upper cross section limits times the tt̄ branching ratio on (a) Z′

bosons and (b) Kaluza–Klein gluons. The resolved and the boosted selections have been combined
in the estimation of the limits. Both systematic and statistical uncertainties are included.

of the nuisance parameters which decrease the estimated high-mass background in all channels and the
small excess in the boosted electron channel is amplified, leading to weaker observed limits than expected
limits.

Table 3: Upper 95% CL cross section limits times branching ratio on a leptophobic topcolor Z′ decaying
to tt̄, using the combination of all four samples. The observed and expected limits for each mass point
are given, as well as the ±1σ variation of the expected limit. The second column gives the theoretical
predictions with the 1.3 K-factor to account for NLO effects.

Mass (TeV) σ× BR ×1.3 [pb] Obs. (pb) Exp. (pb) −1σ (pb) +1σ (pb)
0.50 23. 5.30 4.99 1.50 10.7
0.75 5.6 2.17 1.00 0.249 1.87
1.00 1.6 0.406 0.335 0.091 0.674
1.25 0.57 0.187 0.160 0.064 0.323
1.50 2.1×10−1 0.148 0.096 0.041 0.198
1.75 0.087 0.066 0.030 0.137
2.00 3.9×10−2 0.078 0.055 0.023 0.117
2.25 0.078 0.045 0.021 0.103
2.50 6.9×10−3 0.081 0.035 0.017 0.081
3.00 1.5×10−3 0.083 0.019 0.010 0.053

11 Summary

A search for tt̄ resonances in the lepton plus jets decay channel has been carried out with the ATLAS
experiment at the LHC. The search uses a data sample corresponding to an integrated luminosity of
14.3 fb−1 of proton-proton collisions at a center-of-mass energy of 8 TeV. The tt̄ system is reconstructed
in two different ways. For the resolved selection, the hadronic top quark decay is reconstructed as two
or three R = 0.4 jets, and for the boosted selection, it is reconstructed as one R = 1.0 jet. No excess

17
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Limits

Phase space overlap between 
resolved and boosted semi-

leptonic analysis

Transition point  ≈ 1 TeV

 Quote resolved result below 
and boosted result above 1 TeV

Non-resonant enhancement:ratio S = (SM + BSM tt) / (SM tt) 

Limit for m
tt
 > 1TeV: S < 1.2 at 95% CL with credible interval of 1.1-2.0 at 68% 

CLtt resonances | CMS

Spin-zero resonance:

Mass Limit

500 GeV 0.8 pb

750 GeV 0.3 pb
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CMS
Phys. Rev. Lett. 111 (2013) 211804

A=ATLAS,C=CMS
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Prospects for resonance searches (II)

•Perform parallel differential cross section measurements: 
complementary to specific searches

•Trigger: maximize collection of larger data set with dedicated 
boosted triggers ( iso/non-iso/mini-iso lepton+jets, fat-jet )

•Selection & Reco: 
‣ use boosted configuration to enhance selection efficiency at 

highest top quark pT. Include more performant top taggers 
‣ low tt mass: use matrix element techniques to get a handle on 

comb bkg

•Stat: reduced with higher lumi

•Syst: use differential information

99
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The close future

100
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tt cross section prospects for 13 TeV

• Increase in luminosity & cross section will enhance signal, backgrounds, possibly 
better S/B; even though samples are already extremely pure

• More particle level vs parton level measurements
• Combination will improve uncertainty by using uncorrelated uncertainties
• Measurements are dominated by systematic uncertainties  2 strategies
‣  Use larger data sample to reduce syst uncertainties, 

❖ generator modelling: crucial harmonization in LHC to achieve combined result 
❖ ISR/FSR
❖ Fragmentation: tune simulation/hadronization models/
❖  improve PDF measurements particularly high x gluons and feed-it back
❖de-sensitize analysis to sys uncertainty

• differential cross section
‣  increase in data size plays crucial role to allow testing low cross section regions
‣ focused syst studies as above in each diffxsec bin interplay with bin and 

unfolding optimization
‣ enhance selection efficiency in higher, boosted configuration by tagging scheme

101
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LHC: beyond 2015

102

The LHC roadmap 

6 R.-D. Heuer, CERN                                               EPS-ECFA Meeting, July 20, 2013 
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40 
The High Luminosity LHC 
Frédérick  Bordry  
ECFA High Luminosity LHC Experiments Workshop – 1st October 2013 

- LS1 [2013-2014] : 1st beams in 2015 
- Run 2 : 13 TeV – 25 ns – up to 1.7 1034 cm-2.s-1, 40-45 fb-1 per year 
- LS2 (higher intensity - LIU) [2018 or 2019]  
-  Run 3 (up to ~2.0 1034 cm-2.s-1) 300 fb-1 before LS3 

 
- HL-LHC : R&D => now an approved project  with a kick-off meeting 

on 11th Nov. 
A lot of technical and operation challenges :  
- Nb3Sn magnets (accelerator field quality) (HFM roadmap)  
- Collimators 
- Superconducting links  
- Crab cavities 
- Increased  availability  (machine  protection,…) 
- … 
Accelerator-experiment interface are central: 
-  Bunch spacing, pile-up density, crossing schemas, background, 
forward  detectors,  collimation,… 

Conclusion 

Thanks for your attention 

HL-LHC: start construction in LS2 
(2018) (cryo & collimators), 

install hardware in LS3 (~2022)

36 
The High Luminosity LHC 
Frédérick  Bordry  
ECFA High Luminosity LHC Experiments Workshop – 1st October 2013 

Total integrated luminosity of 3000 fb-1 for p-p by 2035, with LSs 
taken into account and 1 month for ion physics per year. 

The plan of HL-LHC (baseline) 

Levelling at 5 1034 cm-2 s-1: 140 events/crossing in average, at 25 ns; 
several scenarios under study to  limit  to  1.0  →  1.3 event/mm 
(“Pile-up at HL-LHC and possible mitigation”  Stephane  Fartoukh  on  Wed.  2nd Oct.) 

Frédérick Bordry,ECFA HL LHC 
ExpWorkshop October 2013´

~300/fb
~3000/fb

~2022

~2035
radiation damage: 

end of magnet triplet
useful life
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Summary of prospects for underlying picture 

•L = 20/fb (5/
fb) @ √s=8 
(7)TeV

104

Run 1: √s =7/8 TeV Run2 and beyond (√s = 13/14 TeV)

increased 
ECM , 

lumi &
data/set

• ∫Ldt ~90/fb by 2018, ~300/fb 
by 2020: O(250 M) tt 
events, ~3000/fb by 2035

•Larger xsec increase for 
gg→X dominated processes, 
more at high multi-TeV 
masses ~up to O(100)

Higher 
pile-up 

•<μ>~140
•higher rates for trigger
•Worse jet resolution (1 

GeV per vertex), larger jet 
multiplicity

•Worse b-tagging 
performance, fake 
primary vertex, pile-up & 
fake tracks

•<μ>~20
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ATLAS & CMS in run 2 & beyond

105

Detector Requirements

• The first detector requirement is easy to state
• Have one that is not dead

• Due to radiation damage, LHC detectors will not survive beyond ~500 fb-1

• Must replace inoperable elements
• Tracking detectors, endcap calorimeters (CMS)

• Must upgrade electronics to cope with increased rates (esp. trigger)

“Europe’s top priority should be the full exploitation of 
the full potential of the LHC, including the high-

luminosity upgrade of the machine and detectors ”

12Thursday, October 3, 13
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Summary 

26 

Phase-2 
Prepare for <µ>=200 

Replace Inner Tracker 
New L0/L1 trigger scheme 
Upgrade muon/calorimeter 

electronics 

Phase-0 
New inner pixel layer 

Detector consolidation 

Phase-1 
Improve L1 Trigger 

capabilities to cope with 

higher rates 

ATLAS CMSCMS$Upgrade$program$
6$

LS1$
2013414$$$$$$$$$$$$$

LS2$
2018$$$$$$$$$$$$$$$

LS3$
2022423$

LS1$consolidaEon:$Complete$detector$&$consolidate$operaEon$for$nominal$LHC$
beam$condiEons$�13$TeV,$$1$x$Hz/cm2$,$<PU>$�25$
•  Complete$Muon$system$(4th$endcap$staEon),$improve$RO$of$CSC$ME1/1$&$DTs$
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Prospects for resonance searches (I)
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• Upgraded ATLAS fully simulated events with high pile-up 
(<μ>=140) at √s=14 TeV up to ∫Ldt= 3000/fb

Ditop resonances

Topcolor Z 0 in the l+jets channel with 3000 fb�1 at 14 TeV.

model 300 fb�1 1000 fb�1 3000 fb�1

g
KK

4.3 (4.0) 5.6 (4.9) 6.7 (5.6)
Z 0
topcolor

3.3 (1.8) 4.5 (2.6) 5.5 (3.2)

Expected limits in absence of signal, in TeV for the 14 TeV LHC, for the l+jets

(dilepton) channels. Current limits 2-2.5 TeV.
16 / 33

‣ATLAS-PHYS-PUB-2013-003
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Figure 1: The reconstructed resonance mass spectrum (left) and limits (right) for the gKK → tt̄ search in

the lepton+jets channel with 3000 fb−1 for pp collisions at
√

s = 14 TeV. The highest-mass bin includes

the overflow.
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Figure 2: The reconstructed resonance HT spectrum (left) and limits (right) for the gKK → tt̄ search in

the dilepton channel with 3000 fb−1 for pp collisions at
√

s = 14 TeV. The highest-HT bin includes the

overflow.

5.1 Introduction

In our sensitivity studies of the Z′ boson, we have separated the dielectron and dimuon channels since

their momentum resolutions scale differently with pT and the detector acceptances are different. The

background is dominated by the SM Drell-Yan production, while tt̄ and diboson backgrounds are sub-

stantially smaller. Therefore, only the Drell-Yan background is considered in this study. There is an

additional background from non-prompt electrons due to photon conversions which needs to be sup-

pressed in the dielectron channel. We assume that the required rejection of this background will be

achieved with the upgraded detector.

5.2 Event Selection

Events are considered Z′ → ℓℓ candidates provided they meet the following criteria:

• Exactly two selected same-flavor leptons

• At least one selected lepton must fire the trigger

• Z′ → µµ candidate events must have two opposite-sign muons.

4

Expected limits in absence of  signal, in TeV, for l+jets (dilepton) channel @14 TeV  
LHC

Simplified ATLAS boosted l+jets sel.

USE STAT 
uncertainties 

ONLY
inclusion of 

syst will 
reduce reach

‣ ≥ 1 anti-kT (R=1.0) jet. large pT ≥ 250 GeV, 
large mjet>120 GeV, → lead “fat” jet is had 
top

‣ ≥ 1 anti-kT (R=0.4)  jet  with ΔR(jet,had t-
jet)>1.0,one with highet pT → b-jet for 
leptonic top 

‣ tops in opposite hemisphere → ΔR(lep,had t-
jet)>1.0, ΔR(lept b-jet, had t-jet)>1.5

‣ exactly 1 good, high pT central lepton 
firing trigger

• Mtt: from had t-jet + high pT lepton, pz (ν) 
from W mass constraint, leptonic b-jet

‣ETmiss>50 GeV
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Prospects on ttH: example on
• ttH is a top target for observation at 13-14 TeV running

•First stage of run2: factor 5 improvement in stat sensitivity
‣ Factor 5-6 more integrated lumi compared to run 1
‣ Factor 4.7 increase in signal cross section between 8 TeV and 14 TeV
‣ Bkg rise more slowly ; tt production ~ factor 3.6 increase between 8 and 

14 TeV

107

Full simulation 
for 14 TeV LHC 

for Hγγ

improvement in the measurement of the ratio of partial widths into second- and third-generation
fermions.

The projected uncertainties on the signal-strength measurements and the ratios of partial
widths are summarized in Fig. 4 for the channels that have been studied to date. The same
uncertainties are given in tabular form in Tables 1 and 2. The partial-width ratio uncertainties
are given as well in Table 3.
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Figure 2: Expected diphoton mass distribution in the single lepton ttH channel for
p

s=14 TeV and
L = 3000 fb�1.

 [GeV]µµm
80 100 120 140 160 180 200

Ev
en

ts
 / 

0.
5 

G
eV

210

310

410

510

610

710

810

910

1010 ATLAS Preliminary (Simulation)
-1dt = 3000 fb L

  ∫
 = 14 TeVs

µµ →Z 

XνµX νµ → tt
νµνµ →WW

=125 GeV
H

, mµµ → H →gg 

100 110 120 130 140 150Ev
en

ts
 - 

Bk
g 

/ 2
 G

eV

-5000

0

5000

Figure 3: Distribution of the µ+µ� invariant mass of the signal and background processes generated forp
s=14 TeV and L = 3000 fb�1.

The ratios of partial widths shown in the right-hand panel of Fig. 4 correspond to coupling
scale-factors according to �X/�Y = 2X/

2
Y , where i is the coupling scale-factor for the Higgs

coupling1 to i = g, �,W,Z, t, µ, ⌧, and the Standard Model value is  = 1 [13, 14]. The results of
a minimal fit, where only two independent scale factors are used, V for vector bosons and F for
fermions, is shown in Table 4. Significant improvement in the precision between 300 and 3000
fb�1 is seen. The column including the theory uncertainty assumes no improvement over today’s
values, certainly a pessimistic assessment. Fig. 5 shows the two-dimensional contours in V and
F . The left-hand figure compares the projected results for 300 fb�1 with, and without, theory

1In the case of gluons and photons, these are e↵ective couplings that include all loop e↵ects into a single value
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The ratios of partial widths shown in the right-hand panel of Fig. 4 correspond to coupling
scale-factors according to �X/�Y = 2X/

2
Y , where i is the coupling scale-factor for the Higgs

coupling1 to i = g, �,W,Z, t, µ, ⌧, and the Standard Model value is  = 1 [13, 14]. The results of
a minimal fit, where only two independent scale factors are used, V for vector bosons and F for
fermions, is shown in Table 4. Significant improvement in the precision between 300 and 3000
fb�1 is seen. The column including the theory uncertainty assumes no improvement over today’s
values, certainly a pessimistic assessment. Fig. 5 shows the two-dimensional contours in V and
F . The left-hand figure compares the projected results for 300 fb�1 with, and without, theory

1In the case of gluons and photons, these are e↵ective couplings that include all loop e↵ects into a single value
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clean signal; S/B~20%
ATLAS-PHYS-PUB-2013-007
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