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The top quark
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•Discovered in 1995 at the Tevatron 

•Pointlike particle as massive as a 
gold atom (the only natural 
Yukawa coupling!) 

•Only quark decaying before 
hadronising (information on a 
bare quark!) 

•Standard Model predicts all its 
properties given its mass (any 
deviation means new physics!)



Top properties and new physicsL. Masetti  - 08/01/16

Geneva lake Airport

ATLAS

CERN 
Meyrin

Run 1: √s = 7 TeV (2011), 8 TeV (2012) 
Peak luminosity: 7.7x1033cm-2s-1, bunch spacing: 50 ns

LHC and ATLAS
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Top quark production
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Tops, tops, tops...

The LHC is a top factory

Several million top quarks produced in Run 1
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Top quark decay
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•Top quarks decay to Wb with about 100% BR 
•Experimental signatures based on W decay

•Three signatures for top pairs 
Jets include hadronic tau decays 
Leptons include leptonic tau decays 

•All-jets: high rate, large background 
(multijet) 

•Lepton+jets: medium rate, acceptable 
background (W+jets) 

•Dilepton: low rate, small background  
(Z+jets, diboson)
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Measurements and searches
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Fig. 1. Feynman diagrams for tt̄ production at leading order QCD.

briefb, more detailed overviews can be found in Refs. 19, 20, 21, 22.

2.1. Top quark pair production

In the SM, the dominant production mechanism for top quark pair production is
mediated by the strong interaction. Thus, since the top quark mass mt is much
larger than ⇤QCD, tt̄ production at LHC can be successfully described in terms
of quantum chromodynamics (QCD), the theory of the strong interaction. In the
QCD-improved parton model, the inclusive production cross section of the process
pp ! tt̄, which depends on mt and the center-of-mass energy squared of the collider
s = 4E2

beam

, can be expressed using the factorization theorem as a convolution of
parton distribution functions (PDF) and a partonic cross section �̂ (at leading twist,
i.e., up to terms suppressed by powers of s):

�pp!t¯t(s,mt) =
X

i,j=q,q̄,g

Z
dxidxjfi(xi, µ

2

f )fj(xj , µ
2

f )·�̂ij!t¯t(ŝ,mt, µf , µr,↵s) . (1)

The sum runs over all quarks and gluons contributing, xi are the parton momentum
fractions with respect to the proton momenta, fi(xi, µ

2

f ) are the proton PDF, µf(r)

are the factorization and renormalization scales, ↵s is the strong coupling and ŝ ⇠
xixjs is the partonic center-of-mass energy. At leading order (LO) QCD, i.e., O(↵2

s),
the processes gg ! tt̄ and qq̄ ! tt̄ contribute (Fig. 1), while at next-to-leading order
(NLO) there are also partonic sub-processes with gq (gq̄) in the initial state. The
dependence on µr of the partonic cross section, computed in truncated perturbation
theory, arises in particular from the definition of the renormalized coupling ↵s, which
is usually done in the MS-scheme. The top mass mt in Eq. 1 may also depend
on µr, depending on the choice of renormalization scheme (see section 2.4). The
dependence of the partonic cross section and the PDF on µf arises from absorbing
uncanceled collinear initial state singularities into the PDF. The renormalization
and factorization scales are typically set to a hard scale of the process, and one
often identifies µ = µr = µf . In the case of the total cross section, one usually
sets µ = mt. However, in the case of di↵erential cross sections, other choices are
more appropriate since additional hard scales may be given, for example by the

bAs this review is focusing on experimental results, no attempt is made to fully reflect all devel-
opments in the areas of the theory and phenomenology of top quarks, and references given do not
aim at being complete.
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f )·�̂ij!t¯t(ŝ,mt, µf , µr,↵s) . (1)

The sum runs over all quarks and gluons contributing, xi are the parton momentum
fractions with respect to the proton momenta, fi(xi, µ

2

f ) are the proton PDF, µf(r)

are the factorization and renormalization scales, ↵s is the strong coupling and ŝ ⇠
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Fig. 3. Example Feynman diagrams for single top quark production at LO QCD. From left to
right: t-channel production as flavor excitation and as W -gluon fusion; s-channel production; tW -
channel production.

Table 2. Approximate NNLO QCD calculations of the total cross sec-
tions for single top quark and anti-quark production in pp collisions atp
s = 7 TeV. The first uncertainty corresponds to the scale uncertainty,

while the second one (where given) is the PDF uncertainty.

Production mode (author) �
t

[pb] �
t̄

[pb]

t-channel (Kidonakis 71) 41.7+1.6
�0.2 ± 0.8 22.5± 0.5+0.7

�0.9

s-channel (Kidonakis 72) 3.17± 0.06+0.13
�0.10 1.42± 0.01+0.06

�0.07

s-channel (Zhu et al. 73) 2.81+0.16
�0.10 1.60+0.08

�0.05

tW -channel (Kidonakis 74) 7.8± 0.2+0.5
�0.6 7.8± 0.2+0.5

�0.6

either considered through the b-quark PDF in the proton (flavor excitation,
massless scheme) or produced via gluon splitting g ! bb̄ (W -gluon fusion,
massive scheme);

• In the s-channel mode, a time-like W -boson is produced from two quarks
belonging to an isospin doublet, e.g., ud̄, and subsequently decays into tb̄;

• In the tW -channel mode, which is also called associated production, the
top quark is produced in association with a close-to real W -boson.

Single top quark production is interesting for various reasons. Its proof of ex-
istence provides a relevant test of the standard model. It is important to measure
all three production modes, since they are sensitive to the Wtb vertex in di↵erent
ways. Non-standard couplings would indicate the presence of contributions from
new physics. Also, single top quark production allows to directly measure the CKM
matrix element |Vtb| (assuming R = 1, see Eq. 3 in section 2.3), without making an
assumption on the number of generations, and to verify the unitarity of the CKM
matrix. Deviations from the SM expectation could indicate a possible fourth gen-
eration. The flavor excitation production allows constraints on the b-quark PDF,
though this requires significant statistics. Standard model single top quark produc-
tion constitutes a background in several new physics scenarios, for instance produc-
tion of a new W 0 or a charged Higgs H+ boson (tW - or s-channel signature). New
physics involving FCNC would lead to single top production via ug ! t (t-channel
signature).

The cross section for single top quark production in hadron collisions was calcu-
lated at NLO QCD ten years ago 75,76. The most recent calculations also incorporate
NNLL resummation 71,72,73,74. The numerical results are summarized in Table 2.
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Observables
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Measurement of the charge asymmetry in top quark pair
production in pp collisions at

√

s = 7 TeV using the ATLAS
detector

The ATLAS Collaborationa,1

1CERN, 1211 Geneva 23, Switzerland
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Abstract A measurement of the top-antitop produc-
tion charge asymmetry AC is presented using data cor-
responding to an integrated luminosity of 1.04 fb−1 of
pp collisions at

√
s = 7 TeV collected by the ATLAS

detector at the LHC. Events are selected with a single
lepton (electron or muon), missing transverse momen-
tum and at least four jets of which at least one jet is
identified as coming from a b-quark. A kinematic fit is
used to reconstruct the tt̄ event topology. After back-
ground subtraction, a Bayesian unfolding procedure is
performed to correct for acceptance and detector ef-
fects. The measured value of AC is AC = −0.018 ±
0.028 (stat.) ± 0.023 (syst.), consistent with the pre-
diction from the MC@NLO Monte Carlo generator of
AC = 0.006±0.002. Measurements of AC in two ranges
of invariant mass of the top-antitop pair is also shown.

Keywords Top physics · Charge asymmetry

PACS 14.65.Ha

1 Introduction

The top quark is the heaviest elementary particle so far
observed. With a mass close to the electroweak scale it
may play a special role in physics beyond the Standard
Model (SM). Its pair production at hadron colliders al-
lows a test of quantum chromodynamics (QCD) at high
energies.

This paper describes the measurement of the charge
asymmetry AC , defined as [1, 2]:

AC =
N(∆|y| > 0) − N(∆|y| < 0)

N(∆|y| > 0) + N(∆|y| < 0)
, (1)

where ∆|y| ≡ |yt|−|yt̄| is the difference between the ab-
solute values of the top and antitop rapidities (|yt| and

ae-mail: atlas.publications@cern.ch

|yt̄|) and N is the number of events with ∆|y| positive
or negative.

Although tt̄ production at hadron colliders is pre-
dicted to be symmetric under the exchange of t and t̄ at
leading order, at next-to-leading order (NLO) the pro-
cess qq̄ → tt̄g exhibits an asymmetry in the differential
distributions of the top and antitop, due to interfer-
ence between initial and final state gluon emission. The
qq̄ → tt̄ process also possesses an asymmetry due to
the interference between the Born and box diagrams.
Similarly, the qg → tt̄q process is asymmetric due to
interference between amplitudes which have a relative
sign difference under the exchange of t and t̄. The pro-
duction of tt̄ pairs by gluon-gluon fusion, gg → tt̄, on
the other hand, is symmetric.

In pp̄ collisions at the Tevatron, where top pairs are
predominantly produced by quark-antiquark annihila-
tion, perturbative QCD predicts that the top quark will
be preferentially emitted in the direction of the incom-
ing quark and the antitop in the direction of the in-
coming antiquark [3]. Consequently, the charge asym-
metry is measured as a forward-backward asymmetry,
AFB . Recent measurements of AFB by the CDF and
D0 Collaborations [4–7] show a 2-3σ excess over the
SM expectations enhancing interest in scrutinising the
tt̄ asymmetry. For tt̄ invariant mass, mtt̄, greater than
450GeV, the CDF experiment measures an asymme-
try in the tt̄ rest frame which is 3.4σ above the SM
prediction [6]. Several new physics models have been
proposed to explain the excess observed at CDF and
D0 [1, 8–17]. Different models predict different asym-
metries as a function of mtt̄ [18].

In pp collisions at the LHC, the dominant mech-
anism for tt̄ production is expected to be the gluon-
gluon fusion process, while tt̄ production via qq̄ or qg is
small. Since the initial state is symmetric, the forward-
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The tt̄-based charge asymmetry Att̄
C
is defined as:

Att̄C =
N(∆|y| > 0) − N(∆|y| < 0)
N(∆|y| > 0) + N(∆|y| < 0)

, (1)

where ∆|y| ≡ |yt| − |yt̄| represents the difference of the absolute values of top and antitop rapidities (|yt|
and |yt̄|) and N is the number of events with ∆|y| being positive or negative. The charge of the top or
antitop quark is determined by the charge of the lepton.

The lepton-based asymmetry Aℓℓ
C
is defined as:

AℓℓC =
N(∆|η| > 0) − N(∆|η| < 0)
N(∆|η| > 0) + N(∆|η| < 0)

, (2)

where ∆|η| = |ηl+ | − |ηl− | represents the difference of the absolute values of positively and negatively
charged lepton pseudorapidities1 and N is the number of events with ∆|η| being positive or negative. To
allow comparisons with theory calculations, in both cases, the asymmetries are measured after back-

ground subtraction and after correction for acceptance and detector effects.

2 Data and Monte Carlo samples

In this note, data from LHC proton-proton collisions collected by the ATLAS detector in 2011 are used.

A detailed description of the detector can be found in [19]. The dataset corresponds to an integrated

luminosity of 4.7 fb−1.

Simulated top pair events are generated using the next-to-leading order (NLO)MC@NLO v.4.01 [20]

Monte Carlo (MC) generator with the NLO parton density (PDF) set CT10 [21]. Parton showering and

underlying event are modeled using HERWIG [22] and JIMMY [23] with the AUET2-CT10 tuning [24].

This sample is generated assuming a top mass of 172.5 GeV and it is normalized to a cross-section

of 166.8 pb obtained from the HATHOR tool which approximates the next-to-next-to leading order

(NNLO) prediction [25]. Single top events are also generated using MC@NLO (ACERMC [26] for the

t-channel) while the production of W/Z bosons in association with jets is simulated using the ALPGEN

generator [27] interfaced to HERWIG and JIMMY. Diboson events (WW, WZ, ZZ) are produced using

HERWIG.

All Monte Carlo simulated samples are generated with multiple pp interactions (pile-up). These

simulated events are re-weighted so that the distribution of the number of interactions per crossing in

simulation matches that observed in the data. The samples are then processed through the GEANT4 [28]

simulation and the reconstruction software of the ATLAS detector [29].

3 Event selection

3.1 Object definition

The reconstruction of top quark pair events in the detector involves electrons, muons, jets and miss-

ing transverse momentum. Electron candidates are defined as energy deposits in the electromagnetic

calorimeter with an associated well-measured track [30]. All electron candidates are required to have

ET > 25 GeV and |ηcluster| < 2.47, where ηcluster is the pseudorapidity of the electromagnetic cluster
1In the right-handed ATLAS coordinate system, the pseudorapidity η is defined as η = − ln[tan(θ/2)], where the polar

angle θ is measured with respect to the LHC beamline. The azimuthal angle φ is measured with respect to the x-axis, which

points towards the center of the LHC ring. The z-axis is parallel to the anti-clockwise beam viewed from above. Transverse

momentum and energy are defined as pT = p sin θ and ET = E sin θ, respectively.

2

The tt̄-based charge asymmetry Att̄
C
is defined as:

Att̄C =
N(∆|y| > 0) − N(∆|y| < 0)
N(∆|y| > 0) + N(∆|y| < 0)

, (1)

where ∆|y| ≡ |yt| − |yt̄| represents the difference of the absolute values of top and antitop rapidities (|yt|
and |yt̄|) and N is the number of events with ∆|y| being positive or negative. The charge of the top or
antitop quark is determined by the charge of the lepton.

The lepton-based asymmetry Aℓℓ
C
is defined as:

AℓℓC =
N(∆|η| > 0) − N(∆|η| < 0)
N(∆|η| > 0) + N(∆|η| < 0)

, (2)

where ∆|η| = |ηl+ | − |ηl− | represents the difference of the absolute values of positively and negatively
charged lepton pseudorapidities1 and N is the number of events with ∆|η| being positive or negative. To
allow comparisons with theory calculations, in both cases, the asymmetries are measured after back-

ground subtraction and after correction for acceptance and detector effects.

2 Data and Monte Carlo samples

In this note, data from LHC proton-proton collisions collected by the ATLAS detector in 2011 are used.

A detailed description of the detector can be found in [19]. The dataset corresponds to an integrated

luminosity of 4.7 fb−1.

Simulated top pair events are generated using the next-to-leading order (NLO)MC@NLO v.4.01 [20]

Monte Carlo (MC) generator with the NLO parton density (PDF) set CT10 [21]. Parton showering and

underlying event are modeled using HERWIG [22] and JIMMY [23] with the AUET2-CT10 tuning [24].

This sample is generated assuming a top mass of 172.5 GeV and it is normalized to a cross-section

of 166.8 pb obtained from the HATHOR tool which approximates the next-to-next-to leading order

(NNLO) prediction [25]. Single top events are also generated using MC@NLO (ACERMC [26] for the

t-channel) while the production of W/Z bosons in association with jets is simulated using the ALPGEN

generator [27] interfaced to HERWIG and JIMMY. Diboson events (WW, WZ, ZZ) are produced using

HERWIG.

All Monte Carlo simulated samples are generated with multiple pp interactions (pile-up). These

simulated events are re-weighted so that the distribution of the number of interactions per crossing in

simulation matches that observed in the data. The samples are then processed through the GEANT4 [28]

simulation and the reconstruction software of the ATLAS detector [29].

3 Event selection

3.1 Object definition

The reconstruction of top quark pair events in the detector involves electrons, muons, jets and miss-

ing transverse momentum. Electron candidates are defined as energy deposits in the electromagnetic

calorimeter with an associated well-measured track [30]. All electron candidates are required to have

ET > 25 GeV and |ηcluster| < 2.47, where ηcluster is the pseudorapidity of the electromagnetic cluster
1In the right-handed ATLAS coordinate system, the pseudorapidity η is defined as η = − ln[tan(θ/2)], where the polar

angle θ is measured with respect to the LHC beamline. The azimuthal angle φ is measured with respect to the x-axis, which

points towards the center of the LHC ring. The z-axis is parallel to the anti-clockwise beam viewed from above. Transverse

momentum and energy are defined as pT = p sin θ and ET = E sin θ, respectively.

2

Central-forward asymmetry due to interference at NLO and PDFs

Top-antitop 
asymmetry

Leptonic 
asymmetry

l+jets and dilepton 
requires kinematic reconstruction

dilepton only 
no kinematic reconstruction

http://arxiv.org/abs/1207.0331
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Lepton+jets @ 8 TeV

11

Inclusive and differential measurements, uncertainty dominated by statistics 
Full event reconstruction with kinematic fit, unfolded to parton level 

All results compatible with theoretical predictions in SM

arXiv:1509.02358

The final numbers of expected and observed data events after the full event selection, marginalisation of
nuisance parameters andW+jets in situ calibration are listed in Table 1, while Fig. 2 shows the good level
of agreement between the data and expectation before and after marginalisation for the six channels. In
both cases, the uncertainties that are marginalized are shown. Since these uncertainties are correlated for
the background and signal components, the total combined marginalized uncertainty is smaller than the
sum of the constituent parts.

Table 2: Impact of individual sources of uncertainty on the inclusive AC measurement. All uncertainties described
in Sect. 6.3 are considered, but only the ones having a variation above 10% of the statistical uncertainty are reported
in the table. Systematic uncertainties in group (a) are marginalised while systematic uncertainties in group (b) are
added in quadrature to the marginalised posterior.

Source of systematic uncertainty δAC
(a) Jet energy scale and resolution 0.0016

Multijet background normalisation 0.0005

(b) Initial-/final-state radiation 0.0009
Monte Carlo sample size 0.0010
PDF 0.0007

Statistical uncertainty 0.0044

Total uncertainty 0.0049

7 Results

7.1 Inclusive measurement

The inclusive tt̄ production charge asymmetry is measured to be

AC = 0.009 ± 0.005 (stat. + syst.),

compatible with the SM prediction, AC = 0.0111 ± 0.0004 [1].

Since the background estimation is part of the Bayesian inference procedure described in Sect. 6.2, it is
not possible to study the impact of systematic uncertainties by repeating unfolding on data with varied
templates, without using marginalisation. Instead, the expected impact of systematic uncertainties is
studied with pseudo-data distributions corresponding to the sum of the background and signal predictions.
For each source of uncertainty, the ±1σ variations of the predictions are used to build the pseudo–data,
and the unfolding procedure is repeated. The baseline background templates and response matrices, as
in the actual measurements, are used. Table 2 shows the average asymmetry variation δAC computed,
for each source of uncertainty, as |AC(+1σ) − AC(−1σ)|/2, but only the uncertainties having a variation
above 10% of the statistical uncertainty are reported in the table. The total uncertainty associated with the
marginalised systematic uncertainties is estimated by subtracting in quadrature the statistical term from
the total marginalised uncertainty. It yields 0.002 (category (a) in Table 2). The total, non-marginalised
uncertainty associated with systematic uncertainties is estimated by summing in quadrature sources from
category (b) in Table 2.

16

The precision of the measurement is limited by the statistical uncertainty, and the main sources of sys-
tematic uncertainty are the signal modelling and the uncertainties with a large impact on the size of the
W+jets background, such as the uncertainty on the jet energy scale and resolution.

Figure 3: Measured AC values as a function of bin-averagedmtt̄, βz,tt̄ and pT,tt̄, compared with predictions for SM [1]
and for right-handed colour octets with masses below the tt̄ threshold and beyond the kinematic reach of current
LHC searches [91]. The BSM predictions are shown only for the two top plots. The bins are the same as the ones
reported in Table 3 and Table 4.

7.2 Differential measurements

The AC differential spectra are compared in Fig. 3 with the theoretical SM predictions, as well as with
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Boosted top @ 8 TeV

12

Inclusive and differential measurements 
in the fiducial phase-space  

mtt > 0.75 TeV, -2 < Δ|y| < 2 

Hadronic top decay reconstructed from 
substructure of large-R jet (top-tagging) 

 Unfolded to parton level 

All results compatible with theoretical 
predictions in SM

arXiv:1512.06092

http://arxiv.org/abs/1512.06092
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Dilepton @ 7 TeV

13

Inclusive ttbar and leptonic asymmetry measurements 
Uncertainty dominated by statistics 

Event reconstruction with neutrino weighting technique  
Asymmetry and distributions unfolded to parton level 

All results compatible with theoretical predictions in SM

JHEP 05 (2015) 061

http://link.springer.com/article/10.1007/JHEP05(2015)061
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CA Summary
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arXiv:1509.02358 JHEP 05 (2015) 061

Comparisons with BSM models  
compatible with Tevatron results 
W’ model strongly disfavoured

arXiv:1512.06092

http://arxiv.org/abs/1509.02358
http://link.springer.com/article/10.1007/JHEP05(2015)061
http://arxiv.org/abs/1512.06092
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FCNC vertices
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20 Top quark working group report

Table 1-7. SM and new physics model predictions for branching ratios of top FCNC decays. The SM
predictions are taken from [119], on 2HDM with flavor violating Yukawa couplings [119, 120] (2HDM (FV)
column), the 2HDM flavor conserving (FC) case from [121], the MSSM with 1TeV squarks and gluinos
from [122], the MSSM for the R-parity violating case from [123, 124], and warped extra dimensions (RS)
from [125, 126] .

Process SM 2HDM(FV) 2HDM(FC) MSSM RPV RS

t ! Zu 7⇥ 10�17 – –  10�7  10�6 –

t ! Zc 1⇥ 10�14  10�6  10�10  10�7  10�6  10�5

t ! gu 4⇥ 10�14 – –  10�7  10�6 –

t ! gc 5⇥ 10�12  10�4  10�8  10�7  10�6  10�10

t ! �u 4⇥ 10�16 – –  10�8  10�9 –

t ! �c 5⇥ 10�14  10�7  10�9  10�8  10�9  10�9

t ! hu 2⇥ 10�17 6⇥ 10�6 –  10�5  10�9 –

t ! hc 3⇥ 10�15 2⇥ 10�3  10�5  10�5  10�9  10�4

1.5.2.1 SM top FCNCs

SM contributions to top FCNCs are necessarily small, suppressed by both the GIM mechanism and by the
large total width of the top quark due to the dominant mode t ! bW [127, 128]. This essentially guarantees
that any measurable branching ratio for top FCNC decays is an indication of new physics. The values
in Table 1-7 are from the updated numerical evaluation in reference [119]. Note that the results are very
sensitive to the value of m

b

, since they scale as m
b

(m
t

)4. The di↵erence between decays involving u quark
and c quarks arises from the relative factor |V

ub

/V
cb

|2.

1.5.2.2 BSM top FCNCs

Many models for new physics predict new contributions to top FCNCs that are orders of magnitude in excess
of SM expectations. Extended electroweak symmetry breaking sectors with two Higgs doublets (2HDM) lead
to potentially measurable FCNCs. Parametric expectations are particularly large for 2HDM with tree-level
flavor violation, for which flavor-violating couplings between Standard Model fermions and the heavy scalar
Higgs H or pseudoscalar A are typically assumed to scale with quark masses, as

p
m

q

m
t

/m2
W

, in order to
remain consistent with limits on light quark FCNCs. The estimates in Table 1-7 are taken from references
[129, 120]. The flavor-violating decays arise at one loop due to the exchange of H,A, and the charged Higgs
scalar H±, with the rate that depends on both the tree-level flavor-violating couplings between fermions and
the heavy Higgs bosons and the masses of the heavy Higgs bosons themselves.

Even when tree-level flavor conservation is guaranteed in the 2HDM by discrete symmetries, the model
predicts measurable top FCNCs due to loop processes that involve the additional charged Higgs bosons. In
this case the rate for flavor-violating processes depends on the mass of the charged Higgs and the angle tan�
parameterizing the distribution of vacuum expectation values between the two Higgs doublets. In the Type-I
2HDM, the branching ratios are typically small; the most promising candidate is t ! gc ⇠ 10�8, with rates
for t ! hq several orders of magnitude smaller. In the Type-II 2HDM, the leading contribution to t ! hq is
enhanced by O(tan4 �) and may be considerable at large tan�. The most optimistic cases are presented in
Table 1-7, taken from [121] for Type I and Type II 2HDM. However, given that Higgs coupling measurements

Community Planning Study: Snowmass 2013

Highly suppressed in SM 
Strong enhancement in BSM possible

K. Agashe et al., arXiv:1311.2028
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arXiv:1508.05796

Events with 3 leptons, at least 2 jets, at least 1 jet b-tagged, and MET 

Event reconstruction via χ2 minimisation 

No evidence for signal 

BR(t→Zq) < 7・10-4 @ 95% CL
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t→Hq @ 7 and 8 TeV
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Events with 1 lepton, at least 4 jets (H→bb) and MET 

Combination with other Higgs decay modes 

No evidence for signal 

BR(t→Hu) < 0.46% @ 95% CL 

BR(t→Hc) < 0.45% @ 95% CL
JHEP 12 (2015) 061

6.1. Event categorisation

Given the focus on the W ! `⌫ and H ! bb̄ decay modes, the tt̄ ! WbHq signal is expected to have
typically four jets, of which three or four are b-tagged. The latter case corresponds to the tt̄ ! WbHc
signal where the charm quark, as well as the three b-quark jets, are b-tagged. Additional jets can also be
present because of initial- or final-state radiation. In order to optimise the sensitivity of the search, the
selected events are categorised into di↵erent channels depending on the number of jets (4, 5 and �6) and
on the number of b-tagged jets (2, 3 and �4). Therefore, the total number of analysis channels considered
in this search is nine: (4 j, 2 b), (4 j, 3 b), (4 j, 4 b), (5 j, 2 b), (5 j, 3 b), (5 j, �4 b), (�6 j, 2 b), (�6 j, 3 b),
and (�6 j, �4 b), where (n j, m b) indicates n selected jets and m b-tagged jets.

The overall rate and composition of the tt̄+jets background strongly depends on the jet and b-tag multi-
plicities, as illustrated in figure 1. The tt̄+light-jets background is dominant in events with exactly two or
three b-tagged jets, with the two b-quarks from the top quark decays being tagged in both cases, and a
charm quark from the hadronic W boson decay also being tagged in the latter case. Contributions from
tt̄+cc̄ and tt̄+bb̄ become significant as the jet and b-tag multiplicities increase, with the tt̄+bb̄ background
being dominant for events with �6 jets and �4 b-tags.

In the channels with four or five jets and three or at least four b-tags, which dominate the sensitivity of
this search, selected signal events have a H ! bb̄ decay in more than 95% of the events. The channels
most sensitive to the tt̄ ! WbHu and tt̄ ! WbHc signals are (4 j, 3 b) and (4 j, 4 b) respectively.
Because of the better signal-to-background ratio in the (4 j, 4 b) channel, this analysis is expected to
have better sensitivity for tt̄ ! WbHc than for tt̄ ! WbHu signal. The rest of the channels have
significantly lower signal-to-background ratios, but they are useful for calibrating the tt̄+jets background
prediction and constraining the related systematic uncertainties (see section 7) through a likelihood fit to
data (see section 8). This strategy was first used in the ATLAS search for tt̄H associated production, with
H ! bb̄ [21], and is adopted in this analysis. A table summarising the observed and expected yields
before the fit to data in each of the analysis channels can be found in appendix A.

6.2. Discrimination of signal from background

After event categorisation, the signal-to-background ratio is very low even in the most sensitive analysis
channels, and a suitable discriminating variable between signal and background needs to be constructed
in order to improve the sensitivity of the search. A powerful discriminant between signal and background
can be defined as:

D(x) =
Psig(x)

Psig(x) + Pbkg(x)
, (2)

where Psig(x) and Pbkg(x) represent the probability density functions (pdf) of a given event under the sig-
nal hypothesis (tt̄ ! WbHq) and under the background hypothesis (tt̄ ! WbWb) respectively. Both pdfs
are functions of x, representing the four-momentum vectors of all final-state particles at the reconstruction
level: the lepton (`), the neutrino (⌫; reconstructed as discussed below), and the Njets selected jets in a
given analysis channel.

Since both signal and background result from the tt̄ decay, there are few experimental handles available
to discriminate between them. The most prominent features are the di↵erent resonances present in the
decay (i.e. the Higgs boson in the case of tt̄ ! WbHq and a hadronically decaying W boson in the case
of tt̄ ! WbWb), and the di↵erent flavour content of the jets forming those resonances. This is the main

10
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Events with 1 lepton, 1 jet and MET 

Selection via neural network 

No evidence for signal 

BR(t→ug) < 4.0・10-5 @ 95% CL 

BR(t→cg) < 20・10-5 @ 95% CL
arXiv:1509.00294

http://arxiv.org/abs/1509.00294
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Present best FCNC limits
t→cX t→uX
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arXiv:1510.03764

Effective Lagrangian for the Wtb vertex

1. Introduction

The top quark is the heaviest known fundamental particle, making the measurement of its production and
decay kinematics a unique probe of physical processes beyond the Standard Model (SM). The top quark
was first observed in 1995 at the Tevatron [1, 2] through its dominant production channel, top-quark pair
(tt̄) production via the flavour-conserving strong interaction. An alternative process produces single top
quarks through the weak interaction, first observed at the Tevatron in 2009 [3, 4].

The t-channel exchange of a virtual W boson is the dominant process contributing to single top-quark
production (see Figure 1). The production cross-section is calculated for proton–proton (pp) collisions atp

s = 7 TeV using a next-to-leading-order (NLO) QCD prediction with resummed next-to-next-to-leading
logarithmic (NNLL) accuracy, referred to as approximate next-to-next-to-leading order (NNLO). With
a top-quark mass of 172.5 GeV and MSTW2008NNLO [5]parton distribution function (PDF) sets, the
cross-section for the t-channel process is calculated to be 64.6+2.6

�1.7 pb [6]. The uncertainties correspond to
the sum in quadrature of the error obtained from the MSTW PDF set at the 90% confidence level (C.L.)
and the factorisation and renormalisation scale uncertainties.

q0

W+

b

t

`+

⌫

W+

b

q

(a)

q0

W+

b
t

`+

⌫

W+

b
b̄

g

q

(b)

Figure 1: Representative Feynman diagrams for t-channel single top-quark production and decay. Here q represents
a u or d̄ quark, and q0 represents a d or ū quark, respectively. The initial b-quark arises from (a) a sea b-quark in the
2! 2 process, or (b) a gluon splitting into a bb̄ pair in the 2! 3 process.

New physics resulting in corrections to the Wtb vertex would a↵ect t-channel single top-quark production
and decay, and can be probed through processes which a↵ect variables sensitive to the angular distribu-
tions of the final-state particles from the top-quark decay. Within the e↵ective field theory framework, the
Lagrangian can be expressed in full generality as [7, 8]:

LWtb = � gp
2

b�µ (VLPL + VRPR) tW�µ �
gp
2

b
i�µ⌫q⌫

mW
(gLPL + gRPR) tW�µ + h.c., (1)

where g is the weak coupling constant, and mW and q⌫ are the mass and the four-momentum of the
W boson, respectively. PL,R ⌘ (1 ⌥ �5)/2 are the left- and right-handed projection operators and �µ⌫ =
i[�µ, �⌫]/2. VL,R and gL,R are the complex left- and right-handed vector and tensor couplings, respectively.
They can be identified with the Wilson coe�cients [9] of the relevant dimension-six operators1, described

1 In general the couplings can depend on the momentum transfer q2. Since this analysis is mainly sensitive to on-shell top-quark
decays no q2 dependence is considered.

2

SM: VL = Vtb, VR = gL,R = 0 W direction in top rest frame

Expectation for different fractions f1 of 
transversely polarised W and phases δ-

http://arxiv.org/abs/1510.03764
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Events with 1 lepton, 1 b-jet, 1 forward jet and MET 
Cut based background rejection 

Unbinned likelihood fit
arXiv:1510.03764

9. Results

The result for ( f1, ��) and the coupling ratios (Re
⇥

gR/VL
⇤

, Im
⇥

gR/VL
⇤

) is shown in Figure 6. The 68%
contour represents the total uncertainty on the measurement.
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Figure 6: Projections of the likelihood function constructed from the signal region probability density Equation (13)
and data events into (a) f1, (b) ��, (c) f1 vs. ��, and (d) Re

⇥

gR/VL
⇤

vs. Im
⇥

gR/VL
⇤

, with systematic uncertainties
incorporated. The black points indicate the largest evaluated likelihood in each bin of the projected variable. Gaus-
sian fits to the one-dimensional projections were performed, displayed as the red curve. Regions shown in green
and yellow represent the 68% and 95% confidence level regions, respectively. A black line or cross indicates the
observed value, and the grey line or point indicates the SM expectation.

The parameters f1 and �� and their uncertainties are measured to be

f1 = 0.37 ± 0.05 (stat.) ± 0.05 (syst.),
�� = � 0.014⇡ ± 0.023⇡ (stat.) ± 0.028⇡ (syst.).

(16)

The correlation in the measurement of these parameters is ⇢ ( f1, ��) = 0.15. The results are compatible

18

with the SM expectations at LO, derived from expressions in Refs. [11, 67] with mt = 172.5 GeV,
mW = 80.399 GeV, and mb = 4.95 GeV: f1 = 0.304 and �� = 0.

The dependence of the parameters f1 and �� on the top-quark mass is evaluated using t-channel and tt̄
simulation samples with a range of di↵erent top-quark masses. A linear dependence is found, resulting
from changes in acceptance at di↵erent masses, with a slope of �0.019 GeV�1 for f1 and a negligible
slope for ��. The uncertainty due to the top-quark mass dependence is not included in the total systematic
uncertainty since it has no significant impact on the results.

The propagation of the uncertainties to the (Re
⇥

gR/VL
⇤

, Im
⇥

gR/VL
⇤

) space gives

Re
"

gR

VL

#

= � 0.13 ± 0.07 (stat.) ± 0.10 (syst.),

Im
"

gR

VL

#

= 0.03 ± 0.06 (stat.) ± 0.07 (syst.).
(17)

The correlation in the measurement of these coupling ratios is ⇢
�

Re
⇥

gR/VL
⇤

, Im
⇥

gR/VL
⇤�

= 0.11. The
e↵ect on the propagation due to the current uncertainty in the top-quark, W boson and b-quark masses [68]
is < 0.01 in Re

⇥

gR/VL
⇤

, and < 0.0001 in Im
⇥

gR/VL
⇤

.

Limits are placed simultaneously on the possible complex values of the ratio of the anomalous couplings
gR and VL at 95% C.L.,

Re
"

gR

VL

#

2 [�0.36, 0.10] and Im
"

gR

VL

#

2 [�0.17, 0.23]. (18)

The best constraints on Re
⇥

gR
⇤

come from W boson helicity fractions in top-quark decays, with Re
⇥

gR
⇤

of [�0.08, 0.04] and [�0.08, 0.07], both at 95% C.L., from ATLAS [16] and from CMS [17], respectively.
However, these limits use the measured single top-quark production cross-section [44, 69] along with
the assumption that VL = 1 and Im

⇥

gR
⇤

= 0. Without these assumptions no value within the range
0.0 . Re

⇥

gR/VL
⇤

. 0.8 can be excluded. The limits presented in this paper remove these assumptions
and extend the knowledge of gR to the whole complex plane by simultaneously measuring information
about Re

⇥

gR/VL
⇤

and Im
⇥

gR/VL
⇤

; the latter is previously unmeasured.

10. Conclusion

The analysis described in this publication is a two-dimensional measurement of anomalous couplings
in the Wtb vertex in t-channel single top-quarks events, performed on 4.6 fb�1 of pp collisions at a
centre-of-mass energy of 7 TeV collected by the ATLAS detector at the LHC. An analytic folding model
and likelihood maximisation techniques are used to extract values of the parameters f1 and �� in a
parameterisation of the decay of the top quark, which translate to limits on the couplings Re

⇥

gR/VL
⇤

and Im
⇥

gR/VL
⇤

with VR = gL = 0. The coupling parameterisation in terms of the spherical angles
✓* and �* defines the angular distribution of the t-channel signal process. E�ciency and resolution
functions are fit in this space, which are then folded into the signal model describing the underlying
physics analytically. A background function is fit and added to the signal model. The full model is
used to construct a likelihood and its characterisation provides estimators of the best-fit central value,
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•For more results see TopPublicResults 

•More properties, e.g.: 

•spin correlations: PRL 114 (2015) 142001, arXiv:1510.07478 

•color flow: PLB 750 (2015) 475-493 

•top quark pole mass: JHEP 10 (2015) 121 

•More top quark measurements in Giuseppe Salamanna’s talk 

•More searches for exotic top quark production in Jose Benitez’s talk

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults
http://dx.doi.org/10.1103/PhysRevLett.114.142001
http://arxiv.org/abs/arXiv:1510.07478
http://dx.doi.org/10.1016/j.physletb.2015.09.051
http://dx.doi.org/10.1007/JHEP10(2015)121
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Summary and outlook
•Millions of top quarks have been produced at the LHC 
•Precision measurements of properties and searches for new physics 
•In particular: charge asymmetry, FCNC and Wtb vertex structure 
•In spite of many direct and indirect searches... no evidence for deviations 
from SM predictions (yet) 

•Boosted topologies to play important role, not only for searches (top 
tagging techniques already thoroughly exercised) 

•Single top t-channel well established in SM, now used for BSM searches 
and measurements 

•More millions of top quarks in Run 2 
•Stay tuned for more!
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