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•Top quark is unique in many ways 
heaviest, of course … but also: 

it’s a bare quark, decaying before 
hadronising 
○ τhad ≈ h/ΛQCD ≈ 2⋅10–24 s 
○ τflip ≈ h mt /ΛQCD2 ≫ τhad 
○ τtop ≈ h/Γtop ~ GF–1 mt–3 = 5⋅10–25s 

Top Yukawa is the largest SM 
coupling 
○ mtop = yt v/√2 ≈ 174 GeV → yt ≈ 1 

and hence largest Higgs mass 
correction 

There are many of them 
○ 6 million in Run-1 
○ ~2 orders of magnitude to go

The top quark
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Top quark is unique in many ways:
Heaviest, of course… but also:
It’s a bare quark, decaying before 
hadronization. 
 

Top Yukawa is the largest SM 
coupling. 
 
and hence largest Higgs mass 
correction.
There are many of them: 6 million from 
Run-I, ~2 orders of magnitude to go.
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•Flavour changing charged current 
Wtb 

Top couplings

4

•Flavour conserving neutral current 
tgt 

tZt 

tγt 

tHt

• … and neutral current 
tgq 

tZq 

tγq 

tHq
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•Three mechanisms (@ LO) 

•Can extract |Vtb| with  
σmeas. /σtheo. = |fLV⋅Vtb|2 

fLV  left-handed FF including new physics 

independent of Ngenerations  or CKM unitarity 

•Assumptions 
Wtb SM-like, left-handed, weak coupling 

|Vtb| >> |Vts|, |Vtd| 

•Agreement in all 3 processes with SM

Wtb vertex structure 
Single top production and decay
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Carlos Escobar 
Instituto de Física Corpuscular (IFIC) - CSIC/UV

SM and BSM physics in single top-quark at the LHC 
LHCP2017. Shanghai, China 3

Single top-quark production

t-channel

s-channel

σs-ch (8 TeV) = 5.6 ± 0.2 pb 
σs-ch (13 TeV) = 10.3 ± 0.4 pb 

tW

σWt (8 TeV) = 22.4 ± 1.5 pb 
σWt (13 TeV) = 71.7 ± 3.8 pb

Why is the single top quark is interesting? 
‣ Probe Wtb vertex: |Vtb| and V—A structure. 
‣ Top quark is polarised. 
‣ Production modes sensitive to new physics. 
‣ Wtb anomalous couplings / FCNC. 
‣ Constrains PDFs and tune MC generators. 
‣ Background for searches in Higgs and SUSY analyses.

The top quark was discovered by CDF/D0, at Fermilab in 1995. 
The single top-quark production was discovered in 2009 by CDF/D0 and observed in 2011 by ATLAS/CMS. 
• Three production mechanisms (@ LO):

σt-ch (8 TeV) = 87.7       pb 
σt-ch (13 TeV) = 217.0       pb
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Golden channel Observed at the LHC Challenging at the LHC

|tbVLV|f
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ATLAS+CMS Preliminary WGtopLHC
  from single top quark production

theoσ
measσ

| =  tbVLV|f
MSTW2008nnlo: NLO+NNLL theoσ

PRD 83 (2011) 091503, PRD 82 (2010) 054018,       
PRD 81 (2010) 054028       

 PDF⊕: scale theoσ∆

 = 172.5 GeVtopm

May 2017

 including top-quark mass uncertainty1 

: NLO PDF4LHC11 theoσ 2 

    NPPS205 (2010) 10, CPC191 (2015) 74
 including beam energy uncertainty3 

total  theo

 (theo)± (meas) ±| tbVLV|f

t-channel:

Wt:

s-channel:

 1ATLAS 7 TeV
 )1−PRD 90 (2014) 112006  (4.59 fb

 0.02± 0.06 ±1.02 
 1,2ATLAS 8 TeV

 )1−arXiv:1702.02859  (20.2 fb
 0.024± 0.042 ±1.028 

CMS 7 TeV
 )1−JHEP 12 (2012) 035  (1.17 - 1.56 fb

 0.017± 0.046 ±1.020 

CMS 8 TeV
 )1−JHEP 06 (2014) 090  (19.7 fb

 0.016± 0.045 ±0.979 

CMS combined 7+8 TeV
JHEP 06 (2014) 090

 0.016± 0.038 ±0.998 

 2CMS 13 TeV
 )1−arXiv:1610.00678  (2.3 fb

 0.02± 0.07 ±1.03 

 2ATLAS 13 TeV
 )1−JHEP 04 (2017) 086  (3.2 fb

 0.02± 0.09 ±1.07 

ATLAS 7 TeV
 )1−PLB 716 (2012) 142  (2.05 fb

 0.03±  0.18−
 0.15+1.03 

CMS 7 TeV
 )1−PRL 110 (2013) 022003  (4.9 fb  0.04− 0.13  −

 0.03+ 0.16  +1.01 
 1,3ATLAS 8 TeV

 )1−JHEP 01 (2016) 064  (20.3 fb
 0.03± 0.10 ±1.01 

 1CMS 8 TeV
 )1−PRL 112 (2014) 231802  (12.2 fb

 0.04± 0.12 ±1.03 
 1,3LHC combined 8 TeV

CMS-PAS-TOP-15-019
ATLAS-CONF-2016-023,

 0.04± 0.08 ±1.02 

 2ATLAS 13 TeV
 )1−arXiv:1612.07231  (3.2 fb

 0.04± 0.24 ±1.14 

 3ATLAS 8 TeV
 )1−PLB 756 (2016) 228  (20.3 fb

 0.04±  0.20−
 0.18+0.93 
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•Structure of Wtb vertex 
angular distribution of W decay products 

kinematic reconstruction of the tt ̄system 

analysers: charged lepton (d-type quark) from W 

template fit used to extract helicity fractions

Wtb vertex structure 
W polarisation in tt ̄events
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to separate. In the W boson rest frame, the differential cross-
section of the analyser follows the distribution

1
σ

dσ

d cos θ∗ = 3
4

(
1 − cos2 θ∗

)
F0

+3
8

(
1 − cos θ∗)2 FL + 3

8

(
1 + cos θ∗)2 FR,

(2)

which directly relates the W boson helicity fractions Fi to the
angle θ∗ between the analyser and the reversed direction of
flight of the b-quark from the top quark decay in the W boson
rest frame. Previous measurements of the W boson helicity
fractions from the ATLAS, CDF, CMS and D0 collaborations
show agreement with the SM within the uncertainties [7–11].

In this paper, the W boson helicity fractions are measured
in top quark pair (t t̄) events. Data corresponding to an inte-
grated luminosity of 20.2 fb−1of proton–proton (pp) colli-
sions, produced at the LHC with a centre-of-mass energy of√
s = 8 TeV, and recorded with the ATLAS [12] detector,

are analysed. The final state of the t t̄ events is characterised
by the decay of the W bosons. This analysis considers the
lepton+jets channel in which one of theW bosons decays lep-
tonically and the other decays hadronically. Both W boson
decay modes are utilised for the measurement of cos θ∗. The
signal selection and reconstruction includes direct decays of
the W boson into an electron or muon as well as W boson
decays into a τ -lepton which subsequently decays leptoni-
cally.

2 The ATLAS detector

The ATLAS experiment at the LHC is a multi-purpose parti-
cle detector with a forward-backward symmetric cylindri-
cal geometry and a near 4π coverage in solid angle.1 It
consists of an inner tracking detector surrounded by a thin
superconducting solenoid providing a 2 T axial magnetic
field, electromagnetic and hadron calorimeters, and a muon
spectrometer. The inner tracking detector covers the pseu-
dorapidity range |η| < 2.5. It consists of silicon pixel, sil-
icon microstrip, and transition-radiation tracking detectors.
Lead/liquid-argon (LAr) sampling calorimeters provide elec-
tromagnetic energy measurements with high granularity. A
hadron (steel/scintillator-tile) calorimeter covers the central
pseudorapidity range (|η| < 1.7). The end-cap and forward

1 ATLAS uses a right-handed coordinate system with its origin at the
nominal interaction point (IP) in the centre of the detector and the z-
axis along the beam pipe. The x-axis points from the IP to the centre of
the LHC ring, and the y-axis points upwards. Cylindrical coordinates
(r,φ) are used in the transverse plane, φ being the azimuthal angle
around the z-axis. The pseudorapidity is defined in terms of the polar
angle θ as η = − ln tan(θ/2). The angular distance is measured in units
of 'R ≡

√
('η)2 + ('φ)2.

regions are instrumented with LAr calorimeters for electro-
magnetic and hadronic energy measurements up to |η| = 4.9.
The muon spectrometer surrounds the calorimeters and is
based on three large air-core toroid superconducting magnets
with eight coils each. Its bending power ranges from 2.0 to
7.5 T m. It includes a system of precision tracking chambers
and fast detectors for triggering. A three-level trigger system
is used to select events. The first-level trigger is implemented
in hardware and uses a subset of the detector information to
reduce the accepted rate to at most 75 kHz. This is followed
by the high-level trigger, two software-based trigger levels
that together reduce the accepted event rate to 400 Hz on
average depending on the data-taking conditions.

3 Data and simulated samples

The data set consists of pp collisions, recorded at the LHC
with

√
s = 8 TeV, and corresponds to an integrated luminos-

ity of 20.2 fb−1. Single-lepton triggers with a threshold of 24
GeV of transverse momentum (energy) for isolated muons
(electrons) and 36 (60) GeV for muons (electrons) without
an isolation criterion are used to select t t̄ candidate events.
The lower trigger thresholds include isolation requirements
on the candidate lepton, resulting in inefficiencies at high
pT that are recovered by the triggers with higher pT thresh-
olds.

Samples obtained from Monte Carlo (MC) simulations are
used to characterise the detector response and reconstruction
efficiency of t t̄ events, estimate systematic uncertainties and
predict the background contributions from various processes.
The response of the full ATLAS detector is simulated [13]
using Geant 4 [14]. For the estimation of some system-
atic uncertainties, generated samples are passed through a
faster simulation with parameterised showers in the calorime-
ters [15], while still using the full simulation of the tracking
systems. Simulated events include the effect of multiple pp
collisions from the same and nearby bunch-crossings (in-
time and out-of-time pile-up) and are reweighted to match the
number of collisions observed in data. All simulated samples
are normalised using the most precise cross-section calcula-
tions available.

Signal t t̄ events are generated using the next-to-leading-
order (NLO) QCD MC event generator Powheg-Box [16–
19] using the CT10 parton distribution function (PDF)
set [20]. Powheg-Box is interfaced to Pythia 6.425 [21]
(referred to as thePowheg+Pythia sample), which is used to
model the showering and hadronisation, with the CTEQ6L1
PDF set [22] and a set of tuned parameters called the
Perugia2011C tune [23] for the modelling of the underlying
event. The model parameter hdamp is set to mt and controls
matrix element to parton shower matching in Powheg-Box
and effectively regulates the amount of high-pT radiation.
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Abstract This paper presents a measurement of the polar-
isation of W bosons from t t̄ decays, reconstructed in events
with one high-pT lepton and at least four jets. Data from pp
collisions at the LHC were collected at

√
s = 8 TeV and cor-

respond to an integrated luminosity of 20.2 fb−1. The angle
θ∗ between the b-quark from the top quark decay and a direct
W boson decay product in the W boson rest frame is sensitive
to the W boson polarisation. Two different W decay products
are used as polarisation analysers: the charged lepton and the
down-type quark for the leptonically and hadronically decay-
ing W boson, respectively. The most precise measurement
of the W boson polarisation via the distribution of cos θ∗ is
obtained using the leptonic analyser and events in which at
least two of the jets are tagged as b-quark jets. The fitted
fractions of longitudinal, left- and right-handed polarisation
states are F0 = 0.709 ± 0.019, FL = 0.299 ± 0.015
and FR = − 0.008 ± 0.014, and are the most precisely
measured W boson polarisation fractions to date. Limits on
anomalous couplings of the Wtb vertex are set.

1 Introduction

The top quark, discovered in 1995 by the CDF and D0 col-
laborations [1,2] is the heaviest known elementary particle.
It decays almost exclusively into a W boson and a b-quark.
The properties of the top decay vertex Wtb are determined
by the structure of the weak interaction. In the Standard
Model (SM) this interaction has a (V − A) structure, where
V and A refer to the vector and axial vector components of
the weak coupling. The W boson, which is produced as a
real particle in the decay of top quarks, possesses a polar-
isation which can be left-handed, right-handed or longitu-
dinal. The corresponding fractions, referred to as helicity
fractions, are determined by the Wtb vertex structure and
the masses of the particles involved. Calculations at next-
to-next-to-leading order (NNLO) in QCD predict the frac-

⋆ e-mail: atlas.publications@cern.ch

tions to be FL = 0.311 ± 0.005, FR = 0.0017 ± 0.0001,
F0 = 0.687 ± 0.005 [3].

By measuring the polarisation of the W boson with high
precision, the SM prediction can be tested, and new physics
processes which modify the structure of the Wtb vertex can
be probed. The structure of the Wtb vertex can be expressed
in a general form using left- and right-handed vector (VL/R)
and tensor (gL/R) couplings:

LWtb = − g√
2
b̄ γ µ (VLPL + VRPR) t W−

µ

− g√
2
b̄
iσµνqν

mW
(gLPL + gRPR) t W−

µ + h.c. (1)

Here, PL/R refer to the left- and right-handed chiral-
ity projection operators, mW to the W boson mass, and
g to the weak coupling constant. At tree level, all of the
vector and tensor couplings vanish in the SM, except VL,
which corresponds to the CKM matrix element Vtb and
has a value of approximately one. Dimension-six operators,
introduced in effective field theories, can lead to anomalous
couplings, represented by non-vanishing values of VR, gL
and gR [4–6].

The W boson helicity fractions can be accessed via angu-
lar distributions of polarisation analysers. Such analysers are
W boson decay products whose angular distribution is sen-
sitive to the W polarisation and determined by the Wtb ver-
tex structure. In case of a leptonic decay of the W boson
(W → ℓν), the charged lepton serves as an ideal analyser:
its reconstruction efficiency is very high and the sensitiv-
ity of its angular distribution to the W boson polarisation is
maximal due to its weak isospin component T3 = − 1

2 . If
the W boson decays hadronically (W → qq̄ ′), the down-
type quark is used, as it carries the same weak isospin as
the charged lepton. This provides it with the same analysing
power as the charged lepton, which is only degraded by the
lower reconstruction efficiency and resolution of jets com-
pared to charged leptons. The reconstruction of the down-
type quark is in particular difficult as the two decay products
of a hadronically decaying W boson are experimentally hard
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The top quark, discovered in 1995 by the CDF and D0 col-
laborations [1,2] is the heaviest known elementary particle.
It decays almost exclusively into a W boson and a b-quark.
The properties of the top decay vertex Wtb are determined
by the structure of the weak interaction. In the Standard
Model (SM) this interaction has a (V − A) structure, where
V and A refer to the vector and axial vector components of
the weak coupling. The W boson, which is produced as a
real particle in the decay of top quarks, possesses a polar-
isation which can be left-handed, right-handed or longitu-
dinal. The corresponding fractions, referred to as helicity
fractions, are determined by the Wtb vertex structure and
the masses of the particles involved. Calculations at next-
to-next-to-leading order (NNLO) in QCD predict the frac-
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tions to be FL = 0.311 ± 0.005, FR = 0.0017 ± 0.0001,
F0 = 0.687 ± 0.005 [3].

By measuring the polarisation of the W boson with high
precision, the SM prediction can be tested, and new physics
processes which modify the structure of the Wtb vertex can
be probed. The structure of the Wtb vertex can be expressed
in a general form using left- and right-handed vector (VL/R)
and tensor (gL/R) couplings:

LWtb = − g√
2
b̄ γ µ (VLPL + VRPR) t W−

µ

− g√
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b̄
iσµνqν

mW
(gLPL + gRPR) t W−

µ + h.c. (1)

Here, PL/R refer to the left- and right-handed chiral-
ity projection operators, mW to the W boson mass, and
g to the weak coupling constant. At tree level, all of the
vector and tensor couplings vanish in the SM, except VL,
which corresponds to the CKM matrix element Vtb and
has a value of approximately one. Dimension-six operators,
introduced in effective field theories, can lead to anomalous
couplings, represented by non-vanishing values of VR, gL
and gR [4–6].

The W boson helicity fractions can be accessed via angu-
lar distributions of polarisation analysers. Such analysers are
W boson decay products whose angular distribution is sen-
sitive to the W polarisation and determined by the Wtb ver-
tex structure. In case of a leptonic decay of the W boson
(W → ℓν), the charged lepton serves as an ideal analyser:
its reconstruction efficiency is very high and the sensitiv-
ity of its angular distribution to the W boson polarisation is
maximal due to its weak isospin component T3 = − 1

2 . If
the W boson decays hadronically (W → qq̄ ′), the down-
type quark is used, as it carries the same weak isospin as
the charged lepton. This provides it with the same analysing
power as the charged lepton, which is only degraded by the
lower reconstruction efficiency and resolution of jets com-
pared to charged leptons. The reconstruction of the down-
type quark is in particular difficult as the two decay products
of a hadronically decaying W boson are experimentally hard
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Table 2 Measured W boson helicity fractions obtained from the lep-
tonic analyser including the statistical uncertainty from the fit and the
background normalisation as well as the systematic uncertainty

Leptonic analyser (≥2 b-tags)

F0 = 0.709 ± 0.012 (stat.+bkg. norm.) +0.015
−0.014 (syst.)

FL = 0.299 ± 0.008 (stat.+bkg. norm.) +0.013
−0.012 (syst.)

FR = −0.008 ± 0.006 (stat.+bkg. norm.) ±0.012 (syst.)

Table 3 Measured W boson helicity fractions for the hadronic analyser
including the statistical uncertainty from the fit and the background
normalisation as well as the systematic uncertainty

Hadronic analyser (1 b-tag + ≥2 b-tags)

F0 = 0.659 ± 0.010 (stat.+bkg. norm.) +0.052
−0.054 (syst.)

FL = 0.281 ± 0.021 (stat.+bkg. norm.) +0.063
−0.067 (syst.)

FR = 0.061 ± 0.022 (stat.+bkg. norm.) +0.101
−0.108 (syst.)
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Fig. 4 Post-fit distribution of cos θ∗ for the leptonic analyser with ≥2
b-tags, in which a two-channel combination is performed (electron and
muon). The uncertainty band represents the total uncertainty in the fit
result

ering statistical and systematic uncertainties. These results
are the most precise W boson helicity fractions measured so
far and are consistent with the SM predictions given at NNLO
accuracy [3]. The inclusion of single b-tag regions does not
improve the sensitivity, due to larger systematic uncertain-
ties.

TheW boson helicity fractions obtained using the hadronic
analyser of semileptonic t t̄ events with 1 b-tag and ≥2b-tags
are given in Table 3. Using the hadronic analyser, the cor-
relations between the helicity fraction are ρF0,FL = 0.56,
ρF0,FR = −0.91 and ρFL,FR = −0.92. The large anticorre-
lation between FL and FR is a consequence of the low sepa-
ration power between the up- and down-type quark from the
W decay and the resulting similar shapes of the templates
of FL and FR (see Fig. 3). The results obtained with the
two analysers agree well. The combination of leptonic and
hadronic analysers has been tested and, despite the improve-
ment in the statistical uncertainty, it does not improve the
total uncertainty.

Figure 4 shows, separately for the e+jets and µ+jets chan-
nels, the distributions of cos θ∗ from the leptonic analyser.
The distributions for the hadronic analyser are presented in
Fig. 5. The uncertainty band in the data-to-best-fit ratio rep-
resents the statistical and background normalisation uncer-
tainty. The deviations observed in the ratio are covered by
the systematic uncertainties. The peak at cos θ∗ ≈ −0.7 as
seen in the single b-tag channels in Fig. 5 is caused by mis-
reconstructed events. A missing second b-tag increases the
probability of swapping the b-quark jet from the top quark
decay with the up-type quark jet from the W decay.

The contributions of the various systematic uncertainties
are quoted in Table 4. In the case of the leptonic analyser, the
dominant contributions come from the jet energy scale and
resolution and the statistical error in the MC templates. For
the hadronic analyser, the systematic uncertainties are larger.
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3.1. Wtb vertex

The effective Wtb vertex including SM contributions and those from dimension-six operators
can be parameterised as

LWtb = − g√
2
b̄γ µ(VLPL + VRPR)tW−

µ

(36)− g√
2
b̄
iσµνqν

MW
(gLPL + gRPR)tW−

µ + H.c.

The mass scale normalising the σµνqν term has been taken as MW because this choice con-
siderably simplifies the algebraic expressions of observables calculated from this vertex [14].
Additionally, with this normalisation the relation between gL, gR and effective operator co-
efficients is simpler and involves the ratio of scales v2/Λ2. Within the SM, VL equals the
Cabibbo–Kobayashi–Maskawa matrix element Vtb ≃ 1, while the rest of couplings VR , gL and
gR vanish at the tree level. The contributions to these couplings from the operators in Eqs. (3)
are3

δVL = C
(3,33)∗
φq

v2

Λ2 , δgL =
√

2C33∗
dW

v2

Λ2 ,

(37)δVR = 1
2
C33

φφ

v2

Λ2 , δgR =
√

2C33
uW

v2

Λ2 .

After removing redundant operators the structure of the Lagrangian in Eq. (36) is rather simple.
All the new physics effects on the Wtb vertex can be described by four parameters, which have
a direct connection with effective operator coefficients.

3.2. Ztt vertex

We parameterise the Ztt vertex including the SM contributions as well as those from
dimension-six effective operators as

LZtt = − g

2cW
t̄γ µ

(
XL

ttPL + XR
tt PR − 2s2

WQt

)
tZµ

(38)− g

2cW
t̄
iσµνqν

MZ

(
dZ
V + idZ

Aγ5
)
tZµ,

with Qt = 2/3 the top quark electric charge. The mass scale for the σµνqν term is taken as MZ

in analogy with the Wtb vertex but, on the other hand, we have parameterised this coupling
in terms of the vector and axial parts. The former is real while the latter is purely imaginary
and CP-violating. They are the weak analogous to the top quark magnetic and electric dipole
moment, respectively (see next subsection), up to normalisation. Within the SM, these cou-
plings take the values XL

tt = 2T3(tL) = 1, XR
tt = 2T3(tR) = 0, where T3 denotes the third isospin

component, and dZ
V = dZ

A = 0 at the tree level. The contributions from dimension-six operators
are

3 Notice a typo in Eqs. (8) of Ref. [5], where a minus sign should multiply OuW .



/26[ M. Cristinziani | Top quark production and properties ]

•Single top t-channel 
using 7+8TeV, µ+jets only 

•Strategy 
Bayesian NN (BNN) for S/B separation 

dedicated anom. Wtb BNNs for each scenario 

•Limit extraction 
simultaneous 2- or 3-dim fit to SM BNN 
○ and anomalous Wtb BNN outputs 
○ remaining couplings assumed as SM 

•Results @ 95% C.L. 
|fVR| < 0.16 

|fTL| < 0.057 

-0.049 < fTR < +0.048

Wtb vertex structure 
Search for anomalous couplings
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•Angular asymmetries 
top-quark polarisation 

•W boson spin observables 
unfolded at parton level 

•Extract limits on a.couplings 
-0.18 < Im[gR] < 0.06 @ 95% C.L.

Wtb vertex structure 
t-channel angular analysis
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T⃗ (x̂)

ŝt

p⃗ℓθ∗
ℓ

θN
ℓ

φ∗

ℓ(T )

φ∗

N

Asymmetry Angular observable Polarisation observable SM prediction

A`
FB cos ✓`

1
2↵`P 0.45

AtW
FB cos ✓W cos ✓⇤`

3
8P (FR + FL) 0.10

AFB cos ✓⇤`
3
4 hS3i = 3

4 (FR � FL) �0.23

AEC cos ✓⇤`
3
8

q
3
2 hT0i = 3

16 (1� 3F0) �0.20

AT
FB cos ✓T`

3
4 hS1i 0.34

AN
FB cos ✓N` � 3

4 hS2i 0

AT,�
FB cos ✓⇤` cos�

⇤
T � 2

⇡ hA1i �0.14

AN,�
FB cos ✓⇤` cos�

⇤
N

2
⇡ hA2i 0

J
H
E
P
0
4
(
2
0
1
7
)
1
2
4

Wtb couplings in single-top-quark production and decay at 7 and 8TeV have also been

published by the CMS Collaboration [7–9].

The top-quark polarisation and the W -boson spin observables can be extracted in an

alternative way from the measurement of asymmetries in various angular distributions of

the top-quark decay products [4, 5]. Firstly, this article reports a determination of the top-

quark polarisation as well as the W -boson spin observables extracted from the measured

angular asymmetries. Such measurements serve as a consistency check with the Standard

Model predictions. Secondly, limits on Im gR are presented from the measurement of the so-

called normal forward-backward asymmetry, which is the asymmetry predicted to have the

highest sensitivity to Im gR [5], and the asymmetry related to the top-quark polarisation.

Here Standard Model values are assumed for all other couplings.

The measurements reported in this article use 20.2 fb−1 of data collected at a centre-

of-mass energy of 8TeV with the ATLAS detector at the LHC. Stringent selection require-

ments are applied in order to separate signal from background. The W boson from the

top-quark decay is identified through its decay modes leading to a final state with an elec-

tron or a muon, and missing transverse momentum for the neutrino. The measurement at

parton level of the asymmetries is performed by unfolding the observed angular distribu-

tions from detector and physics effects after subtracting the background contributions. For

all reported results the electron and muon channels are merged, and the analysis is carried

out independently of the lepton charge, in order to measure the polarisation observables

associated with the combined production and decay of top quarks and top antiquarks.

2 Polarisation observables and asymmetries

The top-quark polarisation is determined from angular distributions of the decay prod-

ucts reconstructed in the top-quark rest frame, while the W -boson spin observables are

determined from angular distributions of the charged lepton reconstructed in the W -boson

rest frame.

In the top-quark rest frame, the angular distribution of any decay product X of the

top quark is given by
1

Γ

dΓ

d(cos θX)
=

1

2
(1 + αXP cos θX) , (2.1)

where θX is the angle between the top-quark spin axis and the direction of motion of

the chosen decay product in the top-quark rest frame, Γ is the total decay width of the

top quark, αX is the spin analysing power associated with X, and P is the top-quark

degree of polarisation. The charged lepton is the most sensitive spin analyser; at next-to-

leading-order (NLO) precision in QCD its spin analysing power is αℓ± =±0.998 [10]. In the

t-channel, single top quarks are produced with a large degree of polarisation in the direction

of motion of the spectator quark [3, 11]. This direction is used to define the top-quark spin

axis in this measurement. The corresponding degrees of polarisation calculated at NLO in

QCD are 0.91 and −0.86 for top-quark and top-antiquark production, respectively [3].

In the framework of a general formalism developed in ref. [4], the spin-density matrix

elements for the W -boson helicity components 0, ±1, resulting from the decay of polarised

– 3 –

αl P = 0.97 ± 0.12

helicity  
    fraction  
            basis

JHEP 04 (2016) 073

CMS measures top quark asymmetry smaller then predicted (2σ)
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•Normalised triple-differential (θ,θ*,φ*) decay rate of top quarks 
complete description of anomalous couplings in Wtb + top polarisation 

relate to helicity amplitudes in t→Wb 

•9 ak,l,m = 0, parameterised by 
3 amplitude fractions f1, f1+,f0+  

2 phases δ– : can imply CP violation, δ+ not observable 

a nuisance parameter 

•Strategy and results 
global fit with all correlations 

extraction of limits on anomalous couplings 

no assumptions on values of the other couplings 

•In agreement with SM

Wtb vertex structure 
Triple differential decay rates 
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tgt 
Inclusive tt ̄production
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•Differential distributions in Njets 

extensive measurements in Run-1 

including events with veto on extra jets 
→ improve modelling in simulation 

•Latest results at 13 TeV 
tt+̄jets in dilepton channel

tgt 
Measurement of tt+̄jets
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•Important test of QCD 
tt+̄jets and tt+̄bb ̄irreducible background 
for difficult analyses like ttH̄ 

•Measurements 
several at 7 and 8 TeV 

new result at 13 TeV using dilepton channel 
2.3 fb–1  

also in visible phase space and as ratio 

good agreement with expectation 

•Systematic uncertainties dominate 

largest contribution from b-tagging and 
mis-tagging of c- and light jets

tgt 
Measurement of tt+̄bb ̄

12
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10 7 Results

tainty eigenvector sets of the PDF. The uncertainties in the PDFs are accounted for by using
these various event weights. The uncertainties from the µF and µR scales at the ME level are
estimated by making use of a weighting scheme implemented in POWHEG to vary the scales
by a factor of two up and down with respect to their reference values µF = µR =

p
m2

t + p2
T,t,

where mt is 172.5 GeV, with pT,t being the top quark transverse momentum. The uncertainties
from the µF and µR scales at the PS level are assessed by using additional simulations where
the scales are changed by a factor of two up and down relative to their reference values. The
uncertainty from the modelling of jet multiplicity, in particular, the mismodelling for events
with more than five jets, is also taken into account. It is estimated to be 5% by comparing the
rates of high-multiplicity events in data and simulation.

The size of the MC sample used for ttbb simulation being limited, the uncertainty from the
statistical fluctuations in the simulated event samples is assessed by repeating the fit with the
method described in Ref. [48]. The difference of 1.5% in the result is accounted for in the
systematic uncertainty.

In addition to the theoretical and modelling uncertainties described above, the uncertainty
coming from the modelling of the top quark pT distribution in the ME calculations is taken into
account. The uncertainty is calculated by taking the difference in shape between the parton-
level pT spectrum from the ME generator and the unfolded pT spectrum from the data [49].
The uncertainty due to the top quark pT modelling is negligible in this analysis, as shown in
Table 2.

Adding all these contributions in quadrature gives a total systematic uncertainty of 28% in
the cross section ratio, with the dominant contributions coming from the b tagging efficiency
and the misidentification of light- and c-flavoured partons, followed by the matching scale
systematic uncertainties.

The uncertainty in sttjj is significantly smaller than that in sttbb since the measurement of the
latter requires the identification of multiple b jets. The uncertainty in sttbb is larger than that
for the cross section ratio, since the uncertainties that are common between ttbb and ttjj, such
as the JES uncertainty, partially or completely cancel in the ratio.

When extrapolating the measurements from the visible phase space to the full phase space,
the systematic uncertainty in the acceptance is included. The effect of the MC modelling of
the acceptance is estimated by comparing the results between MADGRAPH5 aMC@NLO and
POWHEG. This uncertainty amounts to 4% for each of the cross section measurements and 1%
for the cross section ratio.

7 Results

After accounting for all corrections and systematic effects, the cross section ratio sttbb/sttjj is
measured in the visible phase space from a fit to the measured CSV b tagging discrimina-
tor distributions. The measured cross section ratio in the visible phase space for events with
particle-level jets is

(sttbb/sttjj)
vis = 0.024 ± 0.003 (stat) ± 0.007 (syst). (3)

The result is obtained in the visible phase space, defined as events having two leptons with
pT > 20 GeV and |h| < 2.4, plus at least four jets, including at least two b jets with pT > 20 GeV
and |h| < 2.5. The cross section ratio in the full phase space that uses the acceptance correction

11

described in Section 5 is

sttbb/sttjj = 0.022 ± 0.003 (stat) ± 0.006 (syst). (4)

The predicted values from POWHEG are 0.014 ± 0.001 and 0.012 ± 0.001 for the visible and full
phase space, respectively, where the uncertainty in the simulation is the sum in quadrature
of the statistical, and the µF/µR scale systematic uncertainties. The prediction obtained from
POWHEG simulation (interfaced with PYTHIA) underpredicts the measured cross section ratio
by a factor of 1.8, but it is compatible with the observation within two standard deviations. The
measured cross sections in the visible and the full phase space are presented in Table 3.

Table 3: The measured cross sections sttbb and sttjj and their ratio for the visible and the full
phase space, corrected for acceptance and branching fractions. The uncertainties on the mea-
surements show separately the statistical and systematic components, while those are com-
bined for the POWHEG predictions.

Phase space sttbb [pb] sttjj [pb] sttbb/sttjj

Visible Measurement 0.088 ± 0.012 ± 0.029 3.7 ± 0.1 ± 0.7 0.024 ± 0.003 ± 0.007
SM (POWHEG) 0.070 ± 0.009 5.1 ± 0.5 0.014 ± 0.001

Full Measurement 4.0 ± 0.6 ± 1.3 184 ± 6 ± 33 0.022 ± 0.003 ± 0.006
SM (POWHEG) 3.2 ± 0.4 257 ± 26 0.012 ± 0.001

8 Summary

Measurements of the cross sections sttbb and sttjj and their ratio sttbb/sttjj are presented using a
data sample recorded in pp collisions at

p
s = 13 TeV, corresponding to an integrated luminos-

ity of 2.3 fb�1. The cross section ratio has been measured in a visible phase space region using
the dilepton decay mode of tt events and corrected to the particle level, corresponding to the de-
tector acceptance. The measured cross section ratios in the visible and the full phase space are
sttbb/sttjj = 0.024 ± 0.003 (stat) ± 0.007 (syst) and sttbb/sttjj = 0.022 ± 0.003 (stat) ± 0.006 (syst),
respectively, where a minimum transverse momentum for the particle-level jets of 20 GeV is
required. Theoretical ratios predicted from the POWHEG simulation (interfaced with PYTHIA)
are 0.014 ± 0.001 for the visible and 0.012 ± 0.001 for the full phase space, which are lower
than the measured values but consistent within two standard deviations. The individual cross
sections sttbb = 4.0 ± 0.6 (stat) ± 1.3 (syst) pb and sttjj = 184 ± 6 (stat) ± 33 (syst) pb have also
been measured. These results, in particular the ratio of the cross sections, provide important
information for the ttH search, permitting the reduction of a dominant systematic uncertainty
that derives from the uncertainty in the ttbb background. They can also be used as a figure of
merit for testing the validity of next-to-leading-order QCD calculations at

p
s = 13 TeV.
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•New: analysis of full 2015/16 13 TeV data 
2 same-sign lepton → ttW̄, BDT 

3 or 4 leptons → ttZ̄, cut & count 

several signal regions based on Njets and Nb-jets 

•SS 2L 
further split in + + and - - 

non-prompt background from low BDT score region 

•3L and 4L 
non-prompt lepton background from control regions 

 WZ/ZZ from simulation, validated in control regions

tZt 
Measurement of ttW̄ & ttZ̄

13

CMS-PAS-TOP-17-005New! ttV: strategy and event selection

t̄tW, SS2`
• 2 same-sign leptons

• pT > 40, 25(27)GeV

• veto 3rd lepton

• at least 2 jets, 1
b-tag jet

• BDT analysis

t̄tZ, 3`
• 3 leptons

• pT > 40, 20, 10 GeV

• at least 2 jets

• |m`` �MZ|< 10 GeV

• C&C analysis

t̄tZ, 4`
• 3 leptons

• pT > 40, 10, 10, 10
GeV

• Sum of charges = 0

• at least 2 jets

• |m`` �MZ|< 20 GeV

• C&C analysis

• To maximise significance the number of jets and b-tagged jets are used to form
signal regions
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•Measured cross section at 13 TeV 

•EFT Lagrangian 
do not consider NP couplings to first and 
second generation or affecting tt,̄ H, or diboson 

consider NP effects on ttH̄, ttW̄ and ttZ̄

tZt 
Results and EFT interpretation

14

26 8 Conclusions

8 Conclusions

A measurement of top quark pair production in association with a W or a Z boson using 13 TeV
data is presented. The analysis is performed in the same-sign dilepton final state for ttW and
the three- and four-lepton final states for ttZ, and these three are used to extract the cross sec-
tions of ttW and ttZ production. The same-sign dilepton channel achieves a significance of
5.5 standard deviations, the three-lepton analysis 8.7 standard deviations and the four-lepton
analysis 4.6 standard deviatations. From the combination of three- and four-lepton channels
a significance of 9.9 standard deviations for ttZ is obtained. The measured cross sections are
s(ttZ) = 1.00+0.09

�0.08(stat.) +0.12
�0.10(sys.) pb and s(ttW) = 0.80 +0.12

�0.11(stat.) +0.13
�0.12(sys.) pb, in agree-

ment with the standard model predictions. These results have been used to set constraints on
the Wilson coefficients of four operators which would modify ttZ and ttW production.
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•First observation (5.3σ) with 7 TeV data 
measurement in a fiducial volume, ET(γ) > 20 GeV 

non-prompt photon contributions data-driven 

template fit to track isolation variable 

•New for FPCP2017 paper with 8 TeV data 
also differential in photon pT and |η| 

tγt 
Measurement of ttγ̄ production
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•Run-1 ATLAS+CMS combination 
µ = σmeas./σtheo. = 2.3+0.7–0.6  

4.4σ (2.0σ expected)

tΗt 
 ttH̄ production

16
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•Latest Run-2 results (CMS) 
multilepton: 3.3σ (2.5σ) 

tau-lepton channels: 1.4σ (1.8σ) 

search for tH
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•Charged current decays 
BR(t→Wb) = 99.8%, BR(t→Ws) = 0.2%, BR(t→Wd) = 0.01% 

•Flavour changing neutral current decays 
forbidden at tree level in SM 

strongly suppressed higher orders 

some BSM predict large enhancement 

•Look at 
Higgs, γ, Z or gluon

FCNC

17

FCNC processes

2

• Top decays 

• Charged current decays:  
BR(t→bW) ~ 100%  
BR(t→sW) ~ 0.2% 
BR(t→dW) ~ 0.01%  
 

• FCNC decays: 
• Forbidden at tree level in the SM. 
• Heavily suppressed at higher 

corrections.  
• BSM can enhance FCNC  

production.

arXiv:1311.2028 [hep-ph] (2013)
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•Search for tt ̄→ ZqWb 
three lepton final state 

pair objects and minimise χ2 

•Results 
BR(t→Zq) < 0.07% (0.08%) 

•Extrapolation 
sensitivity increase at HL-LHC, 3ab–1

FCNC tZq

18
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Table 1 Maximum allowed FCNC t → qZBRs as predicted by several
models [3–9]

Model: SM QS 2HDM FC 2HDM MSSM /R SUSY RS

BR(t → qZ): 10−14 10−4 10−6 10−10 10−7 10−6 10−5

cover almost fully the solid angle1 around the interac-
tion point. It is composed of an inner tracking system
close to the interaction point and immersed in a 2 T
axial magnetic field produced by a thin superconduct-
ing solenoid, a lead/liquid-argon (LAr) electromagnetic
calorimeter, an iron/scintillator-tile hadronic calorimeter,
copper/LAr hadronic endcap calorimeter and a muon spec-
trometer with three superconducting magnets, each one with
eight toroid coils. The forward region is covered by additional
LAr calorimeters with copper and tungsten absorbers. The
combination of all these systems provides charged-particle
momentum measurements, together with efficient and pre-
cise lepton and photon identification in the pseudorapidity
range |η| < 2.5. Energy deposits over the full coverage of
the calorimeters, |η| < 4.9 are used to reconstruct jets and
missing transverse momentum (with magnitude Emiss

T ). A
three-level trigger system is used to select interesting events.
The Level-1 trigger is implemented in hardware and uses
a subset of detector information to reduce the event rate to
a design value of at most 75 kHz. This is followed by two
software-based trigger levels which together reduce the event
rate to less than 1 kHz. A detailed description of the ATLAS
detector is provided in Ref. [29].

In this paper the full 2012 dataset from proton–proton
(pp) collisions at

√
s = 8 TeV is used. The analysed events

were recorded by single-electron or single-muon triggers and
fulfil standard data-quality requirements. Triggers with dif-
ferent transverse momentum thresholds are used to increase
the overall efficiency. The triggers using a low transverse
momentum (pT) threshold (pe,µT > 24 GeV) also have an
isolation requirement. Efficiency losses at higher pT values
are recovered by higher threshold triggers (peT > 60 GeV or
pµT > 36 GeV) without any isolation requirement. The inte-
grated luminosity of the analysed data sample is 20.3 fb−1.

3 Simulated samples

In the SM, top quarks are produced at the LHC mainly in
pairs, with a predicted t t̄ cross section in pp collisions at a

1 ATLAS uses a right-handed coordinate system with its origin at the
nominal interaction point in the centre of the detector and the z-axis
along the beam pipe. The x-axis points from the interaction point to
the centre of the LHC ring, and the y-axis points upward. Cylindrical
coordinates (r,φ) are used in the transverse plane, φ being the azimuthal
angle around the beam pipe. The pseudorapidity is defined in terms of
the polar angle θ as η = − ln tan(θ/2). The $R distance is defined as
$R =

√
($η)2 + ($φ)2.

centre-of-mass energy of
√
s = 8 TeV of σt t̄ = 253+13

−15 pb
for a top-quark mass of 172.5 GeV. The cross section has
been calculated at next-to-next-to leading-order (NNLO) in
QCD including resummation of next-to-next-to leading log-
arithmic (NNLL) soft gluon terms with Top++ 2.0 [30–35].
The parton distribution function (PDF) and αS uncertainties
are calculated using the PDF4LHC prescription [36] with the
MSTW 2008 68 % CL NNLO [37,38], CT10 NNLO [39,40]
and NNPDF 2.3 5f FFN [41] PDF sets and are added in
quadrature to the renormalisation and factorisation scale
uncertainties. The cross-section value for the NNLO+NNLL
calculation is about 3 % larger than the exact NNLO predic-
tion implemented in HATHOR 1.5 [42].

The simulation of signal events is performed withPROTOS
2.2 [43,44], which includes the effects of new physics at an
energy scale ' by adding dimension-six effective terms to the
SM Lagrangian. The most general Ztu vertex that arises from
the dimension-six operators can be parameterised including
only γ µ and σµνqν terms [45] as:

LZtu = − g
2cW

ūγ µ
(
XL
ut PL + XR

ut PR

)
t Zµ

− g
2cW

ū
iσµνqν

mZ

(
κL
ut PL + κR

ut PR

)
t Zµ + h.c., (1)

where g is the electroweak coupling, cW is the cosine of the
weak mixing angle, u and t are the quark spinors, Zµ is the Z
boson field, PL (PR) is the left-handed (right-handed) projec-
tion operator,mZ is the Z boson mass andqν = pν

t −pν
u is the

outgoing Z boson momentum. The Ztc vertex can be param-
eterised in a similar fashion. This vertex involves a minimum
of four anomalous couplings XL

ut , X
R
ut , κ

L
ut , κ

R
ut , which are set

to 0.01 each. It was checked that the coupling choice does not
affect the kinematics of the event. No impact in the kinemat-
ics is seen by comparing the bWuZ and bWcZ processes and
the latter is used as reference. Only decays of the W and Z
bosons involving charged leptons are generated at the matrix-
element level by PROTOS (Z → e+e−, µ+µ−, τ+τ− and
W → eν, µν, τν). The CTEQ6L1 [46] leading-order PDF
is used. To account for higher-order contributions in the sig-
nal production, the events are reweighted to the measured
t t̄ differential cross section as a function of the transverse
momentum of the t t̄ system (1/σ )(dσ/dptt̄T ) [47]. Hadro-
nisation is handled by PYTHIA 6.426 [48] with the Peru-
gia2011C [49] set of tuned parameters and τ decays are
processed with TAUOLA [50]. The top-quark mass is set to
mt = 172.5 GeV. Additional simulations with different par-
ton shower parameterisations are used to estimate the sys-
tematic uncertainties on the amount of initial- and final-state
radiation (ISR/FSR).

Several SM processes have final-state topologies simi-
lar to the signal, with at least three prompt charged lep-

123

Eur. Phys. J. C (2016) 76 :12 Page 5 of 24 12

 [GeV]
T

Third lepton p

0 20 40 60 80 100 120 140

E
ve

nt
s 

/ 1
0 

G
eV

0

5

10

15

20

25

30

fake leptons

Vtt

Other 3l

WZ

 bWqZ signal→tt

data

stat. uncertainty

ATLAS

-1 = 8 TeV, 20.3 fbs

 [GeV]miss
TE

0 40 80 120 160 200

E
ve

nt
s 

/ 1
0 

G
eV

0

2

4

6

8

10

12

14

fake leptons

Vtt

Other 3l

WZ

 bWqZ signal→tt

data

stat. uncertainty

ATLAS

-1 = 8 TeV, 20.3 fbs

2χ
0 20 40 60 80 100 120

E
ve

nt
s

0

2

4

6

8

10

12

14

fake leptons

Vtt

Other 3l

WZ

 bWqZ signal→tt

data

stat. uncertainty

ATLAS

-1 = 8 TeV, 20.3 fbs

(c)(b)(a)

Fig. 1 Expected (filled histogram) and observed (points with error
bars) distributions in the signal region before the χ2 cut is applied for
a pT of the third lepton, b Emiss

T and c χ2 of the kinematics reconstruc-
tion. For comparison, distributions for the FCNC t t̄ → bWqZ signal

(dashed line), normalised to the observed 95 % CL limit reported in this
paper, are also shown. Background statistical uncertainties associated
with the number of events in the samples are represented by the hatched
areas

undetected, its four-momentum must be estimated. This can
be done by assuming that the lepton not previously assigned
to the Z boson and the b-tagged jet (labelled b-jet) originate
from the W boson and SM top-quark decays, respectively,
and that Emiss

T is the neutrino’s transverse momentum. The
longitudinal component of the neutrino’s momentum (pν

z )
is then determined by minimising, without constraints, the
following expression:

χ2 =

(
mreco

jaℓaℓb
− mtFCNC

)2

σ 2
tFCNC

+

(
mreco

jbℓcν
− mtSM

)2

σ 2
tSM

+

(
mreco

ℓcν
− mW

)2

σ 2
W

, (2)

wheremreco
jaℓaℓb

,mreco
jbℓcν

andmreco
ℓcν

are the reconstructed masses
of theqZ , bW and ℓν systems, respectively. The central value
for the masses and the widths of the top quarks and W boson
are taken from reconstructed simulated signal events. This is
done by matching the true particles in the simulated events
to the reconstructed ones, setting the longitudinal momen-
tum of the neutrino to the pz of the true simulated neutrino
and then performing Bukin fits3 [73] to the masses of the
matched reconstructed top quarks and W boson. The values
are mtFCNC = 173 GeV, σtFCNC = 10 GeV, mtSM = 168 GeV,
σtSM = 23 GeV, mW = 82 GeV and σW = 15 GeV.

For each jet combination, where any jet can be assigned
to ja , while jb must correspond to a b-tagged jet, the χ2

minimisation gives the most probable value for pν
z . From all

3 This is a piecewise function with a Gaussian function in the centre
and two asymmetric tails.

combinations, the one with the minimum χ2 is chosen, along
with the corresponding pν

z value. The jet from the top-quark
FCNC decay is referred to as the light-quark (q) jet. The
fractions of correct assignments between the reconstructed
top quarks and the true simulated particles (evaluated as a
match within a cone of size %R = 0.4) are ϵtFCNC = 79.9 %
and ϵtSM = 56.3 %. Figure 1 shows the pT of the third lepton
as well as the Emiss

T and χ2 distributions at this level of the
analysis.

The selection of the signal region is concluded with the
requirement of χ2 < 6, which optimises the sensitivity dis-
cussed in Sect. 8.

6 Background estimates

Three control regions are defined to check the agreement
between data and simulated samples of the Z Z , WZ and
t t̄ Z backgrounds. No scaling factors are derived from these
control regions, however they are used to estimate the back-
ground modelling uncertainties described in Sect. 7. The t Z
contribution to the total background is expected to be smaller
than the one from t t̄ Z events [74]. Due to the similarity
between the final states of t Z and signal events, there are large
signal contributions to possible t Z control regions. For these
reasons no control region is defined for the t Z background.

The Z Z control region is defined by requiring two pairs of
leptons with the same flavour, opposite charge and a recon-
structed mass within 15 GeV of the Z boson mass. The
expected and observed yields are shown in Table 3 and the
SHERPA sample is chosen as reference.
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Fig. 1 Expected (filled histogram) and observed (points with error
bars) distributions in the signal region before the χ2 cut is applied for
a pT of the third lepton, b Emiss

T and c χ2 of the kinematics reconstruc-
tion. For comparison, distributions for the FCNC t t̄ → bWqZ signal

(dashed line), normalised to the observed 95 % CL limit reported in this
paper, are also shown. Background statistical uncertainties associated
with the number of events in the samples are represented by the hatched
areas

undetected, its four-momentum must be estimated. This can
be done by assuming that the lepton not previously assigned
to the Z boson and the b-tagged jet (labelled b-jet) originate
from the W boson and SM top-quark decays, respectively,
and that Emiss

T is the neutrino’s transverse momentum. The
longitudinal component of the neutrino’s momentum (pν

z )
is then determined by minimising, without constraints, the
following expression:

χ2 =

(
mreco

jaℓaℓb
− mtFCNC

)2

σ 2
tFCNC

+

(
mreco

jbℓcν
− mtSM

)2

σ 2
tSM

+

(
mreco

ℓcν
− mW

)2

σ 2
W

, (2)

wheremreco
jaℓaℓb

,mreco
jbℓcν

andmreco
ℓcν

are the reconstructed masses
of theqZ , bW and ℓν systems, respectively. The central value
for the masses and the widths of the top quarks and W boson
are taken from reconstructed simulated signal events. This is
done by matching the true particles in the simulated events
to the reconstructed ones, setting the longitudinal momen-
tum of the neutrino to the pz of the true simulated neutrino
and then performing Bukin fits3 [73] to the masses of the
matched reconstructed top quarks and W boson. The values
are mtFCNC = 173 GeV, σtFCNC = 10 GeV, mtSM = 168 GeV,
σtSM = 23 GeV, mW = 82 GeV and σW = 15 GeV.

For each jet combination, where any jet can be assigned
to ja , while jb must correspond to a b-tagged jet, the χ2

minimisation gives the most probable value for pν
z . From all

3 This is a piecewise function with a Gaussian function in the centre
and two asymmetric tails.

combinations, the one with the minimum χ2 is chosen, along
with the corresponding pν

z value. The jet from the top-quark
FCNC decay is referred to as the light-quark (q) jet. The
fractions of correct assignments between the reconstructed
top quarks and the true simulated particles (evaluated as a
match within a cone of size %R = 0.4) are ϵtFCNC = 79.9 %
and ϵtSM = 56.3 %. Figure 1 shows the pT of the third lepton
as well as the Emiss

T and χ2 distributions at this level of the
analysis.

The selection of the signal region is concluded with the
requirement of χ2 < 6, which optimises the sensitivity dis-
cussed in Sect. 8.

6 Background estimates

Three control regions are defined to check the agreement
between data and simulated samples of the Z Z , WZ and
t t̄ Z backgrounds. No scaling factors are derived from these
control regions, however they are used to estimate the back-
ground modelling uncertainties described in Sect. 7. The t Z
contribution to the total background is expected to be smaller
than the one from t t̄ Z events [74]. Due to the similarity
between the final states of t Z and signal events, there are large
signal contributions to possible t Z control regions. For these
reasons no control region is defined for the t Z background.

The Z Z control region is defined by requiring two pairs of
leptons with the same flavour, opposite charge and a recon-
structed mass within 15 GeV of the Z boson mass. The
expected and observed yields are shown in Table 3 and the
SHERPA sample is chosen as reference.
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Table 1 Maximum allowed FCNC t → qZBRs as predicted by several
models [3–9]

Model: SM QS 2HDM FC 2HDM MSSM /R SUSY RS

BR(t → qZ): 10−14 10−4 10−6 10−10 10−7 10−6 10−5

cover almost fully the solid angle1 around the interac-
tion point. It is composed of an inner tracking system
close to the interaction point and immersed in a 2 T
axial magnetic field produced by a thin superconduct-
ing solenoid, a lead/liquid-argon (LAr) electromagnetic
calorimeter, an iron/scintillator-tile hadronic calorimeter,
copper/LAr hadronic endcap calorimeter and a muon spec-
trometer with three superconducting magnets, each one with
eight toroid coils. The forward region is covered by additional
LAr calorimeters with copper and tungsten absorbers. The
combination of all these systems provides charged-particle
momentum measurements, together with efficient and pre-
cise lepton and photon identification in the pseudorapidity
range |η| < 2.5. Energy deposits over the full coverage of
the calorimeters, |η| < 4.9 are used to reconstruct jets and
missing transverse momentum (with magnitude Emiss

T ). A
three-level trigger system is used to select interesting events.
The Level-1 trigger is implemented in hardware and uses
a subset of detector information to reduce the event rate to
a design value of at most 75 kHz. This is followed by two
software-based trigger levels which together reduce the event
rate to less than 1 kHz. A detailed description of the ATLAS
detector is provided in Ref. [29].

In this paper the full 2012 dataset from proton–proton
(pp) collisions at

√
s = 8 TeV is used. The analysed events

were recorded by single-electron or single-muon triggers and
fulfil standard data-quality requirements. Triggers with dif-
ferent transverse momentum thresholds are used to increase
the overall efficiency. The triggers using a low transverse
momentum (pT) threshold (pe,µT > 24 GeV) also have an
isolation requirement. Efficiency losses at higher pT values
are recovered by higher threshold triggers (peT > 60 GeV or
pµT > 36 GeV) without any isolation requirement. The inte-
grated luminosity of the analysed data sample is 20.3 fb−1.

3 Simulated samples

In the SM, top quarks are produced at the LHC mainly in
pairs, with a predicted t t̄ cross section in pp collisions at a

1 ATLAS uses a right-handed coordinate system with its origin at the
nominal interaction point in the centre of the detector and the z-axis
along the beam pipe. The x-axis points from the interaction point to
the centre of the LHC ring, and the y-axis points upward. Cylindrical
coordinates (r,φ) are used in the transverse plane, φ being the azimuthal
angle around the beam pipe. The pseudorapidity is defined in terms of
the polar angle θ as η = − ln tan(θ/2). The $R distance is defined as
$R =

√
($η)2 + ($φ)2.

centre-of-mass energy of
√
s = 8 TeV of σt t̄ = 253+13

−15 pb
for a top-quark mass of 172.5 GeV. The cross section has
been calculated at next-to-next-to leading-order (NNLO) in
QCD including resummation of next-to-next-to leading log-
arithmic (NNLL) soft gluon terms with Top++ 2.0 [30–35].
The parton distribution function (PDF) and αS uncertainties
are calculated using the PDF4LHC prescription [36] with the
MSTW 2008 68 % CL NNLO [37,38], CT10 NNLO [39,40]
and NNPDF 2.3 5f FFN [41] PDF sets and are added in
quadrature to the renormalisation and factorisation scale
uncertainties. The cross-section value for the NNLO+NNLL
calculation is about 3 % larger than the exact NNLO predic-
tion implemented in HATHOR 1.5 [42].

The simulation of signal events is performed withPROTOS
2.2 [43,44], which includes the effects of new physics at an
energy scale ' by adding dimension-six effective terms to the
SM Lagrangian. The most general Ztu vertex that arises from
the dimension-six operators can be parameterised including
only γ µ and σµνqν terms [45] as:

LZtu = − g
2cW

ūγ µ
(
XL
ut PL + XR

ut PR

)
t Zµ

− g
2cW

ū
iσµνqν

mZ

(
κL
ut PL + κR

ut PR

)
t Zµ + h.c., (1)

where g is the electroweak coupling, cW is the cosine of the
weak mixing angle, u and t are the quark spinors, Zµ is the Z
boson field, PL (PR) is the left-handed (right-handed) projec-
tion operator,mZ is the Z boson mass andqν = pν

t −pν
u is the

outgoing Z boson momentum. The Ztc vertex can be param-
eterised in a similar fashion. This vertex involves a minimum
of four anomalous couplings XL

ut , X
R
ut , κ

L
ut , κ

R
ut , which are set

to 0.01 each. It was checked that the coupling choice does not
affect the kinematics of the event. No impact in the kinemat-
ics is seen by comparing the bWuZ and bWcZ processes and
the latter is used as reference. Only decays of the W and Z
bosons involving charged leptons are generated at the matrix-
element level by PROTOS (Z → e+e−, µ+µ−, τ+τ− and
W → eν, µν, τν). The CTEQ6L1 [46] leading-order PDF
is used. To account for higher-order contributions in the sig-
nal production, the events are reweighted to the measured
t t̄ differential cross section as a function of the transverse
momentum of the t t̄ system (1/σ )(dσ/dptt̄T ) [47]. Hadro-
nisation is handled by PYTHIA 6.426 [48] with the Peru-
gia2011C [49] set of tuned parameters and τ decays are
processed with TAUOLA [50]. The top-quark mass is set to
mt = 172.5 GeV. Additional simulations with different par-
ton shower parameterisations are used to estimate the sys-
tematic uncertainties on the amount of initial- and final-state
radiation (ISR/FSR).

Several SM processes have final-state topologies simi-
lar to the signal, with at least three prompt charged lep-
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Figure 4: Distributions of �2 and MZ
top for the selected events after kinematic fit for the reference scenario. The t!Zu

"�" type process with the simulated branching ratio 9.38 · 10�5 is used as a signal. The signal and all backgrounds
are normalised to the corresponding number of events at 3000 fb�1. tZ and tWZ contributions are obtained by
rescaling the ttZ contribution according to the corresponding cross sections.

background-only hypothesis is fitted to the signal and background samples to obtain a limit on the signal
cross section, from which a limit on the branching ratio is calculated. Systematic errors are not considered
in the fit. The obtained limits for each detector scenario are shown in Table 4.

“�” t!Zu “�” t!Zu “�” t!Zc “�” t!Zc “�” t!Zu+Zc “�” t!Zu+Zc

Reference 4.3 · 10�5 4.3 · 10�5 5.6 · 10�5 5.8 · 10�5 2.4 · 10�5 2.5 · 10�5

Middle 4.5 · 10�5 4.6 · 10�5 6.0 · 10�5 6.3 · 10�5 2.6 · 10�5 2.7 · 10�5

Low 5.1 · 10�5 5.2 · 10�5 6.7 · 10�5 7.0 · 10�5 2.9 · 10�5 3.0 · 10�5

Table 4: FCNC-induced t!Zq decays branching ratio limits at 95% CLs for the di↵erent ATLAS detector upgrade
layouts. Zu+Zc limits are obtained assuming equal production rates for u and c quarks.

Comparing these numbers, it is evident that the reference detector scenario produces the strictest limit.
In the middle scenario, the expected limit worsens by ⇠8%, while in the low scenario the limit drops by
⇠20%, when compared to the reference scenario.

5.4 Systematic e↵ects

To complete the analysis of the ATLAS HL-LHC sensitivity to the t!Zq process systematic e↵ects must
be taken into account. An exhaustive list of relevant systematic e↵ects can be found in Ref. [5], but due
to the simplified detector performance simulation used in the present analysis the influence of a number
of these e↵ects cannot be studied properly. However, as shown in [5], the detector and reconstruction
systematic uncertainties result in a few percent (⌧10%) respective changes in the signal and background
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•Production and decay vertices 
three lepton signature 

training two BDTs: BDT-tZ and BDT-tt ̄ 

•Results 
BR(t→Zu) < 0.022% (0.027%) 

BR(t→Zc) < 0.049% (0.118%)
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•H→leptons 
aiming at H→ WW, ττ,ΖΖ 

reinterpreting ttH̄ searches 

•H→bb ̄
dedicated analysis 

split in regions (Njets, Nb-tags)  

•H→γγ 
limited by statistics 

•Run-1 ATLAS combination 
BR (t→Hc) < 0.46% (0.25%) 

BR (t→Hu) < 0.45% (0.29%)

FCNC tHq
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•New for FPCP2017 
First Run-2 FCNC search: H→ γγ (36/fb) 

Use leptonic and hadronic top (split into 
two categories each) 

•Result 
BR (t→Hc) < 0.22% (0.16%) 

BR (t→Hu) < 0.24% (0.17%)
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•Associated tγ production 
BDT training 

•Results 
BR (t→ uγ) < 1.3 · 10–4 

BR (t→ cγ) < 1.7 · 10–4 

•Anomalous couplings 
κtuγ < 0.025 and κtcγ < 0.091 using NLO 

FCNC tγq
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•tgq vertex can be probed in single top production 

Wb                                      or  Wbj 

top-quark softer than in SM, large pT(W),                    multijet BNN, SM BNN + 

different charge asymmetry→ NN                                   two dedicated BNN 

also interpreted in terms of κtqg or BR

FCNC tgq

22

BR(t→gu) < 0.004%   BR(t→gc) < 0.020%

BR(t→gu) < 0.002%   BR(t→gc) < 0.041%
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Scenario fL
V > |fR

V | < |fL
T| < < fR

T <
√
s = 7TeV

(fL
V, f

R
V ) 0.96 (0.91) 0.29 (0.37)

(fL
V, f

L
T) 0.88 (0.89) 0.11 (0.16)

(fL
V, f

R
T ) 0.94 (0.91) –0.077 (–0.067) 0.046 (0.053)

(fL
V, f

L
T, f

R
T ) 0.95 (0.91) 0.16 (0.22) –0.074 (–0.065) 0.037 (0.055)

(fL
V, f

R
V , fR

T ) 0.94 (0.89) 0.24 (0.29) –0.087 (–0.076) 0.040 (0.064)
√
s = 8TeV

(fL
V, f

R
V ) 0.96 (0.92) 0.24 (0.29)

(fL
V, f

L
T) 0.91 (0.92) 0.15 (0.18)

(fL
V, f

R
T ) 0.92 (0.92) –0.041 (–0.050) 0.060(0.048)

(fL
V, f

L
T, f

R
T ) 0.93 (0.94) 0.070(0.12) –0.049 (–0.067) 0.080 (0.066)

(fL
V, f

R
V , fR

T ) 0.95 (0.95) 0.18 (0.20) –0.035 (–0.044) 0.043 (0.032)
√
s = 7 and 8TeV

(fL
V, f

R
V ) 0.97 (0.92) 0.28 (0.31)

(fL
V, f

L
T) 0.92 (0.92) 0.10 (0.14)

(fL
V, f

R
T ) 0.94 (0.93) –0.046 (–0.050) 0.046 (0.041)

(fL
V, f

L
T, f

R
T ) 0.98 (0.97) 0.057 (0.10) –0.049 (–0.051) 0.048 (0.046)

(fL
V, f

R
V , fR

T ) 0.98 (0.97) 0.16 (0.22) –0.049 (–0.049) 0.039 (0.037)

Table 3. One-dimensional exclusion limits obtained in different two- and three-dimensional fit
scenarios. The first column shows the couplings allowed to vary in the fit, with the remaining
couplings set to the SM values. The observed (expected) 95% CL limits for each of the two data
sets and their combination are given in the following columns.

8 Search for tcg and tug FCNC interactions

8.1 Theoretical introduction

The FCNC tcg and tug interactions can be written in a model-independent form with the

following effective Lagrangian [1]:

L =
κtqg
Λ

gsqσ
µν λ

a

2
tGa

µν , (8.1)

where Λ is the scale of new physics (≈1TeV), q refers to either the u or c quarks, κtqg defines

the strength of the FCNC interactions in the tug or tcg vertices, λa/2 are the generators

of the SU(3) colour gauge group, gs is the coupling constant of the strong interaction,

and Ga
µν is a gluon field strength tensor. The Lagrangian is assumed to be symmetric

– 16 –
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FCNC 
summary
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construct T-odd observables of the form v1 · (v2  x v3) from momentum and 
spin vectors 
○ e.g.                                        and  

CP violation manifests as an asymmetry in Oi (>0 vs. <0) 

diluted by 35 — 73 %, mainly due to incorrectly assigned b-jets 

measured values consistent with 0, with %-level uncertainties

CP violation in  
tt ̄production and decay 

24
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the time-reversal operator. Several observables are measured, as proposed in refs. [5–7],

that take the form v⃗1 · (v⃗2 × v⃗3), where v⃗i (i = 1, 2, 3) are spin or momentum vectors.

These triple-product observables are odd under the T transformation, and are thus also

odd under the CP transformation if CPT conservation is valid, i.e. CP(Oi) = −Oi, where

Oi are the proposed observables. The presence of CPV would be manifested by a nonzero

value of the asymmetry

ACP(Oi) =
Nevents(Oi > 0)−Nevents(Oi < 0)

Nevents(Oi > 0) +Nevents(Oi < 0)
. (1.1)

The measurements of the asymmetry corrected for the effects of the detector (ACP) and

also without these corrections (A′
CP) are presented. The reason to present both ACP and

A′
CP values is that the corrections, called dilution factors (section 8.1), could themselves be

affected by physics beyond the SM [7]; no particular such new-physics process is considered

in this paper.

Four observables that can be measured in the single-lepton + jets final state of tt

production and decay in proton-proton (pp) collisions are defined as:

O2 = ϵ(P, pb + pb, pℓ, pj1)
lab−−→∝ (p⃗b + p⃗b) · (p⃗ℓ × p⃗j1),

O3 = Qℓ ϵ(pb, pb, pℓ, pj1)
bbCM−−−−→∝ Qℓ p⃗b · (p⃗ℓ × p⃗j1),

O4 = Qℓ ϵ(P, pb − pb, pℓ, pj1)
lab−−→∝ Qℓ (p⃗b − p⃗b) · (p⃗ℓ × p⃗j1),

O7 = q · (pb − pb) ϵ(P, q, pb, pb)
lab−−→∝ (p⃗b − p⃗b)z(p⃗b × p⃗b)z.

(1.2)

The symbol → indicates the spatial frame chosen to simplify the triple product. The

observables O2, O4, and O7 are calculated in the laboratory (lab) frame, and O3 in the bb

centre-of-mass frame (bb CM), where b and b indicate the bottom quark and antiquark jets

from the t and t decays, respectively. The symbol ∝ indicates proportionality. The symbol

ϵ denotes the Levi-Civita symbol with ϵ0123 = 1, which is contracted with four-vectors a,

b, c, and d, i.e. ϵ(a, b, c, d) ≡ ϵµναβaµbνcαdβ . In these expressions, P is the sum of, and q

the difference between, the four-momenta of the two initial-state protons; p and p⃗ are the

four- and three-momenta, respectively, of the final-state particles; the subscript z indicates

a projection along the direction of the counterclockwise rotating proton beam, defined to

be the +z direction in the CMS coordinate system; ℓ refers to the electron or muon from

the leptonically decaying W boson; j1 refers to the non-b quark jet originating from the

hadronically decaying W boson with the highest transverse momentum (pT); and Qℓ is the

electric charge of ℓ. Note that the sign of the observable is the only information needed to

measure ACP.

The asymmetries ACP computed from the above observables are predicted to be zero

in the SM [5, 6]. However, in some new-physics scenarios [7], the effects of CPV can be

sizable: ACP(O3) and ACP(O4) could be as large as 8%, while ACP(O2) and ACP(O7) are

less sensitive to new physics and can reach 0.4% [7]. The sensitivity of the observables to

CPV depends on whether distinguishable final-state objects are involved in their definition.

For instance, the b quark jet charges need to be distinguished for O3 and O4, but not for

O2 and O7.
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b, c, and d, i.e. ϵ(a, b, c, d) ≡ ϵµναβaµbνcαdβ . In these expressions, P is the sum of, and q

the difference between, the four-momenta of the two initial-state protons; p and p⃗ are the

four- and three-momenta, respectively, of the final-state particles; the subscript z indicates

a projection along the direction of the counterclockwise rotating proton beam, defined to

be the +z direction in the CMS coordinate system; ℓ refers to the electron or muon from

the leptonically decaying W boson; j1 refers to the non-b quark jet originating from the

hadronically decaying W boson with the highest transverse momentum (pT); and Qℓ is the

electric charge of ℓ. Note that the sign of the observable is the only information needed to

measure ACP.

The asymmetries ACP computed from the above observables are predicted to be zero

in the SM [5, 6]. However, in some new-physics scenarios [7], the effects of CPV can be

sizable: ACP(O3) and ACP(O4) could be as large as 8%, while ACP(O2) and ACP(O7) are

less sensitive to new physics and can reach 0.4% [7]. The sensitivity of the observables to

CPV depends on whether distinguishable final-state objects are involved in their definition.

For instance, the b quark jet charges need to be distinguished for O3 and O4, but not for

O2 and O7.
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•Top-quark pair excellent source of b-hadrons1 
hadron charge can be measured at production and decay 

soft muon tagging (SMT) to reconstruct the charge at decay 

dominated by stat. uncertainties → will improve with 13 TeV data 

first constraint on Adirbc and improved limit on Adircl

CP  asymmetries  
in b-hadron decays using tt ̄events

25
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(a) Same-top SMT muon (b) Different-top SMT muon

Figure 1. Illustration of same- and different-top SMT muons.

Experimentally observable charge asymmetries are formed by considering the relative

difference in the probability for an initial b- or b-quark to decay via either a positively or

negatively charged SMT muon. Let Nαβ represent the number of SMT muons observed

with a charge β in conjunction with a W -boson lepton of charge α, where α,β = ±1. In

the case that an SMT muon is estimated to have originated from the different top-quark to

the W -boson lepton, the sign of the W -boson lepton, α, is flipped in order to consistently

represent the charge of the b-quark at production in both scenarios. In the case of events

where both b-hadrons decay semileptonically and are both experimentally tagged, the event

contributes twice to the asymmetries. A total of four different probabilities are considered:

P
(
b → ℓ+

)
=

N (b → ℓ+)

N (b → ℓ−) +N (b → ℓ+)
=

N++

N+− +N++
=

N++

N+
, (1.7)

P
(
b → ℓ−

)
=

N
(
b → ℓ−

)

N
(
b → ℓ−

)
+N

(
b → ℓ+

) =
N−−

N−− +N−+
=

N−−

N− , (1.8)

P
(
b → ℓ−

)
=

N (b → ℓ−)

N (b → ℓ−) +N (b → ℓ+)
=

N+−

N+− +N++
=

N+−

N+
, (1.9)

P
(
b → ℓ+

)
=

N
(
b → ℓ+

)

N
(
b → ℓ−

)
+N

(
b → ℓ+

) =
N−+

N−− +N−+
=

N−+

N− , (1.10)

where N+ ≡ N+++N+− and N− ≡ N−++N−− represent the total number of positively

and negatively charged W -boson leptons respectively. Observable same- and opposite-sign

charge asymmetries may be formed from the probabilities:

Ass =
P (b → ℓ+)− P

(
b → ℓ−

)

P (b → ℓ+) + P
(
b → ℓ−

) , Aos =
P (b → ℓ−)− P

(
b → ℓ+

)

P (b → ℓ−) + P
(
b → ℓ+

) , (1.11)

Ass =

(
N++

N+
− N−−

N−

)

(
N++

N+
+

N−−

N−

) , Aos =

(
N+−

N+
− N−+

N−

)

(
N+−

N+
+

N−+

N−

) . (1.12)

– 3 –

J
H
E
P
0
2
(
2
0
1
7
)
0
7
1

(a) Same-top SMT muon (b) Different-top SMT muon

Figure 1. Illustration of same- and different-top SMT muons.

Experimentally observable charge asymmetries are formed by considering the relative

difference in the probability for an initial b- or b-quark to decay via either a positively or

negatively charged SMT muon. Let Nαβ represent the number of SMT muons observed

with a charge β in conjunction with a W -boson lepton of charge α, where α,β = ±1. In

the case that an SMT muon is estimated to have originated from the different top-quark to

the W -boson lepton, the sign of the W -boson lepton, α, is flipped in order to consistently

represent the charge of the b-quark at production in both scenarios. In the case of events

where both b-hadrons decay semileptonically and are both experimentally tagged, the event

contributes twice to the asymmetries. A total of four different probabilities are considered:

P
(
b → ℓ+

)
=

N (b → ℓ+)

N (b → ℓ−) +N (b → ℓ+)
=

N++

N+− +N++
=

N++

N+
, (1.7)

P
(
b → ℓ−

)
=

N
(
b → ℓ−

)

N
(
b → ℓ−

)
+N

(
b → ℓ+

) =
N−−

N−− +N−+
=

N−−

N− , (1.8)

P
(
b → ℓ−

)
=

N (b → ℓ−)

N (b → ℓ−) +N (b → ℓ+)
=

N+−

N+− +N++
=

N+−

N+
, (1.9)

P
(
b → ℓ+

)
=

N
(
b → ℓ+

)

N
(
b → ℓ−

)
+N

(
b → ℓ+

) =
N−+

N−− +N−+
=

N−+

N− , (1.10)

where N+ ≡ N+++N+− and N− ≡ N−++N−− represent the total number of positively

and negatively charged W -boson leptons respectively. Observable same- and opposite-sign

charge asymmetries may be formed from the probabilities:

Ass =
P (b → ℓ+)− P

(
b → ℓ−

)

P (b → ℓ+) + P
(
b → ℓ−

) , Aos =
P (b → ℓ−)− P

(
b → ℓ+

)

P (b → ℓ−) + P
(
b → ℓ+

) , (1.11)

Ass =

(
N++

N+
− N−−

N−

)

(
N++

N+
+

N−−

N−

) , Aos =

(
N+−

N+
− N−+

N−

)

(
N+−

N+
+

N−+

N−

) . (1.12)

– 3 –

J
H
E
P
0
2
(
2
0
1
7
)
0
7
1

Data
(
10−2

)
MC

(
10−2

)
Existing limits (2σ)

(
10−2

)
SM prediction

(
10−2

)

Ass −0.7 ± 0.8 0.05 ± 0.23 - < 10−2 [19]

Aos 0.4 ± 0.5 −0.03 ± 0.13 - < 10−2 [19]

Ab
mix −2.5 ± 2.8 0.2 ± 0.7 < 0.1 [95] < 10−3 [95, 96]

Abℓ
dir 0.5 ± 0.5 −0.03 ± 0.14 < 1.2 [94] < 10−5 [19, 94]

Acℓ
dir 1.0 ± 1.0 −0.06 ± 0.25 < 6.0 [94] < 10−9 [19, 94]

Abc
dir −1.0 ± 1.1 0.07 ± 0.29 - < 10−7 [97]

Table 7. Comparison of measurements of charge asymmetries and constraints on CP asymmetries,
with MC simulation (detailed in the text), existing experimental limits and SM predictions. The
latter two columns represent upper limits on the absolute values |A|. For Ab

mix the last two columns
are determined using the prescription from ref. [19], with inputs from the HFAG world average
high-energy fd,s [95] and either the world average [95] or the SM predictions [96] for adsl and assl
respectively.

whereas the SM predictions for these parameters are of the order |Abℓ
dir| < 10−7 and |Acℓ

dir| <
10−11 [19, 94].

The results presented here for direct CP violation and CP violation in mixing are

compatible with both the SM predictions and the dimuon asymmetry observed by the D0

measurement, within 1σ.

For comparison with existing experimental limits on these parameters the discussion

presented in ref. [94] may be considered, where it is stated that only limits from exclu-

sive channels on some direct asymmetries presently exist. These limits are extrapolated

(extrap.) to inclusive limits by considering uncertainties on the relevant branching ratios.

They are evaluated in decay modes insensitive to the other direct CP asymmetries respec-

tively and therefore make no assumptions on their values. The limits set at the 2σ level

are Abℓ
dir (extrap.) ≤ 0.012 and Acℓ

dir (extrap.) ≤ 0.06. No limits are set on Abc
dir.

A full comparison of the experimental results with the SM predictions and with existing

experimental limits may be found in table 7. In particular, the 2σ limits inferred by this

analysis are stronger than the existing indirect limit on Acℓ
dir, and equivalent to the existing

indirect limit on Abℓ
dir. Moreover, this is the first direct experimental limit on either of these

direct CP asymmetries, and also the first direct experimental limit on Abc
dir.

9 Conclusions

Same- and opposite-sign charge asymmetries are measured with the ATLAS detector at

the LHC in ℓ+jets tt̄ events using the 2012 data sample corresponding to 20.3 fb−1 of

proton-proton collisions at
√
s = 8TeV. The charge asymmetries are formed from the

charge of the lepton from the top-quark decay and from the charge of the soft muon from

the semileptonic decay of a b-hadron. The lepton from the top-quark decay determines

the charge of the produced b-quark whilst the charge of the soft lepton determines the

b-quark charge at decay. The same- or different-top experimental ambiguity is resolved by

a kinematic likelihood fitter with a misassignment probability of 21±1%. Backgrounds are
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(a) Same-top SMT muon (b) Different-top SMT muon

Figure 1. Illustration of same- and different-top SMT muons.

Experimentally observable charge asymmetries are formed by considering the relative

difference in the probability for an initial b- or b-quark to decay via either a positively or

negatively charged SMT muon. Let Nαβ represent the number of SMT muons observed

with a charge β in conjunction with a W -boson lepton of charge α, where α,β = ±1. In

the case that an SMT muon is estimated to have originated from the different top-quark to

the W -boson lepton, the sign of the W -boson lepton, α, is flipped in order to consistently

represent the charge of the b-quark at production in both scenarios. In the case of events

where both b-hadrons decay semileptonically and are both experimentally tagged, the event

contributes twice to the asymmetries. A total of four different probabilities are considered:

P
(
b → ℓ+

)
=

N (b → ℓ+)

N (b → ℓ−) +N (b → ℓ+)
=

N++

N+− +N++
=

N++

N+
, (1.7)

P
(
b → ℓ−

)
=

N
(
b → ℓ−

)

N
(
b → ℓ−

)
+N

(
b → ℓ+

) =
N−−

N−− +N−+
=

N−−

N− , (1.8)

P
(
b → ℓ−

)
=

N (b → ℓ−)

N (b → ℓ−) +N (b → ℓ+)
=

N+−

N+− +N++
=

N+−

N+
, (1.9)

P
(
b → ℓ+

)
=

N
(
b → ℓ+

)

N
(
b → ℓ−

)
+N

(
b → ℓ+

) =
N−+

N−− +N−+
=

N−+

N− , (1.10)

where N+ ≡ N+++N+− and N− ≡ N−++N−− represent the total number of positively

and negatively charged W -boson leptons respectively. Observable same- and opposite-sign

charge asymmetries may be formed from the probabilities:

Ass =
P (b → ℓ+)− P

(
b → ℓ−

)

P (b → ℓ+) + P
(
b → ℓ−

) , Aos =
P (b → ℓ−)− P

(
b → ℓ+

)

P (b → ℓ−) + P
(
b → ℓ+

) , (1.11)

Ass =

(
N++

N+
− N−−

N−

)

(
N++

N+
+

N−−

N−

) , Aos =

(
N+−

N+
− N−+

N−

)

(
N+−

N+
+

N−+

N−

) . (1.12)
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•Search for CP violation 
in top quark decay 

in single top quark production 

in b-hadrons from tt ̄

•Characterisation of top quark production and decay 
Wtb structure through inclusive and differential single top 

couplings to neutral bosons through tt+̄X measurements 

search for very rare FCNC couplings 

•Interpretations 
in terms of anomalous couplings in Wtb 

in terms of EFT coefficients (single or multiple analyses)

Summary
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