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Top quark Effective Field Theory

• Generic extension of the Standard Model 

based on limited approximations 

• Way to look for New Physics in SM precision measurements 

• Deviations from higher-order SM predictions due to 
interference of NP with SM; sensitive to NP even if new 
particles are too massive to be created at LHC energy
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Top quark vertices

• General couplings (SM contribution) 

- Wtb, ttg, ttZ, ttγ, ttH

• Flavor Changing Neutral Currents (FCNC) couplings 

- tgq, tγq, tZq, tHq (q=u or c) 

• Lagrangian of each top vertex can be expressed with a minimal 
set of independent (anomalous) couplings related to (one or 
several) Wilson coefficient Cx 

• Experimental measurements allow to set limits on these 
couplings or the Cx directly
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Top quark vertices

1 Introduction

At hadron colliders top quarks are predominantly produced in pairs (tt̄) via the flavour-conserving strong
interaction, but single top-quark production can occur via charged-current electroweak processes involving
a Wtb vertex. At leading-order in QCD perturbation theory three sub-processes contribute to single top-
quark production: an exchange of a virtual W boson either in the t-channel or in the s-channel, or the
associated production of a top quark with an on-shell W boson (Wt).

In proton–proton (pp) collisions, the t-channel exchange, depicted in Figure 1, is the dominant production
process of single top-quarks. The exchange of a space-like W boson due to the interaction of a light quark
with a b-quark produces a top quark and a forward light-quark (called the spectator quark) in the final
state. Furthermore, as a consequence of the vector–axial-vector form of the Wtb vertex in the Standard
Model, the produced top-quarks are predicted to be highly polarised, in particular along the direction of
the spectator-quark momentum [1, 2]. Due to its short lifetime, the top quark decays before hadronisation
and its spin orientation is directly accessible through the angular distributions of its decay products.
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Figure 1: Leading-order Feynman diagram for t-channel production of single top-quarks in pp collisions. In the
depicted four-flavour scheme (2!3 process) the initial b-quark arises from a gluon splitting into a bb pair.

Within the Standard Model the top quark decays through the electroweak interaction, and almost exclusively
into a W boson and a b-quark. The W boson, which is produced as a real particle in the top-quark decay,
also possesses a polarisation (or helicity state). The W boson polarisation can be accessed via angular
distributions of its decay products from which a generic set of spin observables can be extracted [3].

Measuring the top-quark polarisation and the W boson spin observables in t-channel single top-quark
production provides a powerful probe for studying the Wtb vertex in both top-quark production and decay.
New physics e�ects resulting in corrections to the Wtb vertex would a�ect the measurement of the top-
quark and W boson polarisations. In the e�ective operator formalism the most general Wtb Lagrangian
can be written as [4]:

LWtb = �
gp
2

b�µ (VLPL + VRPR) tW�µ �
gp
2

b
i�µ⌫q⌫

mW
(gLPL + gRPR) tW�µ + h.c. (1)

In this expression g is the weak coupling constant, 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⌫ = [�µ, �⌫]/2. The complex constants VL,R and gL,R are the left- and right-handed vector and tensor
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Observables

• Productions: 

- top-quark pair, single-top, associated productions 

• Observables:  

- cross-sections: total or differential 

- distributions: pT spectrum, angular asymmetries, ... 

• Interpretations:  

- global analysis (like TopFitter but with limited correlations informations) 

- individual measurements with EFT interpretation
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Observables

Only LHC Run 1 results (8 TeV or 7&8 TeV) will be shown



Wtb anomalous couplings

• In SM: VL=Vtb~1,  VR=gL=gR=0 

• Each of these parameters is directly connected to one 
effective operator coefficient 

• Studies of top decays and single-top production 

• Tight constraints on VR,gL of O(10-3) from B mesons decays
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VL,R:  left/right-handed vector couplings  
gL,R:  left/right-handed tensor couplings 
PL,R:  left/right-handed projection operators
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and its spin orientation is directly accessible through the angular distributions of its decay products.
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Figure 1: Leading-order Feynman diagram for t-channel production of single top-quarks in pp collisions. In the
depicted four-flavour scheme (2!3 process) the initial b-quark arises from a gluon splitting into a bb pair.

Within the Standard Model the top quark decays through the electroweak interaction, and almost exclusively
into a W boson and a b-quark. The W boson, which is produced as a real particle in the top-quark decay,
also possesses a polarisation (or helicity state). The W boson polarisation can be accessed via angular
distributions of its decay products from which a generic set of spin observables can be extracted [3].

Measuring the top-quark polarisation and the W boson spin observables in t-channel single top-quark
production provides a powerful probe for studying the Wtb vertex in both top-quark production and decay.
New physics e�ects resulting in corrections to the Wtb vertex would a�ect the measurement of the top-
quark and W boson polarisations. In the e�ective operator formalism the most general Wtb Lagrangian
can be written as [4]:

LWtb = �
gp
2

b�µ (VLPL + VRPR) tW�µ �
gp
2

b
i�µ⌫q⌫

mW
(gLPL + gRPR) tW�µ + h.c. (1)

In this expression g is the weak coupling constant, 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⌫ = [�µ, �⌫]/2. The complex constants VL,R and gL,R are the left- and right-handed vector and tensor
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Single-top production

• t-channel at 7&8 TeV, W muonic decay 

• Selection of t-channel with a Bayesian Neural 
Network (BNN) 

• 3 additionnal BNNs to separate contributions 
from VR, gL, gR couplings from the SM 
expectation 

• Interference terms between gL and gR, VR and 
gR negligible → 3-dimensional analyses 
performed with VL allowed to be different than 1 

• 95% CL limits: 
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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.
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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.
The couplings could also be expressed using the Wilson coe�cients [9] of the relevant dimension-six
operators1, described in Refs. [7, 10]. In the SM at tree level, VL = Vtb, which is an element in the

1 In general the couplings can depend on the momentum transfer q2. Since this analysis is mainly sensitive to top-quark decays
to an on-shell W boson, where q2 = m2

W , no q2 dependence is considered.
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14 8 Search for tcg and tug FCNC interactions
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W helicity

• W boson can be produced in different helicities (spin 
direction with respect to its motion): left-handed, right-
handed or longitudinal 

• Studied in top decays through the angle θ* between 
direction of charged lepton (or down-type quark) and the 
reverse direction of b quark in W rest frame 

• Distribution is fitted with templates for each helicity 

• Helicity fractions depend on Wtb anomalous couplings 

• In these results assumption of CP conservation → real 
couplings
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Figure 2: Measured and predicted distributions of (a) likelihood and (b) event probability from the kinematic fit
and reconstructed cos ✓⇤ distribution using (c) the leptonic and (d) the hadronic analysers with �2 b-tags. The
displayed uncertainties represent the Monte Carlo statistical uncertainty as well as the background normalisation
uncertainties.
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1 Introduction

The data from proton-proton (pp) collisions produced at the CERN LHC provide an excellent
environment to investigate properties of the top quark, in the context of its production and
decay, with unprecedented precision. Such measurements enable rigorous tests of the standard
model (SM), and deviations from the SM predictions would indicate signs of possible new
physics [1–4].

In particular, the W boson helicity fractions in top quark decays are very sensitive to the Wtb
vertex structure. The W boson helicity fractions are defined as the partial decay rate for a given
helicity state divided by the total decay rate: FL,R,0 ⌘ GL,R,0/G, where FL, FR, and F0 are the left-
handed, right-handed, and longitudinal helicity fractions, respectively. The helicity fractions
are expected to be F0 = 0.687 ± 0.005, FL = 0.311 ± 0.005, and FR = 0.0017 ± 0.0001 at next-to-
next-to-leading order (NNLO) in the SM, including electroweak effects, for a top quark mass
mt = 172.8 ± 1.3 GeV [5]. Anomalous Wtb couplings, i.e. those that do not arise in the SM,
would alter these values.

Experimentally, the W boson helicity can be measured through the study of angular distribu-
tions of the top quark decay products. The helicity angle q⇤ is defined as the angle between the
direction of either the down-type quark or the charged lepton arising from the W boson decay
and the reversed direction of the top quark, both in the rest frame of the W boson. The dis-
tribution for the cosine of the helicity angle depends on the helicity fractions in the following
way,

1
G

dG
d cos q⇤

=
3
8
(1 � cos q⇤)2 FL +

3
4
(sin q⇤)2F0 +

3
8
(1 + cos q⇤)2 FR. (1)

This dependence is shown in Fig. 1 for each contribution separately, normalised to unity, and
for the SM expectation. Charged leptons (or down-type quarks) from left-handed W bosons are
preferentially emitted in the opposite direction of the W boson, and thus tend to have lower
momentum and be closer to the b jet from the top quark decay, as compared to charged leptons
(or down-type quarks) from longitudinal or right-handed W bosons.

*)θcos(
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Figure 1: Predicted cosq⇤ distributions for the different helicity fractions. The distributions for
the fractions F0, FL, and FR are shown as dashed, dotted, and dash-dotted lines, respectively,
and the sum of the three contributions according to the SM predictions is displayed as a solid
line.

The measurement of the W boson helicity is sensitive to the presence of non-SM couplings
between the W boson, the top quark, and the bottom quark. A general parametrisation of the
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3. The Top Quark and Its Properties

W -boson polarisation

The massive W+-boson that originates from a top-quark decay can be either left-handed, right-
handed or longitudinally polarised. This is shown in Fig. 3.6: If the spin of the W+-boson
(indicated by the small arrows) is parallel to its direction of motion (large arrows) it is called
right-handed, and left-handed for an anti-parallel configuration.
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b

t
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W+

b

t
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W+

b

t

left-handed

Figure 3.6.: Decay of the top quark into a W+-boson and a b-quark in the top quark rest
frame. The large arrows represent the momentum of the particles and the small
arrows the spin. The probability for the top-quark to decay into a right-handed
W+-boson is suppressed by the ratio m2

b/m
2
top.

The corresponding fractions are calculated as the ratio of the relative decay width to the total
width:

Fi =
Γi

∑

k=0,L,R Γk
with i = 0, L,R. (3.13)

The total decay width is calculated by applying Fermis golden rule and using the matrix element
from Eq. 3.12:

Γ =
2π

!

∫

|M|2dφ . (3.14)

Taking the spins of the initial and final states into account and assuming the b-quark mass to
be negligible, this results in6:

Γ =
GF

8
√

2π
m3

top |Vtb|2 (1 − x2)2(1 + 2x2) , (3.15)

using the substitution x = mW/mtop. When decomposing the last terms, the expression can be
written as:

Γ =
GF

8
√

2π
m3

top |Vtb|2 [(1 − x2)2
︸ ︷︷ ︸

Γ̂0

+ 2x2(1 − x2)2
︸ ︷︷ ︸

Γ̂L

] , (3.16)

6Using g2
W = 4

√

2GF m2
W
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W helicity
• Repetitively measured by both experiments at 7&8 TeV; mainly in ttbar, but also in 

single-top 

• Needs top reconstruction → use of kinematic fits   

• Last and most precise result is from ATLAS: ttbar→l+jets; used both leptonic and 
hadronic decays, but leptonic decay alone gives best limit

8W boson helicity fractions
1.5− 1− 0.5− 0 0.5

ATLAS+CMS Preliminary WGtopLHC Sept 2016

RF LF 0F

=7 TeVsLHC combination, 

-1=20.2 fb
int

=8 TeV, LsATLAS 2012 single lepton, 

 *-1=2.2 fb
int

=7 TeV, LsCMS 2011 single lepton, 

-1=5.0 fb
int

=7 TeV, LsCMS 2011 single lepton, 

-1=35 pb
int

=7 TeV, LsATLAS 2010 single lepton, 

-1=1.04 fb
int

=7 TeV, LsATLAS 2011 single lepton and dilepton, 

-1=19.7 fb
int

=8 TeV, LsCMS 2012 single top, 

-1=19.8 fb
int

=8 TeV, LsCMS 2012 single lepton, 

-1=19.7 fb
int

=8 TeV, LsCMS 2012 dilepton, 

ATLAS-CONF-2013-033, CMS-PAS-TOP-12-025 

Paper in preparation

CMS-PAS-TOP-11-020

JHEP 10 (2013) 167

ATLAS-CONF-2011-037

JHEP 1206 (2012) 088

JHEP 01 (2015) 053

arXiv:1605.09047

CMS-PAS-TOP-14-017
* superseded by published result

Theory (NNLO QCD)
PRD 81 (2010) 111503 (R)

)0/FL/F
R

Data (F

total   stat

-0.02 < Re(gR) < 0.06

arXiv:1612.02577 
Accepted by EPJC

Excluded by 
single-top xs

accepted by EPJC



Angular asymmetries

• t-channel at 8 TeV, cut-based selection, leptonic decay of W 

• top and W polarisation observables extracted from asymmetries in angular 
distributions (unfolded to parton-level) 

• Limits on Im(gR) from simultaneous measurement of AN
FB and Aℓ

FB 

forward-backward asym. of angle θ between: 

‣ lepton momentum and top spin direction                                 
(≡spectator quark direction) for Aℓ

FB  

‣ lepton momentum and normal axis to plane defined by W 
momentum and top-spin direction for AN

FB 

CL95%:  -0.18 < Im(gR) < 0.06
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Figure 2: Coordinate system and angles used to define the W-boson spin observables and their related angular
asymmetries in the decay of polarised top quarks. The W-boson momentum ~q in the top-quark rest frame defines
the ẑ-axis; the top-quark spin direction ŝt, taken along the spectator-quark momentum in the top-quark rest frame,
defines the x̂–ẑ plane. The polar and azimuthal angles of the charged-lepton momentum ~p` in the W-boson rest
frame are labelled ✓⇤` and �⇤` , respectively. The normal and transverse axes are defined relatively to ~q and ŝt according
to ~N = ŝt ⇥~q and ~T = ~q⇥ ~N; they are along the �ŷ and x̂ axes of the coordinate system, respectively. The azimuthal
angles �⇤N and �⇤T of the charged lepton in the W-boson rest frame are defined relatively to the ~N and ~T axes,
respectively (�⇤T ⌘ �⇤`), while ✓N

` and ✓T` (not shown in the figure) are the relative angles between ~p` and the ~N and
~T axes, respectively.

on single or combined angular observables. They are listed in Table 1, together with their associated
angular observables and their relation to the polarisation observables.2 The asymmetry values predicted
by the Standard Model are also reported in the table.

Most of the polarisation observables are based on a forward-backward asymmetry, which is generically
defined as a function of a given angular observable cos ✓ according to

AFB =
N(cos ✓ > 0) � N(cos ✓ < 0)
N(cos ✓ > 0) + N(cos ✓ < 0)

, (4)

where N is the number of events. One of the W-boson spin observables is determined from an asymmetry
called edge-central and defined as follows

AEC =
N(| cos ✓| > 1

2 ) � N(| cos ✓| < 1
2 )

N(| cos ✓| > 1
2 ) + N(| cos ✓| < 1

2 )
. (5)

2 The asymmetries used in this article and in Ref. [5] are related to the ones defined in Refs. [4, 13] through the equations
AT

FB = Ax
FB, AN

FB = �AyFB, AT,�
FB = A1

FB, AN,�
FB = �A2

FB, AFB = Az
FB .

6

P: degree of polarisation of top 
αℓ: spin analysing power  
     of the lepton

N

T

pW

plept

Stop

θℓ

θℓN

in top quark rest frame
AℓFB and the distribution of cos(θℓ) have been measured by CMS  

in JHEP 04 (2016) 073



ttg - spin correlation

• ttbar events at 8 TeV 

• ttbar spin correlation and top polarization from angular 
distributions 

• Some of the observables have a direct relation with the 
anomalous couplings 

• ΔΦl+l-  difference in azimutal angle of charge leptons in lab. 
frame, sensitive to spin correl. 

• Acos𝜑  asymmetry in distribution of angle between leptons in 
rest frame of their top parents, sensitive to spin correl. 

• PCPV=AP+-AP-  difference in top polarization for +/- charged 
leptons, 0 if CP-invariance

10

1. Introduction

Last year the ATLAS collaboration [1] at the LHC measured the correlation of t and t̄ spins in

tt̄ production at the LHC. The hypothesis of zero spin correlation was excluded at 5.1 standard

deviations. (See also the CMS analysis [2].) Previously, the D∅ collaboration [3] found evi-

dence for tt̄ spin correlations in events with a significance of more than 3 standard deviations.

These experimental results at the LHC and at the Tevatron are in agreement, within uncer-

tainties, with corresponding standard model (SM) predictions, and therefore provide another

experimental proof that the top quark behaves like a bare quark that does not hadronize.

In view of these findings, top spin observables are rather unique tools (as compared to cor-

responding observables for lighter quarks) for the detailed exploration of, in particular, top-

quark pair production (and decay) dynamics, because (future) measurements of angular corre-

lations/distributions induced by tt̄ spin correlations or t, t̄ polarization can be confronted with

reliable perturbative predictions within the SM versus predictions made with new-physics (NP)

models.

As to the modelling of new physics effects one may either consider a specific NP model, e.g.

the minimal supersymmetric extension of the SM, or use a rather model-independent approach

to parameterize possible NP effects in top-quark production and decay. Here we shall use the

second approach.

We consider tt̄ production at the LHC and subsequent decays into dileptonic and lepton plus

jets final states. The aim of this paper is twofold. On the one-hand we extend our previous

SM predictions of a number of tt̄ spin-correlation effects at next-to-leading order in the strong

and weak gauge couplings [4–6], and of SM-induced longitudinal [7,8] and transverse [9] t and t̄

polarization to pp collisions at the LHC at center-of-mass energies of 7 and 8 TeV. In addition,

we analyze the effects of a chromo-magnetic and chromo-electric dipole moment of the top

quark on tt̄ spin correlations and on t and t̄ polarization.

Assuming that new physics effects in hadronic tt̄ production are induced by new heavy particle

exchanges (characterized by a mass scale M) one may construct a local effective Lagrangian

Leff that respects the SM gauge symmetries and describes possible new physics interaction

structures for energies ! M . Recent analyses include [10–15]. Here we confine ourselves to

interactions of mass dimension 5 after spontaneous electroweak symmetry breaking. Then, as

is well-known, the new-physics part of Leff is given in terms of chromo dipole couplings of the

top quark to the gluon(s):

Leff = LSM − µ̃t

2
t̄σµνT atGa

µν −
d̃t
2
t̄iσµνγ5T

atGa
µν , (1)

1

where µ̃t and d̃t are the chromo-magnetic (CMDM) and chromo-electric (CEDM) dipole moment

of the top quark, respectively, Ga
µν denotes the gluon field strength tensor, and T a the generators

of SU(3) color. In particular, a sizeable non-zero CEDMwould signal a new type of CP-violating

interaction beyond the Kobayashi-Maskawa CP phase.

It is customary to define dimensionless chromo moments µ̂t, d̂t by

µ̃t =
gs
mt

µ̂t , d̃t =
gs
mt

d̂t , (2)

where mt denotes the top-quark mass and gs is the QCD coupling.

There exists an extensive literature on the phenomenology of anomalous top-quark chromo

moments in hadronic tt̄ production [16–34]. The topic has been revisited recently [35–40] in

view of the large samples of tt̄ events that have been recorded so far at the LHC. In fact, the

analysis of these data samples yields useful direct information1 on µ̂t and d̂t. For instance, a

comparison of σexp
tt̄ with the SM prediction, made in [35], yields a region in the set of couplings

µ̂t, d̂t that is still allowed. This allowed region is given roughly by |µ̂t| ! 0.03, |d̂t| ! 0.1. We

will use this result in our analysis below, i.e., we use that the moduli of the dimensionless

chromo moments of the top quark, if non-zero at all, are markedly smaller than one.

Because the chromo moments µ̂t and d̂t arise from respective form factors in the limit of large

M , we slightly extend the framework of (1) in our analysis below and take into account that

these form factors may have absorptive, i.e., imaginary parts if the 4-momentum transfer q2 in

a gluon-top vertex is timelike, in particular if q2 > 4m2
t . Therefore, we use in the following the

parameterization

µ̂t = Reµ̂t + iImµ̂t, d̂t = Red̂t + iImd̂t , (3)

and allow for imaginary parts if the 4-momentum transfer q2 > 4m2
t in the respective gluon-top

vertex. We emphasize that µ̂t, d̂t parameterize by definition only new physics contributions

to gtt and ggtt vertices. The dependence on q2 of µ̂t, d̂t depends on the specific new physics

model. We assume that µ̂t, d̂t are constants. As we consider below only normalized top-spin

observables, this assumption does not spoil perturbative unitarity.

In the following section we consider tt̄ production and decay into dilepton and lepton plus

jets final states at the LHC (7 and 8 TeV). We compute the contributions of µ̂t, d̂t to the

respective matrix elements that are linear in the chromo moments. This linear approximation

is justified by the upper bounds cited above. We show in Sect. 3 that the contributions of

Reµ̂t,Red̂t, Imµ̂t, and Imd̂t can be disentangled with appropriate tt̄ spin correlation and top

1For indirect upper bounds on |d̂t |, |µ̂t |, cf. [41, 42].
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ttg - spin correlation
Measurements unfolded to parton level 

• ΔΦl+l-  :  fit of the distribution with templates functions  

  for small NP contribution:    fSM(ΔΦ) + Re(μt) * fNP(ΔΦ) 

-0.053< Re(μt) < 0.042

• D = -2 Acos𝜑 = DSM + Re(μt) * DNP 

D = 0.205 +/- 0.031 

-0.053< Re(μt) < 0.026

• P
CPV

=AP+-AP-  = Im(dt) * P
CPV

NP 

                       P
CPV

 = 0.000 +/- 0.016 

                 -0.068< Im(dt) < 0.067

11

stronger constraint, because smaller 
theoretical uncertainty in SM NLO

JHEP 03 (2017) 113

• Measurement of a full set of 15 top-quark spin observables 
(polarisations+correlations) in ttbar events 

• Will allow to probe all the coefficients of the ttbar spin-density 
matrices and puts limits on anomalous couplings neglected in 
the Lagrangian previously shown



ttZ coupling - ttZ/W x-sections --

• Constraints directly on dim-6 operators with 
simultaneous fit of ttZ and ttW x-sections 

• Selected 5 operators that does not influence H and 
ttbar productions 

• Vary only one operator at a time. Operators impact 
only ttZ, only ttW or both 12

22 11 Extended interpretation

by calculating the 7 TeV cross section at six points and solving the system of equations. To
extrapolate to 8 TeV, we scale s(ttZ)(C1,V , C1,A) linearly by the ratio of the theoretical ttZ cross
sections at 7 and 8 TeV. From this we define the signal strength parameter µttZ in terms of C1,V
and C1,A, and a profile likelihood ratio test statistic, as described in Section 10. We perform a
two-dimensional scan of the (C1,V , C1,A) phase space to extract the best fit values, which are
found to satisfy the constraint:

74.6 + 0.5 C1,V + 189.4 C2
1,V � 16.3 C1,A + 359.7 C2

1,A = 242. (3)

The difference between the profile likelihood and the best fit profile likelihood is plotted as
a function of the relative vector and axial components DC1,V = C1,V/CSM

V � 1 and DC1,A =
C1,A/CSM

A � 1 in Fig. 9.

Figure 9: Difference between the profile likelihood and the best fit profile likelihood functions
for the relative vector and axial components of the tZ coupling. Contours corresponding to the
best fit and the 1, 2, and 3 standard deviation (s) CLs are shown in lines.

11.2 Constraints on dimension-six operators

Both indirect and direct constraints on dimension-six operators are documented in Refs. [45,
54–59]. To study the effects of NP on the ttW and ttZ processes, we use the FEYNRULES [60] im-
plementation from Ref. [47]. This implementation is used with MADGRAPH 5 [10] to compute
cross sections as a function of (v2/L2) cj, henceforward simply denoted by cj. Cross sections
were computed for the production of tt, a Higgs boson, ttZ, and ttW, sampling 20 points for
each cj. For each sampled point, all ck 6=j were fixed at zero. From this survey, we select five
operators as of particular interest because they have a small effect on inclusive Higgs boson
and tt production, and a large effect on ttZ, ttW, or both: c̄uB, c̄0HQ, c̄HQ, c̄Hu, and c̄3W. An
alternative way to display the effect of each cj is shown in Fig. 10, where sampled values are
plotted in the (s(ttW), s(ttZ)) plane. From these it is clear that c̄uB, c̄Hu, and c̄HQ affect only ttZ,
whereas c̄3W only affects ttW, and c̄0HQ affects both processes. For each of the five operators,
we perform a finer scan of 200 cross section points and use a spline fit to obtain an expression

�C =
C

CSM
� 1

JHEP 01 (2016) 096

11.2 Constraints on dimension-six operators 23

for the cross section in terms of cj, s(ttZ)SM+NP(cj). We define the signal strength µttZ(cj) to
be the ratio of the ttZ production cross section to the combined expectations from SM and NP
s(ttZ)SM+NP(cj), and likewise for ttW. From this we can define a profile likelihood ratio in
terms of cj, similarly to what is described in Section 10.

(a) (b)

(c) (d)

(e)

Figure 10: Sampled coefficient values for c̄uB (a), c̄3W (b), c̄0HQ (c), c̄Hu (d), and c̄HQ (e), plotted
in the (s(ttW), s(ttZ)) plane. There are typically two best fit values, one greater and one less
than zero, which lie on top of one another in the plane.

• C1,V/A vector and axial couplings depends on three 
dim-6 operators + SM component 

• From ttZ xs at 8 TeV → contours on ΔC1,V/A

with

with the electromagnetic coupling constant e. The vector and axial couplings are

CSM
V =

T 3
t � 2Qt sin2 ✓w
2 sin ✓w cos ✓w

,

CSM
A =

�T 3
t

2 sin ✓w cos ✓w
, (2.4)

where Qt = 2/3 is the top quark electric charge, T 3
t = 1/2, and ✓w is the weak mixing

angle. The numerical values for the SM couplings are CSM
V ' 0.244 and CSM

A ' �0.601.

New physics contributions to the tt̄Z couplings are most conveniently introduced by higher

dimensional operators in the language of e↵ective field theory. A minimal set of dimension-

six operators for top quark production and decay have been categorized in Refs. [56–58]. In

total there are 91 di↵erent operators which can be summarized into 20 di↵erent anomalous

couplings, if on-shellness and gauge invariance is enforced [57]. For interactions of a Z boson

with top quarks only four anomalous couplings, C1/2,V/A, remain and Eq. (2.3) becomes

Ltt̄Z = eū(pt)


�µ

�
C1,V + �5C1,A

�
+

i�µ⌫q⌫
MZ

�
C2,V + i�5C2,A

��
v(pt̄)Zµ, (2.5)

with �µ⌫ = i
2 [�µ, �⌫ ] and q⌫ = (pt�pt̄)⌫ . In this work we will confine ourselves to the study

of the above vector and axial couplings C1,V/A, and neglect the C2,V/A terms corresponding

to the weak magnetic and electric dipole moments of the top quark. Their tree level

values vanish in the SM, and C2,V receives one-loop corrections of O(10�4) [59], while

C2,A receives finite contributions only beyond two-loops [60]. On the more technical side,

the tensor structure that multiplies the C2,V/A couplings introduces the complication of

non-renormalizable amplitudes at NLO QCD. While it is straightforward to handle such

contributions, our current implementation of the OPP integrand reduction method does

not allow tensor ranks larger than N for N -point loop integrals. Such an extension of

the OPP reduction algorithm has been outlined in Appendix B of Ref. [61]. We intend to

come back to this issue in a separate publication in order to study the phenomenological

implication of electroweak dipole moments in tt̄Z production.

The couplings C1,V/A can be written in terms of the SM contribution plus deviations

due to higher dimensional operators

C1,V = CSM
1,V + 1

4 sin ✓w cos ✓w

⇣
v2

⇤2

⌘
Re

h
C

(3,33)
�q � C

(1,33)
�q � C33

�u

i
, (2.6)

C1,A = CSM
1,A � 1

4 sin ✓w cos ✓w

⇣
v2

⇤2

⌘
Re

h
C

(3,33)
�q � C

(1,33)
�q + C33

�u

i
,

where

C
(3,33)
�q = i (�†⌧aDµ�) (t̄L�

µ⌧atL),

C
(1,33)
�q = i (�†Dµ�) (t̄L�

µtL), (2.7)

C33
�u = i (�†Dµ�) (t̄R�

µtR).

In the above, tR,L are the top quark spinors and � is the SM Higgs doublet. For further

definitions, we refer the reader to Ref. [57].

– 6 –

neglected

ttZ/W x-sections



Top quark FCNC couplings

• Flavor Changing Neutral Currents are largely suppressed in SM  O(10
-14

) by GIM 
mechanism 

• With approximations, only 1 parameter per coupling 

• Limits given on branching ratios for better comparison. Different conventions are used to 
define the coupling parameters 

• These couplings are studied both in top production and decay, depending on analyses 

• More sensitivity on couplings u (compared to c) because larger cross sections 13

neglected here



tgq coupling

• Look for anomalous single-top production 

• Kinematic difference with SM: lower top pT

14

BR(t->gu) < 4.10-5

BR(t->gc) < 2.10-4

JHEP 02 (2017) 028Eur. Phys. J. C76 (2016) 55

BR(t->gu) < 2.10-5

BR(t->gc) < 4.10-4

Unlike SM channels, search for top 
quark produced singly without 
associated particles 

- Leptonic decays of W 

- Multi-jet bkg normalisation from a 
data-template fit of MET 

- Top reconstruction 

- Enhance signal extraction using NN

Final state similar to SM single-top in t-channel

- Only W→μν 

- Multi-jet normalisation from fit of BNN output used to 
reject it 

- Top reconstruction 

- BNN to distinguish FCNC production 

- Combination of 7&8 TeV data

CMSATLAS

14 8 Search for tcg and tug FCNC interactions
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Figure 6: Combined
p

s = 7 and 8 TeV observed and expected exclusion limits in the two-
dimensional planes ( f L

V, | f R
V |) (top-left), ( f L

V, | f L
T |) (top-right), and ( f L

V, f R
T ) (bottom) at 68% and

95% CL.
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Figure 7: Combined
p

s = 7 and 8 TeV results from the three-dimensional variation of the cou-
plings of f L

V, f L
T , f R

T (left), and f L
V, f R

V , f R
T (right) in the form of observed and expected exclusion

limits at 68% and 95% CL in the two-dimension planes (| f L
T |, f R

T ) (left) and (| f R
V |, f R

T ) (right).
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Figure 8: Representative Feynman diagrams for the FCNC processes.



tZq coupling

Results from top decays in ttbar events (from both experiments) 

• Looking for events with one top decaying to Zq (q= u or c) 

• Similar analyses. Different ways to optimize assignments of 
particles to tops. 

• CMS results is combined with 7TeV result

15

Eur. Phys. J. C76 (2016) 12 
Phys. Rev. Lett. 112 (2014) 171802

arXiv:1702.01404 
Submitted to JHEP

BR(t->Zq) < 5.10-4

BR(t->Zq) < 7.10-4

Search for a t+Z production by CMS 

• t+Z possible via tZq and tgq couplings. Poor sensitivity on tgq compared to 
other channels, so not considered in the analysis 

• Look also for ttbar ->Zq Wb and combine results in a common fit 

• Channels: 
- trilepton final state + 1-b-jet for t+Z 
- trilepton finale state + >= 2 jets ( with >= 1b-jet) for ttbar 

• Result from the simultaneous fit of the BDT discriminants of both channels 
with templates

BR(t->Zu) < 2.10-4

BR(t->Zc) < 5.10-4
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Figure 2: Feynman diagrams for the production of tZ in tZ-FCNC channels.
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Figure 3: Feynman diagram for the production of tZq in the tt-FCNC channel.
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tγq coupling

tγ production with t→Wb and W→μν

• High pT photon 

• Main backgrounds W+jets and Wγ+jets estimated from data 

• Top fully reconstructed 

• Signal extraction with a BDT 

• Separate training for tγu and tγc 

• Limits on BR and measurement of a fiducial cross-section
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2 2 The CMS detector

gram for this tg process including the muonic decay of the W boson from the top quark decay.
The FCNC vertex is identified by a filled circle.

One of the distinctive signatures of the signal is the presence of a high transverse momentum
(pT) photon in the final state. The photon is expected to have large transverse momentum, ow-
ing to its recoil from the heavy top quark. The analysis is performed using events with a muon,
a photon, at least one hadronic jet, with at most one being consistent with originating from
a bottom quark, and missing transverse momentum. The results are compared with leading-
order (LO) and next-to-leading-order (NLO) calculations of the FCNC signal production cross
section based on perturbative quantum chromodynamics (QCD) [12].

g

u/c

u/c

γ

t

b
+W

+µ

µν

Figure 1: Lowest-order Feynman diagram for single top quark production in association with
a photon via a FCNC, including the muonic decay of the W boson from the top quark decay.
The FCNC vertex is marked as a filled circle.

2 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. A silicon pixel and strip tracker, a lead tungstate crystal
electromagnetic calorimeter (ECAL), and a brass and scintillator hadron calorimeter (HCAL),
each composed of a barrel and two endcap sections are contained within the superconducting
solenoid volume. Extensive forward calorimetry complements the coverage provided by the
barrel and endcap detectors. Muons are measured in gas-ionization detectors embedded in the
steel flux-return yoke outside the solenoid.

The first level of the trigger system, composed of custom hardware processors, is designed to
select the most interesting events in less than 4 µs, using information from the calorimeters and
muon detectors. The high-level trigger processor farm further decreases the event rate from
about 100 kHz to less than 1 kHz, before data storage.

A more detailed description of the CMS detector, together with a definition of the coordinate
system and kinematic variables used in this analysis, can be found in Ref. [13].

JHEP 04 (2016) 035

BR(t->γu) < 1.3x10-4             BR(t->γc) < 1.7x10-3



tHq coupling

Combination results of search of top decay 
t→Hq with H→bb, γγ, WW, ττ in ttbar events

• H→γγ is the most sensitive channel, with a 
better background estimation (from sideband) 

• H→bb has largest branching ratio, but large 
multi-jet background. Advanced techniques to 
find the right jet combination to reconstruct tops 

• Different sensitivities to u/c because of b-jets in 
final state and different mis-tagging rates 

• H→WW,ττ : multi-lepton channels (2 same-sign 
and 3 leptons channels)
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BR(t->Hu) < 4.0x10-3

BR(t->Hc) < 5.5x10-3

BR(t->Hu) < 4.5x10-3

BR(t->Hc) < 4.6x10-3

ATLAS: 
Re-interpretation of some channels of 
ttH analysis for the H→WW,ττ channel 

CMS: 
No hadronic taus taken into account
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Figure 10: Summary of the best-fit BR(t ! Hu) for the individual searches as well as their combination, assuming
that BR(t ! Hc) = 0.
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Figure 11: (a) CLs versus BR(t ! Hc) and (b) CLs versus BR(t ! Hu) for the combination of the searches,
assuming that the other branching ratio is zero. The observed CLs values (solid black lines) are compared to the
expected (median) CLs values under the background-only hypothesis (dotted black lines). The surrounding shaded
bands correspond to the 68% and 95% CL intervals around the expected CLs values, denoted by ±1� and ±2�,
respectively. The solid red line at CLs=0.05 denotes the value below which the hypothesis is excluded at 95% CL.

with a correlation coe�cient of �0.84, as shown in figure 13. Figure 14(a) shows the 95% CL upper limits
on the branching ratios in the BR(t ! Hu) versus BR(t ! Hc) plane. The corresponding upper limits on
the couplings in the |�tuH | versus |�tcH | plane can be found in figure 14(b).
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Top quark FCNC couplings
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Top quark vertices

• Large set of results of anomalous top production or 
impacts on top properties 

• Allows to set limits on anomalous couplings, and so 
on new physics models 

• Limits will be strengthened with 13 TeV data

19
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ttZ / ttW cross-sections
• Measured at 8 TeV using leptonic decays of Z/W 

• Exclusive channels by lepton charge, flavor and number of jets 

• Full event reco of ttbar using a linear discriminant for matching scores. Signal extraction with 
BDT 

• Constraints directly on dim-6 operators with simultaneous fit of ttZ / ttW x-sections 

• Selected 5 operators that does not influence H and ttbar productions 

• Vary only one operator at a time. Operators impact only ttZ, only ttW or both
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24 12 Summary

Best Þt values, along with 1s and 2s CL ranges are summarized in Table 9. Operators that affect
either the ttW or the t tZ cross section, but not both, have symmetric likelihood distributions and
thus have two best Þt values. Bounds on øc0HQ , øcHQ , and øcHu are stricter than those derived in
Ref. [54] from CMS and ATLAS searches for ttZ using LHC data at 7 TeV. Constraints on øcuB

are tighter than those derived in Ref. [59].

Table 9: Constraints from this t tZ and t tW measurement on selected dimension-six operators.

Operator Best Þt point(s) 1 standard deviation CL 2 standard deviation CL

øcuB �0.07 and 0.07 [�0.11, 0.11] [�0.14, 0.14]
øc3W �0.28 and 0.28 [�0.36,�0.18] and [0.18, 0.36] [�0.43, 0.43]
øc0HQ 0.12 [�0.07, 0.18] [�0.33,�0.24] and [�0.02, 0.23]

øcHu �0.47 and 0.13 [�0.60,�0.23] and [�0.11, 0.26] [�0.71, 0.37]
øcHQ �0.09 and 0.41 [�0.22, 0.08] and [0.24, 0.54] [�0.31, 0.63]

12 Summary
An observation of top quark pairs produced in association with a Z boson and measurements
of the ttW and t tZ cross sections have been made, using 19.5 fb�1 of 8 TeV pp collision data
collected by the CMS detector at the LHC. Signatures from different decay modes of the top
quark pair resulting in Þnal states with two, three, and four leptons have been analyzed. Signal
events have been identiÞed by uniquely matching reconstructed leptons and jets to Þnal state
particles from t tW and t tZ decays. Results from two independent t tW channels and three ttZ
channels have been presented, along with combined measurements. The combined ttW cross
section measurement in same-sign dilepton and three-lepton events is 382+117

�102fb, 4.8 standard
deviations from the background-only hypothesis, where a signiÞcance of 3.5 standard devia-
tions is expected in the standard model. Combining opposite-sign dilepton, three-lepton, and
four-lepton channels, the t tZ cross section is measured to be 242+65

�55 fb, an observation with
a signiÞcance of 6.4 standard deviations from the background-only hypothesis, and in agree-
ment with the standard model expectation. Using the measured cross sections, limits have been
placed on the vector and axial couplings of the Z boson to the top quark, and on the Wilson
coefÞcients of Þve dimension-six operators parameterizing new physics: øcuB, øc0HQ , øcHQ , øcHu ,
and øc3W. These measurements are compatible with the standard model predictions, and are the
most sensitive reported to date to these high mass scale processes.
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Best fit values, along with 1s and 2s CL ranges are summarized in Table 9. Operators that affect
either the ttW or the ttZ cross section, but not both, have symmetric likelihood distributions and
thus have two best fit values. Bounds on c̄0HQ, c̄HQ, and c̄Hu are stricter than those derived in
Ref. [54] from CMS and ATLAS searches for ttZ using LHC data at 7 TeV. Constraints on c̄uB
are tighter than those derived in Ref. [59].

Table 9: Constraints from this ttZ and ttW measurement on selected dimension-six operators.
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c̄uB �0.07 and 0.07 [�0.11, 0.11] [�0.14, 0.14]
c̄3W �0.28 and 0.28 [�0.36, �0.18] and [0.18, 0.36] [�0.43, 0.43]
c̄0HQ 0.12 [�0.07, 0.18] [�0.33, �0.24] and [�0.02, 0.23]
c̄Hu �0.47 and 0.13 [�0.60, �0.23] and [�0.11, 0.26] [�0.71, 0.37]
c̄HQ �0.09 and 0.41 [�0.22, 0.08] and [0.24, 0.54] [�0.31, 0.63]

12 Summary
An observation of top quark pairs produced in association with a Z boson and measurements
of the ttW and ttZ cross sections have been made, using 19.5 fb�1 of 8 TeV pp collision data
collected by the CMS detector at the LHC. Signatures from different decay modes of the top
quark pair resulting in final states with two, three, and four leptons have been analyzed. Signal
events have been identified by uniquely matching reconstructed leptons and jets to final state
particles from ttW and ttZ decays. Results from two independent ttW channels and three ttZ
channels have been presented, along with combined measurements. The combined ttW cross
section measurement in same-sign dilepton and three-lepton events is 382+117

�102 fb, 4.8 standard
deviations from the background-only hypothesis, where a significance of 3.5 standard devia-
tions is expected in the standard model. Combining opposite-sign dilepton, three-lepton, and
four-lepton channels, the ttZ cross section is measured to be 242+65

�55 fb, an observation with
a significance of 6.4 standard deviations from the background-only hypothesis, and in agree-
ment with the standard model expectation. Using the measured cross sections, limits have been
placed on the vector and axial couplings of the Z boson to the top quark, and on the Wilson
coefficients of five dimension-six operators parameterizing new physics: c̄uB, c̄0HQ, c̄HQ, c̄Hu,
and c̄3W. These measurements are compatible with the standard model predictions, and are the
most sensitive reported to date to these high mass scale processes.
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11.2 Constraints on dimension-six operators 23

for the cross section in terms of cj, s(ttZ)SM+NP(cj). We define the signal strength µttZ(cj) to
be the ratio of the ttZ production cross section to the combined expectations from SM and NP
s(ttZ)SM+NP(cj), and likewise for ttW. From this we can define a profile likelihood ratio in
terms of cj, similarly to what is described in Section 10.

(a) (b)

(c) (d)

(e)

Figure 10: Sampled coefficient values for c̄uB (a), c̄3W (b), c̄0HQ (c), c̄Hu (d), and c̄HQ (e), plotted
in the (s(ttW), s(ttZ)) plane. There are typically two best fit values, one greater and one less
than zero, which lie on top of one another in the plane.



Top quark vertices
• Single-top anomalous production 

- similar magnitude for signal modeling and objects systematics 

• W helicity 

- leptonic channel: JES, JER, stat on MC templates, signal modelling 

- hadronic channel: b-tagging, JER, ttbar modeling 

• Angular asymmetry 

- for A
N

FB : simulation statistics, jet reco resolution & efficiency, SM top events modeling 

• ttbar spin correlation 

- for AΔΦ : top quark pT modeling 

- for P
CPV

 : unfolding (simulation statistical)  

• ttZ/ttW x-sections 

- b-tagging, signal modeling; for ttW: rates of non-prompt bkg (from loosened lepton id)
22

Systematics limiting the sensitivity



Top quark vertices
• tgq 

- ATLAS: JES, MET modeling (fitted to normalize backgrounds), normalisation and 
modeling of multi-jet background 

- CMS: similar magnitude for signal modeling and objects systematics 

• tZq 

- with tt events: generator parameters 

• tγq 

- tγu: background normalisation (W+jets), pile-up effects 

- tγc: several effects of same magnitude 

• tHq 

- H->γγ: background simulation, tt x-section 

- H->bb: jet tagging, JES, ttbb and tt modeling 

- H->WW,ZZ: backgrounds normalization, lepton mis-id 
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Systematics limiting the sensitivity


