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What do we know about top	
Experimentally confirmed 
facts:	
Ñ  Top is the heaviest known 

fundamental particle	
Ó  Mass ~ 173 GeV	

Ñ  It is a quark (sees the 
strong force)	

Ñ  Charge 2/3e	
Ñ  Spin ½	
Ñ  Decays almost exclusively 

to Wb	
Ñ  Produced by strong and 

weak interactions	
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Why we still care about top	
Ñ  Only place to study the 

properties of a bare quark	
Ó  Lifetime < hadronisation	

Ñ  Self-consistency of the SM (mt, 
stringent tests of QCD,…)	

Ñ  Special role in EWSB?	
Ó  Hierarchy problem	

Ñ  First place a new particle 
could be observed	
Ó  Particularly if new particle 

couples to mass	
Ñ  Top is a background to many 

other searches	
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Distractor 
Top Mass  
(not a differential cross section… or is it?)	
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Figure 3: Left: SM phase diagram in terms of Higgs and top pole masses. The plane is
divided into regions of absolute stability, meta-stability, instability of the SM vacuum, and non-
perturbativity of the Higgs quartic coupling. The top Yukawa coupling becomes non-perturbative
for Mt > 230 GeV. The dotted contour-lines show the instability scale ⇤I in GeV assuming
↵3(MZ) = 0.1184. Right: Zoom in the region of the preferred experimental range of Mh and Mt

(the grey areas denote the allowed region at 1, 2, and 3�). The three boundary lines correspond
to 1-� variations of ↵3(MZ) = 0.1184±0.0007, and the grading of the colours indicates the size
of the theoretical error.

The quantity �e↵ can be extracted from the e↵ective potential at two loops [112] and is explicitly
given in appendix C.

4.3 The SM phase diagram in terms of Higgs and top masses

The two most important parameters that determine the various EW phases of the SM are the
Higgs and top-quark masses. In fig. 3 we update the phase diagram given in ref. [4] with our
improved calculation of the evolution of the Higgs quartic coupling. The regions of stability,
metastability, and instability of the EW vacuum are shown both for a broad range of Mh and
Mt, and after zooming into the region corresponding to the measured values. The uncertainty
from ↵3 and from theoretical errors are indicated by the dashed lines and the colour shading
along the borders. Also shown are contour lines of the instability scale ⇤I .

As previously noticed in ref. [4], the measured values of Mh and Mt appear to be rather
special, in the sense that they place the SM vacuum in a near-critical condition, at the border
between stability and metastability. In the neighbourhood of the measured values of Mh and
Mt, the stability condition is well approximated by

Mh > 129.6GeV + 2.0(Mt � 173.34GeV)� 0.5GeV
↵3(MZ)� 0.1184

0.0007
± 0.3GeV . (64)

The quoted uncertainty comes only from higher order perturbative corrections. Other non-
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Consistency of SM 
Fate of our universe 
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Top Mass	
mmeasured = mMC 
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Measurement precision ~ 0.48 GeV (0.28%) 
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mtop = 172.99±0.48(stat.)±0.78(syst.) GeV	
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Innovations	
•  3D fit: top mass, W mass,  

Rbq	
•  Taking correlations between 

systematics into account	

6 Top mass measurement technique in the l+jets channel

The standard way to measure the top quark mass in ATLAS is to reconstruct the top quark decay products
(W boson and b-quark) and to form the invariant mass. The measurement is calibrated using MC sim-
ulation. The description of the event selection can be found in Ref. [2]. For the studies presented here,
only events with two b-tagged jets are used. In contrast to the recent ATLAS measurement, no simul-
taneous systematic variation of b-tagging scale factors is performed together with any other uncertainty
variation. This allows the systematic e↵ects investigated in this note to be decoupled from b-tagging
uncertainties.

In the rest of this section, we briefly describe the methodology used in Ref. [2].

A kinematic likelihood fit [40] is used to reconstruct the kinematics of the tt̄ system. The kinematic
likelihood fit relates the reconstructed objects as measured in the detector to the partons from the top quark
decay products using a simple leading order picture where the tt̄ decays to l⌫blq1q2bhad with l and ⌫ being
the charged lepton and neutrino, q1 and q2 the quarks from the semi-leptonic (hadronic or leptonic) W -
decays, and bl and bhad the b-quark from the top quark decay. The combination of reconstructed objects
giving the highest probability to stem from a tt̄ decay is retained for the top quark mass measurements.
The reconstructed top quark mass observable (mreco

top ) is the parameter fitted from this kinematic likelihood
maximisation. Using the detector objects classified as stemming from a tt̄ pair decay the the W boson
mass (mreco

W ) can be reconstructed, as well as an observable defined below, called Rbq.

The simplest method uses an unbinned likelihood fit of mtop (one-dimensional analysis) to the reconstruc-
ted top quark mass distribution. A better precision can be obtained by using mtop and a scale factor (JSF)
that rescales the jet 4-momentum as a single fit parameter (two-dimensional analysis). The JSF is ob-
tained by the best fit to the mreco

W distribution observed in data. This factor accounts for actual di↵erences
in the jet energy measurement, e.g. due to flavour di↵erences between the tt̄ sample used in the analysis
and the sample used in the calibration, or residual data to MC di↵erences after jet calibration, as well as
physics e↵ects like parton showers and hadronisation.

The recent ATLAS mtop measurement has introduced a three-dimensional analysis. In addition to mtop
and JSF, a scale factor that changes the b-jets energy (bJSF) is constrained using the ratio of the b-jet pT
to the pT of the jets associated to the W boson. The Rbq variable is defined as the ratio of the scalar sum
of the transverse momenta of the b-tagged jets assigned to the leptonically and hadronically decaying
top quark to the scalar sum of the transverse momenta of the two untagged jets of the hadronic W boson
decay, i.e.

Rbq =
pbhad

T + pblep
T

pq1
T + pq2

T
.

The third fit parameter reduces the uncertainty due to the jet energy measurement of b-jets.

Templates of these three observables are built, varying the physics parameter (mtop) and nuisance paramet-
ers (JSF, bJSF) in the simulation. These distributions are then fitted, and the fitting function parameters
are linearly interpolated as a function of these physics and nuisance parameters. This procedure results in
a probability density function (PDF) for each observable. The product of the PDFs for the three observ-
ables is used to define the final likelihood to be maximised in the data. Pseudo-experiments are performed
in the simulation at each mtop, JSF and bJSF point to verify the closure of the method. A number of signal
and background events corresponding to the data luminosity are drawn and the unbinned likelihood fit to

11
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mtop = 172.99±0.48(stat.)±0.78(syst.) GeV	
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Innovations	
•  3D fit: top mass, W mass,  

Rbq	
•  Taking correlations between 

systematics into account	

1D 

2D 

3D 
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How much double-counting 
between JES and MC 
modelling? – None on ATLAS	
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Innovations	
•  Hybrid method	
•  Dependency of 

measurement on kinematic 
cuts (stability of measured 
mass)	

•  Also exploit correlations	
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mmeasured = mMC 
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CMS 8 TeV	

ATLAS 7 TeV	



Top Pole Mass	

mtop = 173.7±1.5(stat.) ±1.4(syst.)+1.0
-0.5(theo.) GeV	

mtop = 172.9+2.5
-2.6 GeV	

mtop 173.8+1.7
−1.8 GeV	

Δmtop~ 2 GeV 
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1

a

α

1

a

α

: invariant mass of fj system	
: arbitrary mass parameter,  170 GeV	

=3

�s =
2m0�
stt̄j=3�

stt̄j
=3m0

|mMC – mpole|~ GeV 
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Precision  
Cross sections 
Inclusive and Differential	



Inclusive XS	
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13 TeV	7&8 TeV	

The ATLAS Collaboration: Measurement of the tt̄ production cross-section using eµ events with b-tagged jets 7

Table 3. Detailed breakdown of the symmetrised relative statistical, systematic and total uncertainties on the measurements of
the tt̄ production cross-section �t¯t at

p
s = 7TeV and

p
s = 8TeV. Uncertainties quoted as ‘0.00’ are smaller than 0.005, whilst

‘-’ indicates the corresponding uncertainty is not applicable. The uncertainties on ✏eµ and Cb are also shown, with their relative
signs indicated where relevant. They contribute with opposite signs to the uncertainties on �t¯t, which also include uncertainties
from estimates of the background terms Nbkg

1

and Nbkg

2

. The lower part of the table gives the systematic uncertainties that are
di↵erent for the measurement of the fiducial cross-section �fid

t¯t , together with the total analysis systematic and total uncertainties
on �fid

t¯t .

p
s 7TeV 8TeV

Uncertainty (inclusive �t¯t) �✏eµ/✏eµ �Cb/Cb ��t¯t/�t¯t �✏eµ/✏eµ �Cb/Cb ��t¯t/�t¯t

(%) (%) (%) (%) (%) (%)

Data statistics 1.69 0.71

tt̄ modelling 0.71 �0.72 1.43 0.65 �0.57 1.22
Parton distribution functions 1.03 - 1.04 1.12 - 1.13
QCD scale choice 0.30 - 0.30 0.30 - 0.30
Single-top modelling - - 0.34 - - 0.42
Single-top/tt̄ interference - - 0.22 - - 0.15
Single-top Wt cross-section - - 0.72 - - 0.69
Diboson modelling - - 0.12 - - 0.13
Diboson cross-sections - - 0.03 - - 0.03
Z+jets extrapolation - - 0.05 - - 0.02
Electron energy scale/resolution 0.19 �0.00 0.22 0.46 0.02 0.51
Electron identification 0.12 0.00 0.13 0.36 0.00 0.41
Muon momentum scale/resolution 0.12 0.00 0.14 0.01 0.01 0.02
Muon identification 0.27 0.00 0.30 0.38 0.00 0.42
Lepton isolation 0.74 - 0.74 0.37 - 0.37
Lepton trigger 0.15 �0.02 0.19 0.15 0.00 0.16
Jet energy scale 0.22 0.06 0.27 0.47 0.07 0.52
Jet energy resolution �0.16 0.08 0.30 �0.36 0.05 0.51
Jet reconstruction/vertex fraction 0.00 0.00 0.06 0.01 0.01 0.03
b-tagging - 0.18 0.41 - 0.14 0.40
Misidentified leptons - - 0.41 - - 0.34

Analysis systematics (�t¯t) 1.56 0.75 2.27 1.66 0.59 2.26

Integrated luminosity - - 1.98 - - 3.10
LHC beam energy - - 1.79 - - 1.72

Total uncertainty (�t¯t) 1.56 0.75 3.89 1.66 0.59 4.27

Uncertainty (fiducial �fid

t¯t ) �✏eµ/✏eµ �Cb/Cb ��fid

t¯t /�
fid

t¯t �✏eµ/✏eµ �Cb/Cb ��t¯t/�t¯t

(%) (%) (%) (%) (%) (%)

tt̄ modelling 0.84 �0.72 1.56 0.74 �0.57 1.31
Parton distribution functions 0.35 - 0.38 0.23 - 0.28
QCD scale choice 0.00 - 0.00 0.00 - 0.00
Other uncertainties (as above) 0.88 0.21 1.40 1.00 0.17 1.50

Analysis systematics (�fid

t¯t ) 1.27 0.75 2.13 1.27 0.59 2.01

Total uncertainty (�fid

t¯t ) 1.27 0.75 3.81 1.27 0.59 4.14

events at
p
s = 7TeV [41], generated using both Ac-

erMC + Pythia and Alpgen + Pythia. These
samples predicted large variations in the lepton iso-
lation e�ciencies (which were instead measured from
data), but residual variations in other lepton-related
uncertainties and C

b

within the uncertainties set from
other simulation samples.

Parton distribution functions: The uncertainties
on ✏

eµ

, C
b

and the Wt single top background due to
uncertainties on the proton PDFs were evaluated us-

ing the error sets of the CT10 NLO [6], MSTW 2008
68% CL NLO [5] and NNPDF 2.3 NLO [8] sets. The
final uncertainty was calculated as half the envelope
encompassing the predictions from all three PDF sets
along with their associated uncertainties, following the
PDF4LHC recommendations [4].

QCD scale choices: The lepton pT and ⌘ distributions,
and hence ✏

eµ

, are sensitive to the choices of QCD
renormalisation and factorisation scales. This e↵ect
was investigated using

p
s = 8TeV generator-level Po-
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Matrix Element calculation 
(usually perturbative) 

Fragmentation, parton 
shower,  hadronisation, 
PDFs,… (often non-
perturbative) 
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Parton Particle Reco 
Cut Detector level Particle level

e + jets µ + jets

Leptons

|z0| < 2 mm
Imini < 0.05
|⌘| <1.37 or 1.52< |⌘| <2.47
pT > 25 GeV

|z0| < 2 mm and |d0/�(d0)| < 3
Imini < 0.05
|⌘| <2.5
pT > 25 GeV

|⌘| <2.5
pT > 25 GeV

Anti-kt R = 0.4 jets
pT > 25 GeV
|⌘| <2.5

JVF > 0.5 (if pT < 50 GeV and |⌘| < 2.4)

|⌘| <2.5
pT > 25 GeV

Overlap removal

if �R(e, jetR=0.4) <0.4:
jet0R=0.4 = jetR=0.4 � e
if �R(e, jet0R=0.4) <0.2:
e removed and
jet00R=0.4 = jet0R=0.4 + e

if �R(µ, jet0R=0.4) < 0.04 + 10 GeV/pT(µ):
µ removed None

Emiss
T ,mW

T Emiss
T > 20 GeV, Emiss

T +mW
T > 60 GeV

Leptonic top At least one anti-kt R = 0.4 jet with �R(`, jetR=0.4) < 1.5

Hadronic top
The leading-pT trimmed anti-kt R = 1.0 jet has:
pT > 300 GeV, m > 100 GeV,

p
d12 > 40 GeV

�R(jetR=1.0, jetR=0.4) > 1.5, ��(`, jetR=1.0) > 2.3

b-tagging
At least one of:

1) the leading-pT anti-kt R = 0.4 jet with �R(`, jetR=0.4) < 1.5 is b-tagged
2) at least one anti-kt R = 0.4 jet with �R(jetR=1.0, jetR=0.4) < 1.0 is b-tagged

Table 1: Summary of event selections for detector-level and MC-generated particle-level events described in
Secs. 4 and 8.2, respectively.

a sample enhanced in W+jets events is obtained by removing the b-tagging, ��(jetR=1.0, `), jet mass,
and
p

d12 requirements. The heavy-flavor fraction scale factors correct for potential mismodeling in
the generator of the fractions of W production associated with di↵erent flavor components (W + bb̄,
W + cc̄, W + c). They are estimated in a sample with the same lepton and Emiss

T selections as the signal
selection, but with only two small-R jets and no b-tagging requirements. The b-jet multiplicity, in
conjunction with knowledge of the b-tagging and mistag e�ciency, is used to extract the heavy-flavor
fraction in this sample. A common scale factor is used for the W + bb̄ and W + cc̄ components. This
information is extrapolated to the signal region using the MC simulation, assuming constant relative
rates for the signal and control regions. The overall normalization and heavy-flavor scale factors are
extracted iteratively because the various flavor components have di↵erent charge asymmetries. After
correction the W+jets events are expected to make up approximately 5% of the total events in the
signal region.

QCD multijet events can mimic the lepton+jets signature. This background is estimated directly from
data by using the matrix-method technique [79]. A sample enhanced in fake leptons, i.e., nonprompt
leptons or jets misidentified as prompt leptons, is obtained by loosening the lepton identification

8

•  Take top quark whose 
W decays hadronically	

•  Conisider top after 
QCD radiation (i.e. just 
before it decays)	

•  Correct back to all top 
decays (not just semi-
leptonic)	

•  Require: 	
•  pT

top > 300 GeV	
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Particle objects 

•  Leptons:	
•  Not from hadron (i.e. from W or from tau not from W)	
•  Dressed with photons: dR<0.2 (maybe move to anti-kT in future)	

•  Jets: Same algorithm as used on detector objects but run over stable 
particles	
•  Not including neutrinos (ATLAS) or including neutrinos (CMS)	

•  B-tagging: ghost association of b-hadron within jet	
•  Set energy to tiny number, include in clustering	

•  MET: sum over all neutrinos not from hadrons	
•  Photons: photon not associated to a dressed lepton	
•  Reconstruct the ‘particle level top’ via algorithms as similar to those 

applied at detector level as possible. Compromise:	
•  Don’t use the most complex detector level possible	
•  Check the ‘diagonality’ of the matrix	
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Parton 
(additional  
corrections) 

Particle 

If more than one large-R jet satisfies these criteria, the one with largest pT is chosen. The jet
passing this selection is referred to as the particle-level top-jet candidate.

• At least one b-tagged small-R jet such that �R(jetR=1.0, jetR=0.4) < 1 and/or the leptonic b-jet
candidate is b-tagged.

The particle-level event selection is summarized in Table 1. Fiducial particle-level corrections are
determined by using only simulated tt̄ events in which exactly one of the W bosons, resulting from the
decay of the tt̄ pair, decays to an electron or a muon either directly or through a ⌧ lepton decay. All
other tt̄ events are not used. The cross-section is then determined as a function of the particle-level
top-jet candidate transverse momentum, pT,ptcl.

For the parton level, the top quark that decays to a hadronically decaying W boson is considered
just before the decay and after QCD radiation, selecting events in which the momentum of such a
top quark, pT,parton, is larger than 300 GeV. Parton-level corrections are determined by using only
simulated tt̄ events in which exactly one of the W boson decays to an electron or a muon or a ⌧ lepton
(including hadronic ⌧ decays). The correction to the full parton-level phase space defined above is
obtained by accounting for the branching ratio of tt̄ pairs to the `+jets channel.

8.3. Unfolding to particle and parton levels

The procedure to unfold the distribution of pT,reco, the pT of the detector-level leading-pT trimmed
large-R jet, to obtain the di↵erential cross-section as a function of pT,ptcl is composed of several steps,
outlined in:

d�tt̄

dpT,ptcl
(pi

T,ptcl) =
Ni

ptcl

�pi
T,ptclL

=
1

�pi
T,ptclL f i

ptcl!reco
·
X

j

M�1
i j f j

reco!ptcl ftt̄,`+jets(N
j
reco � N j

reco,bgnd), (2)

where N j
reco is the number of observed events in bin j of pT,reco with the detector-level selection

applied, Ni
ptcl is the total number of events in bin i of pT,ptcl that meet the fiducial region selection,

�pi
T,ptcl is the size of bin i of pT,ptcl, and L is the integrated luminosity of the data sample. The

corrections that are applied to pT,reco are all extracted from the nominal Powheg+Pythia tt̄ sample.

First, the non-tt̄ background contamination, N j
reco,bgnd, is subtracted from the observed number of

events in each pT,reco bin. The contribution from non-` + jets tt̄ events is taken into account by the
multiplicative correction ftt̄,`+jets, which represents the fraction of `+jets tt̄ events extracted from the
nominal Powheg+Pythia tt̄ sample.

In a second step the correction factor f j
reco!ptcl, also referred to as acceptance correction, corrects

the pT,reco spectrum for the tt̄ events that pass the detector-level selection but fail the particle-level
selection. For each pT,reco bin j, f j

reco!ptcl is defined as the ratio of the number of events that meet both
the detector-level and particle-level selections to the number of events that satisfy the detector-level
selection. The distribution of the acceptance correction f j

reco!ptcl is shown in Fig. 2(a) for various MC
generators.

14
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Unfolding: Parton vs Particle	
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Reco 

Particle Parton 
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Unfolding: Parton vs Particle	
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Reco 

Particle Parton 
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Unfolding: Parton vs Particle	
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Particle 

Parton 
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Resolved l+jets: pT
t	
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Resolved l+jets	
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Resolved l+jets	
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Resolved l+jets 
PDF constraints	
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More pT
t	

30	
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f+X	7 TeV	

13 TeV	
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f+X: QCD	

7 TeV	

Scale choice	
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f+X: QCD	

Not all pow+py8 are created equal?	
Or data doesn’t agree between experiments?	

Preliminary 13 TeV	
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Fully fiducial definition 

NLO fbb	

BDDP: µ = m
1/2
t (pbT p

b̄
T )

1/4

HT /4: µ = 1
4HT = 1

4

P
i

q
m2

i + p2T,i

f+HF: QCD	
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f+V	

39	

tt̄W significance tt̄Z significance
Channel Expected Observed Expected Observed

2`OS 0.4 0.1 1.4 1.1
2`SS 2.8 5.0 - -

3` 1.4 1.0 3.7 3.3
4` - - 2.0 2.4

Combined 3.2 5.0 4.5 4.2

Table 8: Expected and observed signal significances for the tt̄W and tt̄Z processes determined from the fit to the
separate channels and from the combined fit to all channels. The significance for each signal process is calculated
assuming the null hypothesis for the process in question and treating the other as a free parameter in the fit.

and tt̄Z processes using all four channels is summarised in Table 8. The observed (expected) signific-
ance of the measurements are 5.0� (3.2�) for the tt̄W process and 4.2� (4.5�) for the tt̄Z process. The
background-only hypothesis with neither tt̄Z nor tt̄W production is excluded at 7.1� (5.9�).

The result of the combined simultaneous fit to the two parameters of interest is

�tt̄W = 369+86
�79 (stat.) ± 44 (syst.) fb = 369+100

�91 fb (4)

and
�tt̄Z = 176+52

�48 (stat.) ± 24 (syst.) fb = 176+58
�52 fb. (5)

Figure 11 provides a comparison of these measurements with NLO QCD theoretical calculations using
Madgraph5_aMC@NLO.

8 Conclusion

Measurements of the production cross sections of a top quark pair in association with a W or Z boson
using 20.3 fb�1 of data collected by the ATLAS detector in

p
s = 8 TeV pp collisions at the LHC have

been presented. Final states with two, three or four charged leptons are analysed. From a simultaneous
fit to 15 signal regions and 5 control regions, the tt̄W and tt̄Z production cross sections are measured
to be �tt̄W = 369+100

�91 fb and �tt̄Z = 176+58
�52 fb. The fit to the data considering both signal processes

simultaneously yields significances of 5.0� and 4.2� over the background-only hypothesis for the tt̄W and
tt̄Z processes, respectively. All measurements are consistent with the NLO QCD theoretical calculations
for tt̄W and tt̄Z processes.
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assuming the null hypothesis for the process in question and treating the other as a free parameter in the fit.

and tt̄Z processes using all four channels is summarised in Table 8. The observed (expected) signific-
ance of the measurements are 5.0� (3.2�) for the tt̄W process and 4.2� (4.5�) for the tt̄Z process. The
background-only hypothesis with neither tt̄Z nor tt̄W production is excluded at 7.1� (5.9�).

The result of the combined simultaneous fit to the two parameters of interest is

�tt̄W = 369+86
�79 (stat.) ± 44 (syst.) fb = 369+100

�91 fb (4)

and
�tt̄Z = 176+52

�48 (stat.) ± 24 (syst.) fb = 176+58
�52 fb. (5)

Figure 11 provides a comparison of these measurements with NLO QCD theoretical calculations using
Madgraph5_aMC@NLO.

8 Conclusion

Measurements of the production cross sections of a top quark pair in association with a W or Z boson
using 20.3 fb�1 of data collected by the ATLAS detector in

p
s = 8 TeV pp collisions at the LHC have

been presented. Final states with two, three or four charged leptons are analysed. From a simultaneous
fit to 15 signal regions and 5 control regions, the tt̄W and tt̄Z production cross sections are measured
to be �tt̄W = 369+100

�91 fb and �tt̄Z = 176+58
�52 fb. The fit to the data considering both signal processes

simultaneously yields significances of 5.0� and 4.2� over the background-only hypothesis for the tt̄W and
tt̄Z processes, respectively. All measurements are consistent with the NLO QCD theoretical calculations
for tt̄W and tt̄Z processes.
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20 11 Extended interpretation

in event selection, this result is also consistent with the previous CMS measurement [3], which
it supersedes.

We also perform a simultaneous fit of both processes using all the channels. Figure 8 shows
the two-dimensional likelihood scan over s(ttW) and s(ttZ). The respective best fit values are
found to be 350+150

�123 fb and 245+104
�80 fb, compatible at the 15% CL with the SM expectation [1, 43].

Table 7: Expected and observed measurements of the cross section and signal strength with
68% CL ranges and significances for ttW, in SS dilepton and 3` channels.

ttW Cross section (fb) Signal strength (µ) Significance (s)

Channels Expected Observed Expected Observed Expected Observed

SS 203+88
�73 414+135

�112 1.00+0.45
�0.36 2.04+0.74

�0.61 3.4 4.9

3` 203+215
�194 210+225

�203 1.00+1.09
�0.96 1.03+1.07

�0.99 1.0 1.0

SS + 3` 203+84
�71 382+117

�102 1.00+0.43
�0.35 1.88+0.66

�0.56 3.5 4.8

Table 8: Expected and observed measurements of the cross section and signal strength with
68% CL ranges and significances for ttZ, in OS dilepton, 3`, and 4` channels.

ttZ Cross section (fb) Signal strength (µ) Significance (s)

Channels Expected Observed Expected Observed Expected Observed

OS 206+142
�118 257+158

�129 1.00+0.72
�0.57 1.25+0.76

�0.62 1.8 2.1

3` 206+79
�63 257+85

�67 1.00+0.42
�0.32 1.25+0.45

�0.36 4.6 5.1

4` 206+153
�109 228+150

�107 1.00+0.77
�0.53 1.11+0.76

�0.52 2.7 3.4

OS + 3` + 4` 206+62
�52 242+65

�55 1.00+0.34
�0.27 1.18+0.35

�0.29 5.7 6.4

11 Extended interpretation
Direct measurement of the ttZ and ttW cross sections can be applied to searches for new physics
(NP) within the framework of an effective field theory. The effects of new particles or interac-
tions can be captured in a model-independent way by supplementing the SM Lagrangian with
higher-dimensional operators involving SM fields. The effective Lagrangian can be written [44]
as an expansion in the inverse of the cutoff energy scale, 1/L:

Leff = LSM +
1
L
L1 +

1
L2L2 + · · ·

= LSM +
1
L Â

i
(ciOi + h.c.) +

1
L2 Â

j
(cjOj + h.c.) + · · · ,

(1)

where LSM is the SM Lagrangian density of dimension four, L1 is of dimension five, etc. The
Wilson coefficients ci and cj are numerical constants that parameterize the strength of the non-
standard interactions, and Oi and Oj are operators corresponding to combinations of SM fields.
Hermitian conjugate terms are denoted h.c. Good agreement between data and SM expecta-
tions suggests that deviations due to NP are small and it is reasonable to work in the first order
of ci and cj [45]; we limit ourselves to this domain.

It is not possible to construct a dimension-five operator that conserves lepton number [44],
so only dimension-six operators are considered in this work. Assuming baryon number con-
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Figure 8: Profile likelihood as a function of s(ttW) and s(ttZ). Lines denote the 1 to 5 standard
deviation (s) CL contours.

servation, there are 59 independent dimension-six operators [46]. We follow the notation and
operator naming scheme introduced in Ref. [47]. We study the effect of these operators on the
tZ coupling constants and the ttW and ttZ cross sections, and compare them to the measured
values.

11.1 Constraints on the axial and vector components of the tZ coupling

Indirect measurements of the top quark to Z boson coupling include, for example, precision
studies of the Z ! bb branching fraction at LEP and the SLC [48–53]. The ttZ process provides
the first experimentally accessible direct probe of the tZ coupling.

The SM ttZ interaction Lagrangian can be written in terms of the vector and axial couplings CSM
V

and CSM
A , which can be precisely calculated. In the effective field theory approach, the modified

couplings C1,V and C1,A are considered, which can be written in terms of the SM contribution
plus deviations due to the Wilson coefficients cj of dimension-six operators [54], scaled by L,
the Higgs field vacuum expectation value v, and the weak mixing angle qw:

C1,V = CSM
V +

1
4 sin qw cos qw

v2

L2 Re[c0HQ � cHQ � cHu],

C1,A = CSM
A � 1

4 sin qw cos qw

v2

L2 Re[c0HQ � cHQ + cHu].
(2)

A method for calculating s(ttZ) in terms of C1,V and C1,A has been presented in Ref. [54]. The
cross section depends on a constant term, linear and quadratic terms in C1,V and C1,A, and
a mixed term. Each of these six terms is scaled by a factor which was evaluated in Ref. [54]

24 12 Summary

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.

Operator Best fit point(s) 1 standard deviation CL 2 standard deviation CL
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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Ñ  A lot of work still to be done in understanding generator and 
parton showering / hadronisation differences in the context of 
top quarks	
Ó  Lots of parameters to ‘tune’…	

Ñ  Becoming a major limitation of many precision analyses: in top 
cross sections but also in top mass and other properties 
measurements	
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