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Overview

Introduction and experimental status of the tt̄Z , tt̄W , and tt̄�
processes.

(New) “Observation of top-quark pair production in association with
a photon and measurement of the tt̄� production cross section in pp
collisions at

p
s = 7 TeV using the ATLAS detector”.

Phys. Rev. D 91, 072007.

(New) “Measurement of the tt̄Z/�⇤ and tt̄W production cross
sections in pp collisions at

p
s = 8 TeV with the ATLAS detector”:

ATLAS-CONF-2015-032.

(New) “Measurement of top quark pair production in association with
a W or Z boson using event reconstruction techniques”:
CMS-PAS-TOP-14-021.
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Introduction to tt̄ + (Z ,W , �)
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Direct measurements of tt̄� only had low sensitivity at the Tevatron
(O(3�)), and tt̄+(Z ,W ) was not possible before the LHC era.

The main interest stems from the fact that the observed yields and
measured cross-sections could be altered by new physics, e.g. strongly
coupled higgs models for tt̄+(Z ,W ) and composite or excited tops
for tt̄�.

Inclusive cross-sections are a first systematic step to constrain the
new physics models, providing input to e.g. e↵ective theory modeling.
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Experimental status of tt̄ + (Z ,W , �) as of Top2014

Cross-section ATLAS (fb) CMS (fb) CDF (fb)
�tt̄� [2 TeV] 180 ± 80
�tt̄� [7 TeV] 2000 ± 500(stat.) ± 700(syst.)
�tt̄� [8 TeV] 2400 ± 200(stat.) ± 600(syst.)

�tt̄Z/�⇤ [7 TeV] < 700 280+140
�110(stat.)

+60
�30(syst.)

�tt̄Z/�⇤ [8 TeV] 150+55
�50(stat.)

+21
�21(syst.) 200 ± 90(total)

�tt̄W [7 TeV]
�tt̄W [8 TeV] 300+120

�100(stat.)
+70
�40(syst.) 170+110

�100(total)

Relative uncertainties were: �tt̄Z/�⇤ = O(40%), �tt̄W = O(50%)
(The situation will look di↵erent at the end of this talk!)

SM prediction 8 TeV

�tt̄� = 1800 ± 500 fb (Phys.Rev.D83:074013,2011)

�tt̄Z/�⇤ = 215 ± 30 fb (aMC@NLO), rel. unc. = O(10%)

�tt̄W = 232 ± 32 fb (aMC@NLO), rel. unc. = O(10%)
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ATLAS - updated tt̄� measurement

Main ingredients

Fiducial measurement, ET (�) > 20 GeV using single lepton tt̄
selection.

Prompt and non-prompt gamma contributions estimated from
data-driven template fit using the track isolation as discriminating
variable.

Signal simulated with MadGraph and Whizard.

The dataset is 7 TeV from 2011,
R
Ldt = 4.59 fb�1.

Documented in
Phys. Rev. D 91, 072007: “ Observation of top-quark pair production in
association with a photon and measurement of the tt̄� production cross
section in pp collisions at

p
s = 7 TeV using the ATLAS detector”.

Jörgen Sjölin (Stockholm University) tt̄+boson (except Higgs) results at the LHC September 15, 2015 5 / 23

http://dx.doi.org/10.1103/PhysRevD.91.072007


ATLAS - tt̄� selected events and uncertainties

Contribution Electron chan. Muon chan. Total
Signal 52 ± 14 100 ± 28 152 ± 31
Hadrons 38 ± 26 55 ± 38 93 ± 46
Prompt photons 41 ± 5 65 ± 9 106 ± 10
Total background 79 ± 26 120 ± 39 199 ± 47
Total 131 ± 30 220 ± 48 351 ± 59
Data candidates 140 222 362

Uncertainty source Uncertainty [%]

Background template shapes 3.7

Signal template shapes 6.6

Signal modeling 8.4

Photon modeling 8.8

Lepton modeling 2.5

Jet modeling 16.6

b-tagging 8.2

Emiss
T modeling 0.9

Luminosity 1.8

Background contributions 7.7
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ATLAS - tt̄� results
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ATLAS
-1L dt = 4.59 fb∫=7 TeV, s

�fid
tt̄� ⇥ BR = 63 ± 8(stat)+17

�13(syst)±1(lumi) fb per lepton flavor.

Consistent with NLO calculation: 48 ± 10 fb.

Background hypothesis excluded with 5.3�.
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ATLAS - updated tt̄W and tt̄Z/�⇤ measurement

Main ingredients

More signal regions added, same sign (SS) dilepton (ee,eµ) and
tetralepton, to previous public result ATLAS-CONF-2014-038.

The dataset is the same 8 TeV from 2012,
R
Ldt = 20.3 fb�1.

Documented in

ATLAS-CONF-2015-032: “Measurement of the tt̄Z/�⇤ and tt̄W
production cross sections in pp collisions at

p
s = 8 TeV with the ATLAS

detector”.
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ATLAS - tt̄W and tt̄Z/�⇤ measurement overview

Main updates compared to Top2014

Same sign (SS) dilepton (ee,eµ) final states added, all SS channels
use tighter requirements on the impact parameters to reject fake
leptons.

Tetralepton final states added.

Consistent use of uncertainty treatment across all channels, in
particular the b-tagging systematic uncertainties.

Signal region Main cuts Main background Background treatment
OS dilepton � 4jets, � 1b-tag tt̄ Neural networks,

Z control regions (CR) for tt̄, Z
SS dilepton � 2b-tags Fake leptons Fake factor method

Charge misID Likelihood fit
Trilepton � 3jets,� 1 b-tag Fake leptons Matrix method

WZ Fit WZ in CR
Tetralepton � 1b-tag ZZ Fit ZZ in CR
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ATLAS - background CR distributions for SS and 4L
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ATLAS - signal region prefit for SS and 4L (right)
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ATLAS - final states combination

All 15 SR and 5 CR are combined in a profile likelihood fit where
�tt̄W and �tt̄Z/�⇤ are free parameters. The systematic uncertainties
are included as nuisance parameters and correlated across channels as
appropriate. Postfit result per region is shown below:
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ATLAS - results viewed in 1D

Cross-section
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�79(stat)±44(syst.) fb �tt̄Z = 176+52

�48(stat)±24(syst.) fb

DRAFT
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Figure 10: Expected yields after the fit compared to data in the five control regions (CR), used to constrain the tt̄, Z ,
Z Z and W Z backgrounds, the three signal regions in the opposite-sign dilepton channel (2LOS), the three signal
regions in the same-sign dilepton channel (2LSS), the four signal regions in the trilepton channel (3L) and the five
signal regions in the tetralepton channel (4L). In the two dilepton channels the fit also includes shape information.
The “Rare SM” background summarises all other backgrounds described in Section 3 and mainly consists of the
tt̄H , tZ and WtZ processes, which are the largest contributions to this background category in the dilepton, trilepton
and tetralepton channels, respectively. The hatched area corresponds to the total uncertainty on the predicted yields.

Uncertainty �t t̄W �t t̄ Z

Luminosity 3.2% 4.6%
Reconstructed objects 3.7% 7.4%
Background from simulation 5.8% 8.0%
Fake leptons and charge misID 7.5% 3.0%
Signal modelling 1.8% 4.5%
Total systematic 12% 13%
Statistical +24% / �21% +30% / �27%
Total +27% / �24% +33% / �29%

Table 8: Breakdown of uncertainties on the measured cross sections of the tt̄W and tt̄ Z processes from individual
fits. Systematic uncertainties are symmetrised.

28th August 2015 – 13:44 24

DRAFT

tt̄W significance tt̄ Z 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 9: Expected and observed signal significances for the tt̄W and tt̄ Z 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.

The result of the combined simultaneous fit to the two parameters of interest is585

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

�91 fb (4)

and586

�t t̄ Z = 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.587
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Figure 11: The result of the combined two-dimensional simultaneous fit to the tt̄W and tt̄ Z cross sections along
with the 68% and 95% CL uncertainty contours. The shaded areas correspond to 14% uncertainty, which includes
renormalisation and factorisation scale uncertainties as well as PDF uncertainties including �S variations.
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Notice the decrease in uncertainty with the update:
O(40%) ! O(30%) for tt̄Z/�⇤ and O(50%) ! O(30%) for tt̄W
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ATLAS - results viewed in 2D
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CMS - updated tt̄W and tt̄Z/�⇤ measurement

Main updates compared to Top2014

Parton matching to the signal process (also partial) and BDT
classification per final state (10 BDTs) used for all channels, except
tetralepton which uses number of b-tags.

OS dilepton final state added.

Limits on couplings and operators in dim. 6 EFT.

The dataset is the same 8 TeV from 2012,
R
Ldt = 19.5 fb�1.

Documented in
CMS-PAS-TOP-14-021: “Measurement of top quark pair production in
association with a W or Z boson using event reconstruction techniques”.
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CMS - analysis strategy
First preselect and do parton matching of tt̄ and book score:
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CMS - prefit distributions

Note that the matching allows for top and W mass reconstruction
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CMS - cross-section results

tt̄Z

17

nuisance parameters � that maximizes the likelihood function L for the given µ. The denomi-
nator is the likelihood maximized over all µ and �. This test statistic is integrated using asymp-
totic formulae [41] to obtain the p-value, i.e. the probability under the signal-plus-background
assumption of finding data of equal or greater incompatibility with the background-only hy-
pothesis.

Results are reported both in terms of the best fit cross section and µ values and their associated
uncertainties, and in terms of the significance of observation of the two signal processes.

We perform separate one-dimensional fits for the ttW and ttZ cross sections using the relevant
channels for each process. The fit for each cross section is performed with the other cross section
set to the standard model (SM) value and uncertainty from theory. The resulting measurements
and significances are reported in Tables 5 and 6. The ttZ cross section is measured with a
precision of 25%, and agrees well with the SM prediction. The observed ttW cross section is
higher than expected, driven by an excess of signal-like same-sign dimuon events in the data,
which is correlated to a similar excess seen in the CMS ttH search [27]. The best fit values
for the ttW and ttZ cross sections are compatible with the SM expectation at the 13% and 60%
confidence level, respectively. Taking into account significant differences in event selection,
this result is also consistent with the previous CMS measurement [3], which it supersedes.

We additionally perform a simultaneous fit of both processes using all analysis channels. Fig-
ure 7 shows the two-dimensional likelihood scan over �(ttW) and �(ttZ). The best fit values
are found to be 350+150

�123 fb and 245+104
�80 fb, respectively, compatible at the 15% CL with the SM

expectation.

Cross section (fb) Signal strength (µ) Significance

Channels Expected Observed Expected Observed Expected Observed

SS 203+88
�73 414+135

�112 1.0+0.45
�0.36 2.04+0.74

�0.61 3.4 4.9

3� 203+215
�194 210+225

�203 1.0+1.09
�0.96 1.03+1.07

�0.99 1.0 1.0

SS + 3� 203+84
�71 382+117

�102 1.0+0.43
�0.35 1.88+0.66

�0.56 3.5 4.8

Table 5: Expected and observed measurements of the cross section and signal strength with
68% CL ranges and significances for ttW, in same-sign dilepton (SS) and 3� channels.

Cross section (fb) Signal strength (µ) Significance

Channels Expected Observed Expected Observed Expected Observed

OS 206+142
�118 257+158

�129 1.0+0.72
�0.57 1.25+0.76

�0.62 1.8 2.1

3� 206+79
�63 257+85

�67 1.0+0.42
�0.32 1.25+0.45

�0.36 4.6 5.1

4� 206+153
�109 228+150

�107 1.0+0.77
�0.53 1.11+0.76

�0.52 2.7 3.4

OS + 3� + 4� 206+62
�52 242+65

�55 1.0+0.34
�0.27 1.18+0.35

�0.29 5.7 6.4

Table 6: Expected and observed measurements of the cross section and signal strength with
68% CL ranges and significances for ttZ, in opposite-sign dilepton (OS), 3�, and 4� channels.

9 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

tt̄W
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We perform separate one-dimensional fits for the ttW and ttZ cross sections using the relevant
channels for each process. The fit for each cross section is performed with the other cross section
set to the standard model (SM) value and uncertainty from theory. The resulting measurements
and significances are reported in Tables 5 and 6. The ttZ cross section is measured with a
precision of 25%, and agrees well with the SM prediction. The observed ttW cross section is
higher than expected, driven by an excess of signal-like same-sign dimuon events in the data,
which is correlated to a similar excess seen in the CMS ttH search [27]. The best fit values
for the ttW and ttZ cross sections are compatible with the SM expectation at the 13% and 60%
confidence level, respectively. Taking into account significant differences in event selection,
this result is also consistent with the previous CMS measurement [3], which it supersedes.

We additionally perform a simultaneous fit of both processes using all analysis channels. Fig-
ure 7 shows the two-dimensional likelihood scan over �(ttW) and �(ttZ). The best fit values
are found to be 350+150

�123 fb and 245+104
�80 fb, respectively, compatible at the 15% CL with the SM

expectation.

Cross section (fb) Signal strength (µ) Significance

Channels Expected Observed Expected Observed Expected Observed

SS 203+88
�73 414+135

�112 1.0+0.45
�0.36 2.04+0.74

�0.61 3.4 4.9

3� 203+215
�194 210+225

�203 1.0+1.09
�0.96 1.03+1.07

�0.99 1.0 1.0

SS + 3� 203+84
�71 382+117

�102 1.0+0.43
�0.35 1.88+0.66

�0.56 3.5 4.8

Table 5: Expected and observed measurements of the cross section and signal strength with
68% CL ranges and significances for ttW, in same-sign dilepton (SS) and 3� channels.

Cross section (fb) Signal strength (µ) Significance

Channels Expected Observed Expected Observed Expected Observed

OS 206+142
�118 257+158

�129 1.0+0.72
�0.57 1.25+0.76

�0.62 1.8 2.1

3� 206+79
�63 257+85

�67 1.0+0.42
�0.32 1.25+0.45

�0.36 4.6 5.1

4� 206+153
�109 228+150

�107 1.0+0.77
�0.53 1.11+0.76

�0.52 2.7 3.4

OS + 3� + 4� 206+62
�52 242+65

�55 1.0+0.34
�0.27 1.18+0.35

�0.29 5.7 6.4

Table 6: Expected and observed measurements of the cross section and signal strength with
68% CL ranges and significances for ttZ, in opposite-sign dilepton (OS), 3�, and 4� channels.

9 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

Also here the updated uncertainty is reduced to O(30%) for tt̄Z and
O(30%) for tt̄W .
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boson events with extra heavy flavor jets receive uncertainties identical to the tt plus heavy
flavor simulation. The agreement with data in dileptonic Z boson events with four jets and one
or two medium b tags constrains the Z+cc, Z+b, and Z+bb uncertainties to 30% each. Simu-
lated Z boson events have extra shape uncertainties in Hmiss

T and the MT-to-mass ratio of jets,
uncorrelated between five and six or more jet events, and between the different flavor subsam-
ples. These account for possible data-simulation differences seen in Z boson events with four
or more jets (excluding the ttZ signal region).

Rare processes such as triboson production (WWW, WWZ), associated production of a Z boson
boson with a single top quark (tbZ), and tt with an on-shell or off-shell photon (tt�/tt�⇤) or
two W bosons (ttWW) get 50% rate uncertainties.

The expected impact of different sources of systematic uncertainty is estimated by removing
groups of uncertainties one at a time and gauging the improvement in the signal strength pre-
cision, as measured using pseudo-data from simulation. Uncertainties in b tagging efficiency,
signal modeling, and rates of prompt processes with extra jets have the greatest effect on the
ttZ signal precision, while the ttW measurement is most impacted by uncertainties in the non-
prompt backgrounds, b tagging efficiency, and signal modeling. The full set of systematic
uncertainties is shown in Table 4. For both ttW and ttZ, the total reduction in signal strength
uncertainty �sys from removing all systematic uncertainties is approximately what we would
expect if the individual sources of systematic uncertainty were uncorrelated and their effects �i
added in quadrature: 1 � (1 � �sys)2 = �i(1 � (1 � �i)2).

Reduction in signal strength uncertainty
Systematic uncertainties removed ttW ttZ
Signal modeling 5.2% 7.1%
Nonprompt backgrounds 12.5% 0.5%
Inclusive prompt backgrounds 0.7% 2.6%
Prompt backgrounds with extra jets 0.2% 3.4%
Prompt backgrounds with extra heavy flavor jets 0.0% 1.1%
b tagging efficiency 6.1% 7.3%
Jet energy scale 1.4% < 0.1%
Lepton ID and trigger efficiency 0.3% 0.5%
Luminosity and pileup 0.7% 0.5%
Bin-by-bin statistical uncertainty 4.4% 1.2%
All systematic uncertainties 31% 29%

Table 4: Impact on the expected signal strength precision for ttW and ttZ of removing sets of
systematic uncertainties.

8 Cross section measurement
The statistical procedure used to compute the ttW and ttZ cross sections and their correspond-
ing significances is the same as the one used for the LHC Higgs boson analyses, and is described
in detail in Refs. [39, 40]. A binned likelihood function L(µ, �) is constructed, which is the prod-
uct of Poisson probabilities for all bins in the final discriminant. The signal strength parameter
µ characterizes the amount of signal, with µ = 1 corresponding to the standard model signal
hypothesis, and µ = 0 corresponding to the background-only hypothesis.

To test how consistent the data are with a hypothesized value of µ, we consider the profile like-
lihood ratio test statistic q(µ) = �2 ln L(µ, �̂µ)/L(µ̂, �̂), where �̂µ denotes the set of values of the
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C1,V = CSM
V +

v2

�2 Re[c�
HQ � cHQ � cHu],

C1,A = CSM
A +

v2

�2 Re[c�
HQ � cHQ + cHu].

(2)

A method for calculating �(ttZ) in terms of C1,V and C1,A has been presented in Ref. [52]. The
cross section depends on a constant term, a linear and quadratic term in C1,V , a linear and
quadratic term in C1,A, and a mixed term. Each of these six terms is scaled by a factor which
was evaluated in Ref. [52] by calculating the 7 TeV cross section at six points and solving the
system of equations. To extrapolate to 8 TeV, we scale �(ttZ)(C1,V , C1,A) linearly by the ratio of
ttZ cross sections at 7 and 8 TeV from theory. 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 8.

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 �C1,V = C1,V/CSM

V � 1 and �C1,A =
C1,A/CSM

A � 1 in Fig. 8.

Figure 8: Difference between the profile likelihood and the best fit profile likelihood functions
for the relative vector and axial components of the top-Z coupling. Contours corresponding to
the best fit and the 1 �, 2 �, and 3 � CLs are shown in lines.

9.2 Constraints on dimension-six operators

Both indirect and direct constraints on dimension-six operators are documented in Refs. [43,
52–57]. To study the effects of NP on the ttW and ttZ processes, we use the FenRules [58]
implementation from Ref. [45]. This implementation is used with MADGRAPH 5 [7] to compute
cross sections as a function of the Wilson coefficients ci. Cross sections were computed for the
production of tt, a Higgs boson, ttZ, and ttW, sampling 20 points for each Wilson coefficient.
For each sampled point, all other Wilson coefficients were fixed at zero. From this survey, we
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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, c̄�

HQ, c̄HQ, c̄Hu, and c̄3W . An
alternative way to display the effect of each Wilson coefficient is shown in Fig. 9, where sampled
coefficient values are plotted in the �(ttW), �(ttZ) plane. From these it is clear that c̄uB, c̄Hu,
and c̄HQ affect only ttZ, whereas c̄3W only affects ttW, and c̄�

HQ 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 for the cross section in terms of the Wilson coefficient, �(ttZ)SM+NP(ci).
We define the signal strength µttZ(ci) in terms of ci to be the ratio of the ttZ production cross
section to the combined expectations from SM and NP �(ttZ)SM+NP(ci), and likewise for ttW.
From this we can define a profile likelihood ratio in terms of ci, similarly to what is described
in Section 8.

Best fit values, along with 1 � and 2 � CL ranges are summarized in Table 7. Operators that
affect either the ttW or the ttZ cross section, but not both, have symmetric likelihood distribu-
tions and thus have two best fit values. Bounds on c̄�

HQ, c̄HQ, and c̄Hu are stricter than those
derived in Ref. [52] from CMS and ATLAS searches for ttZ using LHC data at 7 TeV. Constraints
on c̄uB are tighter than those derived in Ref. [57].

Operator Best fit point(s) 1 � CL 2 � CL
c̄uB �0.07 and 0.07 {�0.11, 0.11} {�0.14, 0.14}
c̄�

HQ 0.12 {�0.07, 0.18} {�0.33, �0.24} and {�0.02, 0.23}
c̄HQ �0.09 and 0.41 {�0.22, 0.08} and {0.24, 0.54} {�0.31, 0.63}
c̄Hu �0.47 and 0.13 {�0.60, �0.23} and {�0.11, 0.26} {�0.71, 0.37}
c̄3W �0.28 and 0.28 {�0.36, �0.18} and {0.18, 0.36} {�0.43, 0.43}

Table 7: Constraints from this ttZ and ttW measurement on selected dimension-six operators.

10 Summary
A measurement of top quark pair production in association with a W or Z boson has been made,
using 8 TeV 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. Results from two independent ttW channels and three ttZ channels have
been presented, along with combined measurements. The combined ttW cross section mea-
surement in same-sign and three-lepton events is �(ttW) = 382+117

�102 fb, corresponding to a 4.8 �
deviation from the background-only hypothesis, where a significance of 3.5 � was expected in
the standard model. Combining opposite-sign, three-lepton, and four-lepton channels, the ttZ
cross section is measured to be �(ttZ) = 242+65

�55 fb, an observation with a significance of 6.4 �
from the background-only hypothesis and in agreement with the standard model expectation.
Using these cross section measurements, limits have been placed on the vector and axial cou-
plings of the Z boson to the top quark, and on five dimension-six operators parameterizing
new physics: c̄uB, c̄�

HQ, c̄HQ, c̄Hu, and c̄3W . All of the measured values are compatible with the
standard model predictions, within uncertainties.
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(ūR�µdR)

�
Hc †�!D µH

�
+ h.c.

�

+
ic̄HL

v2

�
L̄L�µLL

� �
H†�!D µH

�
+

ic̄0
HL

v2

�
L̄L�µ�iLL

� �
H†�i�!D µH

�

+
ic̄Hl

v2

�
l̄R�µlR

� �
H†�!D µH

�
,

(2.3)

3

+

2 E�ective Lagrangian for a light Higgs doublet

The most general SU(3)C ⇥ SU(2)L ⇥ U(1)Y -invariant Lagrangian for a weak doublet H

at the level of dimension-6 operators was first classified in a systematic way in Refs. [10].

Subsequent analyses [11, 12] pointed out the presence of some redundant operators, and a

minimal and complete list of operators was finally provided in Ref. [13]. As recently discussed

in Ref. [4], a convenient basis of operators relevant for Higgs physics, assuming that the Higgs

is a CP-even weak doublet (this assumption will be relaxed in Appendix C) and the baryon

and lepton numbers are conserved, is the following:

L = LSM +
�

i

c̄iOi � LSM + �LSILH + �LF1 + �LF2 (2.1)

with

�LSILH =
c̄H

2v2
�µ

�
H†H

�
�µ

�
H†H

�
+

c̄T

2v2

�
H†�!DµH

��
H†�!D µH

�
� c̄6 �

v2

�
H†H

�3

+
�� c̄u

v2
yu H†H q̄LHcuR +

c̄d

v2
yd H†H q̄LHdR +

c̄l

v2
yl H

†H L̄LHlR
�

+ h.c.
�

+
ic̄W g

2m2
W

�
H†�i�!DµH

�
(D�Wµ�)

i +
ic̄B g0

2m2
W

�
H†�!DµH

�
(��Bµ�)

+
ic̄HW g

m2
W

(DµH)†�i(D�H)W i
µ� +

ic̄HB g0

m2
W

(DµH)†(D�H)Bµ�

+
c̄� g02

m2
W

H†HBµ�B
µ� +

c̄g g2
S

m2
W

H†HGa
µ�G

aµ� ,

(2.2)

�LF1 =
ic̄Hq

v2
(q̄L�µqL)

�
H†�!D µH

�
+

ic̄0
Hq

v2

�
q̄L�µ�iqL

� �
H†�i�!D µH

�

+
ic̄Hu

v2
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The SM Lagrangian LSM and our convention for the covariant derivatives and the gauge
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which a�ect the gauge-boson propagators and self-interactions but with no e�ect on Higgs

physics, should also be added to complete the operator basis, as well as 22 four-Fermi baryon-

number-conserving operators. 2 A comparison with Ref. [13] shows that two of our operators
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four-Fermi operators, as in the basis of Ref. [13]. The coe�cients c̄2W , c̄2B contribute respectively to the W

and Y parameters defined in Ref. [14].

4

From the cross-section scan it is observed that c̄uB , c̄Hu and c̄HQ only
a↵ects tt̄Z whereas c̄3W a↵ects tt̄W , and c̄ 0

HQ a↵ects both.
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Conclusions

By improving the analysis techniques and by adding more final states
both CMS and ATLAS have managed to improve the inclusive
cross-section uncertainties down to O(30%) for both tt̄Z and tt̄W .

Significances for both processes are now at the discovery level. Future
measurements will likely optimize for accuracy and precision instead
of significance.

CMS has also presented limits on couplings and operators using the
inclusive cross-sections as input, highlighting one of the main aims of
these measurements.
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ATLAS - yield table DRAFT

Region t + X Bosons Fake leptons Total expected tt̄W tt̄Z Data
charge misID background

2�-noZ-3j* 20800± 2600 600± 200 160± 80 21600± 2700 42.0± 2.8 23.2± 1.5 22585
2�-noZ-4j 8200± 1400 240± 90 80± 40 8600± 1400 36.6± 1.8 22.4± 1.1 8909
2�-noZ-5j 3700± 850 100± 40 47± 23 3810± 870 24.9± 2.2 22.4± 2.0 3901
2�-Z-3j* 800± 140 1960± 880 4.1± 2.1 2760± 890 1.24± 0.13 3.71± 0.38 2806
2�-Z-4j* 330± 70 740± 390 2.2± 1.1 1100± 400 1.31± 0.11 7.21± 0.58 1031
2�-Z-5j 170± 40 340± 200 1.4± 0.7 510± 210 0.89± 0.07 17.7± 1.4 471
2e-SS 0.66± 0.13 0.17± 0.10 8.9± 2.4 9.8± 2.6 2.97± 0.30 0.93± 0.23 16
eµ-SS 1.9± 0.35 0.39± 0.28 14.1± 4.5 16.4± 5.1 8.67± 0.76 2.16± 0.51 34
2µ-SS 0.94± 0.17 0.25± 0.14 0.93± 0.55 2.12± 0.86 4.79± 0.40 1.12± 0.27 13

3�-Z-0b3j* 1.11± 0.32 67± 16 15.2± 6.0 83± 15 0.05± 0.03 1.86± 0.47 86
3�-Z-1b4j 1.58± 0.42 3.8± 1.3 2.4± 1.1 7.8± 1.6 0.14± 0.05 7.1± 1.6 8
3�-Z-2b3j 1.29± 0.34 0.68± 0.33 0.19± 0.13 2.16± 0.42 0.21± 0.07 2.76± 0.69 3
3�-Z-2b4j 1.00± 0.29 0.48± 0.24 0.42± 0.37 1.93± 0.49 0.14± 0.07 6.6± 1.6 11
3�-noZ-2b 1.06± 0.25 0.27± 0.17 1.31± 0.90 2.7± 0.9 3.7± 0.9 1.23± 0.32 6
4�-DF-0b 0.06± 0.01 0.11± 0.04 0.03± 0.17 0.21± 0.22 - 0.28± 0.01 2
4�-DF-1b 0.22± 0.03 0.05± 0.03 0.13± 0.22 0.39± 0.27 - 1.05± 0.03 1
4�-DF-2b 0.11± 0.02 <0.01 0.11± 0.19 0.22± 0.21 - 0.64± 0.02 1
4�-ZZ* 0.01± 0.00 134.2± 1.2 0.27± 0.18 134.5± 1.3 - 0.07± 0.01 158

4�-SF-1b 0.16± 0.02 0.29± 0.06 0.14± 0.19 0.61± 0.27 - 0.91± 0.02 2
4�-SF-2b 0.08± 0.01 0.09± 0.03 0.04± 0.18 0.21± 0.23 - 0.64± 0.02 1

Table 4: Expected event yields for signal and backgrounds, and the observed data in all signal and control regions
(marked with an asterisc) used in the fit to extract the tt̄W and tt̄ Z cross sections. The quoted uncertainties on
expected event yields represent systematic uncertainties including MC statistical uncertainties. The tt̄, single top,
tZ , WtZ , tt̄H and tt̄tt̄ processes are denoted t + X . The Z , WW , W Z , Z Z , tt̄WW and W±W± processes are denoted
‘Bosons’.

Region Targeting Sample fraction [%]
2e-SS

tt̄W
22

eµ-SS 32
2µ-SS 60

Table 5: Signal and control regions of the same-sign dilepton channel, together with the processes targeted and the
expected fraction of the sample represented by the targeted process.

charge to be misidentified is found to be negligible and Z+jets is not a dominant background in the eµ291

region. The same-sign dilepton channel signal regions are summarised in Table 5.292

Signal events from the tt̄W process are produced when the associated W boson decays leptonically and293

the tt̄ system decays in the �+jets channel.294

A smaller contribution from tt̄ Z comes from a leptonic decay of the Z boson where one lepton is not295

reconstructed, together with a leptonic decay of one of the two W bosons coming from the top quark296
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ATLAS - 4L selection

DRAFT
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Figure 7: (a) Event yields for channels with di�erent lepton flavour combinations and (b) the minimum three-jet
invariant mass for events in the 3�-Z-2b4j signal region. “Rare SM” contains small background contributions
consisting of the WWW , WW Z , H � Z Z and tt̄WW processes. The distributions are shown before the fit. The
hatched area corresponds to the total uncertainty on the predicted yields. The last bin in (b) includes the overflow.

centred at the Z boson mass. This requirement on Emiss
T is relaxed by 40 GeV for the 4�-SF-2b region. The396

impact of events with fake leptons decreases with the number of reconstructed b-tagged jets. To suppress397

these backgrounds, additional requirements on the scalar sum of the transverse momenta of the third and398

fourth leptons (pT34) are imposed in the lower b-tag multiplicity regions. In the 4�-SF-1b, 4�-DF-1b and399

4�-DF-0b regions events are required to satisfy pT34 > 25 GeV, pT34 > 35 GeV and pT34 > 45 GeV,400

respectively. In the 4�-DF-0b region the requirement on the fourth lepton is raised to pT > 10 GeV and at401

least two jets must be reconstructed in the event. In all regions, the invariant mass of any two reconstructed402

OS leptons is required to be larger than 10 GeV. The definitions of the signal regions are summarised in403

Table 7.404

Region Z2 leptons pT4 pT34 |m�� � mZ2 | Emiss
T Njets Nb-jets

4�-DF-0b e±µ� > 10 GeV > 45 GeV - - � 2 0
4�-DF-1b e±µ� > 7 GeV > 35 GeV - - - 1
4�-DF-2b e±µ� > 7 GeV - - - - � 2

4�-SF-1b e±e�, µ±µ� > 7 GeV > 25 GeV
�
> 10 GeV
< 10 GeV

> 40 GeV
> 80 GeV

�
- 1

4�-SF-2b e±e�, µ±µ� > 7 GeV -
�
> 10 GeV
< 10 GeV

-
> 40 GeV

�
- � 2

Table 7: Definitions of the five signal regions in the tetralepton channel.
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CMS - SS yield table

8 6 Signal extraction

The derived scale factor of 2.0 per nonprompt lepton is then applied to the MC samples in the
four-lepton category, with 100% rate uncertainties.

5.3 Charge misidentified backgrounds

The misidentified charge background in same-sign dilepton events is estimated from opposite-
sign dilepton events in data which pass all the other signal channel selection cuts, weighted
by the probability for an electron passing the charge ID cut to have misidentified charge. This
probability is derived from data as a function of electron � from the ratio of same-sign di-
electron events with an invariant mass within 10 GeV of the Z mass and zero or more jets,
to opposite-sign events with the same selection. The probability ranges from 0.003% for cen-
tral electrons to 0.1% for endcap electrons. The absence of a Z boson mass peak in same-sign
dimuon events indicates that the probability is negligible for muons. Opposite-sign eµ events
enter the same-sign prediction region with a weight equal to the probability for the electron to
have its charge misidentified; ee events enter with the sum of the probabilities for each electron.
The charge misidentification probability has a 30% rate uncertainty, based on the agreement be-
tween predicted and observed same-sign di-electron events close to the Z boson mass and with
multiple jets.

5.4 Expected yields

Expected yields for the signal and background processes after the final fit described in Section 8,
along with the observed data yields, are shown in Tables 1 through 3.

µµ eµ ee
Process 3 jets �4 jets 3 jets �4 jets 3 jets �4 jets
Nonprompt 29.0 ± 4.7 26.0 ± 4.4 57.0 ± 5.4 40.5 ± 4.2 16.0 ± 3.7 12.9 ± 3.1
Charge misID - - 2.9 ± 0.7 1.6 ± 0.4 3.3 ± 1.6 1.7 ± 0.8
WZ 3.1 ± 1.0 1.3 ± 0.5 4.5 ± 1.4 2.2 ± 0.8 1.6 ± 0.5 0.9 ± 0.3
ZZ 0.2 ± 0.1 0.1 ± 0.1 0.3 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.1 ± 0.1
Multiboson 1.2 ± 0.5 1.1 ± 0.4 1.5 ± 0.5 1.2 ± 0.4 0.8 ± 0.3 0.5 ± 0.2
tbZ/tt+X 0.8 ± 0.3 1.0 ± 0.4 4.1 ± 1.4 5.4 ± 2.2 1.4 ± 0.4 2.4 ± 1.3
ttH 0.7 ± 0.1 3.0 ± 0.5 1.1 ± 0.1 4.0 ± 0.5 0.3 ± 0.1 1.4 ± 0.2
Background 35.1 ± 4.8 32.6 ± 4.5 71.3 ± 5.8 55.1 ± 4.9 23.7 ± 4.1 19.9 ± 3.5
ttW 10.4 ± 2.8 17.7 ± 4.0 13.9 ± 3.7 25.2 ± 5.5 5.5 ± 1.4 8.1 ± 1.9
ttZ 0.7 ± 0.1 2.1 ± 0.4 1.1 ± 0.2 3.0 ± 0.6 0.4 ± 0.1 1.3 ± 0.3
Expected 46.2 ± 5.6 52.6 ± 6.0 86.4 ± 6.9 83.6 ± 7.3 29.6 ± 4.4 29.4 ± 4.0
Data 47 61 89 69 31 32

Table 1: Expected yields after the final fit described in Section 8, compared to observed data
yields for same-sign ttW final states. Multiboson includes WWW, WWZ, and W±W±, and tt+X
includes tt�, tt�⇤, and ttWW.

6 Signal extraction
Even after the selection requirements have been applied, the final signal categories are domi-
nated by background events. To help identify the ttW and ttZ signals, we attempt a full recon-
struction of the events, by matching leptons, jets, and missing energy to the decaying W and Z
bosons, and to the top quark and antiquark.

In all channels targeting the ttZ signal, the same-flavor opposite-sign pair of leptons with an
invariant mass closest to the Z boson mass is assumed to be from the Z boson decay. For ttW

Jörgen Sjölin (Stockholm University) tt̄+boson (except Higgs) results at the LHC September 15, 2015 4 / 8



CMS - OS yield table 9

µµ/ee eµ

Process 5 jets �6 jets 5 jets �6 jets
Z+lf jets 264.7 ± 57.0 92.6 ± 19.7 < 0.1 < 0.1
Z+cc jets 341.0 ± 74.4 105.9 ± 22.8 < 0.1 < 0.1
Z+b jet 235.7 ± 59.4 68.4 ± 18.1 < 0.1 < 0.1
Z+bb jets 378.0 ± 72.0 135.6 ± 25.2 < 0.1 < 0.1
tt+lf jets 188.4 ± 18.9 58.4 ± 7.3 180.3 ± 15.6 57.8 ± 6.4
tt+hf jets 56.7 ± 15.8 30.6 ± 8.3 52.0 ± 14.5 27.3 ± 7.3
tbZ/ttWW 4.2 ± 1.8 1.8 ± 0.7 < 0.1 < 0.1
ttH 1.4 ± 0.1 1.0 ± 0.2 1.0 ± 0.1 0.6 ± 0.1
Background 1470.2 ± 134.6 494.4 ± 44.7 233.4 ± 21.3 85.8 ± 9.7
ttZ 24.0 ± 5.5 28.2 ± 6.8 1.3 ± 0.3 0.8 ± 0.2
ttW 1.1 ± 0.2 0.5 ± 0.1 1.2 ± 0.2 0.8 ± 0.2
Expected 1495.3 ± 134.7 523.1 ± 45.2 235.8 ± 21.3 87.4 ± 9.7
Data 1493 526 251 78

Table 2: Expected yields after the final fit described in Section 8, compared to observed data
yields for opposite-sign ttZ final states.

3� ttW 3� ttZ 4�
Process 1 jet �2 jets 3 jets �4 jets �1 jet + Z �1 jet + Z-veto
Nonprompt 44.6 ± 5.3 54.8 ± 6.4 8.2 ± 2.8 5.4 ± 2.1 - -
Nonprompt WZ/Z - - - - < 0.1 < 0.1
Nonprompt tt - - - - < 0.1 0.2 ± 0.2
WZ 3.2 ± 0.8 8.0 ± 1.7 11.7 ± 2.9 5.4 ± 1.6 - -
ZZ 1.0 ± 0.2 1.5 ± 0.3 1.6 ± 0.4 0.9 ± 0.3 3.3 ± 0.5 1.8 ± 0.3
Multiboson 0.1 ± 0.1 0.4 ± 0.2 0.5 ± 0.2 0.5 ± 0.2 < 0.1 0.3 ± 0.1
tbZ/tt+X 0.4 ± 0.1 3.4 ± 1.1 1.6 ± 0.6 0.7 ± 0.3 < 0.1 < 0.1
ttH 0.2 ± 0.1 4.7 ± 0.4 0.3 ± 0.1 0.4 ± 0.1 < 0.1 0.2 ± 0.1
Background 49.5 ± 5.4 72.7 ± 6.7 23.9 ± 4.1 13.3 ± 2.7 3.3 ± 0.5 2.4 ± 0.4
ttW 2.5 ± 0.8 18.8 ± 4.7 0.5 ± 0.1 0.2 ± 0.1 - -
ttZ 0.3 ± 0.1 7.5 ± 1.2 8.8 ± 1.9 16.9 ± 3.6 0.4 ± 0.1 4.3 ± 1.0
Expected 52.3 ± 5.4 99.4 ± 8.3 33.2 ± 4.5 30.4 ± 4.5 3.7 ± 0.5 6.7 ± 1.1
Data 51 97 32 30 3 6

Table 3: Expected yields after the final fit described in Section 8, compared to observed data
yields for three-lepton ttW and three and four-lepton ttZ final states. The four-lepton “Z-veto”
channel has exactly one lepton pair consistent with a Z boson decay; the “Z” channel has two.
Multiboson includes WWW and WWZ, and tt+X includes tt�, tt�⇤, and ttWW.

events, there are at least two leptons and two neutrinos, so the mass of the associated W boson
cannot be reconstructed. Thus, for both ttW and ttZ, it is the tt system which remains to be
reconstructed. In the opposite-sign ttZ channel, the W bosons from both the top quark and
antiquark decay into quarks; we call this a fully hadronic tt decay. In the same-sign ttW and
three-lepton ttZ channels, the tt pair decays semi-leptonically. The three-lepton ttW and four-
lepton ttZ channels are targeted at fully leptonic tt decays. While background tt events have
real top quarks to reconstruct, they decay in a different mode than the signal does, e.g. opposite-
sign ttZ events contain a fully hadronic tt decay, while the tt background decays leptonically.

The leptons, jets, and missing energy from tt decays preserve information about their parent
particles. Pairs of jets from hadronic W boson decays have an invariant mass close to the W
boson mass; adding the b quark jet from the same top decay gives three jets with an invari-
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CMS - 3L and 4L yield table

9

µµ/ee eµ

Process 5 jets �6 jets 5 jets �6 jets
Z+lf jets 264.7 ± 57.0 92.6 ± 19.7 < 0.1 < 0.1
Z+cc jets 341.0 ± 74.4 105.9 ± 22.8 < 0.1 < 0.1
Z+b jet 235.7 ± 59.4 68.4 ± 18.1 < 0.1 < 0.1
Z+bb jets 378.0 ± 72.0 135.6 ± 25.2 < 0.1 < 0.1
tt+lf jets 188.4 ± 18.9 58.4 ± 7.3 180.3 ± 15.6 57.8 ± 6.4
tt+hf jets 56.7 ± 15.8 30.6 ± 8.3 52.0 ± 14.5 27.3 ± 7.3
tbZ/ttWW 4.2 ± 1.8 1.8 ± 0.7 < 0.1 < 0.1
ttH 1.4 ± 0.1 1.0 ± 0.2 1.0 ± 0.1 0.6 ± 0.1
Background 1470.2 ± 134.6 494.4 ± 44.7 233.4 ± 21.3 85.8 ± 9.7
ttZ 24.0 ± 5.5 28.2 ± 6.8 1.3 ± 0.3 0.8 ± 0.2
ttW 1.1 ± 0.2 0.5 ± 0.1 1.2 ± 0.2 0.8 ± 0.2
Expected 1495.3 ± 134.7 523.1 ± 45.2 235.8 ± 21.3 87.4 ± 9.7
Data 1493 526 251 78

Table 2: Expected yields after the final fit described in Section 8, compared to observed data
yields for opposite-sign ttZ final states.

3� ttW 3� ttZ 4�
Process 1 jet �2 jets 3 jets �4 jets �1 jet + Z �1 jet + Z-veto
Nonprompt 44.6 ± 5.3 54.8 ± 6.4 8.2 ± 2.8 5.4 ± 2.1 - -
Nonprompt WZ/Z - - - - < 0.1 < 0.1
Nonprompt tt - - - - < 0.1 0.2 ± 0.2
WZ 3.2 ± 0.8 8.0 ± 1.7 11.7 ± 2.9 5.4 ± 1.6 - -
ZZ 1.0 ± 0.2 1.5 ± 0.3 1.6 ± 0.4 0.9 ± 0.3 3.3 ± 0.5 1.8 ± 0.3
Multiboson 0.1 ± 0.1 0.4 ± 0.2 0.5 ± 0.2 0.5 ± 0.2 < 0.1 0.3 ± 0.1
tbZ/tt+X 0.4 ± 0.1 3.4 ± 1.1 1.6 ± 0.6 0.7 ± 0.3 < 0.1 < 0.1
ttH 0.2 ± 0.1 4.7 ± 0.4 0.3 ± 0.1 0.4 ± 0.1 < 0.1 0.2 ± 0.1
Background 49.5 ± 5.4 72.7 ± 6.7 23.9 ± 4.1 13.3 ± 2.7 3.3 ± 0.5 2.4 ± 0.4
ttW 2.5 ± 0.8 18.8 ± 4.7 0.5 ± 0.1 0.2 ± 0.1 - -
ttZ 0.3 ± 0.1 7.5 ± 1.2 8.8 ± 1.9 16.9 ± 3.6 0.4 ± 0.1 4.3 ± 1.0
Expected 52.3 ± 5.4 99.4 ± 8.3 33.2 ± 4.5 30.4 ± 4.5 3.7 ± 0.5 6.7 ± 1.1
Data 51 97 32 30 3 6

Table 3: Expected yields after the final fit described in Section 8, compared to observed data
yields for three-lepton ttW and three and four-lepton ttZ final states. The four-lepton “Z-veto”
channel has exactly one lepton pair consistent with a Z boson decay; the “Z” channel has two.
Multiboson includes WWW and WWZ, and tt+X includes tt�, tt�⇤, and ttWW.

events, there are at least two leptons and two neutrinos, so the mass of the associated W boson
cannot be reconstructed. Thus, for both ttW and ttZ, it is the tt system which remains to be
reconstructed. In the opposite-sign ttZ channel, the W bosons from both the top quark and
antiquark decay into quarks; we call this a fully hadronic tt decay. In the same-sign ttW and
three-lepton ttZ channels, the tt pair decays semi-leptonically. The three-lepton ttW and four-
lepton ttZ channels are targeted at fully leptonic tt decays. While background tt events have
real top quarks to reconstruct, they decay in a different mode than the signal does, e.g. opposite-
sign ttZ events contain a fully hadronic tt decay, while the tt background decays leptonically.

The leptons, jets, and missing energy from tt decays preserve information about their parent
particles. Pairs of jets from hadronic W boson decays have an invariant mass close to the W
boson mass; adding the b quark jet from the same top decay gives three jets with an invari-
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CMS - SS and 3L tt̄W BDT variables

27

B Input variables to final discriminants (BDTs)

BDT inputs: same-sign ttW vs. tt 3 jet �4 jets
MT of �Emiss

T and �pT of leptons and jets 1 1
Emiss

T 4 2
2nd highest lepton pT 6 3
Match score for tt ! �bqq b�� 2 4
Highest lepton pT 5 5
2nd highest CSV value of a jet 8 6
tt matched top MT from b�� 7 7
Match score for ttW ! b�� bq 9 8
Match score for ttW ! b�� bqq - 9
tt matched top mass from �bqq 3 -

Table 9: Input variables to the BDT that distinguishes same-sign ttW from tt, ranked by signal-
background separation.

BDT inputs: 3� ttW vs. tt 1 jet �2 jets
2nd highest CSV value of a jet - 1
MT of �Emiss

T and �pT of leptons and jets 1 2
Match score for ttW ! �� b�� b�� - 3
2nd highest same-sign lepton pT 4 4
tt matched top mass from �W and �b - 5
Highest same-sign lepton pT 3 6
Match score for ttW ! �� b�� �� 2 -
Emiss

T 5 -
Highest jet pT 6 -

Table 10: Input variables to BDT that distinguishes 3� ttW from tt, ranked by signal-background
separation.

27

B Input variables to final discriminants (BDTs)

BDT inputs: same-sign ttW vs. tt 3 jet �4 jets
MT of �Emiss

T and �pT of leptons and jets 1 1
Emiss

T 4 2
2nd highest lepton pT 6 3
Match score for tt ! �bqq b�� 2 4
Highest lepton pT 5 5
2nd highest CSV value of a jet 8 6
tt matched top MT from b�� 7 7
Match score for ttW ! b�� bq 9 8
Match score for ttW ! b�� bqq - 9
tt matched top mass from �bqq 3 -

Table 9: Input variables to the BDT that distinguishes same-sign ttW from tt, ranked by signal-
background separation.

BDT inputs: 3� ttW vs. tt 1 jet �2 jets
2nd highest CSV value of a jet - 1
MT of �Emiss

T and �pT of leptons and jets 1 2
Match score for ttW ! �� b�� b�� - 3
2nd highest same-sign lepton pT 4 4
tt matched top mass from �W and �b - 5
Highest same-sign lepton pT 3 6
Match score for ttW ! �� b�� �� 2 -
Emiss

T 5 -
Highest jet pT 6 -

Table 10: Input variables to BDT that distinguishes 3� ttW from tt, ranked by signal-background
separation.
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CMS - OS and 3L tt̄Z BDT variables

28 B Input variables to final discriminants (BDTs)

BDT inputs: 3� ttZ vs. WZ and tt 3 jet �4 jets
Match score for ttZ ! �� b�� bq 1 1
Match score for ttZ ! �� b�� bqq - 2
Match score for ttZ ! �� �� bqq 8 3
Match score for ttZ ! �� b�� qq 9 4
Number of medium b-tagged jets 3 5
Mass of lepton pair matched to Z boson 7 6
MT of �Emiss

T and �pT of leptons and jets 4 7
Match score for ttZ ! �� b�� b 2 -
Match score for ttZ ! �� �� bq 5 -
Match score for ttZ ! �� b�� q 6 -

Table 11: Input variables to BDT that distinguishes 3� ttZ from WZ and tt, ranked by signal-
background separation.

BDT inputs: OS ttZ vs. tt 5 jet �6 jets
�R between leptons 1 1
pT of dilepton system 2 2
Dilepton invariant mass 3 3
Hmiss

T 4 4
Match score for tt ! b�� b�� 5 5
Number of jets with pT > 40 GeV 9 6
Match score for ttZ ! �� bqq bqq - 7
Match score for ttZ ! �� bq bqq 8 8
Match score for ttZ ! �� bqq bqq 7 9
Ratio of MT to mass of jets 6 10
CSV of jet matched to b from tt 10 12
CSV of jet matched to b from tt 11 11

Table 12: Input variables to BDT that distinguishes OS ttZ from tt (used as input to the final
discriminant), ranked by signal-background separation.

BDT inputs: OS ttZ vs. Z and tt 5 jet �6 jets
OS ttZ vs. tt BDT 1 1
Match score for ttZ ! �� bq bqq 3 2
Match score for ttZ ! �� bqq bq 4 3
Match score for ttZ ! �� bqq bqq - 4
Minimum �2 for ttZ ! �� bqq bqq - 5
Number of jets with pT > 40 GeV 6 6
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