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1. Introduction

Measurements of top quark and electroweak processes are essential in testing the Standard
Model (SM) of particle physics. The SM has been studied at collider experiments for decades, and
repeatedly held up to precision tests since its initial formulation in 1970s. Yet, the model is known
to be incomplete, e.g. in failing to provide a dark matter candidate. Top quark and electroweak
precision measurements are central in improving the modeling of collider data and tuning Monte
Carlo (MC) event generators, constraining parton distribution functions (PDFs), extracting key SM
measurements, etc. With high center-of-mass energy and large available datasets, experiments are
additionally confronting the SM in challenging and previously inaccessible regions of phase space
as well as probing very rare processes.

Top quark and electroweak measurements are also fundamental in the search program for new
physics contributions beyond the SM. Precision measurements can both help constrain - or observe
- new physics processes, e.g. enhancements of extremely rare production processes or processes
involving anomalous couplings. Top quark, single- and multi-boson production processes are also
dominant background processes in many direct new physics searches and Higgs boson measure-
ments. These proceedings will discuss recent results within the top quark and electroweak sectors
as presented during ICHEP2018 from the CERN Large Hadron Collider (LHC) and Tevatron ex-
periments.

2. Electroweak measurements

Single W/Z/γ boson production provides high-statistics samples from which to extract SM
parameters and to test the self-consistency of the model. This includes e.g. W boson mass mea-
surements and extraction of the weak mixing angle from Drell-Yan events. The production of
multiple bosons form a sensitive probe of beyond SM (BSM) gauge interactions. Analyses include
measuring production cross sections, probing anomalous triple or quartic gauge couplings (aTGC
or QGC, respectively), and studying rare vector-boson scattering (VBS) processes.

Notably, measurements of single boson production at the LHC are now performed not only dif-
ferentially or double-differentially as a function of kinematic variables, but even triple-differentially.
The CMS experiment [1] recently measured triple-differential cross sections of γ+jets produc-
tion, sensitive to e.g. gluon PDFs [2]. The ATLAS experiment [3] measured triple-differential
cross sections for Drell-Yan production, sensitive to, among others, PDFs and the weak mixing
angle [4]. Also the LHCb experiment [5] studies single-boson production, with recent measure-
ments of Z→ τ+τ− production in the forward region1, where comparison of the ττ channel with
measurements in the ee/µµ decay channels are consistent with lepton-flavor universality [6].

2.1 Effective leptonic weak mixing angle

The effective leptonic weak mixing angle (sin2
θ

lept
eff ) is a key SM parameter, with an approxi-

mate 3σ tension between the most precise single-experiment measurements from LEP and SLD. At
hadron colliders, sin2

θ
lept
eff can be extracted by exploiting the forward-backward asymmetry (AFB) in

1The LHCb detector has a geometrical acceptance corresponding to the pseudorapidity region 2 < η < 5.
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Drell-Yan ee/µµ events. Recent measurements of sin2
θ

lept
eff include results in the µµ channel from

D0 [7], an updated Tevatron CDF/D0 combination [8], and new measurements from ATLAS [9]
and CMS [10] using 2012 8 TeV data in the ee/µµ channels. The measurement strategy involves
fitting either the mass dependence (Tevatron), or the mass and rapidity dependence (CMS), of the
observed AFB to SM predictions as a function of sin2

θ
lept
eff . An example of the dependence of AFB

on the rapidity and mass of the dilepton system from CMS is shown in Fig. 1(a). ATLAS instead
infers the value of AFB from the A4 angular coefficient2 in dilepton mass and rapidity bins [9].

The results are summarized in Fig. 1(b). The Tevatron combination yields a measured value of
0.23148± 0.00033. Most precise is the ATLAS result, which benefits from a significant increase
in sensitivity by including events with one forward electron (2.5 < |η | < 4.9, where the AFB vari-
ation with dilepton mass is largest, labeled eeCF in Fig. 1(b)). Using central electrons and muons,
ATLAS and CMS achieves similar precision. Including events with a forward electron, ATLAS
measures sin2

θ
lept
eff = 0.23140± 0.0036, nearing the precision of the Tevatron combination from

one experiment alone. Data statistics and PDFs are the dominant systematic uncertainties.
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Figure 4: Comparison between data and best-fit AFB distributions in the dimuon (upper) and
dielectron (lower) channels. The best-fit AFB value in each bin is obtained via linear interpola-
tion between two neighboring templates. Here, the templates are based on the central predic-
tion of the NLO NNPDF3.0 PDFs. The error bars represent the statistical uncertainties in the
data.
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Figure 11: Comparison of the measurements of the e↵ective leptonic weak mixing angle, sin2 ✓`e↵ , presented in this
note to previous measurements at LEP/SLC, at the Tevatron, and at the LHC. The overall LEP-1/SLD average [48]
is represented together with its uncertainty as a vertical band. The ATLAS combined result for all channels is
shown, together with the results for the eeCF channel alone and for the combined eeCC and µµCC channels. This
latter result can be compared directly with the CMS result on the same dataset and has a similar overall accuracy.

PDF set CT10 CT14 MMHT14 NNPDF31

Central value 0.23118 0.23141 0.23140 0.23146

Uncertainties in measurements

Total 40 37 36 38

Stat. 21 21 21 21

Syst. 32 31 29 31

Table 13: Results for extracted values of sin2 ✓`e↵ with the global breakdown of their uncertainties, shown for the
four PDF sets considered in this note. The uncertainty values are given in units of 10�5.
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(b)

Figure 1: (1) Comparison between data and best-fit AFB as a function of mass and rapidity in the dielectron
channel at CMS [10]. (b) Overview of results from different measurements of sin2

θ
lept
eff [9].

2.2 Diboson production (ZZ/Zγ and WZ)

ZZ/Zγ production is sensitive to anomalous couplings (neutral aTGCs) that are forbidden
in the SM and would thus be a clear sign of BSM interactions. SM ZZ production is also an
important background process for Higgs boson measurements in the H→ ZZ decay channel as well
as to direct new physics searches. New inclusive and differential cross section measurements were
presented for ZZ production (ATLAS) [11] or ZZ production in association with jets (CMS) [12],
in the `+`−`′+`′− final state, using the 13 TeV 2016 datasets. ATLAS also measured the process
Zγ→ ννγ with the 2016 data [13]. These three analyses additionally searched for aTGCs, with no
deviations observed and stringent limits placed.

2A4 is one the coefficients that together with the unpolarised cross section describe Z boson production kinematics
in perturbative quantum chromodynamics (QCD).
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ATLAS and CMS measured inclusive and differential cross sections for WZ production in the
WZ→ `ν`′+`′− decay mode with 2016 data [14, 15]. Good agreement is observed between data
and predictions. Several interpretations of the measurements are performed: CMS searches for
and places stringent limits on aTGCs, and using lepton angular distributions, ATLAS measures the
W/Z boson polarization.

2.3 Vector-boson scattering processes

Processes involving scattering of massive vector bosons constitute important measurements in
the study of electroweak symmetry breaking. In the SM, VBS scattering amplitudes are regulated
by the Higgs boson and enhancements in the production rates of VBS processes would hint at
contributions from BSM physics, such as a modified Higgs sector or the presence of new heavy
resonances. VBS processes are also sensitive to anomalous QGC. Example Feynman diagrams of
W±W±, W±Z, and ZZ production through vector-boson scattering are shown in Fig. 2.

q

q

q0

W+

Z

W+

W+

W+

q0

l+

⌫

l+

⌫

1. Introduction 1

1 Introduction
The discovery of a scalar boson with couplings consistent with the standard model (SM) Higgs
boson by the ATLAS and CMS collaborations [1, 2] provides evidence that the W and Z bosons
acquire mass through the Higgs mechanism. Given the mass of the Higgs boson, the couplings
of the massive vector bosons to the Higgs and their triple and quartic self-interactions are ex-
actly predicted in the SM. Physics beyond the standard model (BSM) in the electroweak (EW)
sector is expected to include interactions with the Higgs and vector bosons, modifying their
effective couplings. Characterizing the self-interactions of the vector bosons is thus of great
importance.

The total WZ production cross section in proton–proton collisions has been measured in the
leptonic decay modes by the CMS and ATLAS collaboration at 7, 8 and 13 TeV [3–6], and limits
on anomalous triple gauge couplings were presented in Refs. [4, 6]. Constraints on anomalous
quartic gauge couplings (aQGC) were presented by the ATLAS collaboration at 8 TeV [6]. At the
LHC, quartic WZ interactions are accessible through triple vector boson production or through
vector boson scattering (VBS), in which vector bosons are radiated from the incoming quarks
before interacting. These interactions include WZ quartic couplings, as shown in Fig. 1 (a).
Vector boson scattering processes form a distinct experimental signature characterized by two
forward and high momentum jets in addition to the vector bosons. They are part of an im-
portant subclass of processes contributing to WZ plus two jet (WZjj) production that proceeds
entirely via the EW interaction at tree level, O(a4), which we refer to as EW-induced WZjj pro-
duction, or simply EW WZ production. An additional contribution to the WZjj state proceeds
via QCD radiation of partons from the incoming quark or gluon lines, shown in Fig. 1 (b), lead-
ing to contributions at O(a2a2

S). This class of processes is referred to as QCD-induced WZjj
production (or QCD WZ), and is distinguishable from the EW-induced component via kine-
matic variables.

q

q

q0

q0

W±

Z

(a)

q

q̄

g

g

W±

Z

(b)

q

q

q0

q0

W±

Z

(c)

q

q

q0

q0

W±

Z

H±

(d)

Figure 1: Representative Feynman diagrams for WZjj production in the SM and BSM. EW-
induced WZ production includes quartic interactions (a) of the vector bosons. This is distin-
guishable from QCD-induced production (b) through kinematic variables. New physics in the
EW sector modifying the quartic coupling can be parameterized in terms of dimension-eight
effective field theory operators (c). Specific models modifying this interaction include those
predicting charged Higgs bosons (d).

This measurement selects events with exactly three leptons, moderate missing transverse mo-
mentum, and two jets at high pseudorapidity with large dijet system invariant mass. These
kinematic selections are used to distinguish the EW-induced WZjj component from the dom-
inant QCD-induced process, which is considered as background. Measurements of EW WZ
production and the total WZjj production cross section in a phase space with enhanced contri-
butions from EW processes, without separating by production mechanism, are presented.

An excess of events with respect to the SM prediction could indicate contributions from addi-

2 2 The CMS detector
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Figure 1: Representative Feynman diagrams for the EW- (top row and bottom left) and QCD-
induced production (bottom right) of the ZZjj ! ```0̀ 0jj (`, `0= e or µ) final state. The scattering
of massive gauge bosons as depicted in the top row is unitarized by the interference with am-
plitudes that feature the Higgs boson (bottom left).

QCD-induced production, is used to extract the signal significance and to measure the cross
section for the EW production in a fiducial volume. Finally, the selected ```0̀ 0jj events are used
to constrain aQGCs described by the operators T0, T1, and T2 as well as the neutral-current
operators T8 and T9 [7].

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. Within the solenoid volume are silicon pixel and strip
tracking detectors, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass
and scintillator hadron calorimeter (HCAL), each composed of a barrel and two endcap sec-
tions. Forward calorimeters extend the pseudorapidity h coverage provided by the barrel and
endcap detectors up to |h| < 5. Muons are measured in gas-ionization detectors embedded in
the steel flux-return yoke outside the solenoid.

The silicon tracker measures charged particles within the pseudorapidity range |h| < 2.5. It
consists of 1440 silicon pixel and 15 148 silicon strip detector modules. For nonisolated particles
with 1 < pT < 10 GeV and |h| < 1.4, the track resolutions are typically 1.5% in pT and 25–90
(45–150) µm in the transverse (longitudinal) impact parameter [19].

Electrons are measured in the pseudorapidity range |h| < 2.5 using both the tracking system
and the ECAL. The momentum resolution for electrons with pT ⇡ 45 GeV from Z ! e+e�

decays ranges from 1.7% for nonshowering electrons in the barrel region (|h| < 1.479) to 4.5%
for showering electrons in the endcaps [20].

Figure 2: Example Feynman diagrams of electroweak W±W± (left), W±Z (middle), and ZZ (right) pro-
duction through vector-boson scattering.

The characteristic signature of these electroweak production processes, which also distin-
guishes them from the QCD production process, is the presence of two jets with large rapidity
separation and a high dijet mass. These properties were exploited to observe the rare W±W± pro-
cess, first by CMS [16] and recently also by ATLAS [17] with an observed (expected) significance
of 5.5σ (5.7σ ) and 6.9σ (4.6σ ), respectively. At ICHEP2018, first observation of electroweak
W±Z production was reported by ATLAS with 5.6σ observed (3.3σ expected) significance [18],
and a corresponding search presented from CMS with 1.9σ observed (2.7σ expected) [19], the
latter analysis also placing limits on aTGCs and charged Higgs bosons. Neither experiment has
evidence for electroweak ZZ j j production, though a search from CMS reaches an 2.7σ excess
(1.6σ expected) over the background-only hypothesis [20]. All analyses used the all-lepton final
state and the 2016 13 TeV datasets. Fig. 3 shows the dijet mass distribution for the CMS W±W±

measurement (3(a)), the sensitive variable, the output of a boosted-decision tree (BDT), from the
ATLAS W±Z measurement (3(b)), and the dijet mass used in the CMS ZZ search (3(c)).

3. Top quark measurements

The top quark has numerous unique properties: (i) it is the heaviest of all elementary particles
and have a Yukawa coupling yt ∼ 1; (ii) it is extremely short-lived and decays before undergoing
hadronization, resulting in that we can observe the properties of the bare quark; (iii) it is a window
to new physics through both direct and indirect searches.
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Figure 1: Post-fit BDT score distributions in the QCD control region (a) and in the signal region (b). Signal and
backgrounds are normalised to the expected number of events after the fit. The uncertainty band around the MC
expectation includes the systematic uncertainties as obtained by the fit.

matrix used in the actual data unfolding. The new unfolded distribution is compared to the weighted MC401

distribution at generator level and the di↵erence is taken as the systematic uncertainty.402

Measurements are performed for two variables sensitive to anomalies in the quartic gauge coupling in403

W±Z j j events [10], namely the scalar sum of the transverse momenta of the three charged leptons as-404

sociated to the W and Z bosons
P

p`T, the di↵erence in azimuthal angle ��(W, Z ) between the W and Z405

bosons directions and the transverse mass of the W±Z system mWZ
T , defined following Ref. [10]. These406

are presented in Figure 2.407

Measurements are also performed as a function of variables related to kinematics of jets, namely the408

exclusive multiplicity of jets Njets in Figure 3, the absolute di↵erence in rapidity between the two tagging409

jets �y j j the invariant mass of the tagging jets m j j , the exclusive multiplicity Ngap
jets of jets with pT >410

25 GeVin the gap between the two tagging jets, and the azimuthal di↵erence between the two tagging jets411

�� j j in Figure 4.412

Total uncertainties on the measurements are dominated by statistical uncertainties. The measured distri-413

bution are compared to the prediction from Sherpa, after having rescaled the separate W Z j j-QCD and414

W Z j j-EW components by the global µWZ�QCD and µEW parameters, respectively, obtained from the415

profile-likelihood fit to data. Interference e↵ects between the W Z j j-QCD and W Z j j-EW processes are416

incorporated via the µEW parameter as only a change of the global normalisation of the Sherpa elec-417

troweak prediction.418

The LO multi-parton emission model implemented in the Sherpa 2.2.2 MC generator, does not provide419

a very accurate description of data, as it can be observed for the
P

p`T or m j j di↵erential cross sections420

where Sherpa tends to over-estimate the data in the low and high
P

p`T regions and in the high m j j tail,421

even after rescaling it by a factor of µWZ�QCD = 0.60. The jet multiplicity distribution is however422

reasonably well described by Sherpa after the rescaling of the W Z j j-QCD and W Z j j-EW components423

as observed in Figure 3.424
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Figure 2: Distribution of the dijet pseudorapidity separation (left) and dijet invariant mass
(right) for events passing the ZZjj selection, which requires mjj > 100 GeV. Points represent
the data, filled histograms the expected signal and background contributions. No data beyond
|Dhjj| > 7 (left) and mjj > 1600 GeV (right) is observed.

The determination of the signal strength for the EW production, i.e., the ratio of the mea-
sured cross section to the SM expectation µ = s/sSM, employs a multivariate discriminant
to optimally separate the signal and the QCD background. The scikit-learn framework [49]
is used to train and optimize a boosted decision tree (BDT) on simulated events to exploit
the kinematic differences between the EW signal and the QCD background. Seven observ-
ables are used in the BDT, including mjj, |Dhjj|, mZZ, as well as the Zeppenfeld variables [8]
h⇤

Zi
= hZi � (hjet 1 + hjet 2)/2 of the two Z bosons, and the ratio between the pT of the tagging

jet system and the scalar pT sum of the tagging jets. The BDT also exploits the event balance
Rphard

T , which is defined as the transverse component of the vector sum of the Z bosons and
tagging jets momenta, normalized to the scalar pT sum of the same objects [50].

A total of 36 discriminating variables including observables sensitive to parton emissions be-
tween the tagging jets, the production and decay angles of the leptons, Z bosons, and tagging
jets as well as quark-gluon tagging information are considered in the BDT training. Observ-
ables that do not improve the area under the signal-versus-background efficiency curve (AUC)
are removed from the BDT. The observables sensitive to extra parton emissions provide lit-
tle marginal AUC increase and are not retained because of the limited modelling accuracy in
the simulation. The tunable hyper-parameters of the BDT training algorithm are optimized
via a grid-search algorithm. Finally, the BDT performance is checked using a matrix element
approach [51–53] that provides a similar separation between the signal and background pro-
cesses.

To validate the modeling of the backgrounds in the search, a QCD-enriched control region is
defined by selecting events with mjj < 400 GeV or |Dhjj| < 2.4. Good agreement is observed
between the data and SM expectation in this control region, as shown in Fig. 3 (left). The
classifier output distribution for all events in the ZZjj selection including the high signal purity
contribution at large BDT output values is shown in Fig. 3 (right).

The BDT distribution of the events in the ZZjj selection is used to extract the significance of
the EW signal via a maximum-likelihood fit. The expected distributions for the signal and
the irreducible backgrounds are taken from the simulation while the reducible background is
estimated from the data. The shape and normalization of each distribution are allowed to vary
in the fit within the respective uncertainties. This approach constrains the yield of the QCD-

(c)

Figure 3: Dijet mass distribution for the CMS W±W± measurement [16] (left), BDT output from the
ATLAS W±Z measurement [18] (middle), and dijet mass from the CMS electroweak ZZ search [20] (right).

3.1 Top quark production

Top quarks can be produced in pairs, singly through the electroweak interaction, or in asso-
ciation with other particles, such as a W/Z boson. Inclusive cross section measurements of top
quark pair production (tt̄) has been performed first at the Tevatron and more recently at the LHC
at center-of-mass energies ranging between 5–13 TeV, as shown in Fig. 4. Measuring tt̄ production
tests QCD predictions and can be used to extract SM parameters and constrain top quarks as a
background process. Good compatibility with theory predictions at high order in perturbation the-
ory is observed, with the most precise measurements having a total uncertainty of 4–5%, typically
dominated by signal modeling and luminosity uncertainties [21, 22, 23].
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Figure 4: Inclusive tt̄ production cross section as a function of center-of-mass energy, showing measure-
ments from the Tevatron and the ATLAS and CMS experiments [24].

At LHC, electroweak (single) production of top quarks proceeds predominantly through either
t-channel or tW production, with s-channel production having only been observed at the Tevatron.
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The cross section extractions typically rely on multivariate techniques to distinguish signal from
background. At ICHEP2018, a new measurement of the t-channel production mode using the 2016
13 TeV data was presented by CMS, measuring both the inclusive cross section and the ratio of
top quark to anti-quark production, where the latter is particularly sensitive to PDFs [25]. Good
agreement with SM predictions is observed.

ATLAS and CMS have recently reported evidence for rare single top quark production to-
gether with a Z boson, tZ production, with an observed significance of 4.2σ and 3.7σ , respec-
tively [26, 27]. The sensitive variable used in the ATLAS search, based on a neutral-network, is
shown in Fig. 5(a). CMS has recently also reported first evidence for tγ production, with an ob-
served significance of 4.4σ [28]. The sensitive variable, the output from a boosted decision tree,
is shown in Fig. 5(b). All searches used the 2016 13 TeV datasets, and show agreement with SM
predictions.
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Figure 5: Sensitive variables in the ATLAS tZ [26] (left) and CMS tγ measurement [28] (right).

tt̄ production has recently been measured at LHCb in the forward region (2.0 < η < 4.5). The
measurement, performed at 13 TeV, is statistics limited [29]. Top quarks have also been observed
for the first time in proton-lead collisions by the CMS Collaboration [30]. It is a precise probe of
the nuclear gluon density, and the measured result in consistent with predictions.

Differential measurements

Measuring differential top quark production cross sections as a function of different kinematic
variables allows testing theory predictions, extracting SM parameters including the top quark mass
and strong coupling αS, and to constrain PDFs. Differential measurements may also be sensitive
to new physics effects. A recent analysis from CMS is shown in Fig. 6(a), where the normalized
differential cross section in the dileptonic decay channel is presented as a function of the top quark
transverse momentum (pT) at 13 TeV [31]. The measurement is compared to predictions from MC
simulation and state-of-the-art of high-order QCD calculations. A mismodeling of the top quark
pT spectrum is observed, also seen at lower center-of-mass energies. The mismodeling is improved
– but not solved – through the inclusion of electroweak corrections in the calculations.
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The modeling of tt̄ production in association with additional heavy-flavor quarks is essential
for tt̄H (H → bb̄) measurements, where it is the dominant background process and its modeling
constitute a large systematic uncertainty. Theoretical calculations of this process are challenging
due to the massive b quarks. ATLAS presented a new dedicated tt̄bb̄ analysis, measuring inclusive
and differential cross sections [32]. Some discrepancies were observed, providing valuable input
for MC tuning. An example is shown in Fig. 6(b) of the differential cross section as a function
of invariant mass of the two b-jets closest in angular separation. The dominant uncertainty in the
measurement is due to b-tagging and signal modeling.
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Figure 6: Normalized differential cross sections for (a) tt̄ production as a function of top quark pT in the
dilepton channel from CMS [31] and (b) tt̄bb̄ production as a function of invariant mass of the two b-jets
closest in angular separation from ATLAS [32] (right).

3.2 Top quark properties

Mass: Precise measurements of the top quark mass, an important SM parameter, are available
from the Tevatron and LHC experiments. At ICHEP2018, a new measurement in the all-jets final
state using the 2016 13 TeV dataset was presented by CMS, determining the top quark mass and
simultaneously constraining an additional jet energy scale factor (JSF). The measurement is mtop =

172.34±0.20(stat+ JSF)±0.76(syst) GeV [33].
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7

assumed to be uncorrelated since the backgrounds
are estimated di↵erently in di↵erent analyses, and
in the two experiments.

(ii) Signal modeling: The uncertainties in modeling the
signal, parton showering [27], initial- and final-state
radiation [28], and color connections [29] are taken
to be fully correlated among analysis channels and
experiments because they all rely on the same as-
sumptions.

(iii) Detector modeling: The uncertainties in jet-energy
scale [30] and the modeling of the detector are fully
correlated within each experiment and uncorrelated
between the two experiments.

(iv) Method: The uncertainties in the methods used to
correct for detector acceptance, e�ciency, and po-
tential biases in the reconstruction of top quark
kinematic properties are mostly taken to be uncor-
related between experiments and analysis channels.
However, the uncertainties on the phase-space cor-
rection procedures for the leptonic asymmetry in
the D0 `+jets [13] and `` [15] analyses are estimated
using the same methods and are therefore corre-
lated with each other but are uncorrelated with the
CDF results.

(v) PDF: The uncertainties in parton-density distribu-
tion functions (PDF) and the pileup in energy from
overlapping pp̄ interactions are treated as fully cor-
related between the analysis channels and the two
experiments, because they characterize the same
potential systematic biases.

The combined inclusive asymmetry is Att̄
FB = 0.128 ±

0.021(stat)±0.014(syst), consistent with the NNLO QCD
+ NLO EW prediction of 0.095 ± 0.007 [2] within 1.3
standard deviations (SD). The combination has a �2 of
1.7 for 3 degrees of freedom (dof). BLUE also provides
the weights in the combination for the CDF `+jets, D0
`+jets, CDF ``, and D0 `` results, which are 0.25, 0.64,
0.01, and 0.11, respectively.

The CDF and D0 di↵erential Att̄
FB asymmetries as a

function of mtt̄ are measured only for the `+jets channel.
We combine the D0 bins in the range of 350 < mtt̄ < 550
GeV/c2 to provide uniform, 100 GeV/c2-wide, bins for
the combination. For the two measurements we use co-
variance matrices [31] that take into account the bin-
to-bin correlations from the unfolding of di↵erential dis-
tributions. The correlations in systematic uncertainties
among channels and experiments for each mtt̄ bin are
assumed to be equal to those in the inclusive measure-
ments. However, the uncorrelated background uncertain-
ties for the di↵erential asymmetries are subdivided into
two separate components, one for the overall normaliza-
tion and one for the di↵erential distribution (shape) of
the background. According to the di↵erent experimental

methodologies, these are treated as correlated between
bins for the CDF measurement and as uncorrelated for
the D0 measurement. We verify that changing the cor-
relations of systematic uncertainties between �1 and +1
has negligible impact on the combined result because the
statistical uncertainties dominate.
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NNLO QCD + NLO EW [Czakon et al.]

Figure 1. Results for Att̄
FB vs. mtt̄ for the individual CDF

and D0 measurements and for their combination. The inputs
to the combination are displaced at di↵erent abscissa values
within each mtt̄ bin for ease of visibility. The inner error bar
indicates the statistical uncertainty, while the outer error bar
corresponds to the total uncertainty including the systematic
uncertainty added in quadrature. The value of the combined
data point for the mass region of 550 � 650 GeV/c2 is dis-
cussed in Ref. [31] in more detail. The linear dependence of
the combined result is given by the solid black line together
with the 1 SD total uncertainty of the two-parameter fit given
by the shaded gray area. The dashed orange line shows the
NNLO QCD + NLO EW prediction of Refs. [1, 2, 26], while
the shaded orange area reflects its 1 SD uncertainty.

The combined Att̄
FB values, and their statistical and

systematic uncertainties for each category, are given in
Table I, which also reports the probabilities for the CDF
and D0 inputs to agree with each other in each mass
bin. Overall, the di↵erential combination has a �2 of
5.2 for 4 dof. The correlations in the total uncertainties
between mtt̄ bins are given in Ref. [31]. The values of
Att̄

FB as a function of mtt̄ for each experiment and their
combination are shown in Fig. 1, together with the NNLO
QCD + NLO EW predictions [26].

The counter-intuitive value of the combined asymme-
try in the 550 � 650 GeV/c2 mass bin is due to the spe-
cific pattern of the CDF and D0 bin-to-bin correlations
stemming from di↵erent choices in the regularized matrix
unfolding. The opposite correlations observed between
the 600 GeV/c2 and the 700 GeV/c2 mass bins in the
CDF (large and positive) and D0 (small and negative)
measurements give rise to a combined asymmetry in the
600 GeV/c2 bin that is smaller than that found in either

Figure 7: Tevatron measurements of the tt̄ forward-
backward asymmetry as a function of the tt̄ sys-
tem mass, along with comparison to theory predic-
tions [34].

Forward-backward asymmetry: A com-
bination of the final CDF/D0 results of
the forward-backward asymmetry for top
quark pairs (AFB(tt̄)), which may be al-
tered through BSM interactions, was pre-
sented [34]. The measurements use the
rapidity difference and resulting asymme-
try between the decay leptons for fully-
leptonic tt̄ events. AFB(tt̄) is measured in
bins of m(tt̄) and consistent with recent high-
precision calculations (Fig. 7).

Spin correlations: The spin properties
of top quarks are transferred to their decay
leptons. These may be modified from the
presence of a different top quark production
mechanism or decay. Thus, measuring spin
correlations has sensitivity to new physics
contributions. A new measurement in the eµ decay channel, with the 2016 13 TeV data from
ATLAS was presented [35]. Spin correlations are extracted from the normalized differential cross
section, corrected to parton level, with respect to the difference in azimuthal angle between the
leptons (|∆φ(`+`−|), shown in Fig. 8(a). A 3.2σ discrepancy between the measurement and the
prediction from simulations is observed.

Constraining new physics with EFTs: If the scale of new physics is significantly beyond that
probed in direct BSM searches at the LHC, contributions from new physics due to higher-order
operators can instead be constrained using an effective field theory (EFT) framework. A recent
example is from CMS, where a measurement of the differential tt̄ cross section in the dilepton
channel as a function of the |∆φ(`+`−)| is interpreted using ETFs [31]. Specifically, the analysis
places constraints on the top chromo-magnetic dipole moment (CtG), shown in Fig. 8(b). The result
is −0.06 < CtG/Λ2 < 0.41, where Λ is the assumed scale of the new physics, and corresponds to
the most precise limits to date.

3.3 Rare top quark processes

SM production of four top quarks (tt̄tt̄) is an extremely rare process, yet to be experimentally
confirmed. The predicted tt̄tt̄ cross section is about 10−5 times that of tt̄ production at 13 TeV.
Measurements of this process are sensitive to possible contributions from high mass scalars de-
caying to top quarks or modifications of the top Yukawa coupling. ATLAS and CMS have both
searched for tt̄tt̄ production, most recently using the 2016 datasets. CMS uses the final state with a
pair of same-sign or three leptons, with an observed (expected) signal significance of 1.6σ (1.0σ ),
and limits on yt [36]. ATLAS has searches in the same-sign and opposite-sign dilepton channels as
well as the single lepton+jets final state, with a combined result of an observed (expected) excess
over the background-only hypothesis of 2.8σ (1.0σ ) [37]. With larger datasets on disk, pinning
down this very rare process is now on the horizon.
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Figure 8: Measured normalized tt̄ cross section as a function of |∆φ(`+`−)| from ATLAS and predictions
from POWHEG with (blue) or without (red) spin correlations as well as from MCFM including next-to-
leading order effects in top decays (dashed purple) and best-fit result (dashed green) [35] (left). Particle-level
differential tt̄ cross section as a function of |∆φ(`+`−)| from CMS, comparing different values of CtG/Λ2

within an EFT framework [31] (right).

Other extremely rare top quark processes involve flavor-changing neutral currents (FCNC),
which are highly suppressed in the SM. An observed enhancement of such decays would be a clear
sign of BSM physics. ATLAS and CMS have performed numerous searches with different decay
modes. The results are summarized in Fig. 9. In most scenarios considered, the searches are only
beginning to approach sensitivity to various BSM models.

4. Conclusions

Measurements in the top quark and electroweak sectors are central in performing precision
tests of the SM, pushing the limits of its validity, and searching for signs of new physics. Numerous
new results were presented at ICHEP2018: legacy Tevatron combinations of the forward-backward
asymmetry and leptonic weak mixing angle, LHC experiments pinning down the weak mixing
angle to an, at the LHC, unprecedented precision, approaching the sensitivity of LEP and SLD.
ATLAS and CMS are on the road to detailed vector-boson scattering studies with the observations
of electroweak W±W± and W±Z production. Precise top quarks results were presented, including
some tantalizing discrepancies, and probing very rare SM processes. The results from the ATLAS
and CMS experiments are based on data collected up to and including year 2016. Significantly
larger datasets are on tape and expected through the end of LHC Run-2/3. Further on the horizon
lies the upgrade to the HL-LHC and proposed lepton colliders, all that offer great potential for
continued explorations of the top quark and electroweak sectors.
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