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1 Introduction

With the large number of top quark pair (tt) events produced at the CERN LHC, the

properties of the most massive elementary particle known to date are studied with ever

increasing accuracy. Asymmetries in the angular distributions of top quarks and antiquarks

provide powerful probes for physics beyond the standard model (SM). In proton-antiproton
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collisions at the Tevatron, it is possible to define a forward-backward asymmetry AFB [1–3],

while the same underlying physical effects induce a charge asymmetry AC in proton-proton

(pp) collisions at the LHC [4, 5].

The production of tt pairs via gluon fusion is symmetric with respect to the exchange

of the top quark and antiquark. The same is true for the qq→ tt process at leading order

(LO) in quantum chromodynamics (QCD). Asymmetries in kinematic observables of top

quarks and antiquarks are introduced by higher-order effects in QCD for events produced

by quark-antiquark annihilation. Interference effects connect the direction of motion of the

top quark to that of the incoming quark, and the direction of motion of the top antiquark

to that of the incoming antiquark [6]. Initial quark and antiquark momenta in the protons

have different spectra, leading to a measurable difference between the angular distributions

of top quark and antiquark in pp collisions. On average, quarks (valence and sea quarks)

carry larger momentum than the antiquarks (sea quarks), causing the rapidity distribution

of top quarks to be broader than that of top antiquarks.

In proton-proton collisions, the tt charge asymmetry is defined as

AC =
N∆|y|>0 −N∆|y|<0

N∆|y|>0 +N∆|y|<0
, (1.1)

using the difference of the absolute values of the rapidities y of the top quark and antiquark,

∆|y| = |yt| − |yt|, as the sensitive observable. The numbers of events with ∆|y| taking

positive or negative values are given by N∆|y|>0 and N∆|y|<0, respectively.

The ATLAS [7] and CMS [8] Collaborations have measured the inclusive tt charge

asymmetry at centre-of-mass energies of 7 and 8 TeV in events with one charged lepton

(lepton+jets channel) [9–13] and in events with two charged leptons (dilepton channel)

in the final state [14–17], where the leptons are either electrons or muons. The ATLAS

Collaboration has also measured the charge asymmetry in highly boosted tt events, where

the asymmetry is predicted to be amplified [18]. In addition, both collaborations have

measured the charge asymmetry differentially as a function of suitable kinematic variables.

Theoretical predictions from QCD calculations are available at next-to-leading-order

(NLO) from refs. [4] and [19] and at next-to-next-to-leading-order (NNLO) [20–23] preci-

sion in the strong coupling. These calculations include electroweak (EW) corrections at

NLO precision. The two calculations at NLO follow the same approach to evaluate the

charge asymmetry but differ in technical details. The calculation in ref. [4] uses a LO

parton distribution function (PDF) set to evaluate the asymmetry, while the calculation in

ref. [19] uses a NLO PDF set. The factorisation and renormalisation scales are set to the

partonic centre-of-mass energy in ref. [4], while the calculation in ref. [19] uses fixed scales

and sets both quantities to the top quark mass. The NNLO prediction is based on the

methods described in refs. [20, 22], derived using dynamical factorisation and renormalisa-

tion scales [21] (µ = HT/4, where HT =
√
m2

t + p2
T,t +

√
m2

t + p2
T,t

, with mt being the top

quark mass and pT,t/t being the transverse momentum of the top quark or antiquark) and

a NNLO PDF set. In the NLO calculations, the ratio in eq. (1.1) is evaluated in powers

of the considered couplings (strong and electroweak), taking NLO corrections into account

only in the numerator, while the denominator is evaluated with the LO matrix element.
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Inclusive AC Centre-of-mass energy

7 TeV 8 TeV

Theoretical QCD NLO + EW NLO [4] 0.0115± 0.0006 0.0102± 0.0005

predictions QCD NLO + EW NLO [19] 0.0123± 0.0005 0.0111± 0.0004

QCD NNLO + EW NLO [23] 0.0095+0.0005
−0.0007

Experimental ATLAS [9, 11] 0.006± 0.010 0.0090± 0.0051

results CMS unfolding [10, 13] 0.004± 0.010± 0.011 0.0010± 0.0068± 0.0037

CMS template [12] 0.0033± 0.0026± 0.0033

Table 1. Overview of the most recent theoretical predictions for the inclusive AC at the LHC at√
s = 7 and 8 TeV, along with the experimental results from the ATLAS and CMS Collaborations.

The uncertainties in all theoretical predictions are dominated by the uncertainties due to scale vari-

ations. The uncertainties in the experimental CMS results are given separately as statistical (first

contribution) and systematic (second contribution) uncertainties, while for the ATLAS results the

total uncertainty is quoted. The ATLAS and CMS experimental results are described in section 2.

For the NNLO prediction, numerator and denominator are calculated at full QCD NNLO

precision (and NLO for electroweak corrections) without any expansion in powers of the

considered couplings. Although the asymmetry predicted in the SM is small, contributions

from beyond the standard model (BSM) could alter its value, especially at high values of

the invariant mass of the tt system.

This paper reports the results of combinations of the inclusive AC measurements from

the ATLAS and CMS Collaborations at
√
s = 7 and 8 TeV, and the combination of the

ATLAS and CMS differential asymmetry measurements as a function of the invariant mass

of the tt system at 8 TeV. For the three combinations, only the results in the lepton+jets

channel are considered. Including in addition the results in the dilepton channel does

not lead to a gain in precision because of their large statistical uncertainty. All these

measurements are extrapolated to the full phase space of tt production. Table 1 gives an

overview of the recent predictions from theory for both centre-of-mass energies and of the

experimental results that serve as input to the combinations described in this paper.

The paper is structured as follows: section 2 and section 3 briefly describe the analyses

whose results are used for the combination and the method used to combine the results;

section 4 lists the uncertainties and the assumed correlations between the measurements;

results and studies on the stability of the combinations are presented in sections 5 and 6.

2 Input measurements

2.1 The ATLAS measurements

The ATLAS results used for the combinations are based on data recorded at
√
s = 7 TeV [9]

and 8 TeV [11], corresponding to integrated luminosities of 4.7 and 20.3 fb−1, respectively.

Very similar analysis strategies are used for the two centre-of-mass energies. The anal-

ysis of the 8 TeV data profits from a larger number of selected events and also samples of

simulated events generated using higher-order Monte Carlo (MC) event generators than

were available for ref. [9]. In the 7 TeV analysis, the tt signal events are simulated us-
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ing the LO multi-parton matrix element event generator alpgen 2.13 [24] with the LO

PDF set CTEQ6L1 [25]. Background events from the production of single-top-quarks are

simulated using the LO event generator acermc 3.8 [26] (t channel) or the NLO event

generator mc@nlo 4.01 [27–29] (tW and s channel). In the 8 TeV analysis, the tt signal

events [30] and single-top-quark background events [31, 32] are simulated using the NLO

event generator powheg-Box 1.0 [33–35] using the CT10 [36] PDF set. At both centre-

of-mass energies, simulated events are produced assuming a top quark mass of 172.5 GeV.

Production of a W or Z boson in association with jets, hereafter referred to as W+jets

and Z+jets, respectively, is simulated using alpgen with the CTEQ6L1 PDF set. For the

7 TeV analysis, the dominant W+jets background is normalised using control samples in

data, based on the fact that the production rate of W++jets is larger than that of W−+jets.

The flavour composition of this background component is also adjusted from data. For the

8 TeV analysis, the W+jets process is normalised in situ using data while extracting the

asymmetry. Parton showering and the underlying event are modelled in all samples using

herwig 6.5.20 [37] and jimmy 4.31 [38] with a set of tuned parameters called the AUET2

tune [39] for the 7 TeV analysis, and pythia 6.4.27 [40] with the Perugia2011C tune [41]

for the 8 TeV analysis. The multijet background normalisation and shape are estimated

from data using the matrix method [42].

The final state of tt events in the lepton+jets channel features an electron or muon,

a neutrino, two b-quarks from the two top quark decays, and two light quarks from the

hadronically decaying W boson. Therefore, events with exactly one high-pT isolated elec-

tron or muon candidate and at least four jets are selected. Jets that originated from the

hadronisation of a b-quark are identified via a multivariate algorithm [43, 44]. The opera-

tion point of the algorithm used for this measurement corresponds to 70% efficiency to tag

b-quark jets with a rejection factor of about 130 for light-quark or gluon jets (the rejection

factor is equal to the inverse of the probability to erroneously tag jets from light quarks

or gluons). For the analysis at 7 TeV, at least one jet is required to be b-tagged, while

events without b-tagged jets are kept in the 8 TeV analysis for the in situ calibration of

the W+jets background.

Events from multijet and Z+jets production rarely feature neutrinos and thus are

expected to have only small missing transverse momentum (pmiss
T ). The missing transverse

momentum vector ~pmiss
T is defined as the projection onto the plane perpendicular to the

beam axis of the negative vector sum of all reconstructed objects in an event, and pmiss
T is its

magnitude. In order to suppress these backgrounds, requirements are imposed on the pmiss
T

value and the highly correlated transverse mass (mW
T ) of the W boson candidate from the

semi-leptonically decaying top quark, formed by the lepton and ~pmiss
T . In the 7 TeV analysis,

the pmiss
T value is required to be larger than 30 (20) GeV in the electron+jets (muon+jets)

channel. In addition, the mW
T value is required to be larger than 30 GeV in the electron+jets

channel while the sum of pmiss
T and mW

T must be larger than 60 GeV in the muon+jets

channel. For the 8 TeV analysis, the requirements are slightly different: mW
T + pmiss

T >

60 GeV for events with exactly zero or one b-tagged jet, and pmiss
T > 40 (20) GeV for

events with exactly zero (one) b-tagged jet. In events with two or more b-tagged jets, no

requirements on pmiss
T or mW

T are made.
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To measure the charge asymmetry, the full tt system is reconstructed and the ∆|y|
distribution is unfolded to parton level. The reconstruction of the tt system is achieved

by using a kinematic fit [45] that assesses the compatibility of the observed event with

the kinematic properties of tt events using a likelihood approach. In this approach, the

most likely combination out of all possible jet permutations is chosen. The observed ∆|y|
spectrum is unfolded to correct for acceptance and detector resolution effects using the

fully Bayesian unfolding technique [46]. This method estimates the posterior probability

density in bins of ∆|y|, which is integrated to define the asymmetry in eq. (1.1). The

treatment of systematic uncertainties is included by extending the likelihood entering the

∆|y| posterior probability density computation with nuisance parameter terms that are

marginalised. In the 7 TeV analysis, the charge asymmetry is computed from the unfolded

∆|y| distribution. At 8 TeV, a fit that maximises the extended likelihood over six event

categories, defined based on the lepton charge and the b-tagged jet multiplicity (zero b-

tagged jets, one b-tagged jet, at least two b-tagged jets), is performed. The W+jets

calibration factors are fitted during the posterior probability estimation, as the b-tagged

jet multiplicity provides information about the heavy- and light-flavour composition of

the W+jets background, while the lepton charge asymmetry is used to determine the

normalisation of each W+jets component also during the posterior probability estimation.

The signal fraction after applying the full selection is estimated to be 78% for both centre-

of-mass energies.

The inclusive tt charge asymmetries measured at 7 and 8 TeV can be found in table 1.

The numbers quoted in table 1 cannot be used directly for the combination, as a breakdown

into correlated and uncorrelated components of the total uncertainty is needed. For the

7 TeV analysis, the result before marginalisation is used; AATLAS7
C = 0.006± 0.010 (stat)±

0.005 (syst) = 0.006 ± 0.011 (stat⊕ syst). For the 8 TeV combination, the expected un-

certainties after marginalisation are used: the systematic uncertainty from each source is

evaluated by building pseudo-data with variations of the predictions and for each one re-

peating the unfolding procedure, yielding AATLAS8
C = 0.0090±0.0044 (stat)±0.0025 (syst).

The sum in quadrature of these individually estimated uncertainties is equal to the total

uncertainty quoted in table 1.

The charge asymmetry is also measured as a function of several kinematic tt variables,

including the mass of the tt system.

2.2 The CMS measurements

The CMS results used for the combinations are based on data taken at 7 TeV [10] and

8 TeV [12, 13], corresponding to integrated luminosities of 5.0 and 19.6 fb−1, respectively.

Two different approaches are pursued for these measurements. The two approaches feature

similar criteria to select events with a lepton+jets signature, but differ in the procedures to

reconstruct the tt pair and to measure the charge asymmetry. In this paper, the analyses

are named as follows: “CMS unfolding” [10, 13] refers to the analysis in which the recon-

structed distributions are unfolded to parton level and the charge asymmetry is measured

in the unfolded distributions, similar to the approach in the ATLAS analysis, while “CMS

template” [12] refers to a measurement of the charge asymmetry by fitting the reconstructed
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distribution using dedicated templates for symmetric and antisymmetric components of the

sensitive observable. The CMS unfolding analysis provides results at both centre-of-mass

energies, while the CMS template analysis has only been performed on the data collected

at 8 TeV.

For the simulation of the tt signal at the two centre-of-mass energies, the NLO event

generator powheg-Box 1.0 is used, together with the CTEQ6M [25] (for 7 TeV) and CT10

(for 8 TeV) NLO PDF sets. Single-top-quark background events are simulated using the

LO event generator MadGraph [47] 5.1.3 (for 7 TeV) or powheg-Box (for 8 TeV). All

events are generated assuming a top quark mass of mt = 172.5 GeV. The contributions

from W and Z boson production in association with jets are simulated using MadGraph.

The parton shower is simulated using pythia (6.4.24 for 7 TeV and 6.4.26 for 8 TeV) with

the Z2 [48] tune for 7 TeV and the Z2∗ [49, 50] tune for 8 TeV in all samples. Data events

from a sideband region, defined by relaxing the isolation or identification criteria for the

lepton, are used to model the multijet background in the signal region.

To select events with a lepton+jets signature, candidate events are required to feature

one highly energetic electron or muon, well isolated from other activity in the detector,

and at least four jets. One of these jets has to be classified as a b-jet. For that purpose, in

the 7 TeV analyses, the TCHE algorithm [51] is used which is based on the track with the

second-highest impact parameter significance. At 8 TeV the more sophisticated combined

secondary vertex (CSV) tagger [51] is applied. The tagging efficiencies of these algorithms

at the chosen working points are 60% (TCHE) and 70% (CSV), with a rejection factor for

light-quark and gluon jets of about 100. The selection criteria of the two analyses differ in

the required minimum pT of the selected jets. The CMS unfolding analysis considers jets

with pT > 30 GeV, while in the CMS template analysis all jets with pT > 20 GeV are taken

into account. As a result, the number of events available for the CMS template analysis is

almost twice the number of events analysed in the CMS unfolding measurement.

2.2.1 The CMS unfolding analysis

In this analysis, the charge asymmetry is measured both inclusively and differentially as a

function of different variables characterising the tt system. In order to calculate the values

of ∆|y| and the variables used in the differential measurements, the four-momenta of top

quarks and antiquarks are reconstructed from the decay products observed in the detector.

The leptonically decaying W boson is reconstructed from the electron or muon and ~pmiss
T .

The assignment of the reconstructed jets to the final-state quarks is based on the b-tagging

information of the jets and the invariant masses of the reconstructed top quarks and the

hadronically decaying W boson.

To suppress the background contributions from multijet and Z+jets production, the

events are required to satisfy pmiss
T > 40 GeV in the 7 TeV analysis and mW

T > 50 GeV

in the 8 TeV analysis. The invariant mass of the three-jet combination that yields the

largest transverse momentum, M3, is highly correlated with the mass of the hadronically

decaying top quark. The M3 variable can therefore be used to distinguish between processes

including a top quark and processes that do not contain any top quark. In the 7 TeV

analysis, pmiss
T and M3 are fitted simultaneously to estimate the background contributions,

– 6 –
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while at 8 TeV, the mW
T variable and M3 are used. At both centre-of-mass energies, a signal

fraction of 80% is estimated after applying the full selection, with the largest background

contribution coming from W+jets production.

The ∆|y| distribution, as well as the distributions of the other relevant variables,

is corrected for background contributions and migration effects due to the resolution of

the reconstruction procedure, and extrapolated from the selected events to the full phase

space of tt production. This is done by unfolding with the Tikhonov-based regularised

matrix inversion method as implemented in TUnfold [52]. The measured inclusive charge

asymmetries at the two centre-of-mass energies are listed in table 1.

2.2.2 The CMS template analysis

In this analysis, the reconstruction of the four-vectors of the top quark and antiquark is

performed for all jet-parton assignments. For each assignment, the four-momenta of the

selected jets are corrected according to the partons to which they are assigned. Flavour-

dependent scale factors correcting the jet energies from reconstruction level to parton level

are derived from simulated tt events. In each event, one of the possible assignments is

chosen based on a likelihood criterion that uses the b-tagging information and the invariant

masses of the reconstructed hadronically decaying W boson and top quark. The energy

resolution of the selected jets corresponding to the chosen assignment is further improved

by applying a kinematic fit under the tt hypothesis.

For the determination of the composition of the selected sample, a likelihood discrimi-

nant is constructed from the mW
T variable and from the probability that at least one of the

possible jet-parton assignments is the correct one. The latter is expressed by the product

of two independent probabilities: one based on the invariant masses of the reconstructed

hadronically decaying top quark and W boson, and one based on the b-tagging informa-

tion of the jets assigned to b-quarks and light quarks. A maximum-likelihood fit using the

distribution of the resulting discriminant is employed to determine the contributions from

tt signal events, W+jets events, and events from multijet production. The contributions

from Z+jets processes and single-top-quark production are fixed to their SM predictions.

The signal fraction in the selected data, determined with this method, is about 65%.

The charge asymmetry is measured in a second maximum-likelihood fit. The sensitive

variable used in this analysis is Υtt = tanh ∆|y|. The hyperbolic tangent preserves the

same asymmetry properties as the canonical ∆|y|, with the additional feature that it is

bounded to the range between −1 and 1. Signal events, simulated with the powheg-Box

event generator, are used to construct the symmetric and antisymmetric components of

the probability distribution ρ(Υtt) for the variable Υtt. From a linear combination of these

two components a generalised model can be constructed with a single parameter α that

varies the amplitude of the antisymmetric component. The sample composition is fixed to

the results of the first likelihood fit, and the charge asymmetry is determined by finding

the value of α for which the Υtt model best fits the data.

This method is only used to measure the inclusive charge asymmetry with 8 TeV data,

and the result is shown in table 1.

– 7 –
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3 Combination method

Three separate combinations of ATLAS and CMS results are performed: a combination

of the inclusive results at 7 TeV, a combination of the inclusive results at 8 TeV, and a

combination of the charge asymmetry measured differentially as a function of the invariant

mass of the tt system at 8 TeV. For the combination of the inclusive results at 8 TeV, the two

most precise measurements are considered: the ATLAS analysis and the CMS template

analysis. Because of the large correlation between the two CMS analyses available at

8 TeV, the impact of also adding the result of the 8 TeV CMS unfolding analysis to the

combination is negligible (within the quoted precision of 10−4). For the combination of

the differential measurements, the ATLAS result is combined with the result of the CMS

unfolding analysis.

In each combination, the two input results are combined by finding the best linear

unbiased estimate (BLUE) [53, 54] with the method implemented in ref. [55]. The BLUE

method finds the coefficients to be used in a linear combination of the input measurements

by minimising the total uncertainty of the combined result, taking into account both the

statistical and systematic uncertainties, as well as correlations between the inputs.

4 Classification of uncertainties and correlation of measurements

Dedicated studies are performed to estimate the influence of various systematic uncertain-

ties on the results for all analyses considered for the combinations. In the ATLAS analyses,

the expected impact of systematic uncertainties is studied with alternative pseudo-data dis-

tributions built from the expected signal and background contributions. These alternative

pseudo-data sets are generated by varying each source of systematic uncertainty by one

standard deviation (±1σ). The unfolding procedure is then repeated using the baseline

background templates and response matrices. At 7 TeV, the impact of the uncertainty on

the measured AC value is reported as the difference between the mean value of the nom-

inal posterior and the mean value of the varied posterior, and the maximum between the

positive and negative variation is chosen as symmetric uncertainty. At 8 TeV, the average

asymmetry variation |AC(+1σ)− AC(−1σ)|/2 is quoted as the systematic uncertainty for

each source.

In the CMS analyses, the uncertainties are estimated by repeating the analyses on

data using simulated samples modified by the variations under study. This includes signal

and background templates for the estimation of the signal and background contributions

to the selected data set, as well as varied input information for the unfolding and template

fitting procedure, respectively. The uncertainty is then defined as the difference between

the results obtained using the default simulation and the results obtained using the altered

simulation. Where two shifts for the same source of uncertainty are available the absolute

value of the larger shift is chosen as the systematic uncertainty.

Although the list of evaluated sources of systematic uncertainty and the actual pro-

cedures to estimate their impacts are partially different between the analyses, it is still

possible to identify contributions that describe similar physical effects. The classification

– 8 –
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of the systematic uncertainties evaluated by the ATLAS and CMS analyses is described in

the following, and their assumed correlations across experiments are given in parentheses.

In the description below, ”—” means that the uncertainty source is considered only either

in the ATLAS or the CMS measurement. For some sources of uncertainty, two values

are given for the correlation assumptions. In these cases, the first value applies to the

combination of inclusive results (ATLAS analysis and CMS template analysis), while the

second value applies to the combination of differential results (ATLAS analysis and CMS

unfolding analysis). The classification of uncertainties is coarser for the combination of

results at 7 TeV. For these analyses, several sources of uncertainty with similar physics

origin are grouped together and only the resulting categories are used for the combina-

tion. The higher precision of the results at 8 TeV necessitates finer splitting of the various

contributions to the overall systematic uncertainty. For a limited number of correlated

systematic sources, it was verified that a particular systematic variation induces a change

in each measurement in the same direction. The correlation of the measurements for each

correlated uncertainty source is assumed to be always positive. The stability of the combi-

nations under variations on the assumptions about the correlations between the systematic

uncertainties is checked in section 6. The potential impact on the combination from us-

ing different procedures to estimate the systematic uncertainties in the ATLAS and CMS

analyses is studied, for selected uncertainty contributions, by varying the correlations and

the sizes of these systematic uncertainties. The combination is found to be stable against

such variations. Uncertainty sources whose effect on the combined central value is smaller

than the quoted precision, i.e. smaller than 0.001 for the combination at 7 TeV and smaller

than 0.0001 for the combination at 8 TeV, are considered negligible.

4.1 Uncertainties at 7 TeV

Statistical uncertainty in data (Correlation: 0)

This category includes the statistical uncertainty in the resulting asymmetry due to the

size of the available data set.

Statistical uncertainty in simulation (Correlation: 0)

In each analysis, the impact of the statistical uncertainty in the extraction of the response

matrix from simulation, used for unfolding, is estimated by independently varying the

individual elements of the response matrix within their statistical uncertainties.

Detector model (Correlation: 0)

For each simulated event, scale factors are applied depending on the kinematic properties of

the leptons to correct for their mismodelling in the simulation. The uncertainties in these

scale factors are propagated to the asymmetry measurement. In addition, the uncertainty

from lepton charge misidentification is included in the CMS analysis. Scale factors are also

applied to the simulated jets to correct for small differences between the efficiencies for b-jet

identification in simulation and data. The impact of the corresponding uncertainties on the

measurements is found to be negligible in both analyses. All sources of uncertainty coming

from the jet energy calibration, as well as from the modelling of the jet energy resolution

in the simulation, are also considered as detector-related uncertainties. All these sources
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of systematic uncertainties that are related to the modelling of the detectors are grouped

together and assumed to be uncorrelated. Some smaller components of these uncertainties

in the jet energy scale (JES) are, however, known to be correlated between the two exper-

iments [56]. As their impact is negligible compared to the uncorrelated components, the

assumption of no correlation between the two experiments is still appropriate.

Pile-up and missing transverse momentum (Correlation: 0)

In both analyses, additional interactions in the same or nearby bunch crossings (pile-up

events) are overlaid on the simulated signal and background events. The distribution of

pile-up events is adjusted by taking into account the measured instantaneous luminosities

per bunch and an effective pp inelastic cross section. The impact on the CMS analysis

from the uncertainty in this adjustment is found to be negligible. In the ATLAS analysis,

this uncertainty is taken into account in the calculation of pmiss
T , in addition to propagated

uncertainties in lepton and jet momenta.

Signal modelling (Correlation: 0.5)

In both analyses, the impact of using different MC event generators (powheg-Box instead

of alpgen in the ATLAS analysis, and MadGraph instead of powheg-Box in the CMS

analysis) is studied. Also, the difference between the hadronisation and parton shower

models implemented in pythia and herwig interfaced with the event generators described

above is taken as a systematic uncertainty. Variations by a factor 0.5 and 2.0 of the

factorisation and renormalisation scales in matrix element calculations, as well as in the

parton shower, are also included. The assumed correlations for the different uncertainty

sources of this category range from anticorrelated to fully correlated, thus a correlation of

50% is applied in the combination. However, since the impact of these uncertainties on

the ATLAS measurement is negligible and taken to be zero in the combination, the actual

choice of the correlation value does not affect the result.

PDF (Correlation: 1)

The systematic uncertainties arising from the choice of PDFs used in the simulation are

estimated in both analyses using the eigenvectors of the CTEQ6.6 [57] PDF set. In the

ATLAS analysis, two additional sets of PDFs are taken into account (MSTW2008 [58] and

NNPDF2.1 [59]) in the estimation of the PDF uncertainty spread, as described in ref. [60].

In both analyses, the uncertainty is evaluated for the signal events, as well as for the main

background source, W+jets events.

Backgrounds

• Modelling of multijet production (Correlation: 0)

In the ATLAS analysis, both the shape and normalisation uncertainties in the mul-

tijet background are estimated through the matrix method [42]. The impact of this

uncertainty on the asymmetry measurement is found to be negligible. In the CMS

analysis, effects of shape variations on the ∆|y| template from the multijet back-

ground model based on data are examined by inverting for each event the sign of the

∆|y| value to get an alternative shape.
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• Modelling of W+jets (Correlation: 0.5)

In the ATLAS analysis, the alpgen factorisation and renormalisation scales are

varied in the W+jets simulation with the same factors as for the signal model un-

certainty. In the CMS analysis, a different approach is pursued: the templates for

W+jets events with negatively charged leptons are interchanged with the templates

for W+jets events with positively charged leptons. As the two methods are only

partially correlated, a 50% correlation is assumed between these two systematic un-

certainties. As shown in section 6, this particular choice of correlation strength has

no significant impact on the combination result.

Model dependence (Correlation: —)

In both analyses, the potential dependence on the underlying model used to develop the

analysis is estimated by using signal samples corresponding to different physical models.

The two approaches differ, however, in the type and range of the evaluated variations

in the asymmetry. In the ATLAS analysis, relatively small variations in the asymmetry

are tested, resulting from different physics models beyond the standard model used for the

simulation of the signal sample (specific physics models). In the CMS analysis, on the other

hand, relatively large variations are tested, regardless of whether or not their realisation is

possible in any physics model (general simplified models). Because of these differences in

the range and motivation of the tested variations, the resulting uncertainties are treated

as two different uncertainties, each only evaluated in one of the analyses.

4.2 Uncertainties at 8 TeV

Statistical uncertainty in data (Correlation: 0)

For the ATLAS analysis and the CMS template analysis, this category includes the statis-

tical uncertainty in the resulting asymmetries. In the ATLAS measurement, the statistical

uncertainty is obtained by running the unfolding procedure without taking any systematic

effects into account. For the CMS unfolding analysis, this category includes, in addition,

the uncertainties in the normalisation of the background processes and the uncertainty due

to the number of simulated events in the simulated signal samples. The uncertainties in

the normalisation of the background processes and the uncertainty due to the number of

simulated events are treated as systematic uncertainties in the ATLAS analysis and the

CMS template analysis. The statistical uncertainties are considered to be uncorrelated

between the ATLAS and CMS analyses.

Statistical uncertainty in simulation (Correlation: 0 / —)

In the ATLAS analysis, the impact of the size of the simulated signal event sample is

investigated by repeating the unfolding several times on one single pseudo-data set with

randomly drawn response matrices. A similar approach is followed in the CMS unfolding

analysis, with the only differences being that the unfolding is carried out on the measured

data instead of one pseudo-data set, and that the resulting uncertainty is included in the

statistical uncertainty of the result. The CMS template analysis uses ensembles of alterna-

tive templates, generated by varying the original templates according to Poisson statistics
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to estimate the impact of the sample size. This systematic uncertainty is considered to be

uncorrelated between the ATLAS analysis and the CMS template analysis.

Detector model (excluding JES)

• Leptons (Correlation: 0)

This category includes the uncertainty in the scale factors that are used to correct

for mismodelling of the trigger response, as well as of the lepton identification and re-

construction efficiency. The resulting uncertainties are considered to be uncorrelated

between the ATLAS and CMS analyses.

• Jet energy resolution (Correlation: 0)

This category includes the contributions due to uncertainties in the modelling of the

jet energy resolution. These uncertainties are considered to be uncorrelated between

the ATLAS and CMS analyses.

• b-tagging (Correlation: 0)

The two collaborations split up the different sources of b-tagging-related systematic

uncertainties in a different way. However, as the b-tagging uncertainties in all three

analyses are relatively small contributions to the overall uncertainty, the different

b-tagging uncertainties for each analysis are combined by adding their contributions

in quadrature to obtain only one b-tagging uncertainty per analysis. The resulting

uncertainties are assumed to be uncorrelated between the ATLAS and CMS analyses.

• Missing transverse momentum (Correlation: —)

The pmiss
T reconstruction is affected by uncertainties associated with leptons, jet en-

ergy scales and resolutions, which are propagated to the pmiss
T calculation, as well

as by uncertainties associated with the modelling of the underlying event. This was

estimated only in the ATLAS analysis and the effect is small; for the CMS analyses,

the uncertainties due to the underlying event modelling are studied and found to

be negligible compared to other pmiss
T -related uncertainties. The effects on the pmiss

T

value are, however, not estimated as a separate source of uncertainty but considered

implicitly in other uncertainty sources by propagating variations into the calculation

of pmiss
T . Thus, no assumption about the correlation between ATLAS and CMS has

to be made.

• Pile-up (Correlation: —)

In the CMS analyses, the impact of a potential mismodelling of the pile-up component

overlaid on the simulated events is estimated by varying the number of simulated pile-

up events. For the ATLAS analysis, this uncertainty contribution is included in one

of the jet energy scale uncertainties described below (Uncorrelated JES ), and thus

not treated as a separate source of uncertainty. Again, no assumption about the

correlation between ATLAS and CMS has to be made.
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Jet energy scale

In all three analyses, the same jet clustering algorithm, the anti-kT algorithm [61], is

employed, with different values for the radius parameter R (R = 0.4 for ATLAS, R = 0.5

for CMS). In the ATLAS analysis, jets are built from energy deposits in the calorimeter,

while in the CMS analyses, jets are reconstructed from particle-flow [62] objects. Thus,

the calibration procedure and uncertainties in the calibration are quite different. Both

collaborations determine a large number of single sources that contribute to the overall

uncertainty in the jet energy calibration, which can be grouped into categories with similar

ranges of correlation [63].

• Uncorrelated JES (Correlation: 0)

This category includes all components of the JES uncertainties that are uncorrelated

between ATLAS and CMS (i.e. statistical and detector-related effects, pile-up, and

high-pT uncertainty components) and uncertainties that do not match between the

two experiments.

• Partially correlated JES (Correlation: 0.5)

This category includes the modelling uncertainties of the in situ methods used in

both collaborations for the determination of the jet energy calibration. While both

collaborations measure similar systematic effects, the actual impact has some depen-

dence on the detector itself and on the choices of the technical implementation. The

uncertainties of the two analyses are therefore assumed to be partially correlated

and the range from 0.0 to 0.5 is scanned. The most conservative result is obtained

assuming a correlation of 50%.

• Mostly correlated JES (Correlation: 1)

The calibration of jet energies across η with respect to a well-understood central

reference region is sensitive to the modelling of radiation. In both collaborations,

similar event generators and techniques are used to estimate the influence of different

radiation patterns in the simulation on the jet energy. These uncertainties are ex-

pected to be highly correlated, although there are some expected decorrelations from

differences in the analysis procedures. As such, the uncertainties assigned to this

category are treated as mostly correlated and the range from 0.5 to 1.0 is evaluated.

The most conservative result is obtained assuming a correlation of 100%.

• Fully correlated JES (Correlation: 1)

Uncertainties in the JES due to the flavour of jets are grouped into this category. This

includes effects due to differences in the jet energy response for various jet flavours

and effects from differences in the flavour mixture, compared to the mixture used in

the calibration procedures. The assumed correlation between ATLAS and CMS for

this uncertainty category is 100%.

Signal modelling

• Generator (Correlation: 1)

The impact of using a different MC event generator is studied in all three analyses:
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mc@nlo instead of powheg-Box in the ATLAS analysis, MadGraph instead of

powheg-Box in the CMS unfolding analysis, and mc@nlo instead of powheg-Box

in the CMS template analysis. These uncertainties are assumed to be fully correlated

between the ATLAS and CMS analyses.

• Parton shower and hadronisation (Correlation: —/1)

The results with different implementations of parton showering and hadronisation in

pythia and herwig, interfaced with the event generators listed above, are used to

estimate the uncertainties in the modelling of the parton shower and hadronisation

process. This uncertainty category is assumed to be 100% correlated between the

ATLAS analysis and the CMS unfolding analysis, while it has not been evaluated for

the CMS template analysis. The impact of an additional uncertainty for the CMS

template analysis on the combination was studied by using the parton shower and

hadronisation uncertainty of the CMS unfolding analysis, and was found to be small

(see section 6.2).

• Initial-state and final-state radiation and choice of the factorisation and renormali-

sation scales (Correlation: 1)

The uncertainties due to the modelling of additional radiation are assumed to be

fully correlated between the ATLAS and CMS analyses, although the two collabora-

tions follow different methods to estimate this impact. In the ATLAS analysis, the

uncertainty associated with the modelling of initial-state and final-state radiation is

estimated using the acermc event generator with varied parameters. In the CMS

analyses, a different approach is followed and the factorisation and renormalisation

scales are varied in the simulation of the matrix element, as well as in the parton

shower, by factors of 0.5 and 2.0.

• Modelling of the top quark pT (Correlation: —)

In the CMS analyses, the simulated tt events are reweighted to correct the pT spec-

trum of the generated top quarks, which was found to be significantly harder than

the observed spectra in differential cross section measurements [64]. To estimate

the uncertainty related to this mismodelling, the measurement is repeated without

the reweighting and the difference with respect to the default result is taken as a

measure of the uncertainty. In the ATLAS analysis, the measured pT distribution

of the reconstructed top quarks is found to agree well with the simulation using the

powheg-Box+herwig MC sample [65]. Since this sample is used to derive the

uncertainty due to parton shower and hadronisation modelling, no additional uncer-

tainty is assigned for the modelling of the pT spectrum of top quarks in the ATLAS

analysis. For the CMS template analysis, the contribution of this uncertainty is found

to be negligible.

• Parton distribution functions (Correlation: 1)

The uncertainties due to the choice of PDFs are considered to be fully correlated be-

tween ATLAS and CMS analyses. In the ATLAS analysis and CMS unfolding anal-

ysis, the uncertainty in the PDFs is estimated using three different PDF sets (CT10,
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MSTW2008, and NNPDF2.1), while in the CMS template analysis the variations of

the CT10 eigenvectors are used and variations of the strong coupling parameter are

considered independently. In the two CMS analyses, the influence of PDF variations

on the modelling of the tt process is estimated, while in the ATLAS analysis the

impact of the choice of PDF on the modelling of the W+jets background is also

evaluated. The latter is captured in the two CMS analyses by the uncertainty source

“Modelling of W+jets” in the category “Backgrounds”.

Integrated luminosity (Correlation: —)

The luminosity used to construct the fit model in the CMS template analysis is varied by

±4.4%. In the other two analyses, varying the integrated luminosity has negligible effect

on the results.

Backgrounds

• Single-top-quark and Z+jets (Correlation: 1/—)

In the ATLAS analysis, an uncertainty arises from the uncertainty in the single-

top-quark and Z+jets background normalisations from the theoretical cross sections,

as well as an additional normalisation uncertainty for each additional jet. In the

CMS template analysis, this uncertainty includes the uncertainties in the single-top-

quark and Z+jets production cross sections, as well as the uncertainty in the ratio of

single-top-quark to single-top-antiquark production. In the CMS unfolding analysis,

the uncertainties in the normalisation of background contributions are considered

when subtracting these contributions from the measured data distribution in the

unfolding step and are therefore contained in the statistical uncertainty of the result

and not treated as a separate systematic uncertainty. For the combination of the

ATLAS analysis and CMS template analysis, these uncertainties are considered fully

correlated, while they do not apply to the CMS unfolding analysis.

• Modelling of multijet production (Correlation: 0)

In the ATLAS analysis, the uncertainties in the multijet background come from the

size of the data sample used in the matrix method, as well as from the uncertainties

in the estimation of the misidentified lepton probability in different control regions.

In the CMS template analysis, the uncertainty comes mainly from the size of the

data sideband sample used for the modelling of the multijet process. In the CMS

unfolding analysis, variations in the shapes of the multijet templates derived from

sideband regions in data, are used to estimate the uncertainty in the modelling of

this background component. These uncertainties are considered to be uncorrelated

between the ATLAS and CMS analyses.

• Modelling of W+jets (Correlation: —)

In order to estimate the influence of a possible mismodelling of the simulated W+jets

background, the CMS unfolding measurement is repeated using a W+jets template

determined from a sideband region in data, defined by requiring exactly zero b-tagged
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jets. The CMS template analysis constructs an alternative W+jets template by in-

creasing or decreasing the number of events with heavy-flavour jets. In addition, the

uncertainty in the estimated W+jets normalisation is propagated into this uncer-

tainty. The W+jets component of the data set is estimated in situ in the ATLAS

analysis using separate templates for the different flavours, and therefore no addi-

tional uncertainty is taken into account.

Method (Correlation: —/0)

The uncertainty from the unfolding procedure is determined using pseudo-data sets in

which the tt signal events are reweighted to simulate different values of the charge asym-

metry by applying the default response matrix and comparing the true charge asymmetry

values with the values obtained after unfolding. In the ATLAS analysis, a linear fit of the

generator-level asymmetry versus the unfolded asymmetry is performed and the uncertainty

in the unfolding is calculated from the slope and the offset of this fit. In the CMS unfold-

ing analysis, different scenarios for reweighted tt events are examined and the differences

between the unfolded asymmetries and the reweighted true asymmetries are taken to be a

measure of the model dependence of the unfolding procedure. The uncertainty is assumed

to be uncorrelated between ATLAS measurement and the CMS unfolding measurement.

In the CMS template analysis, pseudo-data sets are constructed for different values of AC

by changing the mixture of symmetric and antisymmetric components in the sample of

simulated signal events. The difference between the mean charge asymmetry measured for

each alternative model and the actual charge asymmetry is found to be negligible.

Even if the systematic uncertainties for the 7 and 8 TeV results are not fully evaluated

in the same way, most of the assigned correlations between the ATLAS and CMS mea-

surements are identical between 7 and 8 TeV. As discussed in section 4.1, the systematic

uncertainty in the detector model is assumed to be uncorrelated at 7 TeV since the com-

ponents that could be considered correlated (for example JES) are small. For the signal

modelling uncertainties, the correlation choice of 0.5 at 7 TeV does not affect the result

because the signal modelling has a negligible effect on the ATLAS measurement at 7 TeV.

4.3 Correlation assumptions in the combination of differential results at 8 TeV

An additional complication in the combination of differential measurements, with respect to

inclusive ones, is that the correlations between different bins in the mass distribution of the

tt system have to be taken into account in addition to the correlations between categories

of systematic uncertainties. The ATLAS analysis and the CMS unfolding analysis use

the same number of bins and the same ranges for the bins. The mapping of systematic

uncertainties in each bin between the ATLAS analysis and the CMS unfolding analysis is

the same as for the combination of the inclusive results.

Bin-to-bin correlations are considered by the analyses for each uncertainty. In the

CMS unfolding analysis, the statistical correlations are calculated in situ during the un-

folding process. To evaluate the bin-to-bin correlations for systematic uncertainties, for

each source of systematic uncertainty u, the measurement is repeated on data using mod-
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ified simulated samples, resulting in new values for the charge asymmetries per bin. The

changes in unfolded asymmetries are then used to construct a systematic covariance ma-

trix in a loose analogy to statistical covariance matrices. For an uncertainty described by

a single systematic shift, a covariance of

covu(ci, cj) = (Au
C(ci)−Anom

C (ci)) (Au
C(cj)−Anom

C (cj)) (4.1)

is used, with ci and cj referring to bins in mtt of the CMS analysis, and Au
C(ci) and Au

C(cj)

being the asymmetry values for these bins resulting from the systematic shift, and Anom
C (ci)

and Anom
C (cj) being the results of the nominal measurement.

For uncertainties that are determined using exactly two variations (up and down vari-

ation, indexed by + and −), the absolute values of the maximal shifts observed in each

result bin are determined by

∆maxAC(ci) = max
(∣∣∣Au,+

C (ci)−Anom
C (ci)

∣∣∣ , ∣∣∣Au,−
C (ci)−Anom

C (ci)
∣∣∣) ,

and the covariance is then defined as

covu(ci, cj) = ∆maxAC(ci) ∆maxAC(cj)

× sign
[(
Au,+

C (ci)−Au,−
C (ci)

) (
Au,+

C (cj)−Au,−
C (cj)

)]
.

This procedure corresponds to a symmetrisation of the largest observed shifts, and thus

constitutes a more conservative uncertainty estimate than an approach based on a di-

rect analogy with statistical covariance definitions. The resulting covariance matrices are

transformed into correlation matrices for the combination. For uncertainty sources that

are described by a single systematic shift, the covariance matrix in eq. (4.1) corresponds

to a correlation matrix with ±1 entries only:

corru(ci, cj) = sign [(Au
C(ci)−Anom

C (ci)) (Au
C(cj)−Anom

C (cj))] . (4.2)

However, for uncertainties where several shifts are combined, e.g. the uncertainty from

the PDF choice, first all covariance matrices are combined, and this combined covariance

matrix is then transformed into a correlation matrix, yielding entries in the correlation

matrix different from ±1.

In the ATLAS analysis, the correlations between bins ai and aj for each source of

systematic uncertainty that is marginalised are extracted by projecting the posterior prob-

ability density into the (ai, aj) plane. The correlation is then computed from the ensemble

points that build the probability density in this plane, taking the average between the up

and down variations as for the computation of the systematic uncertainty itself. The cor-

relation matrix for the modelling uncertainties that are not marginalised is obtained using

eq. (4.2), yielding entries with ±1. The correlation matrix for the systematic uncertainty

coming from the size of the simulated samples is taken to be the identity matrix.

For the estimation of the correlations between bins from two different experiments that

use the same binning scheme, one can distinguish two cases: the correlations between the

same bins of the ATLAS and CMS results, and the correlations between different bins of
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the ATLAS and CMS results. In the first case, for each uncertainty source, the correlation

assumptions of the inclusive combination are used.

The bin-to-bin correlations for a given uncertainty can be different in the two analyses

because of the differences in the unfolding techniques and in the methods used to determine

these correlations. This is especially the case for uncertainty categories that include several

contributions, e.g. the uncertainty from the PDF choice or the JES uncertainty categories.

A straightforward determination of the correlation between different bins in the ATLAS and

CMS measurements is therefore not possible. These off-diagonal elements of the correlation

matrices are instead calculated by multiplying the assumed correlation of the uncertainty u,

ρu, with a correction factor depending on the bin-to-bin correlations within the individual

experiments.

The correlation for a given uncertainty source u between ai and cj can thus be calcu-

lated as:

corru(ai, cj)
′ = corru(ai, ci) corru(ci, cj) = ρu corru(ci, cj). (4.3)

Due to symmetry reasons, there is also an alternative way to calculate the correlation,

starting from the ATLAS bin-to-bin-correlations instead of the CMS ones:

corru(ai, cj)
′′ = corru(ai, aj) corru(aj , cj) = corru(ai, aj) · ρu. (4.4)

As both methods are valid, the mean of the two estimates corru(ai, cj)
′ and corru(ai, cj)

′′

is used for the combination

corru(ai, cj) = ρu
corru(ci, cj) + corru(ai, aj)

2
, (4.5)

while the impact of using either only eq. (4.3) or (4.4) is studied as a check of the stability

of the combination.

5 Combination of the results

5.1 Combination of inclusive results at 7 TeV

The value resulting from the combination of the inclusive measurements at 7 TeV is

ALHC7
C = 0.005± 0.007 (stat)± 0.006 (syst).

This corresponds to an improvement in the total uncertainty of about 18% with respect

to the ATLAS result alone, and an improvement of about 40% with respect to the CMS

result. The ATLAS result contributes with a weight of 0.65 to the combined result, while

the weight of the CMS result is 0.35. The χ2 of the combination is 0.012 (one degree of

freedom), corresponding to a p-value of 0.91. A breakdown of the individual uncertainties

and their combined values is provided in table 2. Figure 1 illustrates the two individual

inclusive results and their combination, along with the respective uncertainties, and com-

pares them to the prediction from theory [19], calculated at NLO, including electroweak

(EW) corrections.
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ATLAS CMS ρ Combined

AC 0.006 0.004 0.058 0.005

Statistical (data) 0.010 0.010 0 0.007

Statistical (simulation) 0.002 0.002 0 0.001

Detector model 0.004 0.007 0 0.004

Pile-up+pmiss
T 0.002 <0.001 0 0.001

Signal modelling <0.001 0.002 0.5 0.001

PDF 0.001 0.002 1 0.001

Multijet <0.001 0.001 0 <0.001

W+jets 0.002 0.004 0.5 0.003

Model dependence

Specific physics models <0.001 — — <0.001

General simplified models — 0.007 — 0.002

Systematic uncertainty 0.005 0.011 0.006

Total uncertainty 0.011 0.015 0.009

Table 2. Uncertainties in the input measurements, assumed correlations ρ between the uncertain-

ties, and the resulting values for the uncertainties in the inclusive combination at
√
s = 7 TeV.

Systematic uncertainties smaller than 0.001 are shown as “<0.001” in the table and are ignored in

the combination.

CA
-0.02 -0.01 0 0.01 0.02 0.03

QCD NLO (+ EW NLO), Phys. Rev. D 86 (2012) 034026

ATLAS, lepton+jets
JHEP 02 (2014) 107, 

-1
= 4.7 fbintL

 0.005± 0.010 ±0.006 

CMS, lepton+jets
Phys. Lett. B 717 (2012) 129, 

-1
= 5.0 fbintL

 0.011± 0.010 ±0.004 

ATLAS+CMS  0.006± 0.007 ±0.005 

 = 7 TeVsATLAS+CMS     

stat total

LHCtopWG

Figure 1. Summary of the single inclusive measurements and the LHC combination at
√
s = 7 TeV

compared to the theoretical prediction calculated at NLO precision in the strong coupling constant

(including NLO electroweak corrections). The inner bars indicate the statistical uncertainty, while

the outer bars indicate the total uncertainty. The uncertainty in the theoretical prediction is

dominated by uncertainties due to scale variations.
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5.2 Combination of inclusive results at 8 TeV

The resulting value of the combination of the inclusive measurements at 8 TeV is

ALHC8
C = 0.0055± 0.0023 (stat)± 0.0025 (syst).

This corresponds to an improvement in the total uncertainty of about 32% with respect

to the ATLAS result alone, and an improvement of about 17% with respect to the CMS

template result. The ATLAS result contributes with a weight of 0.39 to the combined result,

while the weight of the CMS template result is 0.61. The χ2 of the combination is 0.88

(one degree of freedom), corresponding to a p-value of 0.35. A breakdown of the individual

uncertainties and their combined values is provided in table 3. Figure 2 illustrates the two

individual inclusive results and their combination, along with the respective uncertainties,

and compares them to theoretical predictions. Figure 3 compares the AC value from

the combination described in this article and the AFB values measured by the Tevatron

experiments with predictions from the SM and from BSM theories (see [5] for a review).

The BSM theories include models with charged W′ bosons with right-handed couplings,

heavy colour-octet vector gluons Gµ with axial couplings, colour-singlet Higgs boson like

isodoublets φ, colour-triplet scalars ω4, and colour-sextet scalars Ω4 with right-handed

flavour-violating tu couplings. Details of these BSM models can be found in refs. [66, 67].

The combined AC value uniquely restricts wide regions of the possible BSM parameter

space, e.g. for axigluon models.

5.3 Combination of differential results at 8 TeV

The values of the combined charge asymmetries in six bins of mtt can be found in table 4.

Within their statistical and systematic uncertainties, the combined results agree with the

predictions from SM calculations. Depending on the mtt bin, the total uncertainty corre-

sponds to an improvement in precision between 20% (bin 6) and 52% (bin 1) with respect

to the ATLAS measurement alone, and to an improvement in precision between 9% (bin 1)

and 31% (bin 6) with respect to the CMS measurement alone. Table 5 shows the correla-

tions between the bins of the combined result. Looking only at the leading contributions,

the ATLAS measurement contributes, depending on the mtt bin, with a weight between

0.22 (bin 1) and 0.59 (bin 6) to the combined results, while the weights of the CMS results

lie in the range from 0.41 (bin 6) to 0.78 (bin 1). The total χ2 of the combination is 4.01

(six degrees of freedom), corresponding to a p-value of 0.69. Figure 4 shows the differential

AC distributions of the individual measurements and the combination, along with their

total uncertainties. In figure 5, the combined result is compared to two predictions for

the SM, calculated at NLO [19] and at NNLO [20–22], and to predictions for two versions

of a colour-octet model [68]. The latter models are examples that give moderate positive

contributions to the forward-backward asymmetry at the Tevatron and a negligible contri-

bution to the inclusive charge asymmetry at the LHC. However, they differ significantly in

the asymmetry for the last bin with the difference being similar in size to the uncertainty

in the combined LHC result.
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ATLAS CMS ρ Combined

AC 0.0090 0.0033 0.13 0.0055

Statistical (data) 0.0044 0.0026 0 0.0023

Statistical (simulation) 0.0010 0.0015 0 0.0010

Detector model (excluding JES)

Leptons 0.0003 0.0001 0 0.0001

Jet energy resolution 0.0005 0.0004 0 0.0003

b-tagging 0.0004 0.0007 0 0.0005

Missing transverse momentum 0.0002 — — 0.0001

Pile-up — 0.0003 — 0.0002

Jet energy scale

Uncorrelated JES 0.0010 0.0004 0 0.0005

Partially correlated JES 0.0009 0.0010 0.5 0.0008

Mostly correlated JES 0.0002 0.0004 1 0.0003

Fully correlated JES 0.0009 0.0008 1 0.0008

Signal modelling

Event generator 0.0004 0.0002 1 0.0003

Parton shower and hadronisation 0.0004 — — 0.0002

Scale/radiation 0.0009 0.0014 1 0.0012

PDF 0.0007 0.0002 1 0.0004

Integrated luminosity — 0.0001 — 0.0001

Backgrounds

Single-top-quark / Z+jets 0.0001 0.0004 1 0.0003

Multijet 0.0005 0.0018 0 0.0011

W+jets — 0.0002 — 0.0001

Method 0.0003 — — 0.0001

Systematic uncertainty 0.0025 0.0033 0.0025

Total uncertainty 0.0051 0.0041 0.0034

Table 3. Uncertainties in the input measurements, assumed correlations ρ between the uncertain-

ties, and the resulting values for the uncertainties in the inclusive combination at
√
s = 8 TeV. The

breakdown of the systematic uncertainties of the ATLAS analysis (for the systematic uncertainties

that are marginalised) corresponds to the expected uncertainties after marginalisation.

6 Stability studies

The stability of the combinations with respect to the assumptions made about the corre-

lations between the systematic uncertainties is studied by varying the input assumptions.

The resulting central value and total uncertainty are then compared to the result obtained

using the default settings.

6.1 Stability checks at 7 TeV

At
√
s = 7 TeV, for uncertainties with an assumed default correlation of 100% or of zero,

the assumption of 50% correlation is tried. For the uncertainty in the modelling of the

W+jets background, for which the nominal assumption is 50% correlation, both zero and

100% correlation are tested. Changing the correlation assumptions in the described way
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CA
0.02− 0.01− 0 0.01 0.02 0.03

LHCtopWG

QCD NLO (+ EW NLO), Phys. Rev. D 86 (2012) 034026

QCD NNLO (+ EW NLO), arXiv:1711.03945

ATLAS, lepton+jets
Eur. Phys. J. C 76 (2016) 87, 

-1
= 20.3 fbintL

 0.0025± 0.0044 ±0.0090 

CMS, lepton+jets
Phys. Rev. D 93 (2016) 034014, 

-1
= 19.6 fbintL

 0.0033± 0.0026 ±0.0033 

ATLAS+CMS  0.0025± 0.0023 ±0.0055 

 = 8 TeVsATLAS+CMS     

stat total

Figure 2. Summary of the single inclusive measurements and the LHC combination at
√
s =

8 TeV compared to theoretical predictions at NLO [19] and NNLO [23] precision in the strong

coupling constant (including NLO electroweak corrections). The inner bars indicate the statistical

uncertainty, while the outer bars indicate the total uncertainty. The uncertainty in the theoretical

predictions is dominated by uncertainties due to scale variations.

mtt bin (GeV)

<420 420–500 500–600 600–750 750–900 >900

ATLAS AC 0.026 −0.005 0.026 0.009 −0.007 0.068

statistical uncertainty 0.025 0.017 0.018 0.023 0.042 0.037

systematic uncertainty 0.036 0.015 0.012 0.017 0.025 0.026

CMS AC −0.010 0.016 −0.013 0.023 −0.013 0.017

statistical uncertainty 0.020 0.011 0.012 0.015 0.026 0.038

systematic uncertainty 0.012 0.006 0.006 0.018 0.023 0.035

Combined AC −0.005 0.015 −0.004 0.027 −0.019 0.050

statistical uncertainty 0.017 0.009 0.009 0.012 0.022 0.027

systematic uncertainty 0.013 0.006 0.007 0.014 0.020 0.024

QCD NLO + EW NLO 0.00809 0.01117 0.01138 0.01335 0.01671 0.02100

uncertainty 0.00036 0.00053 0.00039 0.00038 0.00058 0.00025

QCD NNLO + EW NLO 0.00690 0.00950 0.01095 0.01219 0.01327 0.01286

uncertainty +0.00061 +0.00081 +0.00079 +0.00054 +0.00075 +0.00083

−0.00058 −0.00087 −0.00095 −0.00081 −0.00101 −0.00231

Table 4. ATLAS and CMS charge asymmetry results at 8 TeV in six bins of mtt and the combined

values along with statistical and systematic uncertainties. In addition the predictions from QCD

calculations at NLO [19] and NNLO [23] are given.
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PRD 84 (2011) 115013;
JHEP 09 (2011) 097

ATLAS + CMS √s = 8 TeV
LHCtopWG

C
D

F
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0

ATLAS + CMS 
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φ

W′

ω
4

Ω
4

Gµ

Tevatron data from
PRL 120 (2018) 042001

Figure 3. Measured inclusive charge asymmetry AC at the LHC at
√
s = 8 TeV (horizontal line)

versus forward-backward asymmetry AFB (vertical lines) at the Tevatron [3], compared with the

SM prediction at QCD NNLO (+EW NLO) [20–22] and predictions incorporating various potential

BSM contributions [66, 67]: a W′ boson, a heavy axigluon (Gµ), a scalar isodoublet (φ), a colour

triplet scalar (ω4), and a colour sextet scalar (Ω4).

 (GeV)
tt

m
400 600 800 1000 1200

C
 A

-0.05

0

0.05

0.1

0.15
ATLAS

CMS

ATLAS+CMS

 = 8 TeVsATLAS+CMS Lepton+jets     

LHCtopWG

Figure 4. Charge asymmetry in six bins of the invariant mass of the tt system as measured in the

ATLAS and CMS analyses and the combined results. The last bin includes the overflow. The gray

band indicates the uncertainty in the combined result.
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 (GeV)
tt

m
400 600 800 1000 1200

C
 A

-0.05

0

0.05

0.1 ATLAS+CMS

SM (QCD NLO + EW NLO)
SM (QCD NNLO + EW NLO)
Light colour-octet
Heavy colour-octet

 = 8 TeVsATLAS+CMS Lepton+jets     

LHCtopWG

Figure 5. The combined ATLAS+CMS charge asymmetry in six bins of the invariant mass of

the tt system in comparison with theoretical predictions for the SM [19, 23] and two versions of a

colour-octet model [68]. The last bin includes the overflow, both for the combination and the theory

predictions. The uncertainties, indicated by the shaded areas, reported for the SM predictions are

dominated by scale variations and are small, while the uncertainties reported for the colour-octet

model are statistical uncertainties in the simulation.

Bins 1 2 3 4 5 6

1 1.000

2 −0.129 1.000

3 −0.100 0.015 1.000

4 −0.018 −0.060 −0.098 1.000

5 −0.009 −0.074 0.067 −0.342 1.000

6 −0.088 −0.040 0.012 0.199 −0.188 1.000

Table 5. Correlation matrix for the six correlated bins of the combined result.

has neither an effect on the central value of the combination nor on its total uncertainty

within the quoted precision (10−3).

6.2 Stability checks at 8 TeV

Several studies are performed to assess the stability of the inclusive and differential com-

binations at
√
s = 8 TeV. In a first check, the combinations are repeated taking only the

statistical uncertainties into account to investigate the impact of systematic uncertainties

on the combination results. The variations in the central values of the inclusive and dif-

ferential combinations, and thus the impact of systematic uncertainties, are below 0.5σstat,

where σstat is the statistical uncertainty of the central values. Therefore, the impact of the

assumptions about the correlations between the sources of systematic uncertainties can be

expected to also be modest in size.
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As in the combination at 7 TeV, the correlation assumptions are varied one by one

and the results are compared with the nominal results. These studies are performed for

the combination of the inclusive measurements as well as for the combination of the dif-

ferential measurements. For the inclusive combination, none of the described changes in

the correlation assumption has an impact on the central value of the combination or the

total uncertainty larger than the quoted precision (10−4). The differential combination is

also found to be robust against such changes. The impacts, if any, on the central values or

the total uncertainties of single bins are found to be below 0.1σtot, where σtot is the total

uncertainty in that bin.

6.2.1 Additional stability checks for the differential combination

Two additional studies are performed for the combination of the differential results. The

first study concerns the different ways of building the correlation matrix in the ATLAS

analysis and evaluates their impact on the central values and uncertainties of the com-

bination results. In the ATLAS analysis, the bin-to-bin correlations for all systematic

uncertainties that are not marginalised are set to ±1, and the correlations for systematic

uncertainties that are marginalised are derived directly from the unfolding. This nominal

method to construct the correlation matrix is compared to a scenario where the correlations

are all set to +1, and a scenario where the correlations for the marginalised uncertainties

are set to either +1 or −1 depending on whether the value of the correlation derived from

the unfolding takes positive or negative values. These checks of ignoring the correlations

extracted from the unfolding represent a conservative test for the case where it would not

be known how to compute these correlations. The differences in the central values between

the nominal scenario and these two different approaches are below 0.4σtot in each mtt bin,

where σtot is the total uncertainty in that bin. The impact on the total uncertainties in all

six bins is at most 0.002.

In the second study, the procedure to estimate the bin-to-bin inter-experiment corre-

lations as defined in eq. (4.5) is changed to using the bin-to-bin correlations either only

from ATLAS or only from CMS:

corru(ai, cj) = ρu corru(ci, cj), or

corru(ai, cj) = ρu corru(ai, aj).

Using only the bin-to-bin correlations from the ATLAS (CMS) analysis changes the

central values by at most 0.3σtot (0.2σtot), with σtot being the total uncertainty for the

respective bin. The total uncertainties remain stable or increase by no more than 0.002 in

the case of using only the bin-to-bin correlations from the ATLAS analysis. Overall, the

changes in the central values in all the bins are well inside the range given by the total

uncertainty in each bin.

6.2.2 Impact of the parton shower and hadronisation systematic uncertainty

in the inclusive combination

The CMS template analysis does not take into account an uncertainty due to the modelling

of parton showers and hadronisation. As a further test, the impact of such an additional
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uncertainty on the inclusive combination results is estimated by using the corresponding

uncertainty values from the CMS unfolding analysis (0.0011), scaled by a factor of 2 as

an approximation. The factor 2 is motivated by looking at the ratios of the other signal-

modelling-related uncertainties between the two CMS analyses. In this study, the central

value of the combination increases by 0.16σtot, and the total uncertainty increases by 12%

(relative). These variations are small and similar in size to variations obtained in the other

stability tests.

7 Summary

Combinations of ATLAS and CMS measurements of the tt charge asymmetry in lepton+jets

final states are reported using proton-proton collision data collected at the LHC at centre-

of-mass energies of 7 and 8 TeV and corresponding to integrated luminosities for each

experiment of up to 5 and 20 fb−1, respectively. Inclusive charge asymmetry results are

combined at 7 and 8 TeV, and differential measurements of the charge asymmetry as a

function of the invariant mass of the tt system at 8 TeV are combined. Detailed studies

of the correlations between the different measurements and systematic uncertainties have

been performed. The precision of the resulting combinations is significantly improved

with respect to the corresponding individual measurements. The individual results and

the combinations are in agreement with standard model calculations at next-to-leading-

order and next-to-next-to-leading-order precision and also compatible with zero asymmetry.

They uniquely restrict the phase space of possible new physics phenomena which would

produce asymmetries larger than the standard model ones.
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X. Lou35a, A. Lounis119, J. Love6, P.A. Love75, H. Lu62a, N. Lu92, Y.J. Lu63, H.J. Lubatti140,

C. Luci134a,134b, A. Lucotte58, C. Luedtke51, F. Luehring64, W. Lukas65, L. Luminari134a,

B. Lund-Jensen149, M.S. Lutz89, P.M. Luzi83, D. Lynn27, R. Lysak129, E. Lytken84, F. Lyu35a,

V. Lyubushkin68, H. Ma27, L.L. Ma36b, Y. Ma36b, G. Maccarrone50, A. Macchiolo103,
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S. Miglioranzi53a,53b, L. Mijović49, G. Mikenberg175, M. Mikestikova129, M. Mikuž78, M. Milesi91,
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M.F. Tripiana13, W. Trischuk161, B. Trocmé58, A. Trofymov45, C. Troncon94a, M. Trovatelli172,

L. Truong147b, M. Trzebinski42, A. Trzupek42, K.W. Tsang62a, J.C-L. Tseng122, P.V. Tsiareshka95,

N. Tsirintanis9, S. Tsiskaridze13, V. Tsiskaridze51, E.G. Tskhadadze54a, I.I. Tsukerman99,

V. Tsulaia16, S. Tsuno69, D. Tsybychev150, Y. Tu62b, A. Tudorache28b, V. Tudorache28b,

T.T. Tulbure28a, A.N. Tuna59, S. Turchikhin68, D. Turgeman175, I. Turk Cakir4b,au, R. Turra94a,

P.M. Tuts38, G. Ucchielli22a,22b, I. Ueda69, M. Ughetto148a,148b, F. Ukegawa164, G. Unal32,

A. Undrus27, G. Unel166, F.C. Ungaro91, Y. Unno69, K. Uno157, J. Urban146b, P. Urquijo91,

P. Urrejola86, G. Usai8, J. Usui69, L. Vacavant88, V. Vacek130, B. Vachon90, K.O.H. Vadla121,

A. Vaidya81, C. Valderanis102, E. Valdes Santurio148a,148b, M. Valente52, S. Valentinetti22a,22b,
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120 Graduate School of Science, Osaka University, Osaka, Japan
121 Department of Physics, University of Oslo, Oslo, Norway
122 Department of Physics, Oxford University, Oxford, United Kingdom
123 (a) INFN Sezione di Pavia; (b) Dipartimento di Fisica, Università di Pavia, Pavia, Italy
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128 (a) Laboratório de Instrumentação e F́ısica Experimental de Part́ıculas — LIP, Lisboa; (b)

Faculdade de Ciências, Universidade de Lisboa, Lisboa; (c) Department of Physics, University of

Coimbra, Coimbra; (d) Centro de F́ısica Nuclear da Universidade de Lisboa, Lisboa; (e)

Departamento de Fisica, Universidade do Minho, Braga; (f) Departamento de Fisica Teorica y del

Cosmos, Universidad de Granada, Granada; (g) Dep Fisica and CEFITEC of Faculdade de

Ciencias e Tecnologia, Universidade Nova de Lisboa, Caparica, Portugal
129 Institute of Physics, Academy of Sciences of the Czech Republic, Praha, Czech Republic
130 Czech Technical University in Prague, Praha, Czech Republic
131 Charles University, Faculty of Mathematics and Physics, Prague, Czech Republic
132 State Research Center Institute for High Energy Physics (Protvino), NRC KI, Russia
133 Particle Physics Department, Rutherford Appleton Laboratory, Didcot, United Kingdom
134 (a) INFN Sezione di Roma; (b) Dipartimento di Fisica, Sapienza Università di Roma, Roma, Italy
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Vergata, Roma, Italy
136 (a) INFN Sezione di Roma Tre; (b) Dipartimento di Matematica e Fisica, Università Roma Tre,
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(d) Faculté des Sciences, Université Mohamed Premier and LPTPM, Oujda; (e) Faculté des
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E. Tuominen, J. Tuominiemi

Lappeenranta University of Technology, Lappeenranta, Finland

T. Tuuva
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P. Piroué, D. Stickland, C. Tully

University of Puerto Rico, Mayaguez, U.S.A.

S. Malik, S. Norberg

Purdue University, West Lafayette, U.S.A.

A. Barker, V.E. Barnes, S. Das, S. Folgueras, L. Gutay, M. Jones, A.W. Jung, A. Khati-

wada, D.H. Miller, N. Neumeister, C.C. Peng, H. Qiu, J.F. Schulte, J. Sun, F. Wang,

R. Xiao, W. Xie

Purdue University Northwest, Hammond, U.S.A.

T. Cheng, N. Parashar, J. Stupak

– 64 –



J
H
E
P
0
4
(
2
0
1
8
)
0
3
3

Rice University, Houston, U.S.A.

Z. Chen, K.M. Ecklund, S. Freed, F.J.M. Geurts, M. Guilbaud, M. Kilpatrick, W. Li,

B. Michlin, B.P. Padley, J. Roberts, J. Rorie, W. Shi, Z. Tu, J. Zabel, A. Zhang

University of Rochester, Rochester, U.S.A.

A. Bodek, P. de Barbaro, R. Demina, Y.t. Duh, T. Ferbel, M. Galanti, A. Garcia-Bellido,

J. Han, O. Hindrichs, A. Khukhunaishvili, K.H. Lo, P. Tan, M. Verzetti

The Rockefeller University, New York, U.S.A.

R. Ciesielski, K. Goulianos, C. Mesropian

Rutgers, The State University of New Jersey, Piscataway, U.S.A.

A. Agapitos, J.P. Chou, Y. Gershtein, T.A. Gómez Espinosa, E. Halkiadakis, M. Heindl,
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2: Also at IRFU, CEA, Université Paris-Saclay, Gif-sur-Yvette, France

3: Also at Universidade Estadual de Campinas, Campinas, Brazil

4: Also at Federal University of Rio Grande do Sul, Porto Alegre, Brazil
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