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ABSTRACT: A combination of measurements of the inclusive top-quark pair production
cross-section performed by ATLAS and CMS in proton—proton collisions at centre-of-mass
energies of 7 and 8 TeV at the LHC is presented. The cross-sections are obtained using top-
quark pair decays with an opposite-charge electron—-muon pair in the final state and with
data corresponding to an integrated luminosity of about 5fb~! at /s = 7 TeV and about
20fb~! at /s = 8 TeV for each experiment. The combined cross-sections are determined
to be 178.5 + 4.7 pb at /s = 7 TeV and 243.3ng8 pb at /s = 8 TeV with a correlation of
0.41, using a reference top-quark mass value of 172.5 GeV. The ratio of the combined cross-
sections is determined to be Rg/7 = 1.363 £ 0.032. The combined measured cross-sections
and their ratio agree well with theory calculations using several parton distribution function
(PDF) sets. The values of the top-quark pole mass (with the strong coupling fixed at 0.118)
and the strong coupling (with the top-quark pole mass fixed at 172.5 GeV) are extracted
from the combined results by fitting a next-to-next-to-leading-order plus next-to-next-to-
leading-log QCD prediction to the measurements. Using a version of the NNPDF3.1 PDF
set containing no top-quark measurements, the results obtained are mfde = 173.4738 GeV
and ag(mz) = 0.11707)92L.
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1 Introduction

The top quark is the most massive known fundamental particle, with a mass close to the
scale of the electroweak symmetry breaking [1]. Studying the production and decay of the
top quark in proton—proton (pp) collisions is a crucial element of the CERN LHC physics
programme and provides precise tests of the Standard Model (SM). At the LHC, top quarks
are produced mostly in quark—antiquark pairs (#¢). For this production mode, precise pre-
dictions at next-to-next-to-leading order (NNLO) in perturbative quantum chromodynam-
ics (QCD) including resummation of next-to-next-to-leading-log (NNLL) soft-gluon terms
are available [2-7]. Consequently, precise measurements of the ¢t production cross-section
(0,7) may reveal contributions from non-SM processes that modify o,;, such as those in
supersymmetric models with R-parity conservation [8]. Moreover, measurements of o,; can
provide constraints on essential parameters of the SM, such as the top-quark pole mass
(mP°'®) and the strong coupling (as), and on parton distribution functions (PDFs).

The predicted tt production cross-section in pp collisions depends on the PDF set.
Table 1 shows the predictions for the NNLO PDF sets CT14 [9], MMHT14 [10], and

NNPDF3.INNLO_ ascorr_notop (referred to as NNPDF3.1_a) [11].} The precision of the

'The PDF sets NNPDF3.1_a and CT14 do not include any top-quark-related measurements, such that
any potential bias can be avoided when using them together with the combined cross-sections to extract
a top-quark mass and the strong coupling. The MMHT14 PDF set does include information from the t¢
cross-section at the LHC (but no alternative PDF sets were provided by the authors).



PDF set o (Vs =TTeV) [pb] o4 (/s =8 TeV) [pb] Rg/7

CT14 181.7 1195 258.9 T1%% 1.425 5007
MMHTI14 181.2 11 258.1 123 1.424 +0008
NNPDF3.1_a 178.8 T8 255.3 7195 1.428 £9:005

Table 1. Predicted ¢t production cross-sections at different centre-of-mass energies and for different
PDF sets. The uncertainties comprise PDF and ag uncertainties as well as uncertainties in the
renormalisation and factorisation scales. The ratio of the predicted ¢t production cross-sections at
Vs =8 TeV and 7 TeV, Rg /7, is also shown. NNPDF3.1_a is a version of this PDF set containing
no top-quark measurements.

prediction depends on the uncertainties in the PDF set, the dependence of the PDF set
and the calculation on ag, and the choice of factorisation and renormalisation scales. These
predictions are calculated at NNLO+NNLL accuracy in QCD for a top-quark pole mass of
172.5 GeV with Top++ [12]. The quoted scale uncertainty is derived from the envelope
obtained by independently varying the renormalisation and factorisation scales from mY ole
by factors of 0.5 and 2.0. Variations where these scales differ from each other by a factor
of more than two are not included.

Measurements of o,; were performed previously by the ATLAS [13] and CMS [14]
Collaborations at /s = 7 TeV and 8 TeV in various decay channels [15-28]. Each top
quark decays almost exclusively into a W boson and a b-quark. The subsequent decays
of the W bosons define the tt final-state topology to be either fully hadronic, with one,
or with two leptonic decays. In this paper, ATLAS and CMS present a combination of
their most precise measurements of o,; in pp collisions at /s = 7 and 8 TeV, obtained
using tt decays into electron—muon (eu) pairs [15, 19]. The final-state topology of this
decay mode is defined by the two leptons of opposite charge and different flavour, two jets
which are identified as originating from final-state b-quarks (b-tagged jets), and missing
transverse momentum from the undetected neutrinos. This final state also includes small
contributions from W — 7, with subsequent leptonic 7 decays. The combined o, values
are then used to extract mfde and ag through comparison with NNLO+NNLL predictions
for various PDF sets.

The individual input measurements are briefly summarised in sections 2 and 3. The
combination method and the correlation assumptions used for the systematic uncertainties
from ATLAS and CMS are described in section 4. The combined results are presented in
section 5, along with the extraction of m} ° and as. The summary and conclusions can be
found in section 6.

2 ATLAS measurements

The most precise measurements of the inclusive ¢t cross-section in pp collisions at /s = 7
and 8 TeV from the ATLAS Collaboration used events with an opposite-charge ey pair and
one or two b-tagged jets [15]. The ¢t production cross-section was determined by counting
the numbers of opposite-charge ey events formed from an isolated electron and isolated
muon with exactly one (N7) or with exactly two (N2) b-tagged jets. A working point of



70% efficiency for tagging b-jets from top-quark decays, corresponding to a rejection factor
of about 140 against light-quark and gluon jets, was used. The two event counts can be
expressed as

Ny = Loy 6€M26b(1 — Cpep) + Nf)kg,
Ny = Loy Eeu0b6b2 + N;kg, (2.1)

where L is the integrated luminosity of the sample and e, is the efficiency for a ¢t event
to pass the opposite-charge ep preselection. The combined probability for a jet from the
quark ¢ in the t — Wq decay to fall within the acceptance of the detector, be reconstructed
as a jet with transverse momentum pp > 25 GeV and pseudorapidity || < 2.5, and be
tagged as a b-jet, is denoted by €. If the decays of the two top quarks and the subsequent
reconstruction of the two b-tagged jets are completely independent, the probability to tag
both b-jets is given by €,2. In practice, small correlations are present for both physical and
instrumental reasons, and these are taken into account with the b-tagging correlation factor
Cy. This correlation factor is close to unity such that a value greater than one corresponds
to a positive correlation (i.e., where a second jet is more likely to be selected if the first one
is already selected). The background sources also contribute to the event counts N and
Ny. These contributions are represented by the terms N}) k8 and N; 8 The preselection
efficiency €., and tagging correlation Cj were taken from t¢ event simulation, assuming
a top-quark mass of 172.5 GeV, and the background contributions N}) k8 and N; ke wwere
estimated using a combination of simulation and data-driven methods, allowing the two
equations in eq. (2.1) to be solved for o,; and ¢, independently for 7 and 8 TeV. The
effect of the small contributions from ¢t production in association with other heavy-flavour
quarks (cc or bb) was absorbed into Cj.

The largest systematic uncertainties in these measurements came from ¢t modelling,
PDFs, and imperfect knowledge of the integrated luminosities. A summary of the uncer-
tainties in o,; is shown in table 2. The uncertainty from each source was evaluated by
repeatedly solving eqs. (2.1) with all their parameters simultaneously changed according
to the parameter’s dependence on a variation of +1 standard deviation (o) of that particu-
lar source. Correlated effects of the parameters variations on the measurements were thus
taken into account. The total uncertainties in o,; and €, were calculated by adding the
statistical uncertainties and effects of all the individual systematic components in quadra-
ture, assuming them to be independent. In order to facilitate the combination with the
CMS measurements, several ATLAS uncertainties are merged in quadrature compared to
the list of uncertainties presented in ref. [15].

The cross-sections were measured to be

o4 (Vs =TTeV) = 182.9 £+ 3.1 (stat.) 4.2 (exp.+theo.) + 3.6 (lumi.) pb and
o (Vs =8TeV) = 242.9 + 1.7 (stat.) £ 5.5 (exp.+theo.) £ 5.1 (lumi.) pb,

where the three uncertainties arose from the statistical power of the data, experimental
and theoretical systematic effects, and imperfect knowledge of the integrated luminosity,
respectively. Although included in the original references, the LHC beam energy uncer-
tainty is not used in the combination presented in this paper due to its reduced value as



ATLAS Merged uncertainty [%]

Source 7 TeV 8 TeV
Trigger 0.2 0.2
Lepton (mis-)ID/isolation 0.9 0.8
Lepton energy scale 0.3 0.5
JES flavour composition/specific response 0.2 0.4
JES modelling 0.04 0.2
JES central /forward balance 0.03 0.1
JES pile-up 0.03 0.2
Other JES 0.03 0.2
Jet energy resolution 0.3 0.5
b-jet ID 0.4 0.4
b-jet mis-ID 0.02 0.02
tW background 0.8 0.8
Drell-Yan background 0.05 0.02
Diboson background 0.1 0.1
tt scale choice 0.3 0.3
tt generator modelling 1.4 1.2
PDF 1.0 1.1
Integrated luminosity 2.0 2.1
Statistical 1.7 0.7
Total uncertainty 3.5 3.2

Table 2. Summary of the relative statistical, systematic and total uncertainties in the ATLAS
measurements of the ¢¢ production cross-section, oz, at /s = 7 and 8 TeV from ref. [15], where ID
stands for identification and JES for jet-energy scale. The grouping of the systematic uncertainties
is modified with respect to ref. [15] to allow for the combination with the CMS measurements.

shown in refs. [29, 30].2 The results are consistent with theoretical QCD calculations at
NNLO-+NNLL accuracy.

3 CMS measurements

The CMS measurements of o,; at /s = 7 and 8 TeV were based on a binned likelihood fit
to final-state observables and were also performed in the ey channel [19]. All events with an
oppositely charged pair formed from an isolated electron and isolated muon were divided
into three categories in b-tagged jet multiplicity (V). The event counts in the categories
with exactly one or two b-tagged jets were expressed using eq. (2.1). The remaining events
were assigned to a category with either zero or more than two b-tagged jets (N >3), for
which the event count was given by

No»3 = Loy eeu — (N1 — NY'¥) — (Ny — Ny®) + N, (3.1)

where N(])D’ I;g?) is the number of background events in the category with either zero or more
than two b-tagged jets. For b-tagging, a high-purity working point with a 0.1% average

2This was a 1.8% uncertainty in the ¢ cross-section value for a 0.66% uncertainty in beam energy, while
the beam energy is now known to an accuracy of 0.1%.



misidentification rate for light-flavour quark and gluon jets was used, such that the con-
tribution from events with three or more b-tagged jets in this category is negligible. The
variables €., Cp, and €, in egs. (2.1) and (3.1) were centred at the values predicted by the
simulation and varied according to the uncertainties assigned to the simulation as opposed
to determining €, and o,; by solving the equations as is done for the ATLAS measurement.

In each N, category, the events were further categorised according to the number
of additional non-b-tagged jets. The cross-section extraction was performed treating all
systematic uncertainties as nuisance parameters in a binned profile likelihood fit. As input
to this fit, the p distribution of the lowest-pt additional jet was used, if present, to
tighten the constraints on jet-energy scale (JES) uncertainties. In subcategories with zero
additional jets, only the total event yield was fitted. The cross-sections were determined
simultaneously at /s = 7 and 8 TeV. For this purpose, systematic uncertainties partially
correlated between /s = 7 and 8 TeV were split into a correlated component and two
uncorrelated contributions, one for each centre-of-mass energy. Uncertainties were only
constrained in the fiducial phase space defined by the kinematic acceptance for the ey pair.
Additional uncertainties were assigned to the extrapolation to the full phase space and were
added in quadrature. The largest contributions to the total uncertainty stem from trigger
and lepton efficiencies, the Drell-Yan background modelling, and imperfect knowledge of
the luminosity.

The final results, assuming a top-quark mass of 172.5 GeV, were

(exp.+theo.) &+ 3.8 (lumi.) pb and

o, (5 =TTeV) = 173.6 & 2.1 (stat.) "}
82 (exp.+theo.) & 6.4 (lumi.) pb,

o (/5 =8TeV) = 244.9 £ 1.4 (stat.) 2’

where the uncertainties arose from the statistical power of the data, experimental and
theoretical systematic effects, and imperfect knowledge of the integrated luminosity, re-
spectively. As a result of the combined fit of the nuisance parameters and cross-sections,
correlations were introduced among all fitted parameters, described by a covariance matrix
which included the uncertainties in the nuisance parameters as well as the uncertainties in
the cross-sections. For illustration, the impact of groups of related uncertainties is sum-
marised in table 3. The impact of each group of systematic uncertainties was estimated
by fixing the corresponding parameters to their best-fit values, repeating the combina-
tion to assess the remaining uncertainty, and hence the size of an uncorrelated additional
uncertainty that would reproduce the original total uncertainty. The latter estimate was
taken as the impact of that uncertainty group, and only served as an illustrative esti-
mate, since the full information is only contained in the full covariance matrix. For the
statistical component, all nuisance parameters were fixed to their best-fit value and the
remaining uncertainty contribution from statistics alone was evaluated. The results are in
good agreement with theoretical QCD calculations at NNLO-+NNLL accuracy.

4 Combination method and assumptions

The CMS measurement was performed with simultaneously profiled uncertainties, leading
to non-negligible post-fit correlations between them. Commonly used BLUE combination



CMS Uncertainty [%]

Source 7TeV 8 TeV
Trigger 1.3 1.2
Lepton (mis-)ID /isolation 1.5 1.5
Lepton energy scale 0.2 0.1
JES total 0.8 0.9
Jet energy resolution 0.1 0.1
b-jet ID 0.5 0.5
b-jet mis-1D 0.2 0.1
Pile-up 0.3 0.3
tW background 1.0 0.6
Drell-Yan background 14 1.3
Non-ep tt 0.1 0.1
ttV background 0.1 0.1
Diboson background 0.2 0.6
W+jets/QCD background 0.1 0.2
tt scale choice 0.3 0.6
ME/PS matching 0.1 0.1
ME generator 0.4 0.5
Hadronisation (JES) 0.7 0.7
Top-quark pt modelling 0.3 0.4
Colour reconnection 0.1 0.2
Underlying event 0.1 0.1
PDF 0.2 0.3
Integrated luminosity 2.2 2.6
Statistical 1.2 0.6
tt scale choice (extrapolation) ol to2
ME/PS matching (extrapolation) 31 +os
Top-quark pr (extrapolation) o e
PDF (extrapolation) ] ]
Total uncertainty a8 a7

Table 3. Ilustrative summary of the individual contributions to the total uncertainty in the CMS
tt cross-section measurements from ref. [19], where ID stands for identification, JES for jet-energy
scale, ME for matrix element and PS for parton shower.

techniques [31, 32] provide no method to account for these correlations, and it is known
that neglecting these correlations can lead to severe biases and incorrect uncertainty esti-
mates [33]. Therefore, the combination is performed using an algorithm which allows the
consistent modelling of these correlations, implemented in the software tool Convino [33]
using the covariance matrices of the individual measurements. It is performed using a
Pearson x? [34] minimisation, where the systematic uncertainties are represented by nui-
sance parameters. The x? is defined using three terms: one representing the results of each



measurement and their statistical uncertainties, another one describing the correlations
between the nuisance parameters and constraints on them from the data for each measure-
ment, and finally a term incorporating prior knowledge of the systematic uncertainties and
the assumed correlations between uncertainties, modelled by a multivariate Gaussian with
non-zero correlations. The method takes as input the full covariance matrix provided by
CMS, in addition to the publicly available data. For the ATLAS measurements, where the
systematic uncertainties are unconstrained in the fit procedure, the uncertainties are either
fully correlated or uncorrelated between /s = 7 and 8 TeV, and the correlated uncertainty
sources are modelled by a single parameter per source.

The covariance matrix C for a measurement can be expressed using four components

U kT
o= (i)

where the first diagonal block matrix U describes the (co)variance of the nuisance parame-
ters representing the systematic uncertainties. In the ATLAS case it is an identity matrix
since the parameters describing the uncertainties are uncorrelated and are normalised to
unity. A second block M describes the measured cross-sections, and also has diagonal form,
with entries representing the variance of the individual measurements. The last part of the
matrix, denoted by x, describes the impact of a 1o variation of a nuisance parameter on
each of the cross-section measurements. The asymmetric extrapolation uncertainties in the
CMS measurements have not been part of the fit to the data. These uncertainties are sym-
metrised by taking the maximum absolute impact as the symmetric uncertainty and are
incorporated into the CMS covariance matrix using the same procedure. The components
of the covariance matrix C' as well as the covariance matrix of the CMS input measurement
are available in HEPdata [35].

In this representation, the combination can be performed accounting for the correla-
tion between the measurements as well as for the correlations and constraints within each
individual measurement. For this purpose, the constraints from the data are separated
from the prior assumptions on the nuisance parameters within Convino. These prior as-
sumptions are assumed to follow a Gaussian distribution and express the range of a 1o
variation of the respective parameters within the profile likelihood fit. After separating
these terms, the individual y? terms of the ATLAS and CMS measurements are combined.
The Gaussian terms are reintroduced through a covariance matrix in which the assumed
correlations between the systematic uncertainties from the ATLAS and CMS measurements
are also included. A more detailed description of the method, including a validation based
on pseudo-experiments, can be found in ref. [33].

4.1 ATLAS and CMS systematic uncertainties

The differences in the sizes of the systematic uncertainties between the input ATLAS and
CMS measurements (tables 2 and 3) arise from differences in the analysis methods and in
the trigger and event selections. Full descriptions of each of the systematic uncertainties
used in the individual measurements are available in refs. [15, 19]. As mentioned above,
in order to facilitate the combination with the CMS measurements, several of the original



ATLAS uncertainties are merged through summation in quadrature, while taking into
account the correlations between the ATLAS /s = 7 and 8 TeV uncertainties. Given that
all CMS uncertainties are all to some degree correlated, it is not possible to sum them into
groups by adding them in quadrature. Instead, each component, or set of components has
to be correlated with the corresponding merged uncertainty in the ATLAS measurement
as described in the following section.

4.2 Correlation assumptions

Several systematic uncertainties are assumed to be correlated between the ATLAS and CMS
measurements. The correlation assumptions used in this combination are summarised in
table 4. For each correlated systematic uncertainty, except that in the integrated luminos-
ity, the level of correlation is set to be one of the following values: LOW (0.25), HALF (0.5),
HIGH (0.75) and FULL (1.0). Moreover, the correlations have also been scanned, one at
a time, in a range around the given assumption value, bounded by the adjacent levels of
correlation, e.g., two parameters correlated with a correlation coefficient of 0.5 are scanned
from 0.25 to 0.75. No such variation changes the results significantly. The largest change
originates from the luminosity correlation coefficient, which changes the total uncertainty
by only 0.15% when increased from 0.1 to 0.25. In cases where the sign of the correlation
could not be determined unambiguously, the sign that maximises the total uncertainty of
the combined result is chosen. This is the case for the correlation of, e.g., the matrix-
element generator uncertainty of the CMS measurement with the generator uncertainty of
the ATLAS result. Therefore, a conservative estimate is used in these cases.

Trigger: ATLAS uses single-lepton triggers, while CMS only considers dilepton triggers
(ew). In addition, the techniques used to derive the trigger efficiencies are very different: in
the case of ATLAS, the single-lepton trigger efficiencies are measured using tag-and-probe
techniques, while for CMS, the efficiencies are derived from an orthogonal set of trigger
paths based on missing transverse momentum. Therefore, the trigger uncertainties are
considered to be uncorrelated.

Lepton-related uncertainties: for both the ATLAS and CMS measurements, the lep-
ton energy scale, resolution, identification and isolation efficiencies are studied using Z —
ee/pp, J/VU — ee/pp, and W — ev events. Parts of the corresponding uncertainties are
detector- and algorithm-specific; however, other parts are systematic uncertainties related
to the measurement methods, which are similar for the two experiments. Therefore, the
correlation is considered to be HALF for the lepton-related uncertainties.

Jet-energy scale: the correlations between the JES uncertainties from ATLAS and CMS
follow the guidelines explained in refs. [36, 37]. Many components of the uncertainties,
such as statistical and detector-related uncertainties from in situ techniques, pile-up un-
certainties, high-pt uncertainties, and jet fragmentation energy scale uncertainties, are
considered uncorrelated, including the ATLAS b-jet energy scale uncertainty. Three re-
maining components are taken as partially correlated. The first component refers to the
JES flavour composition uncertainties. These account for the flavour composition of the



ATLAS merged uncertainties Value CMS uncertainties

Lepton ID and energy resolution HALF Lepton ID and energy resolution
HIGH JES flavour composition
JES flavour composition/specific response —LOW  b-jet fragmentation tune

LOW  b-jet neutrino decay fraction
HALF JES: AbsoluteMPFBias 7 TeV
HALF JES: AbsoluteMPFBias 8 TeV
HIGH JES: RelativeFSR 7 TeV
HIGH JES: RelativeFSR 8 TeV
HIGH tW single top quark correlated
tW background LOW  tW single top quark 7 TeV
LOW tW single top quark 8 TeV
HIGH Diboson correlated
Diboson LOW  Diboson 7 TeV
LOW Diboson 8 TeV
HALF  tt scale choice
HALF  tt scale choice (extrapolation)
LOW  Top-quark pr
LOW  Top-quark pr (extrapolation)
—LOW ME generator
tt generator LOW ME/PS matching
LOW ME/PS matching (extrapolation)
—LOW  Colour reconnection
—LOW  Underlying-event tune
Each PDF CT10 eigenvector FULL Each PDF CT10 eigenvector
Integrated luminosity 0.1 Integrated luminosity

JES modelling

JES central /forward balance

tt scale choice

Table 4. Assumed correlations between ATLAS and CMS systematic uncertainties. The assigned
sign is based on the nature of the systematic uncertainty (e.g., minus for an ‘up’ variation in the
ATLAS measurement that corresponds to a ‘down’ variation in the CMS measurement due to
conventions within the collaborations). If the sign is ambiguous, the sign maximising the total
uncertainty in the combined cross-section is chosen. Any uncertainties not included in the table are
considered uncorrelated.

jets and the calorimeter response to jets of different flavours. In addition, for the CMS
measurement, a variation of the b-hadron neutrino decay fraction as well as a variation
of the b-quark fragmentation tune is also performed, which is assigned a LOW correlation
with the flavour-dependent jet response in the ATLAS analysis. In this case, the sign of the
chosen correlation coefficient cannot be determined unambiguously. Therefore, a negative
correlation, which maximises the total uncertainty in the combined values, is chosen. The
second component includes the CMS Absolute MPF Bias, which refers to the part of the ab-
solute JES uncertainty related with the pp-dependent calibration coming from a potential
bias in the Missing Projection Fraction (MPF) method [37]. The corresponding merged
uncertainty in ATLAS is estimated with a mix of the same MPF method and a method
using pr-balance between a jet and either a Z or -y reference object in the central n region;
this uncertainty is referred to as JES modelling. The recommended correlation between



ATLAS and CMS from refs. [36, 37] for this uncertainty is between 0 and 0.5, therefore
the correlation assigned is HALF.

The third component includes the CMS Relative 'SR, which refers to the part of the rel-
ative JES uncertainty related to the n-dependent calibration and comes from the modelling
of the final-state radiation effects. ATLAS refers to this transferring of the calibration to
the forward region as JES central/forward balance (also referred to as the n-intercalibration
modelling in some references). The recommended correlation between ATLAS and CMS
from refs. [36, 37] for this uncertainty is between 0.5 and 1.0. This component is considered
uncorrelated between /s = 7 and 8 TeV in the case of the CMS measurements, and it is
considered correlated between /s = 7 and 8 TeV for the ATLAS measurements. Because
of this inconsistency between the two experiments, the highest correlation which does not
lead to a non-positive-definite covariance matrix is 0.7 (HIGH), which is used in this com-
bination. The effect of this choice is negligible since the contribution from RelativeFSR
uncertainties is below 5% of the total uncertainty for each input measurement.

b-jet identification: the b-jet identification uncertainties also include uncertainties due
to c-jet, light-flavour jet and gluon jet identification. In the ATLAS measurement, the b-jet
identification efficiencies for signal events are determined in situ by solving eq. (2.1), conse-
quently uncertainties affect the background contributions and the b-tagging correlation Cy,
both derived from simulation. In the CMS measurement, the b-jet identification efficien-
cies are corrected by comparing efficiencies in data and simulation using a combination of
several independent methods and calibration samples [38]. Therefore, these uncertainties
are considered to be uncorrelated.

Backgrounds: the ATLAS tW background uncertainty is the combination of four sep-
arate uncertainties assessed in the original ATLAS measurement: an uncertainty in the
tW cross-section, an uncertainty associated with the scheme handling the tW and tt in-
terference, an uncertainty from the impact of initial- and final-state radiation on the tW
background, and an uncertainty from the generator used to simulate the tW background.
For both the tW background and the diboson background, CMS includes an uncertainty
component which is correlated between the measurements at /s = 7 and 8 TeV since
Monte Carlo (MC) simulations are used to estimate the uncertainties from these back-
grounds. This component is assigned a HIGH correlation with the corresponding ATLAS
uncertainty because both experiments use a method relying on simulation. In addition, an
uncertainty component specific to each centre-of-mass energy is used in the CMS measure-
ment, for example related to using different MC parameters and parton shower tunings
in the event generation for those backgrounds. This latter component is assigned a LOW
correlation with the corresponding ATLAS uncertainty. Finally, due to the different event
selections employed by ATLAS and CMS, the contributions from the Drell-Yan background
are also different and in both analyses partly constrained by data control regions. The un-
certainties associated with this background are considered as uncorrelated between ATLAS
and CMS.

~10 -



tt modelling: the scale uncertainty refers to the uncertainties estimated by varying the
factorisation and renormalisation scales in the ¢t signal simulation by a factor of two. AT-
LAS uses the POWHEG BOX [39-41] generator where the default scale is defined using the
top-quark mass and transverse momentum as Q? = m? + p2T7t while CMS uses the MAD-
GRAPH [42] generator where the default scale is Q% = m? + Xp3, where the sum runs over
all additional final-state partons in the matrix-element calculations. Due to this slightly
different Q2 definition and also due to the fact that ATLAS varies the scales indepen-
dently while CMS varies them simultaneously, the correlation is assumed to be HALF.
The tt generator uncertainty corresponds in the ATLAS case to comparing a sample of
tt events generated with POWHEG BoX interfaced to PYTHIA 6 [43] with a sample gener-
ated with MCQNLO [44, 45] interfaced to HERWIG [46], thereby incorporating different
matrix-element treatments as well as different parton shower and hadronisation modelling.
In the CMS case, the equivalent uncertainty was calculated by varying relevant parameters
within the MADGRAPH generator. In addition to affecting the fit of the cross-section in the
fiducial phase space, these variations are applied a second time when extrapolating to the
full phase space. Since both methods address similar physical effects it is expected that
the tt modelling uncertainties will be somewhat correlated; however, since the methods
and generators used to obtain them are different, the correlation is assumed to be LOW.
Another contribution to the modelling uncertainties is the variation of the underlying-event
and colour-reconnection tunes, as well as a comparison between different matrix-element
generators and the reweighting of the simulated top-quark pr spectrum to match the one
observed in data in the case of the CMS measurement. These individual sources are as-
signed a LOW correlation with the combined ATLAS generator uncertainty. Also, here
the sign of some components is chosen such that the total uncertainty is maximised.

PDF: for the purpose of the combination, the ATLAS ¢t PDF uncertainty is split into
two components: an uncertainty from the CT10 eigenvectors only, which is considered
fully correlated with the CMS PDF CT10 uncertainties, and a remainder PDF uncertainty
(from MSTW2008 and NNPDF2.3) which is uncorrelated with the CMS PDF uncertainty.
The sum in quadrature of these two ATLAS components equals the original ATLAS PDF
uncertainty.

Integrated luminosity: the integrated-luminosity uncertainty affects the determination
of the signal yield and most background yields. This uncertainty is assumed to be uncor-
related between the /s = 7 and 8 TeV data by both the ATLAS and CMS measurements
as well as in the combination. For the /s = 7 TeV (8 TeV) running period, the lumi-
nosity uncertainty for ATLAS is 1.8% (1.9%) [47, 48], with 1.5% (1.2%) estimated from
the van der Meer scan analysis and 0.9% (1.5%) from the long-term luminosity monitor-
ing and the transfer of the luminosity scale from the van der Meer regime to the physics
regime. For CMS the uncertainties are 2.2% (2.6%) for 7 TeV (8 TeV) [49, 50], of which
1.8% (2.3%) is estimated from the van der Meer scan analysis, and 1.2% (1.2%) from the
luminosity-monitoring uncertainty. The uncertainty estimated from the long-term luminos-
ity monitoring is detector-specific and thus uncorrelated between ATLAS and CMS. The
uncertainty estimated from the van der Meer scan analysis is partially correlated. For the
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Figure 1. Measured tt production cross-sections at /s = 7 and 8 TeV compared with predictions
using different PDF sets. NNPDF3.1_a is a version of this PDF set containing no top-quark
measurements. The shaded bands represent the total uncertainties in the predictions.

Vs =7 TeV (8 TeV) running period, the correlated components amount to 0.5% (0.6%)
and 0.5% (0.7%) for ATLAS and CMS, respectively; they arise from the measurement of
the bunch intensities based on a common device, the correction for beam-to-beam-induced
biases extracted from a common simulation, and the models used to fit the visible interac-
tion rate as a function of the separation between the beams, referred to as beam modelling.
Taking into account the covariance matrix built from those correlations, the resulting cor-
relation coefficients are computed to be 0.065 for the 7 TeV running period and 0.085 for
the 8 TeV running period. Both values are rounded to 0.1 for this combination.

5 Results

5.1 Cross-section combination

The combination of the cross-sections is performed simultaneously at /s = 7 and 8 TeV,
such that the corresponding correlations are taken into account. The resulting cross-
sections are

o7 (/s =TTeV) = 178.5+ 4.7 pb
o7 (/s = 8TeV) = 243.3789 pb,

with a correlation between the /s = 7 and 8 TeV values of p = 0.41 and minimum Pearson
x? of 1.6 for two degrees of freedom. A comparison of the combined result with the input
measurements and the prediction using different PDF sets is shown in figure 1.

The impact of individual groups of uncertainties on the combined results is estimated
as is done for the CMS input measurement, described in section 3. The resulting impacts
are listed in table 5. The integrated luminosity is still the dominant uncertainty although
its impact is reduced by up to 35% compared to the individual results. The statistical
uncertainty is reduced by up to 40% by the combination. The next largest uncertainty
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Uncertainty Ao (7 TeV) (%] Aoyz(8 TeV) [%]

Trigger 0.6 0.5
Lepton (mis-)ID, isolation and energy 1.0 0.9
JES flavour composition 0.4 0.4
JES modelling < 0.1 0.1
JES central /forward balance 0.2 0.2
b-jet (mis-)ID 04 04
Pile-up 0.2 0.2
tW background 0.8 0.6
Drell-Yan background 0.7 0.4
Diboson background 0.2 0.4
tt generator 0.8 0.8
tt scale choice 0.4 0.4
PDF 04 0.3
Integrated luminosity 1.7 1.7
Statistical 1.0 0.4
Total uncertainty 2 t2e

Table 5. Illustration of the impact Acy;/0,; of the dominant groups of systematic uncertainties
on the combined cross-sections at /s = 7 and 8 TeV.

in the ATLAS measurement was the tt generator uncertainty, which is reduced by 40%
by the combination, while for CMS the next largest uncertainty was associated with the
lepton ID and energy, and is also reduced by up to 40% by the combination. Overall,
the nuisance parameter constraints are similar to the ones coming from the CMS input
measurement. The observed reduction of the luminosity uncertainty on the combined
cross-section is consistent with the expected reduction factor for this weighted average,
given the magnitude of the correlated and uncorrelated components of the ATLAS and
CMS luminosity measurements. Relative to the most precise input measurements, the
combination improves the precision by 25% (28%) at /s = 7 TeV (8 TeV), and therefore
the combined results are the most precise measurements of the inclusive tt cross-section
to date at those centre-of-mass energies. The experimental uncertainty is smaller than
the theoretical uncertainty of the NNLO+NNLL predictions for the corresponding cross-
sections.
The ratio of the cross-section at /s = 8 TeV to that at 7 TeV is determined to be

Rgy7 = 1.363 £ 0.015 (stat.) £ 0.028 (syst.),

based on the fitted values of the individual cross-sections, and accounting for the correlated
uncertainties.

The measured ratio is compared with predictions using different PDF sets in figure 2.
Since correlated uncertainties cancel out in the ratio, uncorrelated sources, such as the
statistical uncertainty, play a larger role. The cross-section ratio therefore benefits most
from the combination, with the precision improving by 45% relative to the most precise
input measurements. Both the individual cross-sections and their ratio are in agreement
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Figure 2. Measured ratios of the tt production cross-sections at /s = 7 and 8 TeV compared
with predictions using different PDF sets. NNPDF3.1_ a is a version of this PDF set containing no
top-quark measurements. The shaded bands represent the total uncertainties in the predictions.

with the SM prediction. The level of agreement observed when comparing the measured
7 TeV cross-section, the 8 TeV cross-section and the ratio with the corresponding pre-
dictions is found to be 0.30, 1.00 and 1.9¢ respectively, using mP*'® = 172.5 GeV, the
CT14 PDF, and taking into account the uncertainties in the combined cross-sections and
the predictions. The uncertainties in the predicted ratios include the effects on the cross-
section calculations from the renormalisation and factorisation scale uncertainties (treated
as correlated between /s = 7 and 8 TeV), the PDF uncertainty (the ratio is evaluated
for each individual PDF eigenvector and the relevant prescription for the given PDF set
is applied), as(mz) = 0.118 + 0.001, and a top-quark pole mass uncertainty of 1.0 GeV
with 172.5 GeV as the central value (both treated as fully correlated between /s = 7 and
8 TeV). The predicted ratio’s uncertainty is smaller than the uncertainty in the measured
ratio since those effects mostly cancel out in the ratio, and it is dominated by the PDF
uncertainty, while variations of the pole mass and as(mz) do not contribute significantly

to the predicted ratio’s uncertainty (also described in ref. [51]).

5.2 Top-quark pole mass and strong coupling

The predicted value of the inclusive cross-section for ¢t production is very sensitive to
m?de and as(myz). The estimates of m} % and ag(my) from the inclusive cross-section
measurement are fully correlated. Therefore, the measured cross-sections can only be used
to extract a measurement of ag(myz) by using an assumed value for m?de and vice versa.
Either parameter can be determined by comparing the combined cross-sections with their
predictions as a function of that parameter while fixing the other. While a few percent
change in ag(my) in the matrix-element calculation leads to a negligible change in the mea-

sured cross-section, the extrapolation to the full phase space has a mild residual dependence
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of the order of 0.2% per GeV on the top-quark mass for both the ATLAS and CMS measure-
ments. The parameterisation of this dependence is different for each experiment, although
the dependence is almost identical for mP*® between 170 and 180 GeV. To account for
the different functional forms, the combination is performed assuming top-quark masses of
166.5 GeV and 178.5 GeV, in addition to the nominal value of 172.5 GeV. For each of the
three mass points, weights for the ATLAS and CMS measurements are determined based
on their contribution to the combination at that mass point. The weights at other mass
points are interpolated or extrapolated linearly from the values at the reference points. The
final parameterisation used for the parameter extraction is calculated as a weighted mean
of the ATLAS and CMS parameterisations, using the weights from this linear interpolation
or extrapolation. The relative uncertainty in the combined results is also interpolated or
extrapolated linearly over the mass range, and is almost constant. Finally, the ambiguities
in the interpretation of the top-quark mass involved in MC and fixed-order calculations
imply an additional uncertainty obtained by shifting the mass in the acceptance depen-
dence by £1.0 GeV [53]. Due to the mild dependence of the measurements on this mass
assumption, this contribution is negligible in the final result.

The predicted dependence of the ¢t cross-section on the top-quark pole mass is evalu-
ated using TOP++4, assuming ag(myz) = 0.118 as a baseline. The dependence is derived
using ten mass points. In addition, the prediction is evaluated for five different values of
as(my), assuming mP'® = 172.5 GeV, by varying as(my) consistently in the PDF and the
calculation. In each case the cross-section is fitted with a fourth-order polynomial. The
relative effects of these variations are assumed to be independent. The comparisons with
the combined cross-sections are shown in figure 3. The relative variations with mP*® and
as(my) are very similar for different PDF sets and the mild dependence of the measured
cross-sections on mP*® is visible.

The values of as(myz) and meIe are extracted from the combined cross-sections using
a x? minimisation technique. The y? is defined as

1 .
= p (A(? TeV)? + A(8 TeV)? — 2pA(7 TeV)A(S TeV)) ,with  (5.1)
ole ole

and where o} is the predicted ¢t cross-section as a function of m} 1 and as(myz), o7 (mP")

is the measured cross-section with a residual pole mass dependence, § represents the ex-
perimental uncertainty of the combined cross-section, and p is the correlation coefficient
(0.41) between the combined cross-section values. The uncertainties in the ¢t cross-section
prediction from each renormalisation and factorisation scale and PDF eigenvector variation
are propagated to the final result by re-extracting the top-quark pole mass with different
assumptions about the scales and PDF. The total scale uncertainty is determined from
the envelope of its individual contributions, and the total PDF uncertainty is calculated
using the prescription of the corresponding PDF set. For the case of the CT14 PDF
set, the uncertainties are rescaled to 68% CL, as appropriate for this PDF set. Figure 4

shows the constraints in the as(mz)-mP®® plane from the combined cross-sections. The
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Figure 3. Dependence of the predicted cross-section and the combined measured cross-section on
(a) the top-quark pole mass mP°' and (b) the strong coupling as(mz). The prediction is evaluated
for three different PDF sets and assumes (a) ag(mz) = 0.11840.001 or (b) mP*'® = 172.541.0 GeV.
NNPDF3.1_a is a version of this PDF set containing no top-quark measurements. The uncertainty
bands include the effects of the uncertainties in the combined cross-sections (interpolated or extrap-
olated linearly from the values at the reference points) and of the factorisation and renormalisation

scale and PDF uncertainties in the predicted cross-sections.
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Figure 4. Dependence of the top-quark pole mass, m} Ole, on the assumed value for the strong cou-

pling, as(myz), including constraints from the combined measured cross-sections for three different
PDF sets. NNPDF3.1_a is a version of this PDF set containing no top-quark measurements. The

shaded band represents the 68% CL uncertainty on the extracted as(myz) when fixing mfde and

on mf(ﬂe when fixing as(mz). The uncertainty bands include the effects of the uncertainties in the
combined cross-sections and of the renormalisation and factorisation scale and PDF uncertainties

in the predicted cross-sections.

uncertainty bands include the effects of the uncertainties in the combined cross-sections
and of the renormalisation and factorisation scale and PDF uncertainties in the predicted
cross-sections.

The dependence shown in figure 4 is used subsequently to extract either m?c’le or

as(myz). The confidence intervals cover the negligible difference that results from min-

imising eq. (5.1) with respect to m} °l° while stepping over values of s instead of min-
imising with respect to s while stepping over values of mP®®. Therefore, figure 4 can
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PDF set mpete as(myz)
(as = 0.118 £0.001) (my = 172.5 £ 1.0 GeV)

CT14 174.0 728 GeV 0.1161 +J:9059
MMHT2014 174.0 21 Gev 0.1160 0:0050
NNPDF3.1_a  173.4 18 Gev 0.1170 +9.0021

Table 6. Measured meIe and as(mz) values for each PDF set using the measured 7 and 8 TeV
combined cross-sections. NNPDF3.1_a is a version of this PDF set containing no top-quark mea-
surements.

be used to extract as(my) for a fixed value of mP® and vice versa. When extracting

mP ag(myz) = 0.118 + 0.001 is used, whereas when determining as(mz), mP is as-
sumed to be mP®® = 172.5 + 1.0 GeV. The corresponding results for each PDF set are
reported in table 6. These results represent the most precise determinations of as(myz)
at the scale of inclusive ¢t production (O(2m{ Ole)), being more precise than the previous
measurements reported by CMS in refs. [52, 54|, and are among the most precise top-quark
pole mass measurements. The results for mfde are compatible with the values reported in

refs. [15, 19].

6 Summary and conclusions

A combination of measurements of the inclusive t¢ production cross-section performed by
the ATLAS and CMS experiments at /s = 7 and 8 TeV is presented, accounting for
correlations between the measurements from different experiments as well as correlations
within the ATLAS and CMS measurements. The resulting cross-sections are

o (Vs =TTeV) = 178.5 4+ 4.7 pb
o7 (Vs =8TeV) = 2433789 ph.

The combined results improve on the precision of the most precise individual results by
25% at /s =7 TeV, and by 28% at /s = 8 TeV, making these combined results the most
precise measurements of the inclusive ¢t cross-section to date at those respective centre-
of-mass energies. The correlation between the combined cross-sections values is 0.41, and

their ratio is determined to be
Rg/7 = 1.363 & 0.032.

Furthermore, the combined values for o, are used to determine the top-quark pole mass
and the strong coupling by comparing them with the predicted evolution of o,; as a function
of m?OIe and as(myz), for different PDF sets. The measurement yields the most precise
values, mP'® = 173.4718 GeV (1.2% relative uncertainty) and ag(myz) = 0.1170+3992}
(1.8% relative uncertainty), when using the NNPDF3.1_a PDF set. The extracted as(my)

value is more precise than previous measurements performed using top-quark events.
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