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1 Introduction

The top quark is the heaviest fundamental particle discovered so far. It has a large mass and
a large decay width corresponding to a very short lifetime of about 10−25 s, a time which is an
order of magnitude shorter than the characteristic timescale on which bound state hadrons
form. With its unique properties, the top quark potentially carries key information that
may help to clarify many open questions in particle physics. The study of top quark pair
production (tt) is of crucial importance for precision tests of standard model (SM) predictions
and a window to beyond-the-SM physics that may vary the production cross section.

First measurements of the tt production cross section in proton-antiproton collisions
were made at the Tevatron at FNAL [1]. At the CERN LHC, the ATLAS, CMS, and
LHCb collaborations have performed further measurements in a variety of decay channels
at various proton-proton (pp) collision energies [2–12], as well as in proton-nucleus [13]
and nucleus-nucleus [14] collisions. Measurements at various centre-of-mass energies probe
different fractions of the proton longitudinal momentum carried by the gluon [15] and thus
can provide complementary information on the parton distribution functions (PDFs), in
particular on that of the gluon. In addition, the contributions of the gluon-gluon and
quark-antiquark diagram to the production cross section are expected to vary significantly
at different centre-of-mass energies, thus making measurements at different

√
s values an

important test of theoretical predictions [16].
The first measurement of the tt production cross section (σtt ) in pp collisions at√

s = 5.02 TeV, was performed by the CMS experiment combining the analyses of events with
final states containing one or two leptons (ℓ = electron or muon) and at least two jets, using
a data sample collected in 2015 that corresponds to an integrated luminosity of 27.4 pb−1 [2].
A distinct feature of that data sample is the low number of additional interactions per bunch
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crossing (pileup) with respect to the standard operating conditions of the LHC. From the
experimental side, this implies the important advantage of having a significantly cleaner
detector environment, which leads to better detection and reconstruction of the events than
in higher pileup scenarios. In 2017, the LHC performed a dedicated run of pp collisions at√

s = 5.02 TeV and CMS collected a data sample corresponding to an integrated luminosity
of 302 pb−1. Using these data, CMS obtained an improved measurement of σtt by analyzing
dilepton (e±µ∓) events [3]. The data collected during the same run with the ATLAS detector
was used to measure σtt in both the lepton+jets (a single lepton and additional jets) and
dilepton final states [4]. This paper presents a new CMS measurement of σtt using events
with one lepton and multiple jets and its combination with the measurement in the dilepton
final state contained in ref. [3] (σtt = 60.7 ± 5.8 pb), resulting in an improved precision of
the measured σtt . The cross section is obtained by performing a maximum likelihood fit to
several event categories. The fit is performed by simultaneously adjusting both the cross
section and the nuisance parameters associated to the systematic uncertainties.

This paper is organized as follows. A brief description of the CMS detector is given
in section 2. Section 3 describes the data used for the measurement, as well as the Monte
Carlo (MC) simulation samples, followed by the object reconstruction and event selection in
section 4. The background estimation methods are covered in section 5, and the systematic
uncertainties in section 6. Results are discussed in section 7, and the summary is given in
section 8. Tabulated results from this analysis are provided in the HEPData record [17].

2 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal
diameter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon
pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and
a brass and scintillator hadron calorimeter (HCAL), each composed of a barrel and two
endcap sections. Forward calorimeters extend the pseudorapidity (η) coverage provided by
the barrel and endcap detectors. Muons are detected in gas-ionization chambers embedded
in the steel flux-return yoke outside the solenoid. A more detailed description of the CMS
detector, together with a definition of the coordinate system used and the relevant kinematic
variables, can be found in refs. [18, 19].

3 Data and simulated samples

The measurement is performed using pp collision data collected at
√

s = 5.02 TeV with the
CMS detector during a low-energy and low-intensity LHC run in November 2017, correspond-
ing to a total integrated luminosity of 302 pb−1. The maximum instantaneous luminosity
delivered by the LHC during this period was L = 1.37 × 1033 cm−2 s−1, and the mean
pileup was 2, to be compared with the standard conditions in the 13 TeV run in 2017, where
L = 2.07 × 1034 cm−2 s−1, and the mean pileup was 33. Events of interest are selected using
a two-tiered trigger system [20, 21]. The first level (L1), composed of custom hardware
processors, uses information from the calorimeters and muon detectors to select events at
a rate of around 100 kHz within a fixed latency of 4 µs [21]. The second level, known as
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the high-level trigger, consists of a farm of processors running a version of the full event
reconstruction software optimized for fast processing, and reduces the event rate to around
30 kHz before data storage. Events considered in this analysis are those in which the trigger
detects at least one electron (muon) with transverse momentum pT > 20 (17) GeV.

Signal and background contributions are simulated using several MC generators. These
MC simulations are also used to evaluate efficiency and acceptance, and to predict background
contributions. The propagation of the generated particles through the CMS detector and
the modelling of the detector response in simulations are performed with the Geant4 [22]
package, using the alignment and calibration obtained from the experimental data.

Simulated tt events are generated at next-to-leading order (NLO) in perturbative quantum
chromodynamics (pQCD) using powheg (v2) [23–26], assuming a top quark mass (mt)
of 172.5 GeV.

The NNPDF3.1 [27] next-to-next-to-leading order (NNLO) PDFs are used. The simulation
of the single top quark production in the t channel and in association with a W boson (tW)
is also performed with powheg, using the same setup.

The MadGraph5_amc@nlo (v2.4.2) generator [28], is used to simulate Drell-Yan
(DY) quark-antiquark annihilation into lepton-antilepton pairs through Z boson or virtual
photon exchange, and W boson production with additional jets (W+jets). The simulation
is performed at NLO in pQCD and includes up to two extra partons at the matrix element
(ME) level. The FxFx matching scheme [29] is used to match jets from the ME calculations
and the parton showering (PS). For all the processes, simulated events are interfaced with
pythia8 (v230) [30] with the “CP5” tune [31] for PS, hadronization, and the underlying
event description.

The SM prediction for σtt is calculated with the Top++ program [32] at NNLO in
pQCD including soft-gluon resummation at next-to-next-to-leading logarithmic (NNLL)
accuracy [33] for mt = 172.5 GeV and a strong coupling at the Z boson mass, αS(mZ), of
0.118 ± 0.001 [34]. At 5.02 TeV, this prediction is 69.5+2.0

−2.3 (scale) ± 2.9 (PDF+αS) pb. The
first uncertainty reflects variations in the factorization (µF) and renormalization (µR) scales.
The second uncertainty is associated with possible choices of the PDFs and the αS value,
calculated using the PDF4LHC prescription [35], that encompasses the MSTW2008 68% CL
NNLO [36, 37], CT10 NNLO [38, 39], and NNPDF2.3 5f FFN [40] PDF sets. The cross
section predictions used for the normalization of t channel and tW events are calculated
at NLO in both QCD and electroweak (EW) orders of approximation matched with PS
resummation [41, 42], whereas for W+jets and DY events the calculation is performed at
NNLO in QCD and NLO in EW [43]. The signal and background MC samples used in
the analysis are summarized in table 1, as well as the cross section predictions used for
the normalization of events.

4 Object reconstruction and event selection

The particle-flow (PF) algorithm [44] aims to reconstruct and identify each individual particle
in an event, with an optimized combination of information from the various elements of the
CMS detector. The energy of photons is obtained from the ECAL measurement. The energy
of electrons is determined from a combination of the electron momentum at the primary
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Process Generator + Parton Shower Cross section,
σnorm (pb)

Order of σnorm approximation

tt powheg + pythia8 69.5 ± 3.6 NNLO + NNLL [32, 33]
t channel powheg + pythia8 30.3 ± 0.6 Approximate NNLO [41]

tW powheg + pythia8 6.54 ± 0.36 Approximate NNLO [42]
W+jets MadGraph5_amc@nlo + pythia8 21 160 ± 330 NNLO [QCD] + NLO [EW] [43]

DY MadGraph5_amc@nlo + pythia8 3 647 ± 63 NNLO [QCD] + NLO [EW] [43]

Table 1. Summary of MC samples used to model the signal and background processes. The last
column corresponds to the pQCD and EW order of approximation used to normalize the distributions
provided by the generators. The predictions for tt and t channel and tW single top quark production
are calculated with the PDF4LHC prescription [35]. Approximate NNLO refers to NLO calculation
matched with PS resummation.

interaction vertex (PV) as determined by the tracker, the energy of the corresponding
ECAL cluster, and the energy sum of all bremsstrahlung photons spatially compatible with
originating from the electron track. The energy of muons is obtained from the curvature of
the corresponding track. The energy of charged hadrons is determined from a combination of
their momentum measured in the tracker and the matching ECAL and HCAL energy deposits,
corrected for the response function of the calorimeters to hadronic showers. Finally, the energy
of neutral hadrons is obtained from the corresponding corrected ECAL and HCAL energies.

Jets are clustered from all objects reconstructed by the PF algorithm using the anti-kT
algorithm [45, 46] and a distance parameter of 0.4 is used. The jet momentum is determined
as the vectorial sum of all particle momenta in the jet, and is found from simulation to be,
on average, within 5–10% of the true momentum over the whole pT spectrum and detector
acceptance. Jet energy corrections are derived from simulation studies so that the average
measured energy of jets becomes identical to that of particle-level jets. Particle-level jets
are the result of adding PS and hadronization information to particles produced after the
generation of the hard-scattering process. To determine any residual differences between
the jet energy scale in data and in simulation, measurements of the momentum balance are
used, leading to appropriate correction factors [47]. Additional selection criteria are applied
to each jet to remove jets potentially dominated by instrumental effects or reconstruction
failures [48]. Jets are identified as coming from the fragmentation of bottom quarks using
the medium working point of the DeepCSV b tagging algorithm [49]. With this working
point, we obtain for tt events a b tagging efficiency of 68% for b jets, and mistag rates of
12 and 1.1% for c and light jets with pT > 20 GeV. Throughout the full text, we will be
referring to jets in general as ‘j’, and to non-b-tagged jets as ‘u’.

A multivariate discriminator based on the shower shape and track quality of the electron
candidates [50] is used to identify electrons. Electron candidates are required to satisfy
|η| < 2.4 (except for the region 1.479 < |η| < 1.566, which is excluded because that is the
transition region between barrel and endcaps, where the electron reconstruction is suboptimal)
and pT > 20 GeV. A veto is applied on candidates that are matched to a secondary vertex
consistent with a photon conversion, or have a missing hit in the inner layer of the tracker.
Reconstructed muon candidates are required to have |η| < 2.4 and pT > 20 GeV, and must
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fulfil criteria on the geometrical matching between the tracks reconstructed by the silicon
tracker and the muon system, and on the quality of the global fit [51]. Both electron and
muon energy scales and resolution are corrected according to measurements using Z boson
events in simulation and low-pileup pp collision data at 5.02 TeV [50, 51].

Pileup collisions may cause events to contain multiple interaction vertices. The PV is
taken to be the vertex corresponding to the hardest scattering in the event, which is evaluated
using tracking information alone, as described in section 9.4.1 of ref. [52].

Lepton candidates must be consistent with originating from the PV. This is guaranteed
by requiring the longitudinal impact parameter to be smaller or equal to 0.10 cm and the
transverse impact parameter smaller than 0.02 (0.05) cm for electrons (muons). Electrons and
muons must also satisfy a requirement on their relative isolation (Irel), defined as the scalar
pT sum of all the particles inside a cone around the lepton direction, excluding the lepton
itself, divided by the lepton pT. The cone size, defined as ∆R =

√
(∆η)2 + (∆ϕ)2, where

ϕ is the azimuthal angle, changes as a function of the lepton pT as ∆R(pT) = 10 GeV/pT
if 50 < pT < 200 GeV, ∆R = 0.2 if pT < 50 GeV, and ∆R = 0.05 if pT > 200 GeV. Finally,
electrons (muons) must satisfy the condition on isolation Irel < 0.085 (0.325).

A gradient boosted decision tree (BDT) is used to distinguish leptons coming from
hadron decays and misidentified leptons, collectively denoted “nonprompt” leptons, from
those produced in the decays of weak bosons (“prompt”). The BDT is trained using MC
simulations and exploits the properties of the jet which contains the lepton, as well as
properties of the lepton itself, as input variables [53]. Leptons associated with a jet satisfying
the loose working point of the DeepCSV b tagging algorithm [49] are rejected to further
suppress nonprompt leptons originating from b quark decays. Using this working point
with tt events, we obtain a b tagging efficiency of 84%, and mistag rates of 41 and 11%
for c and light jets with pT > 20 GeV.

The tt candidate events are required to contain a single selected electron or muon, and at
least 3 jets. A veto on any second lepton of opposite flavour with respect to the selected one,
with pT as low as 10 GeV, is applied to ensure the orthogonality to the dilepton analysis [3].
Only jets with pT > 25 GeV, |η| < 2.4, and containing no selected leptons are considered.
Furthermore, events are required to ensure that the magnitude of the missing transverse
momentum p⃗ miss

T , defined as the negative vector pT sum of all identified physics objects [54],
is greater than 30 GeV. This is done in order to reduce the background contamination from
SM events composed uniquely of jets produced through the strong interaction, referred to
as QCD multijets events. Events passing these selection requirements are classified into
eight categories depending on the number of jets (Njets) and b-tagged jets (Nb-jets) and
on the flavour of the lepton (electron or muon). Separate categories are defined for events
with exactly 3 and ≥ 4 jets, which are further divided into categories of one b-tagged jet
and ≥ 2 b-tagged jets. Throughout this document the jet multiplicity categories will be
denoted as 3j1b, 4j1b, 3j2b, and 4j2b.

5 Background estimation

The event selection is designed to maximize the signal contribution over the expected
background contamination. The background contributions come from the following processes:
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single top quark production in association with a W boson, W+jets production in the
single-lepton final state, and QCD multijet events when a jet is misidentified as a lepton.
In addition, DY events in three cases: when one of the two leptons in the final state is
misidentified as a jet, if there is a lepton outside of the detector acceptance, or if a Z boson
decays into two t leptons and there is a single leptonic t decay.

The estimation of these background contributions is based on MC simulation, except for
the QCD multijet contribution, which is determined from control samples in data.

5.1 QCD background estimate

The QCD multijet background contribution is estimated from data using events with non-
isolated leptons that are not selected by the lepton BDT described in section 4. The evaluation
of the QCD background follows the method used in ref. [2]. A control region (CR) with
events containing non-isolated leptons is defined by inverting both the isolation (Irel) and the
lepton BDT requirements. To estimate the number of QCD background events (NSR

QCD) in
the signal region (SR), an extrapolation factor is calculated and applied to the QCD yield
in the CR. To do so, the following formula is used:

NSR
QCD =

(
NSR

obs − NSR
MC

)NSR
obs, low p

miss
T

− NSR
MC, low p

miss
T

NCR
obs, low p

miss
T

− NCR
MC, low p

miss
T

. (5.1)

QCD multijet events in the CR are determined as the number of events in data (NSR
obs)

subtracted by the contribution, derived from the MC samples, of the signal and the other
background sources considered (NSR

MC). The factor is determined using events with pmiss
T <

20 GeV, where a large contribution of QCD background and low signal contamination is
expected, as signal events contain genuine p⃗ miss

T coming from a high-pT neutrino.
To evaluate the normalization uncertainty in the QCD background contribution, the

normalization factor is determined after varying the pmiss
T requirement by ±5 GeV in both

the SR and CR. A flat normalization uncertainty of 30% is applied to the QCD contribution
across all event categories since it covers most of the variations. It is worth noting that
the QCD background contribution is quite small in this analysis, as can be seen in the
distributions shown in figures 1–5.

5.2 W+jets background discrimination

The final state with four quarks from the top quark decays leads to the expectation of at least
four jets in signal events. Due to acceptance and selection efficiency effects, however, a relevant
number of signal events has only three selected jets, thus contributing to the 3j1b category.
In this category, a larger contribution from W+jets events is expected when compared to
others. Since jets in this process come mainly from radiation, for higher jet multiplicity
categories they are softer and more forward, thus not passing the selection criteria. Therefore,
a multivariate-analysis (MVA) classifier based on random forests [55] is trained to separate the
tt signal from the W+jets background. The classifier is trained using subsets of the tt and
W+jets simulated samples, orthogonal to those used for the analysis. In these subsets, 70% of
events are used for the training and the remaining events for testing. The training is performed
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Variable Definition
∆Rmed(j, j′) Median ∆R between all possible combinations of two jets

m(u, u′) Invariant mass of the two non-b-tagged jets
∆R(u, u′) ∆R between the two non-b-tagged jets
mmin(j, j′) Minimum invariant mass of all possible combinations of two jets

m(ℓ, b) Invariant mass of the lepton and the b-tagged jet
HT Scalar pT sum of all jets in the event

∆R(ℓ, b) ∆R between the lepton and the b-tagged jet
pT(j0) pT of the leading jet

Table 2. Summary of the variables used for the training of the MVA classifier in the 3j1b categories.
The variables are ordered according to their discriminating power, assessed via the mean decrease in
impurity method [56]. ‘Leading’ jet refers to the jet with the highest pT in the event.
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Figure 1. Distributions for data and expected signal and background contributions of the most
discriminating input variables used for the random forest training, ∆Rmed(j, j′) (left) and m(u, u′)
(right), in the 3j1b category, before the maximum likelihood fit. The vertical error bars represent
the statistical uncertainty in the data, and the shaded band the uncertainty in the prediction. All
uncertainties considered in the analysis are included in the uncertainty band. The lower panels show
the data-to-prediction ratio. The first and last bins in each distribution include underflow and overflow
events, respectively. The normalizations are taken with respect to the SM predictions except for QCD,
which is estimated from data.

inclusively in the ℓ+3j1b categories. After an optimization procedure, the hyperparameters
are fixed to 500 trees with a maximum depth of 6. The classifier is trained using the variables
described in table 2, where they are ordered according to their discriminating power.

Figure 1 shows the comparison of data and prediction for the two most discriminating
input variables of the MVA, ∆Rmed(j, j′) and m(u, u′), used in the 3j1b category. Good
agreement is observed across all variables.

– 7 –



J
H
E
P
0
4
(
2
0
2
5
)
0
9
9

0

25

50

75

100

125

Ev
en

ts
 / 

0.
1 

un
its

Data
tt
tW
t channel

W+jets
Drell-Yan
QCD
Unc.

0.2 0.3 0.4 0.5 0.6 0.7 0.8
MVA score

0.5

1.0

1.5

Da
ta

 / 
Pr

ed
.

CMS 302 pb 1 (5.02 TeV)

Pre-fit
e+jets, 3j1b

0

50

100

150

200

Ev
en

ts
 / 

0.
1 

un
its

Data
tt
tW
t channel

W+jets
Drell-Yan
QCD
Unc.

0.2 0.3 0.4 0.5 0.6 0.7 0.8
MVA score

0.5

1.0

1.5

Da
ta

 / 
Pr

ed
.

CMS 302 pb 1 (5.02 TeV)

Pre-fit
+jets, 3j1b

Figure 2. Distributions for data and expected signal and background contributions of the MVA score
for the e+jets (left) and µ+jets (right) channels in the 3j1b category, before the maximum likelihood
fit. The vertical error bars represent the statistical uncertainty in the data, and the shaded band
the uncertainty in the prediction. All uncertainties considered in the analysis are included in the
uncertainty band. The lower panels show the data-to-prediction ratio. The first and last bins in each
distribution include underflow and overflow events, respectively. The normalizations are taken with
respect to the SM predictions except for QCD, which is estimated from data.

The resulting MVA score distribution is shown in figure 2 for the e+jets and µ+jets
final states, used then in the final fit for this category.

6 Systematic uncertainties

The measurement of σtt is affected by sources of systematic uncertainties related to detector
effects, background normalization, running condition, and theoretical assumptions. The
methods to estimate these uncertainties are the same as those in ref. [3]. The experimental
uncertainties (considered for all processes) mostly affect the efficiency, while modelling
uncertainties (considered only for the tt process) affect both the acceptance and efficiency.
The modelling uncertainties account for renormalization and factorization scale choice, PS
scale, ME and PS matching, PDFs, and underlying event tune. Furthermore, a normalization
uncertainty is considered for each background process. The total uncertainty is calculated
by combining the effects of all the individual systematic components, assuming they are
independent. The sources of systematic uncertainties and the methods for their estimation
are outlined below.

Lepton-related uncertainties: lepton reconstruction and identification efficiencies are mea-
sured using Z boson events in simulation and low-pileup pp collision data at 5.02 TeV [50,
51]. Corrections are derived using the tag-and-probe method as a function of the lepton
pT and η, and are applied to the simulation to match the efficiencies in data. The un-
certainty in these corrections is estimated through the variation of different parameters
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in the fitting templates of the method, as well as in the tag selection criteria, and is
propagated to the σtt measurement as one single source per lepton flavour, including
the statistical and systematic uncertainties.

The trigger efficiency is estimated using a cross-trigger technique. This consists in
measuring it in data using an unbiased set of pmiss

T triggers. The related uncertainty is
estimated by combining a statistical contribution, evaluated with the Clopper-Pearson
binomial confidence intervals [57] and a systematic contribution, from MC to data
efficiency ratios in several pT, |η| bins. It is found to be around 1–3% for electrons and
0.8–1.6% for muons.

Jet-related uncertainties: the contribution of the uncertainty in the jet energy scale (JES) is
estimated from the change in the number of simulated events selected after changing
the jet momenta by the JES uncertainties in bins of jet pT and η, usually by no
more than a few percent as described in [47]. 14 different sources of uncertainties are
considered, and treated as independent nuisance parameters. The uncertainty due to
the limited accuracy of the jet energy resolution (JER) is determined by changing the
JER correction scale factor from its nominal value by ±1 standard deviation, depending
also on the pT and η of the jet.

pmiss
T -related uncertainty: the uncertainty in pmiss

T from the contribution of unclustered
energy (energy which is not aggregated into a specific cluster in the calorimeters) is
evaluated based on the momentum resolution of the different PF candidates. Also,
JER, JES, and lepton energy scale effects are propagated to pmiss

T .

b tagging uncertainties: in order to match the efficiency of the b tagging algorithm evaluated
on MC samples to that observed in data, appropriate scale factors must be applied as a
function of the pT and |η| of the jets. Values for these factors are determined separately
for heavy- and light-flavour jets, considering as heavy flavour b and c jets, and as light
the rest [49]. These scale factors are derived with an associated uncertainty, coming
from different sources like JES, JER, scales. Their effect in the analysis is estimated by
varying the scale factors by their uncertainties, and propagating the effect to all the
categories in the analysis.

L1 inefficiency: during the data taking period corresponding to this measurement, a gradual
shift in the timing of the inputs of the ECAL L1 trigger in the region |η| > 2.0 caused
a trigger inefficiency [21]. Simulations are corrected to mimic this behaviour observed
in data. This correction has an inherent uncertainty associated to the method used
to calculate it, which is propagated to σtt by varying the correction by its associated
uncertainty.

Renormalization and factorization scale choice: the uncertainty related to the missing
higher-order diagrams in powheg is estimated by independently varying one or both
the µF and µR choices independently by a factor 2 or 1/2, excluding combinations with
variations in opposite directions, which do not have physical meaning. As uncertainty
in the signal acceptance, the maximum difference of all variations from the nominal
values is assigned.
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PS scale: the effect of the choice of PS scale is studied by changing the scale used for the
initial- and final-state radiation by a factor 2 and 1/2 with respect to its nominal value.

ME and PS matching (hdamp): the effect of the ME and PS matching is taken into
account using the hdamp parameter of the powheg generator, with a nominal value
of

(
1.4 +0.9

−0.5
)
mt [31]. The uncertainty is estimated by varying this parameter within

the uncertainties quoted above, using dedicated signal tt samples. The variation with
respect to the central value of the signal acceptance is taken as the uncertainty. Due to
the limited size of the dedicated MC samples two separate normalization uncertainties
are estimated for events with 3 or 4 jets.

Parton distribution functions: the uncertainty arising from the choice of the proton PDF is
determined by reweighing the sample of simulated signal events according to 100 replicas
from the NNPDF3.1 NNLO PDF set. The eigenvectors of the Hessian matrix are taken
to obtain one nuisance parameter for each replica, and the differences of the resulting
variations with respect to the central value are taken as individual uncertainties, leading
to 100 independent nuisance parameters. An extra contribution from the variation of
αS(mZ) corresponding to its uncertainty is considered [35]. Since in this case there are
two independent variations, two independent nuisance parameters are considered.

Underlying event tune: the parameters of pythia related to the underlying event tune [31]
are adjusted to match observations in data. We consider changes in these parameters as
sources of uncertainties and we use dedicated simulated signal samples accounting for
these changes. The variation with respect to the central value of the signal acceptance
is taken as the uncertainty. Due to the limited size of the dedicated samples, a single
uncertainty is estimated for all the bins and regions of the analysis.

Background normalization: the uncertainty in the tW production cross section is taken to
be 5.6%, and 10% is used for the t-channel single top quark production, based on the
theoretical uncertainties [41, 42]. A normalization uncertainty of 30% is applied to the
QCD background, as discussed in section 5, to account for the systematic uncertainties
in its estimate. Normalization uncertainties of 20 and 30% are assigned in the W+jets
and DY background estimates, respectively, following the prescription of previous
analyses [2, 58], since the detector conditions and analysis strategy are very similar to
the ones presented in this paper. In the case of W+jets, the normalization is considered
as an uncorrelated parameter across the four NjetsNb-jets categories.

Pileup and integrated luminosity: uncertainties related to pileup are not considered since the
number of pileup events is small. The uncertainty in the measurement of the integrated
luminosity is estimated to be 1.9% [59, 60]. This uncertainty is not included in the
maximum likelihood fit, but treated as an external uncertainty and added in quadrature
afterwards.

Most of these uncertainties, especially those coming from experimental effects, affect
both the shape of the distributions and their normalization. Modelling uncertainties that
are calculated with several weights, such as PDF and scale uncertainties, are estimated for
each region of the analysis and applied as normalization uncertainties in each of the regions.
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Figure 3. Observed and predicted number of events in each of the eight categories of the signal
region, before the maximum likelihood fit. The vertical error bars represent the statistical uncertainty
in the data, and the shaded band the uncertainty in the prediction. All uncertainties considered in
the analysis are included in the uncertainty band. The lower panels show the data-to-prediction ratio.
The normalizations are taken with respect to the SM predictions except for QCD, which is estimated
from data.

Background normalization uncertainties and integrated luminosity uncertainty are treated as
normalization uncertainties. Moreover, hdamp and underlying event tune uncertainties, both
estimated with alternative samples, are also applied as normalization uncertainties because
of the limited size of the dedicated samples. In the case of hdamp, this is done in bins of Njets,
while in the case of underlying event tune, a single normalization is used.

7 Results

After the event selection and categorization described above, the resulting observed number
of events in data and the expected number of events for signal and background in each of
the eight categories in the signal region are those shown in figure 3.

The cross section is obtained by performing a profiled maximum likelihood fit to the
∆Rmed(j, j′) distribution in the different jet/b-jet multiplicity and lepton flavour categories,
except for the 3j1b category, where the MVA score distribution is used. The cross section value
is fitted simultaneously with the nuisance parameters related to the systematic uncertainties.
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The choice of the ∆Rmed(j, j′) distribution is motivated by the fact that this observable is
particularly sensitive to the kinematics of tt production: in fact, the signal peaks more
sharply at intermediate ∆Rmed(j, j′) than the background. Using the MVA score distribution
instead of ∆Rmed(j, j′) for the 3j1b category results in a relative reduction of 13% in the
final uncertainty of the result. In the fit, seven bins are used for the ∆Rmed(j, j′) and six bins
for the MVA score distributions, for a total of 54 bins (27 per lepton flavour). The most
sensitive category is found to be the µ+3j1b one. The signal strength (r), i.e. the ratio of
the observed to the predicted cross section is extracted and uncertainties are constrained.
The statistical uncertainty coming from the limited size of the MC samples is incorporated
into the maximum likelihood fit using the Barlow-Beeston “light” method [61]. The MVA
score and ∆Rmed(j, j′) distributions for the e+jets and µ+jets final states before and after
the fit are shown in figures 4 and 5.

The signal strength is extracted from a profile-likelihood fit using the CMS combine
tool [62] and a cross section of σtt = 62.5 pb is measured. The systematic uncertainty amounts
to +4.2%

−4.0%, the statistical uncertainty to ±2.6%, and the integrated luminosity uncertainty
to ±1.9%. The measurement is also done in e+jets (σtt = 61.8 ± 4.6 pb) and µ+jets
(σtt = 63.6 ± 3.6 pb) separately, showing consistent cross section with the combined fit.

Figure 6 shows the impact of the different systematic uncertainties on the signal strength
and the constraints on the nuisance parameters. The impact is defined as the shift ∆r̂ induced
in r when the nuisance parameter θ is varied by ±1 standard deviation (σ) around the value
obtained for it after the fit. The leading uncertainties are those on the heavy-flavour b tagging
efficiency, the ME and PS matching, and the trigger efficiency. Figure 6 also shows the ratios
(θ̂ − θ0)/∆θ, where θ̂ and θ0 are the values of a given nuisance parameter after and before the
fit, and ∆θ the corresponding uncertainty before the fit. The uncertainties coming from the
ME and PS matching, and heavy-flavour b tagging efficiencies appear as the dominant ones.

Alternative tt MC samples generated with mt = 166.5 and 178.5 GeV are used to
estimate, by linear interpolation, the variation in the tt cross section when mt changes. The
measured cross section varies by ∓0.11 pb when the top quark mass is varied from its nominal
value of 172.5 GeV within its uncertainty of ±0.33 GeV [63].

The result in the lepton+jets channel is combined with the result in the dilepton channel
from ref. [3]. The sources of systematic uncertainty are considered as fully correlated, with
the exception of few uncertainties (JES, PDF, and αS(mZ)) that are treated as uncorrelated.
Namely, in the dilepton channel a single source per uncertainty is considered whereas in the
lepton+jets, 14, 100, and 2 sources per uncertainty are considered, respectively. Moreover,
there are other uncertainties which were not considered in the dilepton analysis, such
as b tagging, unclustered energy, and QCD and t-channel single top quark production
normalizations. As in the lepton+jets case, a profile likelihood fit is performed on the data
and a cross section of σtt = 62.3 pb is measured. The systematic uncertainty amounts to
±3.9%, the statistical uncertainty to ±2.4%, and the integrated luminosity uncertainty to
±1.9%. As expected, this result is dominated by the lepton+jets measurement, given its
significantly smaller uncertainty.

Figure 7 shows the impact of the systematic uncertainties on the signal strength and the
ratios (θ̂−θ0)/∆θ for the nuisance parameters as determined by the combined fit. In this case,
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Figure 4. Distributions for the e+jets final state before (upper plot) and after (lower plot) the
maximum likelihood fit: MVA score bins for the 3j1b category and ∆Rmed(j, j′) bins for the other
categories. The vertical error bars represent the statistical uncertainty in the data, and the shaded
band the uncertainty of the prediction. All uncertainties considered in the analysis are included in the
uncertainty band. The lower panels show the ratio of data to prediction or data to fit, respectively.
The first and last bins in each distribution include underflow and overflow events, respectively.
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Figure 5. Distributions for the µ+jets final state before (upper plot) and after (lower plot) the
maximum likelihood fit: MVA score bins for the 3j1b category and ∆Rmed(j, j′) bins for the other
categories. The vertical error bars represent the statistical uncertainty in the data, and the shaded
band the uncertainty of the prediction. All uncertainties considered in the analysis are included in the
uncertainty band. The lower panels show the ratio of data to prediction or data to fit, respectively.
The first and last bins in each distribution include underflow and overflow events, respectively.
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Figure 6. The largest impacts on the signal strength, ∆r̂ (right column) and ratios (θ̂ − θ0)/∆θ

(middle column) for the nuisance parameters listed in the left column from the maximum likelihood
fit used to determine the tt cross section. The horizontal bars in the rightmost plot show the ratio of
the uncertainties of the fit result to the pre-fit ones, effectively giving the constraint on the nuisance
parameter. The JES uncertainties are divided into several sources, where “JES-Flavour” comes
from the corrections applied to correct the different detector response to gluon and quark jets, and
“JES-RelJER” accounts for the η dependence uncertainty from jet pT resolution.

the ME and PS matching, the heavy-flavour b tagging efficiency and the trigger efficiencies are
still among the leading uncertainties. As in the lepton+jets analysis, the uncertainty coming
from the heavy-flavour b tagging efficiency appears as one of the most constrained ones.

The results presented in this analysis are consistent within two standard deviations with
the SM prediction. These results, together with previous CMS and ATLAS measurements,
are shown in figure 8.

8 Summary

A measurement of the top quark pair production cross section in proton-proton collisions
at a centre-of-mass energy of 5.02 TeV is performed for events with one electron or one
muon and multiple jets using data collected by the CMS experiment in 2017 in conditions
of low number of additional interactions per bunch crossing, corresponding to an integrated
luminosity of 302 pb−1. The dominant background sources in the analysis are W+jets and
tW processes, whose contribution is estimated from simulation. In addition, the contribution
from quantum chromodynamics multijet events is estimated from data. The cross section
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Figure 7. The largest impacts on the signal strength, ∆r̂ (right column) and ratios (θ̂ − θ0)/∆θ

(middle column) for the nuisance parameters listed in the left column from the maximum likelihood
fit in the combination with the dilepton result, used to determine the tt cross section. The horizontal
bars in the rightmost plot show the ratio of the uncertainties of the fit result to the pre-fit ones,
effectively giving the constraint on the nuisance parameter. The JES uncertainties are divided into
several sources, accounting for different effects, where “JES-Flavour” comes from the corrections
applied to correct the different detector response to gluon and quark jets, and “JES-RelJER” accounts
for the η dependence uncertainty from jet pT resolution.

is measured using a maximum likelihood fit to eight event categories defined in terms of
the number of jets, b-tagged jets and lepton flavour. The cross section is found to be
62.5 ± 1.6 (stat) +2.6

−2.5 (syst) ± 1.2 (lumi) pb. This measurement is combined with the result
obtained in the dilepton channel, based on the same data set, resulting in a value of
62.3 ± 1.5 (stat) ± 2.4 (syst) ± 1.2 (lumi) pb. In both cases, the dominant uncertainties are
those associated with the integrated luminosity and with the b tagging scale factors for heavy
flavours. These values are consistent within two standard deviations with the standard model
prediction and of previous measurements from CMS and ATLAS.
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