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Abstract

The single top quark t-channel production cross section is measured in proton-
proton collisions at the CERN LHC at

√
s = 5.02 TeV, using data recorded with

the CMS detector in 2017, corresponding to an integrated luminosity of 302 pb−1,
and resulting in the first CMS measurement of the process at that energy. Events
with one electron or muon and two or more jets, among which at least one is
identified as originating from a b quark fragmentation, are analyzed. The com-
bined cross section of single top quark (tq) and single top antiquark (tq) produc-
tion is σ(tq+tq) = 25.4 +3.6

−3.5 (stat) +4.2
−3.9 (syst) ± 0.5 (lumi) pb. The individual cross

sections are measured to be σ(tq) = 17.6 +2.8
−2.7 (stat) +2.6

−2.4 (syst) ± 0.3 (lumi) pb and

σ(tq) = 6.6 +2.4
−1.6 (stat) +2.1

−2.5 (syst) ± 0.1 (lumi) pb. Their ratio is measured to be Rt−ch =

2.7 +1.5
−0.8 (stat) +1.3

−0.3 (syst). The absolute value of the Cabibbo–Kobayashi–Maskawa ma-
trix element is found to be | fLVVtb | = 0.92 ± 0.09 (exp) ± 0.01 (theo). The measure-
ments are in good agreement with the standard model predictions at next-to-next-to-
leading order accuracy in quantum chromodynamics.
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1 Introduction

The top quark is the heaviest fundamental particle discovered so far. Because of its large mass
and decay width, it has a very short lifetime of about 10−25 s, an order of magnitude shorter
than the characteristic timescale on which hadron bound states form. As a consequence, it is
the only quark that can be studied as an asymptotically free particle. At the LHC, single top
quark production in proton-proton (pp) collisions proceeds dominantly via t channel, yielding
polarized top quarks. Single top quarks in the t channel are produced with the exchange of
a W boson through an initial-state bottom (b) quark. This results in sensitivity to the b quark
parton distribution function (PDF), in particular in the top quark to antiquark cross section
ratio. The t channel has a characteristic final-state topology with the presence of a light quark
recoiling against the top quark. Figure 1 shows representative Feynman diagrams of t-channel
single top quark and antiquark production. The single top quark production cross section is
proportional to the squared Cabibbo–Kobayashi–Maskawa matrix element |Vtb | , allowing for
a direct measurement of this quantity to further test the standard model (SM), including the
assumption that only three quark families exist [1, 2].
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Figure 1: Representative leading-order Feynman diagrams for single top quark (left) and anti-
quark (right) production via the t channel.

A measurement of single top quark production in the t channel was performed for the first time
at the Fermilab Tevatron [3]. More recently, both the ATLAS and CMS Collaborations have
reported measurements of the cross section for single top quark production in the t channel
using LHC data collected at

√
s = 7, 8, and 13 TeV [4–11], differentially and with increased

precision. The ATLAS Collaboration has measured the process at
√

s = 5.02 TeV using data

corresponding to an integrated luminosity of 255 pb−1, obtaining a cross section of σ(tq+tq) =
27.1 +6.2

−5.5 pb, in agreement with the SM prediction [12].

This paper presents the first CMS measurement of the single top quark production cross section
at
√

s = 5.02 TeV, using data collected by CMS during a special LHC run in 2017, corresponding

to an integrated luminosity of 302 pb−1. Data recorded in the same run have been analyzed by
CMS to perform several measurements, including cross sections of diboson [13] and top quark
pair (tt) [14, 15] production. Performing measurements at various beam energies provides in-
teresting stress tests for the theory, probing whether current calculations correctly describe the
energy dependence of the measured processes. Moreover, in the study of the b quark PDF in
the proton, complementary insight can be gained by probing different regions of the proton
momentum fraction. A distinct feature of this data sample is the low number of additional
interactions per bunch crossing (pileup) with respect to the standard operating conditions of
the LHC, yielding a cleaner detector environment, and improved detection and reconstruction.
In this measurement, the top quark is reconstructed via the leptonic decay channel of the W
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boson, W → ℓν (with ℓ = e, µ), since it provides a cleaner experimental signature when com-
pared to the fully hadronic W boson decay channel. The measured cross sections are obtained
by performing binned maximum likelihood (ML) fits of histogram templates to the data in
several event categories.

This paper is organized as follows. A brief description of the CMS detector is given in Sec-
tion 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.
Background estimation methods are covered in Section 5, while systematic uncertainties are
described in Section 6. Results are discussed in Section 7, and the summary is given in Sec-
tion 8. Tabulated results from this analysis are provided in the HEPData record [16].

2 The CMS detector and object reconstruction

The CMS apparatus [17, 18] is a multipurpose, nearly hermetic detector, designed to trigger
on [19–21] and identify electrons, muons, photons, charged and neutral hadrons [22–24]. Its
central feature 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 re-
constructed using gas-ionization detectors interleaved with the layers of the steel flux-return
yoke outside the solenoid. More detailed descriptions of the CMS detector, together with a
definition of the coordinate system used and the relevant kinematic variables, can be found in
Refs. [17, 18].

Events of interest are selected using a two-tiered trigger system. 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 about 4 µs [19]. The second
level, known as the high-level trigger (HLT), consists of a farm of processors running a ver-
sion of the full event reconstruction software optimized for fast processing, and reduces the
event rate to around 30 kHz in this special run before data storage [20, 21]. We consider in the
analysis those events in which the trigger detected at least one electron (muon) with transverse
momentum pT > 20 (17) GeV.

The particle-flow (PF) algorithm [25] 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 interac-
tion 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 associated energy deposits in the ECAL and HCAL, corrected
for the calorimeter response to hadronic showers. In addition, the energy of neutral hadrons
is obtained from the corresponding corrected ECAL and HCAL energies. Finally, the missing
transverse momentum ~p miss

T is defined as the negative vector pT sum of all PF candidates [26].

Jets are clustered from all objects reconstructed by the PF algorithm using the anti-kT algo-
rithm [27, 28] with a distance parameter of 0.4. The jet momentum is determined as the vec-
torial sum of all particle momenta in the jet, and is found from simulation to be, on average,



3

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. Simulated particle-level jets are obtained
by clustering stable particles originating from the hadronization of final-state partons. To de-
termine any residual differences between the jet energy scale (JES) in data and in simulation,
measurements of the momentum balance are used, leading to appropriate correction factors.
Additional selection criteria are applied to each jet to remove jets potentially dominated by
instrumental effects or reconstruction failures. This is done by rederiving the corrections for
this specific run with the methods used in Refs. [29, 30]. Jets are identified as coming from the
fragmentation of bottom quarks using the medium working point of the DEEPCSV b tagging
algorithm [31], calibrated at 13 TeV, as differences with the 5.02 TeV data set are negligible. For
jets with pT > 20 GeV in tt events we obtain a b tagging efficiency of 68%, and mistag rates of
12% and 1.1% for c quark and light-flavour quark or gluon jets, respectively. We will refer to
jets in general as “j”, to b-tagged jets as “b”, and to untagged (non-b-tagged) jets as “u”.

A multivariate discriminator based on the shower shape and the track quality of the electron
candidates [22] is used to identify electrons. Electron candidates are required to satisfy |η| < 2.4
(excluding the region 1.48 < |η| < 1.57, the transition region between the barrel and endcaps,
where the electron reconstruction is suboptimal) and pT > 20 GeV. A veto is applied on can-
didates 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 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 muon track fit combining information from both subdetectors [23]. Both electron and
muon energy scales and resolution are corrected according to measurements using Drell–Yan
(DY) events in simulation and low-pileup pp collision data at 5.02 TeV [22, 23].

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. [32].

Lepton candidates must be consistent with originating from the PV. This is guaranteed by re-
quiring the longitudinal impact parameter to be smaller or equal to 0.1 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 for pT > 200 GeV. Electrons (muons) must have 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 pro-
duced in the decays of W, Z, or Higgs bosons (“prompt”). The BDT is trained using MC
simulated events and exploits the properties of the jet which contains the lepton, as well as
properties of the lepton itself, irrespective of the isolation requirement described above. It is
specifically calibrated for this run, following the same methods as in Refs. [33, 34]: the chosen
working point for the BDT score yields more than 99% prompt lepton efficiency and a non-
prompt rejection factor higher than 55%. Leptons clustered inside a jet satisfying the loose
working point of the DEEPCSV b tagging algorithm [31] are rejected to further suppress non-
prompt leptons originating from b hadron decays. Using this working point with tt events, we
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obtain a b tagging efficiency of 84%, and mistag rates of 41% and 11% for c and light jets with
pT > 20 GeV.

3 Data and simulated samples

The measurement is performed using pp collision data collected during a low-energy (5.02 TeV)
and low-intensity LHC run. 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 32.

This analysis considers the t-channel process as signal, and the following processes as sources
of background: single top quark production in the s channel, and in association with a W
boson (tW); tt production; quark-antiquark annihilation into lepton-antilepton pairs through
Z boson or a virtual photon exchange with additional jets (DY+jets); W boson production with
additional jets (W+jets) and SM events composed uniquely of jets produced through the strong
interaction (QCD multijet). Signal and background contributions are simulated using several
MC event generators, but for the QCD multijet background, whose contribution is estimated
using both MC event generators and control data samples, as further explained in Section 5.
The propagation of the generated particles through the CMS detector and the modelling of the
detector response in simulations are performed with the GEANT4 [35] package. The pileup
distribution in the simulated samples roughly matches that observed in data.

The simulated t- and s-channel events are generated at next-to-leading order (NLO) in pertur-
bative QCD (pQCD) using POWHEG (v2) [36–39]. A nominal top quark mass (mtop) of 172.5 GeV
and the five-flavour scheme is used. The NNPDF3.1 [40] NNLO set is used as the default PDF
set. A similar setup is used for the simulation of tW and tt production.

The MADGRAPH5 aMC@NLO (v2.4.2) generator [41] is used to simulate DY+jets and W+jets
processes. 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 [42] is used to match jets from the
ME calculations to the parton shower (PS). For all processes, simulated events are interfaced
with PYTHIA (v8.230) [43], using the CP5 tune [44] for PS, hadronization, and the underlying
event description.

The individual predictions of the cross sections of single top quark (tq) and single top antiquark
(tq) production in the t channel are σ(tq) = 20.3 +0.5

−0.4 pb and σ(tq) = 10.0 +0.2
−0.3 pb, respectively.

The cross sections were calculated with the MCFM program (v10.1) [45] and next-to-next-to-
leading order (NNLO) in quantum chromodynamics (QCD), using mtop as 172.5 GeV and the
five-flavour scheme, in which the bottom quark is treated as a massless parton constituent of
the proton. The quoted uncertainties include the ones due to the choice of the renormalization
(µR) and the factorization (µF) scales, and the ones in the proton PDFs, and in the value of the
strong coupling constant αS(mZ), where mZ is the mass of the Z boson. The combined PDF
and αS uncertainties were determined at 68% confidence level (CL) according to the Hessian
representation of the PDF4LHC21 PDF set [46].

The cross section prediction used for the normalization of tt events is calculated with the
TOP++ program [47] at NNLO in pQCD including soft-gluon resummation at next-to-next-
to-leading logarithmic (NNLL) accuracy [48]. The SM prediction for tW events is calculated at
approximate NNLO accuracy, meaning an NLO calculation for QCD order of approximation,
matched with soft gluon resummation [49] at NNLL, where a logarithmic expansion of soft
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and collinear gluon radiation is used. For W+jets and DY+jets, the calculation is performed at
NNLO in QCD and NLO in electroweak (EW) orders of approximation [50]. Finally, the cal-
culation for s-channel events is done at the same order of approximation as for the t-channel
signal, described in Section 1. The signal and background simulated samples used in the anal-
ysis are summarized in Table 1, as well as their predicted cross sections, reported in the best
available fixed-order calculations and used to normalize the simulated events.

Table 1: Summary of simulated 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.

Process Generator + PS
Cross section,

Order of σnorm approximationσnorm (pb)

t channel POWHEG + PYTHIA8 30.3 ± 0.6 NNLO [45]

tt POWHEG + PYTHIA8 69.5 ± 3.6 NNLO + NNLL [47, 48]

tW POWHEG + PYTHIA8 6.54 ± 0.36 Approximate NNLO [49]

s channel POWHEG + PYTHIA8 2.74 ± 0.07 NNLO [51]

W+jets MADGRAPH5 aMC@NLO + PYTHIA8 21 160 ± 330 NNLO [QCD] + NLO [EW] [50]

DY+jets MADGRAPH5 aMC@NLO + PYTHIA8 3 647 ± 63 NNLO [QCD] + NLO [EW] [50]

4 Event selection and background discrimination

The final state targeted by this analysis consists of a lepton (electron or muon) and a neutrino
from the W boson decay, a jet from the b quark hadronization, and an additional forward
jet from the hadronization of a light quark. Candidate events are, consequently, required to
contain exactly one selected electron or muon, and at least two jets. Only jets with pT > 25 GeV,
|η| < 4.7, and whose ∆R distance from any lepton is greater than 0.4 are considered. In order
to reduce the background contamination from QCD multijet events, the magnitude of ~p miss

T
must be greater than 30 GeV, and the transverse mass of the lepton and missing transverse

momentum (m
W
T ) must be greater than 50 GeV. It is defined as:

m
W
T =

√

2p
ℓ

T pmiss
T (1 − cos ∆φ), (1)

where p
ℓ

T is the pT of the selected lepton and ∆φ is the azimuthal angle between the lepton and
~p miss

T . To further increase the purity of the signal, events are required to have H′
T > 170 GeV,

where H′
T is defined as the scalar sum of pmiss

T and the pT of the jets and of the lepton. The re-
gion defined by these criteria is known as the signal region (SR). Events are classified according
to their jet and b-tagged jet multiplicities: those considered for the measurement have exactly
two reconstructed jets, only one of which is b tagged, or exactly three reconstructed jets, with
either one or two of them that are b tagged. These categories are denoted as 2j1b, 3j1b, and
3j2b, respectively. The two latter categories are intended to improve constraints on the tt back-
ground. All the categories are futher split according to the flavour and the electric charge of
the selected lepton in the event, resulting in twelve mutually exclusive analysis categories.

The resulting observed number of events in data and the expected number of events for signal
and background in each of the twelve categories of the analysis are shown in Fig. 2. Figure 3
shows the leading jet (in pT) transverse momentum and pseudorapidity inclusively in lepton
charge and flavour for the 2j1b jet category, which contains the majority of the signal events.
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4.1 Top quark reconstruction

Top quarks (antiquarks) give rise to positively (negatively) charged leptons. The four-momen-
tum of a top quark or antiquark is reconstructed from its decay products: the charged lepton,
the b jet, and the unobserved neutrino (ν); following the procedure that has already been used
in previous CMS analyses [9, 10]. The reconstruction is done in two steps: first a W boson is
reconstructed and then it is associated with a b-tagged jet.

To reconstruct the W boson, we first reconstruct the unobserved neutrino. We assign the x
and y components of the ~p miss

T to the momentum of the neutrino, and infer its z component by
applying the following constraint on the W boson mass, mW :

m2
W =

(

Eℓ +
√

(pmiss
T )2 + (p

ν
z )2

)2

−
(

p
ℓ
x + pmiss

T,x

)2
−

(

p
ℓ
y + pmiss

T,y

)2
−

(

p
ℓ
z + p

ν
z

)2
. (2)

This equation leads to the following two solutions:

p
ν
z =

Λp
ℓ
z

(

p
ℓ

T

)2
±

√

√

√

√

(

Λp
ℓ
z

)2

(

p
ℓ

T

)4
−

(

Eℓ pmiss
T

)2 − Λ2

(

p
ℓ

T

)2
, (3)

where

Λ =
m2

W

2
+ p

ℓ
x pmiss

T,x + p
ℓ
y pmiss

T,y . (4)

There can either be two real solutions for p
ν
z , or the solutions have an imaginary component.

In the first case, the solution with the smallest absolute value is chosen. In the second, an extra
constraint is adopted: the imaginary component is eliminated by replacing pmiss

T,x and pmiss
T,y with

modified values p
ν
x and p

ν
y such that m

W
T = mW , but still respecting the constraint from Eq. (2).

This is achieved by setting the discriminant in Eq. (3) to zero. This leads to a quadratic relation
between p

ν
x and p

ν
y with two possible solutions: the one with the smallest difference between

p
ν
T and pmiss

T is chosen.

The W boson is reconstructed from the neutrino candidate and the selected lepton. In the 2j1b
and 3j1b regions, the b-tagged jet is associated with the b quark from the top quark decay and
the non-b-tagged jet with the highest pT is associated with the recoiling light quark. In the 3j2b
region, the b-tagged jet with the larger b tag discriminator value is associated with the b quark
from the top quark decay. Finally, the top quark is reconstructed from the W boson candidate
and the selected b-tagged jet. Its mass is then used as an input variable to the multivariate
analysis (MVA) described in Section 4.2.

4.2 Multivariate analysis discriminator

In the 2j1b categories, which contain most of the signal events, W+jets events constitute the
largest source of background, while tt dominates in the other categories. A dedicated MVA
binary classifier has been developed for these categories in order to better discriminate signal
from these backgrounds, while for the other categories a single observable, the absolute value
of η of the untagged jet (|ηu0

|), is used. Figure 4 shows the distribution of the latter variable in
those categories.

As for the MVA, a random forest [52] has been trained inclusively in lepton charge and flavour,
using a mix of tt and W+jets events as background sample and t-channel events as signal.
Subsets of the simulated samples, orthogonal to those used in the rest of the analysis have been
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contamination is observed. The values for NSR
QCD are calculated as

NSR
QCD =

(

NCR
obs − NCR

MC

)

yields

NSR
obs, low pmiss

T
− NSR

MC, low pmiss
T

NCR
obs, low pmiss

T

− NCR
MC, low pmiss

T

, (5)

where the total normalization is expressed as the product of two components: an extrapolation
factor (second term on the right-hand side), which accounts for the transfer from the CR to SR,
and a category-specific normalization factor, estimated from events in the CR that satisfy the
nominal pmiss

T requirement (first term on the right-hand side). Both factors are determined after
subtracting the contributions, derived from the simulated samples, of the signal and the other
background sources considered (NSR

MC), from the observed numbers of events in data (NSR
obs).

In a second step, the shapes of variable distributions are determined from QCD multijet simu-
lated samples. For each distribution, a template used in all categories is obtained by summing

all the contributions to all the regions. Here, the selection requirements in pmiss
T , m

W
T , and H′

T
described in Section 4 are removed in order to reduce the statistical uncertainty on the predic-
tion without biasing the result. Individual distributions (per category) are then obtained by
normalizing these shapes to the yields obtained in the previous step. The whole procedure is
an improved alternative of the one followed in other analysis using this data set [15].

To estimate the normalization uncertainty in the QCD multijet background, the normalization
factor is re-evaluated after shifting the pmiss

T requirement by ±5 GeV in both the SR and CR, and
calculating the difference in acceptance, similarly to other analysis using this data set [15]. This
leads to a flat normalization uncertainty of 30 (40)% in the µ+jets (e+jets) channel, covering
the observed variation. A shape uncertainty is assessed by recalculating the QCD contribution
using alternative extrapolation factors, determined independently in bins of the leading lepton
pT and |η|. The QCD multijet background accounts for approximately 7% of the total event
yield.

6 Systematic uncertainties

The measurement of σ(tq+tq) is affected by sources of systematic uncertainty related to the de-
tector effects, background estimation, and theoretical assumptions. The statistical uncertainty
coming from the limited size of the simulated samples is incorporated into the ML fit using
the Barlow–Beeston “light” method [53]. The experimental uncertainties (considered consid-
ered for all processes) and modelling uncertainties (considered only for the t-channel signal
process) affect both the acceptance and efficiency. The modelling uncertainties account for the
choice of µR and µF scales, 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 DY events in simulation and low-pileup pp collision data at 5.02 TeV, simi-
larly to what is described in Refs. [22]. Corrections are derived using the “tag-and-probe”
method [54] as functions of the lepton pT and η, and are applied to the simulation to
match the efficiencies in data. The uncertainty in these corrections is estimated through
the variation of different parameters in the fitting templates of the method, as well as in
the tag selection criteria, and is propagated to the measurements as one single source per
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lepton flavour, including the statistical and systematic uncertainties. It is around 0.5% for
both lepton flavours.

The HLT trigger efficiency is estimated using a cross-trigger technique. This consists in
measuring it in data using the muon trigger as reference for the electron trigger efficiency
and vice-versa in the case of muons. The related uncertainty is estimated by combining
a statistical contribution, evaluated with the Clopper–Pearson method [55] and a system-
atic contribution, from simulation to data efficiency ratios in several lepton pT and |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 JES is parametrized as a
function of jet pT and η, usually resulting in variations of no more than a few percent
as described in Ref. [29]. Fourteen different sources of uncertainties are considered, and
treated as independent nuisance parameters. The uncertainty due to the accuracy of the
jet energy resolution (JER) is determined by changing the JER correction scale factor from
its nominal value by ±1 standard deviation (s.d.), 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. In addition, 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 simulated samples to that observed in data, appropriate scale factors must be applied
as a function of pT and |η| of the jets. These scale factors are derived with an associated
uncertainty, coming from different sources such as JES and JER. 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. Tagging and mistagging are taken as two independent
sources of uncertainty.

L1 trigger efficiency: During the data taking, a gradual shift in the timing of the inputs of the
ECAL L1 trigger in the region |η| > 2 caused a trigger inefficiency [19]. 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 the
measurements by varying the correction by its associated uncertainty.

Scale choice: The uncertainty related to the missing higher-order diagrams in POWHEG is esti-
mated by independently varying each of the µF and µR choices a factor 2 or 1/2, excluding
combinations with variations in opposite directions.

PS scale: The effect of the choice of PS scale is studied by changing separately 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: 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)mtop [44].
The uncertainty is estimated by varying this parameter, using dedicated signal 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 simulated samples, a smoothing
method following the lowess technique is applied [56].
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Parton distribution functions: The uncertainty arising from the choice of the proton PDFs is
determined by reweighing the sample of simulated signal events according to 100 replicas
from the NNPDF3.1 NNLO PDF set [57]. An extra contribution from the variation of
αS(mZ) corresponding to its uncertainty is considered.

Underlying event tune: The parameters of PYTHIA related to the underlying event tune [44]
are adjusted to match observations in data. We consider changes in these parameters
as sources of uncertainties and we use dedicated 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 smoothing method
following the lowess technique is applied [56].

Background normalization: The uncertainty in the tW production cross section is taken to be
5.6%, and 5.0% is used both for the tt production, and the single top quark production
in the s channel, based on the theoretical uncertainties [48, 49, 51]. A normalization un-
certainty of 40 (30)% is applied to the QCD background in the e+jets (µ+jets) categories
and decorrelated per lepton flavour, and jet and b-tagged jet multiplicity bin. Normaliza-
tion uncertainties of 20% are assigned in the W+jets background estimates (for the three
W+light, W+c, and W+b contributions). A 30% normalization uncertainty is assigned
to the DY+jets background estimate. These uncertainties are designated following the
prescription of other analyses using the same data set, since the detector conditions and
analysis strategy are very similar to the ones presented in this work [58].

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].

QCD background estimation method: A systematic contribution is considered to account for
uncertainties in the shape estimation of the distributions for the QCD multijet back-
ground, as discussed in Section 5. The uncertainty is decorrelated per lepton flavour,
and jet and b-tagged jet multiplicity bin.

Most of these uncertainties, especially those coming from experimental effects, affect both the
shape of the distributions used in the fit and their normalization through acceptance. Mod-
elling uncertainties that are calculated with several weights, such as PDF and scale uncertain-
ties, are estimated for each region of the analysis and applied as normalization uncertainties
in each of the regions. Uncertainties of the background normalization and of the integrated
luminosity uncertainty are treated as global normalization uncertainties.

7 Signal extraction and results

The cross sections are obtained by performing two independent profile ML fits in the twelve
analysis categories, using the CMS COMBINE tool [61]. The fits are performed on the distribu-
tions of the MVA score for the 2j1b categories and of |ηu0

| for the others. The selection of |ηu0
| is

motivated by the distinctive feature of the signal process, where the recoiling light quark tends
to be produced in the forward region of the detector. Using the MVA score distribution instead
of |ηu0

| for the 2j1b categories results in an absolute reduction of 8% in the final uncertainty of

the result. The inclusive cross section σ(tq+tq) is obtained by fitting a common signal strength
modifier (r), representing the ratio of the observed signal to the theoretical prediction, to both
the tq and tq processes; for the individual top quark and antiquark cross sections, σ(tq) and
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σ(tq), two independent modifiers are fit. Signal strength modifiers are fitted simultaneously
with nuisance parameters related to the systematic uncertainties. In the fits, eight bins are used
for the MVA score and seven for the leading untagged jet |η| distributions, resulting in 88 bins.
The MVA score and |ηu0

| distributions for all the categories after the fit are shown in Fig. 6.

A cross section of σ(tq+tq) = 25.4 +5.5
−5.2 pb is measured, corresponding to a relative uncertainty

of around ±21%, with a systematic uncertainty of around ±16%, an integrated luminosity un-
certainty of ±1.9%, and a statistical uncertainty of ±14%. The dominant sources of uncertainty
are those associated with the b tagging scale factors and the W+c jets normalization. Figure 7
shows the impact of the different systematic uncertainties on the signal strength and the con-
straints on the nuisance parameters. The impact is defined as the shift ∆r̂ induced in r when
the nuisance parameter θ is varied by ±1 s.d. around the value obtained after the fit. The figure
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 is the corresponding uncertainty before the fit.

Using a similar approach, likelihood scans are performed for the top quark and antiquark cross
sections separately. In this case, the likelihood is minimized leaving both the signal strength for
the top quark and for the top antiquark cross section unconstrained. The top quark cross section
is measured to be σ(tq) = 17.6 +3.9

−3.6 pb, corresponding to a relative uncertainty of around ±21%,
with a systematic uncertainty of ±14%, a luminosity uncertainty of ±1.9%, and a statistical un-
certainty of ±16%. The top antiquark cross section is measured to be σ(tq) = 6.6 +3.2

−3.0 pb, cor-
responding to a relative uncertainty of around ±46%, with a systematic uncertainty of around
±35%, a luminosity uncertainty of ±1.9%, and a statistical uncertainty of around ±30%. The
correlation coefficient between the two signal strengths is 0.36 and the two-dimensional confi-
dence region for both parameters is shown in Fig. 8, in which a good agreement with the SM
predictions is seen.

Finally, the ratio of the top quark and antiquark cross sections is also extracted by perform-
ing a third ML fit to the same distributions, where the cross section ratio and the inclusive
cross section are treated as unconstrained parameters. This procedure permits to handle corre-
lated uncertainties correctly, which is not achieved by taking the arithmetic ratio of the previ-
ously reported individual cross sections. With this approach, the ratio is found to be Rt−ch =
2.7 +1.5

−0.8 (stat) +1.3
−0.3 (syst) = 2.7 +2.0

−0.8.

In addition to these measurements, the t-channel total cross section can be used to calculate
the absolute value of the Cabibbo–Kobayashi–Maskawa ME, |Vtb |, since it has a dependence

on f 2
LV|Vtb |2. In this context, fLV is an anomalous form factor which is unity under the SM, or

fLV 6= 1 for physics beyond the SM. Under the assumption that the other MEs, |Vtd | and |Vts |,
are significantly smaller than |Vtb |, and that the top quark decays only to a b quark and a W
boson, | fLVVtb | = 0.92 ± 0.09 (exp) ± 0.01 (theo) is measured. The first uncertainty accounts for
all the uncertainties in the measurement whereas the second one considers the uncertainties of
the theoretical prediction.

Figure 9 presents a summary of t-channel single top quark cross section measurements by
the CMS Collaboration at different

√
s, including the measurement described in this paper.

All of them show a good agreement with SM predictions. Also, results presented here are
consistent with those obtained by the ATLAS experiment at the same energy [12]. In addition,
a comparison between the NNLO prediction from the MCFM MC generator with different PDF
sets [51] for both the measured cross section and the ratio of invididual cross sections is shown
in Fig. 10, where the expected results using different PDF sets are all seen to agree well with
the measured values.
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8 Summary

A measurement of the single top quark t-channel 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. This represents the first CMS measurement of the process at that en-
ergy. The main background in the analysis originates from W+jets and top quark pair produc-
tion, both estimated using simulation. Smaller contributions from quantum chromodynamics
multijet events are derived from data. The cross section is measured through a maximum like-
lihood fit to the observed event yields in twelve categories defined in terms of the number
of jets and b-tagged jets, the lepton flavour and electric charge. The cross sections are found
to be σ(tq+tq) = 25.4 +3.6

−3.5 (stat) +4.2
−3.9 (syst) ± 0.5 (lumi) pb, σ(tq) = 17.6 +2.8

−2.7 (stat) +2.6
−2.4 (syst) ±

0.3 (lumi) pb, and σ(tq) = 6.6 +2.4
−1.6 (stat) +2.1

−2.5 (syst) ± 0.1 (lumi) pb. The ratio between the indi-

vidual cross sections is found to be Rt−ch = 2.7 +1.5
−0.8 (stat) +1.3

−0.3 (syst). These results are used
to calculate the absolute value of the Cabibbo–Kobayashi–Maskawa matrix element, which is
found to be | fLVVtb | = 0.92 ± 0.09 (exp) ± 0.01 (theo). All the results are in good agreement
with the standard model predictions.

Acknowledgments

We congratulate our colleagues in the CERN accelerator departments for the excellent perfor-
mance of the LHC and thank the technical and administrative staffs at CERN and at other CMS
institutes for their contributions to the success of the CMS effort. In addition, we gratefully
acknowledge the computing centres and personnel of the Worldwide LHC Computing Grid
and other centres for delivering so effectively the computing infrastructure essential to our
analyses. Finally, we acknowledge the enduring support for the construction and operation
of the LHC, the CMS detector, and the supporting computing infrastructure provided by the
following funding agencies: SC (Armenia), BMBWF and FWF (Austria); FNRS and FWO (Bel-
gium); CNPq, CAPES, FAPERJ, FAPERGS, and FAPESP (Brazil); MES and BNSF (Bulgaria);
CERN; CAS, MoST, and NSFC (China); MINCIENCIAS (Colombia); MSES and CSF (Croatia);
RIF (Cyprus); SENESCYT (Ecuador); ERC PRG and PSG, TARISTU24-TK10 and MoER TK202
(Estonia); Academy of Finland, MEC, and HIP (Finland); CEA and CNRS/IN2P3 (France);
SRNSF (Georgia); BMFTR, DFG, and HGF (Germany); GSRI (Greece); NKFIH (Hungary); DAE
and DST (India); IPM (Iran); SFI (Ireland); INFN (Italy); MSIT and NRF (Republic of Korea);
MES (Latvia); LMTLT (Lithuania); MOE and UM (Malaysia); BUAP, CINVESTAV, CONACYT,
LNS, SEP, and UASLP-FAI (Mexico); MOS (Montenegro); MBIE (New Zealand); PAEC (Pak-
istan); MES, NSC, and NAWA (Poland); FCT (Portugal); MESTD (Serbia); MICIU/AEI and
PCTI (Spain); MOSTR (Sri Lanka); Swiss Funding Agencies (Switzerland); MST (Taipei); MH-
ESI (Thailand); TUBITAK and TENMAK (Türkiye); NASU (Ukraine); STFC (United Kingdom);
DOE and NSF (USA).

Individuals have received support from the Marie-Curie programme and the European Re-
search Council and Horizon 2020 Grant, contract Nos. 675440, 724704, 752730, 758316, 765710,
824093, 101115353, 101002207, 101001205, and COST Action CA16108 (European Union); the
Leventis Foundation; the Alfred P. Sloan Foundation; the Alexander von Humboldt Founda-
tion; the Science Committee, project no. 22rl-037 (Armenia); the Fonds pour la Formation à
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L. Della Pennaa ,b, L. Fanòa ,b , V. Mariania ,b , M. Menichellia , F. Moscatellia ,51 ,
A. Rossia ,b , A. Santocchiaa ,b , D. Spigaa , T. Tedeschia ,b
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C. Aimèa ,b , C.A. Alexea ,c , P. Asenova ,b , P. Azzurria , G. Bagliesia , L. Bianchinia ,b ,
T. Boccalia , E. Bossinia , D. Bruschinia ,c , R. Castaldia , F. Cattafestaa ,c ,
M.A. Cioccia ,d , M. Cipriania ,b , R. Dell’Orsoa , S. Donatoa ,b , R. Fortia ,b ,
A. Giassia , F. Ligabuea ,c , A.C. Marinia ,b , A. Messineoa ,b , S. Mishraa ,
V.K. Muraleedharan Nair Bindhua ,b , S. Nandana , F. Pallaa , M. Riggirelloa ,c ,
A. Rizzia ,b , G. Rolandia ,c , S. Roy Chowdhurya ,52 , T. Sarkara , A. Scribanoa ,
P. Solankia ,b , P. Spagnoloa , F. Tenchinia ,b , R. Tenchinia , G. Tonellia ,b ,
N. Turinia ,d , F. Vasellia ,c , A. Venturia , P.G. Verdinia

INFN Sezione di Romaa, Sapienza Università di Romab, Roma, Italy
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Calero Yzquierdo , J. Puerta Pelayo , I. Redondo , J. Vazquez Escobar

Universidad Autónoma de Madrid, Madrid, Spain
J.F. de Trocóniz

Universidad de Oviedo, Instituto Universitario de Ciencias y Tecnologı́as Espaciales de
Asturias (ICTEA), Oviedo, Spain
B. Alvarez Gonzalez , J. Ayllon Torresano , A. Cardini , J. Cuevas , J. Del Riego Badas ,
D. Estrada Acevedo , J. Fernandez Menendez , S. Folgueras , I. Gonzalez Ca-
ballero , P. Leguina , M. Obeso Menendez , E. Palencia Cortezon , J. Prado Pico ,
A. Soto Rodrı́guez , P. Vischia

Instituto de Fı́sica de Cantabria (IFCA), CSIC-Universidad de Cantabria, Santander, Spain
S. Blanco Fernández , I.J. Cabrillo , A. Calderon , J. Duarte Campderros , M. Fer-
nandez , G. Gomez , C. Lasaosa Garcı́a , R. Lopez Ruiz , C. Martinez Rivero ,
P. Martinez Ruiz del Arbol , F. Matorras , P. Matorras Cuevas , E. Navarrete Ramos ,
J. Piedra Gomez , C. Quintana San Emeterio , L. Scodellaro , I. Vila , R. Vi-
lar Cortabitarte , J.M. Vizan Garcia

University of Colombo, Colombo, Sri Lanka
B. Kailasapathy55 , D.D.C. Wickramarathna

University of Ruhuna, Department of Physics, Matara, Sri Lanka
W.G.D. Dharmaratna56 , K. Liyanage , N. Perera

CERN, European Organization for Nuclear Research, Geneva, Switzerland



33

D. Abbaneo , C. Amendola , R. Ardino , E. Auffray , J. Baechler, D. Barney ,
J. Bendavid , M. Bianco , A. Bocci , L. Borgonovi , C. Botta , A. Bragagnolo ,
C.E. Brown , C. Caillol , G. Cerminara , P. Connor , K. Cormier , D. d’Enterria ,
A. Dabrowski , A. David , A. De Roeck , M.M. Defranchis , M. Deile , M. Dobson ,
P.J. Fernández Manteca , B.A. Fontana Santos Alves , E. Fontanesi , W. Funk , A. Gaddi,
S. Giani, D. Gigi, K. Gill , F. Glege , M. Glowacki, A. Gruber , J. Hegeman ,
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59Also at Universität Zürich, Zurich, Switzerland
60Also at Stefan Meyer Institute for Subatomic Physics, Vienna, Austria
61Also at Near East University, Research Center of Experimental Health Science, Mersin,
Turkey
62Also at Konya Technical University, Konya, Turkey
63Also at Istanbul Topkapi University, Istanbul, Turkey
64Also at Izmir Bakircay University, Izmir, Turkey
65Also at Adiyaman University, Adiyaman, Turkey
66Also at Bozok Universitetesi Rektörlügü, Yozgat, Turkey
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