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Measurement of differential t-channel single top
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The production of single top quarks and top antiquarks via the C-channel exchange of a virtual

, boson is measured in proton–proton collisions at a centre-of-mass energy of 13 TeV at

the Large Hadron Collider. The full Run 2 data sample recorded with the ATLAS detector

in the years 2015–2018 is used, corresponding to an integrated luminosity of 140 fb−1. The

absolute and normalised production cross-sections are measured differentially as a function

of the transverse momentum and absolute rapidity of the top quark and top antiquark. In

addition, the ratio of top quark to top antiquark production cross-sections is measured. The

measured distributions are compared with next-to-leading-order quantum chromodynamics

predictions obtained with different combinations of matrix-element generators, parton-shower

programs and proton parton distribution functions, as well as to next-to-next-to-leading-

order calculations. Overall, good agreement is observed between the measurements and the

theoretical predictions. For most measured distributions, the sensitivity to differences between

the predictions is limited by the systematic uncertainties in the measurement. The measured

differential distributions are also interpreted in an effective field theory approach to constrain

the Wilson-Coefficient �
3,1
&@

associated with a four-quark operator. The interpretation accounts

for the effect of the selection efficiency, which is altered significantly by non-zero contributions

from �
3,1
&@

.
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1 Introduction

The production of single top quarks was first observed in 2009 in proton–antiproton collisions at the

Tevatron [1, 2] and was since then used to obtain valuable insights on the properties of the top quark [3].

At the Large Hadron Collider, the main production channel of single top quarks is the C-channel exchange

of a virtual , boson. The total production cross-section of single top quarks and top antiquarks via the

C-channel process (C@ and C̄@ production) was measured by both the ATLAS and CMS collaborations

at centre-of-mass energies of 5.02 TeV [4], 7 TeV [5, 6], 8 TeV [7, 8] and 13 TeV [9, 10]. At 13 TeV,

differential cross-sections were measured by CMS [11] using a partial Run 2 data sample with an integrated

luminosity of 35.9 fb−1.

Example Feynman diagrams for C-channel production of single top quarks and top antiquarks at leading-

order (LO) in perturbation theory are depicted in Figure 1. A light quark from one of the colliding protons

interacts with a 1-quark from the other proton by exchanging a virtual , boson. Since the integral of the

valence D-quark density of the proton is twice the integral of the valence 3-quark density, the C@ production

cross-section is expected to be higher than the C̄@ production cross-section. Subleading diagrams containing

only sea quarks in the initial-state contribute to the production cross-section in a charge-symmetric way.
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Figure 1: Example Feynman diagrams of (a) single top quark and (b) single top antiquark production via the C-channel

exchange of a virtual , boson at LO in perturbation theory with the leptonic decay channel of the top (anti)quark.

In this paper, the ATLAS measurements of differential C@ and C̄@ production cross-sections are presented

using the full Run 2 data sample, recorded with the ATLAS detector between 2015 and 2018 at
√
B = 13 TeV,

corresponding to an integrated luminosity of 140 fb−1. Absolute and normalised differential cross-sections

are measured as functions of the transverse momentum ?T(C) or ?T(C̄) and the absolute value of the rapidity

|y(C) | or |y(C̄) | of the top quark and top antiquark. The cross-sections for C@ and C̄@ production are measured

separately, along with their ratio.

The measurement targets events with leptonically decaying , bosons. Signal events are required to contain

exactly one isolated electron or muon and large missing transverse momentum �miss
T

. Based on the LO

event signature of C@ and C̄@ production, exactly two jets are required and exactly one of these jets must be

identified as originating from a 1-quark. The purity of the event selection in signal events is enhanced by

dedicated kinematic requirements and the use of a neural network (NN), trained to separate signal and

background events. The NN was trained for the ATLAS measurement of the total C@ and C̄@ production

cross-sections at
√
B = 13 TeV [9], which serves as the basis for the differential analysis reported in this

paper. Consequently, the event selection, simulated event samples, and systematic uncertainties used here

are almost identical and are therefore described only briefly. Further details can be found in the paper [9].
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Two signal regions are defined based on the sign of the lepton charge to measure the C@ and C̄@ production

cross-sections separately. The measured cross-sections are corrected for geometric acceptance, detector

resolution, and trigger and reconstruction efficiencies. The corrections are made by unfolding the

measured distributions to parton level, using iterative Bayesian unfolding (IBU) [12]. The measured

differential cross-sections are compared with predictions obtained at next-to-leading-order (NLO) in

quantum chromodynamics (QCD) with different combinations of matrix-element event generators and

parton-shower programs and with different parton distribution function (PDF) sets, and to next-to-next-

to-leading-order (NNLO) predictions calculated with MCFM [13]. Measurements of the differential

cross-sections and in particular the ratio of the differential C@/C̄@ cross-sections as a function of |y(C or C̄) |
can help to constrain the PDFs of the proton [14]. The C@ and C̄@ process offers the possibility to constrain

the D/3-quark ratio and, as future prospect, the 1-quark density.

The differential cross-sections as a function of ?T(C) or ?T(C̄) are also of interest for effective field theory

(EFT) interpretations [15]. In the standard-model effective field theory (SMEFT) [16], at leading-order

in QCD only three dimension-6 operators contribute to C@ and C̄@ production through interference with

the SM: $
3,1
&@

, $3
q&

, and $C, . A non-zero contribution from the four-quark EFT operator $
3,1
&@

affects

both the C@ and C̄@ production cross-sections and the kinematic properties of the events, thereby altering

the acceptance. In contrast, the $3
q&

operator only alters the inclusive production cross-section and

$C, modifies the kinematics of the top-quark decay [17]. The EFT interpretation aims to constrain the

contribution of $
3,1
&@

and is based on the measured ?T(C) and ?T(C̄) differential distributions at parton level.

The dependence of the acceptance on the $
3,1
&@

contribution is studied and a significant impact on the

obtained constraints is found. Therefore, the interpretation takes this acceptance effect into account. The

obtained constraints on an $
3,1
&@

contribution improve the limits set by the EFT interpretation of the total

C@ and C̄@ cross-section measurement [9].

A brief introduction of the ATLAS detector and the data samples is given in Section 2 and the samples

of simulated events are described in Section 3. The object definitions and event selection are given in

Section 4. Section 5 provides a description of the estimate of the background rate. The unfolding procedure

and needed inputs are defined in Section 6 and Section 7. The uncertainties are described in Section 8.

The unfolded results and an interpretation of the results in the context of EFT are presented in Section 9.

2 ATLAS detector and data sample

The ATLAS experiment [18] at the LHC is a multipurpose particle detector with a forward–backward

symmetric cylindrical geometry and a near 4c coverage in solid angle.1 It consists of an inner tracking

detector surrounded by a thin superconducting solenoid providing a 2 T axial magnetic field, electromagnetic

and hadronic calorimeters, and a muon spectrometer. The inner tracking detector covers the pseudorapidity

range |[ | < 2.5. It consists of silicon pixel, silicon microstrip, and transition radiation tracking detectors.

Lead/liquid-argon (LAr) sampling calorimeters provide electromagnetic (EM) energy measurements with

high granularity within the region |[ | < 3.2. A steel/scintillator-tile hadronic calorimeter covers the

central pseudorapidity range (|[ | < 1.7). The endcap and forward regions are instrumented with LAr

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector

and the I-axis along the beam pipe. The G-axis points from the IP to the centre of the LHC ring, and the H-axis points upwards.

Polar coordinates (A, q) are used in the transverse plane, q being the azimuthal angle around the I-axis. The pseudorapidity is

defined in terms of the polar angle \ as [ = − ln tan(\/2) and is equal to the rapidity H =
1
2

ln
(

�+?I
�−?I

)

in the relativistic limit.

Angular distance is measured in units of Δ' ≡
√

(ΔH)2 + (Δq)2.
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calorimeters for EM and hadronic energy measurements up to |[ | = 4.9. The muon spectrometer surrounds

the calorimeters and is based on three large superconducting air-core toroidal magnets with eight coils

each. The field integral of the toroids ranges between 2.0 and 6.0 T m across most of the detector. The

muon spectrometer includes a system of precision tracking chambers up to |[ | = 2.7 and fast detectors for

triggering up to |[ | = 2.4. The luminosity is measured mainly by the LUCID–2 [19] detector which is

located close to the beampipe. A two-level trigger system was used to select events [20]. The first-level

trigger is implemented in hardware and used a subset of the detector information to accept events at a rate

close to 100 kHz. This is followed by a software-based trigger that reduced the accepted rate of complete

events to 1.25 kHz on average depending on the data-taking conditions. A software suite [21] is used in

data simulation, in the reconstruction and analysis of real and simulated data, in detector operations, and in

the trigger and data acquisition systems of the experiment.

The analysis uses proton–proton (??) collision data recorded in the years 2015 to 2018 [22] at a centre-of-

mass energy of 13 TeV and corresponds to an integrated luminosity of 140 fb−1 with a relative uncertainty of

0.83% [23]. Events were selected online during data taking by single-electron or single-muon triggers [24,

25]. Multiple triggers with different thresholds in transverse momentum (?T) were combined in a logical

OR to increase the selection efficiency. The lowest-threshold triggers utilised isolation requirements for

reducing the trigger rate.

3 Samples of simulated events

Sets of simulated events from signal and background processes were produced with MC-based event

generator programs to model the physics processes. After event generation, the response of the ATLAS

detector was simulated using the Geant4 toolkit [26] with a full detector model [27] or a fast simulation [28,

29] which employed a parameterisation of the calorimeter response.

Samples of simulated events involving top quarks were generated using the Powheg Box v2 [30–36] matrix

element (ME) generator with the top-quark mass set to <C = 172.5 GeV. All processes were calculated in

QCD NLO and used the NNPDF3.0nlo PDF set [37] with the five-flavour scheme (5FS) except single

top-quark production in the C-channel that was simulated with the NNPDF3.0nlo_nf4 PDF set, which

implements the four-flavour scheme (4FS). Parton showers, hadronisation, and the underlying event were

modelled using Pythia 8.230 [38] with the A14 [39] set of tuned parameters and the NNPDF2.3lo

PDF set [40]. When generating C, events, the diagram-removal scheme [41] was employed to treat the

interference with CC̄ production [42]. The decays of bottom and charm hadrons were simulated using the

EvtGen 1.6.0 program [43].

The production of , and / bosons in association with jets, including heavy-flavour jets, was simulated

with the Sherpa 2.2.11 generator [44] using NLO matrix elements for up to two partons and LO matrix

elements for up to five partons. The default Sherpa parton shower [45] and the cluster hadronisation

model [46] were used. The generation employed the dedicated set of tuned parameters developed by the

Sherpa authors and the NNPDF3.0nlo PDF set. The ,+jets and /+jets samples were normalised to

NNLO QCD and NLO electroweak predictions [47] of the total cross-sections, obtained with the FEWZ

package [48, 49].

Samples of on-shell diboson production (,, , ,/ , and // , abbreviated as ++ in the following) were

simulated with the same Sherpa configuration as described above for ,+jets and /+jets production. The

matrix elements considered contain all diagrams with four electroweak vertices and were calculated at
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NLO in QCD for up to one additional parton and at LO for up to three additional parton emissions. The

diboson event samples were normalised to the total cross-sections provided by Sherpa.

Multijet events with fake or non-prompt leptons are modelled using different strategies depending on the

lepton type. Non-prompt muons are estimated from collision data while fake electrons or non-prompt

electrons from hadron decays are described with simulated dijet samples. The dijet event sample was

simulated using Pythia 8.186 with LO matrix elements for dijet production. The generation used the

NNPDF2.3lo PDF set and the A14 set of tuned parameters.

For interpreting the measurement in the framework of EFT, samples of C-channel and B-channel production

were generated with MadGraph5_aMC@NLO 2.7.3 using the SMEFTatNLO-NLO UFO model [16]

with the 5FS and the NNPDF3.0nlo PDF set. The operator $
3,1
&@

was activated, which introduces a

four-quark contact interaction. Separate samples of simulated events were generated for each �
3,1
&@

/Λ2 ∈
{−0.6, −0.2, 0.0, 0.4, 1.0} TeV−2 for single top-quark and top-antiquark production. The generated

events were showered with Pythia 8.244 using the A14 set of tuned parameters and the NNPDF2.3lo PDF

set. In these samples, the top-quark (top-antiquark) is assumed to decay into ,+1 (,− 1̄) with a branching

ratio of 100%.

The simulation of single-top-quark events depends on several parameters, which can be constrained by

comparing to the measured differential distributions. These include PDFs, Us, and the calculation scheme

(i.e. 4FS vs. 5FS). Among these, the variations of the PDFs have the largest impact. Fixed-order (FO)

calculations are typically performed in the 5FS, where the initial 1-quark is taken directly from the proton

PDF. In contrast, for MC event generation the 4FS is usually preferred [36]. In this scheme, the initial

gluon splitting into the 11̄ pair is included in the ME calculation and can be carried out with massive

1-quarks. As a result, the modelling of the kinematics of the “spectator” 1-quark is more reliable.

Fixed order differential calculations of the top-quark and top-antiquark kinematics are available up to

NNLO in pertubation theory within the MCFM framework [50, 51] and made in the 5FS. The dynamic

double deep inelastic scattering scale is used as suggested in [51]. In this scale choice, the momentum

transfer along the , boson &2 is used as the scale for the light-quark-line corrections `2
= &2 and for the

heavy-quark-line corrections, `2
= &2 + <2

C with the top quark mass <C set to 172.5 GeV. The uncertainty

in the calculations comprises the uncertainty in the renormalisation and factorisation scale choice and the

uncertainty in the value of Us. The signal samples for C@ and C̄@ production are normalised to the reference

cross-sections calculated with MCFM at NNLO [52].

Within the parton level ME generators interfaced to parton shower programs, calculations are available up

to NLO with implementations in the Powheg Box v2 (ST_tch_4f) and MG_aMC@NLO [53] frameworks,

in both the 4FS and 5FS, and interfaced to either the Pythia 8 or the Herwig 7 [54, 55] parton shower

generator programs. The Powheg Box implementation is the same as used for the event generation of the

nominal signal sample. An overview of the considered fixed order calculations and ME event generators is

given in Table 1.

PDFs are provided by several groups worldwide, e.g. ABM [56], CTEQ [57], MSHT [58], NNPDF [37,

59, 60], and HERAPDF [61]. The ATLAS Collaboration also provides its own PDF sets [62, 63]. The

PDFs from each group can differ in, for example, the data used, the value of UB, the treatments of the

heavy-quark masses and the implementation of higher-order QCD corrections. Predictions for the C@ and C̄@

production with different PDF sets are obtained using the Powheg Box v2 implementation. An overview

of the PDFs used for the comparison is given in Table 2, where available the 4FS variant is used. All PDF
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Table 1: Summary of fixed order calculations and ME event generators used for the production of top-quark and

top-antiquark kinematic-distributions of the C@ and C̄@ production.

Program Precision FS Note

MCFM LO / NLO / NNLO 5FS FO calculation

MG_aMC@NLO NLO 4FS / 5FS Event generation

Powheg ST_tch_4f NLO 4FS Event generation

sets are employed at NLO precision to match that of the ME calculation, except for ATLASPDF21, which

is available only at NNLO precision.

Table 2: Summary of PDF sets employed for the production of top-quark and top-antiquark kinematic-distributions

of the C@ and C̄@ production using the Powheg ST_tch_4f generator.

PDF LHAPDF ID [64] Precision FS

NNPDF3.0 260400–260500 NLO 4FS

NNPDF4.0 334700 NLO 4FS

MSHT20 27700 NLO 4FS

CT18 14400 NLO 5FS

PDF4LHC21 93500–93541 NLO 4FS

ATLASPDF21 65700–65753 NNLO 5FS

ABMP16 42930–42961 NLO 4FS

4 Object reconstruction and event selection

The final state of the C@ and C̄@ signal processes comprises a charged lepton, a neutrino, a 1-quark and

a light quark (see Figure 1) and is reconstructed by identifying corresponding objects measured in the

detector. The presence of a high-?T neutrino is indicated by large missing transverse momentum. In the

context of this analysis, “charged lepton” refers to electrons and muons only.

4.1 Object definitions

Electron candidates are reconstructed from Inner Detector (ID) tracks matched to EM calorimeter energy

clusters [65], where for the pseudorapidity of the clusters [cluster, |[cluster | < 2.47 is required. The detector

transition region 1.37 < |[cluster | < 1.52 is excluded. Electron candidates are required to have ?T > 10 GeV.

A likelihood-based discriminant is constructed to reject non-prompt electrons [65]. Muon candidates are

reconstructed by combining ID and muon spectrometer tracks [66]. All tracks must be in the range of

|[ | < 2.5. Leptons must be consistent with the primary vertex via impact-parameter requirements, and are

further subject to isolation criteria optimised to reject non-prompt and fake candidates [65, 66].
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Jets are reconstructed from particle-flow objects [67] with the anti-:C algorithm [68, 69] using a radius

parameter of 0.4. The jet energy is calibrated by applying several simulation-based corrections and

techniques correcting for differences between simulation and data [70]. The jets must satisfy ?T > 30 GeV

and |[ | < 4.5. Pile-up suppression is performed via the jet-vertex tagger (JVT) [71] and forward JVT

(fJVT) [72] discriminants. Jets containing 1-hadrons are identified (1-tagged) with the DL1r algorithm,

which uses a deep feed-forward neural network with several 1-tagging algorithms as inputs [73]. As

requirement on the DL1r discriminant, the 60% efficiency working point is used. Since the DL1r algorithm

uses measurements from the ID, the identification of 1-jets is limited to the region with |[ | < 2.5.

An overlap-removal procedure is applied to prevent double-counting of objects satisfying multiple

reconstruction criteria. Reconstructed objects are removed in the following order: electrons sharing an ID

track with a muon, jets within Δ' = 0.2 of an electron, electrons within Δ' = 0.4 of a remaining jet, jets

within Δ' = 0.2 of a muon if they have less than three associated tracks with ?T > 0.5 GeV, and muons

within Δ' = 0.4 of a remaining jet.

The missing transverse momentum ®?miss
T

is reconstructed as the negative vector sum of the ?T of the

reconstructed leptons and jets, and ID tracks that point to the primary vertex but are not associated with a

reconstructed object [74]. The magnitude of ®?miss
T

is denoted by �miss
T

.

The neutrino momentum is required for the reconstruction of the top (anti)quark. The G- and H-components

of the neutrino momentum are approximated by the components of ®?miss
T

. The I-component, ?I (a), is

determined by constraining the mass of the reconstructed , boson to match the measured world average

<(,) = 80.4 GeV [75]. If the resulting quadratic equation has two real solutions, the one with the smallest

|?I (a) | is chosen. In the case of complex solutions, a kinematic fit is performed such that the imaginary

part vanishes and the distance between the transverse components of the neutrino momentum and ®?miss
T

is

minimised [76]. The , boson is formed by adding the four-vectors of the reconstructed neutrino and the

charged lepton and the top (anti)quark is reconstructed by adding the four-vector of the , boson and the

1-jet.

4.2 Event selection

The event selection imposes requirements based on the expected event signature of C@ and C̄@ production.

Candidate events must contain exactly one charged lepton with ?T > 28 GeV matched to the trigger object.

Two separate signal regions are defined according to the sign of the lepton charge, referred to as ℓ+ SR and

ℓ− SR in the following.

Exactly two jets with ?T > 30 GeV are required, of which exactly one must be 1-tagged. The 1-tagged

jet is explicitly required to have |[ | < 2.5. For events with forward jets with 2.3 < |[ |, the requirement

?T(jet) > 35 GeV is imposed leading to an improved modelling of the |[ | distribution of untagged jets in

the given regime. To reduce the multijet background, requirements are imposed on the missing transverse

energy and the transverse , mass defined as <T (,) =
√

2?T(ℓ)�miss
T

(

1 − cosΔq
(

®?miss
T

, ℓ
) )

. Events

are required to have �miss
T

> 30 GeV and <T (,) > 50 GeV. To further suppress the multijet background

and to remove poorly reconstructed leptons with low ?T, an additional requirement is applied based on

the azimuthal angle q between the charged lepton and the leading jet ( 91), i.e. the jet with the largest ?T.

The imposed requirement is ?T (ℓ) > 40 GeV · |Δq ( 91, ℓ) |/c since the charged lepton and the leading jet

are typically emitted back-to-back in multijet events. An additional selection criterion is imposed on the
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invariant mass of the charged lepton and the 1-tagged jet, <(ℓ1) < 160 GeV, to exclude the off-shell region

for top-quark decays which is not modelled well.

To reduce the contribution from background processes further, an additional selection criterion is introduced

using the NN trained for the inclusive analysis to separate background and signal events [9]. The NN is

implemented using the NeuroBayes package [77, 78] and trained on kinematic variables formed from

reconstructed objects and global event observables. Seventeen input variables are used which describe

angular distances and differences between the transverse momentum of reconstructed objects, the invariant

mass and absolute rapidity of reconstructed objects and the sum of the transverse momenta of the

reconstructed jets, charged lepton and neutrino. The modelling of the input variables was studied in Ref. [9]

and agrees with the data within uncertainty. The simulated nominal signal samples and all MC simulated

background processes are used for the training.

The NN assigns an output-score �== ∈ [0, 1] to each event. Signal events are assigned a high �==

score and background events are assigned low scores. The requirement of a high �== score reduces the

contribution from background processes significantly, but it also reduces the signal acceptance. A very low

contribution from background events is required to keep the associated rate uncertainties under control,

but a high number of data events is needed to keep the statistical uncertainties low. The �== requirement

is therefore optimised to balance these effects and the requirement �== > 0.93 is chosen. Introducing

the �== requirement enhances the signal-to-background ratio in the ℓ+ SR from 0.25 to 6.1 and in the

ℓ− SR from 0.17 to 3.8. The impact of the �== requirement on the systematic uncertainties related to the

modelling of the signal process was found to be negligible.

5 Background estimation

The background contribution from processes with one prompt lepton is estimated from MC simulations and

includes CC̄ production, single-top production via the B-channel and the C, process, diboson production and

the production of single , and / bosons in association with jets. The production processes of a , boson

in association with jets are referred to as , + 11̄ and , + 2(2̄) in the following. While , + 2 production

gives a significant contribution, the , + 1 process is heavily suppressed.

The multijet background is estimated by using a combination of simulated dijet events and data-driven

techniques. Events with misidentified jets are modelled from simulated dijet events by classifying jets

that deposit most of their energy in the EM calorimeter as electrons. Events with non-prompt muons

are modelled from dedicated collision events which are enriched in non-prompt muons by applying the

nominal selection with inverted or modified muon isolation requirements. Both of these methods are

detailed in Ref. [79].

The normalisation of each background process is extracted from a dedicated simultaneous binned profile

maximum-likelihood fit using the same methodology as Ref. [9]. The likelihood function is defined as the

product of Poisson probability terms across all bins. The fitted event yields in each bin depend on nuisance

parameters that account for systematic uncertainties. All nuisance parameters, except those representing

MC statistical uncertainties, are constrained by Gaussian terms in the likelihood function. Control regions

for the multijet background and the complete �== distributions excluding �== > 0.93, i.e. the signal

region for the differential measurement, are used in the fit. No additional control regions are included for

backgrounds with a prompt lepton. The complete set of experimental and background-related uncertainties

are included via nuisance parameters. The event yields of the multijet backgrounds are left floating while
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the yields of all other backgrounds are constrained to their predictions within the associated uncertainties.

For the background processes involving top quarks, the relative uncertainties in the cross-sections of ±4%

for CC̄ and ±3.7% for C, + C̄,, C1̄/C̄1 are assigned. An uncertainty of ±40% is assigned to the expected

rate of , + 11̄, covering differences seen in previous measurements [80] between the Sherpa prediction

and ATLAS collision data. For the , + 2(2̄) and /,+++jets backgrounds, an uncertainty of ±20% is

assigned. Separate nuisance parameters are used for the cross-section uncertainties of , + 11̄ production

and , + 2(2̄) production in the regions with positive and negative lepton charge. The post-fit agreement

of the expected and observed distributions is shown in Figure 2. The difference between prediction and

observation in Figure 2(a) can be attributed to the signal modelling uncertainties being not included. No

significant pulls of nuisance parameters are observed and a consistent inclusive C@ or C̄@ cross-section is

obtained.
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Figure 2: Post-fit agreement between data and the expected distributions in events containing a (a) positively charged

lepton and (b) negatively charged lepton. The experimental, background-related and MC statistical uncertainties are

incorporated in the uncertainty bands. The region �== > 0.93 is excluded from the fit.

Per-process scale factors are obtained from the post-fit over pre-fit event yield ratio and the relative

uncertainty in the post-fit yield is taken as the uncertainty in the expected rate of the respective process.

The expected event yields in the SRs per process after the scale factors are applied to the background

processes are presented in Table 3. Comparisons between the observed and expected distributions in both

signal regions incorporating all uncertainties are shown in Figure 3. Here, ℓ±a1 is used to refer to the

reconstructed top (anti)quark.
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Figure 3: Comparison of the measured data to the expected distributions estimated from MC simulation in the (a),(c)

ℓ+ SR and (b),(d) ℓ− SR (i.e. the requirement �== > 0.93 is imposed). The distributions are shown for variables

(a) ?T (ℓ+a1), (b) ?T (ℓ−a1), (c) |y(ℓ+a1) | and (d) |y(ℓ−a1) |, utilising the binning optimised for the unfolding

as described in Section 7. The uncertainty bands incorporate the MC statistical uncertainty and all systematic

uncertainties. The per-process scale factors are applied to the background processes.
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Table 3: Expected event yields per process and observed event yields in the signal regions. The given uncertainties

are the rate uncertainties defined as the relative uncertainty in the post-fit event yields.

Process ℓ+ SR ℓ− SR

C@ 29 740 ± 590 15 ± 15

C̄@ 7 ± 7 15 550 ± 300

CC̄ 1020 ± 40 1050 ± 40

C, + C̄,, C1̄/C̄1 200 ± 20 210 ± 21

/,+++jets 290 ± 60 300 ± 60

, + 11̄ 1360 ± 150 940 ± 90

, + 2(2̄) 1340 ± 270 1080 ± 170

Multijet 610 ± 120 500 ± 100

Total 34 580 ± 680 19 630 ± 380

Observed 33 883 19 730

6 Unfolding technique

The unfolding aims to correct the measured distributions for resolution and efficiency effects caused by

the detector. D’Agostini’s iterative approach [12], implemented in RooUnfold [81], is used to unfold the

distributions. The distributions are unfolded to the parton level with stable top quarks, and extrapolated to

the full kinematic phase space so that they can be easily compared with a variety of theory predictions.

The number of data events #data
9

measured in bin 9 of the distribution of the observable - after detector

reconstruction can be parameterised in the following way

#data
9 =

∑

:

" 9:n:LintΔ-:

df̂:

d-:

+ �̂ 9 .

Here Lint denotes the integrated luminosity and Δ-: is the width of bin : of the parton-level distribution

of the observable - . The migration matrix element " 9: denotes the probability for a reconstructed event

produced in bin : to be reconstructed in bin 9 . A strength of D’Agostini’s approach is that the migration

matrix is not inverted. The nominal background �̂ 9 is the expected sum of background events in bin 9 .

The selection efficiency n: is defined as

n: =
#sel
:

#
prod

:

,

where #
prod

:
denotes the number of MC events produced in bin : and #sel

:
the number of events selected in

bin : . Since no fiducial region is defined on the final-state, #sel
:

equals the number of events produced in

bin : that satisfy the event selection at reconstruction level (cf. Section 4) in an arbitrary bin 9 .
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7 Binning and convergence of unfolding

The migration matrices and efficiencies used for the unfolding are determined with the nominal signal

samples. The binning of the distributions is optimised according to several criteria. The statistical

uncertainty in the data yields is kept at a moderate level, i.e. below 10%, and the bin width is kept above

the detector resolution. The migration of events to off-diagonal bins is kept sufficiently low, i.e. below

50%, to ensure the stability of the unfolding procedure. The bin edges are synchronised between both

signal regions to allow for the measurement of the cross-section ratio.

The obtained migration matrices are shown in the Appendix in Figure 16. In both of the signal regions, a

few data events are measured with ?T(ℓ±a1) > 500 GeV. The upper edge of the ?T(ℓ±a1) distributions is

not raised to incorporate all measured events because the differential cross-sections are normalised to the

bin width. Instead, a shadow bin with an upper edge of 2000 GeV is added to account for migration effects.

The cross-section is not measured in the shadow bin and it is therefore not shown in the following.

The unfolding procedure is regularised through the number of iterations. The parton-level prediction for

a given distribution is used as a biased prior and in each iteration replaced by the result of the previous

iteration. This procedure reduces the bias, i.e. the difference between the prediction and the true distribution,

but leads to statistical fluctuations if too many iterations are performed. The number of iterations used

for unfolding is optimised by minimising the statistical correlation between the bins of the unfolded

distributions. For all distributions in all SRs, four iterations are chosen.

The unfolding procedure is validated to be robust against statistical fluctuations of the detector level

distributions and changes in the shape of the signal process distributions. The latter is tested by altering the

shape of the signal process at both the parton and detector levels according to the difference between the

expected and the observed distributions. The altered detector level distributions are unfolded using the

nominal migration matrix and efficiency and compared with the altered parton level distributions. The

difference between the unfolded results and the parton level, i.e. the non-closure, is found to be below 2%

for all distributions.

8 Systematic and statistical uncertainties

Several sources of systematic uncertainties affect the expected event yield from signal and background

processes, as well as the distribution’s shapes. The systematic uncertainties are divided into two major

categories. Experimental uncertainties are associated with the reconstruction of the four-momenta of

final-state objects: electrons, muons, untagged jets, 1-tagged jets, and �miss
T

. The second category of

uncertainties is related to the modelling of simulated processes.

8.1 Sources of uncertainties

The uncertainty in the integrated luminosity of the combined 2015–2018 data sample is 0.83% [23]. Scale

factors are applied to simulated events to correct for reconstruction, identification, isolation and trigger

performance differences between data and detector simulation for electrons and muons [65, 66, 82, 83].

The net effect of the probability of charge misidentification of reconstructed electrons is a migration of

events at the level of 6 × 10−4 from the ℓ+ SR to the ℓ− SR (cf. [9]). The uncertainty in the jet energy scale

(JES) [70] is decomposed into a set of 30 uncorrelated components. Sources of uncertainty contributing to
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the JES uncertainty sources include the [ intercalibration of forward jets within 0.8 < |[ | < 4.5 with those

in the central barrel region (|[ | < 0.8), pile-up modelling, jet flavour composition and response, differences

between jets induced by 1-quarks and those from gluons or light-quarks, single-particle response, detector

modelling, non-closure, and effects of jets not fully contained within the calorimeter. The uncertainty

of the jet energy resolution (JER) [70] comprises thirteen orthogonal components which account for jet

?T- and [-dependent differences between simulation and data. The uncertainty in the efficiency to satisfy

the JVT requirement for pile-up suppression is also considered [71]. An uncertainty for �miss
T

is applied

to account for a possible miscalibration of its soft-track component [74]. The 1-tagging requirement

made in the measurement requires consideration of uncertainties in the 1-tagging efficiency of true 1-jets

and in the mistagging rates of light-quark jets and 2-jets. The uncertainty in the 1-tagging efficiency is

decomposed into 45 orthogonal components [84]. The uncertainty in the rate of mistagging 2-jets as

1-jets is decomposed into 20 orthogonal components [85]. The uncertainty in the misidentification rate

of light-quark jets is decomposed into 20 independent eigenvectors [86]. To account for differences in

the pile-up distribution between simulation and data, the pile-up profile in the simulation is corrected to

match the one in data. The uncertainty associated with the correction factor is applied in the measurement

as a variation of the event weight. In the following, these uncertainties are summarised as Experimental

uncertainty.

The rate uncertainties of the background processes are defined as described in Section 5 and summarised as

Background rate uncertainty. Uncertainties in modelling parton showers and hadronisation are assigned to

all top-quark production processes by comparing the nominal samples with alternative samples for which

Powheg Box v2 was interfaced to Herwig 7.2.1 [54, 55] (for CC̄ production), Herwig 7.1.6 (for C, + C̄, and

C 1̄ production) or Herwig 7.3.1 (for C@ and C̄@ production) instead of Pythia 8.230. Uncertainties related to

the choice of the renormalisation scale `r and the factorisation scale `f for the matrix-element calculations

are evaluated by varying the scales independently by factors of 2 and 0.5, separately for each of the

top-quark production processes and for ,+jets production. The uncertainty in matching the NLO matrix

elements to the parton shower when generating CC̄, C, + C̄, and C@ and C̄@ events is evaluated according to

the prescription in Ref. [87]. The uncertainty in the choice of the ℎdamp parameter for the CC̄ and C, + C̄,

event generation is estimated by using additional samples produced with the ℎdamp parameter set to 3 × <C .

Uncertainties in the amount of initial-state and final-state radiation are assessed for the top-quark production

processes by varying the parameter Var3c of the A14 parton-shower tune within the uncertainties of

the tune and, for final-state radiation, by varying `r by factors of 0.5 and 2.0. The two variations are

handled independently. The uncertainty due to the scheme for removing the interference of the C, + C̄,

process with CC̄ production is evaluated by comparing the nominal sample, using the diagram-removal

scheme, with a sample produced with an alternative scheme (diagram subtraction) [41]. Uncertainties in

the PDFs are evaluated for the top-quark production processes using the PDF4LHC15 prescription with 30

eigenvectors [88]. The uncertainty in the shape of the multijet background is evaluated by modifying the

selection criteria for jet-electron and non-prompt-muon candidates, thereby generating templates for the

systematically varied distributions. In the following plots, these uncertainties are summarised as Signal

modelling and Background modelling.

8.2 Evaluation of uncertainties

To evaluate the impact of the experimental uncertainties, the rate uncertainties of the background processes

and uncertainties related to the modelling of background processes, the expected event yield is estimated

from the systematically varied distributions at reconstruction level. If an uncertainty is not defined for
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a process, the nominal prediction is used for the estimate. The nominal background estimate is then

subtracted and the resulting distributions are unfolded with the nominal migration matrix and efficiency.

The difference between the unfolded result and the unfolded nominal signal distribution per bin is taken as

the uncertainty. For uncertainties related to the modelling of the signal process, the systematically varied

signal distribution is unfolded with the nominal migration matrix and efficiency and any difference with

the systematically varied prediction at parton level is taken as the uncertainty.

The statistical uncertainty of the unfolded data is determined via pseudo-experiments. Each bin of the data

distribution is fluctuated according to the expected statistical uncertainty to construct a pseudo-experiment.

The pseudo-experiment is then unfolded with the nominal migration matrix and efficiency and the standard

deviation of all unfolded pseudo-experiments is taken as the data’s statistical uncertainty per bin.

To evaluate the statistical uncertainty due to the limited size of the MC signal sample, each bin of the

migration matrix and efficiency is fluctuated according to a Gaussian distribution whose spread corresponds

to the expected uncertainty due to the number of MC events in that bin. The nominal signal is unfolded

with the fluctuated corrections and the standard deviation of all unfolded pseudo-experiments is taken as

the MC statistical uncertainty.

One-sided uncertainties, such as the evaluation of the parton shower, are symmetrised by taking the full

uncertainty with opposite sign as down variation. The total uncertainty in the unfolded cross-section

is calculated per bin by adding the individual uncertainties in quadrature. The contributions from the

individual uncertainties with positive signs are added to the total up variation and the contributions with

negative signs are added to the total down variation. If both the up and the down variation of an uncertainty

have a positive (negative) sign, the larger contribution is added to the total up (down) variation and the

contribution to the total down (up) variation is set to zero.

The uncertainties in the ratio of the differential cross-sections are evaluated after the unfolding, taking

correlations between the effect of the uncertainties in the measurements into account. The statistical

uncertainties and the rate uncertainties in the , + 11̄ and , + 2(2̄) background processes are decorrelated

for C@ and C̄@ production and therefore added in quadrature.

The statistical uncertainty in the single components of the JES, JER and modelling related uncertainties

are evaluated with the bootstrap method [89] as these uncertainties show fluctuations in all measured

distributions. It was found that the fluctuations can be attributed to the statistical uncertainty of the

systematic uncertainties, but the quoted uncertainties are consistent with the central values obtained with

the bootstrap method. The statistical uncertainties of the JES and JER uncertainties are larger than those of

the modelling related uncertainties and, expressed in terms of the fractional uncertainty in the measured

cross-sections, reach magnitudes of about ±0.5% for the |y(C) | or |y(C̄) | distributions and about ±1.0% for

the ?T(C) or ?T(C̄) distributions. The statistical uncertainties may be of interest for future combinations

and are published in the HEPData entry for this analysis.

Summaries of the statistical and systematic uncertainties in all measured differential cross-sections are

presented in Figures 4 and 5. The contributions of the different categories of uncertainties with a further

breakdown of the experimental uncertainties are provided in the Appendix in Tables 6–15. The uncertainties

in the absolute and normalised differential cross-sections are dominated by the signal-modelling-related

and experimental uncertainties. The statistical uncertainties become significant in the high-?T region of

the absolute differential cross-section distributions, in the normalised differential cross-sections and in the

cross-section ratios. For the latter, this can be attributed to the cancellation of systematic uncertainties. The

uncertainties related to the rate and modelling of background processes are minor uncertainties for all
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Figure 4: Summary of the uncertainties in the absolute differential C@ or C̄@ production cross-sections measured as

a function of (a) ?T (C), (b) ?T (C̄), (c) |y(C) | and (d) |y(C̄) | and on the ratio of the differential C@ and C̄@ production

cross-sections measured as a function of (e) ?T (C or C̄) and (f) |H(C or C̄) |. Similar sources of uncertainties are grouped

using their quadratic sum. The shaded band indicates the total uncertainty, defined as the quadratic sum of all sources

of uncertainties.
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Figure 5: Summary of the uncertainties in the normalised differential C@ or C̄@ production cross-sections measured

as a function of (a) ?T (C), (b) ?T (C̄), (c) |y(C) | and (d) |y(C̄) |. Similar sources of uncertainties are grouped using

their quadratic sum. The shaded band indicates the total uncertainty, defined as the quadratic sum of all sources of

uncertainties.

measured cross-sections. Their contributions differ between the C@ and C̄@ production cross-sections as the

fraction of background events differ between the signal regions.
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9 Results

Differential C@ and C̄@ production cross-sections are measured as a function of ?T(C) or ?T(C̄) and |y(C) | or

|y(C̄) |. The absolute differential cross-sections are presented in Figures 6–8, the normalised differential

cross-sections are shown in Figures 9–11 and the ratios of the cross-sections are shown in Figure 12. All

measurement results are presented together with the theoretical predictions. The numerical values of the

measured cross-sections are given in the Appendix in Tables 16–21 and the j2 probabilities for all theory

predictions are listed in Tables 4 and 5. The j2 value of a given theory prediction is calculated as

j2
= +)

#1
· Cov−1

#1
· +#1

,

where #1 denotes the number of bins, +#1
denotes the vector of differences between the unfolded data

and the prediction and Cov#1
denotes the covariance matrix which incorporates all uncertainties in the

measurement result described in Section 8.

The covariance matrix is obtained by performing pseudo-experiments. Each bin of the measured distribution

at detector level is varied according to a Poisson distribution with the number of observed events in this

bin as the mean value. Gaussian-distributed shifts are coherently added for the MC statistical uncertainty,

each experimental uncertainty and each background related uncertainty by scaling each Poisson-fluctuated

bin with the expected relative variation from the associated uncertainty effect. The resulting distribution

is unfolded with the nominal migration matrix and efficiency. Signal modelling uncertainties are then

coherently added with additional Gaussian-distributed shifts. For the normalised cross-sections, +#1
and

Cov#1
are replaced by +#1−1 and Cov#1−1 by discarding the last element of +#1

and the corresponding

row and column of Cov#1
.

The uncertainties in the theoretical predictions are added in quadrature on the diagonal elements of Cov#1
.

For the predictions obtained with different PDF sets, the MC statistical uncertainty and the PDF uncertainty

are considered and the uncertainty in the predictions from different event generators additionally contains

the uncertainty in the renormalisation and factorisation scale choice. The uncertainty in the FO calculations

comprises the uncertainty in the renormalisation and factorisation scale choice and the uncertainty in the

value of Us.

Overall, a good agreement between the measured cross-sections and the theoretical predictions is observed.

The FO calculations with MCFM at LO do not agree with the measured ?T(C) and ?T(C̄) spectra as expected

for a 5FS calculation missing important diagrams. The predictions at NLO and NNLO show very good

agreement with the unfolded data, with the NNLO predictions being generally closer to the data and

showing a better compatibility. For the predictions obtained from different MC event generators, larger

deviations between the predictions are only present in the high-?T region of the absolute and differential

cross-sections measured as a function of ?T(C) or ?T(C̄), but the deviations are mostly covered by the

measurement uncertainties.

The predictions obtained with different PDF sets for the absolute differential cross-sections as a function

of |y(C) | or |y(C̄) | differ from each other by up to 10%, but all agree with the measured result within the

measurement uncertainties. The measured normalised differential production cross-sections as a function

of |y(C) | or |y(C̄) | agree very well with the different predictions, although some deviations are visible for

the differential C̄@ cross-section. The j2 probabilities of the different predictions for both the normalised

and absolute cross-sections are very similar to each other for a given distribution, except ABMP16, which

has a noticeably lower probability than the other predictions for the C̄@ production cross-sections binned in

|y(C̄) |.
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The predictions obtained with the ABMP16 PDF set overestimates the ratio of the differential cross-sections

over the full measured |y(C) | and |y(C̄) | ranges. The other predictions are in excellent agreement with the

measurement results.

At
√
B =8 TeV [7], differential C@ and C̄@ production cross-sections were already measured separately as

a function of ?T(C) or ?T(C̄) and |y(C) | or |y(C̄) |. In contrast, the present measurement is performed at

a different centre-of-mass energy and, in addition, achieves substantially higher precision for both the

absolute and normalised differential cross-sections. Important factors for the improvement are the larger

number of data events and a reduction of the contribution from background processes and their associated

uncertainties. The greatest improvement is achieved for the normalised differential cross-sections as a

function of |y(C) | or |y(C̄) |, where this measurement reaches a precision of 3% to 6% compared with 7% to

15%. A previous analysis by CMS using a partial Run 2 data sample [11] measured combined C@ and C̄@

production cross-sections. This analysis provides the first separate measurement of differential C@ and C̄@

production at
√
B =13 TeV and reaches a higher precision, as it utilises the full Run 2 data sample.

In both measurements discussed above, the differential cross-sections as a function of ?T(C) or ?T(C̄) were

measured in a range of up to 300 GeV. This analysis measures the differential cross-sections up to 500 GeV,

providing a significant extension of the probed ?T(C or C̄) region.

Table 4: j2 probabilities of the predictions for the absolute and normalised differential C@ or C̄@ production cross-

sections and the ratio of the cross-sections as a function of ?T (C), ?T (C̄) and ?T (C or C̄) respectively. The uncertainties

in the measured cross-sections and in the predictions are considered. The number of degrees of freedom (NDF) is

listed for each distribution.

Prediction
df(C@)
d?T(C)

1
f (C@)

df(C@)
d?T(C)

df(C̄@)
d?T(C̄)

1
f ( C̄@)

df(C̄@)
d?T(C̄)

(

df(C@)
d?T(C)

)

/
(

df(C̄@)
d?T(C̄)

)

NDF=8 NDF=7 NDF=8 NDF=7 NDF=8

MCFM, with PDF4LHC21

LO 0.03 0.0 0.02 0.0 0.99

NLO 0.55 0.50 0.83 0.69 1.0

NNLO 0.70 0.65 0.97 0.89 1.0

Generators, with NNPDF3.0

Powheg Pythia 8 (4FS) 0.78 0.59 0.98 0.91 1.0

MG_aMC@NLO (4FS) 0.60 0.19 0.96 0.86 1.0

MG_aMC@NLO (5FS) 0.60 0.60 0.96 0.93 1.0

MG_aMC@NLO dyn. scale (5FS) 0.68 0.65 0.90 0.84 1.0

Powheg +Herwig 7 (4FS) 0.85 0.66 0.99 0.93 1.0

PDFs, with Powheg Pythia 8 (4FS)

CT18 0.58 0.57 0.97 0.93 1.0

MSHT20 0.62 0.60 0.97 0.93 1.0

PDF4LHC21 0.63 0.63 0.96 0.92 1.0

ABMP16 0.64 0.70 0.96 0.90 0.34

NNPDF4.0 0.59 0.59 0.99 0.96 1.0

ATLASpdf21 0.55 0.62 0.91 0.92 1.0
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Table 5: j2 probabilities of the predictions for the absolute and normalised differential C@ or C̄@ production cross-

sections and the ratio of the cross-sections as a function of |y(C) |, |y(C̄) | and |y(C or C̄) | respectively. The uncertainties

in the measured cross-sections and in the predictions are considered. The number of degrees of freedom (NDF) is

listed for each distribution.

Prediction
df(C@)
d|H(C) |

1
f (C@)

df(C@)
d|H(C) |

df(C̄@)
d|H(C̄) |

1
f ( C̄@)

df(C̄@)
d|H(C̄) |

(

df(C@)
d|H(C) |

)

/
(

df(C̄@)
d|H(C̄) |

)

NDF=5 NDF=4 NDF=5 NDF=4 NDF=5

MCFM, with PDF4LHC21

LO 0.65 0.54 0.82 0.86 0.99

NLO 0.97 0.93 0.68 0.81 1.0

NNLO 1.0 0.98 0.81 0.74 1.0

Generators, with NNPDF3.0

Powheg Pythia 8 (4FS) 1.0 0.98 0.81 0.61 1.0

MG_aMC@NLO (4FS) 0.99 0.93 0.81 0.53 0.99

MG_aMC@NLO (5FS) 0.99 0.97 0.69 0.61 1.0

MG_aMC@NLO dyn. scale (5FS) 0.99 0.97 0.65 0.57 1.0

Powheg +Herwig 7 (4FS) 1.0 0.98 0.84 0.62 1.0

PDFs, with Powheg Pythia 8 (4FS)

CT18 0.98 0.96 0.68 0.55 0.96

MSHT20 1.0 1.0 0.61 0.52 1.0

PDF4LHC21 0.99 0.98 0.70 0.65 1.0

ABMP16 0.91 0.98 0.38 0.18 0.21

NNPDF4.0 0.99 0.99 0.70 0.61 1.0

ATLASpdf21 0.92 0.99 0.64 0.84 1.0

9.1 Effective field theory interpretation

The SMEFT provides a model-independent framework for indirect searches for new physics. Within this

framework, the SM is regarded as a low-energy approximation of a more fundamental theory involving

interactions at an energy scale Λ. The impact of new physics is parameterised by higher-dimensional

operators maintaining SM symmetries. The effective dimension-6 Lagrangian is given by

Leff = LSM +
∑

8

�8

Λ2
$8 + Hermitian conjugate,

where LSM is the SM Lagrangian. The $8 are effective dimension-6 operators and the �8 are the associated

Wilson coefficients.

In this EFT interpretation, constraints on the contribution from the four-quark operator $
3,1
&@

[90] are set.

The relevant operators, expressed in the Warsaw basis [91], are

$
1(8 9:;)
@@ = (@̄8W`@ 9) (@̄:W`@;) and

$
3(8 9:;)
@@ = (@̄8W`g�@ 9) (@̄:W`g�@;).

The @ denote weak-isospin doublets and 8 9 :; ∈ 1, 2, 3 are the quark generation indices. All contributing
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four-quark processes depend solely on a linear combination of Wilson coefficients

�
3,1
&@

=

∑

8=1,2

�
3(8833)
@@ + 1

6
�

1(8338)
@@ − 1

6
�

3(8338)
@@ ,

where & represents the doublet of the third quark generation, therefore the four-quark interaction is fully

characterised by $
3,1
&@

. There are two other dimension-6 operators which can alter single-top production

and interfere with the SM diagrams at LO, namely $3
Φ&

and $C, [92]. They are not considered in this

interpretation, i.e. their respective Wilson coefficients are set to zero. The operator $
3,1
&@

leads to non-SM

single top-quark production, as illustrated in Figure 13, for example via the process 1 + D → C + 3. Top

quarks produced in this way feature different angular distributions and transverse momentum spectra than

those produced according to the SM.

b

u

t

d

O
3,1
Qq

Figure 13: Representative LO Feynman diagram of a four-quark contact interaction leading to the production of a

single top quark.

For large absolute values of �
3,1
&@

/Λ2, the number of single top quarks and top antiquarks produced with a

high transverse momentum is expected to increase. Therefore, the high-?T region of the spectra provides a

high sensitivity to �
3,1
&@

/Λ2. Since the radiation of additional jets leads to increased jet-?T, this analysis is

not optimised for a high sensitivity to �
3,1
&@

/Λ2, as the event selection requires candidate events to contain

exactly two jets. Nevertheless, the differential cross-sections as a function of ?T(C) or ?T(C̄) are measured

for high transverse momenta of up to 500 GeV, making an interpretation feasible.

The differential cross-sections as a function of ?T(C) or ?T(C̄) are parameterised by a polynomial of second

degree in the EFT coefficient �
3,1
&@

/Λ2

df(C or C̄ )
d?T(C or C̄) (�

3,1
&@

/Λ2)=
(

df(C or C̄ )
d?T(C or C̄)

)

SM

· Δf̃(C or C̄ ) (�3,1
&@

/Λ2), with

Δf̃(C or C̄ ) (�3,1
&@

/Λ2)=
(

1 + 01 · �3,1
&@

/Λ2 + 02 · (�3,1
&@

/Λ2)2
)

.

(1)

The fixed-order predictions obtained with MCFM at NNLO are used in (df(C or C̄ )/d?T(C or C̄))SM, which is

the SM prediction. The expected relative change of the cross-sections as a function of �
3,1
&@

/Λ2 is described

by Δf̃(C or C̄ ) (�3,1
&@

/Λ2), where the term linear in �
3,1
&@

/Λ2 covers the effect of the interference of SM and

non-SM amplitudes and the term proportional to (�3,1
&@

/Λ2)2 is entirely due to the four-quark operator. It is

obtained by unfolding the EFT MC samples using the nominal migration matrix and selection efficiency;
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and the resulting cross-section predictions are normalised to the prediction obtained from unfolding the

EFT MC sample generated with �
3,1
&@

/Λ2 set to zero.

The distributions from the EFT samples are unfolded to extract the parameterisations because a non-zero

contribution from �
3,1
&@

/Λ2 alters the kinematic properties of the event, which impacts the selection

efficiency. It was validated that the impact is not primarily caused by the �== requirement. The selection

efficiencies obtained for the EFT MC samples are shown in Figure 14. The decreased selection efficiencies

for large positive values of �
3,1
&@

/Λ2 negate the effect of the increased cross-section predictions. The

magnitude of the effect is shown exemplarily for one bin of the differential C@ cross-section in Figure 15,

where the parameterisation of Δf̃(C or C̄ ) (�3,1
&@

/Λ2) obtained with the approach explained above is compared

with the parameterisation obtained from parton-level predictions. The parameterisation obtained from

parton-level predictions is not used for the interpretation.
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Figure 14: Selection efficiencies for the (a) ?T (C) and (b) ?T (C̄) spectra calculated for C@ and C̄@ production events

generated with different values of �
3,1
&@

/Λ2, with Λ set to 1 TeV.

The parameters 01 and 02 in Eq. (1) are determined via least-squares fits performed for each bin of the

unfolded distributions. The uncertainties in the measured result, the SM prediction and the statistical

uncertainty due to the limited size of the EFT MC samples are taken into account for the least-squares

fit. The uncertainty due to the limited statistical power is evaluated by unfolding pseudo-experiments

which are produced by fluctuating each bin of the detector level distributions according to a Gaussian

distribution whose spread corresponds to the expected uncertainty due to the number of MC events in that

bin. The standard deviation of all unfolded pseudo-experiments per bin is taken as statistical uncertainty.

The statistical uncertainties of the different EFT MC samples are treated as uncorrelated. The correlation

of the total uncertainty in the measurement result between bins is not considered for the least-squares fit.

The parameterisations for Δf̃(C or C̄ ) (�3,1
&@

/Λ2) are given in Table 22.

The EFTfitter tool [93] is used to constrain �
3,1
&@

/Λ2 in a Bayesian statistical framework. The total

uncertainty in the measured results is taken into account and symmetrised by taking the larger of the two

variations. Correlations between the single bins of the distributions are accounted for via the correlation

matrices of the differential measurements. Uncertainties in the SM prediction are taken into account as

well and comprise the uncertainty in the renormalisation and factorisation scale and the uncertainty in the

value of Us. The 95% confidence level (CL) interval for �
3,1
&@

/Λ2 is determined to be

−0.12 TeV−2 < �
3,1
&@

/Λ2 < 0.12 TeV−2.
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interfaced to parton shower programs at NLO. Overall, a good agreement between the measurement

results and the theory predictions is observed within the measurement uncertainties. The measurement

is limited by systematic uncertainties, where the largest contributions are experimental uncertainties and

uncertainties related to the modelling of the signal processes. Data statistical uncertainties are significant

for the normalised differential cross-sections and the cross-section ratio.

This analysis provides the first separate measurement of differential C@ and C̄@ production at 13 TeV and the

first measurement of the ratio of the differential C@/C̄@ cross-sections. Compared with the measurements

of the differential cross-sections at 8 TeV, a significant reduction of the uncertainties is achieved and

measurement range for the differential cross-sections as a function of ?T(C) or ?T(C̄) is extended to

500 GeV .

The differential cross-sections as a function of ?T(C) or ?T(C̄) are interpreted in an EFT approach, setting

limits at the 95% confidence level on contributions from the four-quark operator $
3,1
&@

. The impact of $
3,1
&@

on the acceptance, caused by altered event kinematics, is taken into account. The 95% confidence interval

−0.12 TeV−2 < �
3,1
&@

/Λ2 < 0.12 TeV−2 is obtained, improving the constraints set by an interpretation of

the ATLAS measurement of the total C@ and C̄@ cross-sections.
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Appendix

Migration matrices

The migration matrices are optimised according to the criteria explained in Section 7. The obtained

migration matrices are presented in Figure 16.
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Figure 16: Migration matrices for the (a),(b) ?T (ℓ+a1) and (c),(d) |y(ℓ+a1) | distributions in the (a),(c) ℓ+ SR and

(b),(d) ℓ− SR. The variables on parton-level are shown on the H-axis and the reconstructed variables are shown on

the G-axis. The rows are normalised to unity.

Systematic and statistical uncertainties

The statistical and systematic uncertainties in the measured results are evaluated according to the description

in Section 8. The impact of the different sources of uncertainties are given in Tables 6–15. Experimental

uncertainties are further separated into components related to the JES, JER, (f)JVT, 1–tagging, pile-up,

�miss
T

and the charged lepton.
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Table 6: Summary of the uncertainties in the absolute differential C@ production cross-sections measured as a function

of ?T (C). Similar sources of uncertainties are grouped using their quadratic sum. The total uncertainty is defined as

the quadratic sum of all sources of uncertainties.

Systematic Systematic uncertainty in [%] on the absolute C@ cross-section in the given ?T(C) interval

[0, 45] GeV [45, 65] GeV [65, 95] GeV [95, 135] GeV [135, 175] GeV [175, 215] GeV [215, 275] GeV [275, 500] GeV

JER 1.5/ –4.2 2.4/ –3.5 2.7/ –1.0 0.95/ –1.9 2.9/ –0.63 0.81/ –3.6 3.0/ –0.42 1.7/ –2.6

JES 5.7/ –3.2 1.6/ –1.0 2.3/ –1.7 4.8/ –4.8 5.6/ –4.9 6.3/ –4.5 3.4/ –5.8 5.5/ –3.9

(f)JVT 1.8/ –1.8 1.3/ –1.3 0.78/ –0.78 0.25/ –0.26 0.61/ –0.63 0.49/ –0.49 0.45/ –0.46 0.52/ –0.52

Lepton 1.4/ –1.2 1.1/ –1.1 1.0/ –1.0 1.0/ –0.99 1.0/ –0.99 1.0/ –1.0 1.1/ –0.98 0.99/ –1.0

�<8BB
T

2.1/ –0.0 0.72/ –0.34 0.84/ –0.28 0.99/ –0.16 0.98/ –0.13 1.8/ –0.0 0.74/ –0.81 2.5/ –0.0

1–tagging 2.2/ –2.2 1.7/ –1.7 1.5/ –1.5 1.4/ –1.4 1.3/ –1.3 1.3/ –1.3 1.2/ –1.2 1.3/ –1.3

Pile-up 1.4/ –1.4 1.3/ –1.2 1.5/ –1.3 1.4/ –1.3 1.3/ –1.2 1.1/ –1.1 1.2/ –1.1 1.3/ –1.3

Luminosity 0.83/ –0.83 0.83/ –0.83 0.83/ –0.83 0.83/ –0.83 0.83/ –0.83 0.83/ –0.83 0.83/ –0.83 0.83/ –0.83

Signal modelling 5.2/ –4.9 6.2/ –6.0 5.8/ –5.4 6.1/ –5.5 7.0/ –5.7 6.9/ –6.7 12/ –12 16/ –16

Background modelling 1.5/ –2.0 0.93/ –0.62 1.1/ –0.66 0.66/ –0.74 0.96/ –0.99 1.1/ –1.6 2.4/ –2.4 2.5/ –2.2

Background rate 2.9/ –2.9 1.4/ –1.4 0.67/ –0.67 0.45/ –0.45 0.48/ –0.48 0.43/ –0.43 0.36/ –0.36 0.64/ –0.64

Total systematic 9.5/ –8.7 7.6/ –7.7 7.4/ –6.4 8.3/ –7.9 9.8/ –8.0 9.9/ –9.3 13/ –13 18/ –17

Statistical 2.0/ –2.0 1.3/ –1.3 1.3/ –1.3 2.0/ –2.0 3.5/ –3.5 5.3/ –5.3 6.6/ –6.6 9.1/ –9.1

Total uncertainty 9.7/ –8.9 7.7/ –7.9 7.5/ –6.5 8.5/ –8.1 10/ –8.7 11/ –10 15/ –15 20/ –19

Table 7: Summary of the uncertainties in the absolute differential C̄@ production cross-sections measured as a function

of ?T (C̄). Similar sources of uncertainties are grouped using their quadratic sum. The total uncertainty is defined as

the quadratic sum of all sources of uncertainties.

Systematic Systematic uncertainty in [%] on the absolute C̄@ cross-section in the given ?T(C̄) interval

[0, 45] GeV [45, 65] GeV [65, 95] GeV [95, 135] GeV [135, 175] GeV [175, 215] GeV [215, 275] GeV [275, 500] GeV

JER 7.2/ –3.0 1.6/ –1.2 3.1/ –3.7 0.96/ –2.6 2.2/ –2.3 3.9/ –3.9 3.3/ –2.4 1.8/ –5.4

JES 6.0/ –8.1 2.1/ –1.9 3.3/ –2.7 5.1/ –4.7 6.4/ –5.9 5.8/ –5.5 6.3/ –4.9 6.5/ –4.3

(f)JVT 1.6/ –1.6 1.3/ –1.3 0.61/ –0.62 0.21/ –0.22 0.73/ –0.75 0.64/ –0.65 0.49/ –0.51 0.72/ –0.71

Lepton 1.3/ –1.4 1.2/ –1.2 1.1/ –1.2 1.0/ –1.1 1.1/ –1.1 1.1/ –1.1 1.1/ –1.2 1.2/ –1.6

�<8BB
T

1.8/ –0.0 1.5/ –0.11 1.2/ –0.68 0.9/ –0.25 2.9/ –0.61 1.4/ –0.25 0.11/ –1.2 1.6/ –1.6

1–tagging 2.4/ –2.4 1.9/ –1.9 1.6/ –1.6 1.5/ –1.5 1.4/ –1.4 1.4/ –1.4 1.4/ –1.4 1.5/ –1.5

Pile-up 0.91/ –1.2 1.3/ –1.2 1.6/ –1.5 1.5/ –1.3 1.4/ –1.2 1.6/ –1.5 0.96/ –0.74 1.5/ –1.3

Luminosity 0.83/ –0.83 0.83/ –0.83 0.83/ –0.83 0.83/ –0.83 0.83/ –0.83 0.83/ –0.83 0.83/ –0.83 0.83/ –0.83

Signal modelling 5.1/ –4.1 6.0/ –5.5 5.2/ –5.7 4.9/ –5.2 12/ –11 11/ –8.7 13/ –12 24/ –21

Background modelling 1.7/ –3.1 0.63/ –1.4 1.4/ –1.2 1.0/ –1.2 1.9/ –2.0 2.6/ –2.9 4.9/ –4.9 3.9/ –2.2

Background rate 3.0/ –3.0 1.8/ –1.8 1.1/ –1.1 0.7/ –0.7 0.93/ –0.93 0.61/ –0.61 0.7/ –0.7 0.92/ –0.92

Total systematic 11/ –11 7.6/ –7.1 7.8/ –8.0 7.7/ –8.0 14/ –13 13/ –11 16/ –15 25/ –22

Statistical 2.5/ –2.5 1.8/ –1.8 2.0/ –2.0 2.9/ –2.9 5.3/ –5.3 7.6/ –7.6 10/ –10 13/ –13

Total uncertainty 12/ –11 7.8/ –7.3 8.0/ –8.2 8.2/ –8.5 15/ –14 15/ –13 19/ –18 28/ –26
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Table 8: Summary of the uncertainties in the absolute differential C@ production cross-sections measured as a function

of |y(C) |. Similar sources of uncertainties are grouped using their quadratic sum. The total uncertainty is defined as

the quadratic sum of all sources of uncertainties.

Systematic
Systematic uncertainty in [%] on the absolute C@ cross-section

in the given |H(C) | interval

[0.0, 0.25] [0.25, 0.6] [0.6, 1.0] [1.0, 1.45] [1.45, 2.5]

JER 0.8/ –2.5 3.5/ –1.5 2.1/ –2.5 0.51/ –2.3 4.5/ –5.7

JES 2.3/ –1.1 2.1/ –1.7 1.9/ –1.6 2.9/ –2.8 6.4/ –3.4

(f)JVT 0.87/ –0.88 0.91/ –0.91 0.85/ –0.85 0.82/ –0.82 0.82/ –0.82

Lepton 1.1/ –1.1 1.1/ –1.1 1.0/ –1.0 1.0/ –1.0 1.3/ –1.1

�<8BB
T

0.0/ –0.47 1.0/ –0.07 0.93/ –0.09 1.3/ –0.0 3.4/ –0.47

1–tagging 1.6/ –1.6 1.6/ –1.6 1.6/ –1.6 1.5/ –1.5 1.6/ –1.6

Pile-up 1.3/ –1.2 1.3/ –1.2 1.4/ –1.3 1.3/ –1.3 2.0/ –1.7

Luminosity 0.83/ –0.83 0.83/ –0.83 0.83/ –0.83 0.83/ –0.83 0.83/ –0.83

Signal modelling 5.5/ –5.3 5.7/ –5.3 6.0/ –5.2 5.1/ –4.9 6.5/ –6.0

Background modelling 0.97/ –0.57 0.83/ –0.53 1.1/ –1.0 0.98/ –0.9 0.79/ –1.8

Background rate 1.2/ –1.2 1.2/ –1.2 1.2/ –1.2 1.0/ –1.0 1.5/ –1.5

Total systematic 6.7/ –6.7 7.7/ –6.5 7.3/ –6.7 6.7/ –6.7 11/ –9.7

Statistical 1.7/ –1.7 1.4/ –1.4 1.6/ –1.6 1.9/ –1.9 2.6/ –2.6

Total uncertainty 6.9/ –6.9 7.8/ –6.6 7.5/ –6.9 6.9/ –7.0 11/ –10

Table 9: Summary of the uncertainties in the absolute differential C̄@ production cross-sections measured as a function

of |y(C̄) |. Similar sources of uncertainties are grouped using their quadratic sum. The total uncertainty is defined as

the quadratic sum of all sources of uncertainties.

Systematic
Systematic uncertainty in [%] on the absolute C̄@ cross-section

in the given |H(C̄) | interval

[0.0, 0.25] [0.25, 0.6] [0.6, 1.0] [1.0, 1.45] [1.45, 2.5]

JER 3.5/ –5.4 2.4/ –1.4 3.7/ –1.1 2.4/ –1.4 3.6/ –3.0

JES 3.9/ –2.6 2.5/ –3.6 3.5/ –2.2 4.0/ –2.5 4.0/ –6.5

(f)JVT 0.77/ –0.78 0.93/ –0.94 0.82/ –0.81 0.84/ –0.83 0.68/ –0.67

Lepton 1.3/ –1.2 1.2/ –1.3 1.3/ –1.2 1.1/ –1.4 1.2/ –1.2

�<8BB
T

1.7/ –0.0 0.46/ –0.48 1.6/ –0.25 2.1/ –0.0 1.8/ –0.95

1–tagging 1.8/ –1.8 1.8/ –1.8 1.7/ –1.7 1.8/ –1.8 1.8/ –1.8

Pile-up 1.4/ –1.4 1.4/ –1.3 1.2/ –1.2 1.2/ –1.2 1.5/ –1.5

Luminosity 0.83/ –0.83 0.83/ –0.83 0.83/ –0.83 0.83/ –0.83 0.83/ –0.83

Signal modelling 7.4/ –7.3 5.8/ –5.4 4.1/ –4.0 4.1/ –4.6 8.6/ –7.8

Background modelling 1.9/ –2.2 1.6/ –1.2 1.5/ –1.9 1.5/ –1.5 1.8/ –4.0

Background rate 1.5/ –1.5 1.6/ –1.6 1.5/ –1.5 1.5/ –1.5 1.9/ –1.9

Total systematic 9.9/ –10 7.7/ –7.5 7.6/ –6.0 7.4/ –6.5 11/ –11

Statistical 2.4/ –2.4 1.9/ –1.9 2.1/ –2.1 2.7/ –2.7 3.7/ –3.7

Total uncertainty 10/ –10 7.9/ –7.7 7.9/ –6.3 7.9/ –7.0 11/ –12
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Table 10: Summary of the uncertainties in the normalised differential C@ production cross-sections measured as a

function of ?T (C). Similar sources of uncertainties are grouped using their quadratic sum. The total uncertainty is

defined as the quadratic sum of all sources of uncertainties.

Systematic Systematic uncertainty in [%] on the normalised C@ cross-section in the given ?T(C) interval

[0, 45] GeV [45, 65] GeV [65, 95] GeV [95, 135] GeV [135, 175] GeV [175, 215] GeV [215, 275] GeV [275, 500] GeV

JER 0.5/ –2.5 1.5/ –1.4 2.4/ –0.3 1.2/ –1.4 3.5/ –0.24 1.5/ –3.7 4.3/ –0.81 2.2/ –2.0

JES 3.8/ –2.4 1.7/ –2.2 1.8/ –2.6 3.1/ –3.6 3.5/ –3.6 4.1/ –3.8 2.7/ –5.6 4.0/ –4.2

(f)JVT 0.81/ –0.79 0.36/ –0.35 0.18/ –0.18 0.7/ –0.71 1.6/ –1.6 1.4/ –1.5 1.4/ –1.4 1.5/ –1.5

Lepton 0.56/ –0.19 0.04/ –0.26 0.12/ –0.41 0.18/ –0.25 0.19/ –0.32 0.16/ –0.27 0.37/ –0.26 0.26/ –0.38

�<8BB
T

1.1/ –0.0 0.0/ –0.97 0.0/ –0.61 0.0/ –0.27 0.11/ –0.6 0.64/ –0.01 0.23/ –1.1 1.4/ –0.0

1–tagging 0.79/ –0.79 0.16/ –0.16 0.51/ –0.52 0.55/ –0.56 0.64/ –0.65 0.72/ –0.73 0.86/ –0.87 1.1/ –1.1

Pile-up 0.06/ –0.09 0.06/ –0.06 0.07/ –0.0 0.02/ –0.0 0.11/ –0.14 0.21/ –0.34 0.17/ –0.17 0.0/ –0.09

Signal modelling 2.5/ –2.5 1.6/ –1.8 1.3/ –1.3 2.7/ –2.6 3.6/ –2.8 3.2/ –2.8 8.2/ –8.0 13/ –12

Background modelling 0.88/ –1.3 0.46/ –0.36 1.1/ –0.91 0.55/ –0.65 1.1/ –0.99 1.2/ –1.7 2.6/ –2.7 2.7/ –2.5

Background rate 1.5/ –1.5 0.18/ –0.18 0.94/ –0.96 1.0/ –1.0 1.0/ –1.1 1.1/ –1.1 1.1/ –1.2 1.2/ –1.2

Total systematic 5.1/ –4.8 2.9/ –3.3 3.7/ –3.4 4.5/ –4.9 6.5/ –5.1 5.9/ –6.6 10/ –10 14/ –13

Statistical 1.4/ –1.4 1.3/ –1.3 1.5/ –1.5 1.9/ –1.9 3.4/ –3.4 5.2/ –5.2 6.6/ –6.6 9.0/ –9.0

Total uncertainty 5.3/ –5.0 3.2/ –3.5 3.9/ –3.7 4.9/ –5.3 7.3/ –6.2 7.9/ –8.4 12/ –12 17/ –16

Table 11: Summary of the uncertainties in the normalised differential C̄@ production cross-sections measured as a

function of ?T (C̄). Similar sources of uncertainties are grouped using their quadratic sum. The total uncertainty is

defined as the quadratic sum of all sources of uncertainties.

Systematic Systematic uncertainty in [%] on the normalised C̄@ cross-section in the given ?T(C̄) interval

[0, 45] GeV [45, 65] GeV [65, 95] GeV [95, 135] GeV [135, 175] GeV [175, 215] GeV [215, 275] GeV [275, 500] GeV

JER 5.3/ –2.5 1.4/ –2.3 3.0/ –4.7 0.87/ –3.5 2.3/ –3.7 3.6/ –5.4 3.1/ –3.4 1.7/ –6.7

JES 3.3/ –4.9 2.8/ –2.0 3.9/ –3.2 3.3/ –3.1 4.1/ –3.7 4.4/ –4.5 5.5/ –4.5 5.9/ –4.3

(f)JVT 0.7/ –0.68 0.41/ –0.4 0.27/ –0.29 0.67/ –0.69 1.6/ –1.7 1.5/ –1.5 1.4/ –1.4 1.6/ –1.6

Lepton 0.32/ –0.39 0.33/ –0.03 0.38/ –0.45 0.12/ –0.32 0.43/ –0.41 0.38/ –0.41 0.2/ –0.62 0.42/ –1.2

�<8BB
T

0.77/ –0.14 0.2/ –0.07 0.11/ –0.89 0.19/ –0.75 1.6/ –0.56 0.24/ –0.51 0.0/ –2.3 0.57/ –1.7

1–tagging 0.81/ –0.8 0.18/ –0.18 0.55/ –0.55 0.68/ –0.69 0.77/ –0.77 0.83/ –0.84 0.93/ –0.94 1.3/ –1.3

Pile-up 0.11/ –0.36 0.03/ –0.0 0.37/ –0.22 0.24/ –0.06 0.14/ –0.0 0.38/ –0.23 0.52/ –0.31 0.23/ –0.07

Signal modelling 2.7/ –2.6 0.96/ –1.0 0.45/ –1.3 1.1/ –2.0 8.2/ –8.0 7.0/ –4.8 9.2/ –8.4 19/ –17

Background modelling 1.1/ –1.8 0.74/ –0.97 1.7/ –1.4 1.2/ –0.77 1.9/ –1.9 3.0/ –3.0 4.7/ –4.7 4.3/ –2.3

Background rate 1.3/ –1.3 0.14/ –0.14 0.83/ –0.85 1.2/ –1.2 1.2/ –1.2 1.4/ –1.4 1.4/ –1.4 1.4/ –1.4

Total systematic 7.2/ –6.6 3.4/ –3.4 5.3/ –6.2 4.1/ –5.4 10/ –10 9.8/ –9.3 12/ –11 21/ –19

Statistical 1.9/ –1.9 1.8/ –1.8 2.1/ –2.1 2.8/ –2.8 5.1/ –5.1 7.6/ –7.6 10/ –10 13/ –13

Total uncertainty 7.4/ –6.8 3.9/ –3.9 5.7/ –6.6 5.0/ –6.1 11/ –11 12/ –12 16/ –15 25/ –23
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Table 12: Summary of the uncertainties in the normalised differential C@ production cross-sections measured as a

function of |y(C) |. Similar sources of uncertainties are grouped using their quadratic sum. The total uncertainty is

defined as the quadratic sum of all sources of uncertainties.

Systematic
Systematic uncertainty in [%] on the normalised C@ cross-section

in the given |H(C) | interval

[0.0, 0.25] [0.25, 0.6] [0.6, 1.0] [1.0, 1.45] [1.45, 2.5]

JER 1.3/ –2.2 3.1/ –0.32 1.4/ –1.5 2.0/ –3.2 2.5/ –2.8

JES 1.3/ –1.6 0.69/ –1.7 1.0/ –1.9 0.46/ –1.6 3.0/ –1.2

(f)JVT 0.02/ –0.03 0.06/ –0.06 0.02/ –0.02 0.03/ –0.03 0.04/ –0.04

Lepton 0.17/ –0.37 0.22/ –0.18 0.18/ –0.28 0.3/ –0.31 0.5/ –0.2

�<8BB
T

0.07/ –2.1 0.13/ –0.63 0.11/ –0.73 0.25/ –0.43 1.8/ –0.27

1–tagging 0.08/ –0.08 0.07/ –0.07 0.06/ –0.06 0.16/ –0.16 0.13/ –0.13

Pile-up 0.24/ –0.21 0.2/ –0.27 0.12/ –0.16 0.12/ –0.23 0.43/ –0.33

Signal modelling 0.66/ –0.92 0.85/ –0.8 0.66/ –0.44 0.88/ –0.95 0.86/ –0.9

Background modelling 0.77/ –0.43 0.65/ –0.41 0.68/ –0.56 1.2/ –0.83 0.69/ –1.3

Background rate 0.23/ –0.23 0.19/ –0.19 0.17/ –0.17 0.3/ –0.31 0.32/ –0.33

Total systematic 2.1/ –3.6 3.3/ –2.0 2.0/ –2.7 2.6/ –3.9 4.5/ –3.5

Statistical 1.9/ –1.9 1.6/ –1.6 1.8/ –1.8 2.1/ –2.1 2.1/ –2.1

Total uncertainty 2.9/ –4.1 3.7/ –2.6 2.7/ –3.2 3.3/ –4.4 5.0/ –4.1

Table 13: Summary of the uncertainties in the normalised differential C̄@ production cross-sections measured as a

function of |y(C̄) |. Similar sources of uncertainties are grouped using their quadratic sum. The total uncertainty is

defined as the quadratic sum of all sources of uncertainties.

Systematic
Systematic uncertainty in [%] on the normalised C̄@ cross-section

in the given |H(C̄) | interval

[0.0, 0.25] [0.25, 0.6] [0.6, 1.0] [1.0, 1.45] [1.45, 2.5]

JER 2.6/ –5.5 2.5/ –1.8 3.3/ –1.5 2.2/ –1.7 2.5/ –2.5

JES 1.7/ –0.57 0.87/ –1.6 1.9/ –1.3 2.0/ –0.66 1.4/ –3.2

(f)JVT 0.02/ –0.03 0.14/ –0.14 0.06/ –0.04 0.05/ –0.05 0.13/ –0.12

Lepton 0.54/ –0.32 0.19/ –0.54 0.57/ –0.26 0.36/ –0.74 0.31/ –0.32

�<8BB
T

0.67/ –0.12 0.0/ –1.1 0.37/ –0.07 1.0/ –0.26 0.5/ –0.65

1–tagging 0.12/ –0.12 0.06/ –0.06 0.1/ –0.1 0.1/ –0.1 0.18/ –0.18

Pile-up 0.04/ –0.09 0.07/ –0.0 0.09/ –0.15 0.15/ –0.17 0.15/ –0.15

Signal modelling 1.6/ –1.8 0.5/ –0.38 2.3/ –2.4 2.1/ –2.4 2.7/ –2.4

Background modelling 2.1/ –2.1 1.3/ –0.51 1.6/ –1.4 2.0/ –1.4 1.7/ –2.9

Background rate 0.36/ –0.37 0.28/ –0.28 0.19/ –0.19 0.33/ –0.33 0.54/ –0.53

Total systematic 4.2/ –6.2 3.0/ –2.8 4.8/ –3.4 4.3/ –3.4 4.3/ –5.6

Statistical 2.5/ –2.5 2.0/ –2.0 2.3/ –2.3 2.8/ –2.8 2.9/ –2.9

Total uncertainty 4.9/ –6.7 3.7/ –3.5 5.3/ –4.1 5.1/ –4.4 5.2/ –6.3
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Table 14: Summary of the uncertainties in the ratio of the differential production cross-sections measured as a

function of ?T (C or C̄). Similar sources of uncertainties are grouped using their quadratic sum. The total uncertainty

is defined as the quadratic sum of all sources of uncertainties.

Systematic Systematic uncertainty in [%] on the cross-section ratio in the given ?T(C or C̄) interval

[0, 45] GeV [45, 65] GeV [65, 95] GeV [95, 135] GeV [135, 175] GeV [175, 215] GeV [215, 275] GeV [275, 500] GeV

JER 2.0/ –9.6 2.2/ –3.8 3.2/ –1.9 1.4/ –0.96 3.4/ –1.3 1.8/ –5.5 4.1/ –2.4 4.9/ –2.1

JES 6.7/ –2.5 1.6/ –1.3 1.9/ –1.5 0.8/ –1.8 1.5/ –1.5 2.9/ –1.9 2.6/ –3.5 2.0/ –2.5

(f)JVT 0.18/ –0.21 0.03/ –0.04 0.17/ –0.17 0.04/ –0.04 0.13/ –0.12 0.16/ –0.15 0.06/ –0.07 0.19/ –0.19

Lepton 1.2/ –0.33 0.1/ –0.43 0.48/ –0.48 0.35/ –0.06 0.32/ –0.42 0.28/ –0.3 0.9/ –0.1 1.1/ –0.23

�<8BB
T

0.45/ –0.0 0.0/ –1.2 0.4/ –0.33 0.34/ –0.26 0.47/ –2.3 0.68/ –0.09 1.8/ –0.63 2.4/ –0.0

1–tagging 0.33/ –0.32 0.29/ –0.29 0.23/ –0.23 0.21/ –0.2 0.18/ –0.18 0.2/ –0.2 0.32/ –0.32 0.34/ –0.34

Pile-up 0.54/ –0.23 0.04/ –0.0 0.21/ –0.16 0.06/ –0.09 0.0/ –0.14 0.43/ –0.57 0.26/ –0.38 0.04/ –0.18

Signal modelling 1.4/ –1.7 1.4/ –1.5 1.4/ –0.6 2.6/ –1.5 8.1/ –6.3 3.4/ –5.3 4.1/ –4.1 7.7/ –10

Background modelling 3.0/ –1.9 1.2/ –0.64 1.2/ –0.58 1.1/ –0.92 1.7/ –1.4 2.7/ –2.6 7.2/ –6.7 3.1/ –3.6

Background rate 3.9/ –3.9 2.0/ –2.0 0.92/ –0.92 0.66/ –0.66 0.79/ –0.78 0.71/ –0.71 0.71/ –0.71 0.62/ –0.61

Total systematic 8.7/ –10 3.9/ –5.0 4.3/ –2.8 3.4/ –2.8 9.1/ –7.2 5.7/ –8.4 9.8/ –9.0 10/ –11

Statistical 3.1/ –3.1 2.2/ –2.2 2.3/ –2.3 3.4/ –3.4 6.2/ –6.2 9.0/ –9.0 12/ –12 16/ –16

Total uncertainty 9.3/ –11 4.4/ –5.4 4.9/ –3.7 4.8/ –4.4 10/ –9.5 10/ –12 15/ –15 19/ –19

Table 15: Summary of the uncertainties in the ratio of the differential production cross-sections measured as a

function of |H(C or C̄) |. Similar sources of uncertainties are grouped using their quadratic sum. The total uncertainty

is defined as the quadratic sum of all sources of uncertainties.

Systematic
Systematic uncertainty in [%] on the cross-section ratio

in the given |H(C or C̄) | interval

[0.0, 0.25] [0.25, 0.6] [0.6, 1.0] [1.0, 1.45] [1.45, 2.5]

JER 3.7/ –3.5 4.3/ –3.1 2.1/ –5.1 0.69/ –3.7 4.5/ –6.6

JES 1.7/ –1.9 2.4/ –0.88 1.4/ –2.0 0.73/ –2.0 5.0/ –2.3

(f)JVT 0.1/ –0.1 0.04/ –0.06 0.09/ –0.13 0.01/ –0.02 0.15/ –0.15

Lepton 0.09/ –0.6 0.66/ –0.21 0.23/ –0.56 0.82/ –0.21 1.2/ –0.56

�<8BB
T

0.0/ –2.1 0.71/ –0.0 0.16/ –0.71 0.52/ –1.0 1.8/ –0.0

1–tagging 0.24/ –0.24 0.27/ –0.27 0.25/ –0.25 0.42/ –0.41 0.3/ –0.29

Pile-up 0.27/ –0.08 0.09/ –0.16 0.15/ –0.03 0.1/ –0.09 0.43/ –0.24

Signal modelling 2.5/ –2.1 0.82/ –0.86 2.4/ –2.2 1.5/ –1.3 2.9/ –3.0

Background modelling 2.5/ –2.0 1.0/ –0.93 1.5/ –0.98 1.5/ –1.5 4.7/ –2.9

Background rate 1.6/ –1.6 1.7/ –1.7 1.7/ –1.7 1.6/ –1.6 2.0/ –2.0

Total systematic 5.7/ –5.6 5.5/ –3.9 4.1/ –6.3 3.1/ –5.0 9.2/ –8.4

Statistical 2.8/ –2.8 2.3/ –2.3 2.5/ –2.5 3.1/ –3.1 4.4/ –4.4

Total uncertainty 6.3/ –6.3 5.9/ –4.5 4.9/ –6.8 4.4/ –5.9 10/ –9.5
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Measurement results

The measured results for the parton-level C@ and C̄@ production cross-sections are shown graphically in

Section 9. The numerical values are given in Tables 16–21.

Table 16: Absolute and normalised differential C@ production cross-sections as a function of ?T (C).

?T(C) [GeV ]
dfC@

d?T(C)
[fb GeV −1] 1

f

dfC@

d?T(C)
[10−3 GeV −1]

stat. syst. stat. syst.

0–45 966 ± 18 90/–83 7.44 ± 0.15 0.37/–0.34

45–65 1274 ± 16 95/–98 9.81 ± 0.13 0.28/–0.32

65–95 914 ± 12 67/–58 7.04 ± 0.09 0.26/–0.24

95–135 456 ± 9 37/–35 3.51 ± 0.07 0.16/–0.17

135–175 191 ± 7 18/–15 1.470 ± 0.052 0.095/–0.075

175–215 93.6 ± 4.9 9.3/–8.7 0.721 ± 0.038 0.043/–0.047

215–275 40.4 ± 2.7 5.6/–5.6 0.311 ± 0.021 0.032/–0.032

275–500 6.1 ± 0.6 1.1/–1.1 0.0470 ± 0.0043 0.0068/–0.0065

Table 17: Absolute and normalised differential C̄@ production cross-sections as a function of ?T (C̄).

?T(C̄) [GeV ]
dfC̄@

d?T(C̄)
[fb GeV −1] 1

f

dfC̄@

d?T(C̄)
[10−3 GeV −1]

stat. syst. stat. syst.

0–45 649 ± 16 76/–71 8.05 ± 0.20 0.56/–0.51

45–65 815 ± 14 60/–57 10.11 ± 0.18 0.34/–0.34

65–95 526 ± 10 40/–41 6.52 ± 0.13 0.35/–0.41

95–135 269 ± 8 20/–21 3.33 ± 0.10 0.13/–0.18

135–175 112 ± 6 16/–15 1.38 ± 0.07 0.14/–0.14

175–215 50.1 ± 3.8 6.9/–5.8 0.621 ± 0.047 0.061/–0.058

215–275 20.6 ± 2.3 3.4/–3.1 0.256 ± 0.028 0.031/–0.030

275–500 3.42 ± 0.47 0.87/–0.78 0.0425 ± 0.0058 0.0091/–0.0082
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Table 18: Absolute and normalised differential C@ production cross-sections as a function of |y(C) |.

|H(C) | dfC@

d|H(C) | [pb] 1
f

dfC@

d|H(C) |
stat. syst. stat. syst.

0.0–0.25 69.7 ± 1.2 4.6/–4.6 0.534 ± 0.009 0.012/–0.020

0.25–0.6 67.7 ± 0.9 5.2/–4.4 0.519 ± 0.007 0.018/–0.011

0.6–1.0 62.0 ± 1.0 4.5/–4.2 0.475 ± 0.007 0.010/–0.013

1.0–1.45 54.1 ± 1.0 3.6/–3.6 0.414 ± 0.008 0.011/–0.016

1.45–2.5 31.6 ± 0.8 3.5/–3.1 0.2420 ± 0.0064 0.0100/–0.0075

Table 19: Absolute and normalised differential C̄@ production cross-sections as a function of |y(C̄) |.

|H(C̄) |
dfC̄@

d|H(C̄) | [pb] 1
f

dfC̄@

d|H(C̄) |
stat. syst. stat. syst.

0.0–0.25 48.4 ± 1.1 4.8/–4.9 0.592 ± 0.014 0.025/–0.037

0.25–0.6 43.9 ± 0.8 3.4/–3.3 0.538 ± 0.010 0.017/–0.016

0.6–1.0 41.3 ± 0.9 3.1/–2.4 0.506 ± 0.011 0.025/–0.018

1.0–1.45 33.5 ± 0.9 2.5/–2.2 0.410 ± 0.011 0.018/–0.014

1.45–2.5 18.5 ± 0.7 2.0/–2.2 0.2268 ± 0.0084 0.0082/–0.0120

Table 20: Ratio of the absolute differential C@ and C̄@ production cross-sections as a fuction of ?T (C or C̄).

?T(C or C̄) [GeV ] (df(C@)
d?T(C)

)/(df(C̄@)
d?T(C̄)

)

stat. syst.

0–45 1.573 ± 0.048 0.137/–0.172

45–65 1.634 ± 0.035 0.063/–0.081

65–95 1.683 ± 0.039 0.072/–0.047

95–135 1.766 ± 0.060 0.059/–0.049

135–175 1.86 ± 0.11 0.17/–0.13

175–215 1.96 ± 0.18 0.11/–0.16

215–275 2.06 ± 0.26 0.20/–0.18

275–500 2.26 ± 0.36 0.23/–0.25
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Table 21: Ratio of the absolute differential C@ and C̄@ production cross-sections as a fuction of |H(C or C̄) |.

|H(C or C̄) | (df(C@)
d|H(C) | )/(

df(C̄@)
d|H(C̄) | )

stat. syst.

0.0–0.25 1.507 ± 0.043 0.085/–0.085

0.25–0.6 1.525 ± 0.034 0.083/–0.060

0.6–1.0 1.562 ± 0.040 0.065/–0.099

1.0–1.45 1.642 ± 0.052 0.050/–0.083

1.45–2.5 1.90 ± 0.08 0.17/–0.16

EFT interpretation

Table 22: Best fit results for the expected relative change in the differential C@ and C̄@ cross-sections as a function of

�
3,1
&@

/Λ2. The predictions for the expected relative change are obtained by unfolding the distributions of the EFT MC

samples with the nominal migration matrix and efficiency. The parameterisations are determined from least-square fits

to the predictions normalised to the prediction from the EFT MC sample generated with�
3,1
&@

/Λ2 set to zero. According

to Eq. (1), the parameterisations take the form Δf̃(C or C̄ ) (�3,1
&@

/Λ2) =
(

1 + 01 · �3,1
&@

/Λ2 + 02 · (�3,1
&@

/Λ2)2
)

?T(C) or ?T(C̄) range
Δf̃C@

(

�
3,1
&@

/Λ2
)

Δf̃C̄@

(

�
3,1
&@

/Λ2
)

01 02 01 02

0 GeV ≤ ?T(C) or ?T(C̄) ≤ 45 GeV –0.175 0.0 –0.260 +0.142

45 GeV ≤ ?T(C) or ?T(C̄) ≤ 65 GeV –0.145 0.0 –0.205 +0.187

65 GeV ≤ ?T(C) or ?T(C̄) ≤ 95 GeV –0.263 +0.050 –0.216 +0.014

95 GeV ≤ ?T(C) or ?T(C̄) ≤ 135 GeV –0.389 0.0 –0.429 +0.063

135 GeV ≤ ?T(C) or ?T(C̄) ≤ 175 GeV –0.735 +0.143 –0.593 +0.231

175 GeV ≤ ?T(C) or ?T(C̄) ≤ 215 GeV –0.813 +0.099 –1.107 +0.695

215 GeV ≤ ?T(C) or ?T(C̄) ≤ 275 GeV –0.897 +0.043 –1.184 +0.640

275 GeV ≤ ?T(C) or ?T(C̄) ≤ 500 GeV –2.452 +1.694 –2.576 +3.426
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