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1 Introduction

After an extended period of scheduled maintenance and upgrades beginning in late 2018,
the CERN LHC resumed data taking in July 2022, and now operates at the unprecedented
proton-proton (pp) center-of-mass energy of 13.6TeV. This paper presents the first mea-
surement of the top quark pair (tt) production cross section σtt at the new energy. Data
corresponding to an integrated luminosity of 1.21 fb−1 collected by the CMS experiment
in Summer 2022 are analyzed. The measurement marks the beginning of the third multi-
year data-taking period of the LHC, which will provide data for new precision tests of the
standard model (SM) of particle physics, allow for the continued exploration of the Higgs
sector and of rare processes, and has the potential to reveal physics beyond the SM.

At the LHC, the tt production cross section has been measured from pp collisions
by the ATLAS, CMS, and LHCb Collaborations at

√
s = 5.02, 7, 8, and 13TeV [1–

18]. The measurements are in agreement with predictions at next-to-next-to-leading order
(NNLO) in perturbative quantum chromodynamics (QCD), which include resummation of
the next-to-next-to-leading-logarithmic (NNLL) soft-gluon terms using the top++ v2.0
program [19–25]. At

√
s = 13.6TeV, assuming a top quark mass ofmt = 172.5GeV, and us-

ing the PDF4LHC21 parton distribution function (PDF) set [26], a value of σtt = 924+32
−40 pb

is predicted, about 10% larger than the value at
√
s = 13TeV.

The measurement presented here provides a first test of whether σtt increases as ex-
pected at the new center-of-mass energy. Novel methods are used to cross-check the initial
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calibration of the detector response to leptons and jets identified as originating from b
quarks (b jets) using in situ constraints in a single fit to the tt data sample. The mea-
surement also provides valuable information on the quality of the early 2022 data recorded
by the CMS experiment, and allows for comparison to the Monte Carlo (MC) simulation.
Although the overall configuration of the CMS detector is largely unchanged since 2018,
numerous upgrades have been installed, necessitating careful validation of the new data.

Events are selected with two charged leptons (electrons or muons, referred to as `)
of opposite charge (dilepton channel) or with a single lepton (`+jets channel). In both
channels, the presence of hadronic jets is required, and the b jet identification improves
the separation between signal and background events. Events are further separated into
categories defined by the number and flavor of the leptons, and the number of jets and b
jets. The cross section is then extracted from a profile maximum likelihood fit to the event
yields in the various categories. In the fit, the combination of multiple event categories helps
to constrain b jet and lepton identification efficiencies, together with the other systematic
uncertainties. Tabulated results are provided in the HEPData record for this analysis [27].

2 The CMS detector and event reconstruction

The central feature of the CMS apparatus is a superconducting solenoid of 6m internal
diameter, providing a magnetic field of 3.8T. 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. The hadron forward (HF) calorimeter, made of steel and quartz-fibers, extends
the pseudorapidity (η) coverage provided by the barrel and endcap detectors. Muons are
measured in gas-ionization detectors embedded in the steel flux-return yoke outside the
solenoid. A more detailed description of the CMS detector, together with a definition of
the coordinate system used and the relevant kinematic variables, can be found in ref. [28].

Events of interest are selected using a two-tiered trigger system. The first level, com-
posed 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
4µs [29]. The second level, known as the high-level trigger (HLT), consists of a farm of
processors running a version of the full event reconstruction software optimized for fast
processing, and reduces the event rate to around 1 kHz before data storage [30].

Numerous upgrades and improvements to the subdetectors, readout electronics, trig-
ger, data-acquisition, software, and offline computing systems were implemented before
the start of the 2022 data taking. Notable examples include new silicon photomultipliers
and readout electronics for the HCAL that allow for a finer granularity and longitudinal
segmentation [31], the replacement of the innermost layer of the silicon pixel detector [32],
the new hybrid CPU/GPU farm for the HLT [33], and rebuilt dedicated online luminosity
monitors [34–36].

The global event reconstruction with the particle-flow (PF) algorithm [37] aims to
reconstruct and identify each individual particle in an event, with an optimized combina-
tion of all subdetector information. In this process, the identification of the particle type
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(photon, electron, muon, charged hadron, neutral hadron) plays an important role in the
determination of the particle direction and energy. Photons are identified as ECAL energy
clusters not linked to the extrapolation of any charged particle trajectory to the ECAL.
Each electron is identified as a charged particle track associated with one or more ECAL
energy clusters, some of which may arise from bremsstrahlung photons emitted along the
electron path through the tracker material. Muons are identified as tracks in the central
tracker consistent with either a track or several hits in the muon system, and associated
with calorimeter deposits compatible with the muon hypothesis. Charged hadrons are
identified as charged particle tracks neither identified as electrons, nor as muons. Finally,
neutral hadrons are identified as HCAL energy clusters not linked to any charged hadron
trajectory, or as a combined ECAL and HCAL energy excess with respect to the expected
charged hadron energy deposit. The primary vertex (PV) is taken to be the vertex corre-
sponding to the hardest scattering in the event, evaluated using tracking information alone,
as described in section 9.4.1 of ref. [38].

For each event, hadronic jets are clustered from these reconstructed particles using
the infrared- and collinear-safe anti-kT algorithm [39, 40] with a distance parameter of 0.4.
The jet momentum is determined as the vectorial sum of all particle momenta in the jet,
and is found from simulation to be, on average, within 5–10% of the true momentum over
the entire jet transverse momentum (pT) range used in the analysis [41]. Additional pp
interactions within the same or nearby bunch crossings, known as pileup, can contribute
additional tracks and calorimetric energy depositions to the jet momentum. The pileup-per-
particle identification algorithm (PUPPI) [42, 43] is used to mitigate the effect of pileup
at the reconstructed-particle level, making use of local shape information, event pileup
properties, and tracking information. A local shape variable is defined, which distinguishes
between collinear and soft diffuse distributions of other particles surrounding the particle
under consideration. The former is attributed to particles originating from the hard scatter
and the latter to particles originating from pileup interactions. Charged particles identified
as originating from pileup vertices are discarded. For each neutral particle, the local shape
variable is computed using the surrounding charged particles compatible with the PV
within the tracker acceptance (|η| < 2.5), and using all particles in the region outside the
tracker coverage. The momenta of the neutral particles are then rescaled according to their
probability to originate from the PV deduced from the local shape variable, eliminating
the need for jet-based pileup corrections [42]. Corrections to the jet energy scale (JES) are
derived from simulation to bring the measured response of jets to that of particle-level jets
on average. In situ measurements of the momentum balance in dijet, γ+jet, Z+jet, and
multijet events from data collected in 2022 are used to account for any residual differences
in the JES between data and simulation [41, 44]. Additional selection criteria are applied
to each jet to remove jets potentially dominated by anomalous contributions from various
subdetector components or reconstruction failures [45].
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3 Data and simulated samples

The data were recorded between 27 July and 03 August 2022 using a combination of
single-lepton and dilepton triggers that identify leptons within |η| < 2.5. The single-
lepton HLT selection requires the presence of an isolated electron (muon) reconstructed
with pT > 32 (24)GeV. The dilepton HLT selection requires the presence of two isolated
electrons with pT > 23 and 12GeV, two isolated muons with pT > 17 and 8GeV, one
isolated electron with pT > 23GeV and one isolated muon with pT > 8GeV, or one
isolated muon with pT > 23GeV and one isolated electron with pT > 12GeV. The trigger
efficiencies in data and simulation are determined in intervals of pT and |η| using a “tag-
and-probe” method [46] on a sample of events with leptonically decaying Z bosons. The
trigger efficiencies in simulation are corrected to match the data.

The CMS detector recorded 1.21 fb−1 of data during this time period that pass data
quality requirements, yielding the data set used in this measurement. The integrated lumi-
nosity is measured using transverse energy deposits in the HF, which has been calibrated
based on a preliminary analysis of the data recorded during the van der Meer scan pro-
gram [47–49] performed in November 2022. The average number of pp interactions per
bunch crossing in the data sample is around 40.

Simulated event samples, produced using MC event generators, are used to evaluate
the signal selection efficiency and to predict the contributions from background processes.
Events for the tt signal process, as well as for single top quark production in the t and tW
channels, are simulated with the powheg v2 generator [50–52] at next-to-leading order in
QCD. Top quark decays are simulated with powheg for the tt and tW-channel single top
quark samples, and with MadSpin [53] for the t-channel single top quark sample. Events
for Z/γ

∗ and W boson production with up to four additional jets (Z+jets and W+jets)
are simulated with the MadGraph5_amc@nlo v2.6.5 generator [54] at leading order in
QCD. Diboson production events (WW, WZ, and ZZ) are simulated with the pythia
8.306 program [55] at leading order in QCD.

For all simulated samples, the proton structure in the matrix-element (ME) calcu-
lation is described with the NNPDF3.1 PDF set [56] at NNLO. The parton showering,
hadronization, and underlying event are simulated using pythia 8 with the CP5 tune [57].
For the samples simulated with powheg, the hdamp parameter, which regulates the par-
ton shower (PS) matching scale, is set to 1.379mt [57]. For the samples simulated with
MadGraph5_amc@nlo, the PS matching is performed with the MLM prescription [58].
The CMS detector response is simulated with the Geant4 toolkit [59]. To model the
effect of pileup, additional minimum bias interactions are superimposed on the simulated
hard-scatter events, with a multiplicity matching that inferred from data.

All simulated samples are normalized to the product of the corresponding theoretical
cross section and the integrated luminosity of the data sample. Top quark production
cross sections are calculated assuming a top quark mass of mt = 172.5GeV and are eval-
uated using the PDF4LHC21 PDF set [26]. The tt signal samples are normalized to the
NNLO+NNLL cross section of 924+32

−40 pb. Single top quark production in the t channel is
normalized to the cross section calculated at NNLO in QCD with mcfm v10.1 [60], and
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in the tW channel to the cross section calculated up to approximate next-to-NNLO cor-
rections matched to complete NLO results in QCD, as described in ref. [61]. For W+jets
and Z+jets production, cross sections have been calculated at NNLO in QCD with the
DYTurbo v1.2 program [62], and for diboson production at next-to-leading order in QCD
with matrix v2.1.0 [63].

4 Event selection

In the analysis, reconstructed electrons or muons are considered from the range |η| <
2.4. Electrons reconstructed with 1.44 < |η| < 1.57, in the transition region between the
barrel and endcap regions of the ECAL, are removed because of the suboptimal electron
reconstruction in this region. We use additional identification (ID) criteria to identify
“prompt” leptons originating from top quark decays at the PV and to reduce background
contributions from “nonprompt” leptons, defined as any reconstructed lepton that does not
match a true lepton produced in a hard scattering process at the PV. The latter category
includes leptons from photon conversions, leptons from semileptonic decays of hadrons,
and hadrons misidentified as leptons.

For electrons, we apply the “tight” working point of the cut-based ID criteria described
in ref. [64]. These criteria include requirements on the shape of the electromagnetic shower
in the ECAL, the matching between the track and the ECAL cluster, and the track quality.
The muon ID criteria correspond to the “tight” working point described in ref. [65]. These
include requirements on the quality and the matching of the tracks reconstructed in the
inner tracker and in the muon detectors, and on the compatibility with originating from
the PV.

The relative isolation variable is defined as the pT sum of all reconstructed PF candi-
dates (except the lepton itself) within a cone of fixed radius around the lepton direction,
divided by the lepton pT [37]. The cone radius is defined in terms of the separation variable
∆R =

√
(∆η)2 + (∆φ)2, where ∆η and ∆φ are the η and azimuthal angle differences. For

electrons, the ID criteria in ref. [64] include a requirement on the relative isolation calcu-
lated with ∆R < 0.3. For muons, we apply the “tight” requirement from ref. [65] on the
relative isolation calculated with ∆R < 0.4. In both cases, corrections for the contributions
from pileup particles to the isolation sum are applied [64, 65].

Jets with pT > 30GeV and |η| < 2.4 are selected for this analysis, and are required
to be separated from any selected lepton by ∆R > 0.4. The DeepJet algorithm [66–68],
trained on simulated events at

√
s = 13TeV, is used for the identification of b jets (“b

tagging”). We apply a working point with an observed selection efficiency for b quark jets
of more than 80%, and a misidentification rate for c quark jets (light quark and gluon jets)
of around 17 (2)%, as determined in simulated tt events.

For the `+jets channel, events are selected by requiring exactly one lepton with pT >

35GeV in order to match the single-electron trigger threshold. Events with additional
leptons with pT > 10GeV are removed. At least three jets are required, with either one or
two jets passing the b tagging requirements. The selected events in the `+jets channel are
divided into the two flavor categories: e+jets and µ+jets.
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In the dilepton channel, events are selected by requiring exactly two leptons of opposite
charge and at least one jet. The highest pT (“leading”) and second-highest pT lepton
are each required to have pT > 35GeV. Events with additional lepton candidates of
pT > 10GeV are removed. We further require that the invariant massm`` of the two leptons
is larger than 20GeV to remove background contributions from low-mass resonances. The
selected events in the dilepton channel are divided into the three flavor categories: e±

µ
∓,

e+e−, and µ
+

µ
−.

In the e+e− and µ
+

µ
− channels, the reconstructed m`` is required to differ from the

Z boson mass mZ = 91.2GeV [69] by more than 15GeV, in order to suppress background
contributions from Z+jets production. In these channels it is also required that at least
one of the selected jets is identified as a b jet.

The five flavor categories are further divided by the number of selected b jets. For the
e+e−, µ

+
µ

−, e+jets, and µ+jets events, two categories each are formed with exactly one
or exactly two b jets. For the e±

µ
∓ channel, three categories are formed with zero, exactly

one, or exactly two b jets. A total of 11 event categories are obtained, which are further
subdivided by the total number of jets yielding 40 bins to be considered in the maximum
likelihood fit.

5 Background estimation

Background contributions after the event selection arise from single top quark (t channel
and tW, collectively referred to as “single t”), Z+jets, W+jets, and diboson production.
They are estimated using simulated event samples. Additional contributions arise from
SM events composed uniquely of jets produced through the strong interaction, referred to
as QCD multijet events, which are estimated using control regions (CRs) in data. The
resulting agreement between data and simulation, prior to performing the fit, is shown in
figures 1–3. Efficiency corrections related to b jet identification, as determined in the fit
and described in sections 6–7, are applied to the simulation in these figures. The largest
background contributions are single-t production in the e±

µ
∓ channel, Z+jets production

in the e+e− and µ
+

µ
− channels, and QCD multijet events in the `+jets channels.

The predicted background from Z+jets production depends strongly on the number
of b jets passing the selection, but the distribution of additional b jets is not always well-
modeled in simulation. To account for this, a method based on control samples in data is
used to determine the best normalization for the Z+jets sample after event selection. A CR
consisting of dilepton events with |m`` −mZ | < 15GeV is studied following the methods
of ref. [70].

QCD multijet events contribute to the `+jets final state because of the presence of
nonprompt leptons, whereas their contribution is negligible in the dilepton channels. We
estimate the QCD multijet background in the `+jets channel from two orthogonal CRs in
data. First, we select events with leptons that fail the relative isolation requirement while
still passing all other ID requirements, and use this region to derive a shape template for
the QCD contribution. We then define a second CR consisting of `+jets events with only
one selected jet, which must be identified as a b jet. From this CR, we determine the
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Figure 1. Comparison of the number of observed (points) and predicted (filled histograms) events
in the e±µ

∓ channel. The distributions of the pT (upper left) and η (upper right) of both leptons,
the leading jet pT (middle left), m`` (middle right), and the number of jets (lower left) and b
jets (lower right) are displayed. The predictions are normalized using the measured integrated
luminosity and predicted cross sections, and are scaled by the b jet scale factors as obtained from
the fit. The vertical bars on the points represent the statistical uncertainties in the data, and the
hatched bands the systematic uncertainty in the predictions, including the integrated luminosity.
The last bins include the overflow contributions. In the lower panels, the ratio of the event yields
in data to the sum of predicted signal and background yields is presented.
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Figure 2. The number of observed and predicted events in the e+e− and µ
+

µ
− channel are

presented in the same manner as figure 1.
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Figure 3. The number of observed and predicted events in the `+jets channel are presented in the
same manner as figure 1, except that the middle-right plot shows the η of the leading jet instead.
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normalization of the shape template (coarsely binned in lepton pT and |η|) by measuring
the ratio of event counts passing or failing the relative lepton isolation requirement. The
resulting estimation of QCD multijet contributions leads to good agreement with the data,
as shown in figure 3.

6 Systematic uncertainties

Nuisance parameters are used to describe the systematic uncertainties in the fit procedure,
described in section 7. For each uncertainty source, the simulated event samples are used to
construct corresponding template histograms that describe the expected signal and back-
ground distributions for a given nuisance parameter variation. In the fit of the templates
to the data, the best values for the parameter of interest (which is σtt ) and all nuisance
parameters are determined simultaneously.

Lepton ID efficiencies are derived as functions of lepton |η|, pT, and flavor using the
tag-and-probe method in a Z+jets-enriched CR. Scale factors are applied to simulated
event samples to match the efficiencies in data, and the uncertainties on these scale factors
are included as nuisance parameters. As small differences in lepton isolation requirement
performance have been observed related to the total number of jets per event, an additional
uncertainty of 1.0 (0.5)% is added to the electron (muon) ID scale factor uncertainties
to account for the difference in average jet multiplicity between Z+jets and tt events.
Apart from the uncertainty in the integrated luminosity, the uncertainties on the lepton
ID efficiency constitute the largest source of systematic uncertainty.

As a cross-check of these scale factors, a profile maximum likelihood fit is performed
with lepton ID efficiencies integrated over the full range of reconstructed lepton kinematics
and treated as free parameters in the fit. Since the lepton pT and η selection criteria are
identical across all event categories, scale factors for these integrated efficiencies can be
applied to each channel based solely on lepton multiplicity. These scale factors can then
be constrained by the combination of multiple decay channels, provided that the events
are not further separated in a way that breaks the approximate independence of the lepton
ID efficiency. The likelihood fit is then able to determine overall lepton efficiency scale
factors with an uncertainty of 2%, and we observe that the scale factors from tag-and-
probe measurements in Z+jets events agree within this uncertainty. Although this cross-
check ultimately determines the scale factors with less precision, it demonstrates that such
scale factors can in principle be derived purely in situ, taking advantage of multiple decay
channels with carefully-designed event selection.

Similarly to the lepton ID efficiencies, scale factors for single-lepton trigger efficiencies
are measured with the tag-and-probe method in a Z+jets-enriched CR and applied to
the simulated event samples. The uncertainty in the trigger efficiency scale factors is
less than 1%, though some dependence on the total number of jets per event has been
observed. To account for differences in average jet multiplicity between Z+jets and tt
events, an additional uncertainty of 1.0 (0.5)% is considered on single electron (muon)
triggers. The uncertainty in the dilepton trigger efficiency is negligible due to offline lepton
pT requirements that are much larger than the trigger requirements.

– 10 –



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

The impact of the JES uncertainties is estimated by varying the jet momenta within
26 different uncertainty sources, following the methods described in ref. [41]. Of these, 17
are found to be nonnegligible and are included in the fit. To verify the recent jet energy
calibration of the CMS detector, global JES scale factors are derived within the analysis
in a coarse binning of pT and |η|, using the reconstructed invariant mass distributions of
hadronically decaying W bosons in the `+jets channels. This cross-check is designed to
be sensitive to any major disagreements in the JES between data and simulation affecting
the selected events. Fitting the shift of the reconstructed W boson mass yields JES factors
within 1.5% of unity, a discrepancy well-covered by the included uncertainties.

For the determination of the b tagging efficiencies, multinomial probabilities are used to
describe the expected number of events for both signal and background samples depending
on the number of b jets at generator level. The b tagging efficiency is allowed to vary as
a free parameter. This in situ approach takes advantage of constraints arising from the
categorization into events with 0, 1, or 2 b jets [9]. The misidentification rate of light
and c quark jets as b jets is described in a similar way. It is allowed to vary within 10%
from that observed in simulation, and variation beyond this level is not found to affect the
measurement outcome or sensitivity.

Differences in the pileup distribution between simulation and data are corrected by
reweighting the simulation using weights binned in three different variables: the number
of reconstructed vertices, the mean energy density calculated from the tracker alone, and
the mean energy density calculated from the calorimeter alone. The average of the three
weights is used for the nominal pileup distribution, and the difference from the result using
only the number of reconstructed vertices is used to estimate the uncertainty.

The uncertainty in the calibration of the integrated luminosity measurement, following
the procedures described in ref. [49], is estimated to be 2.1%. The largest contributions are
from the factorization bias, which arises in the van der Meer method from the assumption
that the transverse luminous area factorizes in the x and y coordinates, and from residual
beam position deviations. Good agreement in the absolute scale is found between the in-
dependently calibrated luminosity measurements, and the integrated luminosity measured
with the HF and the silicon pixel detector agrees to a level of better than 0.8%. Tak-
ing additional contributions due to residual differences in the time-stability and linearity
between the luminosity detectors into account, the total uncertainty in the integrated lu-
minosity is estimated to be 2.3%. A cross-check of the integrated luminosity using the yield
of reconstructed Z bosons decaying into pairs of muons [71], corrected for efficiencies and
normalized to the fiducial cross section prediction calculated at NNLO with next-to-NNLL
corrections applied, shows good agreement as well. The integrated luminosity uncertainty
is not included in the fit, but treated as an external uncertainty and added in quadrature
afterwards. The impact of varying the normalization of the backgrounds estimated from
simulation by the integrated luminosity uncertainty was found to be negligible.

The uncertainty related to higher-order terms in the ME calculation is modeled by
varying the renormalization and factorization scales, indicated as µR and µF, in the gener-
ator. These are varied by factors of two up and down, independently and simultaneously,
but avoiding cases where µR/µF = 0.25 or 4 [72]. In order to remove effects on the cross
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sections of signal and background processes while still considering possible acceptance ef-
fects, each variation is normalized to preserve the respective nominal sample cross section
before any event selection. The ME scale variations are performed for the tt , single-t,
Z+jets, and W+jets samples, and treated as uncorrelated between the processes.

The uncertainty due to the matching of the ME to the PS simulation is estimated by
varying the hdamp parameter in powheg, as described in ref. [73]. The impact of the PS
scale uncertainty is estimated by independently varying the initial- and final-state radiation
scales by a factor of two up and down.

The PDF uncertainty is estimated by reweighting the simulated samples to match
100 different PDF replicas in the NNPDF3.1 set, following the PDF4LHC recommenda-
tions [74]. The uncertainty from the choice of the value of the strong coupling constant αS
is estimated by an analogous reweighting. Similarly to the ME uncertainties, these varia-
tions are normalized to match the respective nominal sample content before event selection.
They are then summed in quadrature to create a single uncertainty shape template.

It has been shown in differential measurements of σtt at
√
s = 13TeV that the pT

distribution of the top quark is softer than predicted by the powheg simulation used for
our tt signal sample [75–77]. Because of this, an additional uncertainty is estimated by
reweighting the top quark pT of the simulation to a fixed-order calculation at NNLO in
QCD and electroweak contributions [78]. The resulting nuisance parameter is one-sided by
definition.

Normalization uncertainties are included in the background estimates to account for
uncertainty in the cross section values, and for effects of systematic uncertainties whose
shape templates are prone to large statistical fluctuations due to low event counts. Un-
certainties of 30% are assigned to the Z+jets, W+jets, diboson, and QCD multijet back-
grounds, all of which have little impact on the fit, and of 15% to the tW and t-channel
single-t backgrounds, based on the precision of experimental measurements [79–85] and
consistent with the treatment in previous tt measurements [9, 86, 87]. The normalization
uncertainty on the QCD multijet background is treated independently for events with non-
prompt electrons and those with nonprompt muons, as the two distributions are derived
by comparison with distinct sideband CRs. In addition, bin-by-bin statistical uncertainties
are applied to the signal and background processes using the method given in ref. [88].
These are minuscule for the simulated backgrounds but not negligible for the nonprompt
background since it is estimated from data CRs with limited event counts.

To evaluate the approximate effect of a given source of uncertainty on the overall
measurement precision, the fit (described in section 7) is repeated with the associated
nuisance parameter(s) frozen at the best-fit value(s). The total resulting fit uncertainty is
then subtracted in quadrature from that of the full measurement, yielding an approximate
value for the uncertainty contribution of the individual source. In the special case of
statistical uncertainty, the fit is repeated with all nuisance parameters frozen at their best-
fit values and the resulting uncertainty is taken to be that arising purely from statistical
effects. The information from these fits is summarized in table 1.
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Source Uncertainty (%)
Lepton ID efficiencies 1.6
Trigger efficiency 0.3
JES 0.6
b tagging efficiency 1.1
Pileup reweighting 0.5
ME scale, tt 0.5
ME scale, backgrounds 0.2
ME/PS matching 0.1
PS scales 0.3
PDF and αS 0.3
Top quark pT 0.5
tW background 0.7
t-channel single-t background 0.4
Z+jets background 0.3
W+jets background <0.1
Diboson background 0.6
QCD multijet background 0.3
Statistical uncertainty 0.5
Combined uncertainty 2.5
Integrated luminosity 2.3

Table 1. Summary of the sources of uncertainty in the σtt measurement. The relative uncertainty
values are approximate and given without their correlations. The statistical uncertainty includes
contributions from both the signal and control regions. The combined uncertainty includes corre-
lations between sources. The integrated luminosity uncertainty is listed separately.

7 Fit procedure and results

In addition to the categorization by the lepton flavor and number, as well as the b jet
multiplicity, events are further binned by the number of jets. The agreement in these bins,
after performing the final event selection and background estimation, is shown in the upper
plot of figure 4.

A profile maximum likelihood fit is performed to determine the best values of σtt and
of the nuisance parameters, and to assign the measured uncertainty, following the proce-
dure described in section 3.2 of ref. [89]. In the fit, statistical fluctuations follow a Poisson
distribution, while uncertainties affecting solely the normalization of the samples are mod-
eled with log-normal distributions. For all other nuisance parameters, shape templates are
generated to model the effect on the expected bin content when each parameter is varied
by one standard deviation from the best estimated nominal value. Each such parameter
is assigned a term in the likelihood function following a Gaussian distribution, while a
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Figure 4. Comparison of the number of observed (points) and predicted (filled histograms) events
in the final analysis binning. The predictions are shown before (upper) and after (lower) fitting the
model to the data. The lower panel of each plot displays the ratio of the event yields in data to
the sum of predicted signal and background yields. The vertical bars on the points represent the
statistical uncertainties in the data, while the hatched bands represent the systematic uncertainty
in the predictions, excluding the integrated luminosity. No b jet efficiency scale factors are applied
in the upper plot, and no systematic uncertainty entering into the hatched bands is intended to
cover these factors, which are free parameters in the fit.
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Figure 5. The tt cross section as a function of
√
s, as obtained in this analysis (red filled circle) and

in previous measurements by the CMS experiment [1, 3–5, 9, 10, 13, 14] (blue markers), with vertical
bars on the markers indicating the total uncertainty in the measurements. Points corresponding to
measurements at the same

√
s are horizontally shifted for better visibility. The SM prediction at

NNLO+NNLL precision [23] using the PDF4LHC21 PDF set [26] and values of mt = 172.5GeV
and αS(mZ) = 0.118 is shown with a black line and green uncertainty bands. An enlarged inset is
included to highlight the difference between 13 and 13.6TeV predictions and results.

morphing function interpolates the discrete shape templates to define a smooth mapping
from the value of the Gaussian random variable to the expected bin content.

The result of the fit is shown in the lower plot of figure 4. Considering only the
statistical uncertainty in the data, the agreement between the data and prediction in the
final analysis binning is greatly improved. An important contribution to that effect is the
estimation of the b tagging efficiency in the fit. The uncertainties are greatly reduced due
to additional constraints of the nuisance parameters as well as correlations between them.

The inclusive tt cross section is measured to be 881 ± 23 (stat+syst) ± 20 (lumi) pb.
This result is in good agreement with the SM prediction of 924+32

−40 pb, where the quoted
uncertainty accounts for scale variations and the PDF choice. In figure 5, the result from
this measurement, with the integrated luminosity uncertainty added in quadrature to the
combined uncertainty from the fit, is shown together with several measurements performed
at other center-of-mass energies, along with a global comparison to the SM prediction.

The tt signal simulation used in the measurement was generated usingmt = 172.5GeV.
To assess the dependence of the measured cross section on the mass used in the simulation
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through acceptance effects, the fit is repeated for different simulation samples with masses
differing by ±3GeV. We find that for an increase (decrease) of mt by its current experi-
mental uncertainty of 0.3GeV [69], the measured tt cross section decreases (increases) by
0.3%.

An independent cross section measurement is performed using an event-counting
method restricted to events containing an opposite-sign e±

µ
∓ pair and at least two jets.

This strategy follows closely the methods of ref. [86], and can also be compared to event
counting measurements found in refs. [5, 9, 87]. With this alternative approach, the cross
section is measured to be 888 ± 34 (stat+syst) ± 20 (lumi) pb. While the two approaches
share event selection and lepton ID scale factors, the latter approach is completely indepen-
dent of the b tagging performance and does not use information from the jet multiplicity
distribution beyond the initial selection requirement of at least two selected jets.

8 Summary

The first measurement of the top quark pair (tt) production cross section in proton-proton
collisions at

√
s = 13.6TeV is presented. Data recorded with the CMS detector in Summer

2022, corresponding to an integrated luminosity of 1.21 fb−1, are analyzed. Events are
selected with one or two charged leptons (electrons or muons) and additional jets. A profile
maximum likelihood fit is performed on categories defined by the number and flavors of the
leptons, the total number of jets, and the number of jets identified as originating from b
quarks. The fit is used to constrain the uncertainties in the b tagging efficiencies and lepton
selection efficiencies. Novel cross-checks are performed on the selected tt data sample to
verify the lepton selection efficiencies, as well as the jet energy scale, while the cross section
result itself is verified by an independent event counting approach in the e±

µ
∓ channel.

An inclusive tt production cross section of 881±23 (stat+syst)±20 (lumi) pb is measured,
in agreement with the standard model prediction of 924+32

−40 pb.
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