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integrated luminosity of 140 fb−1 and include measurements of dijet distributions in a region
in which vector-boson fusion processes are enhanced. They are unfolded to correct for detector
resolution and efficiency within the fiducial acceptance, and are designed to allow robust
comparisons with a wide range of theoretical predictions. A measurement of differential cross
sections for the Z → νν process is made. The measurements are generally well-described
by Standard Model predictions except for the dijet invariant mass distribution. Auxiliary
measurements of the hadronic system recoiling against isolated leptons, and photons, are
also made in the same phase space. Ratios between the measured distributions are then
derived, to take advantage of cancellations in modelling effects and some of the major
systematic uncertainties. These measurements are sensitive to new phenomena, and provide a
mechanism to easily set constraints on phenomenological models. To illustrate the robustness
of the approach, these ratios are compared with two common Dark Matter models, where
the constraints derived from the measurement are comparable to those set by dedicated
detector-level searches.
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1 Introduction

A high priority goal of experiments at the Large Hadron Collider (LHC) is to establish
to what extent the Standard Model (SM) remains valid at the accessible energies above
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the electroweak symmetry-breaking scale. If the measured data agree with the SM, it is
important to both quantify that agreement and to interpret it in terms of limits on physics
beyond the SM (BSM). If the data are inconsistent with SM predictions, this could constitute
evidence for BSM physics.

One key reason to suspect BSM physics exists is the astrophysical and cosmological
evidence for the existence of Dark Matter (DM) [1–3]. Many BSM theories postulate a DM
particle that may be produced at the LHC, giving rise to missing transverse momentum
(pmiss

T ) in proton-proton (pp) collision events, over and above that expected from SM processes
producing neutrinos. Searches have exploited this signature to set limits on DM models [4, 5].
In addition, the cross-section for the principal SM process producing large pmiss

T , in which a
Z boson decaying to neutrinos recoils against jets, has recently been measured by the CMS
collaboration [6]. The ATLAS collaboration has also recently produced a measurement of
the Z-boson invisible width which exploits this signature [7].

The main purpose of this analysis is to make precise, detector-corrected measurements
of pmiss

T produced in association with jets, inclusively and with as little model dependence
as possible. This is the first such measurement made using the full 140 fb−1 of integrated
luminosity collected by the ATLAS detector in Run 2 of the LHC. The results are presented
alongside auxiliary measurements, made in the same phase space, of the transverse momentum
of the hadronic system, precoil

T , recoiling against isolated leptons, and photons. This allows
modelling effects and major uncertainties to cancel when a ratio of cross-sections is taken.
This complements and extends the approach of taking ratios presented in a previous study [8].
The results are compared quantitatively to state-of-the-art SM predictions.

The measurements also serve another purpose. Contributions from DM production would
typically not cancel out in the cross-section ratios, making them sensitive to DM and other
BSM signatures. A secondary objective of the paper is therefore to demonstrate that the
measurements can be used for searches and setting constraints, with only a minor penalty in
sensitivity, and without the need to repeat complex and time-consuming detector simulation.
This means they can be readily reinterpreted to gain information about models, and model
parameter points, beyond those considered here.

Cross-sections differential in pmiss
T and precoil

T , and in several jet observables, are defined
in fiducial phase spaces designed to probe different aspects of the SM. The dominant SM
contribution to the pmiss

T -plus-jets final state comes from Z bosons produced in association with
jets and decaying into neutrinos, Z(→ νν) + jets; other contributions come from leptonic W
boson decays where the lepton does not enter the fiducial phase space. Diboson and triboson
production can also provide small contributions. All relevant kinematic selections are included
in the fiducial phase space definition, and detector effects, including instrumental sources of
pmiss

T , are corrected for using an unfolding procedure. Motivated by ease of comparison to
SM predictions, and to validate the consistency of the approach, a measurement of Z → νν

production is also made, where the contributions from other SM processes are treated as
backgrounds and subtracted before unfolding.

For the BSM interpretation, two example models are chosen to illustrate the constraints
that can be extracted from the measurements. First, a common simplified DM model [9],
which was searched for previously in this final state by ATLAS [4] using the same data sample
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as the current analysis, and by CMS [5]. Second, a more complicated model that introduces
an additional Higgs doublet and a pseudoscalar that couples to DM [10, 11] and has also
been searched for previously [12, 13] is considered.

The paper is structured as follows. After a brief description of the experimental apparatus
in section 2, the cross-sections and observables to be measured are defined in section 3. The
theoretical predictions, Monte Carlo event generation, and detector simulation are discussed
in section 4. The details of the event selection and object reconstruction are given in section 5,
and the treatment of backgrounds is described in section 6. The correction for detection
effects, and the associated systematic uncertainties, are described in section 7. Results are
reported in section 8, and interpreted in terms of SM and BSM calculations in section 9.
Finally, the conclusions are summarised.

2 ATLAS detector

The ATLAS experiment [14] at the LHC is a multipurpose particle detector with a forward-
backward symmetric cylindrical geometry and a near 4π 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 |η| < 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 |η| < 3.2. A steel/scintillator-tile hadronic calorimeter covers the
central pseudorapidity range (|η| < 1.7). The endcap and forward regions are instrumented
with LAr calorimeters for EM and hadronic energy measurements up to |η| = 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 |η| = 2.7 and fast detectors for triggering up to |η| = 2.4.
The luminosity is measured mainly by the LUCID-2 [15] detector, which is located close to
the beampipe. A two-level trigger system is used to select events [16]. The first-level trigger
is implemented in hardware and uses a subset of the detector information to accept events at
a rate below 100 kHz. This is followed by a software-based trigger that reduces the accepted
event rate to 1 kHz on average depending on the data-taking conditions. A software suite [17]
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.

3 Measured observables and fiducial phase spaces

The differential cross-sections to be measured are defined within a fiducial phase space,
specified in terms of requirements applied to final state particles. These requirements are

1ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the
centre of the detector and the z-axis along the beam pipe. The x-axis points from the IP to the centre of
the LHC ring, and the y-axis points upwards. Polar coordinates (r, ϕ) are used in the transverse plane, ϕ

being the azimuthal angle around the z-axis. The pseudorapidity is defined in terms of the polar angle θ as
η = − ln tan(θ/2). Angular distance is measured in units of ∆R ≡

√
(∆η)2 + (∆ϕ)2.
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chosen to closely reflect the acceptance of the detector, thus reducing the need for theory-
based extrapolations. For the dilepton regions, the leptons are required have the same
flavour and opposite charge.

3.1 Particle-level objects

At particle-level, the following objects are defined. Charged leptons (electrons or muons) are
required to be prompt, in that they do not originate from the decay of a hadron. Leptons from
the decay of prompt τ -leptons are allowed. The four-momenta of prompt photons within a
cone of ∆R = 0.1 is added to the four-momentum of the lepton to produce a ‘dressed’ lepton.

Photons are required to be prompt and isolated. The photon isolation is chosen such
that it mimics the isolation requirement at the detector level, requiring that the transverse
energy in a cone of ∆R = 0.4 around the photon be less than (2.45 GeV + 0.044 × pT) where
pT is the transverse momentum of the photon in GeV.

For the inclusive pmiss
T measurement, the particle-level pmiss

T is defined as the magnitude of
a vector, which is the negative two-momentum (x, y components) sum of all visible final-state
particles with |η| < 5, excluding muons with |η| > 2.5 or pT < 7 GeV. The precoil

T observable
is defined in a similar way, but the identified charged dressed leptons, and isolated photons,
are excluded from the sum. Thus, for the inclusive pmiss

T measurements, precoil
T ≡ pmiss

T . For
the measurement of Z → νν, the particle-level pmiss

T is defined as the summed pT of the
neutrinos from the decayed boson.

Jets are defined using the anti-kt jet algorithm [18, 19] with a radius parameter of 0.4.
All stable final-state particles are used as input to the jet algorithm, except that for the
inclusive pmiss

T measurement neutrinos and other invisible particles as well as muons are
excluded, while for the Z → νν measurement invisible particles as well as the boson decay
products are excluded. Any jets that contain a hadron coming from the decay of a prompt
τ -lepton are classified as hadronically decaying τ -leptons.

Jets are removed if the jet momentum direction is closer than ∆R < 0.2 to any lepton.
Next, all leptons that are within ∆R = 0.4 of a jet are discarded. If no leptons remain, jets
are removed if the jet momentum direction is closer than ∆R < 0.2 to any photon. These
conditions mirror closely the overlap removal of reconstructed objects described in section 5.2.

3.2 Phase-space regions

Measurements are made in six regions defined in terms of the number and flavour of leptons or
the presence of a photon: pmiss

T +jets, e+jets, 2e+jets, µ+jets, 2µ+jets and γ+jets. The first
of these is the primary measurement, while the others are auxiliary measurements with similar
topologies to the primary, which constrain the uncertainties through correlations across the
regions. The similarity in topologies is ensured by using the same event selection, and by
the fact that in the main pmiss

T measurement region, precoil
T ≡ pmiss

T . Table 1 summarises the
selections that define these regions. The differences between the pseudorapidity requirements
between electrons and muons arise from their different experimental acceptance, and the
desire to minimise extrapolation during the unfolding procedure.

For each of these regions, two sub-regions are defined by further selection on the jet
content of the hadronic recoil system, the ≥ 1 jet and vector boson fusion (VBF) regions.
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Attribute pmiss
T +jets e+jets 2e+jets µ+jets 2µ+jets γ+jets

Lepton or photon — |y| ≤ 1.37 or
|y| ≤ 2.5 |y| ≤ 1.37 or

rapidity 1.52 ≤ |y| ≤ 2.47 1.52 ≤ |y| ≤ 2.47
Leading lepton or — > 30 > 80 > 7 > 80 > 160
photon pT [GeV]
Sub-leading — — > 7 — > 7 —
lepton pT [GeV]
Dilepton mass, — — mℓℓ ∈ — mℓℓ ∈ —
mℓℓ [GeV] (66, 116) (66, 116)
(Additional) muons None with pT > 7 GeV, |η| < 2.5
(Additional) electrons None with pT > 7 GeV, |η| < 1.37 or 1.52 < |η| < 2.47
mT [GeV] — mT ∈ — — — —

(30, 100)

pmiss
T [GeV] > 200 > 60 — — — —

precoil
T [GeV] > 200 > 200 > 200 > 200 > 200 > 200

Table 1. Requirements defining the six principal phase-space regions of the measurement. For the
inclusive pmiss

T measurement, pmiss
T ≡ precoil

T . In the Z → νν measurement, it corresponds to the pT

of the Z boson. Transverse mass, mT, is defined as
√

2pTprecoil
T (1 − cos(ϕ)) where pT is the lepton

transverse momentum and ϕ is the azimuthal angle between the lepton and precoil
T . For the dilepton

regions, the leptons are required have the smae flavour and opposite charge.

These are designed to enhance the sensitivity to particular classes of BSM physics involving
DM, such as those that are studied in section 9. Table 2 summarises the selections that
define these sub-regions.

3.3 Measured observables

Differential cross-sections as a function of several observables are measured in the regions
defined in section 3.2. The distribution of precoil

T , defined in section 3.1, is measured for
all selections in all regions. It is sensitive both to the SM processes involving neutrinos
(predominantly Z → νν) and to potential contributions from BSM invisible particles. In
addition, in the VBF phase-space region the mjj and ∆ϕjj distributions are also measured,
where mjj is the invariant mass of the two leading jets and ∆ϕjj = ϕ1 − ϕ2 is the signed
difference in azimuthal angle between the jets ordered in their rapidities such that y1 > y2.
This observable probes the CP structure of the VBF interaction [20]. The mjj distribution is
sensitive to the presence of potential new particles decaying into jets. All these distributions
are available from HEPData [21] and implemented in Rivet [22].

4 Theoretical predictions and simulation

Monte Carlo (MC) event generators capable of simulating the complete final state of collision
events are used as input to a detailed Geant4 [23, 24] simulation of the ATLAS detector [25].
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Attribute ≥ 1 jet VBF

∆ϕ
(
jet, pmiss

T
)

> 0.4 for four leading pT jets
Hadronic τ -lepton None with pT > 20 GeV,

|η| < 1.37 or 1.52 < |η| < 2.47
Leading jet pT [GeV] > 120 > 80

Sub-leading jet pT [GeV] — > 50
Leading jet |y| < 2.4 < 4.4

Sub-leading jet |y| — < 4.4
Dijet invariant mass mjj [GeV] — > 200

|∆yjj | — > 1
In-gap jets — None with pT > 30 GeV

Table 2. A summary of the fiducial selections applied to the hadronic recoil system to define the
subregions of the measurement. The veto on ‘in-gap jets’ is applied to jets with a rapidity lying
between the rapidities of the leading and the sub-leading jets.

The output from this is passed through the same reconstruction and analysis chain as the
data, to evaluate efficiencies and the migration matrix used to unfold for detector effects,
and to make measurements at particle level. Given the inclusive nature of the measurement,
several important processes contribute, requiring a wide range of sophisticated configurations
for the event generators. The generated samples are also reweighted as appropriate to improve
their modelling of the data (with a negligible effect on the unfolded results).

Event generator predictions are also used for comparison with the final particle-level
results. Since the data are corrected for detector effects, new predictions can be used directly
for the comparisons, without the full detector simulation. For this reason, the predictions
used for the final comparison are in some cases improved versions that embody the most
accurate and precise predictions available at the time of publication. The samples employed
for each use case are described in turn below.

4.1 Fully simulated Standard Model samples

Events containing a single W or Z/γ∗ boson in association with jets (V+jets), as well as
prompt single-photon production, were simulated with the Sherpa 2.2.1 [26] event generator.
In this set-up, the OpenLoops [27, 28] and COMIX [29] libraries provided matrix elements
with next-to-leading-order (NLO) virtual quantum chromodynamics (QCD) corrections for up
to two jets, and matrix elements accurate to leading-order (LO) for up to four jets. The default
Sherpa parton shower [30] based on Catani-Seymour dipoles and the cluster hadronisation
model [31] was used. This used the parameters developed by the Sherpa authors for this
version based on the NNPDF3.0nnlo parton distribution function (PDF) set [32]. The
NLO matrix elements of a given jet multiplicity were matched to the parton shower using a
colour-exact variant of the MC@NLO algorithm [33]. Different jet multiplicities were then
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merged into an inclusive sample using an improved CKKW matching procedure [34, 35] that
was extended to NLO accuracy using the MEPS@NLO prescription [33–36]. The merging
scale was set to Qcut = 20 GeV. For single-photon production a dynamic merging scale [37]
of 20 GeV was used, and photons were required to be isolated according to a smooth-cone
isolation criterion [38]. In all cases, matrix elements were matched with the Sherpa parton
shower [30] using the MEPS@NLO prescription.

Electroweak (EW) production of two forward jets in association with a W or Z/γ∗
boson and up to one additional parton emission at LO accuracy was simulated using
Sherpa 2.2.11 [39]. These predictions are labelled ‘EWK’ in the comparisons to data.
The Catani-Seymour dipole-based parton shower was used, matched with the matrix element
using the MEPS@LO prescription, and a cluster hadronisation model was employed. Dia-
grams arising from semileptonic diboson production, with one boson decaying hadronically,
were removed in a gauge-invariant manner by requiring a colour-singlet exchange in the
t-channel, also known as the ‘VBF approximation’.

Samples of leptonically decaying dibosons were simulated with Sherpa 2.2.2 [26], with
a similar set-up to the V+jets samples [40]. The QCD corrections to matrix elements at
NLO accuracy were provided by the OpenLoops library [27, 28]. The parameters and PDFs
were the same as for the V+jets samples. Triboson production was simulated with the
same set-up as the fully leptonically decaying diboson samples. Semileptonically decaying
diboson samples were simulated with almost the identical set-up to the fully leptonic ones,
except that the Sherpa 2.2.1 [26] generator was used. These predictions together are labelled
‘diboson’ in the comparisons to data.

The production of on-shell tt̄ events was modelled using the Powheg Box [41–44] v2
generator at NLO with the NNPDF3.0nlo [32] PDF set and the hdamp parameter2 set to
1.5 mt [45]. The events were interfaced to Pythia 8.230 [46] using the A14 set of tuned
parameters (tune) [47] and the NNPDF2.3lo PDF set [48]. The NLO tt̄ inclusive production
cross-section was corrected to the theory prediction at next-to-next-to-leading order (NNLO)
in QCD including the resummation of next-to-next-to-leading logarithmic (NNLL) soft-gluon
terms calculated using Top++2.0 [49–55].

Single-top tW associated production was modelled using the Powheg Box [42–44, 56] v2
generator at NLO in QCD in the five flavour scheme with the NNPDF3.0nlo [32] PDF
set. The diagram removal scheme [57] was used to treat the overlap with top-quark pair
production [45]. Single-top t-channel and s-channel production were modelled using the
Powheg Box [42–44, 58, 59] v2 generator at NLO in QCD in the four- and five-flavour
schemes with the corresponding NNPDF3.0nlo [32] PDF sets respectively. The matrix
element generators were interfaced to Pythia 8.230 [46] using the A14 tune [47] and the
NNPDF2.3lo PDF set. The inclusive cross-sections were corrected to the theory prediction
calculated at NLO in QCD with Hathor v2.1 [60, 61].

Additional pile-up collisions were overlaid, based on soft QCD processes simulated with
Pythia 8.186 using the NNPDF2.3lo PDF set and the A3 tune [62] over the original hard-
scattering events. Additional weighting factors are applied to the fully simulated samples

2The hdamp parameter controls the transverse momentum pT of the first additional emission beyond the
leading-order Feynman diagram in the parton shower and therefore regulates the high-pT emission against
which the tt̄ system recoils.
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to improve the modelling, including a factor to reproduce the distribution of the average
number of interactions per bunch crossing observed in the data.

4.2 Standard Model predictions

For the particle-level predictions, no data-driven scale factors are applied, and pile-up events
are not added. The settings described above are also valid for the SM predictions used for
comparison with the final result, with the following exceptions.

A particle-level prediction for top-quark pair production was produced with Sherpa 2.2.11,
using NLO-accurate matrix elements for up to one additional parton, and LO-accurate
matrix elements for up to four additional partons calculated with the Comix [29] and
OpenLoops 2 [27, 28, 63, 64] libraries. They were matched with the Sherpa parton
shower [30] using the MEPS@NLO prescription [33–36].

The diboson and single EW boson MC samples were also replaced with calculations
produced with Sherpa 2.2.11 and OpenLoops 2 [27, 28, 63, 64]. In the case of V+jets
production, the matrix-element-level description of additional emissions was extended up
to five jets at LO. The PDF4LHC PDF set [65] was used, supplemented with quantum
electrodynamics (QED) effects from LUXqed [66]. To improve the description of W+jets
and Z+jets processes, these MC predictions were then reweighted to account for higher-
order EW corrections. The reweighting procedure was based on parton-level predictions for
W/Z+jets production from ref. [67], and included NLO EW corrections [68–71] supplemented
by Sudakov logarithms at two loops [72–75].

In the ≥ 1 jet region, an alternative prediction was obtained by extending the reweighting
procedure to include NNLO QCD corrections [76–79] from ref. [67]. These corrections were
provided separately for W+jets, Z(→ ℓℓ) + jets (where ℓ = e or µ) and Z(→ νν) + jets
processes, as a function of the vector-boson pT, to improve the description of the measured
Z boson pT distribution [80]. The reweighting procedure took into account the difference
between the intrinsic perturbative accuracy of the generated MC samples and the provided
parton-level calculations. In addition, the reweighting was extended in the VBF region to
include NLO EW corrections [81] for V jj production, which were provided separately for
each decay channel as a function of dijet invariant mass and azimuthal difference between
the tagging jets.

In the VBF region, an alternative prediction for V+jets was obtained using the high
energy jets (HEJ) framework [82, 83]. HEJ calculates the tower of leading logarithmic QCD
corrections in the ratio of the partonic centre-of-mass energy and transverse momentum
squared, s/p2

T, to all orders in the strong coupling αs, for all relevant SM processes. These
corrections are relevant in regions of phase space where jets span a large range of rapidity or
where pairs of jets have a large invariant mass. The framework includes the matching of these
corrections to both tree-level high-multiplicity matrix elements point-by-point in phase space,
and to NLO corrections for distributions. The framework was implemented in a partonic
event generator [84]. These predictions are only available for the leptonic measurements.

4.3 Standard Model theory uncertainties

The uncertainties in the SM predictions are estimated following the prescription developed
in ref. [67]. Uncertainties on pure QCD higher-order corrections in the SM processes are
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estimated by varying the renormalisation and factorisation scales by factors of 0.5 and 2. The
difference between the nominal prediction and the envelope of the seven possible versions
(the cases where both the renormalisation and factorisation scales vary upwards or downward
at the same time are excluded) is assigned as an uncertainty, denoted by δ(1)K(N)NLO. To
account for possible differences in the shape of the pV

T and mjj spectra between low and
high scales in the V+jets channels, additional uncertainties δ(2)K(N)NLO and δ(4)K(N)NLO
are constructed from conservative shape distortions of the nominal scale-uncertainty band
as a function of pV

T and mjj , respectively. The distortion is given by (x2 − x2
0)/(x2 + x2

0)
where x0 is the midpoint of the observable of interest in logarithmic space, namely 650 GeV
and 1300 GeV for pV

T and mjj , respectively. As discussed in ref. [67], this shape uncertainty
increases the scale uncertainties by a factor of up to

√
2.

All pure-QCD systematic uncertainties are taken as correlated between observable
bins as well as weak bosons and their decay channels, but uncorrelated between different
processes, including EW V+jets production. Following the approach in [67], the residual
level of decorrelation between the decay modes is estimated from the difference between the
differential higher-order K-factors for W+jets production and Z(→ ℓℓ) + jets and Z(→ νν)
+ jets production relative to their average and assigned as an additional uncertainty, denoted
by δ(3)K(N)NLO. A similar uncertainty is estimated for EW V jj production using the higher-
order K-factors calculated in ref. [81]. The uncertainty band for the HEJ predictions in the
VBF region is estimated from the envelope of the seven variations of the renormalisation
and factorisation scales by factors of 0.5 and 2.

Pure EW uncertainties in V+jets and V jj production arise predominantly from unknown
high-pT EW effects due to truncation of the perturbative series. This uncertainty is estimated
through naive Sudakov exponentiation, denoted δ(1)κnNLO EW, which is taken to be correlated
between the weak boson decay channels. In the case of V+jets production, an additional
conservative uncertainty δ(2)κnNLO EW is assigned, given by 5% of the absolute full NLO
EW correction, which is taken to be uncorrelated between the weak boson decay channels.
Moreover, an uncertainty in the Sudakov approximation at two-loop level in V+jets production
is estimated by assigning an additional uncertainty δ(3)κnNLO EW, given by the difference
between the next-to-leading logarithmic Sudakov approximation and the naive exponentiation
of the full NLO EW correction, which is also taken to be uncorrelated between the weak
boson decay channels. All pure EW systematic uncertainties are taken to be correlated
across bins in a given observable.

An uncertainty in unknown non-factorising mixed QCD and EW effects is estimated
from the difference between the additive and multiplicative combination of QCD and EW
higher-order corrections, denoted δKmix. This systematic uncertainty is taken to be correlated
between bins in a given observable and between weak boson decay channels.

PDF uncertainties are estimated by using the sum in quadrature of the set of independent
PDF4LHC +LUXqed Hessian eigenvectors. The αs uncertainty is estimated from ±0.001
shifts around the nominal value of 0.118 in the PDF sets.

To evaluate systematic uncertainties, prompt single-photon production was also simulated
using the Pythia 8.186 [85] generator. Events were simulated using tree-level matrix elements
for γ+jet final states and LO QCD dijet events, with the inclusion of initial- and final-state
parton showers.
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The Pythia simulation includes LO γ+jet events from both the direct processes (the
‘hard’ qg → qγ and qq̄ → gγ component) and the photon bremsstrahlung in LO QCD dijet
events. The bremsstrahlung component was modelled by final-state QED radiation arising
from calculations of all 2 → 2 QCD processes. The NNPDF2.3lo PDF set was used in
the matrix element calculation, the parton shower, and the simulation of the multi-parton
interactions. The samples include a simulation of the underlying event with parameters set
according to the A14 tune [47]. The Lund string model [86, 87] was used for the description
of the fragmentation into hadrons.

Finally, the uncertainty in the interference between top-quark pair production and
tW production is estimated by taking the difference relative to the prediction where the
nominal tW sample is replaced with a version employing an alternative diagram subtraction
scheme [57].

5 Event selection and reconstruction

The data used in this analysis were collected with the ATLAS detector in pp collisions at√
s = 13 TeV during the Run 2 data-taking from 2015 to 2018. After applying necessary

selections to ensure good detector operation conditions, a total integrated luminosity of
140 fb−1 is available. The uncertainty in the combined Run 2 integrated luminosity is
0.83% [88], obtained using the LUCID-2 detector [15] for the primary luminosity measurements.
The average number of inelastic pp collisions per bunch crossing is 33.7 in the data sample
considered. Most of these pp collisions have an interaction vertex that is consistent with
the beam-spot envelope.

5.1 Trigger selection

Events for the primary pmiss
T measurement were selected by the two-stage trigger system [16]

using the transverse momentum imbalance within the calorimeter system [89] and requiring
hadronic jets in the final state. Due to increasing number of simultaneous pp interactions in
different years of the Run 2 data-taking the minimum pmiss

T threshold of the triggers used
increased from 70 GeV to 120 GeV over the data-taking period to suppress the impact of the
energy contributed by pile-up collisions on the rate of accepted events. The algorithm used
to calculate this pmiss

T also varied for the same reason. All pmiss
T triggers used in the analysis

were fully efficient in events for which the offline pmiss
T > 200 GeV.

Since muons deposit very little energy in the calorimeters, the calorimeter-based pmiss
T

triggers also selected events with high-pT muons in the final-state. These events are used for
the single-muon and double-muon auxiliary measurements. For events with precoil

T > 200 GeV,
this trigger selection was 100% efficient for the subset of those events with a muon with
pT ≥ 30 GeV.

A combination of low- and high-pT single-electron triggers was used to select events
for the single-electron and double-electron auxiliary measurements. Two single-electron
triggers, with a minimum pT threshold of 24 (26) GeV in 2015–2016 (2017–2018) and Tight
electron identification criteria [90], selected events in the low-pT region. In the high-pT
region, where the rate of single electron triggers is low compared to that which can be
accommodated by the trigger system bandwidth, several triggers with less restrictive electron
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identification were employed to increase the trigger efficiency. Events satisfying the low- or
high-pT threshold trigger were retained, with an efficiency of around 97% for electrons with
pT ≥ 80 GeV. The details of the electron trigger combination procedure are summarised in
ref. [90]. The simulation reproduces the single-electron trigger efficiency measured in data
to within 5% for electrons with pT < 60 GeV, and to better than 1% in the high-pT region.
The residual mismodelling is corrected for by reweighting simulated events using data-driven
scale factors. Both statistical and systematic uncertainties in the derived trigger scale factors
are propagated to the measured observables.

Events selected for the single photon auxiliary measurement are required to have a photon
candidate with a minimum pT of 120 (140) GeV at the trigger-level satisfying the Loose
photon identification criteria [90] in 2015 (2016–2018). In the pT range above 200 (300) GeV
a trigger with only a pT selection was used in addition (logical ‘OR’) to improve the efficiency
of the trigger selection during 2015 (2016–2018) data-taking. The photon triggers were fully
efficient in the single photon auxiliary measurement region phase space.

5.2 Reconstruction and offline selection

Events selected by the trigger system undergo a number of offline reconstruction and cali-
bration steps before they can be used for the analysis.

Candidate interaction vertices are reconstructed by associating at least two reconstructed
tracks with pT > 500 MeV to a common origin along the pp collision axis [91]. Events
with at least one such vertex are selected. In the case of multiple candidate vertices in an
event, the primary vertex is defined to be one with the highest sum of squared transverse
momenta of associated tracks.

Reconstructed tracks in the inner detector (ID) and clusters of energy deposits in the
EM calorimeter are used as inputs to the reconstruction of electrons and photons. The
electron and photon reconstruction [92] uses three-dimensional clusters of energy depositions
(topo-clusters) built from topologically connected EM and hadronic calorimeter cells [93] to
restore energy from bremsstrahlung photons or from electrons from photon conversions. The
transition region between the barrel and endcaps of the EM calorimeter, 1.37 < |η| < 1.52, is
excluded. The electron candidates are reconstructed from topo-clusters matched to ID tracks.
These tracks are refitted to account for energy losses due to bremsstrahlung. Topo-clusters
not matched to any track or matched to conversion vertices are reconstructed as unconverted
or converted photon candidates, respectively. The conversion vertices are formed from one
or two tracks that are consistent with a massless particle decaying within the ID volume.
Electron candidates in the e+jets (2e+jets) region are required to satisfy the Tight (Medium)
identification working point (WP) [94]. The efficiency to select Tight (Medium) electron
candidates reaches a plateau of 88% (93%) for pT > 80 GeV electrons. To reject electrons from
heavy-flavour decays the HighPtCaloOnly isolation selection [92], with 92%–98% efficiency
depending on the electron pT, is applied.

Photon candidates with shower shape variables corresponding to the Tight identification
working point and satisfying Tight isolation criteria are accepted for the single-photon
auxiliary measurement [92]. This combination of identification and isolation requirements
provides a good rejection of photons from non-prompt backgrounds while maintaining high
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efficiency for prompt photon selection. The electron or photon candidate energy is calibrated
using energy depositions in the calorimeters and track measurements in the ID [92]. The
precision of the energy calibration of electrons (photons) is better than 0.2% (0.5%), verified
in situ using Z → ℓℓ and Z → ℓℓγ events.

The muon reconstruction uses track segments in the ID and muon spectrometer (MS),
as well as calorimeter information. Muon candidates are formed by matching the MS and
ID tracks and performing a combined fit that makes use of corresponding MS and ID hits,
and accounts for the energy depositions in the calorimeter cells along the muon candidate
trajectory. Identification requirements for muons are formed using selections on track quality
and the compatibility between the ID and MS tracks. Muon candidates in single-muon
and two-muon auxiliary measurements are required to satisfy the Medium [95] identification
WP. The efficiency for identifying Medium muons exceeds 98% for the selection criteria
applied in this analysis. To reject muons produced in semileptonic decays of hadrons, the
FixedCutLoose [96] requirement is imposed on the activity around muon candidates in the
muon auxiliary measurement. The FixedCutLoose efficiency for selecting a prompt muon
ranges from 93% in the low-pT region to 100% for muons with pT > 50 GeV. The muon
momentum scale is calibrated using J/ψ → µµ and Z → µµ events. The precision of the
muon momentum measurements changes from 0.05% for muons within |η| = 1 to 0.15%
for muons in the |η| ∼ 2.5 forward region.

Events with no Loose electrons or muons [92, 95] (regardless of their isolation conditions)
are selected for the primary pmiss

T measurement. These criteria ensure a very high purity of the
signal event sample, since the Loose identification WPs select at least 92% of prompt fiducial
electrons or photons and more than 99% of prompt fiducial muons. These requirements also
reject events with electrons or muons coming from τ -lepton decays. Hadronically decaying
τ -leptons are reconstructed using jets identified by the anti-kt jet algorithm, with the radius
parameter R = 0.4, as a seed, which is then associated to tracks consistent with τ -lepton
production at the interaction vertex [97]. They are then identified as τ -leptons by a recurrent
neural network (RNN) algorithm [98]. The Loose identification WP provides between 87%
and 79% identification efficiency for τ -leptons while providing a multijet background rejection
factor of 21 to 90 respectively depending on the number of associated tracks. Events with at
least one hadronically decaying τ -lepton satisfying the Loose selection are removed.

Jets are reconstructed using the anti-kt jet algorithm with the radius parameter R = 0.4
using an algorithmic combination of the calorimeter energy depositions and the charged-
particle tracks. First, calorimeter cells are grouped into topo-clusters using a nearest-neighbour
algorithm [93] that exploits the significance of the cell energy compared to the noise expected
in the pile-up environment for each year of running. The direction of each topo-cluster receives
an origin correction to account for the primary vertex position that is different in every event.
The jet measurements are further improved using the particle flow (PFlow) algorithm [99],
which replaces the charged particle calorimeter energy deposits by the momenta of the tracks
measured in the ID that are associated with the topo-clusters. The PFlow jets have better
energy and angular resolution, as well as reduced sensitivity to pile-up, compared to jets
reconstructed from calorimeter information only. To suppress signals arising from calorimeter
noise and other non-collision backgrounds, reconstructed jets are required to satisfy a Loose
identification selection [100]. This selection has a better than 99.5% efficiency for keeping
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jets from pp collisions. Due to the large instantaneous luminosity, the jets reconstructed in
one bunch crossing could originate from different pp collisions. To suppress jets arising from
vertices other than the primary collision vertex a jet-vertex tagging algorithm (JVT) [101, 102],
based on a combination of track-based variables, is used. Jets with pT < 60 GeV in the
central |η| < 2.5 region are accepted only if the Tight JVT selection is satisfied. In addition,
a Tight requirement from the forward jet vertex-tagging algorithm (fJVT) is used to reject
pile-up jets in the forward region |η| ≥ 2.5.

The jet four-momentum measurement is calibrated using information from both simulation
and data [103]. First, the jet energy is corrected for pile-up contamination. An MC-based
absolute jet energy correction is used to restore the energy and direction of the jet to that
at the particle-level. Next, the global sequential calibration is employed to remove the
dependence of the jet response on the energy distribution inside the jet, and the fluctuations
of the shower development in the calorimeter. Finally a residual in situ correction, determined
from Z+jets, γ+jet and multijet events, is applied to recover the remaining differences
between data and simulation. Over the rapidity range considered, the jet energy is measured
with 1%–3.5% accuracy depending on transverse momentum.

The missing transverse momentum vector pmiss
T (precoil

T in the events with prompt leptons
or photons) is calculated as the magnitude of the vector sum of the transverse momenta of
all particles produced in the event [104]. Detector signals associated with identified physics
objects constitute a hard term, while the signals that are not part of these objects form
a soft term. The pmiss

T reconstruction uses energy deposits from the calorimeter, muons
reconstructed in the MS, and tracks from the ID.

The pmiss
T is then given by pmiss

T =
√

(pmiss
x )2 + (pmiss

y )2, where pmiss
x(y) are calculated

as follows:

pmiss
x(y) = pmiss,e

x(y) + pmiss,γ
x(y) + pmiss,τ

x(y) + pmiss,µ
x(y) + pmiss,jets

x(y) + pmiss,soft
x(y) (5.1)

where each term is calculated as the negative sum of the calibrated reconstructed objects,
projected onto the x and y directions. The soft term, pmiss,soft

x(y) , is calculated from tracks
associated with the primary vertex but not to any of the high-pT objects.

For the calculation of precoil
T in the auxiliary measurements, the same expression is used,

but the identified prompt leptons or photons are excluded.
Events involving τ -leptons can enter the signal region if the τ -lepton is not reconstructed.

Conversely, in the auxiliary measurement regions, it is possible for events where a jet is
misreconstructed as a τ -lepton to affect the pmiss

x(y) calculation. In principle, if this effect is
not accounted for it could lead to biases when correlating the regions. However, τ -lepton
reconstruction is found to be well modelled across all the measured regions.

Since physics objects are reconstructed independently of each other, there is a possibility
that the same detector signals are used to build multiple jets, photons or leptons. To avoid
double-counting of particle level physics objects, the following procedure is employed. First,
leptonically decaying τ -leptons closer than ∆R = 0.2 to an electron or muon are discarded.
Second, electrons that share the same ID track with a muon are rejected. Third, jets are
removed if the jet momentum direction is closer than ∆R < 0.2 to any electron candidate.
In turn, all electrons that are within ∆R = 0.4 of a jet are discarded. Similarly, jets are
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discarded if they are within ∆R = 0.2 of a muon and have less than three associated tracks,
while muons within ∆R = 0.4 of a jet are rejected. Finally, jets that are within ∆R = 0.2 of
a hadronically decaying τ -lepton are removed. If a lepton is removed by this procedure, the
event is still considered for other measurement regions with fewer or no leptons.

6 Background estimation

Two categories of background contribute to all the measurements made: non-collision back-
grounds, produced by beam-gas or cosmic rays events or calorimeter noise, and reducible
backgrounds, which arise when a miscalibration or a misidentification of physics objects leads
to an artificially large missing transverse momentum or a spurious particle candidate. In
addition, in the Z → νν measurement, contributions from other SM processes that satisfy
the true event selection and therefore cannot be distinguished from Z → νν events within
the fiducial region are treated as an irreducible background. In this section the background
estimation methods are briefly described.

6.1 Non-collision background

Muons produced away from the proton-proton collision but in-time with it can create
significant energy depositions in the calorimeter that can be reconstructed as hadronic jets,
and thus lead to events with a single jet and a large pmiss

T signature. Such muons can be
created by the cosmic-ray showers, or by interactions upstream of the ATLAS detector
between the beam and the LHC collimators, or residual gas in the beam pipe. The azimuthal
angle distribution of the fake jets they produce has a characteristic shape, with pronounced
peaks at ϕ = 0 and ϕ = π. Moreover, these muons enter the calorimeter earlier than jets
from the interaction point, and so have very different timing properties. The non-collision
background contribution is strongly reduced by the identification requirements applied to
the leading jet in event. The residual contribution from this background source is evaluated
using a data-driven approach that exploits the differences in time between the signal jets
produced in the collision vertex and the non-collision background jets, and is subtracted.
This amounts to a few thousand events over the course of the data-taking period. The
difference between the subtracted and non-subtracted sample is taken as the uncertainty
and propagated through to the final results.

6.2 Multijet background in the pmiss
T +jets selection

Jet production processes containing no prompt pmiss
T can contribute to the event yield in

the primary measurements when jets are mis-reconstructed or mis-calibrated, giving rise
to fake pmiss

T . In addition, decays of heavy flavour hadrons among the jet constituents may
produce neutrinos that can generate the pmiss

T . In such cases the pmiss
T vector will typically

be aligned with the direction of the jet, and the ∆ϕ
(
jet, pmiss

T
)
> 0.4 requirement removes

most of this type of background. However, the pmiss
T +jets selection will contain a residual

multijet background, since in such cases the pmiss
T can receive contributions from several jets

and the resulting pmiss
T direction may not align with any one of them. The probability to

reconstruct a large pmiss
T in any given multijet event is rather low, but the jet production

cross-section is large. This implies that a simulation-based approach would require a very
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large simulated event sample, with an extremely accurate modelling of hadron production
and calorimeter performance, especially in the tails of the distributions. These considerations
mandate a data-driven method.

Reference [105] contains a detailed description of the jet smearing method used to estimate
the multijet background contribution in the primary measurements. A high-statistics sample
of low-pmiss

T events with well-measured hadron jets is collected using a set of inclusive jet
triggers with different pjet

T thresholds. A set of ‘pseudodata’ events is created by fluctuating
the jet energies in these events using a function, constrained using data, that models the
detector response to jets. Each fluctuation is considered as a separate event; the altered
four-momenta of the jets are stored and the pmiss

T vector is recalculated. This approach
produces pseudodata events with fake pmiss

T populating a range up to about 2 TeV.
The distribution of the multijet background in each differential cross-section measured is

taken from the pseudodata distributions after applying the ≥ 1 jet or VBF event selection
as appropriate, while the normalisations are obtained from the fit to data in a dedicated
multijet background-enriched control region, defined using the pmiss

T +jets event selection as
given in table 2, but with the requirement on the azimuthal angle between the jet direction
and pmiss

T vectors inverted i.e., ∆ϕ
(
jet, pmiss

T
)
≤ 0.3.

Events with 0.3 < ∆ϕ
(
jet, pmiss

T
)
< 0.4 satisfying the pmiss

T +jets requirements but with
the pmiss

T selection relaxed to 130 GeV (as low as possible considering trigger thresholds) are
used to verify the multijet background estimation procedure. In this region, where the multijet
background contributes approximately four times more events than the other SM processes,
very good agreement is observed between the data and predictions. A similar region without
the relaxed pmiss

T requirement, which is closer to the kinematic regime probed by this analysis,
is also tested. Figure 1 shows the distribution of events in this validation region as a function
of pmiss

T . Although the multijet background is not the dominant contributor to the yield
in this validation region, it represents a significant fraction of the first few bins, where its
inclusion leads to a good agreement between prediction and data. The multijet component in
these validation regions is approximately an order of magnitude more important than in the
signal region. There is a very good agreement between the prediction and data.

The multijet background contribution in the pmiss
T +jets event selection in the ≥ 1 jet

region is smaller than 1% for precoil
T ≤ 300 GeV and falls steeply as pmiss

T increases. In the
VBF region the multijet background contribution is around 1%–2% in the mjj < 2 TeV
region, and is negligible in the high-mjj range.

6.3 Background from misidentified photons and leptons in the auxiliary
measurements

The main source of background in the electron and photon auxiliary measurements comes
from jets that are misidentified as leptons or photons. This can occur due to fluctuations in
jet formation, or in the development of hadronic showers in the calorimeter, leading to an
apparently large amount of EM energy. In conjunction with inefficiencies in the inner tracker,
this can lead to energy depositions that are reconstructed as a photon or an electron. Jets
containing heavy flavour hadrons that decay into final states including a muon are the main
source of the non-prompt muon background. The yields of such ‘fake’ photons and leptons
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Figure 1. The event yield in the multijet background validation region as a function of pmiss
T for the

(a) ≥ 1 jet selection and (b) VBF selection. Points denote the data, and different SM backgrounds are
shown as histograms. The hatched band shows the full uncertainty assigned to the estimate of the
fake pmiss

T contribution from multijet events, which, since it represents a very small contribution to
the final event sample and is subject to statistical variations due to the nature of the evaluation, is
conservatively taken to be 100% of the estimated yield. The vertical lines represent the statistical
uncertainty. The bottom panels show the ratios of the data to the predictions; the blue triangle
indicate values which are out of the display range.

are heavily suppressed by the reconstruction algorithms, while the remaining contributions
are removed using a set of data-driven techniques described below.

6.3.1 Jet-photon misidentification contribution to the γ+jets selection

Multijet production is the dominant source of background in the γ+jets auxiliary measurement.
The Tight photon identification WP [92] together with the Tight requirement on the photon
isolation energy strongly suppress the jet-photon misidentification. A data-driven two-
dimensional side-band method [106, 107] is used to determine the shape and the normalisation
of the residual photon misidentification background.

For this, four samples (A, B, C and D) are selected by splitting the Tight (A, B) and
non-Tight (C, D) photon samples into isolated (A, C) and non-isolated (B, D) samples.
Background-enriched samples of non-Tight photons are collected by requiring the photon to
satisfy the LoosePrime4 and to simultaneously fail to satisfy the Tight identification criteria.
The LoosePrime4 WP has a relaxed selection on the photon shower-shape properties that
is not correlated with the photon isolation conditions, meaning the background in the four
sub-regions can be treated as being uncorrelated. The yield NA of background events in the
γ+jets region is determined by interpolating the measured event yields in the other three
control regions, NA = NB × NC

ND
. The effect of leakage of signal photons into the control

regions is in the range from 1–8% for the C and D regions and from 12–20% for the B region;
the contribution from other processes is negligible. These contributions are evaluated from
the simulation and accounted for in the systematic uncertainties.

In most parts of the phase space the contribution of the jet-photon background is around
2%–3%. It increases to 4% in the pmiss

T ≤ 300 GeV region, while in the mjj ≤ 400 GeV range
up to 5% of events are from the photon misidentification.

– 16 –



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

6.3.2 Misidentified electrons in the e+jets selection

Multijet events may satisfy the electron identification and isolation requirements because
of the presence of semileptonic heavy-flavour decays, photon conversions, or hadrons inside
jets being misidentified as electrons. This background is evaluated using a data-driven
matrix method [108] that exploits the fact that prompt electrons (P) are better isolated
in comparison to background electrons (B).

The number of electrons that satisfy the Tight selection, NT, and which satisfy the
Loose but fail to satisfy the Tight selection, N!T, can be expressed in terms of the efficiency
ϵP (ϵB) with which prompt (background) electrons that satisfy the Loose selection also satisfy
the Tight selection as: (

NT
N!T

)
=
(

ϵP ϵB
1 − ϵP 1 − ϵB

)(
NP
NB

)
, (6.1)

where NP (NB) is the number of prompt (background) electrons. Solving this matrix
equation, the number of background electrons in data that satisfy the Tight requirements
can be obtained using event yields measured in data as:

ϵBNB = NBkg
T = ϵB

ϵP − ϵB
((ϵP − 1)NT + ϵPN!T) . (6.2)

The ϵP efficiency is estimated from simulation binned in electron pT and η. It changes from
85% to 95% as the electron pT increases from 100 GeV to 600 GeV, where it reaches a plateau.

The ϵB efficiency is determined from data in a dedicated control region with the nominal
e+jets requirements on the mT and pmiss

T inverted to enhance the background electron
contribution, and the precoil

T requirement removed. The events with genuine prompt electrons
in this region are subtracted by using the simulation. The resulting ϵB efficiency is measured in
bins of electron pT and η. It decreases rapidly from 15% for electrons with pT around 50 GeV
to about 1% in the pT ≥ 500 GeV region. Combining the measured ϵP and ϵB efficiencies, the
multijet background in the e+jets auxiliary measurement is found to be less than 5% in the
precoil

T < 500 GeV region, while it increases up to almost 20% in the precoil
T > 1500 GeV range.

This estimate of the background contribution from misidentified electrons is validated
using the e+jets event selection but without the requirement on mT or pmiss

T . Figure 2
shows the distributions of events passing this modified selection as a function of pmiss

T . The
misidentified electron background contributes a significantly larger proportion of the total
yield in these validation regions compared with the auxiliary measurement regions. Very
good agreement between data and prediction is seen after accounting for the misindentified
electron background.

6.3.3 Non-prompt lepton background in the µ+jets, 2µ+jets and 2e+jets
auxiliary measurements

Heavy-flavour hadron decays with a muon in the final state are the dominant source of muon
misidentification in multijet events. The relatively low branching ratio for muon-channel
hadronic decays, together with a high efficiency for identifying prompt muons, leads to a very
high purity in the single-muon and dimuon event samples, allowing the use of the ‘fake-factor’
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Figure 2. The event yield in the e+jets background validation region as a function of pmiss
T for the

(a) ≥ 1 jet selection and (b) VBF selection. Points denote data, and estimated backgrounds are
shown as histograms. The hatched band shows the full uncertainty in the ‘fake background’ arising
from misidentified leptons (described in section 7.2) and the vertical lines represent the statistical
uncertainty. The bottom panels show the ratios of the data to the predictions.

method. A similar argument (high purity of the dielectron sample) implies that the same
method can also be used in the 2e+jets auxiliary measurement.

The fake-factor method is a simplification of eq. (6.1). It relies on the quality of the
simulation in describing the detector response to a prompt lepton. Accordingly, the number
of non-prompt leptons satisfying the Tight lepton identification, NBkg

T , can be estimated as:

NBkg
T = ϵB

1 − ϵB

(
N!T −NP

!T

)
, (6.3)

where N!T is the yield of Loose leptons that fail to satisfy the Tight identification WP
observed in data and NP

!T is the number of prompt leptons satisfying Loose but failing the
Tight lepton identification determined in the simulation.

The fraction of fake leptons satisfying the selection ϵB is measured in data using a
dedicated sample of events containing a pair of leptons with different flavour but the same
sign charge. A small fraction of events in this sample can be attributed to true prompt lepton
production in the two-boson or tt̄ processes, while the rest are fakes. The prompt lepton
contribution is accounted for using the simulation.

As a function of lepton pT, ϵB for muons is flat at 5% up to around 30 GeV, after which it
increases up to 55% at 1 TeV. The same ϵB is used in both single-muon and dimuon auxiliary
measurements. The fake muon background in the µ+jets (2µ+jets) event selection is around
5% (<1%). Similarly, ϵB for the electron definition in the 2e+jets region is measured as a
function of electron pT. It is found to be 14% for 7 GeV electrons and steadily increases
up to 31% for 110 GeV electrons. Fake electrons are predominantly at low pT, and due to
the analysis selection these are generally accompanied by a high pT electron, where the fake
rate is low. Therefore the estimate of non-prompt electron background for 2e+jets events
is found to be relatively small, and does not exceed 1%.
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Final-state event selection
Production process pmiss

T +jets 2e+jets 2µ+jets e+jets µ+jets γ+jets

Z → νν + jets 55% — — — — —
Z → ee + jets — 94% — — — —
Z → µµ + jets — — 95% — 2% —
W → eν + jets 6% — — 68% — —
W → µν + jets 9% — — — 67% —
W → τν + jets 20% — — 5% 7% —

γ + jets — — — — — >99%
Top 7% 3% 2% 25% 21% —

Multi-boson 3% 3% 3% 2% 3% <1%

Table 3. The relative contributions of SM processes to the pmiss
T +jets and auxiliary measurements

event selections. The contributions are calculated using the MC simulation.

6.4 Contributions from other SM processes

SM processes with charged leptons in the final-state, involving single or double electroweak
bosons as well as single top-quark and tt̄ production, can contribute to the measured
observables. This can even occur in the zero-lepton measurements, for example when one or
two final-state leptons are produced outside of the analysis pT or η acceptance, or are not
reconstructed because of detector inefficiencies or a poor lepton isolation due to underlying
event or pile-up activity around the final-state lepton.

In the inclusive pmiss
T and precoil

T measurements, events from these sources that satisfy the
fiducial phase-space selection are treated as signal, and instrumental effects are corrected
for later. In the Z → νν measurement, they are treated as irreducible backgrounds, and are
accounted for with a semi-data-driven approach: the shapes of the distributions are taken
from the SM predictions, while the normalisations are extracted from fits to data using a set of
four control regions defined by adding to the pmiss

T and other selection criteria the requirement
that one or more charged leptons with pT > 30 GeV be present. A summary of the SM
contributions and their relative importance in various signal regions of the analysis is given
in table 3. The level of contribution varies strongly with measurement region. The photon
auxiliary region contains > 99% γ+jets events, and the two-lepton auxiliary measurements
are expected to consist of around 95% Z boson production events. Due to this very high
purity, both the shape and normalisation of the top-quark and multi-boson contributions
in these regions are taken directly from the corresponding simulation.

For the charged lepton measurements, the normalisations of the W → τν and top-quark
background distributions are determined in a combined fit to the W and top-background
control regions. The fit is performed separately in the electron and muon channels for
each ≥ 1 jet and VBF event selection. The scale-factors for the top-quark background
are found to be around 0.70–0.78, while the W → τν distributions are rescaled by factors
of 1.10–1.12. The background normalisation factors in different phase-space regions and
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τ -lepton decay channels agree with each other within statistical and systematic errors in
the background estimation procedure.

The normalisations of the W → eν, W → µν, W → τν and top-quark contributions to
the pmiss

T +jets event selection are extracted in a simultaneous fits to data in control regions for
the ≥ 1 jet and VBF event selections separately. As a result, the W production contributions
in the pmiss

T +jets event selection are rescaled by factors ranging from 1.04 to 1.13, depending of
the phase-space region and the W boson leptonic decay channel. The top-quark background
distributions scale-factors are 0.97–0.98 in both the ≥ 1 jet and VBF regions.

For the inclusive measurement, rescaled contributions are used to construct the simulated
sample for unfolding. For the Z → νν measurement, they are subtracted from the data
before unfolding.

7 Detector correction and systematic uncertainties

The data are corrected for detector effects so that they are presented in terms of particle-level
objects, as defined in section 3.1.

7.1 Unfolding procedure

An efficiency correction and an iterative Bayesian unfolding technique are used to correct
the data and obtain particle-level differential cross-sections. A prior truth distribution is
used as input, and biases from the prior are accounted for by iterating the unfolding after
reweighting the input distributions to the corrected data from the previous iteration. The
optimal number of iterations is determined by balancing the fact that fewer iterations results
in a stronger bias from the input prior (which is treated as a systematic uncertainty), whilst
increasing the number of iterations increases the statistical uncertainty. Two iterations proved
to be an optimal number for all measured distributions.

The inputs to the unfolding procedure are:

• Migration matrix. Events in a specific bin at particle level can migrate to a different
bin in the reconstructed distribution, due to finite detector resolution. The migration
matrix maps the true distribution onto the reconstructed distribution using events
satisfying both the particle- and detector-level selections.

• Reconstruction matching efficiency. Due to the efficiency and acceptance of the
detector, only a fraction of particle-level events are reconstructed within the target
phase space. The reconstruction efficiency accounts for this and is defined as the ratio
of simulated events that satisfy both the particle- and detector-level selections to all
events satisfying the particle-level selection, as a function of the particle-level value of
the observable being considered.

• Fiducial fraction. Due to the finite resolution of the detector, events that do not
satisfy the particle-level selection can still satisfy the detector-level selection and be
included in the detector-level distribution. The fiducial fraction accounts for this and is
defined as the ratio of simulated events satisfying both the particle- and detector-level
selections to those that satisfy only the detector-level selection, as a function of the
detector-level value of the observable being considered.
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Figure 3. Migration matrices for (a) the pmiss
T in the pmiss

T +jets region and (b) precoil
T in γ+jets region,

the ≥ 1 jet phase space, constructed for all processes that enter the fiducial phase space.

• Purity. This quantity encapsulates the size of migrations between bins for events as a
function of detector-level values of the observable being considered. It is defined as the
fraction of the entries in a detector-level bin that are in the same bin at particle level.

• Stability. This quantity encapsulates the size of migrations between bins for events
as a function of particle-level values of the observable being considered. It is de-
fined as the fraction of the entries in a particle-level bin that are in the same bin at
reconstruction level.

The binning of each distribution is defined so that each bin is expected to contain at
least 20 reconstructed events, with a purity of at least 60%.

Figure 3 shows, as an example, the migration matrices for pmiss
T in the pmiss

T +jets and
precoil

T in the γ+jets region, both for the ≥ 1 jet phases space, while figure 4 shows the matching
efficiency, fiducial fraction, purity and stability for precoil

T for all auxiliary measurements in
the ≥ 1 jet phase space.

The efficiency is lowest for the e+jets region, due to the requirements applied to the real
pmiss

T and transverse mass. The highest efficiency is seen in the pmiss
T +jets region, which has no

leptons to reconstruct. The fiducial fraction is around 0.9 in this region, due to contributions
from W+jets events with a particle-level lepton that is within the fiducial acceptance. These
fail to satisfy the particle-level lepton veto, but satisfy the reconstruction-level lepton veto
due to inefficiencies in reconstructing the lepton. The migration matrices and purity plots
are similar between all regions as the migration between pmiss

T bins depends primarily on
the hadronic recoil. The same qualitative features are present in the pT of the leading jet
in the VBF phase space (not shown).

Several sources of systematic uncertainty in the particle-level measurements are con-
sidered:

– 21 –



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

500 1000 1500 2000 2500
0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

+jetsmiss

T
p +jetsγ

2e+jets +jetsµ2
1e+jets +jetsµ1

 SimulationATLAS
TeV =13s

 1 jet≥

 [GeV]recoil

T
p

M
a
tc

h
in

g
 E

ff
ic

ie
n
c
y

(a)

500 1000 1500 2000 2500
0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

+jetsmiss

T
p +jetsγ

2e+jets +jetsµ2
1e+jets +jetsµ1

 SimulationATLAS
TeV =13s

 1 jet≥

 [GeV]recoil

T
p

F
id

u
c
ia

l 
F

ra
c
ti
o
n

(b)

500 1000 1500 2000 2500
0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

+jetsmiss

T
p +jetsγ

2e+jets +jetsµ2
1e+jets +jetsµ1

 SimulationATLAS
TeV =13s

 1 jet≥

 [GeV]recoil

T
p

P
u
ri
ty

(c)

500 1000 1500 2000 2500
0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

+jetsmiss

T
p +jetsγ

2e+jets +jetsµ2
1e+jets +jetsµ1

 SimulationATLAS
TeV =13s

 1 jet≥

 [GeV]recoil

T
p

S
ta

b
ili

ty

(d)

Figure 4. (a) Matching efficiency, (b) fiducial fraction, (c) purity and (d) stability for precoil
T , in the

pmiss
T +jets, γ+jets, e+jets, µ+jets, 2e+jets, 2µ+jets regions of the ≥ 1 jet phase space, constructed

for all processes that enter the fiducial phase space. The purity and stability are high at high values
of precoil

T because of the large bin widths dictated by the requirement that there be at least 20 events
in each bin.

• Hidden variables: while the iterative unfolding handles biases from the assumed
prior for the distribution being unfolded, the unfolded result may still be influenced by
the (mis)modelling of other ‘hidden’ event variables, especially if they form part of the
selection. This is studied by reweighting simulated events at particle level so that the
reweighted reconstructed distribution of the hidden variable matches the data. The
variables considered are the leading-jet and leading-lepton kinematics, the number of
jets, and the invariant mass of the dilepton system. Differences in the unfolded results
with and without this additional weighting are taken as uncertainties, although they
are below the percent level.

• Migrations into the fiducial phase space: the events that satisfy the selection
criteria defining the fiducial phase space (table 2) at reconstruction-level are not
identical to those that satisfy them at particle-level. If this difference, or the underlying
distributions for each variable that is used in the selection, is not well modelled then
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the migrations in and out of the phase space will not be properly corrected for in the
unfolding. For all observables in all regions, comparisons of data and simulation are made,
and in each case the requirement in question is relaxed in order to study the behaviour
of the observable below the selection value. Simulated events are reweighted such that
the reconstructed distribution matches the data. The changes to the measurement
caused by this reweighting are negligible.

• Signal injection tests: although the unfolding procedure and fiducial definition are
designed to minimise dependence on the simulated distributions, a residual bias may be
present due to the absence of BSM effects from the samples used for unfolding, while
such physics may be present in the data. To test whether this is the case, various BSM
processes are injected into the simulated samples, which are then treated as pseudodata
and unfolded with nominal SM simulation. Three samples of Higgs boson events
decaying invisibly were used, with three different Higgs boson masses (75 GeV, 125 GeV
and 750 GeV), thus emulating some very extreme Higgs-to-invisible BSM scenarios.
The test is repeated for pmiss

T in the ≥ 1 jet phase space using a model with s-channel
production of a DM particle (χ) via a spin-1 axial-vector mediator A, for mχ = 1 GeV
with mA = 50 GeV and 700 GeV, and mχ = 355 GeV and mA = 700 GeV, as well as
spin-0 pseudoscalar mediator with mχ = 1 GeV and mA = 50 GeV. The maximum bias
for any of these scenarios is 10%, seen at large pmiss

T , and all the models introducing
bias are so extreme that if they were present in reality, the discrepancy would already
be clearly seen in the detector-level data, before unfolding. No additional source of
systematic uncertainty is therefore added from this source.

• Sample composition variations: for the measurement of the pmiss
T cross-sections,

the simulated samples used in the unfolding include all contributing SM processes;
the mixture of these processes is constrained by applying the normalisation factors
discussed in section 6.4. Uncertainties are derived by varying the composition within
the uncertainties in these normalisation factors. The derived uncertainties are then
propagated through the unfolding to the final measurement. SM processes involving
top quarks are among those whose contribution is varied. Events originating from
these processes are enriched in the presence of b-quarks. This uncertainty therefore
also ensures that the resulting measurement can be used safely when comparing to
predictions with increased b-quark activity.

For the measurement of Z → νν cross-sections, the contributions from non-Z → νν SM
processes are subtracted before unfolding, with the amount subtracted being constrained
using both the high-pmiss

T measurement region and the control regions. The simulated sample
used in the unfolding then includes only Z → νν processes. The subtraction uncertainties
are propagated through the unfolding to the final measurement.

7.2 Detector calibration, resolution and identification uncertainties

The unfolding procedure relies on knowledge of the detector response, which has uncertainties
associated with it. The impact of these uncertainties is determined by varying the response
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function in question and re-running the analysis, including the final unfolding step. The
sources of uncertainty considered are given below.

• Uncertainties related to jet energy scale (JES) and jet energy resolution (JER) are
derived using dijet samples following the procedures documented in ref. [103]. A subclass
of JES uncertainties deals with whether the jet is likely to have been initiated by a
quark or a gluon. The proportion of quark-initiated jets in the measurement regions is
estimated from simulation as a function of transverse momentum and pseudorapidity.

• Uncertainties related to the electron efficiency measurement and calibration are obtained
from tag-and-probe measurements of J/ψ and Z → e+e− events, as described in ref. [92].

• Muon uncertainties are related to muon calibration and efficiencies are obtained from
J/ψ and Z → µ+µ− events, as described in ref. [95].

• τ -lepton calibration uncertainties are accounted for as documented in ref. [109].

• Measurements of Z → ℓℓγ events are used to study the performance of photon recon-
struction, as documented in ref. [92].

• The uncertainty in those (soft) components of pmiss
T not accounted for already is

represented by three systematic uncertainties, detailed in ref. [110].

Figure 5 shows the breakdown of the statistical and systematic uncertainties for the pmiss
T

observable in the ≥ 1 jet phase space. At high pmiss
T , the statistical uncertainty dominates,

and over most of the distribution, the JES is the most significant systematic uncertainty,
with the JER next in the region with no leptons or photons. Uncertainties associated with
lepton and photon identification contribute in the other regions. The uncertainty due to
the unfolding, and the (forward) jet vertex tagging uncertainty, are below 2%, and much
smaller in most cases.

Figure 6 shows the breakdown of statistical and systematic uncertainties for the Rmiss

ratio of cross-sections, as a function of pmiss
T , in the ≥ 1 jet region. At low pmiss

T , the
cancellation of JES uncertainties leads to a reduction in the combined estimate of the
experimental uncertainty.

Finally, uncertainties associated with the estimation of fake backgrounds are accounted
for. For the fake-lepton backgrounds, the dominant source comes from theory uncertainties,
such as QCD scale variations, affecting the generator predictions in the regions used to
measure the efficiencies. This uncertainty can be up to 100% of the predicted background
yield. Smaller sources include statistical uncertainties relating to the limited number of events
in data in those regions, and uncertainties in the method (evaluated for example by modifying
the definition of the regions). Uncertainties from these sources are typically around 10% of
the predicted yield. After unfolding, the fake leptons uncertainties collectively have an effect
of the order of 1%–4% depending on the bin. For the fake-photon background, three sources
of uncertainty are considered: the choice of WP used when selecting photons, the correlation
between the A, B, C and D regions used for the estimation and the choice of generator for
the prompt photon prediction. Together, these three sources result in an uncertainty of
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Figure 5. Uncertainty breakdown for precoil
T measurements in the ≥ 1 jet phase space for the

(a) pmiss
T +jets, (b) e+jets, (c) µ+jets, (d) 2e+jets, (e) 2µ+jets, and (f) γ+jets regions, showing the

statistical uncertainty and the most significant systematic uncertainties in each case. For illustrative
purposes this figure shows the symmetrised uncertainties, calculated as the average of the asymmetric
error in each bin. Total Exp. (Sym.) is the combination of statistical and systematic uncertainties
and indicates the symmetrised total experimental uncertainty.
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Figure 6. Uncertainty breakdown of the Rmiss ratio as a function of precoil
T . As examples, the

breakdowns for the ≥ 1 jet phase space are shown for the (a) e+jets and (b) 2e+jets region. For
illustrative purposes this figure shows the symmetrised uncertainties, calculated as the average of the
asymmetric error in each bin. Total Exp. (Sym.) is the combination of statistical and systematic
uncertainties and indicates the symmetrised total experimental uncertainty. Compared to the individual
measurements in figure 5(b) and 5(d), a cancellation of the JES and JER uncertainties is observed.

around 30% in the predicted fake photon yields. This amounts to approximately 1% in the
measured cross-section after unfolding. The uncertainties in the multijet and non-collision
backgrounds in the signal region represent very small contributions to the final event sample
and are subject to statistical variations due to the nature of the evaluation. Therefore, they
are conservatively taken to be 100% of the estimated yield, corresponding to a less than 1%
uncertainty in the final measurement in the most affected bin.

8 Results and discussion

8.1 pmiss
T measurements

The measured differential cross-section as a function of the magnitude of the missing transverse
momentum, pmiss

T , is shown in figure 7 for the single jet and VBF phase spaces, in the region
with no signal leptons or photons. In both cases, the cross-section falls by more than five
orders of magnitude as pmiss

T increases from 200 to 2500 GeV. The cross-section in the VBF
phase space is lower than the single jet phase space due to the jet requirements.

Similar behaviour is seen for the transverse momentum of the hadronic system, precoil
T ,

after the charged lepton requirements are imposed, as shown in figure 8 for the single jet
phase space. When a single muon is required, the cross-section is similar in magnitude to the
zero-lepton/photon cross-section, while requiring two muons reduces it by about an order
of magnitude. The cross-sections after electron requirements are somewhat smaller due to
the more restrictive fiducial requirements imposed on electrons.

The SM predictions described in section 4 are also shown in figure 7 and figure 8. Apart
from a difference between the normalisations, they describe the data well in all regions; a
quantitative study is presented in section 8.3. Also shown are the subcomponents of the
MEPS@NLO prediction. With no leptons or photons present, the dominant contribution
is Z → νν, with a top-quark contribution of a few per cent at low pmiss

T that falls to the
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Figure 7. The measured pmiss
T differential cross-sections in the pmiss

T +jets region in (a) ≥ 1 jet
and (b) VBF phase spaces, compared with the SM predictions. The middle panels show the ratios
of the predictions to the data, with statistical uncertainties as solid markers and shaded bands to
indicate the combined statistical and systematic uncertainties, while the lower panels show the relative
contributions from different SM processes relative to the total MEPS@NLO prediction.

per-mille level at higher values. The contribution from W+jets is around 25% at low pmiss
T ,

but falls rapidly with pmiss
T to form about 10% of the cross-section at higher values. The

contribution from electroweak production mechanisms is around 1% at low pmiss
T , but rises

rapidly with pmiss
T to form about 10% of the cross-section at higher values.

For the one-electron and one-muon phase spaces, the top-quark contribution is around
15% at low precoil

T , falling to a few percent at high values. It is never more than a few
percent of the two-charged-lepton cross-sections. For all the charged-lepton cross-sections,
the electroweak contribution is around 1% at low precoil

T , rising with precoil
T to be just below

10% of the cross-section.
The measured differential cross-section as a function of the mjj and ∆ϕjj is shown for

the VBF selection in figure 9, along with the SM predictions for different sub-processes, for
the pmiss

T +jets and the 2µ+jets regions. The cross-section falls rapidly with dijet mass, and
the electroweak contribution rises from around 1% to 50% as mjj rises from 600 GeV to 6 TeV.
The overall ∆ϕjj distribution peaks mildly at ±π/2. The predicted fractional contribution
from top has a peak at zero, and both the diboson and top contributions rise towards ±π.
The electroweak contribution has maxima at ±0.8π.

The description of the data by the SM predictions is generally good, except for the mjj

distribution, where the SM lies below the data at low values, but falls less steeply, to lie above
the data around 2 TeV. This is discussed further in section 8.3. A resummed calculation
using HEJ is also shown, which describes the mjj distribution somewhat better.

Figure 10 shows some examples of the Rmiss ratios of the results presented so far. The
ratios tend to be flat or slowly falling across the measured spectra. The Rmiss ratios benefit
from a cancellation of discrepancies in modelling and some systematic uncertainties, and thus
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Figure 8. The measured precoil
T differential cross-sections in the inclusive jet phase space compared

with the SM predictions: (a) e+jets (b) 2e+jets (c) µ+jets and (d) 2µ+jets. The middle panels show
the ratios of the predictions to the data, with statistical uncertainties as solid markers and shaded
bands to indicate the combined statistical and systematic uncertainties, while the lower panels show
the relative contributions from different SM processes relative to the total MEPS@NLO prediction.

the agreement between data and theory is improved compared to that for the cross-sections,
most notably for the mjj observable.

8.2 Z → νν̄ measurement

The Z+jets process dominates the zero-lepton phase space. As discussed in section 7,
non-Z+jets SM processes can be subtracted from the data before detector corrections to
extract a measurement of Z+jets. This method gives consistent results with the inclusive
measurements when the particle-level predictions for the subtracted processes are added
back in after unfolding. The differential cross-section for Z+jets is shown in figure 11 as
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Figure 9. The measured mjj and ∆ϕjj distributions in the VBF phase space compared with the
SM predictions, for ((a), (b)) the pmiss

T +jets and ((c), (d)) the 2µ+jets regions, for illustration. The
middle panels show the ratios of the predictions to the data, with statistical uncertainties as solid
markers and shaded bands to indicate the combined statistical and systematic uncertainties, while
the lower panels show the relative contributions from different SM processes relative to the total
MEPS@NLO prediction.

a function of pZ
T in the ≥ 1 jet and VBF phase spaces, and as a function of mjj and ∆ϕjj

in the VBF phase space. The level of description by the SM is similar to that for the
inclusive measurement.

The production of an isolated photon in association with jets, γ+jets, in a similar
kinematic region, shares several theoretical and experiment uncertainties with the Z+jets
process. The measurements of this final state are shown in figure 12.

The γ+jets cross-section is generally a factor of about five above the Z+jets cross-
section, with similar features. The prediction is 10%–20% above the data, although generally
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Figure 10. Comparison with SM predictions of the Rmiss ratios of the measured differential cross-
sections for (a) e+jets and (b) 2e+jets as a function of precoil

T in the inclusive jet phase space and for
2µ+jets as a function of (c) mjj and (d) ∆ϕjj in the VBF phase space. The bottom panels show the
ratios of the predictions to the data with their statistical uncertainties as solid markers and shaded
bands to indicate the combined statistical and systematic uncertainties.

lies within the uncertainties in the calculation for the cross-section measurements. The
discrepancy remains in the Rmiss measurements, since this normalisation issue only applies
in the denominator and therefore does not cancel out. Similar shifts were observed in
independent studies [111], and were found to be induced by photon isolation criteria.

8.3 Quantitative comparison to SM predictions

To quantify the level of agreement or disagreement between the measurement and the
SM predictions, fits are performed by minimising the negative logarithm of the likelihood.
Experimental and theoretical uncertainties are either added to a covariance matrix (if their
impact is below one percent everywhere in the fitted distributions) or otherwise assigned to a
nuisance parameter (NP) that is allowed to float according to the estimated uncertainty. The
likelihood is evaluated for the resulting level of agreement, under the condition that the SM is
the correct underlying model and taking into account the residuals, the covariance matrix and
pulls on the nuisance parameters. Fits to the differential cross-sections are performed using
the inclusive measurements, in all phase spaces, using the MEPS@NLO prediction. Since
the γ+jets measurements show a strong normalisation offset not present in the other regions,
only the pmiss

T +jets, e+jets, 2e+jets, µ+jets and 2µ+jets regions (or their respective Rmiss

ratios) are used in the fits. Since the phase spaces are not orthogonal, statistical correlations
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Figure 11. The measured Z → νν cross-section, differential in pZ
T in the (a) single jet and (b) VBF

phase spaces, and differential in (c) mjj and (d) ∆ϕjj in the VBF phase space, compared with the
SM predictions. The lower panels show the ratios of the predictions to the data, along with the data
statistical uncertainties (black bars) and systematic uncertainties (red hatched band).

exist between some measurements. These are evaluated using the Bootstrap method [112],
and are accounted for in the correlation matrix in the fitting procedure.

The level of agreement between the fitted results and the SM for precoil
T is reasonable,

with a χ2/d.o.f. ≈ 101/57. For the differential cross-section as a function of ∆ϕjj , the post-fit
distributions also show reasonable agreement between the measurement and the SM. For mjj

however, the agreement is not good, due to the poor modelling of this distribution seen in
figure 9. Because of this, the combined fit using all distributions for all observables, regions
and phase spaces simultaneously also shows poor agreement, with a χ2/d.o.f. ≈ 390/70.

Fits are also performed to ratios of the measurements, Rmiss, defined as the fiducial
cross-section differential in each kinematic variable for pmiss

T +jets events, divided by the same
cross-section for events in each of the e+jets, µ+jets, 2e+jets and 2µ+jets regions. In this
case, some of the uncertainties largely or completely cancel out, and thus do not have an
associated nuisance parameter. In addition, the modelling discrepancy in mjj is seen in all
regions and so cancels out to a large extent in Rmiss. The ratio plots are therefore expected
to give improved fit results compared to the cross-section fits. Indeed a χ2/d.o.f. ≈ 323/220
is obtained for the combined Rmiss fit to all distributions in all regions, with the individual fit
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Figure 12. The measured γ+jets cross-section, differential in pγ
T in the (a) single jet and (b) VBF

phase spaces, and differential in (c) mjj and (d) ∆ϕjj in the VBF phase space, compared with the
SM predictions. The lower panels show the ratios of the predictions to the data, along with the data
statistical uncertainties (black bars) and systematic uncertainties (red hatched band).

to Rmiss as a function of mjj having χ2/d.o.f. ≈ 62/56, indicating that indeed the discrepancy
between data and the SM predictions cancels out between the different regions.

For re-interpretation, the Rmiss measurements are always used. Specifically, the fits use
the Rmiss distributions as a function of pmiss

T : either using just the inclusive jet phase space
(χ2/d.o.f. ≈ 48/45) or both the inclusive jet and VBF phase spaces (χ2/d.o.f. ≈ 110/84). Both
of these options display good agreement between the SM predictions and the measurements,
and therefore can be safely used for re-interpretation and establishing constraints on new
physics models.

9 Implications for physics beyond the Standard Model

Part of the motivation of these particle-level measurements is that they can easily be confronted
with new SM predictions, and predictions from extensions to the SM. Since the measurements
of pmiss

T and Rmiss are consistent with the SM, they can thus be used to set limits on BSM
physics, particularly models that contain a DM candidate, the presence of which could
affect the pmiss

T distribution. This procedure was already demonstrated in the previous
measurement [8] using a subset of the current data, and is extended and updated here.
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Figure 13. Exclusion limits at 95% in the plane of Dark Matter mass and mediator mass for a
simplified DM model with an axial-vector coupling to the SM. The limits from this analysis, evaluated
using the particle-level Rmiss measurements, are compared with the limits from the ATLAS monojet
search [4]. The region below the solid line is excluded.

A common benchmark simplified model involves extending the SM with an additional
U(1) gauge symmetry, in which a DM candidate, χ, is a Dirac fermion that has charges
only under this gauge group [9]. If SM quarks are also charged under this gauge group,
DM particles can be produced at the LHC via the gauge boson, Z ′, associated with the
new U(1) symmetry, which is massive assuming the U(1) symmetry is spontaneously broken.
This model was searched for previously by ATLAS [4] using the same data sample as the
current analysis, and by CMS [5].

The case where χ has axial-vector couplings gχ = 1.0 to the Z ′, and the coupling between
the quarks and the Z ′, gq = 0.25, is studied in this analysis in the (mχ, mZ′) plane, to compare
the sensitivity of the current measurement to that of the search results. The fitting procedure
described in the previous section is used to evaluate the likelihoods associated with a fit to
Rmiss when excluding or including a BSM contribution from this model. During fitting, the
predicted Rmiss is recalculated to include the signal. The limits obtained from the likelihood
ratio, shown in figure 13, are very similar to those previously published in the ATLAS search
analysis [4], with mediator masses up to about 2.1 TeV excluded in the region mZ′ > 2mχ.
The residual differences are attributed to the slightly different kinematic selections used,
and the requirement for a minimum number of events in the high pmiss

T bin for unfolding.
This demonstrates that particle-level measurements can be used for searches and setting
constraints with only a minor penalty in sensitivity, and with the advantage that it can be
done in future without the need to repeat complex and time-consuming detector simulation.

A more complicated model for DM involves the introduction of an additional Higgs
doublet, along with a pseudoscalar, a, which couples to DM [10, 11]. Through mixing with the
pseudoscalar component of the Higgs doublet, the pseudoscalar a acts as a mediator between
the SM and the dark sector. The model, referred to as 2HDM+a, has a rich phenomenology
with a wide variety of possible final states produced [113–118], many of which involve pmiss

T
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Figure 14. Exclusion limits at 95% in the (ma, tan β) plane for the 2HDM+a model. A region of
tan β below 0.7 is excluded for ma values between approximately 150 GeV and 500 GeV. The regions
shaded with diagonal lines indicate the region where the width of any of the Higgs bosons exceeds
20 % of its mass; in this region the narrow-width approximation is violated and predictions become
less precise. Moreover, the two vertical dashed lines represent scenarios where the mass of the neutral
pseudoscalar A is either equal to the mass of the pseudoscalar a or a sum of the masses of a and Higgs
boson h. The region below the solid line is excluded.

produced in association with jets or other SM objects. In this analysis, a signal scan is
conducted in the (ma, tan β) plane where mA = 600 GeV, as shown in figure 14. The scan
makes use of the full set of Rmiss measurements, in both the ≥ 1 jet and VBF phase spaces,
taking into account statistical and systematic correlations.

The scan reveals two major regions of sensitivity:

• For tan β < 0.7, masses of the pseudoscalar a up to 520 GeV are excluded because of loop-
induced production of a and its subsequent decay into DM particles, pp→ a(→ χχ̄)+jets.
The sensitivity is larger at ma > 350 GeV ≈ 2mtop because here the a can be produced
resonantly from top quarks. For tan β ≫ 10, there is a second island of sensitivity
because of b-quark induced production of a and its subsequent decay into DM particles.

• At small ma, the expected exclusion limits are generally stronger because of processes
almost independent of tan β, e.g., pp→ H → aZ and pp→ H± → aW±. However, the
sensitivity to these processes is not large enough to close the sensitivity gap between
small and large values of tan β.

Qualitatively the sensitivity is similar to the existing exclusion from pmiss
T -based searches

in different final states [13]. Differences in the exclusion limits originate from differences
in the SM calculations used, and from the use of the VBF phase space in addition to the
≥ 1 jet region.
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Overall these studies show that the inclusive, particle-level measurement provides good
sensitivity to BSM physics, and is amenable to reinterpretation in terms of different models.

10 Conclusion

Inclusive measurements of pmiss
T are made using 140 fb−1 of pp collision data at

√
s = 13 TeV

collected with the ATLAS detector during Run 2 of the LHC. The measurements are made
in fiducial regions closely reflecting the detector acceptance, and are corrected for detector
effects within these regions, yielding differential cross-sections defined in terms of final-state
particles. Differential cross-sections are measured as a function of pmiss

T in a ≥ 1 jet and a
VBF phase space. The latter is defined by the presence of two jets, and the cross-section
is also measured as a function of the azimuthal angular distance between the jets, ∆ϕjj ,
and the dijet invariant mass, mjj . The cross-section for Z → νν production is determined,
differential in the pmiss

T and, in the VBF phase space, in ∆ϕjj and mjj .
Measurements of lepton+jets, dilepton+jets and γ+jets final states are also made in

the same kinematic regions. Many uncertainties, both theoretical and experimental, are
correlated between these measurements and the pmiss

T measurements, and therefore cancel
out in the ratio of cross-sections, Rmiss.

Quantitative comparisons with state-of-the-art SM predictions show a reasonable de-
scription of all measured cross-sections as a function of most observables, except mjj . The
discrepancy in the shape of the distribution of this observable is present in the lepton+jets,
dilepton+jets and γ+jets measurements as well as in the pmiss

T region. It therefore cancels
in Rmiss, which is well described by the predictions. The resummed calculation in the HEJ
prediction, available for the leptonic measurements, provides a better description of mjj .

The measurements are designed to be readily reinterpreted, and the effectiveness of
this is illustrated by comparisons with two DM models. Specifically, the measured Rmiss

distribution is used to reproduce limits on a simplified DM model, obtaining results consistent
with a previously published search using the same data set. Limits are also set on a model
involving an additional Higgs doublet and a pseudoscalar coupling to a DM particle, where
again they are similar to those obtained in searches, with extended sensitivity in some
regions due to the use of the VBF phase space in addition to the ≥ 1 jet region. The
derived constraints are found to be only marginally weaker than for dedicated searches,
while eliminating the need for complicated detector simulations. The published results can
consequently be directly used for future interpretations. Information about uncertainties and
correlations is provided on HEPData, along with a Rivet analysis, to facilitate the use of
this LHC Run 2 measurement in future studies with other new physics models and improved
SM predictions, as they become available.
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