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At hadron colliders, the net transverse momentum of particles that do not interact with the detector
(missing transverse momentum, p⃗miss

T ) is a crucial observable in many analyses. In the standard model,
p⃗miss
T originates from neutrinos. Many beyond-the-standard-model particles, such as dark matter candidates,

are also expected to leave the experimental apparatus undetected. This paper presents a novel deep neural
network based p⃗miss

T estimator, DeepMET, developed by the CMS Collaboration at the LHC. The DeepMET

algorithm produces a weight for each reconstructed particle based on its properties. The estimator is based on
the negative vector sum of the weighted transverse momenta of all reconstructed particles in an event.
Compared with other estimators currently employed by CMS, DeepMET improves the p⃗miss

T resolution by
10%–30%, shows improvement for a wide range of final states, is easier to train, and is more resilient against
the effects of additional proton-proton interactions accompanying the collision of interest.

DOI: 10.1103/c4z7-tqvc

I. INTRODUCTION

At the CERN LHC, experiments, such as CMS [1] and
ATLAS [2], use reconstruction algorithms that estimate the
four-momentum, production vertex, and types of all final-
state particles to extract the maximum information from the
high energy proton-proton (pp) collision data. The recon-
structed particles consist of muons, electrons, and photons,
as well as charged and neutral hadrons, which are then
clustered into jets that are the experimental signatures of
energetic quarks, gluons, and tau leptons. The presence of
particles that do not interact with the detector, such as
standard model (SM) neutrinos or new electrically neutral,
weakly interacting particles, e.g., dark matter particles, can
only be inferred indirectly, by measuring the so-called
missing transverse momentum, denoted as p⃗miss

T , with
magnitude pmiss

T . At a hadron collider, the component
transverse to the beam direction of the net momentum
of the initial-state partons is close to zero. The negative of
the vector sum of all reconstructed particles’ transverse
momenta therefore estimates p⃗miss

T ,

p⃗miss
T ¼ −

X

i∈ all reco

p⃗T;i: ð1Þ

The p⃗miss
T stemming from weakly interacting particles will be

collectively referred to as “genuine p⃗miss
T ” in what follows.

The accuracy of the p⃗miss
T estimate is affected by the particle

reconstruction efficiencies and pT resolutions, detector finite
coverage and noise, and the ability of the reconstruction
algorithm to include particles from the leading pp inter-
action, while rejecting the potentially large number of low-
momentum particles from additional pp interactions in the
same or nearby bunch crossings (pileup). These factors
collectively make it challenging to measure p⃗miss

T with high
accuracy and resolution. Pileup mitigation algorithms have
been adopted and optimized in CMS that are effective in
reducing this contribution to p⃗miss

T resolution [3–5].
The complexity of the p⃗miss

T measurement suggests that
modern machine-learning (ML) techniques could yield a
more accurate estimator. The CMS Collaboration has done
previous work showing the utility of this approach. An
estimator that is based on multivariate analysis (MVA)
technique using boosted decision trees, referred to as
MVA-p⃗miss

T [6], is employed in CMS Run-1 analyses
and demonstrates a relative improvement in precision of
around 20% compared with a more traditional calculation
[7], particularly for the H → ττ process. However, because
MVA-p⃗miss

T was trained on specific physics processes and
their global event properties, it does not, in general, have
optimal performance for other physics processes and
kinematic regions.
This paper introduces a new algorithm DeepMET based on

a deep neural network (DNN). For each reconstructed
particle in the event, the DNN produces a unique weight
based on the properties of the particles. The DeepMET p⃗miss

T
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estimator is based on the negative of the vector sum of the
weighted transverse momenta of all particles in an event. In
this paper, we describe DeepMET and compare its perfor-
mance to that of other p⃗miss

T estimators. Our performance
metrics are based on the response and resolution for the x
and y components of a p⃗miss

T estimator, the components
parallel and perpendicular to the transverse direction of a Z
boson (for samples enriched in this process), or the absolute
value of pmiss

T . The response is defined as the ratio of the
measured average to the true average. The response can be
smaller than unity due to e.g., particles below
reconstruction thresholds or the response of the calorim-
eters. It can be larger due to resolution effects, noise, and
pileup. The resolution can be calculated both with and
without correction for the response. Since it can be difficult
to know the true p⃗miss

T in an event, artificial p⃗miss
T can be

induced in events with little to no genuine p⃗miss
T by

excluding leptons from the p⃗miss
T calculation (e.g., the

muons in a Z → μμ event) and comparing with the
corresponding precisely measured quantity calculated from
the leptons.
Compared with conventional p⃗miss

T estimators, DeepMET

shows a relative improvement in the p⃗miss
T resolution of

10%–30%, and is more resilient to the effects of pileup. Due
to the choice of DNN architecture and its inputs, i.e., the
usage of reconstructed particles and the exclusion of event-
level observables, the algorithm has limited information
about the event topology and is trained only with typical pp
events. As a consequence, DeepMET is trained quickly and
generalizes well, showing similarly strong performance in
both collision data and a diverse set of simulated physics
processes.
The paper is structured as follows. Section II gives an

overview of the CMS detector. In Sec. III, a summary of
existing algorithms is presented, along with their strengths
and weaknesses. Sections IV and V contain details of the
datasets and the object and event selections. After a brief
introduction to the p⃗miss

T parametrization, Sec. VI details the
algorithm, its inputs and outputs, and the associated loss
functions. Performance metrics and comparisons with
alternative algorithms are discussed in Sec. VII. A method
to calibrate simulation performance to align with real
collision data is outlined in Sec. VIII. Section IX explores
the source of the enhanced performance of DeepMET.
Benchmarks for the computational needs are given in
Sec. X. Finally, a summary is presented in Sec. XI.
Tabulated results are provided in the HEPData record for

the performance comparisons in this analysis [8].

II. THE CMS DETECTOR

The central feature of the CMS apparatus is a super-
conducting solenoid of 6 m internal diameter, providing a
magnetic field of 3.8 T. Within the solenoid volume are a
silicon pixel and strip tracker, a lead tungstate crystal

electromagnetic calorimeter (ECAL), and a brass and
scintillator hadron calorimeter (HCAL), each composed
of a barrel and two end cap sections. Forward hadron (HF)
calorimeters extend the pseudorapidity (η) coverage to high
values (jηj ≤ 5) assuring very good hermeticity. Muons are
detected in gas-ionization detectors embedded in the steel
flux-return yoke outside the solenoid. A more detailed
description of the CMS detector, together with a definition
of the coordinate system used and the relevant kinematic
variables, is reported in Ref. [1].
Events of interest are selected using a two-tiered trigger

system. The first level, composed of custom hardware
processors, uses information from the calorimeters and
muon detectors to select events of interest at a rate of
around 100 kHz within a fixed time interval of about 4 μs
[9]. The second level, known as the high-level trigger,
consists of a farm of processors running a version of the full
event reconstruction software optimized for fast processing,
and reduces the event rate to Oð1 kHzÞ before data
storage [10,11].

III. RECONSTRUCTION, PILEUP MITIGATION,
AND MACHINE LEARNING

A. Particle-flow reconstruction

Primary collision vertices (PVs) corresponding to pp
collisions are found using reconstructed charged particles
[12]. The primary pp interaction vertex corresponding to
the hardest scattering in the event, evaluated using tracking
information alone, is referred to as the leading primary
vertex (LPV), as described in Sec. 9.4.1 of Ref. [13]. Other
PVs are referred to as pileup vertices.
A particle-flow (PF) algorithm [14] aims to reconstruct

and identify each individual particle in an event, using an
optimized combination of information from the various
elements of the CMS detector. The energy of a photon is
obtained from the ECAL measurement. The energy of an
electron is determined from a combination of the electron
momentum at the primary interaction vertex as determined
by the tracker, the energy of the corresponding ECAL
cluster, and the energy sum of all bremsstrahlung photons
spatially compatible with originating from the electron track.
The pT of a muon is obtained from the curvature of the
corresponding track. The energy of a charged hadron is
determined from a combination of the momentum measured
in the tracker and the matching ECAL and HCAL energy
deposits, corrected for the response function of the calo-
rimeters to hadronic showers. Finally, the energy of a neutral
hadron is obtained from the corresponding corrected ECAL
and HCAL energies. The reconstructed particles from the
PF algorithm are referred to as PF candidates.
Muons are measured in the range jηj < 2.4, with

detection planes made using three technologies: drift tubes,
cathode strip chambers, and resistive-plate chambers. The
single-muon trigger efficiency exceeds 90% over the full
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η range, and the efficiency to reconstruct and identify
muons is greater than 96%. Matching muons to tracks
measured in the silicon tracker results in a relative pT
resolution, for muons with pT up to 100 GeV, of 1% in the
barrel and 3% in the endcaps. Measurements made with
cosmic ray muons show that, in the central region of the
detector, the pT resolution is better than 7% for muons with
pT up to 1 TeV [15].
For each event, hadronic jets are clustered from these

reconstructed particles using the infrared and collinear safe
anti-kT algorithm [16,17] with a distance parameter of 0.4.
Jet momentum is determined as the vector sum of all
particle momenta in the jet, and is found from simulation to
be, on average, within 5% to 10% of the true momentum
over the whole pT spectrum and detector acceptance. Jet
energy corrections are derived from simulation studies so
that the average measured energy of jets becomes identical
to that of particle level jets. In situ measurements of the
momentum balance in dijet, photonþ jet, Z þ jet, and
multijet events are used to determine any residual dif-
ferences between the jet energy scale (JES) in data and
in simulation, and appropriate corrections are made. The jet
energy resolution (JER) typically amounts to 15%–20%
at 30 GeV, 10% at 100 GeV, and 5% at 1 TeV [18].
Additional selection criteria are applied to each jet to
remove jets potentially dominated by instrumental effects
or reconstruction failures.
The reconstruction also produces a p⃗miss

T estimator,
PF p⃗miss

T , which is calculated using all reconstructed PF
candidates in an event [19] and is further corrected for the
JES of reconstructed jets. The p⃗miss

T relies on the accurate
measurement of the reconstructed physics objects, namely
muons, electrons, photons, hadronically decaying taus, jets,
and unclustered energy (EU). The EU is the contribution
from the PF candidates not associated with any of the
previous physics objects.

B. Pileup mitigation

Pileup affects jet and p⃗miss
T measurements, since con-

tributions from additional tracks and calorimetric energy
depositions increase the apparent jet momentum and
change the subsequent p⃗miss

T estimation. To mitigate such
effects on jets, charged-hadron subtraction (CHS) removes
tracks identified as originating from pileup vertices from
jets [3]. Corrections are then applied to remove on average
the remaining contributions from neutral particles. This
correction to the pT of the jets is then propagated to the
p⃗miss
T estimation [18,19].
The pileup-per-particle identification algorithm (PUPPI)

[3–5] can additionally be used to mitigate the effect of
pileup by making use of local shape information, event
pileup properties, and tracking information. Charged par-
ticles identified as originating from pileup vertices are
discarded. For each neutral particle, a local shape variable,
that distinguishes collinear energy deposits originating

from the hard scatter from soft/diffuse energy deposits
attributable to particles originating from pileup interactions,
is defined using the surrounding charged particles that are
compatible with the LPV within the tracker acceptance
(jηj < 2.5) and using all particles in the region outside of
the tracker coverage. The momenta of the neutral particles
are then rescaled according to their probability to originate
from the LPVas deduced from the local shape variable. We
denote this probability as the “PUPPI weight” in the
following. The rescaling supersedes the need for jet-based
offset corrections [3]. The corresponding p⃗miss

T is referred to
as PUPPI p⃗miss

T . In the studies of this paper, “PUPPI v15”
tune is used [5].
The CHS and PUPPI algorithms have been shown to

improve the precision of p⃗miss
T measurements significantly

[19]. However, the PUPPI algorithm requires extensive
tuning. Its efficacy depends both on the physics process and
kinematic region, and it is less effective in low-pileup data.
Consequently, its p⃗miss

T resolution is not always optimal.

IV. DATA AND SIMULATED SAMPLES

This paper uses a data sample collected by the CMS
experiment at a center-of-mass energy of 13 TeV during
2016. The dataset corresponds to an integrated luminosity
of L ¼ 16.8 fb−1, with an average pileup of 23 additional
pp interactions [20]. The DeepMET algorithm was deployed
for the remainder of Run 2 and Run 3 as well, where it
showed comparable performance gains.
Several Monte Carlo (MC) event generators are used to

simulate the Z þ jets and tt̄ samples for the ML training and
W þ jets samples for the post-training performance studies.
The V þ jets (V ¼ W, Z) samples are simulated at next-to-
leading order (NLO) in perturbative quantum chromody-
namics (QCD) with the MADGRAPH5_aMC@NLO2.3.3 event
generator [21]. The tt̄ samples are simulated with POWHEG2.0

[22–25]. The PYTHIA8.230 [26] package is used for parton
showering, hadronization, and the underlying event simu-
lation, with the CP5 tune [27,28]. The NNPDF 3.1 [29] set of
parton distribution functions (PDFs) at next-to-NLO in QCD
is used as the default.
Additional sets of simulated event samples are used

to understand how the performance of the DeepMET

reconstruction depends on the physical process. The proc-
esses span a variety of final states, including Higgs bosons,
top quarks, heavy-flavor jets, τ leptons, and beyond-the-SM
dark-matter candidates. These samples are produced using
the same PDFs with the same tunes. Four types of Higgs
boson processes are generated with POWHEG at NLO in
perturbative QCD: Higgs boson production via vector boson
fusion with the Higgs boson decaying to invisible particles
(H → invisible), Higgs boson pair production via gluon
fusion with one Higgs boson decaying to a pair of τ leptons
(τ decay inclusively) and the other Higgs boson decaying
to a pair of b quarks (HH → bbττ), and Higgs bosons
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produced in association with a tt̄ pair followed by the Higgs
boson either decaying to a pair of b quarks or to a pair of
muons and the top quarks decaying to leptons. Furthermore,
two sets corresponding to the production of particles using
the simplified model spectra (SMS) framework of super-
symmetry are considered [30,31], both with R parity
conservation and a lightest supersymmetric particle, a
neutralino χ̃01 that acts as a dark-matter candidate. One
set consists of top squark-antisquark pair production with a
top squark mass of 350 GeV and a χ̃01 mass of 335 GeV.
The final state containing two b quarks, four light quarks,
and two χ̃01 particles [32] is selected (t → bqq̄χ̃01, denoted
SMS T2tt). The second set is pair production of two of the
heavier neutralinos with mass 400 GeV, with each neu-
tralino decaying into a Z boson and a χ̃01 with a mass of
1 GeV [33] (denoted SMS TChiZZ). Both of these proc-
esses are generated with MADGRAPH5_aMC@NLO in version
2.3.3 at LO. An overview of the simulated samples and their
respective final states is given in Table I.
The simulation of the interactions of all final-state

particles with the CMS detector is done with GEANT4

[34]. The simulated events are reconstructed using the
same algorithms used for the data. The simulated events
include pileup, with the number of additional pp inter-
actions matching that observed in data [35,36].

V. PHYSICS OBJECT AND EVENT SELECTIONS

To select W þ jets, Z þ jets, and tt̄ processes, candidate
events are required to pass the isolated single-muon trigger
that requires pT above 24 GeV.
The selected muon candidates are required to satisfy a set

of quality criteria based on the number of spatial measure-
ments in the silicon tracker and the muon system, as well as
the fit quality of the combined muon track [15]. Muon
candidates are required to have pT > 25 GeV, jηj < 2.4,
and pass the so-called “tight” identification and isolation
selections [15].

The Z þ jets and tt̄ events used in the algorithm training
described in Sec. VI are required to have two muons with
opposite charge passing the above selections. In the studies
quantifying the algorithm performance described in
Sec. VII A, the dimuon invariant mass is also required to
satisfy 80 < mðμμÞ < 100 GeV in order to select Z → μμ
events and veto those with genuine p⃗miss

T (mainly from τ
leptons or electroweak decays inside the heavy-flavor jets).
The W þ jets simulated events and data used in

Sec. VII B are required to have one muon candidate passing
the muon selections.
For the studies presented in Section VII C validating the

p⃗miss
T performance in other simulated physics processes, no

object or event selection is applied.

VI. THE DeepMET ALGORITHM

The DNN operates on each PF candidate individually.
The candidate’s inputs include eight continuous and three
categorical features:
(1) Continuous features:

(a) dxy, the impact parameter with respect to the
LPV in the transverse plane for charged PF
candidates, zero for neutral PF candidates [12];

(b) dz, the impact parameter with respect to the LPV
along the beam direction for charged PF candi-
dates, zero for neutral PF candidates;

(c) the PUPPI weight;
(d) five kinematic features per particle: η, mass, px,

py, and pT;
(2) Categorical features:

(a) Particle ID: a unique integer number for the
seven different types of PF candidates, i.e.,
electrons, muons, photons, charged hadrons,
neutral hadrons, and hadronic and electromag-
netic PF candidates in the HF;

(b) charge of the particle (−1, 0, or þ1);
(c) an LPV association flag, referred to as the

fromLPV flag. This flag indicates one of four

TABLE I. Overview of the simulated event samples used for performance studies.

Process Production mode, decay chain Final-state objects

Standard model
Z boson Z þ jets, Z → lþl− Charged leptons, jets
W boson W þ jets, W → lν Charged leptons, jets, prompt neutrinos
Top quark pair tt̄ → 2l2ν2b Muons, b quark jets, prompt neutrinos
Higgs physics
Invisible Higgs qqH, H → ZZ� → 4ν Forward jets, prompt neutrinos
Di-Higgs gg → HH → bbττ τ leptons, b quark jets, prompt neutrinos
ttHðbbÞ ttH, H → bb̄ Jets, b quark jets, charged leptons, prompt neutrinos
ttHðμμÞ ttH, H → μþμ− Muons, jets, b quark jets, prompt neutrinos
Supersymmetry
Top squark pair gg → t̃ ¯̃t → 2b4q2χ̃01 Jets, b quark jets, dark matter candidates
Heavy neutralino gg → χ̃02χ̃

0
2 → ZZχ̃01χ̃

0
1

Charged leptons, jets, dark matter candidates
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possible associations between the LPV and a
charged PF candidate: used in the LPV fit; used
in a pileup vertex fit; not used in any of the PV
fits, but closest to one of the pileup vertices in
the z direction; and not used in any of the PV fits
but closest to the LPV in the z direction.

The output of the DNN is a weight (wi) and two bias
terms (bi;x; bi;y). The DeepMET estimator output is the
negative of the weighted p⃗T sum of all PF candidates
together with their bias contributions. Its x and y compo-
nents are given by,

pmiss
x ¼ −

X

i

ðwipi;x þ bi;xÞ;

pmiss
y ¼ −

X

i

ðwipi;y þ bi;yÞ: ð2Þ

This calculation is similar to the PUPPI p⃗miss
T calculation. The

two bias terms in the model were initially intended to enable
distinct adjustments in the x and y directions independently
and to correct measurement biases. However, in practice it is
found that they have minimal impact on the performance.

A. The DNN architecture

Figure 1 shows the DNN architecture. The inputs are the
11 features of each input PF candidate. After the input layer,
each of the three categorical features will go through one
embedding layer and become an eight-dimensional tensor,
so that the feature space can be learned and the differences
can be represented by distances in the embedded space.
The three eight-dimensional tensors from the embed-

ding layers are then concatenated together with the eight
continuous features, and passed to a few dense (or fully
connected) layers with progressively reducing numbers of
nodes. These layers act only on each particle individually
and can also be considered as one-dimensional convo-
lutions. After each dense layer, batch normalization [37]
is applied (not shown in Fig. 1 for simplicity) to reduce

the covariate shifts and make the training converge faster.
The outputs of these dense layers are the weights wi,
and the biases bi;x and bi;y of all the input PF candidates.
In the last layer, the event p⃗miss

T is calculated follow-
ing Eq. (2).
The total number of trainable parameters in the DeepMET

neural network is 4541. Such a small set of trainable
parameters allows the training to converge quickly, and also
significantly reduces the inference time. Studies have also
been conducted using more layers and larger number of
nodes per layer, and the effect on the performancewas within
a few percent.
The DNN architecture is implemented with KERAS [38],

which acts as an interface for the TENSORFLOW [39] library.
The ADAMWoptimizer [40] is used for gradient optimizations.

B. Training

The DNN of DeepMET is trained with the Z þ jets and tt̄
simulated samples discussed in Sec. IV. Events are required
to pass the dimuon selections described in Sec. V. Using
two samples allows a wide range of jet multiplicities and
particle pT distributions: Z þ jets events tend to have
particles with low pT; the tt̄ events tend to have high pT
and typically contain high-pT neutrinos.
The p⃗miss

T performance in V þ jets processes is measured
by comparing the momentum of the vector boson q⃗T to that
of the hadronic recoil system u⃗T (defined as the vector pT
sum of all PF candidates except for the decay products of
the vector boson) [19]. The vector boson momenta q⃗T are
measured as the vector pT sum of the two muons for Z
bosons, or taken directly from the generator-level informa-
tion in simulations of W bosons.
The components of the hadronic recoil parallel and

perpendicular to the boson momentum vector are denoted
by uk and u⊥, respectively. These are used to study the
p⃗miss
T response and resolution. The response of p⃗miss

T is
defined as −huki=hqTi; the resolutions of uk and u⊥ are
calculated using the root-mean-square of uk þ qT and u⊥

FIG. 1. DeepMET DNN architecture. For each event, all PF candidates in the event are considered as input.N × n represents the number
of PF candidates in the event multiplied by the dimensionality of the per-particle feature space, where n can be 1, 2, 3, 8, 16, 32, and 64
in the architecture.
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distributions, and are denoted σðukÞ and σðu⊥Þ, respec-
tively [19].
Training is performed on an NVIDIA Quadro P6000

graphics card using a few tens of thousands of events from
the Z þ jets sample and approximately the same number of
events from the tt̄ sample. The batch size is set to 128, and
the training and validation splitting is set to 4∶1. The training
takes about 30 minutes to converge to stable results.
Further studies are performed by scanning the mixture

fractions of the two samples and the hyperparameters (such
as the number and size of dense layers, learning rate, training
and validation splitting, and the batch size), and by increas-
ing the number of total events in the training and validation
samples. DeepMET performance is found to be only weakly
sensitive to modifications of these (hyper)parameters.

C. Loss function

The loss function used in the training is the mean squared
error loss,

L ¼ 1

2
½ðpmiss

x − p̂miss
x Þ2 þ ðpmiss

y − p̂miss
y Þ2� ð3Þ

where pmiss
x;y , p̂miss

x;y are the predicted and generator-level
components of p⃗miss

T in the x, y directions.

VII. THE DeepMET PERFORMANCE

The DeepMET performance in data and MC simulations is
discussed in this Section. Improvements in resolutions are
observed, with the response closer to unity, and more pileup
resilience compared with PF p⃗miss

T and PUPPI p⃗miss
T .

The following performance studies focus primarily on
the muon channel; however, comparable performance
improvements were observed in the electron channel.

A. Performance on Z+ jets events

The p⃗miss
T performance is studied using the events passing

the Z þ jets selections in Sec. V. Such events should have
little or no genuine p⃗miss

T . The responses of different p⃗miss
T

estimators are shown in Fig. 2. Markers correspond to
collision data, and dashed lines indicate MC simulations.
The DeepMET algorithm maintains a good, albeit 5%–10%
worse, response than the PF and PUPPI p⃗miss

T estimators.
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To properly account for the response effect on the
resolutions, for each p⃗miss

T estimator, the average response
−huki=hqTi is calculated using the events in the response
plateau region (i.e., qT > 150 GeV), and the resolutions
are scaled by the inverse of this average response, referred
to as “response-corrected resolutions.” The response-cor-
rected resolutions of uk and u⊥ vs qT and the number of
reconstructed PVs are shown in Figs. 3 and 4, respectively.
The DeepMET algorithm maintains good resolutions and
pileup resilience. Despite slightly worse response than the

PF and PUPPI p⃗miss
T estimators, DeepMET resolutions are

better even after including the response corrections. For
example, compared with PUPPI p⃗miss

T , the DeepMET shows a
2%–10% worse response but achieves a 20%–30% reso-
lution gain around 20 reconstructed primary vertices, sig-
nificantly outperforming PUPPI in this regime.
The comparisons of response-corrected resolutions of

different p⃗miss
T estimators in Z → μμ events for the low- and

high-qT regions are provided in Figs. 5 and 6, respectively,
corresponding to the region where qT < ð>Þ50 GeV. In
both regions, PUPPI p⃗miss

T is better than PF p⃗miss
T , and

DeepMET outperforms both p⃗miss
T estimators.
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B. The PV-Agnostic DeepMET and performance
on W + jets events

The performance has also been studied in W þ jets MC
samples, in which theW boson decays into a muon and a(n)
(anti)neutrino. Typically, this signal process involves a single
isolated muon, genuine p⃗miss

T , and several soft tracks as the
pT distribution of W bosons is low with the most probable
value around 5 GeV [41]. In this study, the accuracy of
LPV identification in approximately 1% of the events in the
W þ jets simulations is compromised, where the LPV is
either reconstructed but incorrectly identified as a pileup
vertex, or is not reconstructed at all. This occurs more

frequently in events with muons at high jηj, where the quality
of the muon track is worse. Such mistakes in the LPV
identification can result in incorrect PV-track association flags
and PUPPI weights, which in turn introduce inaccuracies in
subsequent calculations of PUPPI and DeepMET p⃗miss

T .
To handle such scenarios for high-precision WðμνÞ

analyses, a PV-agnostic version of DeepMET is developed,
which is robust to the choice of the LPV from the PVs [42].
In this version of the algorithm, the default LPV selection is
discarded, and instead the PV closest in z to the leading
muon with dzðPV; μÞ < 0.2 cm is chosen. If there is no PV
satisfying the requirement (i.e., the LPV is not successfully
reconstructed), a “pseudo”-LPV is built, using (x, y) of the
beam spot (luminous region of the pp collisions [12]), and
the leading muon z position. In the DeepMET inputs, dz’s and
the PUPPI weights are recomputed with respect to the new
LPV, while fromLPV and dxy are not used, since they
cannot be recalculated precisely. The model is retrained
using the reduced set of inputs.
Figure 7 illustrates the performance comparisons of

various p⃗miss
T estimators for W þ jets events, with solid

(dashed) lines representing events where the LPV is
correctly (incorrectly) identified. As anticipated, PF p⃗miss

T
is the estimator least impacted by LPV identification issues.
Conversely, both PUPPI p⃗miss

T and the original DeepMET are
significantly influenced. The PV-Agnostic approach helps
to mitigate the dependence on LPV identifications, result-
ing in comparable performance between events with correct
and incorrect LPV assignment. The remaining discrepancy
is similar to that of PF p⃗miss

T , which is primarily due to
different kinematic distributions (e.g., larger fraction of
LPV-incorrect events for those with muons at higher jηj).
The p⃗miss

T and W boson transverse mass [defined as
mT ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pμ

Tp
miss
T ½1 − cosðΔϕÞ�

p
, where Δϕ is the azimu-

thal angle difference between muon pT and p⃗miss
T ] distri-

butions are shown in Fig. 8 for data after the W → μν
selections. Table II gives a p⃗miss

T resolution metric: the higher
half width at half maximum, defined as the difference
between the value of pmiss

T (mT) at the pmiss
T (mT) probability

density function (pdf) distribution maximum and the larger
of the two values whose pdf is half the maximum value. For
both variables, DeepMET (PV-Agnostic) has a sharper
Jacobian peak and thus provides better resolution.

C. Performance for other physics processes

The p⃗miss
T resolution of different estimators is also

compared for a number of physics processes with genuine
p⃗miss
T . The samples are listed in Sec. IV, and are used without

any specific event selection applied. Figure 9 shows the pmiss
T

resolution for the DeepMET, PUPPI p⃗miss
T , and PF p⃗miss

T
algorithms as a function of the sum of the pT’s of generated
jets (HT) for various physics processes for which pmiss

T is
expected to have a crucial role in the event selection and/or
reconstruction, and hence for the final physics sensitivity.
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DeepMET demonstrates superior resolution in pmiss
T for all

considered physics processes, including Higgs boson
production with decays to SM particles, Higgs boson decay
to dark matter candidates, and the supersymmetric proc-
esses described in Sec. IV. These processes include a wide
range of different jet and lepton multiplicities and jet
flavors, and cover a broad kinematic range. The relative
improvement in resolution is largest for low values of
generator jet HT, i.e., for low amounts of hard hadronic
activity, indicating that DeepMET particularly helps with the
softer contributions to p⃗miss

T .

VIII. THE DeepMET CALIBRATIONS

The DeepMET calibrations can be derived from Z þ jets
events by matching the performance in MC simulations to
data. These corrections can be applied to the DNN outputs.

Since the calibrations are only applied to MC simula-
tions, all the performance results on data shown in the
previous Sections are unchanged after calibration.

A. The XY correction

Due to asymmetries in the detector responses and
resolutions, and also because of the offset of the beam
spot position, etc., the reconstructed p⃗miss

T response depends
on ϕ. The average values of p⃗miss

T in the x and y directions
are calculated as a function of the number of PVs and then
subtracted from the individual p⃗miss

T components, centering
the distributions at zero. The ϕ distributions of different
p⃗miss
T estimators before and after the xy correction are

shown in Fig. 10. The distribution becomes flat, as
expected, for both data and MC simulations after
correction.
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B. Scale and resolution calibration

Since the jet and PF candidate resolutions are typically
worse in data than predicted from simulation, a quantile-
based calibration is performed. The calibration is done in
four main steps.

First the data and MC simulations are binned in qT of the
Z boson. For the data, the contributions from tt̄ and diboson
production are estimated from MC simulation and sub-
tracted. Each bin’s uk and u⊥ distribution is fitted with a
double-Gaussian function.
In the second step, each of the fitted double-Gaussian

functions is integrated to get the corresponding cumulative
distribution functions (CDFs).
In MC simulation, the uk and u⊥ CDF values in the

ith qT bin can be found from,

pk ¼ CDF
uk;MC
i ðuMC

k Þ;
p⊥ ¼ CDFu⊥;MC

i ðuMC⊥ Þ: ð4Þ

In data, the corresponding uk and u⊥ CDF in the same
qT bin is given by,

udatak ¼ ðCDFuk;datai Þ−1ðpkÞ;
udata⊥ ¼ ðCDFu⊥;datai Þ−1ðp⊥Þ: ð5Þ

Finally the differences udatak − uMC
k and udata⊥ − uMC⊥ are

applied as the corrections to uk and u⊥ in simulation,
respectively. The corrected DeepMET is then calculated from
the corrected uk and u⊥.

C. Data vs simulation comparisons after calibration

Figure 11 illustrates the data-simulation comparisons
for DeepMET pmiss

T (upper left), recoil pT (upper right),
uk (lower left), and u⊥ (lower right) in Z þ jets events, after
applying the calibrations. A Z boson pT reweighting is
applied to align the boson pT distribution between data and
simulation. Good agreement between data and simulation
after the calibrations is observed within the systematic
uncertainties, which are detailed in Sec. VIII D.

D. Systematic uncertainties from calibration

The systematic uncertainties affecting DeepMET are esti-
mated during the calibration process. Three main sources
are considered:

(i) Jet multiplicity binning: in the default setup, the
Z boson pT is used to derive corrections in different
bins. One alternative choice is to have bins in both
the pT of the Z boson and CHS jet multiplicity. A
new set of corrections are derived using the same
setup but with two-dimensional binning, and the
difference between using both the pT of the Z boson
and the jet multiplicity, and using only the pT of the
Z boson, is chosen as one systematic uncertainty.

(ii) Choice of the modeling function: in the default setup,
a double-Gaussian function is chosen to model the uk
and u⊥ distributions. To estimate the possible bias
due to this choice, a Gaussian smoothing function is
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TABLE II. Higher half width at half maximum in pmiss
T and mT

in data after the W → μν selections.

Higher half width at half maximum/GeV pmiss
T mT

PF 25.4 27.0
PUPPI 18.4 16.2
DeepMET (PV-agnostic) 15.2 13.0
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used to smooth the uk and u⊥ distributions, and then
the CDFs and corrections are derived using the
smoothed distributions. The correction difference
between the double-Gaussian and Gaussian smooth-
ing functions is chosen as one systematic uncertainty.

(iii) Background estimation and subtraction. When fitting
the data distributions, the background contributions
from tt̄ and diboson processes are estimated using
MC simulation and then subtracted from data. To
estimate the systematic uncertainties from the back-
ground subtraction, the contributions estimated from
backgroundMC samples are varied by�10% (typical
cross section measurement and theoretical uncertain-
ties), and the difference between the calibrations

using the central values and using these are taken
as the systematic uncertainty.

The total uncertainties are shown in the gray band of
Fig. 11. Around the peak of the Z þ jets distributions
(low pmiss

T and smaller ju⊥j), the relative difference is
around a few percent. In the tail regions the uncertainty can
be as large as 10%–15%. Similar studies have also been
carried out in the tt̄ region by selecting two muons and one
b jet, where good data-to-simulation agreement has also
been observed after applying the corrections.

IX. TRAINING WITHOUT PUPPI WEIGHTS

To understand the role and the importance of the PUPPI
weights in DeepMET ’s performance, a version of DeepMET is
trained without the PUPPI weight information. Because of
the DNN nature of the architecture, particle-level informa-
tion is not shared between different PF candidates, and the
PUPPI weight is the only input that contains local neighbor-
hood information. This comparison sheds light on the
relative importance of a particle’s neighborhood in the
observed performance improvement.
Figure 12 shows comparisons of the response and

response-corrected resolution of DeepMET trained with
(blue) and without (green) PUPPI weights, along with
PF p⃗miss

T and PUPPI p⃗miss
T , after Z → μμ selections. As can

be seen for the Z → μμ physics process, PUPPI weights
mostly contribute to response improvements; the resolu-
tions with and without PUPPI weights are similar.

X. COMPUTATIONAL PERFORMANCE

The model trained using KERAS is stored as a frozen
graph in TENSORFLOW format and integrated into the CMS
software framework CMSSW for subsequent inference
processes. The CMSSW framework is an open-source soft-
ware framework utilized in triggering, data reconstruction,
simulation, and offline analysis [43,44]. In this setup, the
number of input PF candidates is set to 4500, determined as
the maximum count of PF candidates under the current
operational conditions (typically ranging from 1500 to
2000). The model inputs consist of the 11 features of each
PF candidate, as discussed in Sec. VI. In cases where there
are fewer PF candidates, the input features are padded with
zeros. The model processes these inputs to compute p⃗miss

T in
the x and y directions as the outputs. DeepMET inference can
be performed at any stage of data processing, as long as the
list of PF candidates is provided.
The computational time is also examined. When running

with one thread on a single CPU core, the average processing
time for the DeepMET inference within CMSSW is approx-
imately 10 ms [45], while the total event processing time
ranges from 1 to 10s, depending on the event complexity and
the associated data tier. Due to the compact size of the
model, the average processing time for DeepMET is much
shorter than the overall CMSSW processing time.
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XI. SUMMARY

This paper presents a new p⃗miss
T estimator, DeepMET,

which is based on a deep neural network. The DeepMET

algorithm utilizes each individual particle reconstructed by
the CMS particle-flow algorithm as input and assigns a
weight wi and two bias terms, bi;x and bi;y, to each
candidate. The estimated p⃗miss

T is the negative vector sum
of the weighted transverse momenta of all candidates, plus
their bias contributions.
With 4541 trainable parameters, the training and deploy-

ment of DeepMET is computationally efficient. DeepMET

is trained using Z þ jets and tt̄ samples, but achieves
10%–30% better resolution compared with the current

PF and PUPPI p⃗miss
T estimators across multiple physics

processes, such as Z þ jets, W þ jets, Higgs boson pro-
duction, and processes with dark matter candidates.
Another important feature of the DeepMET algorithm is its
high resilience to pileup, improving the physics reach in
LHC Run 2 and Run 3, and future high-luminosity LHC
conditions. Specifically for the measurement of the
W boson mass, a PV-agnostic version of DeepMET is
designed to be more robust in W → μν events where the
LPV is not always identified correctly. Events containing
Z → μμ decays are used to calibrate p⃗miss

T , including
corrections for asymmetries in detector response, as well
as for p⃗miss

T scale and resolution.
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systematic uncertainties discussed in Sec. VIII D.
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Good agreement between data and simulation is found.
The DeepMET estimator demonstrates the potential to
improve the precision of SM measurements and to achieve
higher sensitivity in beyond the standard model physics
searches.
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40IRFU, CEA, Université Paris-Saclay, Gif-sur-Yvette, France

41Laboratoire Leprince-Ringuet, CNRS/IN2P3, Ecole Polytechnique, Institut Polytechnique de Paris,
Palaiseau, France
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88bSapienza Università di Roma , Roma, Italy

89aINFN Sezione di Torino, Torino, Italy
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uAlso at Université de Haute Alsace, Mulhouse, France.
vAlso at Another institute or international laboratory covered by a cooperation agreement with CERN.
wAlso at University of Hamburg, Hamburg, Germany.
xAlso at RWTH Aachen University, III. Physikalisches Institut A, Aachen, Germany.
yAlso at Bergische University Wuppertal (BUW), Wuppertal, Germany.
zAlso at Brandenburg University of Technology, Cottbus, Germany.
aaAlso at Forschungszentrum Jülich, Juelich, Germany.
bbAlso at CERN, European Organization for Nuclear Research, Geneva, Switzerland.
ccAlso at HUN-REN ATOMKI—Institute of Nuclear Research, Debrecen, Hungary.
ddAlso at Universitatea Babes-Bolyai—Facultatea de Fizica, Cluj-Napoca, Romania.
eeAlso at MTA-ELTE Lendület CMS Particle and Nuclear Physics Group, Eötvös Loránd University, Budapest, Hungary.
ffAlso at HUN-REN Wigner Research Centre for Physics, Budapest, Hungary.
ggAlso at Physics Department, Faculty of Science, Assiut University, Assiut, Egypt.
hhAlso at The University of Kansas, Lawrence, Kansas, USA.
iiAlso at Punjab Agricultural University, Ludhiana, India.
jjAlso at University of Hyderabad, Hyderabad, India.
kkAlso at Indian Institute of Science (IISc), Bangalore, India.
llAlso at University of Visva-Bharati, Santiniketan, India.

mmAlso at IIT Bhubaneswar, Bhubaneswar, India.
nnAlso at Institute of Physics, Bhubaneswar, India.
ooAlso at Deutsches Elektronen-Synchrotron, Hamburg, Germany.
ppAlso at Isfahan University of Technology, Isfahan, Iran.
qqAlso at Sharif University of Technology, Tehran, Iran.
rrAlso at Department of Physics, University of Science and Technology of Mazandaran, Behshahr, Iran.
ssAlso at Department of Physics, Faculty of Science, Arak University, ARAK, Iran.
ttAlso at Helwan University, Cairo, Egypt.

A. HAYRAPETYAN et al. PHYS. REV. D 113, 072010 (2026)

072010-28

https://ror.org/01ggx4157
https://ror.org/01ggx4157


uuAlso at Italian National Agency for New Technologies, Energy and Sustainable Economic Development, Bologna, Italy.
vvAlso at Centro Siciliano di Fisica Nucleare e di Struttura Della Materia, Catania, Italy.
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