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Abstract The particle-flow (PF) algorithm constructs a
global description of each particle collision by producing
a comprehensive list of final-state particles, and is central to
event reconstruction in the CMS experiment at the CERN
LHC. The existing PF implementation relies on physics-
motivated heuristics and assumptions that can be replaced
by machine-learning (ML) models trained directly on simu-
lated data and naturally suited to modern graphics process-
ing units (GPUs). A state-of-the-art ML-based PF (MLPF)
reconstruction algorithm, implemented within the CMS soft-
ware framework, is presented. The MLPF algorithm per-
forms a learnable full-event reconstruction on GPUs, gener-
alizes across detector conditions and collision energies, and
replaces multiple modular reconstruction steps with a sin-
gle unified model. Physics performance comparable to stan-
dard PF reconstruction is achieved in both simulation and
data, with improved jet energy resolution and inference time.
In simulated top quark-antiquark events under LHC Run-3
(2023-2024) conditions, the jet energy resolution improves
by 10-20% for jets with transverse momentum between 30—
100 GeV. Inference time is evaluated using simulated multijet
events, with a median of 20 ms per event on an Nvidia L4
GPU, compared to approximately 110ms for the standard
CMS PF reconstruction.

1 Introduction

The particle-flow (PF) algorithm aims to reconstruct a global,
particle-level view of each event by combining information
from multiple subdetectors in general-purpose particle detec-
tors. By reconciling the signals associated with each par-
ticle across the tracker, calorimeters, and muon systems,
PF removes ambiguities, establishes correlations between
subdetector signatures, and produces an optimized, self-
consistent list of reconstructed particles, classified as pho-
tons, electrons, muons, charged hadrons, or neutral hadrons.
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This approach significantly improves the event description
and the resolution of high-level reconstructed quantities —
commonly referred to as physics objects — such as jets,
missing transverse momentum (ﬁ{niss), photons, and lep-
tons, compared to methods relying on individual subdetector
systems. The PF algorithm has been central to CMS analy-
ses [1] since LHC Run 1 (2009-2013). Similar strategies have
been adopted at other experiments, including ALEPH [2],
ATLAS [3], CDF [4-6], CELLO [7], CLIC [8], DO [9], DEL-
PHI [10], H1 [11], ILC [12], and ZEUS [13,14]. The PF
concept is also central to the design of the proposed lepton
collider detectors [ 15—17], where detector parameters are still
being optimized. In that context, approaches to PF based on
machine learning (ML) can significantly accelerate detec-
tor design studies by enabling efficient retraining and rapid
iteration, as demonstrated in Ref. [18].

Current production-level event reconstruction algorithms
typically employ iterative, rule-based methods, such as
proximity-based linking, where tracks and calorimeter clus-
ters are associated based on geometric closeness in detec-
tor coordinates. In contrast, ML approaches to particle
identification are particularly well-suited to irregular, high-
granularity detector geometries. While early ML-based event
reconstruction algorithms relied on computer vision tech-
niques [19], more recent work has shifted toward graph neu-
ral networks (GNNs) [20-25], hypergraphs using cluster-
ing [26], and transformer architectures [27-30], demonstrat-
ing scalability and accuracy in complex event reconstruc-
tion. In addition, advances in modern computer hardware,
particularly graphics processing units (GPUs), together with
ML architectures, such as GNNs and transformers, enable
efficient scaling to high-dimensional, variable-size input and
output spaces [31], a capability that is critical for event recon-
struction.

Current active experiments, such as CMS, offer an excel-
lent platform for developing ML-based event reconstruction
techniques in parallel with the existing PF algorithms. These
efforts can be validated directly in data, with continuous
feedback from CMS analysis working groups. If success-
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ful, they have the potential to drive the design and deploy-
ment of algorithms for the high-luminosity upgrade of the
CERN LHC (HL-LHC) [32] and future colliders, ultimately
enhancing the physics reach of the experiments and paving
the way toward a detector optimization pipeline with dif-
ferentiable programming [33,34]. Furthermore, ML-based
reconstruction algorithms offer the possibility of incorporat-
ing analysis-specific information or selection biases directly
into the reconstruction procedure, either through fine-tuning
or dedicated retraining. For example, ML techniques were
employed in the CMS measurement of the W boson mass to
improve the resolution of the reconstructed ﬁ{nisg ,resulting in
an enhanced separation between signal and background [35].
Such flexibility is difficult to achieve with traditional PF algo-
rithms, but becomes feasible in an ML-based framework.

Over the past decade, ML has been widely adopted at
the LHC, enabled by advances in GPU hardware and neu-
ral network architectures. Jet flavor tagging has improved
significantly, with models such as PARTICLENET [36] and
PART [37] achieving 2-5 times better jet identification com-
pared to previous baselines [38—40]. Machine-learning meth-
ods have also been applied to tracking [41-50], secondary
vertex reconstruction [51,52], jet clustering [53-55], jet
assignment [56-59], calorimeter reconstruction [60], and
pileup mitigation [61-63], where pileup refers to the number
of additional proton—proton (pp) interactions occurring in the
same bunch crossing as the hard scattering process.

The goal of this paper is to explore and establish ML-
based approaches to global event reconstruction that improve
physics performance and computational scalability on GPUs,
while laying the groundwork for event reconstruction at the
HL-LHC. At the HL-LHC, pileup is expected to reach up to
200 on average. To operate under these conditions, the CMS
detector is undergoing a comprehensive Phase-2 upgrade
program, including major improvements to the tracking,
trigger, and calorimeter systems [64—71]. As reconstruction
complexity continues to grow with increasing pileup, there is
strong motivation to incorporate ML-based pattern recogni-
tion techniques in the reconstruction chain. While this paper
is limited to Run 3, this approach may be extended to HL-
LHC conditions, where given the increased complexity of the
events, we expect further benefits from ML-based solutions.

In this paper, we present the implementation of an ML-
based PF (MLPF) reconstruction algorithm within the CMS
experiment. This is the first MLPF reconstruction model
that has been applied to data collected by a hadron collider
experiment. The model demonstrates improved performance
over the standard PF while maintaining practical inference
throughput on GPUs in production software. We begin by
introducing the CMS detector (Sect. 2) and the current recon-
struction algorithms (Sect. 3), followed by a description of
the data sets used in this work (Sect.4). We then define the
reconstruction-level target (Sect.5.1), designed to closely
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align with the generator, particle-level Monte Carlo (MC)
information. This well-defined and physically meaningful
target enables the application of supervised learning for train-
ing the MLPF algorithm. We then describe the architecture of
the algorithm (Sect.5.3), which is based on transformer net-
works trained end-to-end on MC simulation samples, along
with the associated training procedure and multi-task loss
function. The physics performance of the algorithm is eval-
uated in Sect. 6. In addition, the MLPF algorithm has been
successfully applied in data collected by the CMS detector
during Run 3 (2023-2024) (Sect.7), marking the first data-
validated application of an ML-based reconstruction pipeline
at any LHC experiment. In Sect. 8, we assess the computa-
tional performance and compare with the standard PF algo-
rithm. Finally, Sect.9 summarizes the paper.

2 The CMS detector

The CMS apparatus [72,73] is a multipurpose, nearly her-
metic detector, designed to trigger on [74—76] and identify
electrons, muons, photons, charged and neutral hadrons [77—
79]. Its central feature is a superconducting solenoid of 6 m
internal diameter, providing a magnetic field of 3.8 T. Within
the solenoid volume are a silicon pixel and strip tracker, a lead
tungstate crystal electromagnetic calorimeter (ECAL), and a
brass and scintillator hadron calorimeter (HCAL), each com-
posed of a barrel and two endcap sections. Forward calorime-
ters extend the pseudorapidity (1) coverage provided by the
barrel and endcap detectors. Muons are reconstructed using
gas-ionization detectors embedded in the steel flux-return
yoke outside the solenoid. More detailed descriptions of the
CMS detector, together with a definition of the coordinate
system used and the relevant kinematic variables, can be
found in Refs. [72,73].

Events of interest are selected using a two-tiered trigger
system. The first level, composed of custom hardware pro-
cessors, uses information from the calorimeters and muon
detectors to select events at a rate of around 100 kHz within
a fixed latency of 4 us [74]. The second level, known as the
high-level trigger (HLT), consists of a farm of processors
running a version of the full event reconstruction software
optimized for fast processing, and reduces the event rate to a
few kHz before data storage [75,76].

3 Reconstruction algorithms

Reconstruction algorithms in CMS are generally categorized
as either local or global. Local reconstruction algorithms
operate within individual detector subsystems, such as track
reconstruction in the tracker or clustering in the calorimeters.
Global reconstruction algorithms, such as PF, combine infor-



Eur. Phys. J. C (2026) 86:1025

Page 3 of 36 1025

mation across multiple subsystems to reconstruct higher-
level physics objects.

Although the reconstruction algorithms used in CMS span
different detector subsystems, they share a common compu-
tational structure: clustering or pattern recognition based on
irregular, variable-size collections of detector hits. Prior to
the use of ML algorithms, such clustering tasks were typ-
ically solved with hand-engineered methods whose naive
computational complexity scales as O(N>), where N denotes
the number of detector hits (or clusters) under consideration,
when searching for compatible hit triplets, or clusters, unless
strong inductive biases are introduced to restrict the search
space (often to O(N log N)). These complexities arise nat-
urally in particle physics reconstruction, where the data are
unstructured and the combinatorics grow rapidly with detec-
tor occupancy. Historically, this has often limited the applica-
bility of standard computer science clustering algorithms to
LHC tasks, leading experiments to repeatedly design custom
algorithms tuned to detector-specific features, an approach
that is not ideal for long-term scalability. Modern ML archi-
tectures — most notably GNNs and transformers — provide
new, expressive inductive biases that operate natively on sets
or graphs, enabling more efficient representation learning and
reducing the need for handcrafted heuristics. This evolution
opens the door to reconstruction approaches that scale more
favorably with event complexity while maintaining physics
fidelity. With this context in mind, we now briefly describe
the reconstruction algorithms currently used in CMS.

3.1 Track reconstruction

Reconstructing charged-particle tracks from detector hits is
a complex combinatorial problem. Current state-of-the-art
methods in CMS rely on the combinatorial track finder, which
has evolved from combinatorial Kalman filters. Track recon-
struction proceeds iteratively, beginning with seed genera-
tion, in which initial track candidates are identified using a
small number of hits (typically 3) [80], followed by track
finding, where hits are grouped into candidate tracks. The
track parameters are then determined using a fit to the asso-
ciated hits, and finally, quality criteria are applied during a
filtering stage to retain high-quality tracks.

Each iteration targets progressively more challenging
tracks, removing hits associated with previously recon-
structed tracks to reduce combinatorial complexity. The spe-
cific parameters for each stage — finding, fitting and filtering
— are tunable and optimized for specific data-taking periods.
A detailed description of the CMS track reconstruction algo-
rithm can be found in Ref. [79]. The track trajectory, con-
stituent hits, and associated quality criteria derived from the
tracking system are used as input to both the PF and MLPF
algorithms.

3.2 Calorimeter clustering

The objective of calorimeter clustering in PF is to group
energy deposits from calorimeter hits originating from the
same particle. Clustering is performed independently in the
HCAL, ECAL, and the hadron forward (HF) calorimeter,
whose long and short fiber readouts are combined to form
the HF hadronic and electromagnetic sections. The current
PF clustering algorithm, which uses seeding followed by
an expectation-maximization Gaussian mixture model, has
already been ported to GPUs [81]. The existing PF clusters
are used as inputs to MLPF, making the MLPF approach fully
complementary to ongoing GPU-based developments in PF
clustering. For both PF and MLPF reconstruction, the clus-
ter energy and position are used as inputs. Additionally, in
Sect.5.2 we compute detailed per-cluster features based on
the energy-weighted per-layer distribution of the hits, demon-
strating that the MLPF approach can efficiently incorporate
low-level information in the PF algorithm.

3.3 Particle-flow reconstruction

The global event reconstruction, also called PF reconstruc-
tion, aims to reconstruct and identify each individual particle
in an event, with an optimized combination of all subde-
tector information. In this process, the identification of the
particle type (photon, electron, muon, charged hadron, or
neutral hadron) plays an important role in the determination
of the particle direction and energy. Photons (e.g., coming
from n¥ decays or from electron bremsstrahlung) are identi-
fied as ECAL energy clusters not linked to the extrapolation
of any charged-particle trajectory to the ECAL. Electrons
(e.g., produced promptly in the hard interaction or arising
from secondary processes such as photon conversions in the
tracker material or semileptonic b hadron decays) are identi-
fied as a primary charged-particle track and potentially many
ECAL energy clusters corresponding to this track extrapo-
lation to the ECAL and to possible bremsstrahlung photons
emitted along the way through the tracker material.

Muons (e.g., from b hadron semileptonic decays) are iden-
tified as tracks in the central tracker consistent with either a
track or several hits in the muon system, and associated with
calorimeter deposits compatible with the muon hypothesis.
Charged hadrons are identified as charged-particle tracks nei-
ther identified as electrons, nor as muons. Finally, neutral
hadrons are identified as HCAL energy clusters not linked to
any charged-hadron trajectory, or as a combined ECAL and
HCAL energy excess with respect to the expected charged-
hadron energy deposit.

The energy of photons is obtained from the ECAL mea-
surement. The energy of electrons is determined from a com-
bination of the track momentum at the main interaction ver-
tex, the corresponding ECAL cluster energy, and the energy
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sum of all bremsstrahlung photons attached to the track.
At low transverse momentum (pT), the energy of muons is
obtained from the corresponding track momentum, while at
high pr, the PF algorithm evaluates several candidate fits
and selects the one with the best quality among the tracker-
only fit, the fit using the tracker combined with the first
muon station, the full global-muon fit, and a global-muon
fit excluding muon chambers affected by high occupancy.
The energy of charged hadrons is determined from a combi-
nation of the track momentum and the corresponding ECAL
and HCAL energies, corrected for the response function of
the calorimeters to hadronic showers. Finally, the energy of
neutral hadrons is obtained from the corresponding corrected
ECAL and HCAL energies.

3.3.1 Jet and p’T"iS‘Y reconstruction

Once the PF algorithm has reconstructed the final-state par-
ticle candidates, higher-level reconstruction steps, including
jet reconstruction, are performed. For each event, hadronic
jets are clustered from these reconstructed particles using the
infrared- and collinear-safe anti-kT algorithm [82,83] with a
distance parameter of 0.4 (or 0.8). Jet momentum is deter-
mined as the vectorial sum of all particle momenta in the
jet, and is found from simulation to be, on average, within
5-10% of the true momentum for pt > 30 GeV [84]. For
the purposes of determining jet momentum response, the true
particle-level p of the jet, excluding neutrinos, is denoted as
PT,ptcl» and includes only particles produced from the hard
scatter. The pr of jets reconstructed from the output par-
ticles of PF or MLPF, before any jet-level corrections, is
denoted as pr raw. The raw jet response is defined as the
ratio pr raw/ PT,ptcl- Jet energy corrections are derived from
simulation to bring the measured response of jets to that of
particle-level jets on average. The jet pt is corrected as a
function of pr raw and n by extracting the Gaussian mean or
arithmetic median and standard deviation of the raw response
distribution in bins of pr pc1 and 7. The corrected pr of
the jet is denoted as pr corr, and is used to define the cor-
rected jet response pr,corr/ PT,ptcl- In general, in situ mea-
surements of the momentum balance in dijet, y+jet, Z+jet,
and multijet events can be used to account for any residual
differences in the jet energy scale between data and simu-
lation [84]. The jet energy resolution amounts typically to
15-20% at 30GeV, 10% at 100GeV, and 5% at 1 TeV [84].
Additional selection criteria are applied to each jet to remove
jets potentially dominated by anomalous contributions from
various subdetector components or reconstruction failures.
In this result, for the sake of comparing the PF and MLPF
algorithms, the simulated response of jets is calibrated [84],
extracting the simulation-based corrections from events com-
posed uniquely of jets produced through the strong interac-
tion, known as quantum chromodynamics (QCD) multijet
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events, in bins of jet # and pr pel, and applying them to
all samples uniformly using a two-dimensional linear inter-
polation. Pileup can contribute additional tracks and calori-
metric energy depositions to the jet momentum. The pileup-
per-particle identification algorithm (PUPPI) [85,86] is used
to mitigate the effect of pileup at the reconstructed-particle
level, making use of local shape information, event pileup
properties, and tracking information. A local shape variable
is defined, which distinguishes between collinear and soft
diffuse distributions of other particles surrounding the parti-
cle under consideration. The former is attributed to particles
originating from the hard scatter and the latter to particles
originating from pileup interactions. Charged particles iden-
tified to be originating from pileup vertices are discarded
from the jet momentum measurement. For each neutral parti-
cle, alocal shape variable is computed using the surrounding
charged particles compatible with the primary vertex (PV)
within the tracker acceptance (|n| < 2.5), where the PV is
taken to be the vertex corresponding to the hardest scattering
in the event, evaluated using tracking information alone, as
described in Section 9.4.1 of Ref. [87]. Outside the tracker
coverage, both charged and neutral particles are used. The
momenta of the neutral particles are then rescaled according
to their probability to originate from the PV deduced from
the local shape variable, superseding the need for jet-based
pileup corrections [85].

The vector ﬁ{“i“ is defined as the corrected negative vector
pr sum of all the PF candidates in an event, and its magnitude
is denoted as p?iss [88]. The ﬁ{“iss is computed from the PF
candidates weighted by their probability to originate from
the PV [88], and is modified to account for corrections to the
energy scale of the reconstructed jets in the event. The PUPPI
algorithm is applied to reduce the pileup dependence of the
ﬁTmiss observable. Anomalous high- p%‘iss events can be due to
a variety of reconstruction failures, detector malfunctions or
noncollision backgrounds. Such events are rejected by event
filters that are designed to identify more than 85-90% of the
spurious high-pIsS events with a mistagging rate less than
0.1% [88].

4 Data sets and simulated samples

Simulated pp collision events for training and validation are
generated under Run-3 (2023) detector and accelerator con-
ditions at a center-of-mass energy of /s = 14TeV. Test-
ing events are generated under Run-3 (2024) detector and
accelerator conditions at a center-of-mass energy of /s =
13.6 TeV, demonstrating the out-of-distribution generaliz-
ability of MLPF across detector conditions and collision
energies. Parton showering, fragmentation, and hadroniza-
tion are modeled with PYTHIA (v8.311) [89], using the CP5
underlying event tune [90]. The resulting stable particles are
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propagated through a detailed simulation of the CMS detec-
tor response using GEANT4 (v11.2.2) [91-93].

The MC simulation samples used for optimizing the
MLPF model are summarized in Table 1. The training and
validation samples are divided using an 80%/20% split,
respectively. All benchmark performance metrics in simu-
lation, shown in Sect.6 and onwards, are evaluated using
the testing events. For samples with pileup, the number of
additional interactions per bunch crossing is drawn from a
uniform distribution between 55-75. In particular, the QCD
multijet training sample is generated with a pt (pt of the
initial-state partons in the rest frame) restricted to the range
[15, 3000] GeV in PYTHIA, which is a typical configuration
for PF validation. The top quark-antiquark (tt) sample is gen-
erated inclusively across all top quark decay modes.

For commissioning on data, we use a small subset of CMS
Run-3 data collected in 2024 at /s = 13.6 TeV and passing
a dijet HLT selection. The trigger requires the presence of
a leading (subleading) PF jet with pt > 125 (45)GeV, and
the invariant mass of the dijet system must exceed 1.2 TeV.
We use events where the detector was fully operational, and
remove events with known sources of detector noise, such as
beam halo events or events with spurious p%ﬁss [88]. Since
we are interested in comparing the same data events with two
different reconstruction algorithms, we use the same HLT
software for both PF and MLPF events, and do not apply
additional corrections for trigger efficiency. The integrated
luminosity of the data sample used for commissioning studies
is 375pb~ .

5 Machine learning for PF reconstruction

Training a supervised ML model for PF reconstruction
requires a carefully defined particle-level target. This target
acts as a proxy for the desired reconstruction output and ulti-
mately sets the upper bound for the performance of the ML
model. Defining a physics-motivated, well-defined target is
essential, yet challenging due to the complexity of particle
decays and interactions with the detector material. In pp col-
lisions at the CMS experiment, particles may originate from
the hard interaction (primaries), be decay products of other
primaries, fall outside the detector acceptance, or arise from
pileup.

In the next section, we describe the particle-level training
target definition used to train the MLPF algorithm for PF
reconstruction in CMS.

5.1 Particle-level training target
The MLPF training target is constructed to closely approxi-

mate the full set of stable particles in the detector from both
the hard interaction and pileup. The hard scattering particles

produced by the event generator PYTHIA are referred to as
the truth, and is used to measure the quality of reconstruction
after pileup subtraction is applied on the reconstructed parti-
cles. The truth is used to construct physics-level observables,
such as jets and p%‘iss, and serves as the benchmark against
which reconstruction performance is evaluated. The training
target, on the other hand, consists of all particles that are,
in principle, reconstructable — i.e., those that interact with
the detector and leave measurable signals. For instance, a
generator-level particle that falls outside the detector accep-
tance is included in the truth but excluded from the target,
whereas particles arising from secondary interactions with
detector material may appear in the target but not the truth.
In samples with pileup overlay, the truth includes only par-
ticles from the primary hard-scattering process, excluding
contributions from additional pp interactions.

The goal is to construct a training target for reconstruc-
tion that is both well-defined and physically meaningful: each
target particle must be reconstructable, without ambiguities
from simulated showers or double counting. In addition, the
target should be aligned with the truth — closely reflecting the
particle-level information, with minimal energy differences
arising solely from detector acceptance. This ensures that the
task solved by the reconstruction model is aligned with the
underlying physics and is learnable from the available inputs.
In particular, the transformation from tracks and clusters to
the target particles should be simple enough to be approx-
imated effectively by an ML model trained on limited-size
simulated samples.

We define the target as the subset of particles that leave hits
in the detector either directly or through their decay products.
Particles that fail to register any detectable signal — due to
low energy, short lifetimes, or falling outside detector accep-
tance — are excluded from the target. This naturally accounts
for inefficiencies introduced by finite detector granularity,
energy thresholds, and upstream reconstruction algorithms,
which this work does not aim to correct. In practice, this
mainly impacts low-pt photon radiation, which often falls
outside detector acceptance or below the energy threshold.
Furthermore, charged hadrons that fail to produce a recon-
structed track are treated as neutral hadrons in the training tar-
gets. This treatment ensures that the MLPF algorithm learns
realistic particle assignments in cases where tracking ineffi-
ciencies occur.

We use information from the GEANT4 simulation to define
a pileup-free target, which includes only the target particles
associated with the hard interaction. Although this is not used
for training, it allows us to validate the target definition by
comparing the target with the truth when the pileup com-
ponent has been subtracted. This is done via a pileup label
that is typically binary, with a value of zero (one) for parti-
cles originating from the hard interaction (pileup). In cases
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Table 1 Monte Carlo 3
simulation samples used for Process Js (TeV) Pileup Events Purpose
optimizing, validating, and i 14 55-75 500k Training, Validation
testing the model. The training R . o
and validation samples are QCD pr € [15, 3000] GeV 14 55-75 500k Training, Validation
divided using an 80%/20% split, Z — tt all-hadronic 14 55-75 500k Training, Validation
respectively. The symbols —in tt 14 - 5M Training, Validation
the 3rd column represent R . L
samples generated without QCD pr € [15,3000] GeV 14 - 5M Training, Validation
pileup Z — tt all-hadronic 14 - 5M Training, Validation

tt 13.6 55-75 100k Testing

QCD pr € [15,3000] GeV 13.6 55-75 500k Testing

tt 13.6 - 200k Testing

QCD pr € [15,3000] GeV 13.6 - 200k Testing

where a target particle was split or merged, we compute an
energy-weighted pileup fraction per target particle.

We validate the MLPF target using inclusive tt, QCD mul-
tijet, and Z — 7t samples with pileup, confirming that the
particle distributions generally align well with the truth after
subtracting pileup contributions. The ttsample is shown in
Fig. 1. The apparent discrepancy in the low- p portion of the
particle and jet distributions is caused primarily by accep-
tance effects from the simulation and reconstruction, as very
soft simulated photons are typically not propagated further
through the detector simulation, or are not reconstructable
because they leave no detectable hits. The MLPF algorithm
does not aim to correct for these effects. The conclusions
from the other samples for the target validation are similar.
The dependence of the physics performance on the precise
target definition criteria can be further investigated in future
work.

5.2 Input features

The input features for each track include the track pt and
its uncertainty, the n and azimuthal angle ¢ (in radians) of
the particle momentum and their uncertainties (both at the
reference point, and extrapolated to the ECAL and HCAL),
the Cartesian momentum components, the electric charge,
the number of reconstructed hits in the track, and the coor-
dinates of the closest approach of the track to the nominal
beam line (vy, vy, v;). The polar angle 6, computed with
respect to the beam axis, and A = % — 6 [79], along with
their uncertainties, are also included. Providing redundant
angular variables such as n, 6, and A allows the model to
learn from representations with different numerical behav-
ior across detector regions. The model may use or disregard
these redundant inputs, and we do not expect their inclusion
to degrade the performance. Finally, if the track contains a
reference to a muon candidate, we also include the number
of hits in the drift tubes and cathode strip chambers in the
muon systems.
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For calorimeter clusters, the input features include the
Cartesian spatial coordinates (x, y, z), transverse energy
(ET), n, ¢, ECAL energy (EgcaL), HCAL energy (EncaL),
corrected energy and its associated uncertainty, and time and
its uncertainty. Additional features include the number of
hits in the cluster and the cluster size, defined as the energy-
weighted standard deviation of the hit positions in x, y, and
z. We also compute depth-dependent cluster shapes by eval-
uating the energy-weighted standard deviations in 1 and ¢ as
functions of the calorimeter layer (hit depth).

5.3 The MLPF algorithm

We design a transformer-based architecture using self-
attention [94] for PF reconstruction, where the model predicts
all reconstructed particles simultaneously in one inference
step, as opposed to sequential or iterative approaches. The
inputs to the model are the reconstructed tracks and calorime-
ter clusters in an event, each represented by a feature vector
x;, collectively forming the set of N PF elements X. The
model outputs reconstructed particle candidates y;, collected
into aset Y, and is trained to match the target set Y containing
target particles y;.

Each target particle y;, is characterized by the following
quantities: (1) its particle identification (PID), (2) its four-
momentum, parameterized as (pr, 1, sin¢, cos ¢, E), and
(3) a binary label « indicating whether the particle originates
from a pileup vertex. The latter serves solely to define the
pileup-free target and is not used during the training; actual
pileup mitigation is performed using the PUPPI algorithm.
The azimuthal angle ¢ is parameterized through sin ¢ and
cos ¢ to preserve the quadrant information. It may be bene-
ficial to investigate adding position-encoded features based
on 1 and ¢ to improve spatial disambiguation in the model.

Because the input and target sets generally have a different
number of elements, we define a per-particle loss function by
first assigning each target particle to exactly one unique input
element, referred to as its primary element. This assignment
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Fig. 1 Validation of the MLPF particle-level target, after removing the
contributions from the pileup particles, using ttsimulation with pileup.
The pr distribution of target particles and truth particles derived from
PYTHIA stable particles (upper left). The pr distribution of jets clustered
from each particle set (upper right). The jet response relative to particle-

is made from the set of target particles to the set of input ele-
ments (tracks or clusters), and is guided by physics-informed
heuristics: charged particles are assigned to their originating
tracks, and neutral particles to the calorimeter cluster where
they deposit most of their energy. For the case in which
multiple particles contribute to a single cluster, we merge
their energies and retain only a single particle type in the tar-
get, corresponding to the particle that deposited the largest

Pythia p'ss (GeV)

level jets (lower left). The target p%ﬁss as a function of the PYTHIA truth
p‘T“iSS (lower right). The target particle set, after removing the contri-
bution from pileup, generally aligns well with the pileup-free PYTHIA
truth

fraction of the energy. Although the underlying relationship
between simulation-level particles and reconstruction-level
inputs is inherently many-to-many, we empirically find that
enforcing a one-to-one assignment from each target parti-
cle to a single input element enables a stable and physically
meaningful loss function. This formulation also naturally
supports events with a variable number of particles.
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The per-particle loss function follows the MLPF approach
described in Refs. [22,24,25], and consists of three terms:
a binary classification 10ss Lisbinary Scaled by a factor of
B = 10, a multiclass PID classification loss L¢spp, and
a regression loss for the particle four-momentum Lyeg. The
total event reconstruction loss is computed as a sum over all
input tracks and clusters in an event:

L(Y, ?) = ZI:,B Lis-binary (Vi s Vi) + Leis-pio (Vi» 3i)
i ()
+ Lieg (yis 5’1)]

The Lcisbinary term quantifies whether the corresponding
track or cluster of the predicted particle is the primary ele-
ment for a given target particle and is implemented using
binary cross entropy, defined as the negative log-likelihood
for a Bernoulli-distributed target. The Ls-pip term quantifies
whether the predicted particle is classified correctly among
particle types (e.g., electrons vs. photons) and is computed
using focal loss [95] to address class imbalance by empha-
sizing harder-to-classify examples. The Lie, term quantifies
how well the predicted particle’s four-momentum compo-
nents are estimated. To efficiently parameterize the pt and
E losses, we transform the targets as:

target target
/o Pr [ E
Pr= log ( primary) , E =log <Eprimary> ’ @
Pr
where p%rimary and EPTMY refer to the pr and E of the asso-

ciated primary input element (track or cluster). The model
is trained to predict these transformed quantities, and the
regression loss is computed using the mean squared error
(MSE) between the predicted and target values:

Lieg(y. §) =y MSE(p}. pp) + v MSE(E', £)
+8MSE(), ) + s MSE(sin g, sing)  (3)
+ 8 MSE(cos ¢, cos ¢),

where y and § are weighting factors for the pr and
energy regression terms, and the angular regression terms,
respectively. These transformed quantities lie within a more
bounded range and are dimensionless, improving numerical
stability in the optimization [96].

However, this approach gives approximately equal weights
to particles with different energy scales, potentially under-
emphasizing high-pt contributions. To address this, we
apply a per-particle pr-dependent weighting factor y =

ptTarget to the pr and energy regression terms to empha-

size particles in the high-pt tails. We have observed that
this weight term improves the jet energy scale and resolu-
tion performance over the baseline. In addition, we apply the
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weighting factor § = 0.01 to ensure that the three loss com-
ponents are of comparable size during training. All three loss
terms are observed to converge smoothly, indicating that no
single component dominates the total loss.

The transformer architecture learns pairwise correlations
between all track and cluster pairs via scaled dot-product
attention (SDPA) [94]. In this mechanism, queries Q and
keys K are di-dimensional learned projections of the input
features, packed into N x dj matrices, and the attention matrix
is given by

A= softmax< “4)

KT
)
where the softmax operation is applied to normalize the atten-
tion weights such that they are positive and sum to unity for
each query. The element A;; represents the learned atten-
tion weight placed on the “key” input x; when updating the
features of the “query” input x;. Although SDPA provides
expressive pairwise interactions, it naively implies quadratic
scaling in the number of inputs N = |X| for both mem-
ory and computation time. To mitigate the quadratic cost,
we use FLASHATTENTION [97], an optimized attention ker-
nel that achieves near-optimal GPU performance while pre-
serving exact attention values, providing significant speedup
and memory reduction. The FLASHATTENTION kernel cir-
cumvents the need to materialize the full attention matrix
by fusing the attention computation with the softmax oper-
ation and performing the computation in small tiles directly
in fast on-chip memory, which significantly reduces memory
usage and enables faster computation. It is generally avail-
able pre-compiled for GPUs released after 2020, and can be
compiled by hand for older GPUs (e.g., Turing). However,
CPUs currently do not support FLASHATTENTION because of
the underlying hardware differences, but a fallback to the
naive attention formulation via matrix multiplication is pos-
sible.

The architecture is illustrated in Fig. 2, and is largely sim-
ilar to the previous version tested in CMS [24], apart from
replacing the GNN layers with transformer layers acceler-
ated using FLASHATTENTION. The input tracks and clusters
are each embedded into a 256-dimensional latent space using
simple feedforward networks (FFNs), allowing the model to
jointly attend to both input types. The embedded features
are processed by two parallel transformer encoders: one for
classification and one for regression, each comprising three
transformer blocks with a dimension of dypde] = 256, com-
prising Nheads = 16 heads with a head dimension dpeag = 16.
This allows the model to learn high-level correlations across
the event, similarly to the baseline PF block algorithm. Recti-
fied linear unit activations are applied after each linear layer,
and layer normalization is applied before each transformer
block to improve convergence and reduce hyperparameter



Eur. Phys. J. C (2026) 86:1025

Page 9 of 36 1025

Particle flow hit clustering
¥

MLPF module
Track and cluster features

Regression

Upstream reconstruction

Inputs features for MLPF

Classification
Initial embedding of tracks and clusters FFN FFN

Attention Attention

Attention Attention
Attention Attention
Decode to physical features FFN

4-momentum

Learnable object-to-object relations

Output particles

Jet reconstruction

Downstream reconstruction

Fig. 2 The neural network structure of the model. Input and output fea-
tures are visualized in purple. Pointwise FFNs are visualized in green,
and layers with full-event correlations in red. The last dimension con-
tains a binary output to predict the presence of a particle (Valid), multi-
class outputs for the PID, and the predicted momentum values

sensitivity [98]. Following the transformer encoders, six two-
layer FFN heads produce the final outputs. Two heads, fed
by the classification encoder, perform the binary primary tar-
get particle classification and multi-class PID. The remaining
four heads, fed by the regression encoder, are dedicated to
the regression tasks. Finally, the encoded representations are
decoded to predict particle candidates using the per-particle
loss defined in Eq. (1). At inference time, the set of predicted
particles is constructed by selecting the candidates with a
binary classification score above 0.5, and assigning them the
PID with the largest probability score and four-momentum
from the corresponding heads. While this paper focuses on
full event inputs, we note that it may be interesting to inves-
tigate partitioning the event before the correlation-building
layers to improve generalization while keeping edge effects
under control [29].

The model is trained end-to-end using an open-source
software repository [99] based on PYTORCH [100] (unmod-
ified version 2.7.1 with ROCM 6.2.4) on eight AMD MI250X
GPUs for ten epochs, requiring approximately six hours
per epoch. AMD GPUs were used due to their availability
on the LUMI HPC, while the training has also been con-
firmed to work equivalently on Nvidia GPUs. All loss compo-
nents — binary classification, PID, and regression — converge
smoothly with no signs of overfitting, as shown in Fig. 3,
and we currently see no benefit from additional training or
from additional self-attention layers in the model. The train-
ing time can be reduced by distributing the workload across
multiple GPUs using a simple data-parallel setup, along with
the appropriate scaling of the optimizer parameters. We use
the LAMB optimizer [101] suitable for large-batch optimiza-
tion, with an initial learning rate of 0.002, decaying to 0.0002
at the end of the training with a cosine annealing schedule.

The current model contains approximately 5.1 million train-
able parameters, which is of comparable size to the unified
particle transformer architecture used for flavor jet tagging in
CMS [102,103]. While the total number of training events is
currently limited by data set disk size and available comput-
ing resources, it is important to note that a single event with
pileup corresponds to roughly 5,000 input elements, provid-
ing substantial training information per event. Empirically,
we observe that increasing the data set size leads to improve-
ments in performance, particularly in the distribution tails.

6 Physics performance in simulation

The MLPF algorithm is validated directly using the offline
software on dedicated testing data sets, by replacing the stan-
dard PF reconstruction with MLPF, using the integration
described in Sect. 8. We compare the performance of PF and
MLPF in QCD multijet and tt samples in terms of particle-

level reconstruction, and the performance of jets and p?iss.

6.1 Particles

To characterize the reconstruction of individual particles,
we first apply a pt > 1GeV selection to both generator-
level PYTHIA particles and PF or MLPF candidates. This
ensures that we restrict the comparison to particles energetic
enough to produce detectable signals; as shown in Fig. 1,
generator-level particles below this threshold seldom appear
in the target set. The single particle distributions in p and
n, split by individual particle type, in tt samples is shown
in Fig. 4. We restrict the distributions to the central region
(In] < 2.4), where the detector is more granular and the
reconstruction is more complex because of the overlapping
tracker and calorimeters. Moreover, particle identification is
more reliable in this region, making it meaningful to show
separate distributions for each particle type. For the 1 distri-
bution, we increase the pt threshold to 5 GeV to suppress the
low- pt region, where discrepancies between generator-level
and reconstructed particles are more pronounced. Overall, we
observe a comparable level of performance between MLPF
and PF across most particle types. The stacked multiplic-
ity plot is intended to provide a qualitative illustration of the
global event composition rather than a detailed assessment of
the reconstruction performance for individual particle types.
To measure the particle-level efficiency and misidentifi-
cation rate, generator-level PYTHIA particles are matched to
PF or MLPF candidates within a cone of AR < 0.15, where
(An)? + (Ag)? denotes the angular distance in the

(n, @) plane. Matches are assigned uniquely by iteratively
pairing the closest unmatched generator-reconstructed parti-
cle pair in (1, ¢) space, ensuring that multiple matches do
not occur. We have explored variations of the matching cone
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Fig. 4 The particle pr (left) and n (right) distributions split by PID for MC particles (Gen), and PF and MLPF candidates in tt events. In the
forward region, the PF and MLPF algorithms do not attempt to identify particles, but instead reconstruct the deposits as either electromagnetic or

hadronic

size and found that the chosen AR threshold provides a rea-
sonable compromise that is small enough to avoid detector-
resolution effects dominating the matching, yet large enough
to prevent excessive overlap that would push the particle
matching into the jet-clustering regime. The efficiency is
defined as the fraction of generator-level particles that are
matched to any PF or MLPF candidate, while the misidenti-
fication rate is defined as the fraction of PF or MLPF candi-
dates that are not matched to any generator-level particle.
Figure 5 shows the efficiency and misidentification rate
for neutral hadrons in ttsamples. No PID requirement is
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applied during the matching. The MLPF algorithm achieves
improved neutral hadron efficiency while maintaining the
same misidentification rate as standard PF. In addition, the
energy regression of neutral particles is found to be consis-
tent between the two algorithms. For charged hadrons and
photons, MLPF achieves higher efficiency with a slightly
higher misidentification rate as a function of pt. For com-
pleteness, we note that MLPF exhibits a slightly lower effi-
ciency and misidentification rate for electrons compared to
PF, with a fraction of electrons being misreconstructed as
charged hadrons, particularly at low-pr. For isolated high-
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AR matching to generator-level particles. The MLPF algorithm gener-

pt electrons, the performance of PF and MLPF is nearly
identical. For muons, the efficiency and misidentification
rate are found to be similar between MLPF and PF. Finally,
we note that the dedicated electron and muon reconstruction
sequences, which take PF candidates as input in the stan-
dard CMS reconstruction chain, have not yet been retuned
for MLPF. Consequently, a detailed study of the performance
for isolated electrons and muons is left for future work.

The working point for particle classification in MLPF can
be tuned to enhance the efficiency vs. misidentification rate
for certain classes; however, in this work, we opt for a naive
assignment to the PID with the largest probability score. It is
important to note that these metrics are sensitive to fiducial
requirements, AR thresholds, and other factors, such as the
ambiguity of matching in dense environments.

6.2 Jets and p%‘iss

Jets are clustered using the anti-kT algorithm with distance
parameters R = 0.4 (AK4) and 0.8 (AKS), using either PF
or MLPF candidates within the offline software. Jet perfor-
mance in simulation is evaluated by matching reconstructed
jets to generator-level jets within a cone of AR < 0.2. For
both PF and MLPF jets, the PUPPI algorithm is applied on
top of the reconstructed particles to mitigate the effects of
pileup before the jet clustering is performed. Jet performance
is quantified using the jet response, defined as the ratio of
reconstructed jet pt and generator-level jet pr.

Particle pT*° (GeV)

ally has higher efficiency at a lower misidentification rate. The vertical
bars indicate the statistical uncertainties on the respective distributions

For jet performance, we focus on the region with || <
2.5, as this is the most relevant domain for PF studies due to
the simultaneous use of the tracker and calorimeters. Within
this central region, we derive jet energy corrections using
standard CMS jet energy calibration procedures to perform
the simulated response calibration for both PF and MLPF.
Events are first selected by requiring the longitudinal dis-
tance between the reconstructed PV and the generator-level
PV tobeless than 0.2 cm. The three most energetic generator-
level jets before calibration are then used for the subse-
quent response evaluation. Generator-level jets are matched
to reconstructed jets using an iterative matching procedure,
and the jet energy scale is calibrated by measuring the jet
energy response in bins of reconstructed-jet n and generator-
level jet pt. The calibration is performed separately for jets
clustered from PF and MLPF particle candidates. For each
bin, the median jet energy response is computed, and the
correction is taken as the inverse of this median, which is lin-
early interpolated between the surrounding bin centers. The
corrected jet pr distributions, shown in Fig. 6, are compati-
ble between PF and MLPF. Although the reconstructed jets
are brought closer to the generator-level spectrum through
the simulated response calibration procedure, perfect agree-
ment is not expected. Residual differences arise from stan-
dard reconstruction inefficiencies and from jet-identification
requirements applied only at reconstruction level.

As shown in Fig. 7, we observe a 10-20% improvement
in jet energy resolution with MLPF compared to standard PF
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uncertainties on Gen

for jets with pt between 30-100GeV. This improvement is
observed consistently in both tt and QCD multijet events,
demonstrating that the conclusions are robust across sam-
ples with different underlying physics processes. In the high-
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pt region, the relative improvement of MLPF decreases,
which we attribute to the limited number of high- pr train-
ing samples. Increasing the size of the training dataset has
been observed to improve the tails of the MLPF distribu-
tions, supporting this interpretation. Fine-tuning on dedicated
high-pT samples is therefore in principle possible and can
be performed by analyses that specifically target the boosted
regime. Finally, it is important to note that the MLPF model is
trained using a per-particle loss function and does not explic-
itly optimize jet-level observables; the resulting jet perfor-
mance is therefore a consequence of improved particle recon-
struction rather than a direct jet-level training objective. Fur-
ther improvements in jet energy resolution may be achieved
through dedicated downstream jet pt regression [104].

In this work, the binary and PID classification thresholds
in MLPF are not specifically optimized, and the balance
between jet efficiency and purity is therefore expected to
depend on the chosen threshold values. We also note that both
PF and MLPF have a stable jet resolution performance with
respect to pileup within the range tested here (55-75 pileup
interactions per event). In the forward region, the jet resolu-
tion is generally comparable between PF and MLPF, while
the efficiency is lower and the purity is higher for MLPF.
Moreover, tuning the model for the forward region is beyond
the scope of this study, as the algorithm will need to be re-
optimized for the HL-LHC era with the introduction of the
high-granularity endcap calorimeter (HGCAL) [70] and the
extended tracker coverage up to |n| < 4, which presents
additional advantages for tracks that extrapolate into the HF
region.

The performance of the pp"* reconstruction is evaluated
by comparing the uncalibrated pmISS computed using PF or
MLPF candidates, with the true, particle-level p‘{}iss. This
comparison is shown in Fig. 8 for both tt events containing
true prT‘“iSS from the primary event, and QCD multijet events
containing p?l“ only through secondary processes such as
rm bdecays or misreconstruction. We find the p'sS distri-
butions from PF and MLPF to be generally consistent, with
MLPF reconstructing a somewhat harder pm‘ss spectrum in
the tails.

Since the model is trained using a particle-level target
and does not explicitly optimize p%liss, the observed over-
all consistency, despite differences in the tails, indicates that
particle-level optimization captures global physics properties
of the event. The pm“s resolution can be improved through
dedicated downstream regression techniques, such as the
DEEPMET algorithm [105], which takes PF candidates as
input. This work does not attempt to replace such techniques,
but rather demonstrates that an ML-based reconstruction
can provide alternative particle-level inputs to which pmlss
regression methods can be applied.

miss
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7 Commissioning on data

The model was commissioned on a small sample of data
collected in 2024 during Run 3, as described in Sect.4. We
evaluate both PF (running on CPU) and MLPF (running on
GPU) within the CMS offline software framework on the
same dedicated machine. The results are shown in Fig. 9. A
dijet selection is applied to fully reconstructed events, requir-
ing atleast two central jets (|n| < 2.5) with pt > 60 GeV and
an azimuthal separation of A¢ > 2.7. This selection ensures
that we surpass the trigger efficiency turn-on region for the
subleading jet pr, which is required to have pt > 45GeV
at the trigger level. The jets are also required to pass the
jet identification criteria intended to reject misidentified or
poorly reconstructed jets based on the jet particle multiplic-
ity, and neutral and charged-particle energy fractions [106].
We find that MLPF and PF reconstruct comparable jet distri-
butions in data. The reconstructed dijet asymmetry distribu-
tions from PF and MLPF are found to be consistent, indicat-
ing that MLPF successfully reconstructs CMS data and pro-
duces realistic physics outputs. Because the dijet asymmetry,
in particular, is sensitive to the relative jet resolutions, this
agreement further demonstrates that PF and MLPF achieve
comparable jet-level performance. The MLPF-reconstructed
prTniss spectrum is somewhat harder, consistent with the trend
observed in simulation (Fig. 8). To deploy the MLPF algo-
rithm in production, further validation and comparison of the
re-reconstructed data with simulation is needed.

8 Integration in the CMS reconstruction

The MLPF model is exported to a static Open Neural Net-
work Exchange (ONNX) [107] file, freezing the weights and
computational graph of the model. This allows the model to
be loaded via the ONNXRUNTIME interface available in
the CMS offline reconstruction framework. To ensure effi-
cient inference in events with thousands of PF elements,
the FLASHATTENTION operation is exported as a fused ker-
nel within the ONNX graph, providing substantial mem-
ory and runtime improvements on Nvidia Ampere genera-
tion GPUs and newer. Using the transformer-based model
on full events generally requires an efficient FLASHAT-
TENTION kernel implementation, but the slower and more
memory-intensive fallback computation using naive matrix
multiplication is possible when an efficient kernel imple-
mentation is not available. At the time of writing, train-
ing with FLASHATTENTIONis supported in PYTORCH for
both Nvidia (e.g., Ampere/sm80 starting from PYTORCH
2.2) and AMD GPUs (e.g., MI200/g£x90a starting from
PYTORCH 2.3). Support for FLASHATTENTIONduring infer-
ence in ONNXRUNTIME is currently only available for Nvidia
GPUs (e.g., Ampere/sm80). This is not a fundamental hard-
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ware limitation, but rather one of software support. Imple-
mentations of FLASHATTENTIONexist for other accelerators,
e.g., Intel GPUs, but are currently only available in vendor-
specific versions of PYTORCH or ONNXRUNTIME rather than
in the main versions. We have tested the inference on both
Intel Xeon CPUs and Nvidia Ada Lovelace GPUs; broader
hardware support (e.g., AMD GPUs, and ARM proces-
sors) is possible by improving the kernel implementations
in ONNXRUNTIME.

The MLPF model is enabled in the CMS offline soft-
ware via a configuration flag that replaces standard PF recon-
struction with MLPF reconstruction, leaving other modules
untouched. The MLPF module takes tracks and clusters as
inputs, performs inference through ONNX, and converts the
model outputs to a list of particle candidates per event.
Notably, the MLPF approach does not replace upstream
tracking or cluster-building algorithms, which can efficiently
be handled by existing GPU-based modules. Subsequent
reconstruction modules in the CMS offline software, such as
those for jet clustering, charged hadron subtraction, and elec-
tron and tau reconstruction, can operate without modification
using the PF candidates output by MLPF. This integration
enables the production of standard CMS analysis data tiers,
allowing the model to be tested under realistic conditions,
including on data.

Runtime performance was evaluated using eight parallel
reconstruction jobs on a dual-socket Intel Xeon Platinum
8360Y CPU @ 2.40 GHz machine (144 hardware threads)
sharing a single 24 GB Nvidia L4 GPU. Each job ran eight
threads, with each thread executing a separate inference
stream. Standard PF runs on CPUs, while MLPF performs
inference on the GPU, executing synchronously on one event
at a time. In this configuration, one L4 GPU supported 64
parallel inference streams. Figure 10 shows the runtime per-
formance of standard PF compared to the MLPF inference,
directly within the CMS offline software using the native
ONNXRUNTIME on GPU, on Run-3 simulation samples with
55-75 simulated pileup interaction per event. The runtime is
measured for the complete PF reconstruction step by deter-
mining the time spent in the PF or MLPF module, includ-
ing event setup, transfer to GPU, inference, transfer back to
CPU, postprocessing the outputs to particles and storage in
the event container. The MLPF algorithm achieves an aver-
age runtime of 0.02 s per event, compared to 0.11 s per event
for standard PF. While the fraction of CPU time spent run-
ning PF with respect to the full offline reconstruction is rel-
atively small under Run-3 conditions, with increasing event
and detector complexity towards the HL-LHC, we expect
the computational complexity of full event reconstruction
to increase as well. We note that the runtime per event is
a simplified metric, and ultimately, one should benchmark
full-node event throughput to assess if a given algorithm
improves data processing efficiency. This work shows that we
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Fig. 9 Distributions of the leading jet pr corr (left), the dijet asymme-
try (center), and pf"** (right) in a small sample of dijet data collected
in Run 3. The distributions are largely compatible. The vertical bars

can offload the PF linking and reconstruction step from CPU
to GPU, thereby enabling computational accelerator usage
for PF reconstruction with a meaningful expected through-
put.

By correlating the event identifiers, we observe that the
MLPF inference time remains narrow and stable across
events, including those that are slow for PF, demonstrating
improved runtime scaling with increasing event complexity,
thanks in part to the FLASHATTENTION kernel. Overall, GPU
memory usage remains below 10 GB for 64 parallel inference
streams (roughly 150 MB of GPU RAM per one inference
stream). Since the model is fairly small, we observe an aver-
age GPU compute utilization of 5-10%. Linearly scaling the
memory usage, we extrapolate that one L4 GPU could sup-
port approximately 40 parallel inference threads at 200 pileup
interactions without additional memory optimizations. For
reference, the inference runtime of the model on Intel Xeon
Silver 4314 CPU @ 2.40 GHz using one thread is about a
few seconds, demonstrating the necessity of using acceler-
ators with optimized kernels for efficient ML inference in
these circumstances. Because of the iterative nature of the
baseline PF block and particle reconstruction algorithms, a
performant and fully-featured GPU implementation does not
exist for PF, therefore MLPF unlocks the use of GPUs for this
complex full-event reconstruction algorithm.

The current ML setup uses synchronous inference with-
out event batching and full floating point precision, except for
the FLASHATTENTION component, which runs in half preci-
sion. This leaves room for optimization through quantization,
pruning, and asynchronous or batched execution [31]. In this
work, we evaluate the inference performance using an Nvidia
L4 GPU, a successor to the T4 designed for power-efficient
ML inference in data-center environments. We have also
successfully used FLASHATTENTION for training on Nvidia
A100, H100 GPUs as well as AMD MI250X GPUs, demon-

Dijet asymmetry (pf - p3)/(p} +P%)

MLPF / PF

| ! | |
50 100 150 200 250 300

pY'** (GeV)

! ! !
0.3 0.4 0.5 0.6

indicate the statistical uncertainties on the respective distributions, and
the shaded bands in the ratio panel indicate the statistical uncertainties
on PF

strating the multi-vendor capability of the model. The MLPF
model produces fully reproducible outputs: evaluating the
same event multiple times on the same GPU yields identical
results, and CPU and GPU inference agree within numerical
precision. No stochastic components are used during infer-
ence, and no differences affecting physics performance are
observed.

9 Summary

A machine-learning (ML)-based algorithm for particle-flow
(PF) reconstruction in the CMS experiment has been pre-
sented. The algorithm correlates tracks and calorimeter clus-
ters using successive transformer layers, and outputs a list
of reconstructed particles with four-momenta and particle
identification values. The algorithm is functionally equiva-
lent to the standard PF algorithm currently used in CMS.
The model is trained on CMS Run-3 (2023-2024) full sim-
ulation data sets that include realistic pileup conditions, and
its performance is evaluated in simulated top quark-antiquark
(tt) and quantum chromodynamics multijet testing samples
across different experimental conditions, as well as on data
collected using a dijet trigger. To ensure computational effi-
ciency, the model avoids quadratic scaling in runtime and
memory by efficiently employing modern graphics process-
ing units (GPUs). The ML-based PF (MLPF) algorithm
achieves physics performance comparable to the standard
PF algorithm, while enabling GPU acceleration for full event
reconstruction within the CMS offline software framework.
Specifically, we observe improved neutral hadron efficiency
with MLPF while maintaining the same misidentification rate
as standard PF. For jets with pr between 30-100GeV in tt
events, we observe a 10-20% improvement in jet energy res-
olution compared to standard PF. The algorithm delivers a

@ Springer



1025 Page 16 of 36

Eur. Phys. J. C (2026) 86:1025

10/ CMS S/mu/at/on Run3 (13.6 TeV)
2 ‘ ‘ T3
c QCD multljets plleup 55 75
3. [ CMSSW_ 1505 1
O "9°F native ONNXRuntime E

8 jobs, 8 threads per job
-— PF,1PY=0.11s

i —— MLPF, I8PY-0.02s |
103: ev i

102

101; L""_ .
F Al 1
[ ]‘J:
L L T R - \\‘\ TR R L
10° 02 03 04 05
Runtime per event [s]
05 CMS S:mulat/on Run3 (13 6 TeV)
— 0.5 ——— »
£ | Qcb multuets plleup 55 75 =
&. [ CMSSW_150.5 S .3
%00_4; native ONNXRuntime 1 {0
w [ 8jobs, 8threads perjob .~ 1
5 I
= o3 R
0.2} 1 |
0.1 B
088 o1 oz 03 o0z o5 O

PF, 15V [s]

Fig. 10 The runtime of the baseline particle-flow reconstruction com-
pared to the MLPF inference, directly within the CMS offline software
using the native ONNXRUNTIME on GPU

per-event runtime of approximately 20 ms on an Nvidia L4
inference GPU, with 64 inference streams running in paral-
lel per GPU. We also observe improved runtime scaling with
event size compared to the standard PF algorithm, highlight-
ing the computational robustness of the approach.

While the MLPF algorithm has been successfully bench-
marked under Run-3 conditions, its primary motivation lies
in deployment at the high-luminosity upgrade of the LHC
(HL-LHC), where the increased event complexity and pileup
conditions demand both high physics performance and com-
putational scalability. To deploy MLPF in production at the
HL-LHC, several developments are foreseen. First, the model
must be retrained for the upgraded detector and higher pileup

@ Springer

conditions. Second, ensuring the portability of the inference
across different GPU generations and hardware vendors is
essential. Third, the model inference can be further opti-
mized through techniques such as sparse or block attention,
quantization, pruning, and asynchronous or batched execu-
tion. Finally, the physics performance and robustness can be
improved through additional training and extensive cross-
checks on a wide variety of simulated and data samples.
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