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Recent developments in hadronic object reconstruction and calibration in the ATLAS experiment
at the Large Hadron Collider have led to significant improvements in jet performance. Advances
at the jet input level, including enhanced topo-cluster performance through cell timing cuts and
novel machine learning techniques, enable reconstructing jets with improved precision. Innovative
approaches, including the use of single-particle measurements to calibrate the jet energy scale, the
use of pile-up collisions to improve the precision of the jet energy resolution at low transverse mo-
mentum, and machine-learning—based techniques to correct jets originating from bottom quarks,
provide unprecedented accuracy in jet measurements. These advancements promise substantial

benefits for a wide range of forthcoming analyses involving jets.
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1. Introduction

Hadronic decays of particles are observed as collimated sprays of particle referred to as jets. Jets
can be reconstructed in multiple different ways and using signals from different detector subsystems
in the ATLAS experiment [1] at the Large Hadron Collider (LHC) [2]. The inputs for the jet
reconstruction are a set of four-momentum vectors that are clustered with anti-k, algorithm [3],
and can represent a single light quark if radius parameter R = 0.4 (small-R) is used, or a hadronic
decay of massive particle, such as top quark or W, Z or Higgs boson, if R = 1.0 (large-R) is used.
Inputs for the jet reconstruction can be solely from the calorimeter to form calorimeter jets, or
combination of calorimeter and tracker signals, which can form small-R Particle-flow jets [4] and
large-R, so-called "Unified flow object” jets [5]. Recently, multiple different advancements have
been made in reconstructing and calibrating hadronic objects. Improvements related to formation
and calibration of calorimeter jets formed from topological clusters are discussed in Section 2,
while the improvements on general jet calibration methods jets are discussed in Section 3.

2. Topological clusters

Physics objects are reconstructed from calorimeter signals by forming topologically connected
clusters of calorimeter cells, referred to as topo-clusters [6]. This approach aims to extract significant
energy deposits from background fluctuations, such as pile-up and electronic noise, capturing the
three-dimensional structure of particle showers.

2.1 Improving cluster reconstruction with cell timing

Formation of topo-clusters is affected by signals originating from previous or future bunch
crossings, which are referred to as out-of-time pile-up. This effect arises because proton—proton
collisions occur every 25 ns, whereas the readout time of some calorimeter subsystems exceeds
this interval. To mitigate this effect, a calorimeter-cell timing criterion is added to the clustering
algorithm, which selects only input signals arriving to the calorimeter within a given cell time
teel [7]. Multiple cell time values were tested with both Run 2 data and simulations, and preferred
value of |fcenn| < 12.5 ns was chosen. As a delayed calorimeter signal can arise from a long-lived
particle, as predicted by several theories for physics Beyond the Standard Model, the cell timing
selection is deactivated for calorimeter signal with significance larger than 20 compared to the
expected cell noise level.

With this selection, the out-of-time contributions from pile-up jets were reduced by about 50%
for jets with pt ~ 20 GeV and about 80% for jets with pr > 50 GeV. A modest improvement in the
jet energy resolution, up to approximately 5%, was observed for jets with transverse momenta in
the range 20 GeV < pt < 30 GeV. Pile-up contributions are also suppressed for electrons, photons,
and tau leptons reconstructed from topo-clusters, and the calorimeter cell timing selection has been
incorporated into the Run 3 offline reconstruction.

2.2 Precision calibration of calorimeter signals with machine learning

The calorimeter signals are calibrated to accurately measure the energy deposited by electro-
magnetic showers, and are not compensated for the energy lost in hadronic showers. On average,
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this will lead to smaller signal for hadrons compared to electrons and photons with the same energy.
In order to compensate the energy losses of hadronic showers in topo-clusters, a local hadronic
calibration is applied [6]. In this approach, all the calibration and correction scale factors are taken
from multi-dimensional lookup tables, which are constructed using simulations of the detector
response to single particles. As a result, the calibration scale factors are non-smooth with step-like
transitions between the bins and the correlations between the observable are reduced to average
relations. Thus, a new Bayesian neural network (BNN) approach is explored, which yields a a
continuous and smooth calibration function, with a benefit of estimating uncertainties on calibrated
topo-cluster energies [8].

The BNN estimates the response of a topo-cluster, along with its associated uncertainty, based
on a set of 15 features characterizing the cluster. These features are chosen for their ability to capture
variations related to the signal source at the cluster location, their sensitivity to detector-specific
signal formation effects, such as the shower depth, and their dependence on the pile-up conditions.
The quality of the resulting calibrations is evaluated in terms of its prediction power, signal linearity
and local relative energy resolution. The BNN calibration achieves near-perfect signal linearity
in regions previously limited by low-energy topo-clusters and improves the cluster-level energy
resolution relative to the standard ATLAS calibration at low energies.

3. Jet calibration

The goal of the jet calibration is to adjust the reconstructed jet four-momentum such that, on
average, it matches the corresponding particle-level four-momentum. Calibration of the average
pr to the truth-scale is referred to as jet energy scale (JES), while jet energy resolution (JER) is
the width of this distribution. The JES calibration is applied in a sequence of steps, and starts
with simulation-based corrections, taking into account multiple effects such overlapping energy
from pile-up interactions, energy losses in dead material and angular biases. The final step of the
calibration chain is in situ corrections, which correct for any remaining differences between the
data and simulation, and are commonly derived using momentum balance between a well-measured
reference object and a jet.

3.1 Precise jet energy scale calibration from single-particle measurements

Since jets are built from individual particles, the JES and its uncertainties can be inferred
from single-particle response measurements [9]. The single-particle response is determined as the
ratio of the calorimeter energy E to the momentum p of its associated isolated track (E/p). The
JES is then inferred from the ratio of the total jet energy before and after correcting the individual
particle energies to the truth scale using the measured single-particle E/p responses. Usually, the
in situ JES is derived exploiting pr-balance in Z/y+jet events. However, this approach becomes
statistically limited at high pt, and using single-particle responses become beneficial. During
Run 1, only pre-data-taking test-beam measurements were available for this purpose, whereas in
Run 2 sufficiently large data sets made it possible to exploit isolated single pions from hadronic
7-lepton decays in W boson events.

A good agreement is observed between the single-particle E/p method and the traditional pr-
balance method, as shown in Figure 1(a). The E/p-based approach provides improved jet energy
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scale (JES) uncertainties for jets with pp > 200 GeV. The uncertainties associated with the two
methods are largely independent, allowing their combination to further reduce the total uncertainty.
The combined result yields a significant improvement in the JES precision across the entire p range,
as illustrated in Figure 1(b). This represents the most precise jet energy measurement achieved by
ATLAS to date, with up to a factor of four improvement at high pt. The results presented here are
obtained using standard small-R jets with a radius parameter of R = 0.4. However, since the E/p
technique relies on constituent-level information, the JES can also be derived for other jet radii. In
the study, jet radius parameters ranging from R = 0.2 to R = 1.0 were explored.
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Figure 1: Comparison of data-to-MC JES response ratios from pr-balance based in situ and single-particle
(E/p) methods (a). Fractional JES uncertainty on the data-to-MC response from in-situ calibration, showing
the new and earlier recommended uncertainty (b) [9].

3.2 Using pile-up collisions for precise measurement of jet energy resolution

In most LHC analyses, only a single proton—proton collision per bunch crossing is considered,
while additional pile-up interactions are treated as background noise. However, by independently
reconstructing these pile-up collisions, a large dataset of lower-energy hadronic interactions can be
accessed. This approach is demonstrated using ATLAS Run 2 data, and comparisons with triggered
samples confirm that pile-up can serve as an unbiased dataset [10]. The potential of this method
is illustrated through measurements of the JER, obtained from dijet asymmetry measurements
comparing single-jet-trigger and pileup-based samples.

After accounting for analysis selection effects, the pileup dataset provides superior statistical
precision for average transverse momenta below 65 GeV and offers up to 50 times more data than
single-jet triggers for jet energy resolution measurements at very low pr, as shown in Figure 2(a).
The extracted JER is compatible with previous ATLAS measurements and improves the statistical
precision of the dijet balance method at low pr, as demonstrated in Figure 2(b). Altogether,
these results demonstrate a robust understanding of pileup interactions within the ATLAS detector
and highlight the viability of using pileup collisions as a trigger-unbiased dataset, opening new
opportunities for low-energy hadronic physics studies at the LHC.
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Figure 2: Number of events passing the selection criteria for the JER measurement (a) for the pile-up and
single-jet triggered datasets. Combination of 2017 and 2018 pileup datasets with the corresponding JER-
parameterization fit (b) and as a reference the full JER measurement obtained by combining the single-jet
triggered dijet balance and random cones methods [10].

3.3 Constituent-based b-jet calibration with machine learning

Due to the presence of heavy hadron decays at secondary vertices and a relatively large
semileptonic branching ratio, b-jets exhibit distinctive signatures compared to light-flavour jets.
These decays can produce muon—neutrino pairs, where the energy of the muon is not accounted
for in the jet clustering, resulting in a radiation pattern that differs from those of light quarks and
gluons. The nominal ATLAS jet calibration does not account for these b-jet specific effects, and to
address this, a new regression method based on transformer neural networks has been deployed to
improve b-jet calibration [11]. Two dedicated transformer-based neural networks, one for small-R
jets and one for large-R jets, are trained to predict an additional simulation-based correction for
b-jets on top of the nominal ATLAS jet calibration, enhancing both the response and the resolution.

In both cases, the new calibration brings the median pt response closer to the unity when
compared to the nominal results. For small-radius jets, a relative improvement in resolution of
18-31% is observed compared to the nominal calibration, depending on the transverse momentum.
For large-radius jets, both the transverse momentum and mass resolution are improved by 25-35%.

4. Conclusions

Hadronic object reconstruction and calibration remain a highly active area of development in
the ATLAS experiment at the LHC. Significant improvements at the jet input level, including more
accurate topo-cluster calibration through cell timing cuts and novel machine learning techniques,
have been achieved. These advancements, along with new datasets, enable unprecedented precision
in JES and JER measurements, such as using E/p for JES, exploiting pileup for JER at low p, and
applying ML-based b-jet calibration. Altogether, these developments provide substantial benefits
for upcoming analyses involving jets.
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