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Pileup, or the presence of multiple independent proton-proton collisions within the same bunch-
crossing, has been critical to the success of the LHC, allowing for the production of enormous
proton-proton collision datasets. However, the typical LHC physics analysis only considers a single
proton-proton collision in each bunch crossing; the remaining pileup collisions are viewed as an
annoyance, adding noise to the physics process under study. By independently reconstructing these
pileup collisions, it is possible to access an enormous dataset of lower-energy hadronic physics
processes, which we demonstrate using data recorded by the ATLAS detector during Run 2 of
the LHC. Comparisons to triggered alternatives confirm the ability to use pileup as an unbiased
dataset. The potential benefits of using pileup for physics are shown through the evaluation of the
jet energy resolution, derived from dijet asymmetry measurements, comparing single-jet-trigger-
based and pileup-based datasets.
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1. Introduction

The Large Hadron Collider (LHC) [1] provides proton-proton (pp) collisions in counter-rotating
beams to the ATLAS detector [2]. Inside the beams, the protons are grouped in bunches, which
can interact with each other when the beams are brought into collision in "bunch crossings" (BC),
containing on average 34 inelastic pp collisions in Run 2. In the vast majority of the BCs, only one
pp interaction causes the ATLAS trigger system to record the BC. After this, offline algorithms are
used to identify the vertex, which caused the trigger to fire, and the rest of the collisions in the same
bunch crossing are referred to as pileup. In normal trigger-based analyses only the triggering vertex
is used for further studies, while the pileup vertices are discarded. In contrast to this approach, a new
pileup-based dataset has been created consisting of individually reconstructed pileup vertices [3].
Instead of vetoing the pileup vertices, the triggering vertex is identified and discarded, leaving the
dataset trigger-unbiased. When compared with the single-jet triggers, the pileup dataset contains
more data when the leading jet 𝑝T is below roughly 65 GeV, being thus well suited for studies of
low energy hadronic processes.

2. Extraction of the jet energy resolution

The jet energy resolution (JER) measures the precision with which the energy of the jets can be
determined. The dijet balance technique [4] is the primary way of measuring the JER in ATLAS for
data recorded during Run 2. During this period, the data used for the dijet balance JER estimation
was collected using single-jet triggers, which are prescaled at low 𝑝T, meaning that they are active
only a certain fraction of the time. This limits the amount of data being recorded at low 𝑝T.
However, there is no such constraint for the pileup dataset, and thus it can be used to get access to a
large number of dijet events at low energies. A comparison between single-jet triggered and pileup
datasets, after all the analysis selections required for the dijet balance JER measurement, is shown
in Figure 1(a). In the lowest 𝑝T bin, the pileup data provides 50 times more dijet events compared
with the single-jet-trigger-based approach.

The JER is parameterized by the NSC function using knowledge of the response of sampling
calorimeters [5], which consist of three independent contributions: noise (𝑁), stochastic (𝑆) and
constant (𝐶) terms. The dijet balance technique using the single-jet triggered data, is sensitive to 𝑆

and𝐶 terms, while low statistics limit the 𝑁 term measurement. In Run 2, a complementary method
called random cones was used to measure the noise term directly [4]. The full JER measurement
was then obtained by performing the NSC fit to the points measured with the dijet balance method
with a constraint on the noise term derived from the random cones.

3. Results and Conclusions

A comparison was made between single-jet triggered and pileup datasets as recorded in 2017,
both using the dijet balance method to calculate the JER. The results generally agree between both
datasets on the overlapping 𝑝T regions, with only one discrepant bin at 𝑝avg

T ≈ 65 GeV, where 𝑝
avg
T is

the average 𝑝T of the two leading jets. Studies suggested that this discrepancy was a combination of
a statistical fluctuation in the pileup data and a jet selection related threshold effect in the single-jet
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triggered data. In order to benefit from the complementary statistical power of the datasets, a
simplified statistics-only combination was performed. The combination showed that adding the
pileup dataset improves the precision of 𝑁 by 40%, and 𝑆 by 20%, thus showcasing the higher
sensitivity at low 𝑝T achievable with this dataset. Another comparison was also made where the
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Figure 1: Number of events passing the selection criteria for the JER measurement (a) for the pileup and
single-jet triggered datasets. Combination of 2017 and 2018 pileup datasets with the corresponding NSC fit
(b) and as a reference the full JER measurement obtained by combining the single-jet triggered dijet balance
and random cones methods [3].

NSC fit was performed to the combined 2017 and 2018 pileup datasets. The fit result was compared
to the full JER extraction utilizing a combination of single-jet triggered dijet balance and random
cones methods. This is shown in Figure 1(b), and the fit to the pileup dataset agrees within the
uncertainties with the reference for the full 𝑝T range considered. This provides strong evidence that
the pileup dataset is trigger-unbiased, as the dijet balance measurement is sensitive to any mistakes
done during the pileup vertex selection and jet reconstruction.

References

[1] L. Evans and P. Bryant, LHC Machine, JINST 3 (2008) S08001.

[2] ATLAS Collaboration, The ATLAS Experiment at the CERN Large Hadron Collider, JINST 3
(2008) S08003.

[3] ATLAS Collaboration, Using pile-up collisions as an abundant source of low-energy
hadronic physics processes in atlas and an extraction of the jet energy resolution, arXiv
preprint arXiv:2407.10819 (2024) [2407.10819].

[4] ATLAS Collaboration, Jet energy scale and resolution measured in proton–proton collisions
at

√
𝑠 = 13 TeV with the ATLAS detector, Eur. Phys. J. C 81 (2020) 689 [2007.02645].

[5] R. Wigmans, Calorimetry: Energy Measurement in Particle Physics (2nd edition), Oxford
University Press (09, 2017), 10.1093/oso/9780198786351.001.0001.

3

https://doi.org/10.1088/1748-0221/3/08/S08001
https://doi.org/10.1088/1748-0221/3/08/S08003
https://doi.org/10.1088/1748-0221/3/08/S08003
https://arxiv.org/abs/2407.10819
https://doi.org/10.1140/epjc/s10052-021-09402-3
https://arxiv.org/abs/2007.02645
https://doi.org/10.1093/oso/9780198786351.001.0001

	Introduction
	Extraction of the jet energy resolution
	Results and Conclusions

