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Abstract

Measurements of the internal properties of jets at the LHC interaction scale allow QCD
to be studied in a new energy regime. In this talk, we discuss recent measurements
of jet substructure and jet fragmentation, which were performed using data collected
by the ATLAS experiment at a centre-of-mass energy of

p
s = 13 TeV. The fragmentation

properties of jets, such as the jet charge and summed fragmentation function, are mea-
sured using charged particles. A comprehensive suite of jet substructure observables
is also measured for jets reconstructed with the soft-drop algorithm applied. In addi-
tion, a measurement of the Lund plane is performed using charged particles. All of the
measurements are corrected for detector effects and are compared to the predictions of
state-of-the-art Monte Carlo event generators.

1 Introduction

Measurements of jet substructure and jet fragmentation at the LHC are powerful tools to study
QCD at the high-energy regime. These measurements provide sensitivity to basic aspects of the
Monte Carlo simulation (MC) such as the parton shower (PS) and the hadronisation models,
as well as allowing for tests of analytical predictions where soft-gluon resummation is im-
plemented beyond leading logarithm. Experimentally, these measurements provide a useful
insight to understanding the differences between quark- and gluon-initiated jets. These differ-
ences are key for reducing experimental uncertainties on the jet energy scale and resolution,
which are typically dominant in physics analyses using final states containing jets such as, for
instance, Higgs boson and top-quark decays. This work presents measurements of jet fragmen-
tation using charged particles [1], substructure observables for jets groomed with the soft-drop
algorithm [2] and a measurement of the Lund jet plane using charged particles [3]. All mea-
surements use data from the ATLAS detector [4] at a centre-of-mass energy of

p
s = 13 TeV.

The measurements are compared to state-of-the-art MC predictions as well as to fixed-order
theoretical predictions, and an interpretation in terms of the different properties of quark- and
gluon-initiated jets is provided.

1Copyright 2021 CERN for the benefit of the ATLAS Collaboration. Reproduction of this article or parts of it is
allowed as specified in the CC-BY-4.0 license.
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2 Measurement of jet fragmentation using charged particles

Jet fragmentation is a key aspect of QCD. Its measurements do not only provide an important
insight on the modelling of hadron production within jets, but also a handle to understand the
composition of jet production at the LHC. Quark- and gluon-initiated jets have different inter-
nal structure and fragmentation properties due to the larger colour factors of gluons. Since, for
a given transverse momentum, quark jets tend to have a more forward rapidity distribution,
the study of central and forward jets in dijet samples can help to disentangle both jet types.

The measurement of jet fragmentation using charged particles [1] is performed using dijet
events reconstructed using the anti-kt algorithm [5] with R = 0.4. Events with at least two
jets with pT > 60 GeV and |η| < 2.1 are selected and, in order to ensure a good momentum
balance between the two leading jets, the ratio of their transverse momenta is required to
fulfil p(1)T /p

(2)
T < 1.5, where the indices 1 and 2 indicate the leading and subleading jets, re-

spectively. Charged particles with pT > 50 MeV lying within ∆R =
p

∆y2 +∆φ2 = 0.4 from
the jet axis, where y is the rapidity and φ the azimuth, are selected and used to build the
fragmentation observables. Two jet subsamples containing the more forward and more cen-
tral jets from among the two leading jets in each event are selected, and their fragmentation
properties are studied.

A set of variables sensitive to the fragmentation functions including the number of charged
particles, the momentum fraction of charged particles with respect to the jet and the radial
profile of the energy distribution of the charged particles, are measured for both the more
central and the more forward jets. Since both subsamples are combinations of quark- and
gluon-initiated jets in different proportions, they can be disentangled on average by solving
the following system of linear equations:

(

h f
i = f f

q hq
i + (1− f f

q )h
g
i

hc
i = f c

q hq
i + (1− f c

q )h
g
i .

(1)

The parameters h f
i and hc

i in Eq. 1 represent the values for the i-th bin of a given distribution
for the more forward and more central jets, respectively, which are combinations of the quark
and gluon values hq

i and hg
i . The coefficients f x

q and f x
g are the fractions of quarks and gluons

in sample x (central or forward), respectively, and are obtained from MC simulation. Figure 1
shows the extracted quark and gluon distributions of the charged particle multiplicity for 1 TeV
< pT < 1.2 TeV, as well as the average value of the charged particle multiplicity as a function
of the jet pT for quark and gluon jets.

The average number of charged particles is compared to next-to-next-to-next-to-leading-order
(NNNLO) predictions in QCD as well as to the MC predictions by PYTHIA [6] for both quark
and gluon jets. For high values of the jet pT, it is observed that both the NNNLO QCD and the
LO+PS PYTHIA predictions largely overestimate the number of charged particles in gluon jets.
The description of quark jets is more accurate, although it underestimates 〈nch〉 at low pT and
overestimates it at high pT.

3 Measurement of soft-drop jet observables

Jet grooming techniques systematically remove soft and wide-angle radiation from the jet con-
stituents. They are largely used at the LHC to remove contamination from sources different
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Figure 1: Distribution of the number of charged particles within the jet for quark and
gluon jets with 1 TeV < pT < 1.2 TeV (left). Average value of the number of charged
particles 〈nch〉 within quark and gluon jets as a function of the jet pT (right) [1].

from the hard scattering, such as pileup or multiple parton interactions. The so-called soft
drop algorithm [7] is one of these techniques which has been successfully used for the calcu-
lation of resummed theoretical predictions beyond leading-logarithm [8].

The measurement of soft-drop observables [2] is performed in dijet events, where both jets
are clustered using the anti-kt algorithm with R = 0.8 and are required to be well balanced
(p(1)T /p

(2)
T < 1.5). The jet substructure inputs, either charged-particle tracks or calorimeter

clusters are reclustered using the Cambridge-Aachen (C/A) algorithm [9] and the last step
of the merging is undone, producing two subjets. The pair is evaluated using the soft-drop
condition:

min(pT1, pT2)
pT1 + pT2

> zcut

�

∆R12

R

�β

. (2)

If the condition in Eq. 2 does not hold, the subjet with the lowest pT is removed and the pro-
cedure is repeated for the highest pT subjet until the condition is satisfied.

Figure 2 shows the dimensionless mass parameter ρ = log
�

m2/p2
T

�

, where m is the groomed
mass, compared to MC predictions by PYTHIA, SHERPA [10] and HERWIG++ [11], as well as
with analytical predictions at fixed order with resummation implemented beyond leading log-
arithm. Among the parton shower MC predictions, PYTHIA gives the best description, while
HERWIG++ fails to describe the data for low values of ρ. The analytical predictions agree well
with the data in the regions where non-perturbative effects are small. Predictions without
non-perturbative corrections applied fail to describe the data for low values of ρ, where these
effects are important.

4 Measurement of the Lund jet plane using charged particles

The emission pattern of soft gluons with respect to hard partons can be characterized by the
momentum fraction z of the emission with respect to the hard emitting parton and the opening
angle θ between the gluon and the radiating parton. The so-called Lund plane [12] is a two-
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Figure 2: Distribution of the dimensionless mass parameter ρ for events with
plead

T > 300 GeV (left), compared to MC predictions by PYTHIA, SHERPA and HER-
WIG++. Distribution of ρ for events with plead

T > 600 GeV (right) compared to ana-
lytical predictions. Jets entering both distributions are groomed using the soft-drop
algorithm with β = 2 [2].

dimensional representation of these two observables, more precisely of ln (1/z) and ln (1/θ ).
Recently, a jet-based analog to the Lund plane, obtained by declustering the jet history starting
by the hardest subjet, has been proposed [13].

The measurement of the Lund jet plane [3] is performed in events with at least two jets clus-
tered with the anti-kt algorithm with R = 0.4, with a good momentum balance between the
two leading jets (p(1)T /p

(2)
T < 1.5). All charged-particle tracks reconstructed within ∆R = 0.4

from the jet axis are reclustered using the C/A algorithm and the clustering history is reversed
and examined. For each splitting, the hardest subjet is designated as the ‘core’ while the softest
subjet is designated as the ‘emission’, and the momentum fraction z and angular distance ∆R
are defined as:

z =
pemission

T

pcore
T + pemission

T

; ∆R2 = (ycore − yemission)
2 + (φcore −φemission)

2.

The results are presented as a function of ln (R/∆R) and ln (1/z). The plane spanned by the
two variables presents different regions, each of them being sensitive to a different physical
effect. While the lower-left corner of the plane is sensitive to the hard, wide angle radiation
pattern, the region close the main diagonal (zθ ' ΛQCD) is sensitive to hadronisation effects.
Other soft non-perturbative effects such as the underlying event or multiple parton interac-
tions are represented in the region above the main diagonal.

Figure 3 shows the two-dimensional probability density as a function of both variables, as well
as the distribution of ln (1/z) for 0.67 < ln (R/∆R) < 1.00, compared to MC predictions by
PYTHIA, POWHEG+PYTHIA [14], SHERPA with two different hadronisation models (clusters and
strings) and HERWIG 7 [15] with two different parton-shower algorithms, one angle-ordered
and one dipole-based. None of these MC predictions describe the data well in all phase-space
regions.
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Figure 3: Two-dimensional probability density as a function of ln (R/∆R) and ln (1/z)
(left) and distribution of ln (1/z) for 0.67< ln (R/∆R)< 1.00 (right) [3].

5 Conclusions

Measurements of jet substructure and jet fragmentation in pp collisions at
p

s = 13 TeV using
the ATLAS detector are presented. The results are compared to state-of-the-art Monte Carlo
predictions, as well as to fixed-order analytical predictions with resummation implemented
beyond the leading-logarithm approximation. In general, MC predictions would benefit of
further tuning in order to describe the data fully in all regions of the phase space. Analytical
predictions are in reasonable agreement with the data in the regions where non-perturbative
effects are negligible, or once corrected for these effects.

The properties of quark- and gluon-initiated jets are extracted from the data for the analy-
ses on jet fragmentation and soft-drop observables. This allows for a better understanding of
the properties of both jet types and can help to constrain experimental uncertainties on jet
energy scale and resolution.
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