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This Letter presents a differential cross-section measurement of Lund subjet multiplicities, suitable for testing 
current and future parton shower Monte Carlo algorithms. This measurement is made in dijet events in 140 fb−1 of √
𝑠 = 13 TeV proton–proton collision data collected with the ATLAS detector at CERN’s Large Hadron Collider. 

The data are unfolded to account for acceptance and detector-related effects, and are then compared with several 
Monte Carlo models and to recent resummed analytical calculations. The experimental precision achieved in 
the measurement allows tests of higher-order effects in QCD predictions. Most predictions fail to accurately 
describe the measured data, particularly at large values of jet transverse momentum accessible at the Large 
Hadron Collider, indicating the measurement’s utility as an input to future parton shower developments and 
other studies probing fundamental properties of QCD and the production of hadronic final states up to the TeV-
scale.

1. Introduction

At particle colliders such as the Large Hadron Collider (LHC) at 
CERN, the high-energy quarks and gluons that are produced in hard-
scattering (HS) processes fragment and hadronise, producing collimated 
jets of hadrons in the final state [1]. Jets are complex objects; and jet 
substructure (JSS) probes a wide range of energy scales, providing a 
multi-faceted setting for tests of quantum chromodynamics (QCD) in 
the colinear limit [2]. Parton Shower Monte Carlo (PSMC) programs 
model the evolution of quarks and gluons produced in the HS into the 
low-energy hadrons that are observed experimentally, and are among 
the most widely-used theoretical tools in particle physics [3]. Modern 
PSMCs can adequately describe the bulk of LHC data, but predictions 
from different algorithms can disagree significantly for certain topolo-
gies or processes. Their formal accuracy is also limited in cases where 
subsequent emissions within the shower have commensurate energies 
or angles [4]: in such configurations, emissions beyond the initial one 
must be considered to obtain an accurate result. This lack of accuracy af-
fects the precision of data analysis, either through ad hoc comparisons of 
discrepant algorithms (e.g. Refs. [5–8]) or due to increased reliance on 

⋆ E-mail address: atlas .publications @cern .ch.
1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector and the 𝑧-axis along the beam 

pipe. The 𝑥-axis points from the IP to the centre of the LHC ring, and the 𝑦-axis points upwards. Polar coordinates (𝑟, 𝜙) are used in the transverse plane, 𝜙 being 
the azimuthal angle around the 𝑧-axis. The pseudorapidity is defined in terms of the polar angle 𝜃 as 𝜂 = − ln tan(𝜃∕2) and is equal to the rapidity 𝑦 = 1

2 ln
(

𝐸+𝑝𝑧𝑐
𝐸−𝑝𝑧𝑐

)

in the relativistic limit. Angular distance is measured in units of Δ𝑅 ≡√
(Δ𝑦)2 + (Δ𝜙)2.

particle-level correlations in simulation (e.g. with supervised Machine 
Learning techniques [9]).

There has been progress toward improved understanding of higher-
order QCD effects in PSMCs and the development of more accurate 
algorithms [4,10–19]. A necessary advancement for this effort is the in-
corporation of ‘double-soft’ splittings [20,21], which describe the emis-
sion of two soft gluons or a quark-antiquark pair, beyond tree-level in 
QCD [22–24]. These processes have been implemented in some existing 
PSMC programs [25–34], and are now being implemented in PSMCs 
with higher logarithmic accuracy [4]. The ‘Lund’ subjet multiplicity, or 
‘Lund multiplicity,’ is a JSS observable used to test for the inclusion 
of double-soft splittings [4]. For this purpose, it was calculated with 
analytical resummation at next-to-next-to-double-logarithmic (NNDL) 
accuracy in QCD in Refs. [35,36]. These predictions were used to as-
sess the implementation of these higher-order contributions within the 
general-purpose PanGlobal PSMC [11].

The Lund multiplicity counts the number of subjets in a jet’s angle-
ordered clustering history [35] above a specified requirement on the 
subjet’s transvese momentum relative to the jet core. This angular-
ordered clustering history is obtained by reclustering the jet’s con-
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Fig. 1. Schematic representation of a jet’s angle-ordered clustering history and 
the calculation of 𝑁Lund and 𝑁Primary

Lund . The emission labelled ‘5,’ drawn with 
a dashed line, fails the 𝑘𝑡 requirement and is not counted in the multiplicity 
calculation.

stituents with the Cambridge-Aachen (C/A) algorithm [37,38].1 The 
branches of the clustering history with lower and higher relative trans-
verse momentum at each step are respectively referred to as the ‘emis-
sion’ and ‘core’ of the jet, such that the transverse momentum of an 
emission relative to the jet core may be written as

𝑘𝑡 = 𝑝emissionT ⋅Δ𝑅(𝑝emission,𝑝core).

The Lund multiplicity is built from the picture of JSS based on the 
Lund jet plane [39,40], which has proved to be a powerful experimen-
tal tool: the Primary Lund jet plane was measured by the ATLAS, ALICE 
and CMS collaborations [41–43], was used to develop new identifica-
tion and calibration algorithms for boosted hadronically-decaying reso-
nances [44,45], and was used by the ALICE Collaboration to observe the 
dead-cone effect in QCD [46]. The Lund multiplicity may be counted ei-
ther in the full, fractal Lund jet plane (𝑁Lund) by following each branch 
of the clustering history, or along only the primary clustering sequence 
(𝑁Primary

Lund ). These schemes provide observables with different levels of 
sensitivity to perturbative and non-perturbative effects. A schematic rep-
resentation of this procedure for a jet with 𝑁Lund = 4 and 𝑁Primary

Lund = 2
is provided in Fig. 1. No measurement of the Lund multiplicity has been 
performed to-date. However, the related Cambridge multiplicity has an 
alternative definition of 𝑘𝑡 that is suitable for 𝑒+𝑒− annihilation, and was 
measured at LEP by the OPAL Collaboration [47]. New, precise mea-
surements of observables used to assess progress in PSMC development 
are also an important component of the collective effort to understand 
QCD in the colinear limit at the level necessary to fully exploit the LHC 
data [48].

This Letter presents a differential cross-section measurement of the 
Lund subjet multiplicity in dijet events using 140 fb−1 of √𝑠 = 13 TeV
proton–proton (𝑝𝑝) collision data collected by the ATLAS detector dur-
ing Run 2. The 𝑁Lund and 𝑁Primary

Lund distributions are measured differ-
entially in up to five bins of jet 𝑝T between 300 GeV–4500 GeV, and 
in relative-rapidity bins that separate in each event the more-forward 
and more-central of the two selected jets. These distributions are cor-
rected for detector effects using a regularized, iterative unfolding proce-
dure [49]. 𝑁Lund and 𝑁Primary

Lund are measured for eight different emission 

𝑘𝑡 requirements (where 𝑘𝑡 is required to be above 0.5 GeV, 1 GeV, 2 GeV, 
5 GeV, 10 GeV, 20 GeV, 50 GeV and 100 GeV), resulting in sixteen dif-
ferential measurements. The measured differential cross-sections as a 
function of 𝑁Lund and 𝑁Primary

Lund , along with their extracted mean val-
ues, are compared with state-of-the-art PSMCs. The average value of 
𝑁Lund is also compared with the recent next-to-leading-order (NLO) plus 
NNDL analytic prediction from Ref. [36]. Selected results are presented 
in the body of this Letter, but the complete differential measurement 
may be found as Supplemental Material, and digitally on the HepData 
platform [50,51].

2. The ATLAS detector

The ATLAS detector [52–54] is a general-purpose particle detector 
which provides nearly 4𝜋 coverage in solid angle. The inner tracking 
detector (ID) is inside a 2 T magnetic field and measures charged-
particle trajectories up to |𝜂| = 2.5. The innermost component of the 
ID is a pixelated silicon detector with fine granularity capable of re-
solving ambiguities inside the dense hit environment of jet cores [55], 
surrounded by silicon microstrip and transition radiation detectors. Be-
yond the ID are electromagnetic and hadronic calorimeters, from which 
topologically connected clusters of cells [56] are formed into particle-
flow objects [57] using extrapolated measurements of charged ID parti-
cles. A muon spectrometer incorporating three superconducting air-core 
toroidal magnets systems surrounds the calorimetry systems. An exten-
sive software suite is used in the reconstruction and analysis of real and 
simulated data, detector operations, and in the ATLAS trigger and data 
acquisition systems [58].

3. Reconstruction and event selection

Data passing the single-jet trigger selection [59,60] are recorded, and 
must satisfy the quality criteria described in Ref. [61]. The thresholds of 
these triggers varied depending on the data-taking period during Run 2, 
and some triggers are prescaled during data-taking. All triggers used 
to select data for this analysis are fully efficient in the regions where 
they are used. Events in data are reweighted by the appropriate prescale 
factor to recover a smoothly falling jet 𝑝T spectrum in the analysis.

Jets are reconstructed from particle-flow objects [57] using the 
anti-𝑘𝑡 algorithm with radius parameter 𝑅 = 0.4 [62,63]. Jets are cal-
ibrated such that the average detector-level jet energy scale (JES) 
matches that of the corresponding particle-level jets [7]. Both leading 
and subleading jets must have at least 𝑝T > 120 GeV and be within the 
ID acceptance (|𝑦jet| < 2.1). They must also satisfy a dijet balance re-
quirement of

𝑝leadingT < 1.5 × 𝑝subleadingT ,

suppressing possible background contributions and simplifying interpre-
tations of the final state in terms of a 2 → 2 process. Only the leading 
and subleading jets in selected events are included in this measurement.

ID tracks are used for this measurement to precisely reconstruct the 
trajectories of individual particles. This approach follows methodology 
of earlier measurements by ATLAS [41,64,65] and CMS [66,67], provid-
ing good experimental resolution of colinear splittings within the dense 
jet core where relevant angular scales are much smaller than the AT-
LAS calorimeter granularity. Tracks are required to have 𝑝T > 500 MeV
and to be matched to the reconstructed primary vertex with the largest 
sum of track 𝑝2T in the event [68]. All tracks within Δ𝑅 = 0.4 of selected 
anti-𝑘𝑡 jets are reclustered using the C/A algorithm. The clustering his-
tory of the jet is then iteratively declustered to obtain the Lund multi-
plicities, counting the splittings within the C/A sequence that satisfy the 
emission 𝑘𝑡 requirement. Once a splitting is encountered that fails the 
emission 𝑘𝑡 requirement, no additional splittings are considered for that 
branch. To account for contributions from neutral particles, the emission 
𝑘𝑡 reconstructed from stable charged particles is rescaled by the ratio of 
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the jet 𝑝T measured from stable charged and neutral constituents over 
the value of the jet 𝑝T measured only from its charged constituents:

𝑘𝑡 = (𝑝allT ∕𝑝chargedT )𝑘charged𝑡 .

As isospin is an approximate symmetry of the strong force, once the 
𝑘𝑡 value has been rescaled, the average difference between multiplici-
ties constructed using all interacting particles and only stable charged 
hadrons is expected to be smaller [41,67,69]. All multiplicities pre-
sented in this analysis, at detector- and particle-level, are computed in 
this way.

4. Simulated event samples

Dijet events were simulated to perform the unfolding and to compare 
with the measured cross-sections.

Pythia8.230 [70,71] is used as the nominal MC generator for this 
analysis, and is also referred to here as the ‘nominal’ simulation. Sam-
ples of 2 → 2 dijet events were simulated using the A14 tune [72], the 
Lund string hadronisation model and the NNPDF2.3lo [73] leading-
order (LO) parton distribution function (PDF) set. The Pythia parton 
shower (PS) algorithm uses a dipole-style 𝑝T-ordered evolution, and its 
renormalisation and factorisation scales were set to the geometric mean 
of the squared transverse masses of the outgoing particles. EvtGen [74]
was used to model decays of heavy-flavour hadrons.

Two sets of Sherpa2.2.5 [75] dijet events were simulated with the 
default AHADIC cluster hadronisation model [76] or with the Sherpa
interface to the Lund string hadronisation model as implemented in
Pythia6.4, and its decay tables. These samples include LO matrix el-
ement calculations for 2 → 2 processes, and use the Sherpa parton 
shower algorithm based on Catani–Seymour dipole subtraction [77]. 
The CT14nnlo next-to-next-to-leading-order (NNLO) PDF [78] set is 
used for matrix element calculations and CT10 is used for multi-parton 
interactions (MPI) [79].

Two additional sets of Sherpa2.2.11 samples were generated using 
2 → 2MEs and the CT10 PDF set, with either the default 𝑝T-ordered [77]
or the alternative Dire [80] PS algorithms. These samples use an up-
dated set of tuned parameters for the cluster hadronisation model [81]. 
The Dire sample is of particular interest in the context of this analy-
sis, as it incorporates some aspects of higher-order splitting functions in 
QCD [32], although not at the level of NLL accuracy [11].

A sample of Herwig 7.1.3 [82–84] multijet events was generated 
with the MMHT2014nlo PDF set [85], default cluster hadronisation 
model and the default angle-ordered PS. This sample models 2 → 2 ma-
trix elements with NLO accuracy and 2 → 3 matrix elements with LO 
accuracy. The parton shower was matched to the matrix element calcu-
lation using the MC@NLO matching scheme [86,87], and the 𝑝T of the 
leading jet is taken as the renormalisation scale.

A sample of dijet events with NLO matrix element accuracy were pro-
duced with Powheg v2 [88–90] using the dijet process implemented in
PowhegBox v2 [91], matched to the Pythia8 parton showers config-
ured similarly to the corresponding sample described above. The renor-
malisation and factorisation scales in these samples were set to the 𝑝T
of the underlying Born-level configuration.

An additional Sherpa3 prediction was provided by the authors of 
Ref. [18] using LO 2 → 2 MEs and the Alaric PS [18,92], extended 
to cover initial-state radiation. This sample uses CT14NNLO PDFs and 
Lund string hadronisation via an interface to Pythia8. The Alaric PS is 
the successor to the Dire algorithm, and replaces explicit angle-ordering 
with a differentially-accurate simulation of the dependence of soft gluon 
splitting functions on azimuthal angles that is NLL-accurate.

All generated events used in the unfolding and its associated uncer-
tainties were passed through a full detector simulation [93] based on
Geant4 [94] and overlaid with simulated minimum-bias interactions 
generated using Pythia8 with the A3 tune [95] and NNPDF2.3lo PDF 
set [73] to represent the effect of multiple 𝑝𝑝 interactions in the same 
and neighbouring bunch crossings (‘pile-up’). The distribution of the 

average number of pile-up interactions in simulation was reweighted 
during data analysis to match that observed in Run 2 data. Additional 
details of the MC samples used in this measurement may be found in 
Ref. [96].

5. Unfolding procedure

Data are unfolded to correct for detector biases, resolution, and ac-
ceptance effects by applying iterative Bayesian unfolding [49], as im-
plemented in RooUnfold [97], with four iterations. The number of 
iterations was selected based on a comparison of the modelling, sta-
tistical and data-driven non-closure uncertainties (described later, in 
Section 6) to minimise the total uncertainty in the measured cross-
sections. The nominal Pythia MC sample is used to unfold the data. 
Unfolding corrects the multiplicities reconstructed from detector-level 
objects to charged-particle level. Charged particles and jets at the parti-
cle level are defined similarly to those at the detector level. Particle-level 
jets are reconstructed using all stable particles with a lifetime 𝜏 in the 
laboratory frame such that 𝑐𝜏 > 10 mm and the same anti-𝑘𝑡 algorithm. 
The same kinematic requirements as for detector-level jets are imposed 
on these jets; charged particles with 𝑝T > 500 MeV within Δ𝑅 = 0.4 of 
the cores of particle-level jets are used to calculate 𝑁Lund and 𝑁Primary

Lund , 
and the emission 𝑘𝑡 is also scaled by the ratio of the jet 𝑝T computed 
with charged and neutral particles to that computed with only charged 
particles.

Jets at detector-level and particle-level that are uniquely matched 
based on their geometrical proximity (via a matching based on Δ𝑅) 
are used to construct a response matrix, mapping migrations of the mea-
sured observables between detector- and particle-level. Unmatched jets 
are accounted for with purity and efficiency corrections, respectively ap-
plied before and after the regularized inversion of the response matrix. 
For each multiplicity observable measured in this analysis, this matrix 
is constructed differentially in the observable itself, and also in bins of 
jet 𝑝T and two bins of relative jet rapidity ordering that contain the 
more-central and more-forward jet of each dijet system. This separation 
in rapidity is performed to allow the unfolding to properly account for 
underlying differences between the jet energy scale and fragmentation 
modelling caused by the different fractions of quark- and gluon-initiated 
jets in the more-central and more-forward rapidity bins. An additional 
𝑝T bin from 240–300 GeV is included in the unfolding to reduce the size 
of the purity and efficiency corrections in the fiducial region, such that 
they are below 10%. Unfolded distributions are normalized to the num-
ber of selected jets in a given 𝑝T and relative-rapidity bin, rendering the 
analysis insensitive to the total jet cross-section and therefore enabling 
a more precise measurement of the multiplicity distribution’s shape.

Since the multiplicity is an integer observable: 𝑁Lund and 𝑁Primary
Lunddistributions are unfolded using unit-width bins to simplify the cal-

culation of the average values for different emission 𝑘𝑡 requirements. 
After unfolding, the distributions are rebinned (by grouping unit-width 
bins) based on the detector resolution to obtain the measured differ-
ential cross-sections. Rebinning regularizes the reported distributions, 
ensuring that they are insensitive to sub-detector-resolution effects and 
unfolding biases from the steeply-falling distribution in wide bins [98]. 
The mean values of ⟨𝑁Lund⟩ and ⟨𝑁Primary

Lund ⟩ are computed from the 
finely-binned distributions; averaging the distribution is another form 
of regularisation. Studies using alternative methods, such as unfolding 
with the coarse measurement bins, or fitting the coarsely-binned dis-
tributions and applying a binning correction to determine the mean, 
showed that no significant differences in either the measured values or 
their uncertainties occur from using the rebinning approach selected for 
this analysis.

6. Uncertainties

Experimental systematic uncertainties are evaluated by indepen-
dently propagating variations from each source through unfolding 



Physics Letters B 859 (2024) 139090

4

The ATLAS Collaboration

(defining new purity and efficiency corrections and a new response 
matrix), then comparing the varied and nominal results. JES uncertain-
ties [99] cause migrations between jet 𝑝T bins and multiplicity bins 
due to the charged-to-all particles scaling applied to the emission 𝑘𝑡 , 
typically amounting to 2 − 4%. Track reconstruction uncertainties are 
considered by modifying the measured track 𝑝T or removing them com-
pletely [55,100]. Additional uncertainties are also included to account 
for differences in the tracking efficiency in the dense core of jets [55]. 
These uncertainties are typically below 2% but increase for smaller 𝑘𝑡
requirements. Other experimental uncertainties related to the modelling 
of pile-up and the stability of the measurement across data-taking peri-
ods are negligible. A data-driven non-closure uncertainty that accounts 
in-part for possible bias due to regularisation in the unfolding procedure 
(labelled ‘Unfolding’ in Figs. 2 and 3) is determined by unfolding the 
simulated detector-level distribution following a reweighting based on 
a comparison of this distribution with the data [101]; this uncertainty 
is smaller than 2% and never dominant.

The choice of the parton shower and hadronisation models used for 
the unfolding procedure can affect the efficiency/purity corrections, re-
sponse matrix, and unfolding prior. These contributions are estimated by 
unfolding with response matrices constructed with the Sherpa2.2.11 
AHADIC and Herwig 7.1 angle-ordered samples. The component of this 
uncertainty related to modelling of the unfolding prior is omitted in this 
procedure, as it is estimated in a data-driven way when estimating the 
non-closure uncertainty. As the correlation between these uncertainty 
sources is unknown, the effect of changing the nominal model on each is 
assessed separately, then added in quadrature for each MC. An envelope 
constructed from the uncertainties determined using these alternative 
samples is taken as the final uncertainty; the contribution from Herwig
is usually the largest. To avoid double-counting of modelling effects re-
lated to the JES, which are accounted for separately, the JES of these 
samples is re-calibrated to match that of the nominal Pythia sample. 
This correction is applied separately for quark- and gluon-initiated jets 
in simulation, as labelled by the highest-energy parton that is associ-
ated to the particle-level jet [102]. The uncertainty due to the choice 
of nominal MC model ranges from 2 − 10%, and is the largest source of 
uncertainty in the measurement for both the differential cross-sections 
and extracted average multiplicities.

Statistical uncertainties due to the finite size of the data and MC 
samples are evaluated with Poissonian pseudo-experiments [103] re-
spectively for the data prior or response matrix, purity and efficiency 
factors during unfolding. They are less than 1% throughout the mea-
surement except in the tails of multiplicities.

7. Results

A representative selection of the measured differential cross-section 
as a function of 𝑁Lund and 𝑁Primary

Lund is presented in Fig. 2, where the un-
folded data are compared with several PSMCs. Most of the studied MC 
models do not describe the shape of the measured data well, showing 
two patterns of disagreement from small to large multiplicity values. 
For multiplicities with small 𝑘𝑡 requirements, significant data-to-MC 
disagreements are generally observed at both low and high multiplic-
ities. The total uncertainty on the measured differential cross-sections 
decreases with increasing 𝑘𝑡, and depends on the jet 𝑝T bin. It is typically 
between 2 − 5% in the bulk and 5 − 30% in the tails of the multiplicity 
distributions.

The Herwig angle-ordered PS provides the best overall description 
of both of the observables, once the emission 𝑘𝑡 is perturbative (≥ 1GeV) 
and for all configurations in the bulk of the multiplicity distributions. 
For smaller 𝑘𝑡 requirements (𝑘𝑡 ≤ 1 GeV), the Sherpa2.2.11 and DIRE 
setups do best in the high-multiplicity tail, where non-perturbative con-
tributions can be significant (Figs. 2(a) and 2(b)). With larger 𝑘𝑡 re-
quirements, most models show a similar decreasing pattern (Figs. 2(c) 
and 2(d)). In these cases, the best performing model tends to change 
from the Sherpa samples to the Herwig sample as the multiplicity in-

creases. The Sherpa sample using the Alaric PS is found to behave sim-
ilarly to the other Sherpamodels in this region, where non-perturbative 
contributions are not significant.

Even for the largest 𝑘𝑡 requirements that can be best-probed in 
high-𝑝T jets, such as the 𝑘𝑡 ≥ 50 GeV results from the bin of jet 𝑝T be-
tween 1000 GeV and 1250 GeV shown in Fig. 2(e) and 2(f), the Herwig
sample performs best.

The distributions of ⟨𝑁Lund⟩ and ⟨𝑁Primary
Lund ⟩ are shown in Fig. 3

as a function of the emission 𝑘𝑡 requirement, for jets with 𝑝T above 
300 GeV. The agreement between the unfolded data and MC models is 
qualitatively similar for both observables. The uncertainty on the mea-
sured average multiplicity values as a function of emission 𝑘𝑡 is between 
0.5 − 2% for ⟨𝑁Lund⟩ and 0.5 − 4% for ⟨𝑁Primary

Lund ⟩, increasing with jet 
𝑝T. The level of precision for ⟨𝑁Lund⟩ is sufficient, for instance, to dis-
tinguish the next-to-double-logarithm (NDL) and NNDL predictions of 
Ref. [36].

Regions of the observable sensitive to non-perturbative effects can 
be determined by studying the relative separation of the Sherpa pre-
dictions with cluster- and string-based hadronisation models [41]: they 
disagree for 𝑘𝑡 ≤ 5 GeV and are compatible elsewhere. The Pythia
and Powheg+Pythia PSMCs are found to underestimate the measured 
⟨𝑁Lund⟩ data in the perturbative region. The Sherpa Dire model, which 
includes some treatment of higher-order splitting functions, performs 
best among the Sherpa setups here, but also underestimates the aver-
age value in data. The Herwig sample has the best overall agreement for 
both observables, and is found to be compatible with the unfolded data’s 
uncertainty throughout both the perturbative and non-perturbative re-
gions of the measurement. The Pythia, Powheg+Pythia and Sherpa
Alaric samples overestimate the average multiplicity at low 𝑘𝑡 (<
1 GeV), although the Sherpa2.2.5 Lund sample shows good agreement 
in this region.

The analytic prediction from Ref. [36] at NLO matched to NNDL re-
summation (labelled ‘NLO+NNDL+NP’) was provided by the authors, 
and is also compared with the ⟨𝑁Lund⟩ values shown as a function of 
𝑘𝑡 in Fig. 3(a), 3(c), and 3(e). This prediction includes non-perturbative 
corrections computed by taking the ratio of the prediction in MC simu-
lations at hadron-level with multi-parton interactions, and at parton-
level without multi-parton interactions, following the prescription in 
Ref. [69]. This introduces an additional source of theoretical uncertainty 
that accounts for the experimental use of charged particles. Both the 
non-perturbative correction and its associated uncertainty are small for 
𝑘𝑡 > 2 GeV, but grow rapidly for smaller values where non-perturbative 
effects become more important.

Agreement between the central value of this prediction and the un-
folded data is good in the region where perturbative effects are most 
relevant (𝑘𝑡 ≥ 5 GeV), and is competitive with the best PSMC models 
in the lowest bins of jet 𝑝T. The uncertainty on the prediction, dom-
inated by the contribution from theoretical scale variations for emis-
sion 𝑘𝑡 ≥ 5 GeV, covers the difference between the prediction’s cen-
tral value and the measured data. As the jet 𝑝T increases, the central 
value of the NLO+NNDL+NP prediction increasingly underestimates the 
⟨𝑁Lund⟩ distribution; this is most pronounced for low 𝑘𝑡 requirements 
(𝑘𝑡 ≤ 10 GeV). In this region, while they are still compatible within the 
theoretical uncertainty, the difference between the measured data and 
the prediction’s central value approaches 10%: this is larger than the 
observed disagreement between the measured data and PSMC samples.

8. Summary

In summary, this Letter presents a differential cross-section mea-
surement of Lund subjet multiplicities in dijet events with 140 fb−1 of √
𝑠 = 13 TeV 𝑝𝑝 collision data collected with the ATLAS detector at the 

Large Hadron Collider. Multiplicities are calculated by reclustering the 
jets’ constituents with the C/A algorithm, then counting the emissions 
above a specified 𝑘𝑡 requirement in the full clustering tree or its primary 
branch. These observables are reconstructed using ID tracks within jets 
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Fig. 2. A representative measured differential cross-section of (a,c,e) 𝑁Lund and (b,d,f) 𝑁Primary
Lund for an emission 𝑘𝑡 requirement of (a,b) 1 GeV, (c,d) 10 GeV and (e,f) 

50 GeV. The data are shown in an inclusive bin of jet rapidity and a bin of jet 𝑝T between either (a-d) 500-750 GeV or (e,f) 1000-1250 GeV. The unfolded data are 
compared with several MC predictions, and the total uncertainty on the data is indicated by a shaded grey region. The middle panel shows a ratio of the predictions 
to the measured data, and the bottom panel summarizes the various systematic uncertainties in each bin.
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Fig. 3. (left) ⟨𝑁Lund⟩ and (right) ⟨𝑁Primary
Lund ⟩ are shown as a function of the emission 𝑘𝑡 requirement, 𝑘𝑡,cut. The unfolded data are compared with several MC 

predictions in (a,b) an inclusive 𝑝T bin above 300 GeV, (c,d) a 𝑝T bin between 500 GeV and 750 GeV and (e,f) a 𝑝T bin between 1250 GeV and 4500 GeV. The 
⟨𝑁Lund⟩ distribution is also compared with an analytic NLO+NNDL+NP prediction with additional non-perturbative corrections, depicted as a solid line, provided 
by the authors of Ref. [36]. The total uncertainty on the data and the NLO+NNDL+NP prediction are indicated as shaded regions. The middle panel shows a ratio 
of the predictions to the measured data, and the bottom panel summarizes the various systematic uncertainties in each bin.
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to probe finer angular scales. Acceptance and detector effects are ac-
counted for using an iterative Bayesian unfolding procedure.

The measurement is made for increasing requirements on the subjet 
𝑘𝑡, and the average multiplicity value for each 𝑘𝑡 requirement is also ex-
tracted for comparison with PSMC and analytic predictions. Out of many 
PSMC setups that were studied, a Herwig sample generated with the de-
fault angle-ordered PS is found to agree best overall with the measured 
data for both the multiplicity distributions and their extracted average 
values. Several recent Sherpa setups describe the differential multiplic-
ity distributions best when more non-perturbative emissions are allowed 
(𝑘𝑡 < 2 GeV). Other PSMC models often fail to accurately describe the 
measured data, indicating the utility of this measurement as an input to 
future parton shower developments.

The resummed analytic prediction presented in Ref. [36] was found 
to be in good agreement with the measured data in the perturbative 
region of the measurement (𝑘𝑡 > 2 GeV), particularly for jets with low 𝑝T
(e.g. between 300 GeV and 500 GeV). In this region, the performance of 
this prediction matches that of the best PSMC models that were studied. 
As the jet 𝑝T increases, the performance of this prediction deteriorates, 
and it is found to underestimate the measured data in the highest 𝑝T
bins. This illustrates the important role of JSS measurements targeting
such effects at the LHC, where access to high-energy jets provides a 
complement to existing fragmentation measurements made at lower-
energy facilities such as LEP and HERA.

A Rivet routine is available for this measurement [104], and the mea-
sured data points have been made publicly available [50] as an input 
to future parton shower developments and other studies probing funda-
mental properties of QCD and jet formation at the TeV-scale.
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