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particle momenta are measured by a series of tracking detec-
tors covering a range1 of |η| < 2.5 and immersed in a
2 T axial magnetic field, providing measurements of the
transverse momentum, pT, with a resolution σpT/pT ∼
0.05 % × pT/GeV ⊕ 1 %. Electromagnetic and hadronic
calorimeters surround the tracking detector, with forward
calorimeters allowing electromagnetic and hadronic energy
measurements up to |η| = 4.5. A detailed description of the
ATLAS detector can be found in Ref. [34].

This measurement uses the dataset of pp collisions
recorded by the ATLAS detector in 2012, corresponding to an
integrated luminosity of 20.3 fb−1 at a center-of-mass energy
of

√
s = 8 TeV. The data acquisition and object/event selec-

tion are described in detail in Ref. [35] and highlighted here
for completeness. Jets are clustered using the anti-kt jet algo-
rithm [36] with radius parameter R = 0.4 implemented in
FastJet [37] using as inputs topological calorimeter-cell clus-
ters [38], calibrated using the local cluster weighting (LCW)
algorithm [39,40]. An overall jet energy calibration accounts
for residual detector effects as well as contributions from
multiple proton–proton collisions in the same bunch cross-
ing (pileup) [41] in order to make the reconstructed jet energy
correspond to an unbiased measurement of the particle-level
jet energy. Jets are required to be central (|η| < 2.1) so that
their charged particles are within the |η| < 2.5 coverage of
the tracking detector. Events are further required to have at
least two jets with pT > 50 GeV and only the leading two jets
are considered for the charged-particle multiplicity measure-
ment. To select dijet topologies where the jets are balanced
in pT, the two leading jets must have plead

T /psublead
T < 1.5,

where plead
T and psublead

T are the transverse momenta of the
jets with the highest and second-highest pT, respectively. The
jet with the smaller (larger) absolute pseudorapidity |η| is
classified as the more central (more forward) jet. A measure-
ment of the more forward and more central average charged-
particle multiplicities can exploit the rapidity dependence of
the jet type to extract information about the multiplicity for
quark- and gluon-initiated jets as is described in Sect. 6. The
more forward jet tends to be correlated with the parton with
higher longitudinal momentum fraction x , and is less likely
to be a gluon-initiated jet.

Tracks are required to have pT ≥ 500 MeV, |η| < 2.5, and
a χ2 per degree of freedom (resulting from the track fit)
less than 3.0. Additional quality criteria are applied to select
tracks originating from the collision vertex and reject fake

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 upward. Cylindrical coordinates (r,φ)
are used in the transverse plane, φ being the azimuthal angle around the
beam pipe. The pseudorapidity is defined in terms of the polar angle
θ as η = − ln tan(θ/2). The variable &R =

√
(&φ)2 + (&η)2 is a

measure of how close two objects are in the (η,φ) plane.
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Fig. 1 The distribution of the number of reconstructed tracks asso-
ciated with a jet (not unfolded) in three example jet pT ranges: 50
GeV< pT < 100 GeV, 100 GeV< pT < 200 GeV, and 1 TeV< pT <
1.2 TeV for data and for Pythia 8 and Herwig++ predictions. The
simulated samples are described in Sect. 3. The data points have sta-
tistical uncertainties which in all bins are smaller than the marker size.
There is one entry per jet

tracks reconstructed from random hits in the detector. In
particular, tracks are matched to the hard-scatter vertex by
requiring |z0 sin(θ)| < 1.5 mm and |d0| < 1 mm, where
z0 and d0 are the track longitudinal and transverse impact
parameters, respectively, calculated with respect to the pri-
mary vertex. Tracks must furthermore have at least one hit in
the silicon pixel detector and at least six hits in the semicon-
ductor microstrip detector. The matching of tracks with the
calorimeter-based jets is performed via the ghost-association
technique [42]: the jet clustering process is repeated with the
addition of ‘ghost’ versions of measured tracks that have the
same direction but infinitesimally small pT, so that they do
not change the properties of the calorimeter-based jets. A
track is associated with a jet if its ghost version is contained
in the jet after reclustering. The distribution of the number of
tracks in three representative jet pT ranges is shown in Fig. 1.
The number of tracks increases with jet pT and the data fall
mostly between the distributions predicted by Pythia and
Herwig++ Monte Carlo simulations.

3 Event simulation

Monte Carlo (MC) samples are used in order to determine
how the detector response affects the charged-particle mul-
tiplicity and to make comparisons with the corrected data.
The details of the samples used are shown in Table 1. The
sample generated withPythia 8.175 [43] using the AU2 [44]
set of tuned parameters (tune) and the Herwig++ 2.6.3 [45]
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particle momenta are measured by a series of tracking detec-
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calorimeters surround the tracking detector, with forward
calorimeters allowing electromagnetic and hadronic energy
measurements up to |η| = 4.5. A detailed description of the
ATLAS detector can be found in Ref. [34].
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to be a gluon-initiated jet.
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a χ2 per degree of freedom (resulting from the track fit)
less than 3.0. Additional quality criteria are applied to select
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Fig. 1 The distribution of the number of reconstructed tracks asso-
ciated with a jet (not unfolded) in three example jet pT ranges: 50
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1.2 TeV for data and for Pythia 8 and Herwig++ predictions. The
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tracks reconstructed from random hits in the detector. In
particular, tracks are matched to the hard-scatter vertex by
requiring |z0 sin(θ)| < 1.5 mm and |d0| < 1 mm, where
z0 and d0 are the track longitudinal and transverse impact
parameters, respectively, calculated with respect to the pri-
mary vertex. Tracks must furthermore have at least one hit in
the silicon pixel detector and at least six hits in the semicon-
ductor microstrip detector. The matching of tracks with the
calorimeter-based jets is performed via the ghost-association
technique [42]: the jet clustering process is repeated with the
addition of ‘ghost’ versions of measured tracks that have the
same direction but infinitesimally small pT, so that they do
not change the properties of the calorimeter-based jets. A
track is associated with a jet if its ghost version is contained
in the jet after reclustering. The distribution of the number of
tracks in three representative jet pT ranges is shown in Fig. 1.
The number of tracks increases with jet pT and the data fall
mostly between the distributions predicted by Pythia and
Herwig++ Monte Carlo simulations.

3 Event simulation

Monte Carlo (MC) samples are used in order to determine
how the detector response affects the charged-particle mul-
tiplicity and to make comparisons with the corrected data.
The details of the samples used are shown in Table 1. The
sample generated withPythia 8.175 [43] using the AU2 [44]
set of tuned parameters (tune) and the Herwig++ 2.6.3 [45]
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Fig. 5 The jet pT dependence of a the difference in the average
charged-particle multiplicity (ptrack

T > 0.5 GeV) between the more
forward and the more central jet. The band for the data is the sum in
quadrature of the systematic and statistical uncertainties and the error
bars on the data points represent the statistical uncertainty. Bands on the
simulation include MC statistical uncertainty. The jet pT dependence
of b the average charged-particle multiplicity (ptrack

T > 0.5 GeV) for
quark- and gluon-initiated jets, extracted with the gluon fractions from
Pythia 8.175 with the CT10 PDF. In addition to the experimental uncer-

tainties, the error bands include uncertainties in the gluon fractions from
both the PDF and ME uncertainties. The MC statistical uncertainties on
the open markers are smaller than the markers. The uncertainty band
for the N3LO pQCD prediction is determined by varying the scale µ by
a factor of two up and down. The markers are truncated at the penulti-
mate pT bin in the right because within statistical uncertainty, the more
forward and more central jet constituent charged-particle multiplicities
are consistent with each other in the last bin

and therefore the curve is normalized in the second pT bin
(100 GeV< pT < 200 GeV) where the statistical uncertainty
is small. The predicted scale dependence for gluon-initiated
jets is consistent with the data within the uncertainty bands
while the curve for quark-initiated jets is higher than the data
by about one standard deviation.

7 Summary

This paper presents a measurement of the pT dependence of
the average jet charged-particle multiplicity in dijet events
from 20.3 fb−1 of

√
s = 8 TeV pp collision data recorded

by the ATLAS detector at the LHC. The measured charged-
particle multiplicity distribution is unfolded to correct for the
detector acceptance and resolution to facilitate direct com-
parison to particle-level models. Comparisons are made at
particle level between the measured average charged-particle
multiplicity and various models of jet formation. Signifi-
cant differences are observed between the simulations using
Run 1 tunes and the data, but the Run 2 tunes for both
Pythia 8 and Herwig++ significantly improve the mod-
elling of the average ncharge. Furthermore, quark- and gluon-
initiated jet constituent charged-particle multiplicities are
extracted and compared with simulations and calculations.
As expected, the extracted gluon-initiated jet constituent
charged-particle multiplicity is higher than the corresponding
quantity for quark-initiated jets and a calculation of the pT-
dependence accurately models the trend observed in the data.

The particle-level spectra are available [68] for further inter-
pretation and can serve as a benchmark for future measure-
ments of the evolution of non-perturbative jet observables to
validate MC predictions and tune their model parameters.
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[Mikołaj Ćwiok, Moriond QCD, 2007]
  

Jet algorithms (1)Jet algorithms (1) 2020

Latest Jets Results from the Tevatron   −   Mikolaj Cwiok    −  20 March 2007

‣ Before 2007
• Durham/Jade (LEP)

• Cambridge/Aachen (LEP)

• kT (HERA)

• midpoint-cone (Tevatron)

‣ In 2008, the LHC was ready  
to ramp up to 14 TeV
• ATLAS and CMS were eager  

to start with data taking using  
cone-type jet algorithms
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Abstract: The kt and Cambridge/Aachen inclusive jet finding algorithms for hadron-

hadron collisions can be seen as belonging to a broader class of sequential recombination

jet algorithms, parametrised by the power of the energy scale in the distance measure. We

examine some properties of a new member of this class, for which the power is negative.

This “anti-kt” algorithm essentially behaves like an idealised cone algorithm, in that jets

with only soft fragmentation are conical, active and passive areas are equal, the area

anomalous dimensions are zero, the non-global logarithms are those of a rigid boundary

and the Milan factor is universal. None of these properties hold for existing sequential

recombination algorithms, nor for cone algorithms with split-merge steps, such as SISCone.

They are however the identifying characteristics of the collinear unsafe plain “iterative

cone” algorithm, for which the anti-kt algorithm provides a natural, fast, infrared and

collinear safe replacement.

Keywords: Jets, QCD, Hadronic Colliders.
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Abstract

At high-energy colliders, jets of hadrons are the observable counterparts of the perturbative concepts of quarks and gluons. Good procedures for
identifying jets are central to experimental analyses and comparisons with theory. The kt family of successive recombination jet finders has been
widely advocated because of its conceptual simplicity and flexibility and its unique ability to approximately reconstruct the partonic branching
sequence in an event. Until now however, it had been believed that for an ensemble of N particles the algorithmic complexity of the kt jet
finder scaled as N3, a severe issue in the high multiplicity environments of LHC and heavy-ion colliders. We here show that the computationally
complex part of kt jet-clustering can be reduced to two-dimensional nearest neighbour location for a dynamic set of points. Borrowing techniques
developed for this extensively studied problem in computational geometry, kt jet-finding can then be performed in N lnN time. Code based on
these ideas is found to run faster than all other jet finders in current use.
 2006 Elsevier B.V.

1. Introduction

Partons (quarks and gluons), are the concepts that are cen-
tral to discussions of the QCD aspects of high-energy colli-
sions such as those at the Fermilab Tevatron and the future
Large Hadron Collider (LHC) at CERN. Quarks and gluons,
however, are not observable, and in their place one sees jets,
collimated bunches of high-energy hadrons which are the re-
sult of the fragmentation and hadronisation of the original hard
(high-energy) partons. Today’s limited understanding of non-
perturbative QCD is such that it is not currently possible to pre-
dict the exact patterns of hadrons produced. Instead one makes
predictions in terms of quarks and gluons and relates these to
observations in terms of hadron jets.

Naively, jets are easily identified—one simply searches for
bunches of collimated hadrons. However, to carry out accurate
comparisons between parton-level predictions and hadron-level
observations one needs a well-defined ‘jet-finding’ procedure.
The jet-finder is applied both to perturbatively predicted par-
tonic configurations and to observed hadronic configurations

* Corresponding author.
E-mail address: salam@lpthe.jussieu.fr (G.P. Salam).

and one then directly compares distributions for the predicted
partonic jets and the observed hadronic jets. Though partonic
and hadronic jets are not equivalent, there is strong evidence
(theoretical [1] and experimental [2]) that the comparison can
be performed with controlled accuracy.

Insofar as jet-finding is an approximate attempt to invert
the quantum mechanical processes of QCD branching and
hadronisation, it is not a unique procedure. Various kinds of
jet-finders have been proposed, among them cone-type [1,3]
and sequential-clustering [4–7] jet-finders (for alternatives, see
[8–11]).

Cone jet-finders are the most frequently used at the Teva-
tron. They are based on identifying energy-flow into cones in
(pseudo)rapidity η = − ln tan θ/2 and azimuth φ, together with
various steps of iteration, merging and splitting of the cones
to obtain the final jets. Cone jet-finders tend to be rather com-
plex, different experiments have used different variants (some
of them infrared unsafe), and it is often difficult to know exactly
which jet-finder to use in theoretical comparisons.

In contrast, the cluster-type jet-finders, generally based on
successive pair-wise recombination of particles, have simple
definitions and are all infrared safe (for reviews see [12,13]).
We shall focus here on the most widely used of them, the kt jet-
finder [5], defined below. Among its physics advantages are (a)

0370-2693  2006 Elsevier B.V.
doi:10.1016/j.physletb.2006.08.037
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‣ At the same time, important  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FIG. 1. The data (D) dijet mass distribution (filled points)
fitted using a binned background (B) distribution described
by Eqn. 1 (histogram). The predicted q∗ signals [2, 3] for
excited-quark masses of 500, 800, and 1200 GeV are over-
laid, and the bin-by-bin significance of the data-background
difference is shown.

each ν, the backgrounds in the bins bνi were evaluated
from a simultaneous five-parameter fit of the signal and
background distributions to ensure that the background
determination would not be biased by the presence of
any signal. The four background parameters were those
in Eqn. 1; the fifth parameter consisted of the normaliza-
tion of the predicted νth q∗ signal template. To avoid ac-
ceptance bias, the lowest q∗ test mass used was 300 GeV.
For every q∗ mass, Eqn. 2 was computed for a range of
possible signal yields, s, and the resulting likelihood func-
tion was multiplied by a flat prior in s to give a posterior
probability density in s. The 95% probability region was
then determined by integration of the posterior proba-
bility distribution. This Bayesian technique was found
to yield credibility intervals that corresponded well with
frequentist confidence intervals. This was verified by per-
forming a series of pseudo-experiments to determine, by
way of a standard frequentist calculation, the coverage,
or the fraction of times that the 95% Bayesian credibility
interval contained the true number of signal events.
The dominant sources of systematic uncertainty, in de-

creasing order of importance, were the absolute jet en-
ergy scale (JES), the background fit parameters, the in-
tegrated luminosity, and the jet energy resolution (JER).
The JES uncertainty was quantified as a function of pT
and ηjet, with values in the range 6 ∼ 9% [20, 33, 34].
The jet calibration relied on the MC simulation of the
response of the ATLAS detector; its uncertainty was con-
strained by varying the ATLAS simulation and from in

situ information. The systematic uncertainty on the de-
termination of the background was taken from the uncer-
tainty on the parameters resulting from the fit of Eqn. 1
to the data sample. The uncertainty on σ · A due to
integrated luminosity was estimated to be ±11% [35].
The JER uncertainty was treated as uniform in pT and
ηjet with a value of ±14% on the fractional pT resolu-
tion of each jet [36]. The effects of JES, background
fit, integrated luminosity, and JER were incorporated
as nuisance parameters into the likelihood function in
Eqn. 2 and then marginalized by numerically integrating
the product of this modified likelihood, the prior in s,
and the priors corresponding to the nuisance parameters
to arrive at a modified posterior probability distribution.
In the course of applying this convolution technique, the
JER was found to make a negligible contribution to the
overall systematic uncertainty.
Figure 2 depicts the resulting 95% CL upper limits on

σ ·A as a function of the q∗ resonance mass after incorpo-
ration of systematic uncertainties. Linear interpolations
between test masses were used to determine where the
experimental bound intersected with a theoretical pre-
diction to yield a lower limit on allowed mass. The cor-
responding observed 95% CL excited-quark mass exclu-
sion region was found to be 0.30 < mq∗ < 1.26 TeV us-
ing MRST2007 PDFs in the ATLAS default MC09 tune.
Table I shows the results obtained using CTEQ6L1 [37]
and CTEQ5L [38] PDF sets. The variations in the ob-
served limit associated with the error eigenvectors of
a CTEQ PDF set were found to be smaller than the
spread displayed in Table I. The excluded regions were
∼30 GeV greater when only statistical uncertainties were
taken into account. The expected limits corresponding to
the data sample were computed using an analogous ap-
proach, but replacing the actual data with pseudo-data
generated by random fluctuations around the smooth
function described by fitting the data with Eqn. 1; these
are shown in Fig. 2, with a resulting expected q∗ mass
exclusion region of 0.30 < mq∗ < 1.06 TeV using
MRST2007 PDFs. As indicated in Table I, the two other
PDF sets yielded similar results, with expected exclusion
regions extending to near 1 TeV. An indication of the de-
pendence of the mq∗ limits on the theoretical prediction
for the q∗ signal was obtained by simultaneously vary-
ing both the renormalization and factorization scales by
factors of 0.5 and 2, which was tantamount to modifying
the predicted cross section by approximately ±20%; this
changed the observed MRST2007 limit of 1.26 TeV to
1.32 TeV and 1.22 TeV, respectively.
In conclusion, a model-independent search for new

heavy particles manifested as mass resonances in dijet
final states was conducted using a 315 nb−1 sample of
7 TeV proton-proton collisions produced by the LHC and
recorded by the ATLAS detector. No evidence of a res-
onance structure was found and upper limits at the 95%
CL were set on the products of cross section and signal

[ATLAS PRL 105, 161801]

ATLAS dijet search using AK6  
jets Sep. 2010

http://dx.doi.org/10.1103/PhysRevLett.105.211801
https://doi.org/10.1103/PhysRevLett.105.161801
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Lose E and p because of splittings

Some insight can be obtained from analytical NLO calculations of jet cross sections,
such as [123, 124, 125, 126, 127]. A feature that is common to them is that at the first
non-trivial order, cross sections acquire a lnR dependence in the small-R limit. The
small-R limit is one case where one can say something meaningful the relation between
a jet’s pt and that of the original parton (another is the threshold limit, for example
[128, 129, 130, 131, 127]), because the emitting parton decouples from its environment, a
consequence of angular ordering. Working in a collinear approximation and considering
an initial quark, with a gluon emission matrix element proportional to the real Pqq(z)
splitting function (Pqq(z) = CF (1+z2)/(1−z)), one can simply write the average difference
δpt = pt,jet − pt,quark as

〈δpt〉pert =
∫

dθ2

θ2

∫

dz pt
(

max[z, 1 − z]− 1
)

︸ ︷︷ ︸

δpt

αs

(

θ (1− z) pt
)

2π
Pqq(z)Θ

(

θ − falg(z)R
)

,

(27)
where one integrates over the angle θ between the quark and an emitted gluon and over
the momentum fraction z that is kept by the quark, weighting the matrix element with the
loss of momentum from the leading jet, pt(max[z, 1 − z] − 1), when the gluon and quark
form two separate jets, θ > falg(z)R (throughout this section, θ is to be understood as a
boost-invariant angle, θ ≡ ∆Rqg). The quantity falg(z) reflects the algorithm’s reach, cf.
eqs. (22,24) and is given by

f(z) =

{

1 kt, C/A, anti-kt
1 + min( z

1−z ,
1−z
z ) SISCone

(28)

Carrying out the integration in a fixed-coupling approximation gives

〈δpt〉pert
pt

=
αs

π
Li lnR +O (αs) , R % 1 , (29)

with Li a coefficient that depends on whether it is a quark or a gluon that is the initiating
parton (cf. [132]):

Lq = CF

(

2 ln 2− 3

8

)

& 1.01CF , (30a)

Lg = CA

(

2 ln 2− 43

96

)

+ nf TR
7

48
& 0.94CA + 0.15TRnf , (30b)

One notes that for small R the result of eq. (29) is negative. The unspecified pure O (αs)
term reflects the result’s dependence on the large-angle environment. It can be defined
unambiguously only in the threshold limit. Neglecting it, one comes to the conclusion that
with R = 0.4, a quark-induced jet has, on average, a pt that is about 4− 5% smaller than
the initiating parton, while a gluon jet’s pt is 8− 10% smaller.

45

hadrons, and occurs in all high-energy QCD processes (e+e−, DIS and pp). The underlying
event (UE) consists of the multiple low-pt interactions that occur between the two hadron
remnants in a pp or a resolved γp collision. Physically, in a pp collision, hadronisation
and the UE cannot be unambiguously separated (the question of what hadronises depends
on what has interacted). Nevertheless it is useful to consider them separately, because
they affect jets in rather different ways. Hadronisation is discussed here, and the UE in
section 4.4.

With current techniques, the impact of hadronisation cannot be calculated (or even
easily defined) from first principles. However, in the mid 1990’s, methods were developed
[148, 149, 150, 151, 152, 153] (reviewed in [154]) that allowed one to predict the main fea-
tures of hadronisation, based on ambiguities that arise in perturbative calculations related
to the Landau pole.

A somewhat oversimplified statement of the idea is that if a perturbative calculation
involves an integral over αs(µ), then one can estimate the size of the non-perturbative
contribution by replacing αs(µ) with a purely non-perturbative piece αNP

s (µ) = Λδ(µ−Λ)
where Λ is commensurate with the Landau scale. So, for example, to estimate the non-
perturbative correction to a quark jet’s transverse momentum in the small-R limit one
takes eq. (27) and writes

〈δpt〉NP ∼ pt

∫
dθ2

θ2

∫

dz
(

max[z, 1 − z]− 1
) αNP

s

(

θ (1− z) pt
)

2π
Pqq(z)Θ

(

θ − falg(z)R
)

,

(37a)

∼ pt

∫

R2

dθ2

θ2

∫

dz
(

z − 1
) αNP

s

(

θ (1− z) pt
)

2π

2CF

1− z
, (37b)

∼ −2CFΛ

πR
, (37c)

where in the second line one makes use of the knowledge that the δ-function will select
1 − z = Λ/(θpt) % R. For gluon jets the result is the same except for the replacement
CF → CA. A crucial idea in calculations such as eqs. (37) is that one can apply the
same procedure to a wide range of observables and the same value of Λ should hold for
each.24 This is known as “universality”. Universality has been investigated in some detail
for event shapes in e+e− and DIS collisions and there is some debate as to just how well
it works (e.g. [155] as compared to [156]). However for the purpose of understanding the
essentials of the hadronisation of jets it is probably an adequate assumption, and one can
take Λ ' 0.6 GeV.

The basic result that hadronisation removes transverse-momentum O (Λ/R) from a jet
was presented in [148] (and could be deduced from the results of [39]; hadronisation as
a shift in pt was also discussed in [157]). Aside from the quark/gluon jet difference it is

24As long as they all share the same pt-dependence in the infrared — a less oversimplified formulation
of the idea in eq. (37) is that observables with the same IR pt-dependence are all sensitive to a common
moment of the coupling in the infrared.
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pattern of slight differences that are observed in fig. 14 with respect to the algorithm-
independent behaviour that is given by eqs. (37c,38).

A point emphasised in [157] is that even if the non-perturbative modification of a jet’s
pt is rather modest, O (1 GeV), it can nevertheless have a significant impact on steeply
falling cross sections. Given a jet pt spectrum that falls as p−n

t , the full result for the jet
spectrum can be expressed in terms of the perturbative spectrum and the non-perturbative
shift as

dσfull

dpt
(pt) →

dσPT

dpt
(pt − 〈δpt〉NP) %

dσ

dpt
(pt) ·

(

1− n
〈δpt〉NP

pt

)

. (41)

Thus for typical values of n in an inclusive-jet spectrum, a 2% change in pt can lead to a
10 − 15% change in the cross section (this observation holds also for pt shifts due to the
underlying event, which are discussed below). These are the order of magnitudes often
seen in experiments’ Monte Carlo studies of hadronisation, whose results also cast light
on the R-dependence of non-perturbative effects [74] and on the differences between jet
algorithms [31, 166, 3, 72].

A final point is that the above methods can also be used to calculate the non-perturbative
corrections to the squared jet mass,

〈δM2〉NP % 2CF

π
Λpt

(

R +O
(

R3
))

≡ 4CF

π
MA(µI) pt

(

R +O
(

R3
))

, (42)

where the R3 terms have small coefficients [132]. Note that for jet algorithms other than
anti-kt, the Milan factors for 〈δpt〉NP and 〈δM2〉NP will not be the same.

4.4 UE, pileup, jet areas

While the process of hadronisation may well be reasonably universal between e+e−, DIS
and pp collisions, the latter have the additional feature of the “underlying event” (UE),
which can be thought of as the semi- or non-perturbative interactions that occur between
hadron remnants in a pp collision. Our understanding of the UE is somewhat less developed
than that of hadronisation. One way that one can model it is by saying that it induces an
extra amount of transverse momentum per unit rapidity, ΛUE.25 In this case a jet should
receive a position contribution to its pt from the UE that is proportional to the region of
the rapidity-azimuth region that it covers, i.e. ∼ R2:

〈δpt〉UE % ΛUERJ1(R) = ΛUE

(
R2

2
− R4

8
+ . . .

)

. (43)

where terms at R4 and beyond [132] hold for the a 4-vector (E) recombination scheme.
The corresponding formula for the change to the squared jet mass is

〈δM2〉UE % ΛUE pt

(
R4

4
+

R8

4608
+ . . .

)

. (44)

25Later we will talk of transverse momentum ρ per unit area on the rapidity-azimuth plane; ΛUE =
2πρUE .
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[Salam, EPJC 67, 637 (2010)]

https://doi.org/10.1140/epjc/s10052-010-1314-6
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Defining Quark and Gluon Jets

‣ Parton flavour (from hard matrix element) is intrinsically flawed

‣ Physically meaningful definitions (not exhaustive)

• N-Subjettiness

- Possibility to unambiguously define quark jets (τN→0)

- Gluon jets always contaminated by quark jets, (CF/CA)Nemissions

• Flavour-kT

• Jet topics

• Fragmentation approach (WTA axis) 

16 New Ideas in Jet Clustering

Obviously two gluon jets… 

… or not?!?

[Larkoski, Metodiev, EPJC 10, 014 (2019)]

[Banfi, Salam, Zanderighi, EPJC 47, 113 (2006)]

[Komiske, Metodiev, Thaler, JHEP 11 059 (2018)]

[Caletti et al., JHEP 10 158 (2022)]

https://doi.org/10.1007/JHEP10(2019)014
https://doi.org/10.1140/epjc/s2006-02552-4
https://doi.org/10.1007/JHEP11(2018)059
https://doi.org/10.1007/JHEP10(2022)158
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‣ Remove unwanted / soft radiation from jets
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Exclusive Clustering
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XCone

‣ XCone assigns particles based on N-jettiness axes

‣ Natural transition resolved ↔︎ boosted
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https://doi.org/10.1007/JHEP11(2015)072
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Measuring with XCone

‣ Calibrate jet mass using “standard candle” MW

‣ Excellent jet mass resolution of 6-8%
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Top Quark Mass with XCone

‣ Top quark mass from unfolded cross section

• Uncertainty of ~ 0.8 GeV
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[CMS, arXiv:2211.01456]
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Particle Decays
W and Z bosons
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BW→had = 67.5%
BZ→had  = 69.2%

12 2 Phenomenology of Jet Substructure

!W→ f f̄ ′ = C
GFM3

W

6
√
2π

, (2.2)

where GF is the Fermi constant and MW is the mass of the W boson. The colour
factor C is 1 for decays into leptons and 3 for decays into quarks, thus one obtains
at tree level

!W→hadrons

!W→leptons
= BW→had

BW→lep
= 6

3
. (2.3)

The W boson decays twice as often to hadrons as to leptons. Higher order correc-
tions and fermion masses can affect the numerator and denominator in (2.3) differ-
ently, leading to small deviations from this result. Known corrections include one-
loop quantum electrodynamic (QED) and EW corrections for massless and massive
fermions [81–88], one-loop QCD corrections for massive quarks [89, 90], QCD cor-
rections up to four loops for massless [91–93] quarks, where the two- and three-loop
corrections include quadratic quark mass effects [94], and mixed EW/QCD correc-
tions [95].Numerical results for the calculated partialwidths including all known cor-
rections are!W→leptons = 680.34± 0.05MeVand!W→hadrons = 1409.4± 0.8MeV,
resulting in a total width of !W = 2089.7± 0.8MeV [78]. The predicted branching
fraction of BW→had = 67.45± 0.04% is about one percent larger than the LO result.
These predictions agree very well with the combination of the LEP and the Tevatron
measurements, !W = 2085± 42MeV and BW→had = 67.60± 0.27% [78–80]. It is
noteworthy that the decay W+ → cb is Cabibbo-suppressed with a factor of |Vcb|2,
which is about 1.7 · 10−3 [78]. This results in BW→cb ≈ 5 · 10−4, and thus the con-
tribution from b quarks to the decay of the W boson is small enough to be neglected
in all practical uses of jet substructure.

The angular distribution of the fermions from the W boson decay depends on the
W boson polarisation. For W+ decays, the angular distribution is at Born level [96]

1
σ

dσ
d cos θ∗ = f+

3
8

(
1+ cos θ∗)2 + f−

3
8

(
1 − cos θ∗)2 + f0

3
4
sin2 θ∗ . (2.4)

The decay angle θ∗ is defined in the W rest frame and is the angle between the
charged lepton (or the quark) and the W flight direction in the laboratory rest frame.
The fractions f+ and f− refer to transversely polarisedW+ bosons with helicities+1
and −1, respectively. The fraction of longitudinally polarised W+ bosons is given
by f0. For W− bosons the fractions f− and f+ are interchanged in (2.4). Since the
quark charge is impossible to reconstruct experimentally, only the absolute values are
accessible for hadronic decays. The angular distribution can then be written as [97]

1
σ

dσ
d|cos θ∗| = f±

3
4

(
1+ | cos θ∗|2

)
+ f0

3
2
| sin θ∗|2 , (2.5)

where f± = f− + f+ has been used. The helicity composition ofW bosons depends
strongly on their productionmechanism. For example, in certain BSM scenarios only
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Fig. 2.5 Polarisation fractions for W+ bosons from top quark decays, in the top quark rest frame
(solid) and laboratory rest frame (dashed), as a function of W+ boson pT in the laboratory rest
frame. The fractions fL and fR correspond to f− and f+ as used in the main text, respectively.
Taken from [96]

Fig. 2.6 Kinematics of a
two-body decay in the CM
frame (left) and in the
laboratory rest frame (right)
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The decay angle θ∗
a in the CM frame denotes the angle of particle a with respect

to the parent particle’s direction of flight, as shown in Fig. 2.6. Relating this to the
corresponding decay angle in the laboratory rest frame, one obtains

tan θa =
sin θ∗

a

γ
(
β/β∗

a + cos θ∗
a

) (2.11)

where γ = E/M , β = P/E and β∗ = p∗/E∗, and P = |P| denotes the magnitude
of the parent particle’s momentum. The minimum of θa is obtained when θ∗ = π/2,
and hence tan θa = β∗

a/(γβ). This expression can be simplified if the masses of the
daughter particles are negligible compared to M , which results in p∗ = E∗ = M/2
and β∗ = 1. Consequently, one obtains
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Fig. 2.3 Distribution of the
opening angle α between the
two quarks from W decays,
calculated in the laboratory
rest frame. Distributions are
shown for longitudinal (solid
lines) and transversal
(dashed lines) W boson
polarisations, for different
momenta pW
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longitudinally polarisedW bosons are produced via the decay of a heavy resonance.
The helicity fractions forW bosons produced via SM processes at the LHC depends
on the transverse momentum of the W boson and receives non-negligible QCD
corrections [98–101].At high transversemomenta, theW− bosons are predominantly
left-handed and W+ bosons are mostly right-handed [102–104].

The opening angle α between two quarks from the W boson decay obtained in
the laboratory rest frame is the figure of merit for jet substructure applications, as
it controls the degree of collimation. The distribution of α is shown in Fig. 2.3 for
longitudinally and transversely polarised W bosons with three different simulated
values of the momentum. For transverse polarisations, the distributions have more
pronounced tails due to decays collinear to the W boson flight direction. This can
lead to differences in identification efficiencies in jet substructure analyses, due to
lost decay products. Additionally, the shapes of jet substructure observables which
take angular correlations into account can be different for different polarisation states.

2.2.3 Z Boson Decay

The Z boson was discovered in 1983 by the UA1 and UA2 collaborations [105, 106].
With a mass of mZ = 91.1875± 0.0021GeV [107], it is about 10GeV heavier than
theW boson. At LO in EW perturbation theory, the decay width of the Z boson into
a fermion-antifermion pair is

"Z→ f f̄ = C
GFM3

Z

6
√
2π

(|gV, f |2 + |gA, f |2) , (2.6)

where fermion masses have been neglected. The mass of the Z boson is given by
MZ , and gV, f and gA, f are the vector and axial-vector couplings of the Z boson
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tan θa,min =
1

γβ
= M

P
→ θa,min ≈ M

P
, (2.12)

where the last relation is obtained by taking only the first term of the Taylor expansion
of tan θa,min. Since θ∗ = π/2 it follows that θa = −θb, and thus the minimum value
of the opening angle α = |θa − θb| can be approximated by

αmin ≈ 2M
P

. (2.13)

The minimum opening angle between the particles a and b observed in the labora-
tory rest frame decreases as 1/P . Equation (2.13) holds irrespective of the chosen
coordinate system, as no specific direction is needed for the derivation of αmin.

In a realistic experimental environment the relationship in (2.13) needs to be
modified to preserve its usefulness. The reason is the coordinate system implied by
the beam axis and the detector geometry. Typically, at the LHC one chooses a right-
handed coordinate system, where the x-axis points to the centre of the LHC ring,
the y axis points upwards, perpendicular to the LHC plane, and the z-axis points
along the anti-clockwise beam direction. Angular distances are measured using the
azimuthal angle φ, measured from the positive x-axis in the x-y plane, and the
pseudorapidity defined as η = − ln[tan(θ/2)], where θ is the polar angle measured
from the positive z axis in the y-z plane. The advantage of using η instead of θ is that
differences in η are invariant under longitudinal Lorentz-boosts. Hence, the opening
angle α is replaced by the angular distance (R =

√
(φ2 + (η2 in the azimuth-

pseudorapidity plane, where (φ = φa − φb is the distance in azimuthal angles and
(η = ηa − ηb is the distance in pseudorapidity between particles a and b. This
results in an angular distance measure invariant under boosts in the beam direction,
which is also the reason why (R is used in jet finding algorithms (see Sect. 2.3).
For centrally produced particles X (η ≈ 0), with P > 2M and M % ma,mb, the
difference between α and (R is small. For increasing |η|, the value of (R becomes
increasingly larger than α at fixed values of P . In the limiting case of P = Pz , it
follows that(φ = π and therefore(R > π . The reason for this behaviour is that(η

is not affected by longitudinal boosts, so only the size of the transverse component
PT is responsible for decreasing values of (R in the laboratory rest frame with
respect to the CM frame. Hence, replacing P with PT in equation (2.13) results in
(R being invariant under variations of η for fixed values of PT. This results in

(R ≈ 2M
PT

, (2.14)

which can be found extensively in the literature to approximate the angular distance
between the decayproducts of a twoparticle decay.One should note that this is only an
approximate relation, which in fact gives a lower bound on(R. The 1/PT behaviour
can also be altered by additional kinematic requirements on the decay particles. The
relation (2.14) is only valid for small values of (R since the expansion in (2.12) has

and consequently
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(holds for PT ≫ M)

[RK, STMP 284 (2021)]

https://www.springer.com/gp/book/9783030728571
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to hold. Consequently, PT ! M needs to be fulfilled to ensure its validity. Practically,
PT > 2M is sufficient to ensure that (2.14) gives a reliable lower bound on !R.

2.2.7 Kinematics of Vector and Higgs Boson Decays

The hadronic two-body decaysW/Z/H → qq (′) are themost important applications
of the above considerations in jet substructure analyses. In the following, results
are presented from numerical calculations using realistic decay angle distributions.
Quark mass effects are included, albeit small. The considerations are based on the
kinematics of the plain 1 → 2 process with coloured quarks in the final state, not
including radiation or hadronisation effects.

In realistic applications there exist a minimum detection threshold for the quarks
from the boson decay. This threshold is introduced due to the inability to distin-
guish soft and wide-angle radiation from uncorrelated radiation in hadron-hadron
collisions, such as contributions from the underlying event or pileup. Typically, pT
thresholds on the reconstructed quarks are applied, either directly or indirectly, when
using jet substructure observables. The effect such a pT threshold has on the detec-
tion efficiency depends on the decay angle distribution, and thus on the nature and
polarisation state of the heavy particle. In Fig. 2.7 (left) the detection efficiency is
shown for different quark pT thresholds for longitudinal (WL) and transverse (WT)
polarisations of the W boson, as a function of pT of the W boson. For WL bosons,
the efficiency is larger than 90% for pT > 200GeV, even for quark pT thresholds
as large as 30GeV, and quickly reaching the plateau at almost 100%. In contrast to
this, the efficiency is much smaller for WT, where it is 70–80% at low values of pT,
with only a moderate rise as a function of pT. The efficiency never reaches 100%,
even at very high values of pT. The reason for this are decays collinear to the boson
flight direction, i.e. θ∗ ≈ 0 and θ∗ ≈ π , which only occur for WT states (see (2.5)).
In this case the flight direction of one of the quarks will be anti-parallel to that of
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Fig. 2.7 Relative occurrence (efficiency) of both quarks from a W (left) and H (right) boson
decay having a pT larger than indicated, as a function of the boson pT. For W bosons, results for
longitudinal (WL) and transverse (WT) polarisations are shown

[RK, STMP 284 (2021)]
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Table 2.2 Numerical values of ρ90 and α for the calculation of the 90th percentile #R90, as given
in (2.16). The top part is obtained without a kinematic requirement on the decay quarks, the bottom
part is obtained for pT,q > 20GeV
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Fig. 2.8 Angular distance #R between the two quarks from the decay of transversely polarised
W (left) and a H bosons (right), as a function of the boson pT. The transverse momenta of the two
quarks from the decay are required to be pT,q > 20GeV. The fraction of events contained within a
given interval in #R are shown by shaded areas, the most probable value (MPV) is depicted by a
dashed line. For comparison, also shown are the naive expectations 2MW /pT and 2MH /pT (solid
lines), and the functions (370GeV)/pT and (500GeV)/pT (dotted lines)

see (2.16), parametrisations can be found that describe the shapes of the percentiles
well. An example is given in the bottom part of Table2.2, where the parameters for
the #R90 percentiles are given for the requirement pT,q > 20GeV. Another obser-
vation from Fig. 2.8 is that the minimum value of #R can be accurately predicted by
(2.14), which also coincides with the MPV. Only for H decays with pT < 300GeV
the approximation (2.14) starts to deviate from the realistic shape, since for small
values of pT the approximation of small angles in (2.12) is not valid any more.

2.2.8 Kinematics of Top Quark Decays

In the SM, the top quark decays to bW with a branching fraction larger than 99.9%.
The subsequent hadronic decay of theW boson leads to the decay chain t → bW →
bqq ′, with three quarks in the final state. The narrow width approximation, where
the top quark and the W boson are on-shell, is sufficiently accurate to study the
kinematics of this decay for substructure related applications. Thus, the decay can

‣ Similar picture for top quarks
[RK, STMP 284 (2021)]

https://www.springer.com/gp/book/9783030728571
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One-pass clustering with integrated subjet finding
‣ Jet distance measures (with variable R)

‣Clustering veto at each step
•mass jump veto
‣ Store objects i and j as subjets

‣Used in tW resonance search

‣Works beautifully, but can be  
improved

The Heavy Object Tagger with Variable R (HOTVR)

Use known distance measures (with Variable R)

dij = min[p2nT,i , p
2n
T,j ]�R2

ij

diB = p2nT,iR
2
e↵ Re↵ =

⇢

pT
Veto condition for clustering step

mij < µ

✓ ·mij > max[mi ,mj ]

Store i and j as subjets if

pT,i , pT,j > pT,sub

Parameter in top tagging mode
Rmin = 0.1: Minimum radius

Rmax = 1.5: Maximum radius

⇢ = 600 GeV: Slope of Re↵

µ = 30 GeV: Mass jump threshold

✓ = 0.7: Mass jump strength

pT,sub = 30 GeV: Minimum subjet pT

Tobias Lapsien (University of Hamburg) BOOST 2016 Zürich, 21.07.2016 5 / 17

[Lapsien, Haller, RK, EPJC 76, 600 (2016)]
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[RK, STMP 284 (2021)]

[CMS, JHEP 04, 048 (2022)]

https://www.springer.com/gp/book/9783030728571
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[Albrecht, Benecke, RK, work in progress]

‣ Use soft drop veto instead of mass jump

• At each clustering step, test

• Remove softer subjet if not fulfilled

• Active area exactly 0,  
because ghosts get groomed 

‣ Expand with mass-dependent R  
(work in progress)

4.1 Optimisation of parameters for soft drop 4

z =
min(pT,i, pT,j)

pT,i + pT,j
> zcut

✓
�Rij

Re↵

◆�

, (5)

where zcut is a tunable parameter for the soft drop strength, � is a tunable parameter for the soft
drop angular dependence.

As before, if the condition is not fulfilled, the softer branch is removed. If the soft drop requirement
is fulfilled depending on the invariant mass, mij of the two pseudojets, they are

1. combined, if mij < µ or

2. if mij > µ, the two pseudojets i and j are combined and stored as subjets of the combined
jet.

With this the jet grooming of this HOTVR algorithm only depends on the soft drop condition.
The threshold µ is used to define proper subjets but does not a↵ect the grooming process. The
choice of µ has no impact on the removal of particles in the jet.

Before the performance of HOTVR with soft drop grooming is compared to HOTVR with mass-
jump, the optimal set of parameters for the soft drop grooming needs to be found.

4.1 Optimisation of parameters for soft drop

The relevant parameters for the HOTVR algorithm using soft drop grooming are listed in Tab. 1.
In the following, the behaviour of the algorithm is studied for di↵erent parameter choices, using the
jet mass and jet substructure variables. For the soft drop angular dependence � values of 0, 1 and
2 were tested. The soft drop strength parameter zcut was varied within zcut 2 {0.01, 0.05, 0.1, 0.2}.
The performance is evaluated in tt and QCD multijet samples.

Table 1: Parameters of the HOTVR algorithm with soft drop.

Parameter Description

� soft drop angular dependence

zcut soft drop strength

µ Subjet mass threshold

The mass of the HOTVR jet, mjet, is shown in Fig. 1 for the di↵erent variations in two bins of pT.

It is observed that with increasing soft drop strength the top mass peak is shifted towards lower
values showing that too many particles are removed. The impact on the QCD background is
similar: increasing soft drop strength results in lower mass. On the other hand varying the angular
parameter � shows that mass is shifted, increased mass for increased angular strength. In order to
decide which parameter set is working best, receiver operating characteristic curve (ROC curve)
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[Albrecht, Benecke, RK, work in progress]
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HOTVR with soft drop

‣ Stronger grooming with soft drop

‣ No essential tagging information is lost with HOTVR-SD jets  
compared to plain Variable R jets 

• Better starting point for (ML) taggers
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[Albrecht, Benecke, RK, work in progress]
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Figure 7: The ROC curves for HOTVR with mass jump(black dashed line) and with soft drop (blue solid
line) for di↵erent pT bins.
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Figure 6: Jet substructure variables for HOTVR with mass jump (black dashed line) compared to HOTVR
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dynamic radius algorithm takes the form

dij = min
⇣
p2pTi

, p2pTj

⌘
�R2

ij , (2.3)

diB = p2pTi
R2

di , (2.4)

where Rdi is the dynamical radius parameter, defined as

Rdi = R0 + �i. (2.5)

The constant R0 is an input parameter similar to the standard kt-type algorithm and it

is the starting point of the dynamical growth of the radius of an evolving jet. For the ith

pseudojet, �i is calculated as
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where the summation indices a and b run over the fundamental constituents of the pseudo-

jet. The modifier �i of the radius parameter in Eq. (2.6) is basically ‘pT -weighted’ standard

deviation of the distances between pairs of fundamental constituents of an evolving pseu-

dojet. In our proposal, this standard deviation �i is used to capture the size feature of an

evolving jet dynamically. For a single fundamental four-momentum, �i is taken to be zero.

The motivation for choosing the modifier of the radius parameter to be pT -weighted

standard deviation is as follows. As more than one fundamental objects merge to become

a new pseudojet, it no longer represents a single point in the ⌘-� plane; it is a composite

object whose constituents are distributed in that plane. The standard deviation �i for a

pseudojet i, defined in Eq. (2.6), provides a measure of its fuzziness. We want to incorporate

this fuzziness in the radius parameter. In the measure of its fuzziness, we also want the

harder components to be more dominant than the softer ones. Essentially, if the pseudojet

is dominated by a single pT -hard fundamental constituent or many extremely collimated

but similar pT objects, we do not want its radius to get increased further. This is because,

in these scenarios, the final jet is expected to be a narrow jet. On the other hand, if

the pseudojet has more than one pT -hard fundamental constituents slightly separated, we

expect it to be a fat jet and therefore need an increment to its radius. Both of these two

aspects are taken care of by the pT -weighted standard deviation in Eq. (2.6).

Thus, in our proposal, we first take a starting radius R0 to be our input parameter.

The algorithm then calculates Rdi for each pseudojet, which at an intermediate state accu-

mulates some constituents. At every iteration, the value of the dynamic radius parameter

is calculated as the sum of the starting radius R0 and the radius modifier �. In a nutshell,

the proposed algorithm starts from an initial radius R0 and grows its radius dynamically

using the information from the distribution of its constituents in the ⌘ � � plane.

In the proposed algorithm, the exponent p to the pT in the expressions of distance

measures dij and diB in Eqs. (2.3–2.4) can take three possible values. We will call the
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The motivation for choosing the modifier of the radius parameter to be pT -weighted

standard deviation is as follows. As more than one fundamental objects merge to become

a new pseudojet, it no longer represents a single point in the ⌘-� plane; it is a composite

object whose constituents are distributed in that plane. The standard deviation �i for a

pseudojet i, defined in Eq. (2.6), provides a measure of its fuzziness. We want to incorporate

this fuzziness in the radius parameter. In the measure of its fuzziness, we also want the

harder components to be more dominant than the softer ones. Essentially, if the pseudojet

is dominated by a single pT -hard fundamental constituent or many extremely collimated

but similar pT objects, we do not want its radius to get increased further. This is because,

in these scenarios, the final jet is expected to be a narrow jet. On the other hand, if

the pseudojet has more than one pT -hard fundamental constituents slightly separated, we

expect it to be a fat jet and therefore need an increment to its radius. Both of these two

aspects are taken care of by the pT -weighted standard deviation in Eq. (2.6).

Thus, in our proposal, we first take a starting radius R0 to be our input parameter.

The algorithm then calculates Rdi for each pseudojet, which at an intermediate state accu-

mulates some constituents. At every iteration, the value of the dynamic radius parameter

is calculated as the sum of the starting radius R0 and the radius modifier �. In a nutshell,

the proposed algorithm starts from an initial radius R0 and grows its radius dynamically

using the information from the distribution of its constituents in the ⌘ � � plane.

In the proposed algorithm, the exponent p to the pT in the expressions of distance

measures dij and diB in Eqs. (2.3–2.4) can take three possible values. We will call the
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Figure 10: The distribution of final state hadrons and jets in ⌘-� plane for an example

event. The colours and sizes of the dots and circles follow the same convention as Fig. 1.

The teal coloured dots represent the constituents of hard fat ‘W’ jets. The green and blue

(wherever applicable) dots represent the constituents of the fat ‘top’ jet. The yellow dots

containing texts represent the position of the hard quarks after the decay of top or W

which are mentioned as the subscripts of q or b. The plots are shown for (a) AK and (b)

DR-AK algorithms.

To study the goodness of DR-AK quantitatively, we define the following criteria for

tagging of top and W jets.

• A jet having mass in the range (150, 200) GeV and having �R(toptruth, jet) < 0.5 is

identified as a reconstructed top jet.

• A jet will be called W jet if it has a mass in the range (65, 105) GeV and is within

0.5 distance from the original MG5 parton-level W boson.

Similar to the illustrations with SM processes, we classify the events into di↵erent

categories. Due to the complex nature of the final states, we have classified the events into

more than two categories in the present scenario. The realization is based on the following

understanding.

• Out of the two W ’s coming directly from b0 in an event, the number of reconstructed

W as fat jet from the algorithm could be 0, 1, or 2. We call these reconstructed fat

W jets as primary W jets.

• Similarly, out of the two t quarks, the number of reconstructed t as fat jets can be 0,

1, or 2.

• In some particular cases, the whole top may not be reconstructed, but the W boson

coming from the top quarks may be reconstructed. These are referred to as secondary

W jets in the subsequent discussions.

– 21 –

[Mukhopadhyaya, Samui, Singh, JHEP 2023, 19 (2023)]

‣ Useful in searches with high pT and 
multi-prong resonances

‣ Minimum R0 needed, can not have 
jets smaller than that

‣ Adjustment of R0 to analysis needs

Local, dynamical R 

https://doi.org/10.1007/JHEP04(2023)019
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Scale Invariant Jets
‣ Optimal distance parameter R depends on energy scale of event

‣ Idea: a scale-invariant algorithm, independent of R
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FIG. 3. The factor 2 ⇥ ✏AB is log-symmetric in the ratio EA
T/EB

T of transverse energies, becoming small whenever candidate scales are
hierarchically dissimilar. SIFT (blue) is compared against analogous behaviors for the Geneva (green) and kT-family (red) algorithms, the
latter at ( � ⌘ EA

TEB
T /E2

0 ) 1 ). Grey contours illustrate scaling of the kT measures with a power n = ±1 of ( � ) 1/10, 1/5, 1/2, 2, 5, 10 ).

the multi-variate expansion shown following, as devel-
oped from Eqs. (10, 11, A5):
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We turn attention next to the denominator from
Eq. (4), defining a new quantity ✏

AB in conjunction with
the transverse energy product factored out of �m

2
AB .
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This expression has a symmetry under the transforma-
tion (↵ ⌘ E

A
T/E

B
T ) ↵

�1). It is maximized at ↵ = 1,
where (✏AB

) 1/2), and minimized at ↵ = (0,+1),
where (✏AB

) 0). The response is balanced by a change
of variables �u = ln↵, i.e., ↵ = e

�u, where the logarithm
converts ratios into di↵erences.

u ⌘ ln
⇣
ET/[GeV]

⌘
(14)

✏
AB =

⇣
e
+�uAB + e

��uAB

⌘�1
=

⇣
2 cosh �uAB

⌘�1

Putting everything together, we arrive at a formulation
of the measure from Eq. (4) that is expressed almost en-
tirely in terms of coordinate di↵erences of the rapidities,
azimuths, and log-transverse energies, excepting the co-
e�cients ⇠ from Eq. (10), which depend on the ratios
m/pT. Of course, it is possible to adopt a reduction of
the measure where (⇠ ) 1) by fiat, which is equivalent
to taking a massless limit in the fashion of JADE and
Geneva, as described in Section III.

�AB = ✏
AB

⇥ � eR2
AB (15)

=
cosh �yAB � ⇠

A
⇠
B cos ��AB

cosh �uAB

The scale-invariance of Eq. (15) is explicit, in two re-
gards. By construction, there is no reference to an exter-
nal angular cuto↵ R0. In addition, the fact that trans-
verse energies are referenced only via ratios, and never in
absolute terms, is emergent. The measure is additionally
observed to smoothly blend attributes of kT and anti-kT
jet finding, insomuch as the former prioritizes clustering
when one member of a pair is soft, the latter when one
member of a pair is hard, and SIFT when the transverse
energies are logarithmically disparate.

This behavior is illustrated in FIG. 3, with 2 ⇥ ✏
AB

plotted in blue as a function of (↵ ⌘ E
A
T/E

B
T ). For com-

parison, the analogous momentum-dependent factor for
Geneva from Eq. (6) is shown in green on the same axes,
taking (E ) ET) and normalizing to unity at (↵ = 1).
Like SIFT, Geneva is symmetric with respect to variation
of the absolute event scale �. However, the extra cross
term appearing in its denominator produces heavier tails
when the scale ratio ↵ is unbalanced. The cusped red
region similarly represents the kT and anti-kT measures.
Specifically, the following expression is proportional to
Eq. (1) for (n = ±1) in the massless limit:

�
kT,n
AB
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(16)

The selected normalization agrees with 2 ⇥ ✏
AB in the

further limits (� ⌘ E
A
TE

B
T /E

2
0 ) 1) and (↵ ) 1), where

E0 is an arbitrary constant reference energy. The dis-
tinction between kT and anti-kT clustering amounts to an
enhancement versus suppression by the product (squared
geometric mean) of transverse momenta. This is illus-
trated with the grey contours in FIG. 3, which rescale
by � = (1/10, 1/5, 1/2, 2, 5, 10) from inner-lower to outer-
upper for (n = +1), or in the reverse order for (n = �1).
The �-invariant case (n = 0) is also potentially of inter-
est, but it is a new construction that is not to be confused7

FIG. 4. Phase diagram for the separation of object merging, filtering, and isolation responses.

with the Cambridge-Aachen algorithm, which has no en-
ergy dependence at all.

We conclude this section with a transformation that
identifies the coordinate u introduced in Eq. (14) as a
sort of “dual” to the rapidity y from Eq. (A5). The log-
transverse momentum ln( pT /[GeV]) is similarly linked
to pseudo-rapidity ⌘ in the massless limit.
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V. FILTERING, ISOLATION, AND HALTING

This section establishes the SIFT filtering and isolation
criteria, which are used in conjunction to formulate a
suitable halting condition for the non-exclusive clustering
mode. Direct integration of a grooming stage e↵ectively
rejects stray radiation and pileup. SIFT’s behavior will
be visualized with and without filtering in Section VII,
and compared against each kT-family algorithm in the
presence of a soft “ghost” radiation background.

In conjunction, the two factorized terms in Eq. (15) en-
sure that clustering prioritizes the merger of object pairs
that have a hierarchically soft member and/or that are
geometrically collinear, mimicking fundamental poles in
the matrix element for QCD showering. This behavior
is illustrated by the “phase diagram” in FIG. 4, where
the product of horizontal “x” and vertical “y(x)” coordi-
nates on that plane is equal to �AB . Grey “y(x) = 1/x”
contours trace constant values of the measure, equal to
(.002, .005, .01, .02, .05, .1, .2, .5), with minimal values
gathered toward the lower-left. As a consequence, SIFT
successfully preserves mutually hard structures with tight

angular adjacency, maintaining their resolution as dis-
tinct objects up to the final stages of clustering3.

However, iterative application of the SIFT (or Geneva)
measure does not o↵er an immediately apparent halting
mechanism, and it will ultimately consume any presented
objects into a single all-encompassing jet if left to run.
These measures are additionally prone to sweeping up
uncorrelated soft radiation onto highly-boosted partners
at wide angular separation. The solution to both prob-
lems turns out to be related. For inspiration, we turn to
the Soft Drop procedure, wherein a candidate jet is recur-
sively declustered and the softer of separated constituents
is discarded until the following criterion is satisfied:

min (pAT, p
B
T )

p
A
T + p

B
T

> zcut

✓
�RAB

R0

◆�

(18)

The dimensionless zcut coe�cient is typically O(0.1).
The exponent � can vary for di↵erent applications, al-
though we focus here on � = 2. We first attempt to recast
the elements of Eq. (18) into expressions with asymp-
totically similar behavior that adopt the vocabulary of
Eq. (4). The factor � eR2

AB can be carried over directly.
Likewise, ✏AB behaves similarly to a minimized ratio of
transverse energies, with the advantage of analyticity.
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3 Mutually soft pairings tend not to occur, since such objects are
typically gathered up by a harder partner at an early stage.

‣ Inherent soft-drop-like 
grooming in “Drop” region

[Larkoski, Rathjens, Veatch, Walker, arXiv:2302.08609]

https://doi.org/10.48550/arXiv.2302.08609
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Scale Invariant Jets
‣ If left running, the whole event will merge into one large jet

• Large discontinuity in distance measure δAB in the last steps
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FIG. 6. Frames representing sequential clustering of the FIG. 5 event using the exclusive Nexc = 1 SIFT algorithm without the associated
filtering or isolation criteria (cf. FIG. 10 for non-exclusive clustering with both criteria enabled). Upper: Mutually hard prongs with narrow
angular separation remain unmerged up to the final stages of clustering. However, hard objects are likely to sweep up soft radiation at
wide angles. Lower: An image of the initial pair production is reconstructed just prior to termination. In the absence of a supplementary
halting criterion these structures will subsequently merge to completion, accompanied by a large discontinuity in the measure �AB .

structure. Additionally, the described procedure gener-
ates a basis of groomed axes that are directly suitable for
the computation of observables such as N -subjettiness.
In this sense, the best way to establish that a pair of con-
stituents within a large-radius jet should be kept apart
may be to go ahead and join them, yet to remember what
has been joined and at which value of �AB .

In contrast to conventional methods for substructure
recovery that involve de- and re-clustering according to a
variety of disjoint prescriptions, the finding of N -subjet

trees representing a compound scattering event occurs in
conjunction with the filtering of stray radiation and gen-
eration of substructure observables during a single unified
operational phase. The performance of this approach for
kinematic reconstruction and tagging hard event prongs
will be comparatively assessed in Sections VIII and IX.

top

top

radiation

[Larkoski, Rathjens, Veatch, Walker, arXiv:2302.08609]

https://doi.org/10.48550/arXiv.2302.08609
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Scale Invariant Filtered Tree (SIFT)

‣ Promising results over a large range of pT

‣ Tagging results (obtained with BDT) better than for fixed-R jets

Comprehensive comparison of all algorithms needed
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FIG. 13. Distribution of W -boson and top quark masses for di, and tri-jet samples reconstructed with SIFT at various transverse boosts.

VIII. RESOLUTION AND RECONSTRUCTION

This section characterizes SIFT’s angular and ener-
getic response functions for the resolution of hard mono-
jets and tests the reconstruction of collimated di- and
tri-jet systems associated with a massive resonance. The
best performance is achieved for large transverse boosts.

We generate Monte Carlo collider data modeling the
p
s = 14 TeV LHC using MadGraph/MadEvent,

Pythia8, and Delphes as before. Clean (N = 1, 2, 3)
prong samples are obtained by simulating the processes
(pp ) jZ ) j + ⌫⌫̄), (pp ) W

±
Z ) jj + ⌫⌫̄),

and (pp ) tW
�

) jjj + ⌫̄`
�) plus conjugate, respec-

tively. In the latter case, an angular isolation cone
with (�R = 0.5) is placed around the visible lepton.
Hard partonic objects are required to carry a minimal
transverse momentum (pT � 25 GeV) and be inside
(|⌘| <= 3.0). No restrictions are placed on the angu-
lar separation of decay products. Jets consist of gluons
and/or light first-generation quarks (u, d), as well as b-
quarks where required by a third-generation process. In
order to represent a wide range of event scales, we tranche
in the transverse momentum (vector sum magnitude) of
the hadronic system, considering six log-spaced intervals
pT = ( 100, 200, 400, 800, 1600, 3200 ) GeV ±5% and
giving attention primarily to the inner four.

Clustering is disabled at the detector simulation level

by setting the jet radius R0 and aggregate pT threshold
to very small values. We retain the default Delphes
e�ciencies for tracks and calorimeter deposits (includ-
ing pT thresholds on low-level detector objects), along
with cell specifications and smearing (resolution) e↵ects
in the latter case. Jet energy scale corrections are turned
o↵ (set to 1.0) since these are calibrated strictly for ap-
plication to fully reconstructed (clustered) objects. For
purposes of comparison and validation, we also extract
information from Delphes regarding the leading large-
radius jet (R0 = 1), which is processed by trimming [25],
pruning [26], and applying Soft-Drop.

Event analysis (including clustering) and computation
of observables are implemented with AEACuS (cf. Ap-
pendix B). We begin by pre-clustering detector-level ob-
jects with anti-kT at (R0 = 0.01) to roughly mimic a
characteristic track-assisted calorimeter resolution at the
LHC. The isolation and filtering criteria described in Sec-
tion V are then used in conjunction to select the subset
of detector-level object candidates retained for analysis.
Specifically, our procedure is equivalent to keeping mem-
bers gathered by the hardest isolated N -subjet tree that
survive filtering all the way down to the final merger. All
histograms are generated with RHADAManTHUS [19],
using MatPlotLib [27] on the back end.

We begin by evaluating the fidelity of the variable
large-radius SIFT jet’s directional and scale reconstruc-
tion in the context of the mono-jet sample. Respectively,
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FIG. 13. Distribution of W -boson and top quark masses for di, and tri-jet samples reconstructed with SIFT at various transverse boosts.

VIII. RESOLUTION AND RECONSTRUCTION

This section characterizes SIFT’s angular and ener-
getic response functions for the resolution of hard mono-
jets and tests the reconstruction of collimated di- and
tri-jet systems associated with a massive resonance. The
best performance is achieved for large transverse boosts.

We generate Monte Carlo collider data modeling the
p
s = 14 TeV LHC using MadGraph/MadEvent,

Pythia8, and Delphes as before. Clean (N = 1, 2, 3)
prong samples are obtained by simulating the processes
(pp ) jZ ) j + ⌫⌫̄), (pp ) W

±
Z ) jj + ⌫⌫̄),

and (pp ) tW
�

) jjj + ⌫̄`
�) plus conjugate, respec-

tively. In the latter case, an angular isolation cone
with (�R = 0.5) is placed around the visible lepton.
Hard partonic objects are required to carry a minimal
transverse momentum (pT � 25 GeV) and be inside
(|⌘| <= 3.0). No restrictions are placed on the angu-
lar separation of decay products. Jets consist of gluons
and/or light first-generation quarks (u, d), as well as b-
quarks where required by a third-generation process. In
order to represent a wide range of event scales, we tranche
in the transverse momentum (vector sum magnitude) of
the hadronic system, considering six log-spaced intervals
pT = ( 100, 200, 400, 800, 1600, 3200 ) GeV ±5% and
giving attention primarily to the inner four.

Clustering is disabled at the detector simulation level

by setting the jet radius R0 and aggregate pT threshold
to very small values. We retain the default Delphes
e�ciencies for tracks and calorimeter deposits (includ-
ing pT thresholds on low-level detector objects), along
with cell specifications and smearing (resolution) e↵ects
in the latter case. Jet energy scale corrections are turned
o↵ (set to 1.0) since these are calibrated strictly for ap-
plication to fully reconstructed (clustered) objects. For
purposes of comparison and validation, we also extract
information from Delphes regarding the leading large-
radius jet (R0 = 1), which is processed by trimming [25],
pruning [26], and applying Soft-Drop.

Event analysis (including clustering) and computation
of observables are implemented with AEACuS (cf. Ap-
pendix B). We begin by pre-clustering detector-level ob-
jects with anti-kT at (R0 = 0.01) to roughly mimic a
characteristic track-assisted calorimeter resolution at the
LHC. The isolation and filtering criteria described in Sec-
tion V are then used in conjunction to select the subset
of detector-level object candidates retained for analysis.
Specifically, our procedure is equivalent to keeping mem-
bers gathered by the hardest isolated N -subjet tree that
survive filtering all the way down to the final merger. All
histograms are generated with RHADAManTHUS [19],
using MatPlotLib [27] on the back end.

We begin by evaluating the fidelity of the variable
large-radius SIFT jet’s directional and scale reconstruc-
tion in the context of the mono-jet sample. Respectively,

Clustering history (N-subjet tree): Exclusive (sub)jet counts

[Larkoski, Rathjens, Veatch, Walker, arXiv:2302.08609]

https://doi.org/10.48550/arXiv.2302.08609
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Last 10 years huge progress in jets and jet substructure

‣ Why are we still using AK4 for measurements and AK8 for tagging? 

‣ Should be using:

• Large jets (or R ~ pT) for measurements 

• Decreasing jets R ~ 1/pT for tagging

• Unambiguous (IRC safe) definition of q/g jets
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Last 10 years huge progress in jets and jet substructure

‣ Why are we still using AK4 for measurements and AK8 for tagging? 

‣ Should be using:

• Large jets (or R ~ pT) for measurements 

• Decreasing jets R ~ 1/pT for tagging

• Unambiguous (IRC safe) definition of q/g jets

‣ We are all busy with Run 3 (and 2)

‣ Hopefully, no catastrophic incident is needed  
for the next consolidation of our jet usage
• Preparation of HL-LHC: chance for new ideas
• Be open for new techniques and strategies 
• Start with data formats, analyses will follow
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