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Jet substructure fundamental tool in many SM & BSM analyses 

→ “Tagging” decays of  W/Z/H/t 

Understanding of quark/gluon jet substructure vital  

→ QCD often large background 

Wide variety of predictions available; data not always well-modelled 

→ Often large source of  uncertainty when evaluating taggers 

→ Gluon jets less well-modelled, fewer constraining measurement 

Jet substructure measurements offer insight into various contributions & scales 

→ Feedback into better understanding, better modelling, better tagging
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Overview of measurements
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Jet production vs distance parameter

Anti-kT jet clustering characterised by distance parameter R 

‣ Approx. size in η-ɸ plane 

How much energy is cluster by jet depends on: 

‣ Emission of  secondary quarks/gluons that can fall outside R 

‣ Non-perturbative hadronisation 

‣ Additional particles from the underlying event (= multiple interactions between the proton remnants) 

Measure jet pT spectrum relative to R = 0.4 jets in dijet events, unfolding result
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Amounts depend on whether jet 
initiated by quark or gluon
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Jet production vs distance parameter
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Soft Drop

Jet grooming technique: remove soft, wide-angle radiation from jet 

‣ Correlations amongst out-of-jet soft gluon emissions & wide-angle radiation from other jets → causes non-global logarithms 
for non-global observables, hard to handle beyond leading-log → grooming removes these 

‣ Reduces effects of  initial-state radiation (ISR), underlying event (UE), & pileup 

‣ Accesses more of  the core parton information 

Recluster jet with Cambridge-Aachen (C/A), then work backwards along clustering history: 

If subjets satisfy condition:                                                     

then stop → this is the groomed jet 

Otherwise, redefine the jet as the larger-pT subjet, and iterate 

‣ zcut: controls soft/hard-ness of groomed-away radiation 

‣ β: controls whether collinear/wide-angle radiation groomed away
 6
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1 Introduction

The study of jet substructure has significantly matured over the past five years [1–3], with

numerous techniques proposed to tag boosted objects [4–46], distinguish quark from gluon jets

[44, 47–51], and mitigate the e↵ects of jet contamination [6, 52–61]. Many of these techniques

have found successful applications in jet studies at the Large Hadron Collider (LHC) [50, 62–

89], and jet substructure is likely to become even more relevant with the anticipated increase

in energy and luminosity for Run II of the LHC.

In addition to these phenomenological and experimental studies of jet substructure, there

is a growing catalog of first-principles calculations using perturbative QCD (pQCD). These

include more traditional jet mass and jet shape distributions [90–95] as well as more so-

phisticated substructure techniques [44, 59, 60, 96–103]. Recently, Refs. [59, 60] considered

the analytic behavior of three of the most commonly used jet tagging/grooming methods—

trimming [53], pruning [54, 55], and mass drop tagging [6]. Focusing on groomed jet mass

distributions, this study showed how their qualitative and quantitative features could be un-

derstood with the help of logarithmic resummation. Armed with this analytic understanding

of jet substructure, the authors of Ref. [59] developed the modified mass drop tagger (mMDT)

which exhibits some surprising features in the resulting groomed jet mass distribution, in-

cluding the absence of Sudakov double logarithms, the absence of non-global logarithms [104],

and a high degree of insensitivity to non-perturbative e↵ects.

In this paper, we introduce a new tagging/grooming method called “soft drop decluster-

ing”, with the aim of generalizing (and in some sense simplifying) the mMDT procedure. Like

any grooming method, soft drop declustering removes wide-angle soft radiation from a jet in

order to mitigate the e↵ects of contamination from initial state radiation (ISR), underlying

event (UE), and multiple hadron scattering (pileup). Given a jet of radius R0 with only two

constituents, the soft drop procedure removes the softer constituent unless

Soft Drop Condition:
min(pT1, pT2)

pT1 + pT2
> zcut

✓
�R12

R0

◆�

, (1.1)

where pT i are the transverse momenta of the constituents with respect to the beam, �R12

is their distance in the rapidity-azimuth plane, zcut is the soft drop threshold, and � is an

angular exponent. By construction, Eq. (1.1) fails for wide-angle soft radiation. The degree

of jet grooming is controlled by zcut and �, with � ! 1 returning back an ungroomed jet. As

we explain in Sec. 2, this procedure can be extended to jets with more than two constituents

with the help of recursive pairwise declustering.1

Following the spirit of Ref. [59], the goal of this paper is to understand the analytic

behavior of the soft drop procedure, particularly as the angular exponent � is varied. There

are two di↵erent regimes of interest. For � > 0, soft drop declustering removes soft radiation

1The soft drop procedure takes some inspiration from the “semi-classical jet algorithm” [58], where a variant

of Eq. (1.1) with zcut = 1/2 and � = 3/2 is tested at each stage of recursive clustering (unlike declustering

considered here).

– 2 –

zcut, β 
tuneable 

parameters

JHEP 1405 (2014) 146

✘

J1

J2

C/A performs angular-ordered clustering

mailto:robin.aggleton@cern.ch?subject=
https://arxiv.org/abs/1402.2657


Robin Aggleton | robin.aggleton@cern.ch QCD20 Conference

Soft Drop Observables

Measure several observables after applying soft drop, and varying soft drop parameters: 

‣ Dimensionless jet mass,                           → less dependence on pT 

‣ pT balance,  

‣ Splitting opening angle, 

‣ zcut = 0.1, β = 0, 1, 2 

All related:  

Measure in dijet events: 2 anti-kT R=0.8 jets, pTleading jet > 300 GeV, pTleading jet < 1.5 × pTsubleading jet 

Unfold back to particle-level
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Soft Drop Observables
Compare data with analytical calculations at varying orders in αS: (1704.02210, 1712.05105, 1603.09338, 1603.06375)
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Soft Drop Observables
Similar results from CMS using 2015 data looking at ungroomed & groomed jet mass in dijet events:
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& removes “Sudakov” peak
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Jet Substructure Observables in 

Use W → qq’ in semileptonic resolved     decays → samples of light flavour & b jets, and gluon jets from ISR  

Measure variety of substructure variables in anti-kT R=0.4 jets, unfolded to particle-level
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7. Comparison to top quark data 21
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Figure 13: CMS data at
p

s = 13 TeV [39] of several jet substructure observables: the charged-
particle multiplicity (upper left), the eccentricity (upper right), the groomed momentum frac-
tion (lower left), and angle between the groomed subjets (lower right). The data are compared
to predictions from POWHEG + HERWIG 7 , with the SoftTune, CH1, CH2, and CH3 tunes. The
coloured band in the ratios of the different predictions from simulation to the data represents
the total experimental uncertainty in the data.

Results used in new CMS Herwig7 tuning 
CMS-PAS-GEN-19-001 
Impact of  different αS :  

SoftTune (0.1292) vs CH1/2/3 (0.118)
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Jet Substructure Observables in 

Strong dependence of ∆Rg on αSFSR → can use to extract most-compatible value: 
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Lund Jet Plane

A different way to represent a jet: start with a hard quark/gluon core, with a soft emission

 12
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Figure 1: (a) Schematic representation of the LJP. The line z✓ . ⇤QCD roughly indicates the transition between
regions where either perturbative (z✓ > ⇤QCD) or nonperturbative (z✓ < ⇤QCD) e�ects are expected to dominate.
“UE/MPI” denotes the region where sources of nearly uniform radiation are relevant. (b) The ratio of the Lund jet
plane as simulated by the H����� 7.1.3 MC generator with either an angle-ordered parton shower or a dipole parton
shower. (c) The ratio of the Lund jet plane as simulated by the S����� 2.2.5 MC generator with either the AHADIC
cluster-based or Lund string-based hadronization algorithm. (d) The ratio of the LJP as simulated by either the
P�����+P����� 8.230 or P����� 8.230 MC generators. The inner set of axes indicate the coordinates of the LJP
itself, while the outer set indicate corresponding values of z and �R.
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Lund Jet Plane

- Use high-pT dijet events:  

pTleading jet > 675 GeV, pTleading < 1.5 × pTsubleading 

- Cluster anti-kT R= 0.4 jets 

- Identify reconstructed tracks (charged hadrons) 
with pT > 500 MeV within ∆R < 0.4 of jets 

‣ Uses fine granularity of tracker 

- Cluster tracks (charged hadrons) with C/A 

- Iteratively de-cluster: treat each step as an 
emission → add a point to Lund plane 

- Unfold reconstructed to charged-particle level
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Figure 1: (a) Schematic representation of the LJP. The line z✓ . ⇤QCD roughly indicates the transition between
regions where either perturbative (z✓ > ⇤QCD) or nonperturbative (z✓ < ⇤QCD) e�ects are expected to dominate.
“UE/MPI” denotes the region where sources of nearly uniform radiation are relevant. (b) The ratio of the Lund jet
plane as simulated by the H����� 7.1.3 MC generator with either an angle-ordered parton shower or a dipole parton
shower. (c) The ratio of the Lund jet plane as simulated by the S����� 2.2.5 MC generator with either the AHADIC
cluster-based or Lund string-based hadronization algorithm. (d) The ratio of the LJP as simulated by either the
P�����+P����� 8.230 or P����� 8.230 MC generators. The inner set of axes indicate the coordinates of the LJP
itself, while the outer set indicate corresponding values of z and �R.
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Figure 1: (a) Schematic representation of the LJP. The line z✓ . ⇤QCD roughly indicates the transition between
regions where either perturbative (z✓ > ⇤QCD) or nonperturbative (z✓ < ⇤QCD) e�ects are expected to dominate.
“UE/MPI” denotes the region where sources of nearly uniform radiation are relevant. (b) The ratio of the Lund jet
plane as simulated by the H����� 7.1.3 MC generator with either an angle-ordered parton shower or a dipole parton
shower. (c) The ratio of the Lund jet plane as simulated by the S����� 2.2.5 MC generator with either the AHADIC
cluster-based or Lund string-based hadronization algorithm. (d) The ratio of the LJP as simulated by either the
P�����+P����� 8.230 or P����� 8.230 MC generators. The inner set of axes indicate the coordinates of the LJP
itself, while the outer set indicate corresponding values of z and �R.
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Figure 1: (a) Schematic representation of the LJP. The line z✓ . ⇤QCD roughly indicates the transition between
regions where either perturbative (z✓ > ⇤QCD) or nonperturbative (z✓ < ⇤QCD) e�ects are expected to dominate.
“UE/MPI” denotes the region where sources of nearly uniform radiation are relevant. (b) The ratio of the Lund jet
plane as simulated by the H����� 7.1.3 MC generator with either an angle-ordered parton shower or a dipole parton
shower. (c) The ratio of the Lund jet plane as simulated by the S����� 2.2.5 MC generator with either the AHADIC
cluster-based or Lund string-based hadronization algorithm. (d) The ratio of the LJP as simulated by either the
P�����+P����� 8.230 or P����� 8.230 MC generators. The inner set of axes indicate the coordinates of the LJP
itself, while the outer set indicate corresponding values of z and �R.
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Compare with calculation of Lund Jet Plane: 

‣ Valid down to kT ≃ 5 GeV 

‣ Combined with non-perturbative corrections from MC 

Good agreement with data in well-understood region
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2007.06578

Figure 12: Comparison between our calculations and the ATLAS measurement from

Ref. [83], for di↵erent bins of �. The dashed vertical lines, corresponding to z = k

t

p?� for

p? = 675 GeV and several k
t

values, are meant to indicate the transverse scales one is

typically sensitive to. The shaded grey bands indicate bins where the relative uncertainty

on the non-perturbative corrections is larger than 10%. The shaded red regions indicate

that our calculation is incomplete because of the missing resummation of the boundary

logarithms.

For all unshaded bins in Figs. 12 and 13, we see agreement between our predictions

and the data to within the experimental and theoretical uncertainties. Generally speak-

ing, the theoretical uncertainties are larger than the experimental ones, though they are

comparable at values of z and � that correspond to large k

t

values. Recall that the the-

oretical uncertainties are to a large extent dominated by the choice of scale of ↵
s

in the

resummation and a higher-order resummation would therefore be beneficial to reduce the

uncertainties.

If we consider the grey shaded regions, i.e. those where non-perturbative uncertainties

are larger than 10%, the agreement between data and theory remains good to within the

total uncertainties in most of the bins, almost all the way down to 2GeV. In practice this

– 28 –

mailto:robin.aggleton@cern.ch?subject=
https://arxiv.org/abs/2007.06578


Robin Aggleton | robin.aggleton@cern.ch QCD20 Conference

Summary
Wide variety of measurements probing nature of QCD 

‣ Across parton showering, hadronisation, etc 

Pushing our understanding through new techniques & observables 

‣ Grooming now a standard tool, not just for highly-boosted W/Z/H/t; Lund Jet Plane can help decouple the various effects 

Precision comparison between LHC data & pQCD predictions 

‣ Soft Drop key tool to improve understanding of  substructure & at high pT 

Clearly identify regions in which existing MCs perform strongly... and not so strongly 

‣ Exciting to see feedback of  results into simulation 

New generation of taggers exploit even more information about individual jet constituents  

‣ Modelling under even more scrutiny
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Herwig7 tunes
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Table 2: Values of the parameters for SoftTune [3, 12], CH1, CH2, and CH3.

SoftTune CH1 CH2 CH3
aS(mZ) 0.1262 0.118 0.118 0.118

PS PDF set MMHT2014 LO NNPDF3.1 NNLO NNPDF3.1 NNLO NNPDF3.1 NNLO
aPDF

S (mZ) 0.135 0.118 0.118 0.118

MPI PDF set MMHT2014 LO NNPDF3.1 NNLO NNPDF3.1 LO NNPDF3.1 LO
aPDF

S (mZ) 0.135 0.118 0.118 0.130
pmin
?,0 3.502 2.322 3.138 3.040
b 0.416 0.157 0.120 0.136

µ2 1.402 1.532 1.174 1.284
preco 0.5 0.4002 0.479 0.471

c2/Ndof (fit) - 4.15 1.54 1.71
c2/Nbins 12.5 5.11 1.50 1.67

and significantly lower in CH1, which increases the amount of MPI in the event compared to
that with the tune SoftTune.

The lower value of b for all CH tunes increases further the amount of MPI produced in colli-
sions at

p
s = 13 TeV. The amount of CR in the CH tunes is lower than in the tune SoftTune,

given the lower values of preco. This also has the effect of increasing the overall amount of
activity in the UE for the CH tunes. The value of µ2 for CH2 and CH3 is lower than the corre-
sponding value in SoftTune. Even though a lower value of µ2 would lead to a lower amount of
MPI in a given event, the combined effect of the parameters of the CH tunes results in a larger
amount of MPI compared to that with the tune SoftTune.

The tuned parameters of CH2 and CH3 are fairly similar, as are the c2/Ndof of the two tunes,
indicating that the choice of aS used when deriving the LO PDF set used in the simulation of
MPI does not have a large effect. The tuned parameters for the tune CH1 differ to those in the
tunes CH2 and CH3, and the c2/Ndof is larger, implying that using a LO PDF set is somewhat
preferred over a NNLO PDF set for the simulation of MPI. Below, the predictions from the three
CH tunes are compared to the data used in the tuning procedure.

Figure 2 shows the pseudorapidity of charged hadrons at 13 TeV in MB events. Only the predic-
tions with the tune SoftTune deviate significantly from the data, and underestimate the charged
particle multiplicity in data by 10 � 18%. The CH tunes each provide a slightly different pre-
diction, but all have a similar level of agreement with the data. The tuned parameters of the
CH tunes compared to those in the tune SoftTune indicate an increase in the activity in the UE,
which is consistent with what is observed here.

Figure 3 shows comparisons of predictions from HERWIG 7 with the tune SoftTune, and the CH
tunes, with UE data at

p
s = 13 TeV. The predictions of the tunes CH2, CH3, and SoftTune are

broadly similar, with a good description of the data in the plateau of the distributions (pmax
T &

4 GeV). In the rising part of the spectrum the predictions from the tunes CH2, CH3, and
SoftTune deviate from the data in some bins by up to 40%. From these three tunes, the tune
CH3 provides the predictions that is closest to the data in this region. It is worth noting again
that only the region above pmax

T > 3 GeV was included in the tuning procedure.
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