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• We are in the era of precision jet property measurements 
• We can now probe QCD predictions at higher order 

• Excellent jet reconstruction/calibration techniques allow 
precise measurements 

• New techniques are available to accurately probe jet 
formation and shape 

• Measurements in this talk: 
• Jet fragmentation: ATLAS-STDM-2017-16 
• Soft-Drop mass: Phys. Rev. Lett. 121 (2018) 092001 
• Jet shape observables: arXiv:1903.02942 
• g→bb properties: Phys. Rev. D 99 (2019) 052004
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Introduction

https://cds.cern.ch/record/2673114
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.092001
https://arxiv.org/abs/1903.02942
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.052004
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Jet calibration performance

• Jet energy scale and mass scale need to be calibrated 
• In situ techniques can be used to provide great performance
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Jet fragmentation properties using charged particles

• Jet formation is complex and involves several energy scales 
• MC parameters need to be tuned to data 

• Measuring quantities related to fragmentation using 
charged particle tracks helps us to tune MC parameters 

• Predictions agree reasonably well with data 
• Sherpa needs to be better tuned
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Jet fragmentation properties using charged particles
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• Operational hadron-level definition of quark or gluon jets needed 
• Most jet-by-jet tagging is highly dependent on PS model 

• Topics are data-driven classifications that approximately  align 
with quark and gluon jets
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ATLAS DRAFT

8.2 Quark and gluon distributions439

As discussed in Section 5.2, the more forward and the more central of the two selected jets can be separated440

to expose di�erences in the radiation pattern within quark and gluon jets. Using the fraction of quark jets441

fq in the two samples of jets (forward f and central c), one can extract the quark (hq
i ) and gluon (hg

i ) jet442

fragmentation properties separately by solving a system of equations per bin i of an observable:443

h
f
i = f

f
q h

q
i + (1 � f

f
q )h

g
i , (4)

h
c
i = f

c
q h

q
i + (1 � f

c
q )h

g
i , (5)

where f
x
q is the fraction of quark jets in sample x and the nominal fractions are taken from the default444

P����� simulation described in Section 4. The flavor of a jet is defined as the type of the highest energy445

parton from the event record (all partons prior to hadronization) ghost-associated to the jet. This definition446

is not unique as quark and gluon labels are not universal due to color connections with other partons in the447

event.5 In addition to the uncertainty in h
f
i and h

c
i from the unfolding, uncertainties in the extracted h

g
i and448

h
q
i distributions arise from the PDF choice, from the matrix elements, from the fragmentation model (due449

to flavor changing), and from the method non-closure. The determination of the uncertainty from choice of450

PDF uses the NNPDF uncertainty set (NNPDF 2.3 at LO in QCD and QED with ↵S(mZ ) = 0.119) and the451

matrix-element uncertainty is estimated by comparing the nominal fractions from P����� with those from452

H�����.6 The non-closure uncertainty is due to the small (sub-percent level) di�erences between forward453

and central quark jets, as well as forward and central gluon jets resulting from an ⌘ dependence in the jet454

fragmentation at a fixed jet pT [100]. When presenting the average properties in bins of jet pT, the binning455

correction described in Section 6 is also applied and the corresponding uncertainty contributes to the total456

uncertainty (though it is subdominant to the other sources of uncertainty).457

The matrix-element uncertainty dominates the total uncertainty in the extraction procedure, resulting458

in an uncertainty that is about 1% at high jet pT and about 5% at low to moderate jet pT for quark jets,459

with the inverse trend for gluon jets (low uncertainty at low jet pT and large uncertainty at high jet pT).460

The extractions presented here use leading-order matrix elements and leading logarithm parton-shower461

programs; higher order e�ects that modify the fractions f are not included in this leading-order extraction462

(they are expected to be suppressed by O(↵S)). Figure 14 shows the extracted quark and gluon distributions463

for jets with 1000 GeV < p
jet
T < 1200 GeV. To reinforce the simulation dependence of these extractions,464

the data distributions are referred to as ‘extracted quark-like’ and ‘extracted gluon-like’.465

A key challenge with the extraction based on Eqs. (4) and (5) is that it strongly depends on simulation466

for the fractions fq and fg. A new approach that does not require the input of any fractions is topic467

modeling [101, 102], which holds great promise for learning about quark- and gluon-like jets with less468

input from theory. In this approach, one can extract distributions of ‘topics’ T1 and T2:469

h
T1
i =

h
f
i �
⇣
min j {h

f
j /h

c
j }
⌘
⇥hc

i

1�min jh
f
j /h

c
j

,

h
T2
i =

hc
i �
⇣
min j {h

c
j /h

f
j }
⌘
⇥h

f
i

1�min jhc
j /h

f
j

.

5 However, for isolated jets, the topology dependence is predicted to be much smaller than the di�erence between quark and
gluon jets [100].

6 These two generators also use di�erent PDF sets, so this uncertainty is double-counted in the overall uncertainty.
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• Grooming removes soft and wide angle radiation from large-R jets 
• SoftDrop designed to remove nonglobal logarithms 

• Jet reclustered using C/A 

• Softer branch removed at each node if criteria fails 

• Continued until criteria is passed 
• Allows measurement beyond LL
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Soft-Drop jet mass measurements

Phys. Rev. Lett. 121 (2018) 092001

algorithms, all inputs to jet-finding start as a proto-jet and
are combined pairwise using a distance metric in y-ϕ space
[20]. When the smallest distance is above some thresholdR
(called the jet radius), the algorithm terminates and the
remaining proto-jets are the final jets. The clustering
history is the sequence of pairwise combinations that lead
to a particular jet. Jets at the LHC experiments are usually
clustered using the anti-kt algorithm [21], which has the
benefit of producing regularly shaped jets in y-ϕ space.
Even though anti-kt jets are useful experimentally, their
clustering history does not mimic the angular-ordered PS
[22] used in the related kt [19,23] and Cambridge-Aachen
[24,25] (C/A) algorithms. The soft-drop algorithm starts
by reclustering an anti-kt jet’s constituents with the C/A
algorithm. Next, the clustering tree is traversed from the
latest branch to the earliest and at each node the following
criterion is applied to proto-jets j1 and j2:

minðpT;j1 ; pT;j2Þ
pT;j1 þ pT;j2

> zcut

!
ΔR12

R

"
β
; ð1Þ

where pT is the momentum of a jet transverse to the beam
pipe, zcut and β are algorithm parameters, and ΔR12 ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔyÞ2 þ ðΔϕÞ2

p
is the distance in y-ϕ between the proto-

jets. The parameter zcut sets the scale of the energy removed
by the algorithm; β tunes the sensitivity of the algorithm to
wide-angle radiation. If the soft-drop condition in Eq. (1) is
not satisfied, then the branch with the smaller pT is
removed. The procedure is then iterated on the remaining
branch. If the condition is satisfied at any node, the
algorithm terminates. As β increases, the fraction of
branches where the condition is satisfied increases, reduc-
ing the amount of radiation removed from the jet. In
the limit β→ ∞, the original jet is untouched. The mass
of the resulting jet is referred to as the soft-drop jet
mass, msoft drop.
This Letter presents a measurement of the soft-drop jet

mass using 32.9 fb−1 of
ffiffiffi
s

p
¼ 13 TeV pp data collected in

2016 by the ATLAS detector, and the first comparison to
predictions of jet substructure that are formally more
accurate than the LL PS approximation.
ATLAS is a particle detector designed to achieve nearly a

full 4π coverage in solid angle [26]. The inner tracking
detector (ID) is inside a 2 T magnetic field and is designed
to measure charged-particle trajectories up to jηj¼ 2.5.
Surrounding the ID are electromagnetic and hadronic
calorimeters, which use liquid argon and lead, copper, or
tungsten absorber for the electromagnetic and forward
(jηj> 1.7) hadronic detectors, and scintillator-tile active
material with steel absorber for the central (jηj< 1.7)
hadronic calorimeter.
For this study, jets are clustered using the anti-kt jet

algorithm with radius parameter R¼ 0.8 implemented
in FASTJET [27]. The inputs are topological calorimeter-
cell clusters calibrated using the local cluster weighting

algorithm [28]. In order to improve the rapidity resolution,
cluster four-vectors are corrected to point toward the
reconstructed primary collision vertex [29]. An overall
jet energy calibration, derived for R¼ 0.8 jets, accounts
for residual detector effects as well as contributions from
pileup (i.e., simultaneous additional pp collisions) in order
to make the reconstructed jet energy unbiased (up through
“absolute MC-based calibration” in Ref. [30]). Jets are
required to have jηj< 1.5 so that their calorimeter-cell
clusters are within the coverage of the ID.
Events were selected online using a two-level trigger

system [31] that is hardware-based at the first level and
software-based for the second level. In this analysis, the
full-luminosity jet trigger with the lowest pT threshold is
nearly 100% efficient for jets with pT > 600 GeV. Events
are required to have a minimum of two jets, at least one of
which has pT > 600 GeV. In addition, a dijet topology is
imposed by requiring that the leading two pT-ordered jets
satisfy pT;1=pT;2 < 1.5: as the leading two jets are required
to have similar pT, this removes events with additional
energetic jets.
The soft-drop algorithm is then run on the leading two

jets in the selected events. Both of these jets are used for the
measurement. Three different values of β∈ f0; 1; 2g are
considered. The value of zcut is fixed at 0.1 so that logðzcutÞ
resummation is negligible [15]. The dimensionless mass
ρ ¼ msoft drop=pT

ungroomed is the observable of interest: as
the soft-drop mass is correlated with pT , ρ is a dimension-
less quantity that only weakly depends on pT . For each β
value, log10ðρ2Þ is constructed from the jet’s mass after
the soft drop algorithm and its pT before (referred to as
pungroomed
T ). The ungroomed jet pT is used because the

groomed version is collinear unsafe when β¼ 0 [15]. The
full log10ðρ2Þ distribution is studied, but the focus is on
the resummation region [−3.7 < log10ðρ2Þ < −1.7], where
resummation dominates over nonperturbative or fixed-
order parts of the recent precision calculations; studying
the distribution in log-scale allows this region to be studied
more closely.
After the event selection, the data are unfolded to correct

for detector effects. MC simulations are used to perform the
unfolding and for comparisons with the corrected data. The
unfolding procedure corrects detector-level [32] observ-
ables to particle level. The particle-level selection is defined
to be as close as possible to the detector-level selection in
order to minimize the size of simulation-based corrections
when unfolding. Particle-level jets are clustered from
simulated particles with a mean lifetime τ > 30 ps exclud-
ing muons and neutrinos. These jets are built using the
same algorithm as for detector-level jets, and particle-level
events must pass the same dijet requirement. The exper-
imental resolution of the log10ðρ2Þ distribution depends
on the jet pT , so the log10ðρ2Þ and pT distributions are
simultaneously unfolded. After correcting for the accep-
tance of the event selection, the full two-dimensional

PHYSICAL REVIEW LETTERS 121, 092001 (2018)

092001-2

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.092001
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Soft-Drop jet mass measurements

Phys. Rev. Lett. 121 (2018) 092001

• Measured in dijet events using anti-kt R = 0.8 jets 
• Scan of β values 
• Excellent unfolded agreement in perturbative region
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Measurement of jet substructure observables in  
top quark, W boson and light jet production

arXiv:1903.02942

• Various shape substructure observables measured in data 
• Dijet, W, and top selections applied 
• Distributions unfolded to remove detector effects 
• ME and PS variations included in comparison  
• Different mis-modeling for W and top jets
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e2 =
ECF2

(ECF1)2 ,

e3 =
ECF3

(ECF1)3 .

The observables e2 and e3 are measured, and are later referred to as ECF2norm and ECF3norm.
These ratios are then used to generate the variable C2 [66], and its modified version D2 [65, 67],
which have been shown to be particularly useful in identifying two-body structures within jets [68].
The C2 and D2 variables as defined below are measured in this analysis:

C2 =
e3

(e2)2
,

D2 =
e3

(e2)3
.

• Ratios of N-subjettiness [69], ⌧21 and ⌧32. The N-subjettiness describes to what degree the
substructure of a given jet is compatible with being composed of N or fewer subjets.

In order to calculate ⌧N, first N subjet axes are defined within the jet by using the exclusive kt
algorithm, where the jet reconstruction continues until a desired number of jets are found. The 0-, 1-,
2-,and 3-subjettiness are defined as:

⌧0(�NS) =
’
i2J

pTi R
�NS
, (1a)

⌧1(�NS) = 1
⌧0(�NS)

’
i2J

pTi�R�NS

a1,i
, (1b)

⌧2(�NS) = 1
⌧0(�NS)

’
i2J

pTi min(�R�NS

a1,i
,�R�NS

a2,i
), (1c)

⌧3(�NS) = 1
⌧0(�NS)

’
i2J

pTi min(�R�NS

a1,i
,�R�NS

a2,i
�R�NS

a3,i
), (1d)

where �R is the angular distance between constituent i and the jet axis, ai , and �Ra,n is the angular
distance between constituent i and the axis of the nth subjet. The term R is the radius parameter of
the jet. The parameter �NS gives a weight to the angular separation of the jet constituents. In the
studies presented here, the value of �NS = 1 is used. In the above functions, the sum is performed
over the constituents i in the jet J, and a normalisation factor ⌧0 (Eq. (1a)) is used. The ratios of the
N-subjettiness functions, ⌧21 = ⌧2/⌧1 and ⌧32 = ⌧3/⌧2 have been shown to be particularly useful in
identifying two-body and three-body structures within jets.

Studies presented in Ref. [70] have shown that an alternative axis definition can increase the
discrimination power of these variables. The winner-takes-all (WTA) axis uses the direction of
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each splitting in order to remove soft and wide-angle radiation. At each step the jet is split into two
proto-jets. The removal of proto-jets in a splitting is controlled by two parameters: a measure of the energy
balance of the pair, zcut, and the significance of the angular separation of the proto-jets, �SD. These are
used to define the soft-drop condition:

min(pT1, pT2)
pT1 + pT2

> zcut

✓
�R12

R

◆�SD

where R12 is the angular distance between the two proto-jets and R is the radius of the large jet. In this
analysis, values of zcut = 0.1 and �SD = 0.0 are used, based on previous ATLAS studies [8]. An important
feature of soft-drop is that groomed observables are analytically calculable to high-order resummation
accuracy [61–63].

The following substructure variables are measured in this analysis:

• Number of subjets with pT > 10 GeV, reconstructed from the selected large-radius jet constituents
using the kt algorithm [64] with R = 0.2.

• Generalised angularities defined as:

�
�LHA =

’
i2J

zi ✓
�LHA

i ,

where zi is the transverse momentum fraction piT/pjet
T of the constituent, and ✓i is the angle of the

ith constituent of the jet relative to the jet axis, normalised by the jet radius. The exponents  and
�LHA probe di�erent aspects of the jet fragmentation. The ( = 1, �LHA = 0.5) variant is termed the
Les Houches angularity (LHA) [65] and used in this analysis. It is an infrared-safe version of the
jet-shape angularity, and provides a measure of the broadness of a jet.

• Energy correlation functions ECF2 and ECF3 [66], and related ratios C2, D2 [67]. The 1-point,
2-point and 3-point energy correlation functions for a jet J are given by:

ECF1 =
’
i2J

pTi,

ECF2(�ECF) =
’
i< j2J

pTi pT j

�
�Ri j

��ECF
,

ECF3(�ECF) =
’

i< j<k2J
pTi pT j pTk

�
�Ri j�Rik�Rjk

��ECF
,

where the parameter �ECF weights the angular separation of the jet constituents. In the above
functions, the sum is over the i constituents in the jet J, such that the 1-point correlation function
ECF1 is approximately the jet pT. Likewise, if one takes �ECF = 2, the 2-point correlation functions
scale as the mass of a particle undergoing a two-body decay in collider coordinates. In this analysis,
�ECF = 1 is used, and for brevity, �ECF is not explicitly mentioned hereafter.

The ratios of some of these quantities (written in an abbreviated form) are defined as :

7

dijet W top

https://arxiv.org/abs/1903.02942
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• Precision measurements of g→bb important for SM 
measurements and searches for BSM H production 

• b-tag track jets associated to large-R calorimeter jet 
• Study 4 important quantities:

 10

Properties of g→bb at small opening angles

Phys. Rev. D 99 (2019) 052004
ATL-PH

YS-PU
B

-2017-010

ΔR(b, b) = Δϕ(b, b)2 + Δη(b, b)2

z(pT) = pT,2/(pT,1 + pT,2)

Δθppg,gbb

log(mbb/pT)

instead of parton-splitting e�ects) and were limited in their kinematic reach due in part to small datasets
and low momentum transfers.

The high transverse momentum and low angular separation regime for g ! bb̄ can be probed at the LHC
using b-tagged small-radius jets within large-radius jets. This topology is used to calibrate b-tagging
in dense environments [50–52] and is studied phenomenologically [53, 54]. The measurement shown
in this paper builds on these studies by using data collected by the ATLAS detector from

p
s = 13 TeV

pp collisions in order to perform a di�erential cross-section measurement of g ! bb̄ inside jets at high
transverse momentum – see Figure 1 for a representative Feynman diagram. Small-radius jets built from
charged-particle tracks are used as proxies for b-quarks and can be used as precision probes of the small
opening-angle regime.

This paper is organized as follows. After a brief introduction to the ATLAS detector in Section 2, the
data and simulations used for the measurement are documented in Section 3. Section 4 describes the
event selection and Section 5 lists and motivates the observables to be measured. The key challenge
in the measurement is the estimation of background processes, which is performed using a data-driven
approach illustrated in Section 6. The data are unfolded to correct for detector e�ects to allow direct
comparisons to particle-level predictions. This procedure is explained in Section 7 and the associated
systematic uncertainties are detailed in Section 8. The results are presented in Section 9 and the paper
concludes with Section 10.

q

g

q

b

b̄

Figure 1: A representative diagram for the high-pT g ! bb̄ process studied in this paper.

2 ATLAS detector

The ATLAS detector [55] is a multipurpose particle detector with a forward/backward-symmetric cylindrical
geometry. The detector has a nearly 4⇡ coverage in solid angle1 and consists of an inner tracking detector,
electromagnetic and hadronic calorimeters, and a muon spectrometer. The inner detector (ID) is surrounded
by a superconducting solenoid providing a 2 T magnetic field and covers a pseudorapidity range of |⌘ | < 2.5.
The ID is composed of silicon pixel and microstrip detectors as well as a transition radiation tracker. For
the LHC

p
s = 13 TeV run, the silicon pixel detector has been upgraded to include an additional layer

close to the beam interaction point [56]. The lead/liquid-argon electromagnetic sampling calorimeters
measure electromagnetic energies with high granularity for the pseudorapidity region of |⌘ | < 3.2. Hadron

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the center of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the center of the LHC ring, and the y-axis points
upward. Cylindrical coordinates (r , �) are used in the transverse plane, � being the azimuthal angle around the beam pipe. The
pseudorapidity is defined in terms of the polar angle as ⌘ = � ln tan(polar angle/2).

3

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.052004
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• Significant differences between MC and data 
• NLO predictions somewhat more accurate than LO 
• Pythia8 tune variations show differences
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Properties of g→bb at small opening angles

Phys. Rev. D 99 (2019) 052004
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• Precise jet property measurements test QCD predictions 
• Some modeling validated, other modeling needs improvement 
• New experimental techniques will further improve tests of QCD 
• Stay tuned for future measurements…
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Conclusions and outlook
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Thank you for your 
attention
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Jet calibration performance
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Jet calibration performance
Eur. Phys. J. C
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Jet calibration performance
Eur. Phys. J. C

 79 (2019) 135
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Soft-Drop β = 0
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e2 =
ECF2

(ECF1)2 ,

e3 =
ECF3

(ECF1)3 .

The observables e2 and e3 are measured, and are later referred to as ECF2norm and ECF3norm.
These ratios are then used to generate the variable C2 [66], and its modified version D2 [65, 67],
which have been shown to be particularly useful in identifying two-body structures within jets [68].
The C2 and D2 variables as defined below are measured in this analysis:

C2 =
e3

(e2)2
,

D2 =
e3

(e2)3
.

• Ratios of N-subjettiness [69], ⌧21 and ⌧32. The N-subjettiness describes to what degree the
substructure of a given jet is compatible with being composed of N or fewer subjets.

In order to calculate ⌧N, first N subjet axes are defined within the jet by using the exclusive kt
algorithm, where the jet reconstruction continues until a desired number of jets are found. The 0-, 1-,
2-,and 3-subjettiness are defined as:

⌧0(�NS) =
’
i2J

pTi R
�NS
, (1a)

⌧1(�NS) = 1
⌧0(�NS)

’
i2J

pTi�R�NS

a1,i
, (1b)

⌧2(�NS) = 1
⌧0(�NS)

’
i2J

pTi min(�R�NS

a1,i
,�R�NS

a2,i
), (1c)

⌧3(�NS) = 1
⌧0(�NS)

’
i2J

pTi min(�R�NS

a1,i
,�R�NS

a2,i
�R�NS

a3,i
), (1d)

where �R is the angular distance between constituent i and the jet axis, ai , and �Ra,n is the angular
distance between constituent i and the axis of the nth subjet. The term R is the radius parameter of
the jet. The parameter �NS gives a weight to the angular separation of the jet constituents. In the
studies presented here, the value of �NS = 1 is used. In the above functions, the sum is performed
over the constituents i in the jet J, and a normalisation factor ⌧0 (Eq. (1a)) is used. The ratios of the
N-subjettiness functions, ⌧21 = ⌧2/⌧1 and ⌧32 = ⌧3/⌧2 have been shown to be particularly useful in
identifying two-body and three-body structures within jets.

Studies presented in Ref. [70] have shown that an alternative axis definition can increase the
discrimination power of these variables. The winner-takes-all (WTA) axis uses the direction of

8

each splitting in order to remove soft and wide-angle radiation. At each step the jet is split into two
proto-jets. The removal of proto-jets in a splitting is controlled by two parameters: a measure of the energy
balance of the pair, zcut, and the significance of the angular separation of the proto-jets, �SD. These are
used to define the soft-drop condition:

min(pT1, pT2)
pT1 + pT2

> zcut

✓
�R12

R

◆�SD

where R12 is the angular distance between the two proto-jets and R is the radius of the large jet. In this
analysis, values of zcut = 0.1 and �SD = 0.0 are used, based on previous ATLAS studies [8]. An important
feature of soft-drop is that groomed observables are analytically calculable to high-order resummation
accuracy [61–63].

The following substructure variables are measured in this analysis:

• Number of subjets with pT > 10 GeV, reconstructed from the selected large-radius jet constituents
using the kt algorithm [64] with R = 0.2.

• Generalised angularities defined as:

�
�LHA =

’
i2J

zi ✓
�LHA

i ,

where zi is the transverse momentum fraction piT/pjet
T of the constituent, and ✓i is the angle of the

ith constituent of the jet relative to the jet axis, normalised by the jet radius. The exponents  and
�LHA probe di�erent aspects of the jet fragmentation. The ( = 1, �LHA = 0.5) variant is termed the
Les Houches angularity (LHA) [65] and used in this analysis. It is an infrared-safe version of the
jet-shape angularity, and provides a measure of the broadness of a jet.

• Energy correlation functions ECF2 and ECF3 [66], and related ratios C2, D2 [67]. The 1-point,
2-point and 3-point energy correlation functions for a jet J are given by:

ECF1 =
’
i2J

pTi,

ECF2(�ECF) =
’
i< j2J

pTi pT j

�
�Ri j

��ECF
,

ECF3(�ECF) =
’

i< j<k2J
pTi pT j pTk

�
�Ri j�Rik�Rjk

��ECF
,

where the parameter �ECF weights the angular separation of the jet constituents. In the above
functions, the sum is over the i constituents in the jet J, such that the 1-point correlation function
ECF1 is approximately the jet pT. Likewise, if one takes �ECF = 2, the 2-point correlation functions
scale as the mass of a particle undergoing a two-body decay in collider coordinates. In this analysis,
�ECF = 1 is used, and for brevity, �ECF is not explicitly mentioned hereafter.

The ratios of some of these quantities (written in an abbreviated form) are defined as :
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e2 =
ECF2

(ECF1)2 ,

e3 =
ECF3

(ECF1)3 .

The observables e2 and e3 are measured, and are later referred to as ECF2norm and ECF3norm.
These ratios are then used to generate the variable C2 [66], and its modified version D2 [65, 67],
which have been shown to be particularly useful in identifying two-body structures within jets [68].
The C2 and D2 variables as defined below are measured in this analysis:

C2 =
e3

(e2)2
,

D2 =
e3

(e2)3
.

• Ratios of N-subjettiness [69], ⌧21 and ⌧32. The N-subjettiness describes to what degree the
substructure of a given jet is compatible with being composed of N or fewer subjets.

In order to calculate ⌧N, first N subjet axes are defined within the jet by using the exclusive kt
algorithm, where the jet reconstruction continues until a desired number of jets are found. The 0-, 1-,
2-,and 3-subjettiness are defined as:

⌧0(�NS) =
’
i2J

pTi R
�NS
, (1a)

⌧1(�NS) = 1
⌧0(�NS)

’
i2J

pTi�R�NS

a1,i
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’
i2J

pTi min(�R�NS
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�R�NS
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), (1d)

where �R is the angular distance between constituent i and the jet axis, ai , and �Ra,n is the angular
distance between constituent i and the axis of the nth subjet. The term R is the radius parameter of
the jet. The parameter �NS gives a weight to the angular separation of the jet constituents. In the
studies presented here, the value of �NS = 1 is used. In the above functions, the sum is performed
over the constituents i in the jet J, and a normalisation factor ⌧0 (Eq. (1a)) is used. The ratios of the
N-subjettiness functions, ⌧21 = ⌧2/⌧1 and ⌧32 = ⌧3/⌧2 have been shown to be particularly useful in
identifying two-body and three-body structures within jets.

Studies presented in Ref. [70] have shown that an alternative axis definition can increase the
discrimination power of these variables. The winner-takes-all (WTA) axis uses the direction of
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ECF2

each splitting in order to remove soft and wide-angle radiation. At each step the jet is split into two
proto-jets. The removal of proto-jets in a splitting is controlled by two parameters: a measure of the energy
balance of the pair, zcut, and the significance of the angular separation of the proto-jets, �SD. These are
used to define the soft-drop condition:

min(pT1, pT2)
pT1 + pT2

> zcut

✓
�R12

R

◆�SD

where R12 is the angular distance between the two proto-jets and R is the radius of the large jet. In this
analysis, values of zcut = 0.1 and �SD = 0.0 are used, based on previous ATLAS studies [8]. An important
feature of soft-drop is that groomed observables are analytically calculable to high-order resummation
accuracy [61–63].

The following substructure variables are measured in this analysis:

• Number of subjets with pT > 10 GeV, reconstructed from the selected large-radius jet constituents
using the kt algorithm [64] with R = 0.2.

• Generalised angularities defined as:

�
�LHA =

’
i2J

zi ✓
�LHA

i ,

where zi is the transverse momentum fraction piT/pjet
T of the constituent, and ✓i is the angle of the

ith constituent of the jet relative to the jet axis, normalised by the jet radius. The exponents  and
�LHA probe di�erent aspects of the jet fragmentation. The ( = 1, �LHA = 0.5) variant is termed the
Les Houches angularity (LHA) [65] and used in this analysis. It is an infrared-safe version of the
jet-shape angularity, and provides a measure of the broadness of a jet.

• Energy correlation functions ECF2 and ECF3 [66], and related ratios C2, D2 [67]. The 1-point,
2-point and 3-point energy correlation functions for a jet J are given by:

ECF1 =
’
i2J

pTi,

ECF2(�ECF) =
’
i< j2J

pTi pT j

�
�Ri j

��ECF
,

ECF3(�ECF) =
’

i< j<k2J
pTi pT j pTk

�
�Ri j�Rik�Rjk

��ECF
,

where the parameter �ECF weights the angular separation of the jet constituents. In the above
functions, the sum is over the i constituents in the jet J, such that the 1-point correlation function
ECF1 is approximately the jet pT. Likewise, if one takes �ECF = 2, the 2-point correlation functions
scale as the mass of a particle undergoing a two-body decay in collider coordinates. In this analysis,
�ECF = 1 is used, and for brevity, �ECF is not explicitly mentioned hereafter.

The ratios of some of these quantities (written in an abbreviated form) are defined as :

7
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ECF3

each splitting in order to remove soft and wide-angle radiation. At each step the jet is split into two
proto-jets. The removal of proto-jets in a splitting is controlled by two parameters: a measure of the energy
balance of the pair, zcut, and the significance of the angular separation of the proto-jets, �SD. These are
used to define the soft-drop condition:

min(pT1, pT2)
pT1 + pT2

> zcut

✓
�R12

R

◆�SD

where R12 is the angular distance between the two proto-jets and R is the radius of the large jet. In this
analysis, values of zcut = 0.1 and �SD = 0.0 are used, based on previous ATLAS studies [8]. An important
feature of soft-drop is that groomed observables are analytically calculable to high-order resummation
accuracy [61–63].

The following substructure variables are measured in this analysis:

• Number of subjets with pT > 10 GeV, reconstructed from the selected large-radius jet constituents
using the kt algorithm [64] with R = 0.2.

• Generalised angularities defined as:

�
�LHA =

’
i2J

zi ✓
�LHA

i ,

where zi is the transverse momentum fraction piT/pjet
T of the constituent, and ✓i is the angle of the

ith constituent of the jet relative to the jet axis, normalised by the jet radius. The exponents  and
�LHA probe di�erent aspects of the jet fragmentation. The ( = 1, �LHA = 0.5) variant is termed the
Les Houches angularity (LHA) [65] and used in this analysis. It is an infrared-safe version of the
jet-shape angularity, and provides a measure of the broadness of a jet.

• Energy correlation functions ECF2 and ECF3 [66], and related ratios C2, D2 [67]. The 1-point,
2-point and 3-point energy correlation functions for a jet J are given by:

ECF1 =
’
i2J

pTi,

ECF2(�ECF) =
’
i< j2J

pTi pT j

�
�Ri j

��ECF
,

ECF3(�ECF) =
’

i< j<k2J
pTi pT j pTk

�
�Ri j�Rik�Rjk

��ECF
,

where the parameter �ECF weights the angular separation of the jet constituents. In the above
functions, the sum is over the i constituents in the jet J, such that the 1-point correlation function
ECF1 is approximately the jet pT. Likewise, if one takes �ECF = 2, the 2-point correlation functions
scale as the mass of a particle undergoing a two-body decay in collider coordinates. In this analysis,
�ECF = 1 is used, and for brevity, �ECF is not explicitly mentioned hereafter.

The ratios of some of these quantities (written in an abbreviated form) are defined as :
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τ21

e2 =
ECF2

(ECF1)2 ,

e3 =
ECF3

(ECF1)3 .

The observables e2 and e3 are measured, and are later referred to as ECF2norm and ECF3norm.
These ratios are then used to generate the variable C2 [66], and its modified version D2 [65, 67],
which have been shown to be particularly useful in identifying two-body structures within jets [68].
The C2 and D2 variables as defined below are measured in this analysis:

C2 =
e3

(e2)2
,

D2 =
e3

(e2)3
.

• Ratios of N-subjettiness [69], ⌧21 and ⌧32. The N-subjettiness describes to what degree the
substructure of a given jet is compatible with being composed of N or fewer subjets.

In order to calculate ⌧N, first N subjet axes are defined within the jet by using the exclusive kt
algorithm, where the jet reconstruction continues until a desired number of jets are found. The 0-, 1-,
2-,and 3-subjettiness are defined as:

⌧0(�NS) =
’
i2J

pTi R
�NS
, (1a)

⌧1(�NS) = 1
⌧0(�NS)

’
i2J

pTi�R�NS

a1,i
, (1b)

⌧2(�NS) = 1
⌧0(�NS)

’
i2J

pTi min(�R�NS

a1,i
,�R�NS

a2,i
), (1c)

⌧3(�NS) = 1
⌧0(�NS)

’
i2J

pTi min(�R�NS

a1,i
,�R�NS

a2,i
�R�NS

a3,i
), (1d)

where �R is the angular distance between constituent i and the jet axis, ai , and �Ra,n is the angular
distance between constituent i and the axis of the nth subjet. The term R is the radius parameter of
the jet. The parameter �NS gives a weight to the angular separation of the jet constituents. In the
studies presented here, the value of �NS = 1 is used. In the above functions, the sum is performed
over the constituents i in the jet J, and a normalisation factor ⌧0 (Eq. (1a)) is used. The ratios of the
N-subjettiness functions, ⌧21 = ⌧2/⌧1 and ⌧32 = ⌧3/⌧2 have been shown to be particularly useful in
identifying two-body and three-body structures within jets.

Studies presented in Ref. [70] have shown that an alternative axis definition can increase the
discrimination power of these variables. The winner-takes-all (WTA) axis uses the direction of
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e3 =
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The observables e2 and e3 are measured, and are later referred to as ECF2norm and ECF3norm.
These ratios are then used to generate the variable C2 [66], and its modified version D2 [65, 67],
which have been shown to be particularly useful in identifying two-body structures within jets [68].
The C2 and D2 variables as defined below are measured in this analysis:

C2 =
e3

(e2)2
,

D2 =
e3

(e2)3
.

• Ratios of N-subjettiness [69], ⌧21 and ⌧32. The N-subjettiness describes to what degree the
substructure of a given jet is compatible with being composed of N or fewer subjets.

In order to calculate ⌧N, first N subjet axes are defined within the jet by using the exclusive kt
algorithm, where the jet reconstruction continues until a desired number of jets are found. The 0-, 1-,
2-,and 3-subjettiness are defined as:

⌧0(�NS) =
’
i2J

pTi R
�NS
, (1a)

⌧1(�NS) = 1
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where �R is the angular distance between constituent i and the jet axis, ai , and �Ra,n is the angular
distance between constituent i and the axis of the nth subjet. The term R is the radius parameter of
the jet. The parameter �NS gives a weight to the angular separation of the jet constituents. In the
studies presented here, the value of �NS = 1 is used. In the above functions, the sum is performed
over the constituents i in the jet J, and a normalisation factor ⌧0 (Eq. (1a)) is used. The ratios of the
N-subjettiness functions, ⌧21 = ⌧2/⌧1 and ⌧32 = ⌧3/⌧2 have been shown to be particularly useful in
identifying two-body and three-body structures within jets.

Studies presented in Ref. [70] have shown that an alternative axis definition can increase the
discrimination power of these variables. The winner-takes-all (WTA) axis uses the direction of
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Substructure systematics
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