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• Why jet substructure for Vector Boson Scattering (VBS) 
measurements?

• Focus on the jet substructure techniques developed by CMS and 
ATLAS. 

• Highlight CMS & ATLAS VBS Run 2 measurements using jet 
substructure techniques.

• Recent state-of-the-art techniques by CMS & ATLAS.



Why jet substructure for VBS analyses?
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BSM effects manifest at TeV-scale mVV
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High-mass mVV measurement 5

Performance of heavy-flavour jet identification in boosted topologies in CMS 13 TeV data

Congqiao Li (Peking University) 31 July, 2023BOOST 2023

BOOST 2023 - Performance session

➔ Tagging the heavy resonance X to bb̅/cc̅ decay is 
an important technique for Higgs and BSM 
resonance search 
❖ algorithms developed in CMS during Run 2:  
‣ ParticleNet-MD, DeepDoubleX, DeepAK8-MD, 

double-b 

❖ calibrating the algorithm from data is a necessary 
step for physics measurements

Boosted heavy-flavour jet tagging

➔ Boosted topologies are crucial in LHC physics 
program 
❖ highly Lorentz-boosted resonance  

   → decay products are collimated
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A simulated Z(νν̅)H(bb̅) events in CMS

H→bb̅

more Lorentz-boosted

TeV-scale mVV

“boosted” boson decays -> collimated decay products
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Additional challenges in VBS analyses 6

Figure from CMS News

Pile-up Jet 
Suppression

Quark vs Gluon
Discrimination

2 Forward Jets

https://cms.cern/news/search-rare-production-vector-boson-pairs


Jet substructure techniques



Sequential clustering algorithms with distance parameter R
1) kT

2) Cambridge-Aachen (CA)
3) anti-kT (AK)

Jet Algorithms at the LHC 8

“Standard” jet algorithms by experiments
• Small-R jets: anti-kT R = 0.4 [AK4]
• Large-R jets: anti-kT R = 0.8 [AK8] for CMS, 1.0 [AK10] for ATLAS
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the speed issue in Sect. 3.1, while the irregularity is visible
as the jagged boundaries of the jets in Fig. 7, p. 652 (related
issues will be discussed in Sect. 4.4).

Given the number of experimental objections that have
been raised in the past regarding the kt algorithm in a pp

environment, it is worth commenting briefly on the two
sets of hadron-collider measurements that have been car-
ried out with the kt algorithm. One, from D∅ [77, 78], had
to go to considerable lengths (introducing preclustering) to
get around the speed issue (D∅’s fine calorimeter meant
that it had many input towers) and found rather large non-
perturbative corrections from the underlying event (UE);
the latter issue perhaps discouraged further use of the kt

algorithm until CDF performed a similar measurement in
2005 [1, 79]. CDF did not suffer particularly from the speed
issue, largely because their coarser calorimeter segmenta-
tion ensured modest input multiplicities. Also, crucially,
they showed that D∅’s large UE corrections were probably a
consequence of taking the jet radius parameter R = 1. When
CDF instead took R = 0.7 (as is common for cone algo-
rithms), they found UE corrections that were commensurate
with those for cone algorithms.

It should also be added that the longitudinally invariant
kt algorithm was the main jet algorithm used at HERA, both
in photoproduction (e.g. [3, 80]), the first (published) ex-
perimental context in which it was used [81], and deep in-
elastic scattering (e.g. [82, 83]). Compared to Tevatron this
was probably facilitated by the lower particle multiplicities
in DIS and photoproduction and also by the quieter under-
lying event.

2.2.4 The Cambridge and Aachen algorithms

The Cambridge algorithm [30] is a sequential recombina-
tion algorithm for e+e− collisions that introduces two dis-
tance measures between pairs of particles. It has vij = 2(1−
cos θij ) (i.e. the squared angle) as well as the yij of (3). It
reads as follows

1. If only one particle is left, call it a jet and stop.
2. Otherwise find the pair of particles with smallest vij .
3. If the corresponding yij < ycut, replace i and j with the

recombined one and go to step 1.
4. Otherwise: take the less energetic of i and j , remove it

from the list of particles, call it a jet, and go to step 1.

The idea here was to combine the ycut jet resolution of the
kt algorithm with a clustering sequence dictated by angular
ordering, i.e. one that relates closely to the powerful concept
of angular ordering that arises when considering multiple
gluon emission [84–88].

Cambridge/Aachen The most widely discussed extension
(and simplification) of the Cambridge algorithm to hadron

colliders was actually originally given in the context of DIS
studies [31, 32] (another one [89] has seen less study). It is
like the inclusive kt algorithm in that it uses longitudinally
invariant variables, introduces an R parameter, and does
away with the yij cut on jets. It proceeds by recombining
the pair of particles with the smallest ∆Rij , and repeating
the procedure until all objects are separated by a ∆Rij > R.
The final objects are then the jets.11

This algorithm was originally named the Aachen algo-
rithm, though it is often now called the Cambridge/Aachen
(C/A) algorithm, reflecting its angular-ordered Cambridge
roots.

Like the kt algorithm, the C/A algorithm gives somewhat
irregular jets, and its original implementations took a time
that scales as N3. The latter problem is now solved (as for
the kt algorithm) and the fact that the C/A has a clustering
hierarchy in angle makes it possible to consistently view a
specific jet on many different angular scales, a feature whose
usefulness will become apparent in Sect. 5.3 and is also rel-
evant for a “filtering” method discussed below.

2.2.5 The anti-kt algorithm

One can generalise the kt and Cambridge/Aachen distance
measures to [37]

dij = min
(
p

2p
ti , p

2p
tj

)∆R2
ij

R2 , (10a)

diB = p
2p
ti , (10b)

where p is a parameter that is 1 for the kt algorithm, and 0
for C/A. It was observed in [37] that if one takes p = −1,
dubbed the “anti-kt” algorithm, then this favours cluster-
ings that involve hard particles rather than clusterings that
involve soft particles (kt algorithm) or energy-independent
clusterings (C/A). This ultimately means that the jets grow
outwards around hard “seeds”. However since the algorithm
still involves a combination of energy and angle in its dis-
tance measure, this is a collinear-safe growth (a collinear
branching automatically gets clustered right at the begin-
ning of the sequence).12 The result is an IRC safe algorithm
that gives circular hard jets, making it an attractive replace-
ment for certain cone-type algorithms (notably IC-PR algo-
rithms).

11Alternatively, one can formulate it like the inclusive kt algorithm, but
with dij = ∆R2

ij /R
2 and diB = 1.

12If one takes p → −∞ then energy is privileged at the expense of
angle and the algorithm then becomes collinear unsafe, and somewhat
like an IC-PR algorithm.
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Fig. 7 A sample parton-level event (generated with Herwig [112,
113]), together with many random soft “ghosts”, clustered with four
different jet algorithms, illustrating the “active” catchment areas of the

resulting hard jets (cf. Sect. 4.4). For kt and Cam/Aachen the detailed
shapes are in part determined by the specific set of ghosts used, and
change when the ghosts are modified

Figure 7 illustrates the jets that are produced with the four
“choice” IRC-safe algorithms in a simple, parton-level event
(generated with Herwig), showing among other things, the
degree of regularity (or not) of the boundaries of the result-
ing jets and their extents in the rapidity-azimuth place.

3 Computational geometry and jet finding

It takes the human eye and brain a fraction of a second to
identify the main regions of energy flow in a calorimetric
event such as Fig. 7. A good few seconds might be needed
to quantify that energy flow, and to come to a conclusion
as to how many jets it contains. Those are timescales that
usefully serve as a reference when considering the speed of
jet finders—if a jet finder takes a few seconds to classify an
event it will seem somewhat tedious, whereas a few millisec-
onds will seem fast. One can reach similar conclusions by

comparing to the time for a Monte Carlo event generator to
produce an event (from tens of milliseconds to a fraction of a
second), or for a fast detector simulation to process it. Or by
considering the number of CPU hours needed to process a
typical event sample, which might consist of O(107) events.

The time taken for jet finding by computer codes de-
pends strongly on the number of input particles (or tow-
ers, etc.), N . We do not yet know the exact average mul-
tiplicities of LHC events, but rough estimates are given in
Table 3. With the kt algorithm’s “standard” N3 timing, as-
suming about 109 computer operations per second, one ex-
pects a time for clustering a low-luminosity LHC event of
1 s (this is also what one finds in practice). So this is close to
being “tedious,” and becomes dissuasive for high-luminosity
LHC and heavy-ion collisions, or if one wishes to try out
many distinct jet definitions (e.g. several different R values
to see which is best). A more extreme example is the exact
seedless cone algorithm following the method in [21], which
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“Non-standard” jets used also
e.g Variable-R jets
JINST 15 (2020) P06005
ATL-PHYS-PUB-2017-010

https://link.springer.com/article/10.1140/epjc/s10052-010-1314-6
https://cms-results.web.cern.ch/cms-results/public-results/publications/JME-18-002/index.html
https://cds.cern.ch/record/2268678/


1. Recluster with CA algorithm.
2. Reverse clustering history.
3. Check criterion:

4. Pass: two subjets are final. 
Fail: remove sub-leading subjet & repeat 
(1).
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6.1 Substructure variable based algorithms

Historically, the high momentum t quark and W/Z/H boson tagging methods used by the CMS
Collaboration are based on a combination of selection criteria on the jet mass and the energy
distribution inside the jet [16–20].

The jet mass is one of the most powerful observables to discriminate t quark and W/Z/H
boson jets from background jets (i.e., jets stemming from the hadronization of light-flavor quarks
or gluons). The QCD radiation will cause a radiative shower of quarks and gluons, which will be
collimated within a jet. The probability for a gluon to be radiated from a propagating quark or
gluon is inversely proportional to the angle and energy of the radiated gluon. Hence, the radiated
gluon will tend to appear close to the direction of the original quark or gluon. These radiated gluons
tend to be soft, resulting in a characteristic “Sudakov peak” structure. This is explained in detail in
ref. [8]. Contributions from initial-state radiation, the underlying event, and pileup also contribute
strongly to the jet mass, especially at larger values of R. As such, jet mass from QCD radiation
scales as the product of the jet pT and R.

Several methods have been developed to remove soft or uncorrelated radiation from jets, a
procedure generally called “grooming”. These methods strongly reduce the Sudakov peak structure
in the jet mass distribution. The removal of the soft and uncorrelated radiation results in a much
weaker dependence of the jet mass on its pT.

The t quark and W/Z/H bosons have an intrinsic mass, and the jet substructure tends to be
dominated by electroweak splittings [57] at larger angles than QCD. This can be exploited to
separate such jets from jets arising from heavy SM particles.

The grooming method used most often in CMS is the “modified mass drop tagger” algorithm
(mMDT) [58], which is a special case of the “soft drop” (SD) method [59]. This algorithm system-
atically removes the soft and collinear radiation from the jet in a manner that can be theoretically
calculated [60, 61] (comparisons to data are found in ref. [8]).

The first step in the SD algorithm is the reclustering of the jet constituents with the CA
algorithm, and then the identification of two “subjets” within the main jet by reversing the CA
clustering history. The jet is considered as the final jet if the two subjets meet the SD condition:

min(pT1, pT2)

pT1 + pT2
> zcut

✓
�R12

R0

◆�
, (6.1)

where R0 is the distance parameter used in jet clustering algorithm, pT1 (pT2) is the pT of the leading
(subleading) subjet and �R12 is their angular separation. The parameters zcut and � define what
the algorithm considers “soft” and “collinear,” respectively. The values used in CMS are zcut = 0.1
and � = 0 (making this identical to the mMDT algorithm, although for notation we still denote this
as SD). If the SD condition is not met, the subleading subjet is removed and the same procedure is
followed until eq. (6.1) is satisfied or no further declustering can be performed.

The two subjets returned by the SD algorithm are used to calculate the jet mass. Figure 2
shows the distribution of the AK8 jet mass after applying the SD algorithm (mSD) in simulated
signal and background jets. The jet mass has been measured in data in previous papers by CMS for
t-tagged [6] and QCD jets [7, 8].

The mSD in background jets peaks close to zero because of the suppression of the Sudakov
peak [58], whereas the mSD for signal jets peaks around the mass of the heavy SM particle (t quark,
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1. Recluster with kt algorithm with R = 
0.2.

2. Remove subjets with pT fraction <  5%. 

ATLAS

CMS

JHEP 1002 (2010) 084
Eur. Phys. J. C 76 (2016) 154

JHEP 1405 (2014) 146
JINST 15 (2020) P06005

https://link.springer.com/article/10.1007/JHEP02(2010)084
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/PERF-2015-03/
https://link.springer.com/article/10.1007/JHEP05(2014)146
https://cms-results.web.cern.ch/cms-results/public-results/publications/JME-18-002/
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jets have better fractional mass resolution (⇠ 5 � 10%) than the pruned jets, especially for

those jets with grooming applied after the C/A algorithm. The trimmed jet mass resolu-

tion also remains fairly stable across a large p
jet
T range, with equivalent performance for

anti-kt and C/A jets.

5.1.3 Signal and background comparisons with and without grooming

Leading-pjetT jet distributions of mass, splitting scales and N -subjettiness are compared for

jets in simulated signal and background events in the range 600 GeV  p
jet
T < 800 GeV.

As seen in figures 29–31, showing distributions for the two-pronged decay case, and in

figures 32–35 showing comparisons for the three-pronged decay case, better discrimina-

tion between signal and background is obtained after grooming. In these figures, the

ungroomed distributions are normalized to unit area, while the groomed distributions have

the e�ciency with respect to the ungroomed large-R jets folded in for comparison. This

is especially conspicuous in the C/A jets with mass-drop filtering applied as mentioned

previously.
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Figure 29. Leading-pjet
T jet mass for simulated HERWIG+JIMMY Z ! qq̄ signal events (red)

compared to POWHEG+PYTHIA dijet background events (black) for jets in the range 600 GeV 
p
jet
T < 800 GeV. The dotted lines show the ungroomed jet distributions, whereas the solid lines

show the (a) trimmed and (b) mass-drop filtered jet distributions. The trimming parameters are
fcut = 0.05 and Rsub = 0.3 and the mass-drop filtering parameter is µfrac = 0.67. The groomed
distributions are normalized with respect to the ungroomed distributions, which are themselves
normalized to unity.

The mass resolution of the simulated Z ! qq̄ signal events shown in figure 29 dra-

matically improves after trimming or mass-drop filtering for anti-kt jets with R = 1.0 and

C/A jets with R = 1.2, respectively. Mass-drop filtering has an e�ciency of approximately

55% and therefore fewer jets remain in this figure. After trimming or mass-drop filtering,

the mass peak corresponding to the Z boson is clearly seen at the correct mass. Note that
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Simplest observable 
Large-R jet mass
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or W/Z/H bosons). In figure 2 (right), the peak around 80 GeV is from jets that contain just the
two quarks from the W decay and not all three quarks from the t decay. Similar conclusions also
hold for CA15 jets. Based on these observations, we define three regions in mSD. The “W/Z mass
region” with 65 < mSD < 105 GeV, the “H mass region” with 90 < mSD < 140 GeV, and the “t
mass region” with 105 < mSD < 210 GeV. These definitions will be used throughout this paper
unless stated otherwise.
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Figure 2. Comparison of the mSD shape in signal and background AK8 jets in simulation. The fiducial
selection on the jets is displayed on the plots. Signal jets are defined as jets arising from hadronic decays of
W/Z/H bosons (left) or t quarks (right), whereas background jets are obtained from the QCD multijet sample.

An additional handle to separate signal from background events is to exploit the energy
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the momenta of the two b hadrons. Although the algorithm is developed using simulated H ! bb
events, any dependence of the algorithm performance on the mass or pT of the bb pair is avoided.
This strategy allows the usage of the tagger in physics analyses with a large range of jet pT. The
dependence on the jet mass is avoided as this variable is often used to define a region for the
estimation of the background. In addition, this strategy also permits the use of the double-b tagger
for the identification of boosted Z ! bb jets or any other boosted bb resonance where the kinematics
of the decay products are similar.

A variable sensitive to the substructure is the N-subjettiness, ⌧N [47], which is a jet shape
variable, computed under the assumption that the jet has N subjets, and it is defined as the pT-
weighted distance between each jet constituent and its nearest subjet axis (�R):

⌧N =
1
d0

’
k

pkT min(�R1,k, . . . ,�RN,k), (6.1)

where k runs over all jet constituents. The normalization factor is d0 =
Õ

k pkTR0 and R0 is the
original jet distance parameter, i.e. R0 = 0.8. The ⌧N variable has a small value if the jet is
consistent with having N or fewer subjets. The subjet axes are used as a starting point for the ⌧N
minimization. After the minimization, the ⌧N axes, also called ⌧ axes, are obtained. These are then
used to estimate the directions of the partons giving rise to the subjets, as schematically illustrated
in figure 21 (right).

Many of the CSVv2 variables are also used in the double-b tagger algorithm. The variables
rely on reconstructed tracks, secondary vertices obtained using the IVF algorithm, as well as the
system of two secondary vertices. Tracks with pT > 1 GeV are associated with jets in a cone of
�R < 0.8 around the jet axis. Each track is then associated with the closest ⌧ axis, where the
distance of a track to the ⌧ axis is defined as the distance at their point of closest approach. The
selection requirements applied to tracks in the CSVv2 algorithm are also applied here, using the ⌧
axis instead of the jet axis. The reconstructed secondary vertices are associated first with jets in a
cone �R < 0.7 and then to the closest ⌧ axis within that jet. For each ⌧ axis, the track four-momenta
of the constituent tracks from all the secondary vertices associated with a given ⌧ axis are added to
compute the secondary vertex mass and pT for that ⌧ axis.

Input variables are selected that discriminate between H ! bb jets and other jet flavours, and
that improve the discrimination against the background from inclusive multijet production by at
least 5% compared to the performance of the tagger without the variable. In addition, as mentioned
earlier, variables are chosen that do not have a strong dependence on the jet pT or jet mass. This
procedure resulted in the following list of variables:

• The four tracks with the highest impact parameter significance.

• The impact parameter significance of the first two tracks ordered in decreasing impact pa-
rameter significance, for each ⌧ axis.

• The 2D impact parameter significance, of the first two tracks (first track) that raise the total
mass above 5.2 (1.5) GeV. These tracks are obtained as explained in section 5.1.2 in the
context of the CSVv2 algorithm. In the case of the highest threshold, also the second track
above the threshold mass is used. The thresholds of 5.2 GeV and 1.5 GeV are related to the b
and c hadron masses, respectively.
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the distance between each constituent and any of these axes
is RaN ,i . In the above functions, the sum is performed over
the constituents i in the jet J , such that the normalisation
factor τ0 (Eq. 5a) is equivalent to the magnitude of the jet pT
multiplied by the β-exponentiated jet radius.

Recent studies [29] have shown that an effective alterna-
tive axis definition can increase the discrimination power of
these variables. The ‘winner-takes-all’ axis uses the direction
of the hardest constituent in the exclusive kt subjet instead
of the subjet axis, such that the distance measure #Ra1,i
changes in the calculation. The ratio of the N-subjettiness
functions found with the standard subjet axes, τ21, and with
the ‘winner-takes-all’ axes, τwta

21 , can be used to generate the
dimensionless variables that have been shown in particle-
level MC to be particularly useful in identifying two-body
structures within jets:

τ21 = τ2

τ1
, τwta

21 = τwta
2

τwta
1

. (6)

Energy correlation ratios:
The 1-point, 2-point and 3-point energy correlation func-

tions for a jet J are given by:

ECF0(β) = 1, (7a)

ECF1(β) =
∑

i∈J

pTi , (7b)

ECF2(β) =
∑

i< j∈J

pTi pT j (#Ri j )
β , (7c)

ECF3(β) =
∑

i< j<k∈J

pTi pT j pTk (#Ri j#Rik#R jk)
β , (7d)

where the parameter β is used to give weight to the angular
separation of the jet constituents. In the above functions, the
sum is over the constituents i in the jet J , such that the 1-
point correlation function Eq. (7b) is approximately the jet
pT. Likewise, if one takes β = 2, it is noted that the 2-point
correlation functions are equivalent to the mass of a particle
undergoing a two-body decay in collider coordinates.

An abbreviated form of these definitions can be written
as:

e(β)2 = ECF2(β)

ECF1(β)2 , (8a)

e(β)3 = ECF3(β)

ECF1(β)3 . (8b)

These ratios of the energy correlation functions can be
used to generate the dimensionless variable C (β)

2 [16], and
its more recently modified version D(β)

2 [17,18], that have
been shown in particle-level MC to be particularly useful in
identifying two-body structures within jets:

C (β)
2 = e(β)3

(e(β)2 )2
, (9a)

D(β)
2 = e(β)3

(e(β)2 )3
. (9b)

Values of β = 1 and 2 are studied here.

3 The ATLAS detector

The ATLAS detector [30] at the LHC covers nearly the
entire solid angle around the collision point. It consists of an
inner tracking detector surrounded by a thin superconducting
solenoid, electromagnetic and hadronic calorimeters, and a
muon spectrometer incorporating three large superconduct-
ing toroid magnets.

The inner-detector system (ID) is immersed in a 2 T axial
magnetic field and provides charged particle tracking in the
range |η| < 2.5. A high-granularity silicon pixel detector
covers the vertex region and typically provides three mea-
surements per track. It is followed by a silicon microstrip
tracker, which usually provides four two-dimensional mea-
surement points per track. These silicon detectors are com-
plemented by a transition radiation tracker, which enables
radially extended track reconstruction up to |η| = 2.0. The
transition radiation tracker also provides electron identifica-
tion information based on the fraction of hits (typically 30 in
total) above a higher energy-deposit threshold corresponding
to transition radiation.

The calorimeter system covers the pseudorapidity range
|η| < 4.9. Within the region |η| < 3.2, electromag-
netic calorimetry is provided by barrel and endcap high-
granularity lead/liquid-argon (LAr) electromagnetic calorime-
ters, with an additional thin LAr presampler covering |η| <
1.8, to correct for energy loss in material upstream of the
calorimeters. For the jets measured here, the transverse gran-
ularity ranges from 0.003 × 0.1 to 0.1 × 0.1 in #η × #φ,
depending on depth segment and pseudorapidity. Hadronic
calorimetry is provided by a steel/scintillator-tile calorime-
ter, segmented into three barrel structures within |η| < 1.7,
and two copper/LAr hadronic endcap calorimeters. This sys-
tem enables measurements of the shower energy deposition
in three depth segments at a transverse granularity of typi-
cally 0.1 × 0.1. The solid angle coverage is extended with
forward copper/LAr and tungsten/LAr calorimeter modules
optimised for electromagnetic and hadronic measurements
respectively.

A muon spectrometer (MS) comprises separate trigger and
high-precision tracking chambers measuring the deflection of
muons in a magnetic field generated by superconducting air-
core toroids. The precision chamber system covers the region
|η| < 2.7 with three layers of monitored drift tubes, com-
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in three depth segments at a transverse granularity of typi-
cally 0.1 × 0.1. The solid angle coverage is extended with
forward copper/LAr and tungsten/LAr calorimeter modules
optimised for electromagnetic and hadronic measurements
respectively.

A muon spectrometer (MS) comprises separate trigger and
high-precision tracking chambers measuring the deflection of
muons in a magnetic field generated by superconducting air-
core toroids. The precision chamber system covers the region
|η| < 2.7 with three layers of monitored drift tubes, com-
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Chinese Phys. C 48 (2024) 023001 
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Phys. Lett. B 834 (2022) 137438

• Full Run-2 dataset (L = 138 fb-1) collected with single-
lepton triggers.

• W->ln: Single e/µ + MET.

Boosted selection
Ø V-jet candidate: 1 AK8 Puppi jet, t21,  40 < mSD < 

250 GeV.
Ø VBS tag jets: 2 AK4 CHS jets with highest invariant 

mass. 

Resolved selection
Ø VBS tag jets: 2 AK4 jets with highest invariant mass
Ø V-jet candidate: 2 AK4 jets with invariant mass 

closest to 85 GeV.

• Pileup Jet ID applied for AK4 CHS jets. 

https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-20-013/
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Signal extraction strategy
Train a DNN from event-level and jet-level observables 

and fit the DNN distribution.
Variable Resolved Boosted

SHAP ranking
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Lepton transverse momentum X X 16 10
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• 2016 dataset with single-lepton / MET triggers.

Three lepton channels simultaneously:
Ø Leptonic W: Single e / µ.
Ø Leptonic Z: ee /µµ 
Ø Z->nn: MET

Boosted selection
Ø V-jet candidate: 1 AK10 jet, D2, pT-dependent mcomb cut.
Ø VBS-tag jets: 2 AK4 jets with highest invariant mass.
Ø Split to High-Purity and Low-Purity signal regions based on (D2, mcomb) cut.

Resolved selection
Ø V-jet candidate: 2 AK4 jets with invariant mass closest to W/Z mass GeV.
Ø VBS-tag jets: 2 AK4 jets with highest invariant mass

Phys. Rev. D 100, 032007 (2019)
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high-purity SR and low-purity SR are merged together for
the BDT training due to an insufficient number of MC
events. In order to make use of the complete set of
simulated MC events for the BDT training and evaluation
in an unbiased way, the MC events are split for training and
validation into two subsamples of equal size following the
procedure in Ref. [83]. The output distributions of the
BDTs trained on the two subsamples are averaged for both
the simulated and data events.
The input variables used for the BDTs are chosen in

order to maximize the separation between signal and
background, and are summarized in Tables II and III, for
the merged and resolved category, respectively. The dis-
tributions of input variables of the BDTs are compared
between data and simulation, and in general are found to be
in good agreement. The small-R jets are labeled in
decreasing pT as j1 and j2 for the jets used to reconstruct
the hadronically decaying boson, and as “tag, j1” and “tag,
j2” for the tagging-jets. The invariant mass and transverse
momentum of the reconstructed VV (VVjj) system are
denoted by mVV (mVVjj) and pVV

T (pVVjj
T ), respectively.

Angular variables are also considered, such as the pseu-
dorapidity gap between the tagging-jets (Δηtagjj ) and
between the small-R Vhad jets (Δηjj), the angular separation
of the lepton and neutrino from the W boson decay
(ΔRðl; νÞ) in the 1-lepton channel, and the azimuthal
angle between the directions of E⃗miss

T and the large-R jet
(ΔϕðE⃗miss

T ; JÞ) in the merged category of the 0-lepton
channel. A topological variable named boson centrality

is also used, and it is defined as ζV ¼ minðΔη−;ΔηþÞ,
where Δη−¼min½ηðVhadÞ;ηðV lepÞ&−min½ηtag;j1 ;ηtag;j2 & and
Δηþ ¼max½ηtag;j1 ;ηtag;j2 &−max½ηðVhadÞ;ηðV lepÞ&. The vari-
able ζV has large values when the tagging-jets have a large
separation in η, and when the two boson candidates lie
between the tagging-jets in η. Variables sensitive to the
quark–gluon jet separation are also included, such as the
width of the small-R jets (w) [84], and the number of tracks
associated with the jets (ntracks). The number of track jets,
nj;track, and the number of additional small-R jets other than
the Vhad jets and tagging-jets, nj;extr, are also found to be
useful for the BDTs. In the 1-lepton channel, the pseudor-
apidity of the lepton (ηl) is also considered.

VII. FIDUCIAL CROSS-SECTION DEFINITION

The fiducial phase space of the measurement is defined
using stable final-state particles [85]. Leptons produced in
the decay of a hadron or its descendants are not considered
in the charged lepton requirement of the fiducial phase
space. The fiducial selection is summarized in Table IVand
details are given below.

TABLE II. Variables used for the BDT discriminant in the
merged analysis category of each lepton channel.

Variable 0-lepton 1-lepton 2-lepton

mtag
jj ✓ ' ' ' ✓

Δηtagjj ' ' ' ' ' ' ✓

ptag;j2
T

✓ ✓ ✓

mJ ✓ ' ' ' ' ' '
Dðβ¼1Þ

2
✓ ' ' ' ✓

Emiss
T ✓ ' ' ' ' ' '

ΔϕðE⃗miss
T ; JÞ ✓ ' ' ' ' ' '

ηl ' ' ' ✓ ' ' '
nj;track ✓ ' ' ' ' ' '
ζV ' ' ' ✓ ✓

mVV ' ' ' ' ' ' ✓

pVV
T ' ' ' ' ' ' ✓

mVVjj ' ' ' ✓ ' ' '
pVVjj
T

' ' ' ' ' ' ✓

wtag;j1 ✓ ' ' ' ' ' '
wtag;j2 ✓ ' ' ' ' ' '

TABLE III. Variables used for the BDT discriminant in the
resolved analysis category of each lepton channel analysis.

Variable 0-lepton 1-lepton 2-lepton

mtag
jj ✓ ' ' ' ✓

Δηtagjj ' ' ' ' ' ' ✓

ptag;j1
T

✓ ✓ ' ' '

ptag;j2
T

✓ ✓ ✓

Δηjj ✓ ✓ ✓

pj1
T

✓ ' ' ' ' ' '

pj2
T

✓ ✓ ✓

wj1 ✓ ✓ ✓

wj2 ✓ ✓ ✓

nj1tracks ' ' ' ✓ ✓

nj2tracks ' ' ' ✓ ✓

wtag;j1 ✓ ✓ ✓

wtag;j2 ✓ ✓ ✓

ntag;j1tracks
' ' ' ✓ ✓

ntag;j2tracks
' ' ' ✓ ✓

nj;track ✓ ' ' ' ✓

nj;extr ✓ ' ' ' ' ' '
Emiss
T ✓ ' ' ' ' ' '

ηl ' ' ' ✓ ' ' '
ΔRðl; νÞ ' ' ' ✓ ' ' '
ζV ' ' ' ✓ ✓

mVV ' ' ' ' ' ' ✓

mVVjj ' ' ' ✓ ' ' '
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The fiducial phase space of the measurement is defined
using stable final-state particles [85]. Leptons produced in
the decay of a hadron or its descendants are not considered
in the charged lepton requirement of the fiducial phase
space. The fiducial selection is summarized in Table IVand
details are given below.
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Signal extraction strategy
Train a BDT from event-level and jet-level observables 

and fit the BDT distribution.

Phys. Rev. D 100, 032007 (2019)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-20/
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Figure 2. Performance of the algorithms for identifying hadronically decaying W bosons. A selection on the jet
mass, 65 < mSD < 105 GeV, is applied in addition to the ML-based identification algorithm when evaluating the
signal and background efficiencies. For the signal (background), the generatedW bosons (quarks and gluons) are
required to satisfy 500 < pT < 1000 GeV and |η| < 2.4. For each of the two DeepAK8-DDT algorithms, the marker
indicates the performance of the nominal working point, DeepAK8-DDT > 0, and its background efficiency
(shown in the vertical axis) is different from the design value (5% or 2%) due to the additional selection on the jet
mass. The training of the ParticleNet-MD algorithm did not use any samples with hadronic decays of W bosons
as other algorithms did, thus its performance is not optimal forW boson identification.
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Constituent-based jet taggers
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Figure 1: Performance of the ParticleNet regression (green - solid) and the soft drop algorithm (red - dashed). The mass response is
shown for large-R (R=0.8) Higgs boson jets with pT > 400 GeV and 100 < Mtarget < 150 GeV for various jet compositions: H→ bb
(left), H→ cc (center) and H→ qq (right). The last bin contains the overflow contribution. The resolution degrades for the heavier
quark flavours due to the larger presence of neutrinos. For all the jet compositions, the mass regression shows a substantial
improvement in the mass resolution and in the absolute scale. In addition, tails are strongly mitigated with the mass regression, in
particular at M≈0, where the soft drop algorithm incorrectly identifies the large R jet as single-prong.
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https://cms-results.web.cern.ch/cms-results/public-results/publications/JME-18-002/index.html
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ATL-PHYS-PUB-2023-020

W-boson
Quark-gluon

ATL-PHYS-PUB-2023-032

• New jet input: Unified Flow Objects (UFO)
Ø Particle Flow (PF) + Track Calo-Clusters (TCC).
• New baseline large-R jet: CS+SK UFO Soft-Drop Anti-kT R = 1.0 jets
ØConstituent-Subtraction + Soft-Killer for pileup mitigation.

• Constituent-based jet taggers:

Eur. Phys. J. C 81 (2021) 334

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-020/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-032/
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/JETM-2018-06/
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• High-mass mVV regime in VBS measurements is a crucial phase 
space to discover or constrain BSM physics.  

• In this regime, jet substructure techniques enhances the ability to 
identify boosted hadronically decaying  V-bosons.
Ø Together with quark vs gluon and pileup jet discrimination for 

VBS event tagging.

• CMS & ATLAS have utilized jet substructure in Run 2 VBS 
measurements.

• Latest state-of-the-art substructure techniques to be used for Run 
2/3 CMS and ATLAS analyses.
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2 The CMS Particle Flow algorithm

Figure 1 – The CMS Particle Flow algorithm combines sub-detector information and reconstructs individual

particles in collision events for converting detector signals back to physical objects. Image: Francesco Pandolfi

The CMS Particle Flow algorithm2,3 reconstructs individual particles in the collision events
by combining the information of sub-detectors in an optimized way and aims to convert the
image created by detector signals back to what actually happened in nature, as depicted in
Fig. 1.

Where conventionally jets are formed from energy deposits in calorimeters, the CMS PF
jets are clustered directly from reconstructed particles, or PF candidates, using the anti-kT
algorithm4. This bottom-up approach is what makes detailed jet substructure studies possible.
Before clustering, the events are cleaned from charged hadrons originating from pileup vertices
for minimizing the energy contribution to jets from non-leading proton-proton interactions.
The jet energies are then corrected with a sequential calibration procedure that corrects the
jet response R = pObserved

T /pTrue

T to unity as a function of jet transverse momentum pT and
direction ⌘.1

The PF algorithm associates every particle track and calorimeter energy deposit to a passing
electron, muon, photon or charged or neutral hadron by using the information from all CMS
sub-detectors. Electrons produce a curved track followed by a deposit in the electromagnetic
calorimeter (ECAL), where muons deposit energy also to the muon system. Both charged and
neutral hadrons deposit energy to ECAL and hadronic calorimeter, HCAL, but they can be
distinguished by the curved track connected to the deposit, or lack thereof. The signature of a
photon is an energy deposit in the ECAL which is not preceded by a track.

3 Jet energy composition

In Monte Carlo simulations the jet energy composition is predicted at particle level and di↵erent
hadrons are distinguished, for example, as seen in the study made with pythia6 hadronization
model in Fig. 2 (left). In the hadronization process the most probable hadrons to be created
from the kinetic energy of the mother parton are pions as they are the lightest mesons in the
nature. The probability of producing any of the three pions, ⇡+, ⇡� and ⇡0, is roughly equal as
seen in the pythia6 simulation, where on average about 20% of energy in jets is carried by each
type of pions. Thus, roughly 60% of the jet energy is from pions. While ⇡± having c⌧ > 10 mm
are considered stable, the contribution of ⇡0 appears as photons (�) due to the short lifetime
of neutral pions that decay virtually instantly to photons. The other significant contributions
come from kaons (K+, K�, K0

S
, K0

L
), light baryons (p, p̄, n, n̄), strange baryons (⌃±, ⇤0)
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Particle Flow (PF) Algorithm  JINST 12 (2017) P10003
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Figure 3: A schematic demonstrating the creation of seven TCC objects representing ¨ a simple track-cluster match,
≠ a topo-cluster without a matching track, Æ a track without a matching cluster, Ø and ∞ are each tracks matching a
single cluster but sharing that cluster’s energy, and ± and ≤ showing a much more complex scenario with multiple
track-cluster matches. Details on the exact reconstruction procedure and the seven TCC 4-vectors are provided in
the text.

TCCÆ = (pt6T , ⌘
t6, �t6,mt6 = 0) . (4)

Once there is a match between multiple tracks and a single cluster, multiple topo-clusters and a single
track, or especially multiple topo-clusters with multiple tracks, as in the case of ± and ≤, the situation
becomes more complex. The TCC reconstruction procedure still creates exactly one TCC object per
track originating from the primary vertex, where the track angular coordinates are used, but the scale
coordinates must be adapted to account for energy sharing between the di�erent matches.

For each track used to seed a TCC, all matching topo-clusters are found. For each of those matching
clusters, the energy is then divided between all of the tracks which match that cluster, with the split
defined by the fraction of pT contributed by a given track compared to all of the other matching tracks.
This provides a means of splitting the topo-cluster energy between tracks without requiring a precise
measurement of the track pT, as the pT of any individual track only enters as a ratio with respect to the
pT of the sum of all matching tracks. By only using ratios, the algorithm is less sensitive to the scale
of any particular track, and the more important metric is whether or not any individual track represents
a significant fraction of the total pT. Furthermore, this means that the tracker and calorimeter energy
measurements are never directly compared, rather only scale factors derived from one detector are used
to weight the energy split from the other detector.

As a simple starting example where there are two tracks matching a single topo-cluster, consider the case
of Ø and ∞. Regarding notation, pa is the 4-vector corresponding to a given particle a, while pT[pa +pb]
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https://cds.cern.ch/record/2275636/
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