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Figure 7: Expected and observed 95% CL limits on the production cross section as a function of
the resonance mass for (upper left) qW resonances, (upper right) qZ resonances, and (bottom)
WZ resonances, compared to their predicted cross sections for the corresponding benchmark
models.

tainties are removed.

7 Summary

An inclusive sample of multijet events corresponding to an integrated luminosity of 19.7 fb�1,
collected in pp collisions at

p
s = 8 TeV with the CMS detector, is used to measure the W/Z-

tagged dijet mass spectrum for the two leading jets, produced within the pseudorapidity range
|h| < 2.5 with a separation in pseudorapidity of |Dh| < 1.3. The generic multijet background
is suppressed using jet-substructure tagging techniques that identify vector bosons decaying
into qq’ pairs merged into a single jet. In particular, the invariant mass of pruned jets and the
N-subjettiness ratio t21 of each jet are used to reduce the initially overwhelming multijet back-
ground. The remaining background is estimated through a fit to smooth analytic functions.
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What could it be?

 4

Most popular candidates 

- Bulk Graviton models: Spin 2  
Main production: gluon-fusion  
GBulk→WW and GBulk→ZZ 

- Composite Higgs models: Spin-1  
Main production: qq-annihilation  
Z’→WW  and W’→WZ 

With only 3 fb-1 of 13 TeV data, same 
discovery potential as 8 TeV dataset of 20 fb-1

gg prod. (GBulk) 

qq prod (V’)
8 TeV reach
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Search I:  
First search for X→VV→q 𐨸qq 𐨸q at 13 TeV with CMS 
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42 Diboson resonance searches in CMS

5.1 Search I: First search for diboson resonances at 13 TeV

When the LHC started its Run II data taking period in summer 2015, it would be the first
time ever for a particle collider to produce collisions with center-of-mass energies of 13 TeV.
The Higgs boson for which the LHC was designed to find had been discovered at the end of
the previous data taking era, leaving us with a Standard Model that we know is, in the best
case, in need of extensions and, in the worst case, an e↵ective theory valid only in a certain
energy domain. The Run II search program would therefore be oriented around two main
e↵orts: Precision measurements of the newly discovered Higgs boson and searches for Beyond
Standard Model physics.

I started my PhD four months before the first 13 TeV collisions took place and had to
consider the following: What was the most interesting search that could be done on a short
time scale (to be presented 6 months after first collisions, at the CERN end-of-year ‘Jam-
boree’), would be manageable for a student with no previous analysis experience and would
be robust enough incase there were issues with the never-before-validated 13 TeV Monte Carlo?

The attention of the high-energy physics community has in the past years been focused on
certain ‘hot topics’: In 2018, this was most certainly leptoquarks (driven by a dimuon excess
around 30 GeV), in 2016 and 2017 is was diphoton resonances (with > 3� excesses observed
both in ATLAS and in CMS). And in 2015 during the 13 TeV LHC start-up, attention was
centered on diboson resonances in the all-hadronic final state. The choice was therefore clear:
My first analysis would be a search for diboson resonances in the boosted dijet final state. With
a background model based on a smooth fit to data in the signal region, eliminating the need
for accurate QCD MC predictions, this was a simple one-background only (QCD) analysis,
feasible for a first-year PhD student to finalize within a year. Despite its straightforwardness,
due to observed 8 TeV excesses, it was in addition considered a high-profile analysis.

This search became one of the first ‘boosted’ searches published with 13 TeV data as well as
the first search to take advantage of dedicated ‘grooming’ (see Section 4.5.1) triggers.

Published in Journal of High Energy Physics (2017), DOI: 10.1007/JHEP03(2017)162

~ The first ‘boosted’ search with 13 TeV data and the first to use dedicated jet substructure 
triggers. Published with the full 2015 dataset, 2.7 fb-1 
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X→VV→q 𐨸qq 𐨸q

 7

Reconstruct two hadronic W/Z bosons 

- require two high-pT jets (>200 GeV), tag 
using dedicated jet substructure methods  

Bump hunt in dijet invariant mass spectrum 

- QCD (dominant) background estimated 
from fit to data in signal region 

- smoothness test of observed data (no MC) 

Simple and robust one-background analysis, 
some caveats: 

1. Overwhelming QCD multijet background 

2. Can only model smoothly falling mjj 
(trigger limited)

Dijet invariant mass

Signal resonant  
around MX 

Smooth SM 
background  
from fit to data
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V→qq̄?

Getting rid of QCD
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Figure 7. An MC study of the impact of hadronisation and underlying event (UE) on the signal e�-
ciency for pruning (left) and mMDT (right) (zcut, ycut = 0.1) as a function of jet transverse momentum
with �M = 16GeV. Details of generation are given in Fig. 2.

of �
(0)
S = 0.8, at high pT one sees a roughly 10 percent di↵erence for the full parton level result

with radiative corrections. One also sees a remarkable similarity between the two taggers

over the entire pT range as far as parton level results and those including hadronisation

are concerned. The UE contamination is however more clearly visible in the mMDT case

towards lower pT values which owes to the larger e↵ective radius ✓bb̄ = M
H

p
T

p
z(1�z)

as compared

to Rprune ⇡ MH/pT for pruning as well as di↵erences in the definitions of the asymmetry

parameters ycut vs zcut.7

At lower pT therefore it has been standard practice to use the mass drop tagger in

conjunction with filtering as suggested in the original reference Ref. [3]. One should also

bear in mind the results of Ref. [31] where for QCD background jets much more pronounced

non-perturbative e↵ects were observed for pruning than for mMDT, and in the final analysis

one expects the impact on the background to dictate the ultimate performance of the taggers,

rather than the comparatively small corrections one sees here for the signal, over most of the

pT range studied.

A final point to make about Fig. 7 is about the contrast between the FSR corrections

observed for mMDT and pruning to those seen in Fig. 6 for trimming. To make the comparison

we note the fact that for Fig. 6 we have chosen fcut = 0.1 and consider Rtrim = 0.1. Then the

zeroth order result for trimming is simply 1� 2fcut as for mMDT and pruning, within the pT

range we are studying. It is evident from Figs. 6 and 7 that while the FSR results for mMDT

7It is of course possible to use mMDT with a zcut constraint defined as for pruning instead of ycut, as was

studied in Ref. [31]. This choice would further enhance the similarity we observe for signal jets and is the

default in the current public implementation of mMDT in FastJet [50].

– 25 –

Figure 5.27: The signal e�ciency for pruning (left) and softdrop (right) as a function of jet pT when
adding FSR, ISR, hadronization and UE. THe UE has a severe impact on the softdrop e�ciency for
signal jets [47].

terms of jet observables for large radius jets, and therefore seemed like the obvious choice
to address both issues listed above: The sensitivity of softdrop regarding UE contamination
and the strong pileup dependence of ⌧21. The focus of Search II would therefore be on the
commissioning of a novel W-tagger. There are interesting changes and inclusions in the
analysis strategy as well: The inclusion of a Z0 ! WW signal hypothesis and the addition of
a completely new analysis, the single V-tag analysis.

5.2.2 Analysis strategy

The analysis strategy for this search is conceptually the same as for Search I. In addition,
we’ll take advantage of the n-subjettiness categorization and do an additional analysis in
parallel: A search for excited quark resonances q⇤ [48, 49] decaying to qW or qZ. We call
this the single V-tag analysis, and the analysis selection only di↵ers in that one jet is not
required to pass the V-tag selection (groomed mass and n-subjettiness). The VV analysis is
hereby referred to as the double V-tag analysis. The di↵erence between the two analyses is
illustrated in Figure 5.28. In addition, limits are set on a Z0 ! WW signal hypothesis in the
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Figure 5.28: The double (top) and single (bottom) W/Z-tag analysis.
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terms of jet observables for large radius jets, and therefore seemed like the obvious choice
to address both issues listed above: The sensitivity of softdrop regarding UE contamination
and the strong pileup dependence of ⌧21. The focus of Search II would therefore be on the
commissioning of a novel W-tagger. There are interesting changes and inclusions in the
analysis strategy as well: The inclusion of a Z0 ! WW signal hypothesis and the addition of
a completely new analysis, the single V-tag analysis.

5.2.2 Analysis strategy

The analysis strategy for this search is conceptually the same as for Search I. In addition,
we’ll take advantage of the n-subjettiness categorization and do an additional analysis in
parallel: A search for excited quark resonances q⇤ [48, 49] decaying to qW or qZ. We call
this the single V-tag analysis, and the analysis selection only di↵ers in that one jet is not
required to pass the V-tag selection (groomed mass and n-subjettiness). The VV analysis is
hereby referred to as the double V-tag analysis. The di↵erence between the two analyses is
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Figure 7. An MC study of the impact of hadronisation and underlying event (UE) on the signal e�-
ciency for pruning (left) and mMDT (right) (zcut, ycut = 0.1) as a function of jet transverse momentum
with �M = 16GeV. Details of generation are given in Fig. 2.
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terms of jet observables for large radius jets, and therefore seemed like the obvious choice
to address both issues listed above: The sensitivity of softdrop regarding UE contamination
and the strong pileup dependence of ⌧21. The focus of Search II would therefore be on the
commissioning of a novel W-tagger. There are interesting changes and inclusions in the
analysis strategy as well: The inclusion of a Z0 ! WW signal hypothesis and the addition of
a completely new analysis, the single V-tag analysis.

5.2.2 Analysis strategy

The analysis strategy for this search is conceptually the same as for Search I. In addition,
we’ll take advantage of the n-subjettiness categorization and do an additional analysis in
parallel: A search for excited quark resonances q⇤ [48, 49] decaying to qW or qZ. We call
this the single V-tag analysis, and the analysis selection only di↵ers in that one jet is not
required to pass the V-tag selection (groomed mass and n-subjettiness). The VV analysis is
hereby referred to as the double V-tag analysis. The di↵erence between the two analyses is
illustrated in Figure 5.28. In addition, limits are set on a Z0 ! WW signal hypothesis in the
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with radiative corrections. One also sees a remarkable similarity between the two taggers
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are concerned. The UE contamination is however more clearly visible in the mMDT case

towards lower pT values which owes to the larger e↵ective radius ✓bb̄ = M
H

p
T

p
z(1�z)

as compared

to Rprune ⇡ MH/pT for pruning as well as di↵erences in the definitions of the asymmetry

parameters ycut vs zcut.7

At lower pT therefore it has been standard practice to use the mass drop tagger in

conjunction with filtering as suggested in the original reference Ref. [3]. One should also

bear in mind the results of Ref. [31] where for QCD background jets much more pronounced

non-perturbative e↵ects were observed for pruning than for mMDT, and in the final analysis

one expects the impact on the background to dictate the ultimate performance of the taggers,

rather than the comparatively small corrections one sees here for the signal, over most of the

pT range studied.

A final point to make about Fig. 7 is about the contrast between the FSR corrections

observed for mMDT and pruning to those seen in Fig. 6 for trimming. To make the comparison

we note the fact that for Fig. 6 we have chosen fcut = 0.1 and consider Rtrim = 0.1. Then the

zeroth order result for trimming is simply 1� 2fcut as for mMDT and pruning, within the pT

range we are studying. It is evident from Figs. 6 and 7 that while the FSR results for mMDT

7It is of course possible to use mMDT with a zcut constraint defined as for pruning instead of ycut, as was

studied in Ref. [31]. This choice would further enhance the similarity we observe for signal jets and is the

default in the current public implementation of mMDT in FastJet [50].
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Figure 5.27: The signal e�ciency for pruning (left) and softdrop (right) as a function of jet pT when
adding FSR, ISR, hadronization and UE. THe UE has a severe impact on the softdrop e�ciency for
signal jets [47].

terms of jet observables for large radius jets, and therefore seemed like the obvious choice
to address both issues listed above: The sensitivity of softdrop regarding UE contamination
and the strong pileup dependence of ⌧21. The focus of Search II would therefore be on the
commissioning of a novel W-tagger. There are interesting changes and inclusions in the
analysis strategy as well: The inclusion of a Z0 ! WW signal hypothesis and the addition of
a completely new analysis, the single V-tag analysis.

5.2.2 Analysis strategy

The analysis strategy for this search is conceptually the same as for Search I. In addition,
we’ll take advantage of the n-subjettiness categorization and do an additional analysis in
parallel: A search for excited quark resonances q⇤ [48, 49] decaying to qW or qZ. We call
this the single V-tag analysis, and the analysis selection only di↵ers in that one jet is not
required to pass the V-tag selection (groomed mass and n-subjettiness). The VV analysis is
hereby referred to as the double V-tag analysis. The di↵erence between the two analyses is
illustrated in Figure 5.28. In addition, limits are set on a Z0 ! WW signal hypothesis in the
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At lower pT therefore it has been standard practice to use the mass drop tagger in

conjunction with filtering as suggested in the original reference Ref. [3]. One should also

bear in mind the results of Ref. [31] where for QCD background jets much more pronounced

non-perturbative e↵ects were observed for pruning than for mMDT, and in the final analysis

one expects the impact on the background to dictate the ultimate performance of the taggers,

rather than the comparatively small corrections one sees here for the signal, over most of the

pT range studied.

A final point to make about Fig. 7 is about the contrast between the FSR corrections

observed for mMDT and pruning to those seen in Fig. 6 for trimming. To make the comparison

we note the fact that for Fig. 6 we have chosen fcut = 0.1 and consider Rtrim = 0.1. Then the

zeroth order result for trimming is simply 1� 2fcut as for mMDT and pruning, within the pT

range we are studying. It is evident from Figs. 6 and 7 that while the FSR results for mMDT

7It is of course possible to use mMDT with a zcut constraint defined as for pruning instead of ycut, as was

studied in Ref. [31]. This choice would further enhance the similarity we observe for signal jets and is the

default in the current public implementation of mMDT in FastJet [50].
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terms of jet observables for large radius jets, and therefore seemed like the obvious choice
to address both issues listed above: The sensitivity of softdrop regarding UE contamination
and the strong pileup dependence of ⌧21. The focus of Search II would therefore be on the
commissioning of a novel W-tagger. There are interesting changes and inclusions in the
analysis strategy as well: The inclusion of a Z0 ! WW signal hypothesis and the addition of
a completely new analysis, the single V-tag analysis.

5.2.2 Analysis strategy

The analysis strategy for this search is conceptually the same as for Search I. In addition,
we’ll take advantage of the n-subjettiness categorization and do an additional analysis in
parallel: A search for excited quark resonances q⇤ [48, 49] decaying to qW or qZ. We call
this the single V-tag analysis, and the analysis selection only di↵ers in that one jet is not
required to pass the V-tag selection (groomed mass and n-subjettiness). The VV analysis is
hereby referred to as the double V-tag analysis. The di↵erence between the two analyses is
illustrated in Figure 5.28. In addition, limits are set on a Z0 ! WW signal hypothesis in the
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terms of jet observables for large radius jets, and therefore seemed like the obvious choice
to address both issues listed above: The sensitivity of softdrop regarding UE contamination
and the strong pileup dependence of ⌧21. The focus of Search II would therefore be on the
commissioning of a novel W-tagger. There are interesting changes and inclusions in the
analysis strategy as well: The inclusion of a Z0 ! WW signal hypothesis and the addition of
a completely new analysis, the single V-tag analysis.

5.2.2 Analysis strategy

The analysis strategy for this search is conceptually the same as for Search I. In addition,
we’ll take advantage of the n-subjettiness categorization and do an additional analysis in
parallel: A search for excited quark resonances q⇤ [48, 49] decaying to qW or qZ. We call
this the single V-tag analysis, and the analysis selection only di↵ers in that one jet is not
required to pass the V-tag selection (groomed mass and n-subjettiness). The VV analysis is
hereby referred to as the double V-tag analysis. The di↵erence between the two analyses is
illustrated in Figure 5.28. In addition, limits are set on a Z0 ! WW signal hypothesis in the
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Figure 7. An MC study of the impact of hadronisation and underlying event (UE) on the signal e�-
ciency for pruning (left) and mMDT (right) (zcut, ycut = 0.1) as a function of jet transverse momentum
with �M = 16GeV. Details of generation are given in Fig. 2.
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S = 0.8, at high pT one sees a roughly 10 percent di↵erence for the full parton level result

with radiative corrections. One also sees a remarkable similarity between the two taggers

over the entire pT range as far as parton level results and those including hadronisation

are concerned. The UE contamination is however more clearly visible in the mMDT case

towards lower pT values which owes to the larger e↵ective radius ✓bb̄ = M
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as compared

to Rprune ⇡ MH/pT for pruning as well as di↵erences in the definitions of the asymmetry
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At lower pT therefore it has been standard practice to use the mass drop tagger in

conjunction with filtering as suggested in the original reference Ref. [3]. One should also

bear in mind the results of Ref. [31] where for QCD background jets much more pronounced

non-perturbative e↵ects were observed for pruning than for mMDT, and in the final analysis

one expects the impact on the background to dictate the ultimate performance of the taggers,

rather than the comparatively small corrections one sees here for the signal, over most of the

pT range studied.

A final point to make about Fig. 7 is about the contrast between the FSR corrections

observed for mMDT and pruning to those seen in Fig. 6 for trimming. To make the comparison

we note the fact that for Fig. 6 we have chosen fcut = 0.1 and consider Rtrim = 0.1. Then the

zeroth order result for trimming is simply 1� 2fcut as for mMDT and pruning, within the pT

range we are studying. It is evident from Figs. 6 and 7 that while the FSR results for mMDT

7It is of course possible to use mMDT with a zcut constraint defined as for pruning instead of ycut, as was

studied in Ref. [31]. This choice would further enhance the similarity we observe for signal jets and is the

default in the current public implementation of mMDT in FastJet [50].
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Figure 5.27: The signal e�ciency for pruning (left) and softdrop (right) as a function of jet pT when
adding FSR, ISR, hadronization and UE. THe UE has a severe impact on the softdrop e�ciency for
signal jets [47].

terms of jet observables for large radius jets, and therefore seemed like the obvious choice
to address both issues listed above: The sensitivity of softdrop regarding UE contamination
and the strong pileup dependence of ⌧21. The focus of Search II would therefore be on the
commissioning of a novel W-tagger. There are interesting changes and inclusions in the
analysis strategy as well: The inclusion of a Z0 ! WW signal hypothesis and the addition of
a completely new analysis, the single V-tag analysis.

5.2.2 Analysis strategy

The analysis strategy for this search is conceptually the same as for Search I. In addition,
we’ll take advantage of the n-subjettiness categorization and do an additional analysis in
parallel: A search for excited quark resonances q⇤ [48, 49] decaying to qW or qZ. We call
this the single V-tag analysis, and the analysis selection only di↵ers in that one jet is not
required to pass the V-tag selection (groomed mass and n-subjettiness). The VV analysis is
hereby referred to as the double V-tag analysis. The di↵erence between the two analyses is
illustrated in Figure 5.28. In addition, limits are set on a Z0 ! WW signal hypothesis in the
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with �M = 16GeV. Details of generation are given in Fig. 2.
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terms of jet observables for large radius jets, and therefore seemed like the obvious choice
to address both issues listed above: The sensitivity of softdrop regarding UE contamination
and the strong pileup dependence of ⌧21. The focus of Search II would therefore be on the
commissioning of a novel W-tagger. There are interesting changes and inclusions in the
analysis strategy as well: The inclusion of a Z0 ! WW signal hypothesis and the addition of
a completely new analysis, the single V-tag analysis.

5.2.2 Analysis strategy

The analysis strategy for this search is conceptually the same as for Search I. In addition,
we’ll take advantage of the n-subjettiness categorization and do an additional analysis in
parallel: A search for excited quark resonances q⇤ [48, 49] decaying to qW or qZ. We call
this the single V-tag analysis, and the analysis selection only di↵ers in that one jet is not
required to pass the V-tag selection (groomed mass and n-subjettiness). The VV analysis is
hereby referred to as the double V-tag analysis. The di↵erence between the two analyses is
illustrated in Figure 5.28. In addition, limits are set on a Z0 ! WW signal hypothesis in the
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Figure 7. An MC study of the impact of hadronisation and underlying event (UE) on the signal e�-
ciency for pruning (left) and mMDT (right) (zcut, ycut = 0.1) as a function of jet transverse momentum
with �M = 16GeV. Details of generation are given in Fig. 2.

of �
(0)
S = 0.8, at high pT one sees a roughly 10 percent di↵erence for the full parton level result

with radiative corrections. One also sees a remarkable similarity between the two taggers

over the entire pT range as far as parton level results and those including hadronisation

are concerned. The UE contamination is however more clearly visible in the mMDT case

towards lower pT values which owes to the larger e↵ective radius ✓bb̄ = M
H

p
T

p
z(1�z)

as compared

to Rprune ⇡ MH/pT for pruning as well as di↵erences in the definitions of the asymmetry

parameters ycut vs zcut.7

At lower pT therefore it has been standard practice to use the mass drop tagger in

conjunction with filtering as suggested in the original reference Ref. [3]. One should also

bear in mind the results of Ref. [31] where for QCD background jets much more pronounced

non-perturbative e↵ects were observed for pruning than for mMDT, and in the final analysis

one expects the impact on the background to dictate the ultimate performance of the taggers,

rather than the comparatively small corrections one sees here for the signal, over most of the

pT range studied.

A final point to make about Fig. 7 is about the contrast between the FSR corrections

observed for mMDT and pruning to those seen in Fig. 6 for trimming. To make the comparison

we note the fact that for Fig. 6 we have chosen fcut = 0.1 and consider Rtrim = 0.1. Then the

zeroth order result for trimming is simply 1� 2fcut as for mMDT and pruning, within the pT

range we are studying. It is evident from Figs. 6 and 7 that while the FSR results for mMDT

7It is of course possible to use mMDT with a zcut constraint defined as for pruning instead of ycut, as was

studied in Ref. [31]. This choice would further enhance the similarity we observe for signal jets and is the

default in the current public implementation of mMDT in FastJet [50].
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Figure 5.27: The signal e�ciency for pruning (left) and softdrop (right) as a function of jet pT when
adding FSR, ISR, hadronization and UE. THe UE has a severe impact on the softdrop e�ciency for
signal jets [47].

terms of jet observables for large radius jets, and therefore seemed like the obvious choice
to address both issues listed above: The sensitivity of softdrop regarding UE contamination
and the strong pileup dependence of ⌧21. The focus of Search II would therefore be on the
commissioning of a novel W-tagger. There are interesting changes and inclusions in the
analysis strategy as well: The inclusion of a Z0 ! WW signal hypothesis and the addition of
a completely new analysis, the single V-tag analysis.

5.2.2 Analysis strategy

The analysis strategy for this search is conceptually the same as for Search I. In addition,
we’ll take advantage of the n-subjettiness categorization and do an additional analysis in
parallel: A search for excited quark resonances q⇤ [48, 49] decaying to qW or qZ. We call
this the single V-tag analysis, and the analysis selection only di↵ers in that one jet is not
required to pass the V-tag selection (groomed mass and n-subjettiness). The VV analysis is
hereby referred to as the double V-tag analysis. The di↵erence between the two analyses is
illustrated in Figure 5.28. In addition, limits are set on a Z0 ! WW signal hypothesis in the
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Figure 5.28: The double (top) and single (bottom) W/Z-tag analysis.
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terms of jet observables for large radius jets, and therefore seemed like the obvious choice
to address both issues listed above: The sensitivity of softdrop regarding UE contamination
and the strong pileup dependence of ⌧21. The focus of Search II would therefore be on the
commissioning of a novel W-tagger. There are interesting changes and inclusions in the
analysis strategy as well: The inclusion of a Z0 ! WW signal hypothesis and the addition of
a completely new analysis, the single V-tag analysis.

5.2.2 Analysis strategy

The analysis strategy for this search is conceptually the same as for Search I. In addition,
we’ll take advantage of the n-subjettiness categorization and do an additional analysis in
parallel: A search for excited quark resonances q⇤ [48, 49] decaying to qW or qZ. We call
this the single V-tag analysis, and the analysis selection only di↵ers in that one jet is not
required to pass the V-tag selection (groomed mass and n-subjettiness). The VV analysis is
hereby referred to as the double V-tag analysis. The di↵erence between the two analyses is
illustrated in Figure 5.28. In addition, limits are set on a Z0 ! WW signal hypothesis in the
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• pT-weighted sum over all jet constituents of 

the distance w.r.t the closest of N axes in a jet 
 
 

- Axis are obtained by undoing last (N-1) 
steps of jet clustering algorithm 

- Small !N indicates compatibility with N axes 
hypothesis 

• To discriminate 2-prong W/Z jets from  
1-prong q/g jets, use ratio:


- !2/!1 (!21)  

• To discriminate 3-prong top jets from  
1-prong or 2 prong jets, use ratio:


- !3/!1 (!31) or 

- !3/!2 (!32) 

Work in progress

Signal
QCD

Distance between momentum of  
constituent k w.r.t momentum of  
rest-frame subjet N

Each constituent assigned to nearest subjet!

!21 < 0.5

• How compatible jet is with having N subjets 

- undo clustering N times,  
calculate sum of distance  
between all constituents and axes  
(small  𝝉N+1 →N+1 prong) 

- Rather 𝝉2/𝝉1: q/g with large 𝜏1,  
usually large  𝜏2
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Two 𝜏21 analysis categories: 

- High-purity: 𝝉21 ≤ 0.45  
(best possible S/B) 
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(enhance sensitivity at high MX where bkg is low) 

Tagging vector bosons
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A.2 Alternative background parameterizations564

Fig 37 shows fits with alternative fit functions which are used to crosscheck the systematic
uncertainty on the background shape. The alternative fit functions are:

ds
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=
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For the double W/Z-tagged analysis P1 = 0 in Eq. (6).565
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- Background assumed smoothly falling  
 
 
 
 
 
 
 
 
 
 
 
 
Smoothness test of observed data 
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Figure 5. Dijet invariant mass (left) and mℓν+jet (right) distributions expected for different signal
mass hypotheses.

description of the signal, choosing a double-sided Crystal Ball (CB) function [67] (i.e.

a Gaussian core with power law tails on both sides) to describe the simulated resonance

distributions. A linear interpolation between a set of reference distributions (corresponding

to masses of 0.6, 0.7, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8, 2.0, 2.5, 3.0, 3.5, and 4.0TeV) is used

to estimate the expected distributions for intermediate values of resonance mass. Table 6

summarizes the overall event-selection efficiency for our chosen analysis channels and signal

models. All channels are used in the statistical analysis of each signal.

6 Systematic uncertainties

6.1 Systematic uncertainties in the background estimation

For the dijet analysis, the background estimation is obtained from a fit to the data. As such,

the only relevant uncertainty is the statistical one as represented by the covariance matrix of

the fit to the dijet function. Different parameterizations of the fitting function have been

studied, and the differences observed are well within the bounds of the aforementioned

uncertainty and are assumed to pose no additional contribution.

For the ℓν+jet analyses, uncertainties in both the distribution and normalization of the

background prediction can be important. The uncertainty in the distribution is dominated

by the statistical uncertainties in the simultaneous fits to the data of the sideband region,

and the simulation in signal and sideband regions. An effect of almost equal magnitude

is due to the uncertainties in the modelling of the transfer function α(mVV) between the

sideband and the signal region. The uncertainty in the normalization of the background

has three sources: the W+jets component, dominated by the statistical uncertainty of the

events in the pruned jet mass sideband, varying from 5 to 9%; the tt/single top quark

component, dominated by the scale factor obtained from the top quark enriched control

– 17 –

- Signal PDF extracted  from MC  
 
 
 
 
 
 
 
 
 
 
 
 
Composite models with Gaussian core 
and an exponential tail. 

Statistical interpretation
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Figure 1. Final mjj distributions for the dijet analysis in six signal regions. The high-purity (on
the left) and the low-purity (on the right) categories are shown for the WW (top row), WZ (central
row), and ZZ (bottom row) mjet regions. The solid curve represents a background-only fit to the
data distribution, where the filled red area corresponds to the ±1 standard deviation statistical un-
certainties of the fit. The data are represented by the black points. For the ZZ high-purity category
(bottom left), we also show the background-only fit using the two-parameter functional form (blue
solid line), for comparison. Signal benchmarks for a mass of 2TeV are also shown with black dashed
lines. In the lower panel of each plot, the bin-by-bin fit residuals, (Ndata −Nfit)/σdata, are shown.
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Hypothesis test by comparing fits of observed data with “background-only” 
and “background + signal" function. 
-signal strength  and background function parameters left floating
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For maximum sensitivity, combined results with semi-leptonic search (VV→ℓ𝜈qq)  

- <1.5 TeV: ℓ𝜈qq dominant, less background 

- > 1.5 TeV: dijet dominant, higher branching ratio 

Just exclude 2 TeV excess for W’→WZ! 

However, other signals far from excluded!
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Figure 6. Observed (black solid) and expected (black dashed) 95% CL upper limits on the produc-
tion of a narrow-width resonance decaying to a pair of vector bosons for different signal hypotheses.
In the upper plots, limits are set in the context of a spin-1 neutral Z′ (left) and charged W

′
(right)

resonances, and compared with the prediction of the HVT Models A and B. In the lower left plot,
limits are set in the same model under the triplet hypothesis (W

′
and Z′). In the lower right plot,

limits are set in the context of a bulk graviton with k/MPl = 0.5 and compared with the predic-
tion. For Gbulk, Z′ and triplet signals (W’ signal) with masses <0.8TeV (<0.75TeV), the limits are
obtained from the low-mass ℓν+jet channel, while for the higher masses they are obtained from the
high-mass ℓν+jet and dijet channels.

Figure 7 shows a scan of the coupling parameters and the corresponding observed 95%

CL exclusion contours in the HVT model for the combined analyses. The parameters are

defined as gVcH and g2cF/gV, related to the coupling strengths of the new resonance to

the Higgs boson and to fermions. The range of the scan is limited by the assumption
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Figure 1. Final mjj distributions for the dijet analysis in six signal regions. The high-purity (on
the left) and the low-purity (on the right) categories are shown for the WW (top row), WZ (central
row), and ZZ (bottom row) mjet regions. The solid curve represents a background-only fit to the
data distribution, where the filled red area corresponds to the ±1 standard deviation statistical un-
certainties of the fit. The data are represented by the black points. For the ZZ high-purity category
(bottom left), we also show the background-only fit using the two-parameter functional form (blue
solid line), for comparison. Signal benchmarks for a mass of 2TeV are also shown with black dashed
lines. In the lower panel of each plot, the bin-by-bin fit residuals, (Ndata −Nfit)/σdata, are shown.

– 13 –



For maximum sensitivity, combined results with semi-leptonic search (VV→ℓ𝜈qq)  

- <1.5 TeV: ℓ𝜈qq dominant, less background 

- > 1.5 TeV: dijet dominant, higher branching ratio 

Just exclude 2 TeV excess for W’→WZ! 

However, other signals far from excluded!
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Figure 6. Observed (black solid) and expected (black dashed) 95% CL upper limits on the produc-
tion of a narrow-width resonance decaying to a pair of vector bosons for different signal hypotheses.
In the upper plots, limits are set in the context of a spin-1 neutral Z′ (left) and charged W

′
(right)

resonances, and compared with the prediction of the HVT Models A and B. In the lower left plot,
limits are set in the same model under the triplet hypothesis (W

′
and Z′). In the lower right plot,

limits are set in the context of a bulk graviton with k/MPl = 0.5 and compared with the predic-
tion. For Gbulk, Z′ and triplet signals (W’ signal) with masses <0.8TeV (<0.75TeV), the limits are
obtained from the low-mass ℓν+jet channel, while for the higher masses they are obtained from the
high-mass ℓν+jet and dijet channels.

Figure 7 shows a scan of the coupling parameters and the corresponding observed 95%

CL exclusion contours in the HVT model for the combined analyses. The parameters are

defined as gVcH and g2cF/gV, related to the coupling strengths of the new resonance to

the Higgs boson and to fermions. The range of the scan is limited by the assumption
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Figure 1. Final mjj distributions for the dijet analysis in six signal regions. The high-purity (on
the left) and the low-purity (on the right) categories are shown for the WW (top row), WZ (central
row), and ZZ (bottom row) mjet regions. The solid curve represents a background-only fit to the
data distribution, where the filled red area corresponds to the ±1 standard deviation statistical un-
certainties of the fit. The data are represented by the black points. For the ZZ high-purity category
(bottom left), we also show the background-only fit using the two-parameter functional form (blue
solid line), for comparison. Signal benchmarks for a mass of 2TeV are also shown with black dashed
lines. In the lower panel of each plot, the bin-by-bin fit residuals, (Ndata −Nfit)/σdata, are shown.
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Figure 6. Observed (black solid) and expected (black dashed) 95% CL upper limits on the produc-
tion of a narrow-width resonance decaying to a pair of vector bosons for different signal hypotheses.
In the upper plots, limits are set in the context of a spin-1 neutral Z′ (left) and charged W

′
(right)

resonances, and compared with the prediction of the HVT Models A and B. In the lower left plot,
limits are set in the same model under the triplet hypothesis (W

′
and Z′). In the lower right plot,

limits are set in the context of a bulk graviton with k/MPl = 0.5 and compared with the predic-
tion. For Gbulk, Z′ and triplet signals (W’ signal) with masses <0.8TeV (<0.75TeV), the limits are
obtained from the low-mass ℓν+jet channel, while for the higher masses they are obtained from the
high-mass ℓν+jet and dijet channels.

Figure 7 shows a scan of the coupling parameters and the corresponding observed 95%

CL exclusion contours in the HVT model for the combined analyses. The parameters are

defined as gVcH and g2cF/gV, related to the coupling strengths of the new resonance to

the Higgs boson and to fermions. The range of the scan is limited by the assumption
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Developments on the theory front: 
 
 
 
 
 
 
 
 
 
 

 
Pruning NOT completely soft radiation free. 
Non global logarithmic terms (NGLs) in mass  
→ not “perturbatively robust” 

- Softdrop removes all sensitivity to soft 
divergences, only groomer which is 
theoretically calculable!

Interlude: Softdrop

 14Thea K. Aarrestad                                        Searching for VV resonances in the boosted dijet final state

• Remove all soft emission 

- decluster with C-A, remove subjet if 

Softdrop (β=0)

min(pT1, pT2)

pT1 + pT2
< 0.1

arXiv:1307.0007 

 arxiv:1402.2657
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After pruning:
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50 Diboson resonance searches in CMS
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Figure 5.9: The softdrop (dotted lines) and the pruned (solid lines) jet mass for W, Z and H jets.
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Figure 5.10: The jet mass distribution for W jets coming from a Gbulk of masses in the range
0.8TeV < MX < 4TeV decaying to WW, here with pruning applied (left) and softdrop (right). A
strong shift in the jet mass mean as a function of pT (⇠ MX/2), is observed for jets groomed with the
softdrop algorithm. Charge hadron subtraction is applied to all jets before clustering.

shows the reconstructed (solid line) and generator level (dotted line) jet mass distributions
after pruning (left) or softdrop (right) have been applied. Again, the distributions are
compared for jets with very di↵erent pT profiles, here for W jets coming from a Gbulk ! WW
of mass MX = 0.8TeV (red), roughly pT ⇠ 400GeV, and MX = 2.0TeV (blue), pT ⇠ 1TeV.
Interestingly, we observe a pT-dependent mass shift already for generator level softdrop jets
(comparing the dotted lines in the right plot); an e↵ect further enhanced at reconstruction
level. This e↵ect is not present for pruned jets, neither at generator level nor reconstruction
level.

The observed softdrop mass pT-dependence was problematic, due to the fact that it would
require a pT dependent mass window. This would again require several di↵erent measurements

Pruning Softdrop

However, 

- found softdrop mass for signal 
jets highly pT dependent!

Shift with jet pT
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Pruning and mMDT - MC results
Pruning zcut = 0.1
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I remarkable similarity for entire pT at parton level and after hadr.
I At lower pT UE contamination more pronounced for mMDT:

larger effective radius ✓b̄b =
MH

pT
p

z(1�z)
as compared to Rprune ⇡ MH/pT

and different def. of the asymmetry parameters ycut vs zcut

(use mMDT with filtering as suggested in original paper)
I Keep in mind that for QCD background jets much more pronounced

non-perturbative effects were observed for pruning than for mMDT.

UE reduce signal eff. 
at low-pT

talk by A. Siodmok (BOOST 2015) talk by A. Siodmok (BOOST 2015) 
Pruning Softdrop

Vector boson tagging efficiency vs. pT (Herwig++)
/ mV /pT

p
zcut(1� zcut)
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Figure 5.9: The softdrop (dotted lines) and the pruned (solid lines) jet mass for W, Z and H jets.
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Figure 5.10: The jet mass distribution for W jets coming from a Gbulk of masses in the range
0.8TeV < MX < 4TeV decaying to WW, here with pruning applied (left) and softdrop (right). A
strong shift in the jet mass mean as a function of pT (⇠ MX/2), is observed for jets groomed with the
softdrop algorithm. Charge hadron subtraction is applied to all jets before clustering.

shows the reconstructed (solid line) and generator level (dotted line) jet mass distributions
after pruning (left) or softdrop (right) have been applied. Again, the distributions are
compared for jets with very di↵erent pT profiles, here for W jets coming from a Gbulk ! WW
of mass MX = 0.8TeV (red), roughly pT ⇠ 400GeV, and MX = 2.0TeV (blue), pT ⇠ 1TeV.
Interestingly, we observe a pT-dependent mass shift already for generator level softdrop jets
(comparing the dotted lines in the right plot); an e↵ect further enhanced at reconstruction
level. This e↵ect is not present for pruned jets, neither at generator level nor reconstruction
level.

The observed softdrop mass pT-dependence was problematic, due to the fact that it would
require a pT dependent mass window. This would again require several di↵erent measurements

Pruning Softdrop

However, 

- found softdrop mass for signal 
jets highly pT dependent!

Due to increased sensitive to UE 

- softdrop effective radius increases 
as jet pT decreases  
 
 
(for pruning,              )  

- Absorb more radiation at low-pT

Shift with jet pT
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Pruning and mMDT - MC results
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I remarkable similarity for entire pT at parton level and after hadr.
I At lower pT UE contamination more pronounced for mMDT:

larger effective radius ✓b̄b =
MH

pT
p

z(1�z)
as compared to Rprune ⇡ MH/pT

and different def. of the asymmetry parameters ycut vs zcut

(use mMDT with filtering as suggested in original paper)
I Keep in mind that for QCD background jets much more pronounced

non-perturbative effects were observed for pruning than for mMDT.

UE reduce signal eff. 
at low-pT

talk by A. Siodmok (BOOST 2015) talk by A. Siodmok (BOOST 2015) 
Pruning Softdrop

Vector boson tagging efficiency vs. pT (Herwig++)
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Figure 5.9: The softdrop (dotted lines) and the pruned (solid lines) jet mass for W, Z and H jets.
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Figure 5.10: The jet mass distribution for W jets coming from a Gbulk of masses in the range
0.8TeV < MX < 4TeV decaying to WW, here with pruning applied (left) and softdrop (right). A
strong shift in the jet mass mean as a function of pT (⇠ MX/2), is observed for jets groomed with the
softdrop algorithm. Charge hadron subtraction is applied to all jets before clustering.

shows the reconstructed (solid line) and generator level (dotted line) jet mass distributions
after pruning (left) or softdrop (right) have been applied. Again, the distributions are
compared for jets with very di↵erent pT profiles, here for W jets coming from a Gbulk ! WW
of mass MX = 0.8TeV (red), roughly pT ⇠ 400GeV, and MX = 2.0TeV (blue), pT ⇠ 1TeV.
Interestingly, we observe a pT-dependent mass shift already for generator level softdrop jets
(comparing the dotted lines in the right plot); an e↵ect further enhanced at reconstruction
level. This e↵ect is not present for pruned jets, neither at generator level nor reconstruction
level.

The observed softdrop mass pT-dependence was problematic, due to the fact that it would
require a pT dependent mass window. This would again require several di↵erent measurements

Pruning Softdrop

However, 

- found softdrop mass for signal 
jets highly pT dependent!

Due to increased sensitive to UE 

- softdrop effective radius increases 
as jet pT decreases  
 
 
(for pruning,              )  

- Absorb more radiation at low-pT

Need better pileup/UE subtraction!

Shift with jet pT
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CMS PU and integrated luminosity

CMS recorded 150.5 fb-1 in Run 2, 
with an overall efficiency of 92.5%

RC WGM 38125/10/2018 5

28 Event reconstruction

Figure 4.4: The mass (top) and pT (bottom) resolution comparing PF only (blue), PF+CHS (red)
and PUPPI (pink) jets. The absolute resolution (left) as well as the resolution as a function of the
number of reconstructed primary vertices in the event (right)is shown [16].

4.4.1 Jet clustering

The most common jet clustering algorithms used in hadron colliders are the Cambridge/Aachen
algorithm [17], the kT algorithm [18] and the anti-kT algorithm [19]. These are all sequential
recombination algorithms, meaning they systematically go through each particle pair in the
event and recombines them into one particle if the combination satisfies certain criteria. The
rules, shared by all three algorithms, are as follows:

1. For each pair of particles i and j, compute the longitudinally invariant distances

dij = min(p2p
ti , p2p

tj )
�R2

ij

R2
, with �R2

ij = (⌘i � ⌘j)
2 + (�i � �j)

2 (4.4)

diB = p2p
ti , (4.5)

where dij is a measure of the relative transverse momenta between the particles, �R2
ij

is the distance between them in the ⌘ � � plane (which can be roughly translated into
a jet radius), �R2 corresponds to a distance parameter which controls the extension
of the jet and diB is the distance between the particle and the beam. The parameter
p is what separates the three algorithms from one another and controls the relative
power of energy versus geometrical scales. For the anti-kT algorithm, it is defined as
p = �1, for the kT algorithm p = 1 and in the case of the C/A algorithm, p = 0. The
consequences of these choices are explained in detail below.

2. Find the minimum distance of dij and diB.

3. If this is dij , recombine particles i and j and return to step 1.

PUPPI

CHS
no PU  

removal

Jet mass resolution

Unfortunately, pileup in 2016 expected to be 
double that of 2015!  
 
 

Fortunately,  
PileUp Per Particle Identification (PUPPI)  

- CHS (old): remove charged hadrons not 
associated with primary vertex 

- PUPPI (new): probability for ANY particle 
(neutral+charged) to be from pileup, 
reweights each accordingly 

Huge resolution improvement for jet 
observables in large-cone jets

https://arxiv.org/abs/1407.6013
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5.2 Search II: A new pileup resistant and perturbative safe
tagger

With the first 13 TeV diboson resonance search published, we could conclude that more
data would be needed in order to fully exclude the observed Run 1 excess. Luckily, 2016 was
right around the corner and, with the LHC planning to reduce �⇤ from 80 cm to 40, the
machine was expected to deliver an instantaneous luminosity three times that of the 2015 peak
luminosity. Higher instantaneous luminosity, however, meant double the pileup.

We knew that a novel pileup subtraction algorithm had been developed, which provided far
better pileup and underlying event rejection than the current default (CHS). We also knew
that there had been made progress on the theory side in the development of a groomer which
was insensitive to the soft divergences of QCD and allowed to accomplish jet grooming in
a theoretically calculable way, SoftDrop (mMDT). With more time at hand than in 2015,
I therefore decided to pursue a novel W-tagger for this second search. This included work
like optimization, development of dedicated jet mass corrections (in use today and recom-
mended by the jet physics object group) as well as validation of the new tagger. The tagger,
together with the mass corrections, afterwards became the default W-tagging algorithm in CMS.

Search II became the first published analysis to use the novel PUPPI+softdrop algorithm, now
default for W-tagging in CMS. Through this search, the tagger was optimized, commissioned
and validated, making it available for several analysis to come. In addition, the search was
extended to setting limits on three additional signal hypothesis. Two of these were in a final
state never before explored at 13 TeV, the q⇤ ! qV single V-tag analyses.
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Published in PRD, DOI: 10.1103/PhysRevD.97.072006; CMS-PAS-B2G-16-021; CMS-PAS-JME-16-003

CMS-PAS-JME-16-003 

~ First analysis to use the PUPPI+softdrop algorithm;  optimizing and commissioning new tagger 
in the process (now default for W-tagging in CMS). Adding new analysis never before explored at 

13 TeV: q*→ qV. Published with the full 2016 dataset, 35.9 fb-1 

https://cds.cern.ch/record/2256875


With PUPPI, was softdrop saved? 

- Better, but still residual pT dependence 

- Enhanced when applying standard CMS 
jet energy corrections 

Solution: Compute dedicated PUPPI 
softdrop jet mass scale corrections 

- remove pT/η-dependence, shift mass to 
80 GeV 

Finally stabile softdrop mass peak

Developing a new V-tagger:  
Softdrop mass corrections
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Figure 5.34: The mean of a Gaussian fit to the W-jet PUPPI softdrop mass peak as a function of
jet pT in two di↵erent ⌘ bins (smaller or greater than |⌘| = 1.3). No corrections have been applied to
the softdrop mass.
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Compare 3 taggers 

- Pruning + 𝝉21 

- PUPPI Softdrop + 𝝉21  

- PUPPI Softdrop + 𝝉21DDT  → linear transformation of  𝝉21 decorrelated from m/pT

Signal eff. restored  
with PUPPI + corrections

Pruning
Softdrop
SD+DDT

PUPPI softdrop lower  
 mistag rate
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Developing a new V-tagger:  
Performance in data
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• Substructure variables strong dependence on shower generator  

• Need to ensure we know real signal eff. in data from region well described by MC!
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Developing a new V-tagger:  
Efficiency scalefactors

Efficiency (εS), jet mass scale and resolution 
 estimated in semileptonic tt ̄ 

- Simultaneous fit of 𝝉21 pass(<X) and fail (>X)

εS
1-εSPASS

Merged W:  
W candidate is AK8 jet

Signal efficiency, jet mass scale and resolution 
from Gaussian component of total fit 

FAIL
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Analysis strategy

5.2 Search II: A new pileup resistant and perturbative safe tagger 69

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

500 1000 1500 2000 2500 3000

� S

pT [GeV]

Herwig++ signal e�ciency: Pruning

FSR

FSR+ISR

Hadronisation

Hadronisation+UE
0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

500 1000 1500 2000 2500 3000

� S

pT [GeV]

Herwig++ signal e�ciency: mMDT

FSR

FSR+ISR

Hadronisation

Hadronisation+UE

Figure 7. An MC study of the impact of hadronisation and underlying event (UE) on the signal e�-
ciency for pruning (left) and mMDT (right) (zcut, ycut = 0.1) as a function of jet transverse momentum
with �M = 16GeV. Details of generation are given in Fig. 2.

of �
(0)
S = 0.8, at high pT one sees a roughly 10 percent di↵erence for the full parton level result

with radiative corrections. One also sees a remarkable similarity between the two taggers

over the entire pT range as far as parton level results and those including hadronisation

are concerned. The UE contamination is however more clearly visible in the mMDT case

towards lower pT values which owes to the larger e↵ective radius ✓bb̄ = M
H

p
T

p
z(1�z)

as compared

to Rprune ⇡ MH/pT for pruning as well as di↵erences in the definitions of the asymmetry

parameters ycut vs zcut.7

At lower pT therefore it has been standard practice to use the mass drop tagger in

conjunction with filtering as suggested in the original reference Ref. [3]. One should also

bear in mind the results of Ref. [31] where for QCD background jets much more pronounced

non-perturbative e↵ects were observed for pruning than for mMDT, and in the final analysis

one expects the impact on the background to dictate the ultimate performance of the taggers,

rather than the comparatively small corrections one sees here for the signal, over most of the

pT range studied.

A final point to make about Fig. 7 is about the contrast between the FSR corrections

observed for mMDT and pruning to those seen in Fig. 6 for trimming. To make the comparison

we note the fact that for Fig. 6 we have chosen fcut = 0.1 and consider Rtrim = 0.1. Then the

zeroth order result for trimming is simply 1� 2fcut as for mMDT and pruning, within the pT

range we are studying. It is evident from Figs. 6 and 7 that while the FSR results for mMDT

7It is of course possible to use mMDT with a zcut constraint defined as for pruning instead of ycut, as was

studied in Ref. [31]. This choice would further enhance the similarity we observe for signal jets and is the

default in the current public implementation of mMDT in FastJet [50].
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Figure 5.27: The signal e�ciency for pruning (left) and softdrop (right) as a function of jet pT when
adding FSR, ISR, hadronization and UE. THe UE has a severe impact on the softdrop e�ciency for
signal jets [47].

terms of jet observables for large radius jets, and therefore seemed like the obvious choice
to address both issues listed above: The sensitivity of softdrop regarding UE contamination
and the strong pileup dependence of ⌧21. The focus of Search II would therefore be on the
commissioning of a novel W-tagger. There are interesting changes and inclusions in the
analysis strategy as well: The inclusion of a Z0 ! WW signal hypothesis and the addition of
a completely new analysis, the single V-tag analysis.

5.2.2 Analysis strategy

The analysis strategy for this search is conceptually the same as for Search I. In addition,
we’ll take advantage of the n-subjettiness categorization and do an additional analysis in
parallel: A search for excited quark resonances q⇤ [48, 49] decaying to qW or qZ. We call
this the single V-tag analysis, and the analysis selection only di↵ers in that one jet is not
required to pass the V-tag selection (groomed mass and n-subjettiness). The VV analysis is
hereby referred to as the double V-tag analysis. The di↵erence between the two analyses is
illustrated in Figure 5.28. In addition, limits are set on a Z0 ! WW signal hypothesis in the
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qq Vq*W� W
+
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q
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q
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q
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q

AK8 AK8
W� W+

q̄0

q

q̄0

qV VX

Double V-tag analysis

Single V-tag analysis

Figure 5.28: The double (top) and single (bottom) W/Z-tag analysis.Adding search for excited quarks decaying to qV by removing W-tag. 
Never before analysed channel at 13 TeV!
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Excluding vanilla signal models (BulkG, V’, q*), but still see (statistically insignificant) 
enhancements around 2-3 TeV in qV and VV.

Results

 23
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What now?



Interlude: Stealth bosons
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Slide from J.A Aguilar-Saavedra: 
“Stealth bosons and where to find them”    

(BOOST 2018)
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Interlude: Stealth bosons

 26

MJ(GeV)65 105

W/Z 
mass 

window

A? A?

What if tiny excesses were not due to 
diboson resonances, but something else 

- catching tail of other non-SM boson? 

- not necessarily 2-, but N-pronged?
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Interlude: Stealth bosons

 26

MJ(GeV)65 105

W/Z 
mass 

window

A? A?

Make framework for easily scanning full 
jet groomed mass spectrum which would 

- yields gain in sensitivity for VV analysis 

- allow to search for VV/VH/HH and  
non-SM bosons anywhere in softdrop 
mass spectrum 

What if tiny excesses were not due to 
diboson resonances, but something else 

- catching tail of other non-SM boson? 

- not necessarily 2-, but N-pronged?



Search III:  
A novel framework for multi-dimensional searches  
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94 Diboson resonance searches in CMS

5.4 Search III: A novel framework for multi-dimensional searches

After two successful analyses of 13 TeV data, no excess had been observed in the all-hadronic
VV channels. The available phase space for New Physics to hide out was shrinking and we
saw two ways forward: Either look for deviations from the Standard Model through precision
measurements that would allow searching for resonances currently out of LHC reach, or
deplete the number of places New Physics could be hiding as e�ciently and completely as
possible. With a solid background in searches with boosted final states, we decided for the
latter. Our idea was the following: What if the small excesses observed in VV final states
were due to us catching the tail of another type of boson with a mass slightly di↵erent from
that of a W or a Z boson? And what if we were seeing cascade decays, where the jets in
questions were actually four-prong like rather than two?........TODO

Completing the Run 2 VV search program is Search III: A novel framework for multi-
dimensional searches.
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In progress. To be submitted to The European Physical Journal C MVV

MV

MV

~ Paper introducing a novel three-dimensional search method allowing for simultaneously 
searching for W/Z/H peaks, and eventually non-SM bosons, in the softdrop jet mass spectrum.  

To be published with full 2016+2017 dataset, ~80 fb-1 
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Three-dimensional VV

 28

Until now:  two AK8 jets with groomed mass 
between 65-105 GeV and 𝝉21 < X 

- Region of interest is dijet invariant mass 

- QCD background estimated from smooth 
fit to data signal region using “dijet fit” 

- Signal parametrised with double CB

Dijet invariant mass (GeV)

X→VV?
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Three-dimensional VV

 29

Take advantage of the fact that signal is 
resonant in 3D: MV, MV and MVV 

- Region of interest is MV1-MV2 - MVV  plane 

- QCD background starting from simulation 

- Signal parametrised with 3D PDF

Dijet invariant mass (GeV)

X→VV?

MV1 = 80 GeV

MV2 =
 80 GeV

MVV = X TeV

Jet1 softdrop mass (GeV)

Jet2 softdrop mass (GeV)

> 5 TeV
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Three-dimensional VV

 29

Take advantage of the fact that signal is 
resonant in 3D: MV, MV and MVV 

- Region of interest is MV1-MV2 - MVV  plane 

- QCD background starting from simulation 

- Signal parametrised with 3D PDF

Dijet invariant mass (GeV)

X→VV?

MV1 = 80 GeV

MV2 =
 80 GeV

MVV = X TeV

Jet1 softdrop mass (GeV)

Jet2 softdrop mass (GeV)

> 5 TeV

The pros of this procedure: 

1. Can model turn-ons in mjj/mjet 
2. Can take jet mass and dijet mass correlations fully into account 
3. Larger signal acceptance without mass cuts 
4. Opens door to scan full groomed mass spectrum in one analysis



 
 
 
 
 
 
 
 
 
 

1. Signal 3D PDF   
- Resonant in x, y and z 

2. Background, non-resonant  
- Non-resonant in x, y and z  
- Dominant background  
 
 
 

3. Background, resonant  
- W/Z+jets, resonant in x+y 

4. Alternate PDFs  
- 5 additional shape 
uncertainties  
 
 
 

Building PDFs
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z: mj1j2

QCD 
W(qq)+jets  
Z(qq)+jets 
Signal

Dijet invariant mass (GeV)

y: mjet2

QCD 
W(qq)+jets  
Z(qq)+jets 
Signal

Softdrop jet mass (GeV)

x: mjet1

QCD 
W(qq)+jets  
Z(qq)+jets 
Signal

Softdrop jet mass (GeV)

4 steps to full model:
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Replacing the dijet fit

 31

To account for correlations mjet/mjj, non-resonant background modelled conditionally 

- Pnon-res(mjj , mjet1, mjet2) =    Pjj ( mjj | θ1 )    x    Pj (mjet1 | mjj , θ2 )    x  Pj (mjet2 | mjj , θ2 )
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Replacing the dijet fit

 31

To account for correlations mjet/mjj, non-resonant background modelled conditionally 

- Pnon-res(mjj , mjet1, mjet2) =    Pjj ( mjj | θ1 )    x    Pj (mjet1 | mjj , θ2 )    x  Pj (mjet2 | mjj , θ2 )

250k bins, need to ensure smooth and full shape → kernel approach 

- rather than filling 1D/2D histogram with mjet, mjet/mjj (sparse), let each event 
contribute 1D/2D gaussian kernel defined through generator level quantities

mjj1,mj1
mjj2,mj2

mjj3,mj3

mjet1/mjet2

mjj
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Replacing the dijet fit

 31

To account for correlations mjet/mjj, non-resonant background modelled conditionally 

- Pnon-res(mjj , mjet1, mjet2) =    Pjj ( mjj | θ1 )    x    Pj (mjet1 | mjj , θ2 )    x  Pj (mjet2 | mjj , θ2 )

250k bins, need to ensure smooth and full shape → kernel approach 

- rather than filling 1D/2D histogram with mjet, mjet/mjj (sparse), let each event 
contribute 1D/2D gaussian kernel defined through generator level quantities

mjj-mj datapoint smeared  
z

G1(mjj1,mj1)
G2(mjj2,mj2)

G3(mjj1,mj1)
mjj1,mj1

mjj2,mj2

mjj3,mj3

mjet1/mjet2

mjj



Is Nature Herwig++, MadGraph or Pythia?  
LO(Pythia) or NLO (Powheg)? 

- predictions disagree, let’s allow it to be all! 

Add alternate shapes based on different QCD 
MC, simultaneously affecting mj1, mj2, mjj 

- PDF can take any shape to match data! 

Replacing the dijet fit
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Plan forward

 33
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- VV, VH(bb) + HH  
in one analysis!



And tribosons?
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SciPost Physics Submission

Figure 4: Left: ROC curves for the 4-vector-based or LoLa autoencoder identifying anoma-
lous top jets for di↵erent bottleneck sizes. Right: comparison of the ROC curves for the
image-based and the 4-vector-based autoencoders. The widths of the lines show the variation
based on ten independent test samples for fixed training.

second layer. The loss function is

L

auto

=
40X

j=1

3X

i=0

⇣
k̃

in

i,j � k̃

auto

i,j

⌘
2

. (6)

As for the images we use the PReLU activation function, except for the last layer with its
linear activation function, and the Adam optimizer for the learning rate [37].

In the left panel of Fig. 4 we show the ROC curves for the 4-vector-based tagger for di↵erent
choices of the bottleneck size. We now find the best result for a very small bottleneck with
at most 10 units. The stable AUC value is around 0.92 with a loss around 10�5 per pixel.
Such small functional bottlenecks reflect the fact that with the CoLa/LoLa structure we
have encoded a lot of the relevant information in appropriate physics terms [13].

Finally, in the right panel of Fig. 4 we compare the best-performing image-based and
4-momentum-based autoencoders. The widths of the lines are again generated by evaluating
the network on ten independent test samples. The main feature in this plot is that the
LoLa-autoencoder does better than the image-based autoencoder. This is a result of the
smaller possible bottleneck size, because the LoLa architecture is optimized to extract the
leading discriminating features most e�ciently. While this gives an advantage to the pure
autoencoder, we will see the other side of the same medal in the next section.

2.3 De-correlating the mass

Neural networks separating signal and background jets after fully supervised training on
labelled data are, in theory, straightforward to calibrate and understand. The problem at
the LHC is that we hardly ever have enough labelled data to train such networks for relevant
new physics searches. Our autoencoder responds to this problem by limiting the training
to QCD jets only and by only asking if a given data set is described well by QCD or any

7

Boosted top signal efficiency εS

Q
CD

 re
je

ct
io

n 
1/

ε B

50% εS at 5% εB  
for tagger that never  
has seen signal! 

arxiv:1808.08979 

Do we still need to “scan” 𝜏N for N-prong signals?  

No! Switch from 𝜏21 to generic anti-QCD tagger  

- Deep Neural Networks trained to learn how 
“QCD-like” event is [1] [2]  

- identify signal without having seen it,  
ideal for model independent searches 

Combined with 3D fit, one background model for 
any signal peaking in softdrop+dijet mass 

- truly scanning the full mj1-mj2-mj1,j2 plane!

https://arxiv.org/pdf/1808.08979.pdf
https://arxiv.org/abs/1709.01087
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LoLa: DNN for W-tagging

 35

E, px, py, pz

E, px, py, pz E, px, py, pz

5.2 Search II: A new pileup resistant and perturbative safe tagger 69
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Figure 7. An MC study of the impact of hadronisation and underlying event (UE) on the signal e�-
ciency for pruning (left) and mMDT (right) (zcut, ycut = 0.1) as a function of jet transverse momentum
with �M = 16GeV. Details of generation are given in Fig. 2.

of �
(0)
S = 0.8, at high pT one sees a roughly 10 percent di↵erence for the full parton level result

with radiative corrections. One also sees a remarkable similarity between the two taggers

over the entire pT range as far as parton level results and those including hadronisation

are concerned. The UE contamination is however more clearly visible in the mMDT case

towards lower pT values which owes to the larger e↵ective radius ✓bb̄ = M
H

p
T

p
z(1�z)

as compared

to Rprune ⇡ MH/pT for pruning as well as di↵erences in the definitions of the asymmetry

parameters ycut vs zcut.7

At lower pT therefore it has been standard practice to use the mass drop tagger in

conjunction with filtering as suggested in the original reference Ref. [3]. One should also

bear in mind the results of Ref. [31] where for QCD background jets much more pronounced

non-perturbative e↵ects were observed for pruning than for mMDT, and in the final analysis

one expects the impact on the background to dictate the ultimate performance of the taggers,

rather than the comparatively small corrections one sees here for the signal, over most of the

pT range studied.

A final point to make about Fig. 7 is about the contrast between the FSR corrections

observed for mMDT and pruning to those seen in Fig. 6 for trimming. To make the comparison

we note the fact that for Fig. 6 we have chosen fcut = 0.1 and consider Rtrim = 0.1. Then the

zeroth order result for trimming is simply 1� 2fcut as for mMDT and pruning, within the pT

range we are studying. It is evident from Figs. 6 and 7 that while the FSR results for mMDT

7It is of course possible to use mMDT with a zcut constraint defined as for pruning instead of ycut, as was

studied in Ref. [31]. This choice would further enhance the similarity we observe for signal jets and is the

default in the current public implementation of mMDT in FastJet [50].
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Figure 5.27: The signal e�ciency for pruning (left) and softdrop (right) as a function of jet pT when
adding FSR, ISR, hadronization and UE. THe UE has a severe impact on the softdrop e�ciency for
signal jets [47].

terms of jet observables for large radius jets, and therefore seemed like the obvious choice
to address both issues listed above: The sensitivity of softdrop regarding UE contamination
and the strong pileup dependence of ⌧21. The focus of Search II would therefore be on the
commissioning of a novel W-tagger. There are interesting changes and inclusions in the
analysis strategy as well: The inclusion of a Z0 ! WW signal hypothesis and the addition of
a completely new analysis, the single V-tag analysis.

5.2.2 Analysis strategy

The analysis strategy for this search is conceptually the same as for Search I. In addition,
we’ll take advantage of the n-subjettiness categorization and do an additional analysis in
parallel: A search for excited quark resonances q⇤ [48, 49] decaying to qW or qZ. We call
this the single V-tag analysis, and the analysis selection only di↵ers in that one jet is not
required to pass the V-tag selection (groomed mass and n-subjettiness). The VV analysis is
hereby referred to as the double V-tag analysis. The di↵erence between the two analyses is
illustrated in Figure 5.28. In addition, limits are set on a Z0 ! WW signal hypothesis in the
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Figure 5.28: The double (top) and single (bottom) W/Z-tag analysis.
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Figure 7. An MC study of the impact of hadronisation and underlying event (UE) on the signal e�-
ciency for pruning (left) and mMDT (right) (zcut, ycut = 0.1) as a function of jet transverse momentum
with �M = 16GeV. Details of generation are given in Fig. 2.

of �
(0)
S = 0.8, at high pT one sees a roughly 10 percent di↵erence for the full parton level result

with radiative corrections. One also sees a remarkable similarity between the two taggers

over the entire pT range as far as parton level results and those including hadronisation

are concerned. The UE contamination is however more clearly visible in the mMDT case

towards lower pT values which owes to the larger e↵ective radius ✓bb̄ = M
H

p
T

p
z(1�z)

as compared

to Rprune ⇡ MH/pT for pruning as well as di↵erences in the definitions of the asymmetry

parameters ycut vs zcut.7

At lower pT therefore it has been standard practice to use the mass drop tagger in

conjunction with filtering as suggested in the original reference Ref. [3]. One should also

bear in mind the results of Ref. [31] where for QCD background jets much more pronounced

non-perturbative e↵ects were observed for pruning than for mMDT, and in the final analysis

one expects the impact on the background to dictate the ultimate performance of the taggers,

rather than the comparatively small corrections one sees here for the signal, over most of the

pT range studied.

A final point to make about Fig. 7 is about the contrast between the FSR corrections

observed for mMDT and pruning to those seen in Fig. 6 for trimming. To make the comparison

we note the fact that for Fig. 6 we have chosen fcut = 0.1 and consider Rtrim = 0.1. Then the

zeroth order result for trimming is simply 1� 2fcut as for mMDT and pruning, within the pT

range we are studying. It is evident from Figs. 6 and 7 that while the FSR results for mMDT

7It is of course possible to use mMDT with a zcut constraint defined as for pruning instead of ycut, as was

studied in Ref. [31]. This choice would further enhance the similarity we observe for signal jets and is the

default in the current public implementation of mMDT in FastJet [50].
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Figure 5.27: The signal e�ciency for pruning (left) and softdrop (right) as a function of jet pT when
adding FSR, ISR, hadronization and UE. THe UE has a severe impact on the softdrop e�ciency for
signal jets [47].

terms of jet observables for large radius jets, and therefore seemed like the obvious choice
to address both issues listed above: The sensitivity of softdrop regarding UE contamination
and the strong pileup dependence of ⌧21. The focus of Search II would therefore be on the
commissioning of a novel W-tagger. There are interesting changes and inclusions in the
analysis strategy as well: The inclusion of a Z0 ! WW signal hypothesis and the addition of
a completely new analysis, the single V-tag analysis.

5.2.2 Analysis strategy

The analysis strategy for this search is conceptually the same as for Search I. In addition,
we’ll take advantage of the n-subjettiness categorization and do an additional analysis in
parallel: A search for excited quark resonances q⇤ [48, 49] decaying to qW or qZ. We call
this the single V-tag analysis, and the analysis selection only di↵ers in that one jet is not
required to pass the V-tag selection (groomed mass and n-subjettiness). The VV analysis is
hereby referred to as the double V-tag analysis. The di↵erence between the two analyses is
illustrated in Figure 5.28. In addition, limits are set on a Z0 ! WW signal hypothesis in the
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Figure 5.28: The double (top) and single (bottom) W/Z-tag analysis.
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Deep-learned Top Tagging using Lorentz Invariance and Nothing Else

Anja Butter,1 Gregor Kasieczka,2 Tilman Plehn,1 and Michael Russell3
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We introduce a new and highly e�cient tagger for hadronically decaying top quarks, based on
a deep neural network working with Lorentz vectors and the Minkowski metric. With its novel
machine learning setup and architecture it allows us to identify boosted top quarks not only from
calorimeter towers, but also including tracking information. We show how the performance of our
tagger compares with QCD-inspired and image-recognition approaches and find that it significantly
increases the performance for strongly boosted top quarks.

The classification of hadronic objects has become the
main driving force behind machine learning techniques
in LHC physics. The task is to identify the partonic
nature of large-area jets or fat jets. Such jets occur for
instance in boosted hadronic decays of Higgs bosons [1],
weak gauge bosons [2], or top quarks [3–11].

A widely debated, central question is how we can an-
alyze these jet substructure patterns using a range of
machine learning techniques. An early example were
wavelets, describing patterns of hadronic weak boson de-
cays [12, 13]. The most frequently used approach is
image recognition applied to calorimeter entries in the
azimuthal angle vs rapidity plane, so-called jet images.
They can be used to search for hadronic decays of weak
bosons [14–18] or top quarks [19, 20], or to distinguish
quark-like from gluon-like jets [21]. Another approach
is inspired by natural language recognition, applied to
decays of weak bosons [22].

Top taggers inspired by image recognition rely on con-
volutional networks (CNN) [20, 23], which work well for
numbers of pixels small enough to be analyzed by the net-
work. We have shown that they can outperform multi-
variate QCD-based taggers, but also that the CNN learns
all the appropriate sub-jet patterns [20]. A major prob-
lem arises when we include tracking information with
its much better experimental resolution, leading to too
many, too sparsely distributed pixels [21].

We propose a new approach to jet substructure using
machine learning: rather than relying on analogies to im-
age or natural language recognition we analyze the con-
stituents of the fat jet directly, only using the Lorentz
group and Minkowski space-time. For our DeepTo-
pLoLa tagger we introduce a combination layer (CoLa)
together with a Lorentz layer (LoLa) and two fully con-
nected layers forming a novel deep neural network (DNN)
architecture. In the standard setup the input 4-momenta
correspond to calorimeter towers [24]. However, unlike
other approaches theDeepTopLoLa tagger can trivially
be extended to include tracking information and particle
flow objects with their full experimental resolution.

This flexible setup allows us to study how much per-
formance gain tracking information actually gives. More-

over, it means that DeepTopLoLa can be immediately
included in state-of-the art ATLAS and CMS analyses
and can be combined with b-tagging.

In this letter we first introduce our new machine learn-
ing setup. Using standard fat jets from hadronic top de-
cays we compare its performance to multivariate QCD-
inspired tagging and an image-based convolutional net-
work [20]. We then extend the tagger to include particle
flow information and estimate the performance gain com-
pared to calorimeter information for mildly boosted and
strongly boosted top quarks.

Combination Layer — the basic constituents entering
any subjet analysis are a set of N measured 4-vectors
sorted by p

T

, for example organized as the matrix

(kµ,i) =

0

BB@

k
0,1 k

0,2 · · · k
0,N

k
1,1 k

1,2 · · · k
1,N

k
2,1 k

2,2 · · · k
2,N

k
3,1 k

3,2 · · · k
3,N

1

CCA . (1)

We show a typical jet image for a hadronic top decay in
Fig. 1. Inspired by the usual jet clustering we multiply
these 4-vectors with a matrix Cij , defining a Combina-

Figure 1. Jet image illustrating a signal event, showing 20
4-vectors kµ,i with an energy threshold k0 > 1 GeV on the
calorimeter level.
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Input:  
4-vectors of N = 20  

highest pT jet 
constituents  
of AK8 jets  

Ei … EN 
px 
py  
pz

Physics based deep neural network  
(first introduced for top tagging) 

- look at jet constituent 4-vectors only and 
teach network Minkowski space and jet 
clustering 

See more here 

https://arxiv.org/abs/1707.08966
https://www.physik.uzh.ch/dam/jcr:1463636d-1b8b-45fc-960c-b2155f9ddd93/poster_5.pdf
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LoLa: DNN for W-tagging

 35

Combination layer(CoLa):  
• Sum of all momenta 
• Each original momentum 
• Linear combination of particles 

with trainable weights

4 layer deep neural network, 2 custom layers: 

- Combination Layer (CoLa) 

- Lorentz Layer (LoLa)

See more here 

https://www.physik.uzh.ch/dam/jcr:1463636d-1b8b-45fc-960c-b2155f9ddd93/poster_5.pdf
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LoLa: DNN for W-tagging

 35

Minkowski metric!

Distance of all particles to 
jet axis → “n-subjettiness”

4 layer deep neural network, 2 custom layers: 

- Combination Layer (CoLa) 

- Lorentz Layer (LoLa)

See more here 

https://www.physik.uzh.ch/dam/jcr:1463636d-1b8b-45fc-960c-b2155f9ddd93/poster_5.pdf


LoLa output is Prob(QCD) and Prob(W), 
trained with QCD and W signal 

Instead, train DNN to reconstruct QCD jet 
constituent 4-vectors by itself 

- compress LoLa output to smaller 
dimensional space, “encode QCD”, then 
make DNN blow up to 4-vectors again 

- Novel anti-QCD tagger based on LoLa 
demonstrated here: Auto-encoding jet 
substructure! 

Hope to see auto-encoder LoLa for  
boosted generic searches in near future!

Encoding jet substructure
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Bottleneck:  
Encode QCD jets in 
smaller dim. space!

LoLaInput CoLa F.CFlatten OutputF.C

4x20  4x35 7x35 245 100 50 2

Vanilla LoLa:

LoLaInput CoLa Flatten

4x20  4x20  

Output

80
(80)

40 20

Auto-encoder LoLa:

https://arxiv.org/pdf/1808.08979.pdf


Outlook and ideas:  
Ultra-high boosts and precision measurements  
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Asm + bsm
LL (qq̄ ! WZ)

Asm
LL(qq̄ ! WZ)

⇠ 1 + a(3)q E2

Energy enhanced new-physics effects in longitudinal channel

~As we push limits on BSM to higher and higher resonance masses, need to think of new 
methods and analyses: How do we deal with b-tagging at extreme pT, and how can we access 

BSM signals with increasingly small cross sections and/or high masses?  



High-pT b-quarks can traverse pixel L1 before 
decaying (in CMS, pT,B >330 GeV) 

- tracking fails, drop in b-tagging efficiency 

To ensure high b-tag efficiency at HL-LHC 

- tag high-pT  B hadrons based on increase 
in hit multiplicity in pixel layers using DNN 

~60% gain in efficiency (112% > 1.2 TeV) 
(with M. Sommerhalder, Bachelor Student) 

Simple! Could be used on hardware at 
trigger level (eg DNN of FPGAs)?

b-tagging with hits
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Motivation

• CSV(v2): track-based b tagging algorithm

• decay of highly boosted B hadrons between pixel detection layers

causes a lack of hits in the earlier layer

• e�ciency loss in track reconstruction at extreme pT due to missing

hits

L1

L2

lost lost

lost tracks

L1

L2

pileup pileup

wrongly reconstructed tracks

1

Motivation

• alternative approach by B. Todd Hu↵man et al.

(arXiv:1604.05036 and arXiv:1701.06832)

• tagging high-pT B hadrons based on an increase in hit multiplicity

• yields promising tagging e�ciency on a DELPHES simulation

arXiv:1604.05036
3

Efficiency loss for track reco  
due to missing inner hits!

arXiv:1604.05036 

http://github.com/msommerh/bTag_HitCount
https://arxiv.org/abs/1604.05036


What if we cant directly produce resonances 
and/or σBSM small, cannot directly detect? 

→ Precision measurements!  
BSM interference in 2→2 VV scattering! 

At E>>mV, New Physics mainly couples to 
longitudinally polarised WL 

- 90% of SM is WT, irreducible background!  

- important to discriminate WT and WL at 
HL LHC (see G.Panicos talk, Riva et. Al) 

Train LoLa to discriminate between WT and 
WL jets (w. J. Boer, CERN Summer Student)

WW scattering: WT vs. WL
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Asm + bsm
LL (qq̄ ! WZ)

Asm
LL(qq̄ ! WZ)

⇠ 1 + a(3)q E2

WZ production

q′

q Z

W
W

q′

q Z

W

✦ small background

Clean fully-leptonic final state: qq ! WZ ! (`⌫)(``)

✦ systematic uncertainties under control (   few %)  
                                                                               [ATLAS Phys. Rev. D 93 (2016)]

.

Energy enhanced new-physics effects in longitudinal channel

• background ok in lepton channels
• large cross section

✓

2 → 2 scattering

There are three main classes of  2 ➝ 2  processes:

ff ! ff

ff ! V V

V V ! V V

(V V ! ff , fV ! fV )

• good cross section

• small cross section

• background ok in lepton channels 
(pay branching fractions)

• need “dirty” channels for statistics

?

?

• large new-physics effects

6 Discussion

In this study the discrimination power between transversally and longitudinally polaried vector bosons decaying
hadronically has been investigated. New Physics mainly couples to longitudinally polarized vector bosons.
Since the transverse channel dominates the Standard Model, the ability to distinguish one polarization class
from another will play an important role in future studies. In light of energy enhanced New Physics e↵ects,
Monte Carlo for the RS and bulk scenarios of the Randall-Sundrum model was used. This simulation contained
new heavy resonance with masses ranging from 0.8 to 4.0 TeV. It was identified that if one is capable to
reconstruct cos ✓⇤ properly, the matrix elements of the two modes provide an intrinsic statistical separation.
For the search of additional discrimination power two neural networks have been used. Both models have been
trained using weights depending on the pT value of the weak gauge boson, to remove tagger pT dependence.
The WL tag performances for both models are shown in Figure 14. The results are not depicted in the same
figure, for the reason that the Monte Carlo was not exactly the same for both models.

(a) Keras models (b) LoLa models

Figure 14: ROC curves for the various types of neural networks used in this study

AUC values for di↵erent models

model value model value

costhetastar 0.640 costhetastar 0.640

Keras rec 0.702 LoLa default 0.647

Keras gen 0.705 LoLa Nout2ms1pt1 0.678

Table 4: AUC values of this study

From the comparison of the ROC curves one can conclude that for both Keras and LoLa there is gain of
the cos ✓⇤ information only, though it is not excessive. The lower bound of model performances in some cases
being even identical to this. It would be healthy to conduct further sanity checks on both the Monte Carlo and
the models validation, before ascribing this minimal di↵erence to a physics result based on jet information.

11

https://indico.cern.ch/event/618254/contributions/2833256/attachments/1583961/2503776/Panico_EWPT_hadronColliders.pdf
https://arxiv.org/pdf/1607.05236.pdf
https://cds.cern.ch/record/2650187
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Backup
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Enhancing sensitivity

 42
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Take signal serious:  X→WW, WZ, ZZ? 

- split into mass categories  
 
 
 
 
 
 
 
 
 
 
 
3 mass categories, one VV limit  
~same or gain in sensitivity  
 
Likelihood from event counting (more 
events in WZ for W’(WZ) than GBulk(WW)

WW categories

WZ categories
ZZ categories

6 analysis 
categories



Systematics 2015
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J
H
E
P
0
3
(
2
0
1
7
)
1
6
2

Source Relevant quantity HP uncertainty (%) LP uncertainty (%)

Jet energy scale Resonance shape 2 2
Jet energy resolution Resonance shape 10 10

Jet energy and mjet scale Signal yield 0.1–4
Jet energy and mjet resolution Signal yield 0.1–1.4
Pileup Signal yield 2
Integrated luminosity Signal yield 2

PDFs (W
′
) Signal yield 4–19

PDFs (Z′) Signal yield 4–13
PDFs (Gbulk) Signal yield 9–77

Scales (W
′
) Signal yield 1–14

Scales (Z′) Signal yield 1–13
Scales (Gbulk) Signal yield 8–22

Jet energy and mjet scale Migration 1–50
V tagging τ21 Migration 14 21
V tagging pT-dependence Migration 7–14 5–11

Table 7. Summary of the systematic uncertainties in the contribution from signal in the dijet anal-
ysis and their impact on the event yield in the signal region and on the reconstructed distribution in
mVV (mean and width). The last three uncertainties result in migrations between event categories,
but do not affect the overall signal efficiency.

channel and each signal hypothesis a likelihood function is built from the reconstructed mVV

mass distribution observed in data, the background prediction, and the signal resonance

shape. A maximum-likelihood fit to the data is then performed to obtain the best estimate

of the signal cross section. Systematic uncertainties are profiled [73] as log-normal nuisance

parameters in the statistical interpretation, and for each possible value of the fitted signal

cross section they are all refitted to maximize the likelihood.

7.1 Limits on narrow-width resonance models

Exclusion limits are set in the context of the bulk graviton model and of the HVT Models

A and B, under the assumption of a natural width negligible compared to the experimen-

tal resolution (narrow-width approximation). To maximize the sensitivity of the search

we combine the results from all the analysis channels in each of the considered signal hy-

potheses. In the combination, the systematic uncertainties in jet momentum scale and

resolution, V tagging efficiency scale factors, and integrated luminosity are assumed to be

100% correlated.

Figure 6 shows the resulting expected and observed exclusion limits at 95% CL on the

signal cross section as a function of the resonance mass for all signal hypotheses. The limits

are compared with the product of cross section and branching fraction (σB) to WW and

ZZ for a bulk graviton with k/MPl = 0.5, and with σB for WZ and WW for spin-1 particles

predicted by the HVT Models A and B. In this context, we consider a scenario where we

expect the W
′
and Z′ bosons to be degenerate in mass (triplet hypothesis). In addition, we

consider also a scenario where only a charged (W
′
) or a neutral (Z′) resonance is expected

at a given mass (singlet hypothesis). Combining the analyses leads to about 10–30%

– 20 –
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Developing a new V-tagger:  
Performance in data
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Developing a new V-tagger:  
Performance in data

• Substructure variables strong dependence on shower generator  

- different description of gluon radiation 

• Best description with Herwig++ , pT dependence well described by all generators 

• Need to ensure we know real signal eff. in data from region well described by MC!
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similar to the CMS Run 1W tagger that uses simple cuts on theN -subjettiness ratio ⌧2/⌧1 [11]

and the soft drop jet mass [12]. In this study, we consider the ⌧2/⌧1 variable where the subjet

axes are chosen using the kT one-pass axes optimization technique.

In order to distinguish hadronically decaying W bosons (which give rise to jets that

are intrinsically two-pronged) from QCD background, a flat cut on on ⌧2/⌧1 is typically

performed. As expected, this procedure greatly reduces the background, but it also leads

to an unwanted sculpting of the soft drop jet mass distribution (an undesirable feature also

discussed in Ref. [45]), as shown in Fig. 1.
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Figure 1: Soft drop mass distribution (zcut = 0.1 and � = 0) for gluon jets after various cuts

on ⌧2/⌧1 (�⌧ = 1) for di↵erent jet pT bins: pT = 300-400 GeV (top left), pT = 500-600 GeV

(top right), pT = 1-1.1 TeV (bottom left) and also for the signal (bottom right), distributions

for signal are stable versus pT . The cuts in ⌧2/⌧1 vary from 1.0 to 0.0 in steps of 0.02; the

changing line styles for successive cuts are meant to visually aid the reader.

After cutting on ⌧2/⌧1 to select jets which are two-pronged, the QCD background soft

drop jet mass distribution becomes more peak-like in shape, making it harder to distinguish

QCD jets from W jets which also have a peak in the jet mass distribution. The shape of

the sculpted jet mass distribution, and the location of this artificial peak, varies for di↵erent

jet pT regions. This pT dependent sculpting of the jet mass distributions makes sideband

methods of background estimation more di�cult. In this case and in further examples, we

primarily consider gluon-initiated jets though performance with quark-initiated jets is similar.

– 3 –

QCD, cut on 𝝉21

Mass shifts 
into W window

https://arxiv.org/pdf/1603.00027.pdf

Now, we can explore the sculpting of the mass distributions making a flat cut in ⌧ 021.

This is shown in Fig. 6 which should be contrasted with Fig. 1 which was obtained with

a flat cut in ⌧2/⌧1. Notice that now the sculpting of the mass distribution is considerably

reduced, particularly in the region of interest where the W boson peak is. With a simple
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Figure 6: Soft drop mass distribution for gluon jets after various cuts on ⌧ 021 for di↵erent

jet pT bins: pT = 300-400 GeV (top left), pT = 500-600 GeV (top right), pT = 1-1.1 TeV

(bottom left) and also for the signal (bottom right), distributions for signal are stable versus

pT . The cuts in ⌧ 021 vary from 1.0 to 0.0 in steps of 0.02; the changing line styles for successive

cuts are meant to visually aid the reader.

transformation, we can now preserve mass sidebands for background estimations and make

robust predictions of the pT dependence of the backgrounds. This practical consequences

of a well-behaved background shape will be explored in Section 5. Generally speaking, a

non-linear dependence is not a technical obstacle to performing an observable transformation

and we discuss this in Section 6; however, studying the behavior in a simple analytic regime

allows us to better understand the underlying physical behavior. The final component to

evaluating the success of the observable transformation is to understand the performance of

the new observable in terms of rejecting backgrounds.

– 8 –

QCD, cut on 𝝉21DDT

Mass stable

where the slope M is numerically fitted from Fig. 2 (red fit lines). The comparison between

the ⌧2/⌧1 and ⌧ 021 distributions is shown in Fig. 4, for di↵erent jet pT bins. The transformed

variable, ⌧ 021, looks similar to the original variable ⌧2/⌧1 although the behavior of the corre-

lation with the groomed mass is now practically removed. We note that a pT -dependence on

the signal shape is introduced which is, in hindsight, expected given the transformation takes

advantage of scaling properties of the background. This can cause a pT -dependence in the

signal e�ciency with a cut on ⌧ 021 not present in the original ⌧2/⌧1; however, we note this is

not necessarily an undesirable feature. For example, as backgrounds decrease at higher pT it

may be desirable to allow a larger signal e�ciency and this should be studied in more detail

in the experiments within the context of particular analyses. This can be seen in Fig. 5 which

shows the profile of ⌧ 021 as a function of ⇢0 with the intended decorrelated behavior.
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Figure 4: Raw ⌧2/⌧1 distributions on the left and transformed distribution, ⌧ 021, on the right.
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Figure 5: Profile distributions, h⌧ 021i, as a function of ⇢0 = log(m2/pT /µ). Solid dots corre-

spond to background, while hollow ones to signal. The di↵erent colors correspond to di↵erent

pT bins

– 7 –

https://arxiv.org/pdf/1603.00027.pdf


N-subjettiness DDT

 46Thea K. Aarrestad                                        Searching for VV resonances in the boosted dijet final state

- Sal's talk at BOOST 2016

where the slope M is numerically fitted from Fig. 2 (red fit lines). The comparison between

the ⌧2/⌧1 and ⌧ 021 distributions is shown in Fig. 4, for di↵erent jet pT bins. The transformed

variable, ⌧ 021, looks similar to the original variable ⌧2/⌧1 although the behavior of the corre-

lation with the groomed mass is now practically removed. We note that a pT -dependence on

the signal shape is introduced which is, in hindsight, expected given the transformation takes

advantage of scaling properties of the background. This can cause a pT -dependence in the

signal e�ciency with a cut on ⌧ 021 not present in the original ⌧2/⌧1; however, we note this is

not necessarily an undesirable feature. For example, as backgrounds decrease at higher pT it

may be desirable to allow a larger signal e�ciency and this should be studied in more detail

in the experiments within the context of particular analyses. This can be seen in Fig. 5 which

shows the profile of ⌧ 021 as a function of ⇢0 with the intended decorrelated behavior.
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⌧

DDT
21 = ⌧21 � 0.63⇥ log(

m

2

pT · 1GeV
)

https://indico.cern.ch/event/439039/contributions/2194586/attachments/1311528/1962712/rappoccio_ddt_boost2016.pdf%23search=Designing%20AND%20EventID:439039
https://arxiv.org/pdf/1603.00027.pdf
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Scale factors for W tagging scale factors (SF) are measured for five different working points 3 for Puppi+Soft Drop 
algorithm (τ21≷0.35; τ21≷0.4; τ21≷0.55) and 2 for the CHS+Pruning algorithm (τ21≷0.45; τ21≷0.6).  
To extract the Scale Factors for the Scale (μ in the following), Resolution (σ in the following) and the τ21 Efficiency (ε in the 
following) a two step fit to a pure tt sample is used: 
1. fit to W-enriched category (High Purity: τ21 <X) to extract μ and σ of the distribution  
2. simultaneous fit to both High Purity and Low  Purity (τ21 >X) categories, using the information for μ and σ from step 1 

and  extracting ε  
The functions used to describe the two categories as a function of the ak08 groomed mass are: 

Where fpassed and ffail (red curves in the following plots) describe the W peak in the two categories, while fcomb (green curves 
in the following plots) describe the combinatorial (e.g. from events with a b-jet merged in the AK08 jet) and general 
background of the tt events. 
The events used for the SF extraction require in the final state 1 ak08 (pt>200) + 1 b-tagged ak04 + 1 lepton + 1 
semileptonic W (pt>200 GeV) following the selection reported in JME-16-003. 

Introduction

2

L =
N passY

i

[NW · "HP · fpassed(mj) +N2 · fcomb(mj)]

(1)

1

L =
N failY

i

h
NW · (1� "HP ) · ffail(mj) +N3 · f

0

comb(mj)
i

(1)

1

High Purity

Low Purity

!13
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Fit distributions (Puppi 0.35)
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Figure 24: CHS High Purity WP=0.6
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Figure 25: CHS Low Purity WP=0.6
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Figure 26: Puppi High Purity WP=0.35
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Figure 27: Puppi Low Purity WP=0.35
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Figure 28: Puppi High Purity WP=0.4
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Figure 29: Puppi Low Purity WP=0.4
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Figure 24: CHS High Purity WP=0.6
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Figure 25: CHS Low Purity WP=0.6
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Figure 26: Puppi High Purity WP=0.35
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Figure 27: Puppi Low Purity WP=0.35
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Figure 28: Puppi High Purity WP=0.4
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Figure 29: Puppi Low Purity WP=0.4
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Distributions of Puppi AK8 softdrop jet mass in data and MC for high purity (left) 
and low purity (right) selections. The double crystal ball function describes the 
signal contribution obtained is data (red solid) and MC (red dotted). The 
background contributions, including combinatorial ttbar background, are described 
by a Chebyshev and Error Functions for high and low purity categories respectively. 
The solid and dotted blue curve represents the sum of signal and background fits in 
data and MC respectively 

Left: High Purity; Right: Low Purity
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Simone Gelli - 2017

Distributions of Puppi AK8 softdrop jet mass in data and MC for high purity (left) 
and low purity (right) selections. The double crystal ball function describes the 
signal contribution obtained is data (red solid) and MC (red dotted). The 
background contributions, including combinatorial ttbar background, are described 
by a Chebyshev and an exponential functions for high and low purity categories 
respectively. The solid and dotted blue curve represents the sum of signal and 
background fits in data and MC respectively 

Left: High Purity; Right: Low Purity

Fit distributions (Puppi 0.55)

7

8.1 Uncertainties studies 19
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Figure 30: Puppi High Purity WP=0.55
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Figure 31: Puppi Low Purity WP=0.55

Variable Scale Factor Variable Scale Factor
t21 WP = 0.45 Puppi t21 WP = 0.35

# 1.00 ± 0.06 (stat) ± 0.06 (syst) ± 0.03 (syst) # 0.99 ± 0.05 (stat) ± 0.03 (syst) ± 0.04 (syst)
#LP 0.90 ± 0.04 (stat) ± 0.07 (syst) ± 0.02 (syst) #LP 1.00 ± 0.06 (stat) ± 0.05 (syst) ± 0.09 (syst)
µ 1.007 ± 0.009 (stat) ± 0.005 (syst) ± 0.002 (syst) µ 0.999 ± 0.009 (stat) ± 0.03 (syst) ± 0.02 (syst)
s 1.15 ± 0.04 (stat) ± 0.03 (syst) ± 0.02 (syst) s 1.06 ± 0.03 (stat) ± 0.09 (syst) ± 0.08 (syst)

t21 WP = 0.6 Puppi t21 WP = 0.4
# 1.08 ± 0.06 (stat) ± 0.05 (syst) ± 0.05 (syst) # 1.01 ± 0.06 (stat) ± 0.02 (syst) ± 0.04 (syst)

#LP �� #LP 0.97 ± 0.07 (stat) ± 0.02 (syst) ± 0.04 (syst)
µ 1.005 ± 0.005 (stat) ± 0.006 (syst) ± 0.005 (syst) µ 0.998 ± 0.007 (stat) ± 0.006 (syst) ± 0.001 (syst)
s 1.12 ± 0.03 (stat) ± 0.02 (syst) ± 0.04 (syst) s 1.08 ± 0.02 (stat) ± 0.03 (syst) ± 0.08 (syst)

Puppi t21 WP = 0.55
# 1.04 ± 0.02 (stat) ± 0.03 (syst) ± 0.02 (syst)

#LP 0.65 ± 0.07 (stat) ± 0.09 (syst) ± 0.8 (syst)
µ 0.996 ± 0.004 (stat) ± 0.009 (syst) ± 0.002 (syst)
s 1.08 ± 0.02 (stat) ± 0.03 (syst) ± 0.08 (syst)

Table 9: Scale Factors Results

factors. To evaluate this component we compared the scale factors obtained from the PYTHIA226

dataset with the ones obtained using the HERWIG dataset for each Working Point. They quan-227

tify the discrepancy between the jet substructure modeling of PYTHIA and HERWIG. It is only228

relevant for analyses applying the data/MC scale factors derived with PYTHIA to simulation229

based on HERWIG showering.230

The second source of systematics is connected to the choice of the signal fit model. Although,231

after the generator level, the Double Crystal Ball distribution seems the best fit function to de-232

scribe the invariant mass signal peak, we compared the estimated efficiency, mean and sigma233

on simulated tt̄ samples with two different fit models. In the default model, the signal is purely234

fitted by a Double Crystal Ball. In the alternative model, the signal is described by a single235

Gaussian distribution with the background function absorbing the signal component of the236

tails. The estimated Scale factors obtained with those two methods, agree within 0.2-18%.237

Contributions from lepton identification, b-tagging and Emiss scale are negligible. Uncertain-238

ties due to the jet mass scale and resolution, jet energy scale and resolution, pileup effects of239

the order 1 � 2%, depend on the event topology and jet mass selection and are evaluated indi-240

vidually by each analysis.241

242
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Scale factors for μ (mass scale), σ (mass resolution) and ε (τ21 cut efficiency for high purity 
category) reported as: measured data/MC scale factor (Pythia) ± statistical error ± 
systematic error (Herwig) ± systematic error (fitting model). 

The first component of systematic error is estimated as the difference in scale factors by 
using the same functions to fit a Herwig MC sample. The second component is obtained by 
using a gaussian function instead of a double crystal call function to fit the signal.

Fit results

8

⌧21 =

P
k pT,k ·min(�R1,k,�R2,k)P

k pT,k ·�R1,k

Variable Scale Factor Variable Scale Factor

⌧21 WP = 0.45 Puppi ⌧21 WP = 0.35

" 1.00 ± 0.06 (stat) ± 0.06 (syst) ± 0.03 (syst) " 0.99 ± 0.05 (stat) ± 0.03 (syst) ± 0.04 (syst)

µ 1.007 ± 0.009 (stat) ± 0.005 (syst) ± 0.002 (syst) µ 0.999 ± 0.009 (stat) ± 0.03 (syst) ± 0.02 (syst)

� 1.15 ± 0.04 (stat) ± 0.03 (syst) ± 0.02 (syst) � 1.06 ± 0.03 (stat) ± 0.09 (syst) ± 0.08 (syst)
⌧21 WP = 0.6 Puppi ⌧21 WP = 0.4

" 1.08 ± 0.06 (stat) ± 0.05 (syst) ± 0.05 (syst) " 1.01 ± 0.06 (stat) ± 0.02 (syst) ± 0.04 (syst)

µ 1.005 ± 0.005 (stat) ± 0.006 (syst) ± 0.005 (syst) µ 0.998 ± 0.007 (stat) ± 0.006 (syst) ± 0.001 (syst)

� 1.12 ± 0.03 (stat) ± 0.02 (syst) ± 0.04 (syst) � 1.08 ± 0.02 (stat) ± 0.03 (syst) ± 0.08 (syst)

Puppi ⌧21 WP = 0.55

" 1.04 ± 0.02 (stat) ± 0.03 (syst) ± 0.02 (syst)
µ 0.996 ± 0.004 (stat) ± 0.009 (syst) ± 0.002 (syst)

� 1.08 ± 0.02 (stat) ± 0.03 (syst) ± 0.08 (syst)

Tabella 1: Scale Factors Results (central value ± stat.err. ± Herwig di↵. ± Gaus
di↵.)

(1)

1
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V-tagging performance
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• Similar performance for  

- Low-pT (200-400 GeV):  
~65% signal efficiency 
at ~4% mistag rate 

- High-pT (800-1200 GeV):  
50-55% signal efficiency at  
1-2% mistag rate
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Removes soft, large angle constituents from the jet 

- Recluster jet using Cambridge-Achen algorithm, 
removing each recombination that has  
 
 
 
 
 
Push q/g mass to zero, increase V mass 
resolution 

- but, do not fully remove soft emissions and 
cannot be analytically calculated due to non-
global logs (e.g soft emissions entering jet cone 
from outside) 

- want infrared and collinear safe jet observable!
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Figure 1: Signal and background distributions from simulation of pruned jet mass (left) and
t2/t1 (right) after analysis level cuts described in Section. 6. On the left plot, we also show the
ungroomed jet mass as dotted lines to underline the effect of pruning.

on mWhad+j and mW`+j are added.
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Figure 2: Leptonic W pT (left) and CA8 jet pT (right) for the muon channel in the 0+1 jet bin
category.

7 Background and Signal Estimation
The final discriminating variable in the analysis is the shape of the three-body m`nj distribution.
The signal region is defined around the W boson mass: a jet is considered a W-jet candidate if
its pruned mass mJ , computed from the sum of the four-momenta of the constituents surviving
the pruning, falls in the range 65 < mJ < 105 GeV.

The signal normalization and shape are estimated from simulation, with data-to-MC correc-

Whad

QCD

CMS-PAS-HIG-14-008 

Mass: Pruning
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min(pTa, pTb) < zcutpT,(a+b)

Rfact = 0.5, zcut = 0.1

�ab > Rprune = Rfact ·
2m

pT



Recluster jet with C-A algorithm. Then 
decluster and check if subjets pass 
 
 

- in CMS β=0,  zcut = 0.1 (modified Mass 
Drop)

Mass: Softdrop

 54Thea K. Aarrestad                                        Searching for VV resonances in the boosted dijet final state

• Procedure:


- Recluster jet using C-A algorithm 

- Decluster, checking if subjets pass 
requirements 
 

Softdrop

Soft threshold

16

Angular exponent

21

log

1

z
soft

collinear

soft-collinear

Removing Soft Divergences

log

1

zcut

1 Introduction

The study of jet substructure has significantly matured over the past five years [? ? ? ],

with numerous techniques proposed to tag boosted objects [], distinguish quark from gluon

jets [], and mitigate the e↵ects of jet contamination []. Many of these techniques have found

successful applications in jet studies at the Large Hadron Collider (LHC) [? ? ? ? ], 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 [? ? ? ? ? ? ] as well as

more sophisticated substructure techniques [? ? ? ? ? ? ? ? ]. Recently, Refs. [? ? ]

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

methods—trimming [? ], pruning [? ? ], and mass drop tagging [? ]. Focusing on groomed

jet mass distributions, this study showed how their qualitative and quantitative features

could be understood with the help of logarithmic resummation. Armed with this analytic

understanding of jet substructure, the authors of Ref. [? ] developed the modified mass drop

tagger (mMDT) which exhibits some surprising features in the resulting groomed jet mass

distribution, including the absence of Sudakov double logarithms, the absence of non-global

logarithms [? ], 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. [? ], 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

1
The soft drop procedure takes some inspiration from the “semi-classical jet algorithm” [? ], 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).
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order to mitigate the e↵ects of contamination from initial state radiation (ISR), underlying
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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. [? ], 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

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

of Eq. (1.1) with zcut = 1/2 and � = 3/2 is tested at each stage of recursive clustering (unlike declustering
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could be understood with the help of logarithmic resummation. Armed with this analytic

understanding of jet substructure, the authors of Ref. [? ] developed the modified mass drop

tagger (mMDT) which exhibits some surprising features in the resulting groomed jet mass

distribution, including the absence of Sudakov double logarithms, the absence of non-global

logarithms [? ], 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
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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
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Following the spirit of Ref. [? ], 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

1
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Figure 11: Performance of soft drop as a boosted W tagger. Top left: signal e�ciency

versus background mistag for jets with pT > 500 GeV. Each curve is obtained by fixing the

value of �, sweeping the value of zcut, and counting jets with groomed mass in the range

[70 GeV, 90 GeV]. Top right: Values of zcut for as a function of the e�ciency, for given �.

Bottom: mass distribution of signal (left) and background (right) jets before and after soft

drop. For each curve, the value of � is shown in the legend, while the value of zcut is the one

that gives a 35% signal e�ciency.
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Figure 16: Mass response < mreco � mgen > (left) and mass resolution quoted as RMS(mreco �
mgen) (right) for W jets as a function of the number reconstructed vertices.
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Figure 17: Leading jet N-subjettiness t2/t1 distribution: QCD jets (left) and W jets (right).
The distribution is shown also after requiring the pruned mass to be in the range 60-100 GeV
(dashed lines).
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Figure 18: Average t2/t1 as a function of the number of reconstructed vertices.

improvement is observed for PUPPI jets. In particular, we observe that combining trimming
with PUPPI does not improve the resolution with respect to the other groomers as much it
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4 3 Event samples and selection

where b = 1. The 2-point (1e1
2) and 3-point correlation functions (2e1

3) are defined to be:

1e1
2 = Â

1i<jnJ

zizjDRij (3)

2e1
3 = Â

1i<j<knJ

zizjzk min{DRijDRik, DRijDRjk, DRikDRjk}, (4)

where nJ is the number of particles in the jet, z represents the energy fraction of the particle
in the jet and DR and b are an angular variable and exponent, respectively. For a two-prong
structure, signal jets have a stronger 2-point correlation than a 3-point correlation. In this study,
the energy correlation functions are computed from the jet constituents after applying soft drop
grooming to the jet. This is done to reduce the jet pT and mass dependence of the functions, as
suggested in [60].

The N1
2 observable has excellent performance in discriminating two-prong signal jets from

QCD background jets [60]. However, N1
2 and many other similar variables are correlated with

the jet mass and pT. A selection based on N1
2 would sculpt the jet mass distribution depending

on the pT of the jet, causing a non-trivial shape of the background QCD jet mass distribution.
This makes searching for a resonant peak in the jet mass over a large range in pT particularly
challenging.

To reduce the soft drop jet mass correlations with a selection on N1
2 , we define a transformation

from N1
2 to N1,DDT

2 , intended to decorrelate a selection on N1
2 from r and pT. The decorrela-

tion procedure [61] uses simulated QCD multijet events and defines N1,DDT
2 to be N1

2 � N1
2 (5%),

where N1
2 (5%) is the 5% quantile of the N1

2 distribution, as illustrated in Fig. 1. In Fig. 1, a dis-
tance weighted k-Nearest Neighbor (kNN) approach [62] was adopted to smooth variations in
the transformation minimizing the effects of discontinuities that can arise from a discretized
binned transformation. A selection requiring N1,DDT

2 < 0 ensures a constant QCD background
efficiency of 5% across all the r and pT range. By inverting this requirement, we define a signal-
depleted region that we use to estimate the multijet background in a data-driven technique
described in the following section. The decorrelation ensures that the mass distribution at this
region is also unaffected by the N1,DDT

2 selection.
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Figure 1: N1,DDT
2 transformation map built using a k-Nearest neighbor (kNN) approach and

shown as a function of the jet r and pT. The map corresponds to the 5% quantile of the N1
2

distribution in simulated QCD multijet events. The N1
2 distribution is mostly insensitive to

the jet r and pT in the kinematic phase space considered for this analysis (�5.5 < r < 2) and
further decorrelated yielding the N1,DDT

2 variable.

Fig. 2 shows the comparison between data and simulation of the leading AK8 PUPPI jet soft
drop mass, mPUPPI

SD , and N1,DDT
2 distributions, for the full dataset after the jet kinematic selection.
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Figure 14. Distributions for (top row) M2, (middle row) N2, and (bottom row) D(1,2)
2 measured

on boosted Z and quark/gluon jets. The results are shown (left column) before grooming and (right
column) after grooming.
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3.3 Jet substructure selection 3

energy of the corresponding ECAL cluster, and the energy sum of all bremsstrahlung photons
spatially compatible with originating from the electron track. The energy of muons is obtained
from the curvature of the corresponding track. The energy of charged hadrons is determined
from a combination of their momentum measured in the tracker and the matching ECAL and
HCAL energy deposits, corrected for zero-suppression effects and for the response function of
the calorimeters to hadronic showers. Finally, the energy of neutral hadrons is obtained from
the corresponding corrected ECAL and HCAL energy.

A simple kinematic selection is applied by requiring at least one high pT AK8 jet. The AK8 jets
used in the analysis are reconstructed by clustering particle flow candidates in the event. To
mitigate the impact of additional proton-proton interactions (pileup), the pileup per particle
identification (PUPPI) algorithm [57] is used to weight the particle flow candidates prior to jet
clustering based on the likelihood of coming from the hard scatter vertex. Further data-driven
corrections are applied to the jet energies as a function of jet pseudorapidity (h) and transverse
momentum to account for detector non-linearities. In order to be fully efficient with respect
to the trigger, the AK8 PUPPI jets are required to have pT > 500 GeV and must be within
|h| < 2.5. Additional quality criteria are applied to the jets in order to remove spurious jet-
like features originating from isolated noise patterns in the calorimeters or the tracker. The
efficiency of these jet quality requirements for signal events is above 99%. We veto events
containing identified and isolated electrons (muons) with pT > 10 GeV and |h| < 2.5 (2.4) to
reduce backgrounds from SM electroweak processes.

3.3 Jet substructure selection

The Z0 ! qq̄ system is reconstructed as a single high pT jet in which the decay products are
merged. We apply the soft drop [58, 59] grooming algorithm, to remove soft and wide-angle ra-
diation inside the jet, produced by the parton shower, pileup interactions or underlying event.
This technique improves the resolution of the jet mass after grooming (mSD). Jets are groomed
using the parameters zcut = 0.1 and b = 0. Here, zcut is a threshold to remove soft jet con-
stituents of all constituents considered at each step of the declustering. The parameter b is an
angular exponent, so when b = 0 soft drop ignores angular information [59].

The jet mass and pT are related for background QCD jets. The scaling variable r, defined as
r = ln(m2

SD/p2
T), is known to be invariant over pT for quarks and gluons. This invariance is

known to breakdown in two regimes, at the non-perturbative low mass region at r = �6 and
a high mass region due to finite cone limitations at r = �2. Consequently, only events in the r
range �5.5 < r < �2 are considered. This requirement is fully efficient for the Z0 signal and
roughly translates to a soft drop mass region from 25 GeV to 185 GeV at pT = 500 GeV.

In addition to the jet mass, the observable N1
2 [60] is used to further discriminate signal from

background. This jet substructure variable can be used to distinguish the two-prong structure
of jets originating from the W, Z, and in this case, Z0 ! qq̄ decay from the QCD, which is
overwhelmingly one prong. The observable N1

2 is defined from a ratio of energy correlation
functions (ECFs) eb

N , that are sensitive to N-particle correlations within a jet [60]:

Nb
2 =

2eb
3

(1eb
2 )

2
, (2)

# angles

# particles

https://link.springer.com/article/10.1007%2FJHEP12%282016%29153
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Source Relevant quantity
Uncertainty (%)

Double-tag Single-tag
HP+HP HP+LP HP+j LP+j

Jet energy scale Resonance shape 2 2 2 2
Jet energy resolution Resonance shape 6 7 4 3
PDF Resonance shape 5 7 13 8
Jet energy scale Signal yield <1 <1
Jet energy resolution Signal yield <1 <1
Jet mass scale Signal yield <2 <1
Jet mass resolution Signal yield <6 <8
Pileup Signal yield 2
PDF (acceptance) Signal yield 2
Integrated luminosity Signal yield 2.5
Jet mass scale Migration <36 <10
Jet mass resolution Migration <25 <7
V tagging t21 Migration 22 33 11 22
V tagging pT-dependence Migration 19–40 14–29 9–23 4–11
PDF and scales (W0 and Z0) Theory 2–18
PDF and scales (Gbulk) Theory 8–78
PDF and scales (q*) Theory 1–61
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Results: Excited quarks
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Four features per jet constituent 

- 4-vectors of the N=20  
highest-pT jet constituents  
of AK8 jets 

Input is 4x20 matrix kμ,i per jet

LoLa: Input
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Deep-learned Top Tagging using Lorentz Invariance and Nothing Else

Anja Butter,1 Gregor Kasieczka,2 Tilman Plehn,1 and Michael Russell3

1Institut für Theoretische Physik, Universität Heidelberg, Germany
2Institute for Particle Physics, ETH Zürich, Switzerland

3School of Physics and Astronomy, University of Glasgow, Scotland

We introduce a new and highly e�cient tagger for hadronically decaying top quarks, based on
a deep neural network working with Lorentz vectors and the Minkowski metric. With its novel
machine learning setup and architecture it allows us to identify boosted top quarks not only from
calorimeter towers, but also including tracking information. We show how the performance of our
tagger compares with QCD-inspired and image-recognition approaches and find that it significantly
increases the performance for strongly boosted top quarks.

The classification of hadronic objects has become the
main driving force behind machine learning techniques
in LHC physics. The task is to identify the partonic
nature of large-area jets or fat jets. Such jets occur for
instance in boosted hadronic decays of Higgs bosons [1],
weak gauge bosons [2], or top quarks [3–11].

A widely debated, central question is how we can an-
alyze these jet substructure patterns using a range of
machine learning techniques. An early example were
wavelets, describing patterns of hadronic weak boson de-
cays [12, 13]. The most frequently used approach is
image recognition applied to calorimeter entries in the
azimuthal angle vs rapidity plane, so-called jet images.
They can be used to search for hadronic decays of weak
bosons [14–18] or top quarks [19, 20], or to distinguish
quark-like from gluon-like jets [21]. Another approach
is inspired by natural language recognition, applied to
decays of weak bosons [22].

Top taggers inspired by image recognition rely on con-
volutional networks (CNN) [20, 23], which work well for
numbers of pixels small enough to be analyzed by the net-
work. We have shown that they can outperform multi-
variate QCD-based taggers, but also that the CNN learns
all the appropriate sub-jet patterns [20]. A major prob-
lem arises when we include tracking information with
its much better experimental resolution, leading to too
many, too sparsely distributed pixels [21].

We propose a new approach to jet substructure using
machine learning: rather than relying on analogies to im-
age or natural language recognition we analyze the con-
stituents of the fat jet directly, only using the Lorentz
group and Minkowski space-time. For our DeepTo-
pLoLa tagger we introduce a combination layer (CoLa)
together with a Lorentz layer (LoLa) and two fully con-
nected layers forming a novel deep neural network (DNN)
architecture. In the standard setup the input 4-momenta
correspond to calorimeter towers [24]. However, unlike
other approaches theDeepTopLoLa tagger can trivially
be extended to include tracking information and particle
flow objects with their full experimental resolution.

This flexible setup allows us to study how much per-
formance gain tracking information actually gives. More-

over, it means that DeepTopLoLa can be immediately
included in state-of-the art ATLAS and CMS analyses
and can be combined with b-tagging.

In this letter we first introduce our new machine learn-
ing setup. Using standard fat jets from hadronic top de-
cays we compare its performance to multivariate QCD-
inspired tagging and an image-based convolutional net-
work [20]. We then extend the tagger to include particle
flow information and estimate the performance gain com-
pared to calorimeter information for mildly boosted and
strongly boosted top quarks.

Combination Layer — the basic constituents entering
any subjet analysis are a set of N measured 4-vectors
sorted by p

T

, for example organized as the matrix

(kµ,i) =

0

BB@

k
0,1 k

0,2 · · · k
0,N

k
1,1 k

1,2 · · · k
1,N

k
2,1 k

2,2 · · · k
2,N

k
3,1 k

3,2 · · · k
3,N

1

CCA . (1)

We show a typical jet image for a hadronic top decay in
Fig. 1. Inspired by the usual jet clustering we multiply
these 4-vectors with a matrix Cij , defining a Combina-

Figure 1. Jet image illustrating a signal event, showing 20
4-vectors kµ,i with an energy threshold k0 > 1 GeV on the
calorimeter level.
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(4 Features , 20 constituents) 

Signal 

- Fully merged hadronic W-jets (AK8) from 
G→WW →4q (MW’ = 0.6-4.5 TeV) 

- Do not mix signal samples until one is 
understood (can change with W 
polarisation) 

Background 

- QCD Pythia 8 non-W jets 

- Danger: Jet substructure strongly 
depends on shower generator (different 



Linear combinations similar to jet-clustering 

- Sum of all momenta 

- Each original constituent momenta 

- Linear combinations + trainable weights. 
Can “weight” constituents away,  
reconstruct substructure axes → groomer

Combination Layer (CoLa)
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CoLaE.g for 2 constituents



Lorentz Layer (LoLa)
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Minkowski metric 
explicitly used for  
m2 and d

Maps CoLa output onto 

- m2 + pT of each 4-vector (“jet”, constituents, subjets) 

- Energy of all 4-vectors (with trainable weight) 

- Distance between all 4-vectors in Minkowski space (2*min+ 2*sum)  
→ n-subjetiness

LoLa



• 4 layer DNN doing supervised 
learning with  
fixed-size input vectors 

- feed forward sequential 
network 

- Two novel layers (CoLa and 
LoLa) implementing  
Minkowski metric and 
“substructure” calculations  
(see later) and two fully 
connected layers 

• Technicalities 

- Keras with Theano backend 

- Loss function: categorical 
crossentropy 

- ADAM optimiser (adapt 
learning rate of model 
parameters during training) 

• Train 200k + Test 60k + Val 60k on 
AWS 

Model summarised 
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INPUT 
In:   (4 , 20) 
Out: (2 , 20)

CoLa 
In:   (4 , 20) 
Out: (4 , 35)

LoLa 
In:   (4 , 35) 
Out: (7 , 35)

Flatten 
In:   (7 , 35) 
Out: ( , 245)

σReLu(Dense) 
In:   ( , 245) 

Out: (  , 100)

σReLu(Dense) 
In:   (  , 100) 
Out: (  , 50)

σSoftm(OUTPUT) 
In:   (  , 50) 
Out: (  , 2)

Add “jet” + subjets Add m2, pT, dij, EJet constituents



LoLa: Beyond the ROC
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Three things to consider when making a DNN 
tagger:

- is the absolute performance better (compared to 
common methods, a standard BDT)?

LoLa: Beyond the ROC
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Three things to consider when making a DNN 
tagger:

- is the absolute performance better (compared to 
common methods, a standard BDT)?

- is the tagger pT-dependent?

LoLa: Beyond the ROC
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Output strongly correlated  
with pT/mass

Discriminant vs. pT

Work in progress
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- does the tagger sculpt the mass spectrum?

LoLa: Beyond the ROC
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common methods, a standard BDT)?
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A DNN will naturally learn that pT and mass are 
discriminating variables unless its penalised for it
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