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Introduction
• Boosted bosons (W/Z/H) 

identifications are techniques to 
discriminate highly boosted 
hadronically decaying bosons from 
QCD jets

• The focus of this talk is the 
development 
in Run1 and prospects for Run2

 

 
• Reference
• W-tagging  arXiv:1510.05821
• H-tagging   ATL-PHYS-PUB-2014-013New

http://arxiv.org/abs/1510.05821
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2014-013/


3

Motivation

Boosted boson techniques have been 
used in several LHC run1 analyses in ATLAS
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VV Excess in Run 1
• Many Beyond the Standard Model theories 

predicts existence of new particles decaying 
into vector-boson pairs 

• KK-Graviton, Extended gauge model, 
Technicolor 

• Interesting 3.4 σ  excess in full hadronic WZ 
search in Run1

VVààlnuqq: EJP C75 (2015) 209  
VVààllqq: EPJ C75 (2015) 69 
VVààJJ: arXiv: 1506.00962

VV ! qqqq - Limits

Exclude 1300 < M(W 0) < 1500 GeV
Cross-section times branching ratio for excited graviton production with
chosen model parameters too low to be excluded
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VV ! qqqq - mJJ Spectrum

Background invariant dijet mass spectrum assumed to be smoothly falling
distribution, characterized by:

dn

dx
= p

1

(1� x)p2�⇠p
3xp3 , x = mjj/

p
s

Maximum-likelihood fit performed to data to estimate background
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WZ Selection
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WW Selection
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Good agreement between data and background model over full
dijet mass range except for region around mjj = 2 TeV
Frequentist approach used to interpret data:

Local significance: WZ : 3.4�, WW : 2.6�, ZZ : 2.9�
Global significance: WZ : 2.5�
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Overview

Extensions of the Standard Model predict the existence of new particles
decaying into vector-boson pairs
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1 What can these extensions of the Standard Model be? (Selected examples)
Grand Unified Theories
Warped extra dimensions
Technicolor

2 How can we detect these new resonances?
For high-mass resonances (mX > 1000 GeV), the W /Z -bosons are
highly boosted ! need special reconstruction techniques

August 11, 2015 Searches for diboson resonances using boson tagging in ATLAS 2

http://link.springer.com/article/10.1140/epjc/s10052-015-3425-6
http://link.springer.com/article/10.1140/epjc/s10052-015-3261-8
http://arxiv.org/abs/1506.00962
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hh Resonance in Run 1
• SM hh production 

• Direct test of  Higgs potential 

•  Small cross section: O(40 fb) at 14 TeV 

• SBM Higgs could potentially enhance hh production 

• KK-Graviton, 2HDM, new scalar in Higgs portal… 

• Boosted Higgs dominant the sensitivity of  heavy 
resonance search

EPJ C75 (2015) 9, 412 

hh Motivation 
•  SM hh production 

–  Direct test of  Higgs potential 
–  Small cross section: O(40 fb) at 14 TeV 

•  BSM hh production 
–  Higgs sector may be more complex than SM 

•  Additional Higgs, modified λ or new vertices, new particles in loop, … 

–  New resonances could greatly enhance hh production 
•  E.g. KK-Gravitons, H in 2HDM, new scalar in Higgs portal, … 

•  Focus on hh�4b channel 
–  Largest BR~33% 
–  Heavy resonances produce  

boosted Higgs-jets 
–  Must combine jet substructure  

with heavy flavor identification 

4"

hh Results 13"

Resolved analysis  Boosted analysis 
 

arXiv:1506.00285"
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hh Results – RS Gravitons 

•  Reaching O(fb) sensitivity in ~1 TeV range 

14"

Resolved analysis  Boosted analysis 
 

arXiv:1506.00285"
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Resolved analysis  Boosted analysis 
 

arXiv:1506.00285"
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•  Reaching O(fb) sensitivity in ~1 TeV range 

14"

Resolved analysis  Boosted analysis 
 

arXiv:1506.00285"
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mono-W/Z/H  in Run1
• mono Boson = Bosons + Met 

signature is predicted in many BSM 
models. 
• dark matter pair + Boson, VZ(vv) 

resonance, Z’-2HDM, … 
• Unique and complementary to non-

collider dark matter searches

mono-W/Z:  PRL 112, 041802 (2014)
mono-H: arXiv:1510.06218 New

http://arxiv.org/abs/1309.4017
http://arxiv.org/abs/1510.06218
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W tagging 
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Basic Idea

• Reconstruction as one single large-radius jet  
 
 

• Grooming techniques  
- Clean the large-R jet from soft gluon 
radiation and pile-up effects that 
diminish jet mass resolution  
- Techniques: BDRS* (mass-drop/
filtering), trimming, pruning  

• Substructure information (tagging)  
Use hard substructure of jet (not present 
in e.g. gluon jet) to improve signal 
efficiency and background rejection  

Boosted Boson Jets

Especially interesting in high pT regime:
! larger signal over background ratio

For resonance masses above O(1 TeV) the
vector-boson decay products are boosted
! reconstruction as one single large-radius jet
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Need to distinguish between large-R jets from boosted bosons and quarks/gluons
1 Grooming techniques

Clean the large-R jet from soft gluon radiation and pile-up e↵ects that
diminish jet mass resolution
Techniques: BDRS* (mass-drop/filtering), trimming, pruning

2 Substructure information (tagging)
Use hard substructure of jet (not present in e.g. gluon jet) to
improve signal e�ciency and background rejection

* Butterworth, Davison, Rubin, Salam

August 11, 2015 Searches for diboson resonances using boson tagging in ATLAS 6

Boosted Boson Jets

Especially interesting in high pT regime:
! larger signal over background ratio

For resonance masses above O(1 TeV) the
vector-boson decay products are boosted
! reconstruction as one single large-radius jet
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Need to distinguish between large-R jets from boosted bosons and quarks/gluons
1 Grooming techniques

Clean the large-R jet from soft gluon radiation and pile-up e↵ects that
diminish jet mass resolution
Techniques: BDRS* (mass-drop/filtering), trimming, pruning

2 Substructure information (tagging)
Use hard substructure of jet (not present in e.g. gluon jet) to
improve signal e�ciency and background rejection

* Butterworth, Davison, Rubin, Salam
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ZV ! ``qq - Overview
Event selection

Z ! ``

2 isolated leptons with same flavor, m``

compatible with Z-boson mass

Improved isolation requirement for boosted
dilepton system (pZT > 800 GeV)

V ! qq

Low-pT resolved region
�

two small-R jets
High-pT resolved region

Merged-region (MR) ! one large-R C/A jet
p``T > 400 GeV, pJT > 400 GeV

Merged region:

Using substructure to improve sensitivity
(optimized for longitudinally polarized
vector-bosons):
70 < mJ < 110 GeV,

p
yf > 0.45
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Jet Grooming

James Dolen BOOST 2013

1 2

34

1 2

3

cluster with 
rfilt < R

keep nfilt

1 2

34

1 2

3

cluster with 
rfilt < R

keep pTi > pTfrac

4

veto soft and large 
angle recombinations

min(pTi,pTj)/pTi+j < zcut 
or dij > rcut×2m/pT

filtering

trimming

pruning

Slide from Nhan Tran

Jet Grooming

13



10

Jet Grooming optimization

August  11
th
 2015 – BOOST 2015                                                                           Julien Caudron 5/27

Grooming 2/4

Three grooming techniques have been studied → >500 jet collections
 

1) Trimming
 

→ 2 x 4 x 3 x 10 = 240

2) Pruning
 

 

→ 2 x 3 x 1 x 5 x 6 = 180

3) Split-Filtering

 

 

→ 1 x 3 x 2 x 4 x 11 = 264August  11
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Grooming 2/4

Three grooming techniques have been studied → >500 jet collections
 

1) Trimming
 

→ 2 x 4 x 3 x 10 = 240

2) Pruning
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Grooming 2/4

Three grooming techniques have been studied → >500 jet collections
 

1) Trimming
 

→ 2 x 4 x 3 x 10 = 240

2) Pruning
 

 

→ 2 x 3 x 1 x 5 x 6 = 180

3) Split-Filtering

 

 

→ 1 x 3 x 2 x 4 x 11 = 264

Test three grooming techniques with >500 jet collections
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Mass optimization
Identify 68% mass window for 3 truth-jet pT  
(200,350,500~1000GeV) 
Optimization figure of merit:

• mass peak is relative symmetric
• minimal QCD jet efficiency
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Figure 2: Uncalibrated mass distributions for various selected grooming configurations: (a) trimmed with Rsub =
0.2, (b) trimmed with Rsub = 0.3, (c) pruned, and (d) split-filtered. The transverse momentum range pTruth

T =
[200, 350] GeV is shown for W signal (solid blue line) and multijet background (dashed red line). The (black)
Gaussian fit uses an initial-condition mass set to 80.4 GeV. The dotted vertical lines indicate the 1� fit interval. The
dashed lines contain 68% of the signal and define the mass window. These are examples of grooming algorithms
leading to satisfactory mass distributions. Uncertainty bands are statistical only.

• The larger values of fcut can lead to significantly lower background e�ciency.

• The dependence of the performance on Rsub is less significant, but the background e�ciency does
decrease somewhat for smaller Rsub values.

Based on the performance of these algorithms, the trimming implementations considered for further in-
vestigation are given in Table 2. Although promising, configurations with Rsub = 0.1 are not pursued
further in these studies, as this size is approaching the limiting granularity of the hadronic tile calori-
meter, requiring further studies for a proper control of the systematic uncertainties.

Pruning:

15

Initial algorithm R p
ymin µmax Rsub

C/A 1.2 0% 100% 0.3
C/A 1.2 4% 100% 0.3
C/A 1.2 9% 100% 0.3
C/A 1.2 12% 100% 0.3
C/A 1.2 15% 100% 0.3

C/A 0.8 0% 100% 0.3
C/A 0.8 4% 100% 0.3
C/A 0.8 9% 100% 0.3

C/A 0.6 0% 100% 0.3
C/A 0.6 4% 100% 0.3
C/A 0.6 9% 100% 0.3

Table 4: The best split-filtering configurations for W-tagging with each R based on the first stage of the MC-based
optimisation studies.
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Figure 4: Mass windows and background e�ciencies for various configurations of trimming (R=1.0 shown). The
baseline systematic uncertainty on the background e�ciency for the pT bin in question (the range 350 < pT <
500 GeV is shown here) is calculated by varying the jet mass scale (JMS) and jet energy scale (JES) by ±1� for a
representative jet collection. For trimming, this representative configuration is Rsub = 0.2 and fcut = 5%. The stars
indicate the favoured trimming configurations for W-tagging, as detailed in Sect. 6.4.
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Identify best groomer in each

Optimal groomer in each algorithm can achieve 
equivalent bkg rejection.
best grooming: low bkgd eff. + good P-U stability  
→ anti-kt R=1.0 trimmed fcut=5%, Rsub=0.2 
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Figure 8: The average jet mass hMi as a function of the number of reconstructed primary vertices for W-jet signal
and multijet background, before and after grooming using anti-kt, R = 1.0 trimmed with fcut = 0.05 and Rsub = 0.2.
The slopes of straight line fits are provided in each case: for ungroomed jets this is ⇠ 2 GeV per vertex, while for
trimmed jets it is flat.

as the mass, will have a distribution for a given jet. The Q-jets configuration optimised in Ref. [26]
is adopted in this study. The high mass in W-jets tends to persist during the re-clustering while the
mass of QCD jets fluctuates. A sensitive observable to this trend is the coe�cient of variation of
the mass distribution for a single jet, called the volatility [25, 26], ⌫↵Q. The superscript ↵ denotes the
rigidity, which controls the sensitivity of the pair selection to the random number generation used
in the clustering.

For all 27 jet collections and grooming algorithms described in Sect. 6.1, the full list of substructure
variables described above are computed. The distributions of the three variables ⌧wta

21 , C(�=1)
2 and D(�=1)

2 are
shown in Figs. 10–12 for anti-kt, R = 1.0 jets trimmed with fcut = 0.05 and Rsub = 0.2, after applying the
68% signal e�ciency mass window requirement. This grooming algorithm is referred to in the remainder
of this paper as ‘R2-trimming’. At this stage no jet mass calibrations have been applied for any of
the grooming configurations. Also shown are the correlations between the jet mass and each of these
variables, shown separately for the W-jet signal and multijet background, in both cases before applying
the 68% signal e�ciency mass window requirement. No truth-matching between the subjets and the
quarks from the W decay is required, such that the signal sample contains both full W-jets and jets made
of fragments of the W-decay, generally because the W-decay is not completely captured in the R = 1.0 jet.
The background jets within the signal sample are particularly visible in the low-mass region of Fig. 10(b),
where the distributions echo those seen in the background sample.
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Figure 9: A summary of the pileup dependence � hMi /�NPV for the 27 jet configurations selected for further study.
The top panel shows the dependence for signal W-jets, the bottom panel for background multijets, and from left to
right shows decreasing values of the initial jet radius parameter, R. Each value of � hMi /�NPV is the slope of a
straight line fit of hMi versus NPV, an example of which is shown in Fig. 8.

The background rejection power (1 / background e�ciency) is shown in Fig. 13 for the ✏G&T
W = 50% e�-

ciency working point for each substructure variable inside the mass window determined by the grooming,
and for each of the 27 grooming configurations, for the range 350 < pT < 500 GeV.

In addition to calculating the background rejection power at a particular signal e�ciency working point,
full rejection versus e�ciency curves (so-called Receiver Operating Characteristic ‘ROC’ curves) are
produced for each combination. An example showing the relationship between the W-jet signal e�ciency
and the multijet background rejection for the range 350 < pT < 500 GeV is shown in Fig. 14. The
maximal e�ciency value for each algorithm is by definition 68%, since the tagging criteria are applied
after requiring the jet mass to be within the mass window defined by the grooming.

6.4 Summary of grooming and substructure in MC

Four grooming configurations, given in Table 5, show consistently high performance in all pT bins. The
jet ⌘, mass and energy calibrations are derived for these four using a simulation-based calibration scheme,
used as the standard one by ATLAS in previous studies [10]. The mass window sizes for calibrated jets,
the background e�ciencies for ✏GW = 68% and the � hMi /�NPV in the range 200 < pT < 350 GeV are
also given in Table 5.
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Figure 11: The D(�=1)
2 variable, for R2-trimmed jets: (a) distributions in signal (blue solid line) and background (red

dashed) in MC in the range 350 < pT < 500 GeV, obtained after applying the 68% signal e�ciency mass window
requirement (discussed in Sect. 6.1); (b) correlation with the leading jet’s mass in (left) multijet background and
(right) W-jet signal events. No truth-matching requirements are made, so the signal events can contain background
jets as well as W-jets. The vertical line corresponds to the value of the cut providing a combined 50% e�ciency for
grooming and tagging (corresponding to a tagging-only e�ciency of 50%/68% = 73.5%)
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Figure 11: The D(�=1)
2 variable, for R2-trimmed jets: (a) distributions in signal (blue solid line) and background (red

dashed) in MC in the range 350 < pT < 500 GeV, obtained after applying the 68% signal e�ciency mass window
requirement (discussed in Sect. 6.1); (b) correlation with the leading jet’s mass in (left) multijet background and
(right) W-jet signal events. No truth-matching requirements are made, so the signal events can contain background
jets as well as W-jets. The vertical line corresponds to the value of the cut providing a combined 50% e�ciency for
grooming and tagging (corresponding to a tagging-only e�ciency of 50%/68% = 73.5%)
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Figure 14: For jets with 350 < pTruth
T < 500 GeV, the signal e�ciency versus background rejection power “ROC”

curve for selected tagging variables (combined with the uncalibrated groomed mass window) on a subset of high-
performance algorithms is shown. The endpoint at 68% signal e�ciency is a result of the 68% mass window. The
inset enlarges the high-e�ciency region.

Grooming configuration ✏GW = 68% mass range ✏GQCD � hMi /�NPV

anti-kt, R = 1.0 trimmed fcut = 0.05, Rsub = 0.2 61–93 GeV 11% 0.1–0.2 GeV

anti-kt, R = 1.0 trimmed fcut = 0.05, Rsub = 0.3 65–99 GeV 16% 0.5–0.6 GeV

C/A, R = 1.0 pruned Zcut = 0.15, Rcut = 0.5 59–111 GeV 16% 0.9–1.1 GeV

C/A, R = 1.2 split-filt py12 = 0.15, Rsub = 0.3 63–103 GeV 13% 0.1–0.3 GeV

Table 5: The four favoured grooming configurations along with their mass windows (derived using calibrated jets),
background e�ciencies, and pileup dependence for ✏GW = 68% in the range 200 < pT < 350 GeV.
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Figure 15: Signal versus background e�ciency curves for di↵erent event topologies. The solid lines show the
curves obtained for the W 0 signal e�ciencies and the leading jet from the Pythia multijet background. The dashed
lines show the curves obtained for Powheg-BOX + Pythia tt̄ signal e�ciencies and the leading+sub-leading jets
from the Pythia multijet background.
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Variable
Tagging criteria in pT range

200–350 GeV 350–500 GeV 500–1000 GeV

✏GW = 68% mass range 61–93 GeV 71–91 GeV 73–91 GeV

✏G&T
W = 50%

C(�=1)
2 < 0.18 < 0.13 < 0.10

D(�=1)
2 < 1.14 < 1.23 < 1.35

⌧wta
21 < 0.32 < 0.36 < 0.40

Table 6: The mass windows for calibrated R2-trimmed jets that provide ✏GW = 68%, and the requirements on the
three substructure variables that result in the lowest background e�ciencies ✏G&T

QCD , when combined with the mass
windows to provide ✏G&T

W = 50%.

Since the first algorithm in Table 5 is the only one of the four with negligible pileup dependence across
all pT ranges (the central pT range only is shown in Fig. 9), it is adopted for all successive studies.

The best substructure variables for use with R2-trimmed jets at the ✏G&T
W = 50% working point, providing

background e�ciencies ✏G&T
QCD ⇠ 2% (background rejection power ⇠ 50, in terms of Fig. 13) for jets with

pT > 350 GeV, are given in Table 6. Studies of the R2-trimmed grooming configuration and the three
preferred substructure variables are described in the next section, where the results obtained from Monte
Carlo simulations are compared to data.

7 Detailed studies of selected techniques in data

This section describes a comparison of the W-jet and multijet tagging e�ciencies measured using three
tagging variables C(�=1)

2 , D(�=1)
2 and ⌧wta

21 computed for the leading R2-trimmed jet in data and MC.

In data, a relatively pure sample of boosted, hadronically decaying W bosons can be obtained from decays
of top quark pairs in the lepton-plus-jets decay channel: tt̄ ! W+bW�b̄ ! `⌫qq̄bb̄. The selection
requirements detailed in Sect. 5 are applied to events in data and MC, where relevant. The composition
of the data and MC samples introduced in Sect. 4 is discussed in Sect. 7.1. Details of the event topology
di↵erences between the tt̄ final state examined in this section and the W0 final state used in the preliminary
optimisation studies are given in Sect. 7.2. The systematic uncertainties are discussed in Sect. 7.3, and the
distributions of mass and substructure variables in data and MC are presented in Sect. 7.4. The signal and
background e�ciency estimation procedures and their uncertainties are detailed in Sect. 7.5. A summary
of the signal and background tagging e�ciencies measured in data and compared to MC is given in
Sect. 7.6.

In all the following studies, events are categorised according to the leading, reconstructed R2-trimmed
jet pT in three ranges: [200, 250], [250, 350], and [350, 500] GeV. This characterisation di↵ers from that
used in the first stage of the optimisation in Sect. 6, which uses ungroomed C/A, R = 1.2 truth jets
and di↵erent ranges; the selection is extended only to 500 GeV here because there are insu�cient data
above 500 GeV in the 2012 dataset. The lowest pT range used in the preliminary optimisation stage,
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Figure 19: Distribution of the W candidate jet mass for selected lepton+jets tt̄ events in data and Powheg-BOX + Py-
thiaMC for the combined electron and muon channel. Data points are shown with statistical uncertainties, and the
combined MC is shown with full systematic and statistical uncertainties. The lower panel shows the data/MC
ratio, with the statistical uncertainty on the MC given in the black forward-slashed band, and the full systematic
uncertainty given in the blue, back-slashed band.

to define medium and tight tagging criteria, where the medium working point provides a signal e�ciency
of ✏G&T

W = 50% and the tight working point provides ✏G&T
W = 25%.

The jet mass distributions of the W boson candidates satisfying or failing to satisfy the medium signal
e�ciency requirement for each of the three substructure variables are shown in Fig. 21. The mass dis-
tribution for jets failing the C(�=1)

2 tagger (Fig. 21(a)) is notably di↵erent from the mass distributions for
jets that fail the D(�=1)

2 and/or ⌧wta
21 taggers, with a significantly higher mass peak and a low-mass tail that

is conspicuous in its absence. This e↵ect can be understood by referring back to Fig. 10(b): the correla-
tion between the mass and C(�=1)

2 is strong for background jets with low masses, while there is no clear
correlation in the signal mass region. This means that the C(�=1)

2 variable performs well when combined
with a mass window, but is not very e↵ective without the mass constraint.

7.5 Signal and background e�ciencies and uncertainties

Background e�ciencies are measured in a multijet-enriched sample of data, using the large-R trigger and
event selection described in Sect. 5.

The systematic uncertainties on the background e�ciency measurements in multijet events are summar-
ised in Table 7. The uncertainties are propagated coherently through to the measurement and then added
together in quadrature. The background e�ciency uncertainty due the JSS uncertainty can be as large as
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Figure 21: The distribution of the W candidate mass for R2-trimmed jets failing (left) and passing (right) the se-
lection corresponding to ✏G&T

W = 50% for the combined electron and muon channel in the pT range 200–250 GeV,
without application of the mass cut. In (a), (b) the variable used for selection is C(�=1)

2 , in (c) and (d) it is D(�=1)
2 , and

in (e), (f) it is ⌧wta
21 . Data points are shown with statistical uncertainties, and the combined MC is shown with full

systematic and statistical uncertainties. The lower panels show the data/MC ratios, with the statistical uncertainty
on the MC given in black forward-slashed bands, and the full systematic uncertainty given in the blue, back-slashed
bands.
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Figure 21: The distribution of the W candidate mass for R2-trimmed jets failing (left) and passing (right) the se-
lection corresponding to ✏G&T

W = 50% for the combined electron and muon channel in the pT range 200–250 GeV,
without application of the mass cut. In (a), (b) the variable used for selection is C(�=1)

2 , in (c) and (d) it is D(�=1)
2 , and

in (e), (f) it is ⌧wta
21 . Data points are shown with statistical uncertainties, and the combined MC is shown with full

systematic and statistical uncertainties. The lower panels show the data/MC ratios, with the statistical uncertainty
on the MC given in black forward-slashed bands, and the full systematic uncertainty given in the blue, back-slashed
bands.
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Jet substructure in data
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Figure 20: Distributions of the W candidate jet substructure variables before (left) and after (right) the ✏GW = 68%
mass window for selected lepton+jets tt̄ events in data and Powheg-BOX + Pythia MC for the combined electron
and muon channel. (a), (b): C(�=1)

2 , (c), (d): D(�=1)
2 and (e), (f) ⌧wta

21 . Data points are shown with statistical uncer-
tainties, and the combined MC is shown with full systematic and statistical uncertainties. The lower panels show
the data/MC ratios, with the statistical uncertainty on the MC given in black forward-slashed bands, and the full
systematic uncertainty given in the blue, back-slashed bands.
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Jet-substructure Uncertainty
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Figure 18: Left: Distributions of the mean calorimeter-jet / track-jet ratios as a function of the R2-trimmed jet
mass for three tagging variables. Right: distribution of these ratios for the three variables in data compared to the
Pythia and Herwig++ models. (a), (b): C(�=1)

2 , (c), (d): D(�=1)
2 and (e), (f): ⌧wta

21 . The distributions are shown for
R2-trimmed jets in the central calorimeter region, |⌘| < 1.2 and in the range 350 < pT < 500 GeV. The data/MC
comparisons (the ‘double-ratios’) for Pythia (blue dashed) and Herwig++ (red dotted) are shown in the lower panel
of each plot.
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Figure 18: Left: Distributions of the mean calorimeter-jet / track-jet ratios as a function of the R2-trimmed jet
mass for three tagging variables. Right: distribution of these ratios for the three variables in data compared to the
Pythia and Herwig++ models. (a), (b): C(�=1)

2 , (c), (d): D(�=1)
2 and (e), (f): ⌧wta

21 . The distributions are shown for
R2-trimmed jets in the central calorimeter region, |⌘| < 1.2 and in the range 350 < pT < 500 GeV. The data/MC
comparisons (the ‘double-ratios’) for Pythia (blue dashed) and Herwig++ (red dotted) are shown in the lower panel
of each plot.
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Ratio of Jet-substructure from calo/track  and 
calculate Data/MC 
It gives us estimate of instrumentation errors as  
systematic uncertainties
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Systematic Uncertainties

Dominant uncertainty from jet substructure variables

Source
pT range [GeV]

200–250 250–350 350–500

JMS +1.1 +1.1 +9.6

JES �3.5 / +3.6 �1.7 / +2.5 +1.6 / �2.3

JER �0.1 +1.0 +1.0

JMR +2.7 +3.7 +4.3

JSS (D(�=1)
2 ) +4.3 / �2.9 +4.2 / �4.5 +5.1 / �4.8

MC generator �0.9 +1.9 �3.2

ISR/FSR +1.6 / �2.2 +2.7 / �4.0 +4.4 / �5.6

Multijet normalisation �0.4 / +0.4 �0.3 / +0.3 +0.1 / �0.1

Single-top normalisation �0.1 / +0.1 �0.1 / +0.1 �0.1 / +0.1

tt̄ normalisation 0.6 / �0.5 +0.6 / �0.6 +0.5 / �0.5

W+jets normalisation �0.3 / +0.3 �0.4 / +0.4 �0.5 / +0.4

MC statistics �1.0 �1.5 �3.5

Total +6.6 / �5.4 +7.3 / �6.6 +13.1 / �13.2

Table 8: Relative systematic uncertainties (in %) on the W-jet tagging e�ciency from di↵erent sources after tagging
with the R2-trimmed mass and medium D(�=1)

2 requirement that results in a signal e�ciency ✏G&T
W ⇡ 50%. The

uncertainties on scales (JMS, JES and JSS indicate the mass, energy and substructure scale uncertainties) and
normalisations can be in both directions, and so result in pairs of e�ciency uncertainties, but here the JMS is
symmetrised as part of the profiling technique described in the text. The contributions from each source are added
in quadrature to get the total uncertainty on ✏G&T

QCD . The mass and energy resolution uncertainties are denoted JMR
and JER respectively, and ISR/FSR indicate the uncertainties from the modeling of the initial/final state radiation.

42



21

Efficiency Measurement

• Overall good agreement between simulation and data.
• Herwig has relative larger deviation but still within  

one sigma uncertainty
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Figure 23: W boson tagging e�ciencies in ranges of jet pT for (left) signal W-jets in tt̄ events and (right) multijet
background. The ✏G&T

W ⇠ 50% working points obtained with the combined mass window and D(�=1)
2 requirements

are shown in (a) and (b), and the ⇠ 25% working points are shown in (c), (d). The deviations from 50% and 25%
in (a) and (c) respectively are due to the optimisations being based on W-jets in a di↵erent W 0 ! WZ topology,
as discussed in the text. The lower panels show ratios of the e�ciency measured in data to the e�ciency in two
di↵erent MC simulations.
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Figure 25: Signal e�ciency versus background rejection power (1 / background e�ciency) curves derived using
Powheg-BOX + Pythia signal e�ciencies and Pythia background e�ciencies compared with points from data.
Three pT ranges are shown: (a) 200–250 GeV, (b) 250–350 GeV, and (c) 350–500 GeV. The data points include
systematic uncertainties on the signal e�ciency measurement in tt̄ events and the uncertainties on the Pythia back-
ground e�ciency predictions.
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Figure 25: Signal e�ciency versus background rejection power (1 / background e�ciency) curves derived using
Powheg-BOX + Pythia signal e�ciencies and Pythia background e�ciencies compared with points from data.
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systematic uncertainties on the signal e�ciency measurement in tt̄ events and the uncertainties on the Pythia back-
ground e�ciency predictions.
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Money Plots
Possibility to derive in-situ W-tagging efficiency measurements and 
derive scale factor as correction to simulation. Open questions: 
• Can it be applied to different physics analysis?  

What is the topological dependence of tagger performance?
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Hbb tagging 
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Higgs tagging

• R=1.0 calorimeter jets trimmed with kT R=0.3 subjects 
and fcut=0.05 to measure kinematics and substructure

• b-tagging with small R=0.3 track jets to resolve close-by 
b-hadrons and allow calibration of each track jet 
individually

Run-I Higgs (⟶bb) Tagging 
•  R=1.0 calorimeter jets trimmed with kT R=0.3 subjets and fcut=0.05, 

to measure kinematics / substructure 

•  b-tagging  with small R=0.3 track jets to resolve close-by b-hadrons 

5"

b'jet"

b'jet"

Large R=1.0 jet 

R=0.3 track jets 

ATL'PHYS'PUB'2014'013"

Run-I Higgs (⟶bb) Tagging 
•  R=1.0 calorimeter jets trimmed with kT R=0.3 subjets and fcut=0.05, 

to measure kinematics / substructure 

•  b-tagging  with small R=0.3 track jets to resolve close-by b-hadrons 

5"

b'jet"

b'jet"

Large R=1.0 jet 

R=0.3 track jets 

ATL'PHYS'PUB'2014'013"

ATL-PHYS-PUB-2014-013

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2014-013/
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Track Jet b-tagging

• Use charged particles to build track jets
• B-tagging using track jets

• insensitive to pileup
• small radius to identify close-by objects
• Independent of calorimeter
• good angular resolution w.r.t. b-hdaron

• Ghost association
• associate track jets by setting pT of each 

track jet to a number close to 0 (ghost 
particles)

• cluster ghost particle together with 
calorimeter jets

Track Jet b-tagging 

•  Use the charged particle tracks to build 
track jets 

•  B-tagging using track jets 
–  Insensitive to pileup 
–  Small radius to identify close-by objects 
–  Can be optimized for b-tagging 
–  Independent of  calorimeter 
–  Good angular resolution w.r.t. b-hadron 

•  Ghost association:  
–  associate track jets to calorimeter jets, 

thus providing b-tag information 

32"

December 9, 2013 Hadronic Final State Forum - E. Thompson 11

Introduction to track jet b-tagging

Hard to resolve calorimeter jets when dR is small (this                              
includes with pileup as well)

Could be possible to use calo clusters only associated                                    
to tracks from the primary vertex, but then, why not                                           
just use track jets?

Also, almost all information used in btagging comes                                    
from tracking information anyway

PV

SV

Pileup
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Higgs tagging

• Ghost association of track jets to large-R to provide 
b-tagging (matching to ungroomed parent jet)

• Large improvements in efficiency to find Higgs jets!

Run-I Higgs (⟶bb) Tagging 
•  R=1.0 calorimeter jets trimmed with kT R=0.3 subjets and fcut=0.05, 

to measure kinematics / substructure 

•  b-tagging  with small R=0.3 track jets to resolve close-by b-hadrons 

•  Ghost association of  track jets to large-R to provide b-tagging 
–  Matching to ungroomed parent jet area provides large improvement in 

acceptance to find b-hadron 

•  Large improvements in efficiency 
to find boosted Higgs Jets!  

6"

4b"efficiency"
In"RSG!hh!4b"

ATL'PHYS'PUB'2014'013"
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Run2 Prospects
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W/Z-tagging
• Similar approach as Run1 except smaller  

subject radius, i.e. Rsub=0.2
• Continuous pT parametrization of D2 cut
• Performance still to be checked with Run2 data?

August  11th 2015 – BOOST 2015                                                                           Julien Caudron 14/27

Strategy

Early W-tagger for early Run2 analyses:
 

 similar approach than in Run1: 
grooming + substructure cut

 based on lesson from Run1: 
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selected number of substructure
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Hbb-tagging

• Similar approach as Run1 except 
smaller 
subject radius, i.e. Rsub=0.2

• Combination with D2 cut
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Figure 3: (a): The rejection of inclusive multi-jets versus Higgs-jet e�ciency using all large-R jets with pT >
250 GeV for (single / double / asymmetric) b-tagging requirements. (b): Multi-jet rejection versus Higgs-jet
e�ciency using all large-R jets with pT > 250 GeV, broken down by multi-jet flavor composition, using double
b-tagging. The stars correspond to a 70% b-tagging WP. The bands represent the statistical uncertainties. None of
the curves reach a Higgs-jet e�ciency of 100% due to the imperfect e�ciency to reconstruct the track jets needed
for b-tagging and in the case of asymmetric b-tagging the 70% b-tagging working point requirement on one of the
track jets.

Another common background to boosted Higgs boson searches are boosted hadronic top-quark decays.
The inclusive hadronic top jet rejection versus the Higgs-jet e�ciency can be found in Figure 4a, where
the performance of double b-tagging, single b-tagging and asymmetric b-tagging is shown. Double and
asymmetric b-tagging perform similarly and both provide significantly better rejection than single b-
tagging with no significant loss in Higgs-jet e�ciency. While Figure 4a includes all large-R jets with
pT > 250 GeV, the aforementioned performance features of each of the possible b-tagging requirements
is similar when examining the Higgs-jet e�ciency versus the hadronic top rejection in di↵erent regions
of large-R jet pT. The hadronic top jet rejection versus the Higgs-jet e�ciency for double b-tagging with
the hadronic top jets broken down by the number of b- and c-hadrons found in the large-R top jet can be
seen in Figure 4b. A large fraction of top jets is rejected by the double-b-tagging requirement, however
the hadronic top jets containing both a b- and c-hadron are rejected at a significantly lower rate than other
flavors of hadronic top jets.

At present only the 70% b-tagging e�ciency WP is calibrated for track jets and it is used for this analysis.
In consequence the asymmetric b-tagging option is not available.

6.2 Mass Window Determination

The groomed jet mass is an important component in tagging boson jets [9]. A mass window requirement,
selecting a range of masses around the Higgs boson mass, is applied. The smallest windows containing
68% and 90% of the groomed Higgs-jet mass distributions are identified.

Before choosing the mass window, one can notice that in addition to detector smearing, the mass resolu-
tion of Higgs-jets is degraded due to the semi-leptonic decays of the b-hadrons produced in Higgs boson

10

ATL-PHYS-PUB-2015-035
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Figure 8: The Higgs-jet e�ciency versus multi-jet background rejection power, in large-R jet transverse momentum
ranges of 350 GeV < pT < 500 GeV (a, c) and 1000 GeV < pT < 1500 GeV (b, d), for selected tagging variables
(combined with the calibrated groomed 68% mass window and double b-tagging using 70% in (a, b) and 85% WP
in (c, d)). The high end point of the Higgs-jet e�ciency curves are a result of the 68% mass window requirement.
The stars correspond to the nominal 70% (a,b) and the 85% (c,d) b-tagging working points. The bands represent
the statistical uncertainties.
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Figure 1: The truth Higgs boson acceptance, or the fraction of truth Higgs bosons with pT > 250 GeV, |⌘ | < 2.0,
and with b-hadrons from the Higgs boson decay with pT > 5 GeV and |⌘ | < 2.5, that are reconstructed with the
baseline large-R jet selection and labeled as a Higgs-jet

jet pT is covered by both the signal and background distributions. As is expected, the pT distributions for
the jets in higher mass RSG samples tend to be harder than the background samples, and the Higgs-jets
tend to have a larger fraction of jets with exactly two matched track jets. For later performance figures
and optimizations, the signal samples are summed together and reweighted to the pT distribution of the
multi-jet sample. The same procedure is applied to the hadronic tt̄ samples. This pT reweighting changes
the ⌘ distribution of the Higgs-jets due to an underlying correlation of pT and ⌘ for Higgs-jets produced
from a 2-body decay.
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Figure 2: Distributions of large-R jet pT (a), and the number of track jets ghost associated to the large-R jet (b),
for jets passing the baseline selections in the multi-jet, hadronic top, and RSG Higgs-jet signal samples. The RSG
sample are shown for three resonance masses of 500 GeV, 1000 GeV, and 1500 GeV.

In the following Sections, the Higgs-jet (background) e�ciency is computed as the number of Higgs-jets
(background jets) passing a given selection requirement (i.e. a requirement on top of the baseline se-
lection, such as b-tagging, large-R jet mass, and large-R jet substructure variables) divided by the total

8
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New ideas
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MVA Tagger combination
Starting from all two-tagger combinations to determine 
ordering of combing various taggers 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Q-Jet: A new approach to parton shower

A typical jet clustering is to inverse the parton shower

arXiv:1201.1914
ATLAS-CONF-2013-087
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Q-Jet: A new approach to parton shower

A typical jet clustering is to inverse the parton shower

But the parton shower is not really invertible
Many parton shower can produce the same jet
Q-jet asks: study all possible inverse parton shower 
path.

arXiv:1201.1914
ATLAS-CONF-2013-087
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Shower Deconstruction

Shower Deconstruction

Calculate, for each subjet of the input, the probability that the subjet
is associated with a certain source of radiation (ISR, light quark,
etc.).

... for signal (top) and background (QCD).

... for all possible combinations of radiation sources and subjets.

Discriminant � is ratio of sum of signal probabilities to sum of
background probabilities.

Matt LeBlanc (UVic) Tagging Boosted Top Quarks and Higgs Bosons in ATLAS 7 / 29

• Calculate, for each subjet of the input, the probability that the subjet is 
associated with a certain source of radiation (ISR, light quark, etc.). 

• Discriminant χ is ratio of sum of signal probabilities to sum of background 
probabilities. 
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Multi-Secondary Vertex
Using inclusive multi-secondary  
vertex for double-b tagging

Caterina Vernieri (FNAL)

sub-jets vs. double-b tagging

14

sub-jets double-b

Defines sub-jets  
b-tagging observables for each sub-jet 

explicit jet track association

substructure observables 
Secondary Vertex within the fat-jet cone   
	 observables from SV and tracks 
	 collections for the fat-jet 

dR<0.8

Caterina Vernieri (FNAL)

sub-jets vs. double-b tagging

14

sub-jets double-b

Defines sub-jets  
b-tagging observables for each sub-jet 

explicit jet track association

substructure observables 
Secondary Vertex within the fat-jet cone   
	 observables from SV and tracks 
	 collections for the fat-jet 

dR<0.8

Caterina Vernieri (FNAL)

h(bb̄) vs. Inclusive QCD

16

• double b-tag performs better than both sub-jet and fat-jet b-tagging in the entire 
pT range considered  

inclusive pT > 800 GeV

proof of ideas work in CMS
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Summary

• Boson tagging as a new tool have been 
successfully 
used in Run1.

• Many innovative ideas under developments for 
Run2 
• How to use all the information using Machine Learning 

tool?
• How to extract information from QCD splitting processes?
• How to improve input object reconstructions by improving 

reconstruction algorithm?

• Gor for unltra-boost - challenges on the 
ultimate detector resolution!
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Jet area based 4-vector correction (ATLAS-CONF-2013-083)
It only applies corrections to jet pT and jet mass.

measure of the pile-up activity than the median over the entire ⌘ range, or an ⌘ dependent ⇢ calculated in
slices across the calorimeter.

In the absence of signal in a region, the jet clustering algorithm can form jets that are made up entirely
of ghost constituents, and thus have pT = 0. When instead using the Voronoi area definition, the area of
jets becomes very large in sparse events. Both of these cases lead to a very small pT density, ⇢jet, of the
individual jets. In the central calorimeter region, the cluster density is generally large enough for most
kt jets to have non-zero ⇢jet. In the forward region, only clusters that are part of high-pT jets will have
non-zero pT, and there will be many jets made up entirely of ghost constituents. Similarly, when using
the Voronoi area as in the ⇢ calculation, the kt jet area will be very large, leading to small ⇢jet. Calculating
⇢ locally here will give ⇢ ⇠ 0; since ⇢ is the median, it will be dominated by jets with small ⇢jet. For
|⌘| < 2.0, the ⇢ curves are non-zero and flat vs ⌘. If the regions of the detector with very little pile-up
signal are included in the ⇢ calculation, detector e↵ects will thus have a large impact on the result. Such a
calculation will give a value of ⇢ that does not reflect the real pile-up activity. From these considerations,
the range |⌘| < 2.0 is used for the calculation of ⇢.

Fig. 4(b) also shows the result of the ⇢ calculation in the presence of very little pile-up (hµi = 1).
In the central region, the median pT density remains non-zero because ⇢ is sensitive to low-pT activity
originating from the hard-scatter interaction. In other words, ⇢ describes not only the event-by-event
pile-up activity, but also the underlying event of the hard-scatter interaction. This leads to some amount
of topology dependence in the absolute scale of ⇢, though the change in ⇢ as a function of pile-up is
una↵ected. In Sec. 6.7, the modelling of this topology dependence is taken into account in the assessment
of systematic uncertainties for pile-up subtraction.

6.3 Subtracting ⇢ · A
The median pT density ⇢ provides a direct estimate of the global pile-up activity in any given event,
while the jet area provides an estimate of a jet’s sensitivity to pile-up. By the multiplication of these
two quantities, an estimate of the e↵ect of pile-up on the jet is obtained. As a first-pass correction this
estimate can be subtracted from the jet pT to achieve significantly reduced dependence on pile-up:

pjet,corr
T = pjet

T � ⇢ · A, (4)

where A is the transverse component of the area four-momentum A j.
Figure 5 shows the e↵ect of ⇢ · A subtraction on the in-time pile-up dependence of the jet pT for four

di↵erent jet definitions: anti-kt jets with distance parameters R = 0.4, 0.6 and 1.0, and Cambridge/Aachen
jets with distance parameter R = 1.2. The slopes of linear fits to hpreco

T � ptrue
T i vs. NPV, for a fixed

value of hµi, are shown as functions of ⌘. The dependence on in-time pile-up is reduced from several
hundred MeV per vertex to . 200 MeV per vertex in all cases, demonstrating that ⇢ ·A subtraction is able
to e↵ectively reduce the impact of in-time pile-up regardless of jet definition, though a small residual
dependence on NPV remains. The larger sensitivity to in-time pile-up of larger area jets is also seen.
Similar performance was found in Z+jets samples and across a wide range of values for hµi.

Finally, it should be noted that the pile-up activity in any given event may have significant local
fluctuations of similar angular size to jets, and a global correction such as this cannot account for them.
A variable such as JVF may be used to reject jets that result from such fluctuations in pile-up density, as
described in Sec. 7.

6.4 Residual correction

There are two ways in which pile-up can contribute energy to an event: either by forming new clusters,
or by overlapping with signal from the triggering event. Because of the noise suppression inherent in
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• ⇢ captures event-by-event fluctuations in pile-up that are not described by NPV and hµi, leading to
resolution improvement and improved rejection of pile-up jets.

• Any mis-modelling of the pile-up activity described by ⇢ is automatically corrected on an event-
by-event basis; the correction does not rely on a proper modelling of the relationship between ⇢
and NPV or hµi.
• The same correction may be applied to any jet regardless of clustering algorithm or radius, as the

jet area provides a direct estimate of pile-up sensitivity for each jet; only a small residual correction
is necessary that remains specific to each jet definition.

• The method relies less on the correct identification of tracks and vertices, as the bulk of the cor-
rection is based only on calorimeter information. The correction is therefore largely insensitive to
the e↵ects of pile-up on vertex reconstruction.

6.1 The jet area

The jet area [40] is measured using an algorithm implemented in FastJet. It is evaluated by overlaying
a dense, uniform population of neutral, infinitesimally soft (pT = O(10�100 GeV)) “ghost” particles onto
the event and including these ghosts in the jet clustering. The ghost constituents do not a↵ect the jet
clustering of an infrared safe algorithm, but the number of ghost constituents associated to each jet
serves as a measure of its area.

The concept of jet area can be taken one step further, using the fact that the ghost constituents all
have four-momenta. Summing over the ghost four-momenta gi belonging to a jet j, one obtains the jet
area four-momentum A j. This is defined as:

A j =
1
⌫ghgti

X

gi2 j

gi, (2)

where ⌫ghgti is the transverse momentum density of the ghosts. In practice, the ghost transverse mo-
mentum gt is constant: the area is intended to describe sensitivity to a background of uniform pT density
within the angular extent of the jet. The transverse component of the (more exact) area four-momentum
will, in the limit of small enough jets, be equal to the more intuitive “scalar area” obtained from counting
the number of ghosts associated to a jet and dividing by the ghost number density.

A theoretically sound estimate of the area of any jet (not only circular jets) is one of the advantages
of the method. For example, jets reconstructed using the Cambridge/Aachen algorithm will generally be
of irregular shape. This is illustrated in Fig. 2, showing areas normalised to ⇡R2 (the expected area of a
circular jet with distance parameter R) for two di↵erent jet algorithms: the Cambridge/Aachen algorithm
and anti-kt algorithm. In the case of anti-kt, leading or isolated jets will be close to circular, with an area
close to ⇡R2. This is also shown in Fig. 2. The reason is that the anti-kt algorithm starts out with the
hardest contributions, and clusters situated within R of several jets will in this algorithm be attributed to
the harder jet. Non-isolated jets with lower pT will thus be crescent shaped (since the intersection with a
circular jet is cut out from some of its area), or even more irregular. This is reflected in the low-area tail
of the anti-kt distributions.

6.2 The median pT density ⇢

The median pT density measured in the event is defined as

⇢ = median

8>>><
>>>:
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Ajet
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Figure 2: Jet area distributions for two di↵erent jet clustering algorithms in the same set of events: anti-kt
and Cambridge/Aachen.

where the index i enumerates the jets found when clustering the event with the kt algorithm [41,42]. The
term jet applies to any clustered entity of output from the jet algorithm, and is not necessarily related to
a collimated shower of particles produced in an interaction.

The use of the kt algorithm for the ⇢ calculation is motivated by its sensitivity to soft radiation;
for more details see Ref. [7], the original paper proposing the method. No lower pT cut is used in the
calculation of ⇢ since the goal is to quantify the predominantly soft pile-up background. The transverse
energy density from pile-up is roughly uniform in pseudorapidity, which motivates the use of pT in the ⇢
calculation.
⇢ is calculated from all positive energy calorimeter topo-clusters within |⌘|  2.0, clustered together

with a uniform population of infinitesimally soft ghost particles, using a kt distance parameter Rkt = 0.4
and the Voronoi area definition (for more details on area definitions see [40]). Two choices of calibration
scale (EM and LCW) are provided, matching the available choices of calibration scale of the jets that
will eventually be corrected.

Although in this note ⇢ is calculated using calorimeter information, in principle ⇢ can be calculated
from any suitable input to a jet algorithm, for example tracks. A track based evaluation of ⇢ is only
sensitive to the charged component of in-time pile-up. When based on calorimeter information, ⇢ also
measures the contributions from neutral particles and to a lesser extent out-of-time pile-up.

The jets used to calculate ⇢ are generally not the same jets as those reconstructed as physics objects
for an analysis, which are often reconstructed using another jet algorithm. The hard scatter jets can

however also be present in the clustering for determining ⇢, and they will have a large ⇢jet ⌘ pjet
T

Ajet . Using
the event median greatly suppresses the influence of these jets on ⇢, as they will be in the high-density
tail of the distribution for the event.

Figure 3 illustrates the general properties of ⇢. In particular, ⇢ increases with NPV and for a given
combination of NPV and µ there are large fluctuations in ⇢. These fluctuations are larger for higher NPV,
indicating that event fluctuations will be an even more important e↵ect for higher luminosity where in-
time pile-up will increase. This illustrates the need for a method which quantifies pile-up using calorime-
ter information from the actual event.

The choice of ⌘ range used for calculating ⇢ is motivated by the calorimeter occupancy (topo-cluster
density in ⌘) as illustrated in Fig. 4. Figure 4(a) shows the calorimeter positive cluster distribution in ⌘,
overlaid with the calorimeter granularity [30]. Figure 4(b) in turn shows the average ⇢ when calculated
using narrow strips in ⌘. The strips are �⌘ = 0.7 wide and shifted in steps of �⌘ = 0.1 going from

9
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Do we study all jet shape variables with pile-up correction  
(ATLAS-CONF-2013-085)?
How to add systematic uncertainty?

4.3 Comparison with trimming

As discussed in Section 1, a common approach for mitigating the e↵ects of pile-up on measurements
of and searches using jet substructure has been to use jet grooming techniques. Comparisons are there-
fore made between trimmed jets and jets corrected using the shape expansion method for the observed
distributions and dependence on pile-up.
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Figure 13: Direct comparisons of the distribution (a) and dependence on hµi (b) of ⌧32.

Figure 13 presents the comparisons for ⌧32 for the same ungroomed large-R jets studied above and
for trimmed jets. The trimmed jets are built using the optimum configuration defined in Ref. [9] with the
subjet radius Rsub = 0.3 and the trimming fraction fcut = 0.05. Each jet definition is used to construct
jets from reconstructed topo-clusters as well as truth particles, and the ungroomed jet definition is also
presented following the pile-up subtraction for jet shapes (currently referred to as “MC corr”).

In Figure 13, five curves are shown:

1. Reconstructed jet shapes for ungroomed jets before the shape expansion correction (blue dots)

2. Reconstructed jet shapes for ungroomed jets after the shape expansion correction (red squares)

3. Truth-particle jet shapes for jets and therefore without any corrections (green triangles)

4. Reconstructed jet shapes for jets with trimming and therefore without any shape expansion correc-
tion (purple squares)

5. Truth-particle jet shapes for jets with trimming but without any other corrections or modifications
(light green triangles)

Both jet definitions – the corrected ungroomed jets (#2) and the trimmed jets (#4) – significantly
reduce the dependence of the mean ⌧32 on hµi. The corrected ungroomed ⌧32 distribution (#2) resembles
that expected from ungroomed truth-particle jets (#3) slightly more closely than trimmed jets (#4) resem-
ble trimmed truth-particle jets (#5). The di↵erence between the first, untrimmed, pair is approximately
4%, whereas the di↵erence between the trimmed pair is approximately 8%.
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Motivation2

• mono Boson = Bosons + Met signature is predicted in 
many BSM models. 

 

 

Dark Matter Mono-X Mono-Jet Mono-W(`⌫) Mono-W/Z(qq) Mono-Z(``) Mono-Photon Mono-Top Conclusion

Search in the mono-W/Z(! qq) final state [ATLAS]

• Published: PRL 112, 041802 (2014)p
s = 8TeV L = 20 fb�1

! see P. Azzi’s talk: “Boosted object searches”

• Scenario:
� W/Z radiated from u or d quark
� W and Z hadronic decays

• W/Z decay reconstructed as single
massive “fat” jet of mass mjet

(Cambridge-Aachen, R = 1.2)

Validation in top CR: includes W peak
and tail due to b jet from top decay

• Event selection:
� 6ET trigger
� � 1 central fat jet with pT > 250GeV

and 50GeV < mjet < 120GeV

�  1 jet (R = 0.4) away from lead fat jet

� Veto on electron, muon and photon
� 2 SR: 6ET > 350GeV or 500GeV

d

u
+

W

χ

χ

d

u

+
W

χ

χ

•• Main backgrounds:

� Z(! ⌫⌫)+jets and W(! `⌫)+jets

� Determined by extrapolating a data
muon CR using simulation
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Philippe Calfayan, LMU Munich Moriond EW 2014, March 15-22 9/22

ATLAS, PRL 112, 041802 (2014)

• Warped Extra Dim. 
G→ZZ(ν ν)  

• heavy H→ZZ(ν ν)  
• SSM W’→WZ(ν ν)  
• VH(→ invisible) 
• DM V𝜒𝜒  
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monoV in Run 1
• Reconstruct W/Z with central large-R jet, pT > 250GeV, mJet[50,120 

GeV], ETmiss > 350, 500 GeV 
• Sensitive to the sign of DM couplings to up/down quarks 

Unique for mono-W  
• WIMP-Nucleon reinterpretation complements (in)direct search
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monoH EFT
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Boson Tagging in ATLAS Run-1 Diboson Analyses

1 Jet reconstruction:
All diboson searches presented here use C/A R = 1.2 jets groomed with the
BDRS (split-filtering) algorithm

Splitting:
Require symmetric splitting

p
yf =

min(pT1,pT2)

m
12

⇥�R
12

with
p
ymin = 0.2

No mass drop-criterion is used in ATLAS (µ = 100%)
Slightly modified version of BDRS using a fixed reclustering distance parameter

Filtering: remove soft radiation

August 11, 2015 Searches for diboson resonances using boson tagging in ATLAS 7

• Jet reconstruction:  
All diboson searches presented here use C/A R = 1.2 jets groomed with the BDRS (split-filtering) 
algorithm 

• Splitting: 

•  Require symmetric splitting sqrt(yf) = min(pT1,pT2)/m12 × ∆R12 with sqrt(ymin) = 0.2 

• No mass drop-criterion is used in ATLAS (μ = 100%) 

• Slightly modified version of BDRS using a fixed reclustering distance parameter 

• Filtering: remove soft radiation 
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ZV ! ``qq - m``J Spectrum

Dominating background: Z+jets
Normalization and shape correction for m``J determined in data using control
regions
Control regions: mJ < 70 GeV or mJ > 110 GeV
Corrections up to 22%

Dominating systematic uncertainties:
Normalization and shape uncertainties from Z+jets background: 11% – 47%
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WV ! `⌫qq - m`⌫J Spectrum
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Sample LRR HRR MR
W/Z + jets 104800± 1600 415± 10 180± 20
tt̄ + single top 37700± 1600 271± 13 42± 7
Multijet 13500± 500 84± 9 29.3± 2.9
Diboson 5500± 270 96± 6 43± 7
Total 161500± 2300 870± 40 295± 22
Data 157837 801 323
G⇤ signal 7000± 500 36± 6 5.5± 2.3
W 0 signal 6800± 600 318± 21 70± 4

No significant deviations from the Standard Model are observed in m`⌫J

spectrum ! 95% CL upper limits on cross-section times BR

Maximum likelihood fits to m`⌫J distribution taking systematic
uncertainties into accounts as nuisance parameters

Merged region: signal pole masses between 800–2000 GeV
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ZV ! ``qq - Limits

No significant deviations from the Standard Model are observed

95% CL upper limits on cross-section times BR

Exclude M(G*) < 740 GeV and M(W 0) < 1590 GeV

The MR is the most powerful search region for signal masses above 850 GeV
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WV ! `⌫qq - Limits

Exclude M(G*) < 760 GeV and M(W 0) < 1490 GeV

�(pp ! W 0)⇥ BR(W 0 ! WZ ) of 9.6 fb excluded for W 0 masses around
2 TeV
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Resolved analysis:  
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2.  Arrange into close-by pairs, ΔR<1.5 
3.  Mass dependent pT and |Δη| cuts 
4.  ttbar veto, using 5th jet to test 

consistency with mW / mtop 

Boosted analysis: 
1.  Two anti-kT R=1.0 jets, trimmed with 

Rsub=0.3 and fcut=0.05 
2.  Each with 2 b-tagged R=0.3 track jets 
3.  pT  and|Δη| cuts 
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Resolved analysis: 

 . 1.  Four b-tagged anti-kT R=0.4 jets 

 . 2.  Arrange into close-by pairs, ΔR<1.5 

 . 3.  Mass dependent pT and |Δη| cuts 

 . 4.  ttbar veto, using 5th jet to test consistency with 
mW / mtop  

Boosted analysis: 

 . 1.  Two anti-kT R=1.0 jets, trimmed with Rsub=0.3 

and fcut=0.05 

 . 2.  Each with 2 b-tagged R=0.3 track jets 

 . 3.  pT and|Δη| cuts  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W/Z discriminating variables 1/2

Use of substructure variables to distinguish hadronically

 decaying W and Z

Differences between W and Z:
 

 1) Mass

 2) Angular distributions  ← small at parton

level, likely to be washed out by 

combinatorics, non-perturbative physics 

and reconstruction

 3) Flavor decay ratio

 4) Boson charge

The boson is contained in a large-R jet:
 

anti-kt R=1.0, kt trimmed f
cut

=5%, R
sub

=0.3

calibrated
 

This large-R jet can be matched with

small-R jets:
 

anti-kt R=0.4, matched with ∆R(j,J)<1.0

calibrated

PERF-2015-02

1)

2)

3)

generator

level
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Comparison with Data

Semi-leptonic tt selection of hadronically decaying W
 

   MC tt divided into: tt Boosted W, tt b-contaminated, tt others (using MC matching)

   W+jets and multi-jets QCD from data-driven methods

   Others from simulation
 

Tests of the 3 different input variables in data → well modelled
 

leading jet,
similar agreement 
for sub leading

PERF-2015-02
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Tagger efficiencies

Efficiencies for Z vs W+ rejection and for W+ vs Z rejection

Example of application:   ( 50% x σ(WZ) ) / ( 12% x σ(WW) ) = 50/12 x 20% = 83%

For Z-tagging, at low eff.: big gain from b-tagging because of Z → bb

No syst. uncertainties (next slide)

PERF-2015-02Z vs W+ rejection W+ vs Z rejection
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Tagger definition

Likelihood tagger: templates build for each possible boson decay channel

 

 
with 

This factorisation based on the boson decay channel is very good.
The tagger is then build from likelihood ratio.

f: {bb,cc,cs,cd,light}
V: {W,Z}

Pr(M|f,V)

1D histo build
from the 
ratios signal/bkgd
of each 
Pr(M,Q,B|V)

PERF-2015-02

PERF-2015-02
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Figure 3: (a): The rejection of inclusive multi-jets versus Higgs-jet e�ciency using all large-R jets with pT >
250 GeV for (single / double / asymmetric) b-tagging requirements. (b): Multi-jet rejection versus Higgs-jet
e�ciency using all large-R jets with pT > 250 GeV, broken down by multi-jet flavor composition, using double
b-tagging. The stars correspond to a 70% b-tagging WP. The bands represent the statistical uncertainties. None of
the curves reach a Higgs-jet e�ciency of 100% due to the imperfect e�ciency to reconstruct the track jets needed
for b-tagging and in the case of asymmetric b-tagging the 70% b-tagging working point requirement on one of the
track jets.

Another common background to boosted Higgs boson searches are boosted hadronic top-quark decays.
The inclusive hadronic top jet rejection versus the Higgs-jet e�ciency can be found in Figure 4a, where
the performance of double b-tagging, single b-tagging and asymmetric b-tagging is shown. Double and
asymmetric b-tagging perform similarly and both provide significantly better rejection than single b-
tagging with no significant loss in Higgs-jet e�ciency. While Figure 4a includes all large-R jets with
pT > 250 GeV, the aforementioned performance features of each of the possible b-tagging requirements
is similar when examining the Higgs-jet e�ciency versus the hadronic top rejection in di↵erent regions
of large-R jet pT. The hadronic top jet rejection versus the Higgs-jet e�ciency for double b-tagging with
the hadronic top jets broken down by the number of b- and c-hadrons found in the large-R top jet can be
seen in Figure 4b. A large fraction of top jets is rejected by the double-b-tagging requirement, however
the hadronic top jets containing both a b- and c-hadron are rejected at a significantly lower rate than other
flavors of hadronic top jets.

At present only the 70% b-tagging e�ciency WP is calibrated for track jets and it is used for this analysis.
In consequence the asymmetric b-tagging option is not available.

6.2 Mass Window Determination

The groomed jet mass is an important component in tagging boson jets [9]. A mass window requirement,
selecting a range of masses around the Higgs boson mass, is applied. The smallest windows containing
68% and 90% of the groomed Higgs-jet mass distributions are identified.

Before choosing the mass window, one can notice that in addition to detector smearing, the mass resolu-
tion of Higgs-jets is degraded due to the semi-leptonic decays of the b-hadrons produced in Higgs boson

10
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Figure 4: (a): The rejection of inclusive hadronic top jets versus Higgs-jet e�ciency using all large-R jets with pT >
250 GeV, for (single / double / asymmetric) b-tagging requirements. (b): Hadronic top jet rejection versus Higgs-jet
e�ciency using all large-R jets with pT > 250 GeV, broken down by hadronic top jet flavor composition, using
double b-tagging. The stars correspond to a 70% b-tagging WP. The bands represent the statistical uncertainties.
No star is seen for the light-flavor curve as the statistics of the sample were not su�cient to reach this point. Note
that none of the curves reach a Higgs-jet e�ciency of 100% due to the imperfect e�ciency to reconstruct the track
jets needed for b-tagging and in the case of asymmetric b-tagging the 70% b-tagging working point requirement on
one of the track jets.

decays. The semi-leptonic decays lead to the production of neutrinos, which are not directly measured
in ATLAS, electrons, which are measured in the calorimeter and inner detector, and muons, which are
not measured in the calorimeter but are measured in the inner detector and muon spectrometer. As it is
di�cult to identify the calorimeter depositions of electrons within jets, and neutrinos are not measured
directly by the detector, only the muon from the semi-leptonic decays of b-hadrons are considered. The
e↵ect of the semi-leptonic decays to muons is corrected by finding muons within �R < 0.2 of the b-
tagged track jets and adding the four vector of these muons to that of the large-R jet. If more than one
muon is found within a track jet, only the muon closest to the track jet axis is considered. The mass
distributions of the large-R jets are shown in Figure 5 before and after the muon correction in two large-R
jet p

T

ranges. A clear improvement in mass resolution for the Higgs-jets is observed at low Higgs-jet pT,
while the improvement is not as significant at higher Higgs-jet pT.

The mass distribution after the muon correction for Higgs-jets, multi-jet production, and hadronic top jets,
is shown in Figure 6 in two large-R jet p

T

bins. There is not a significant peak at the W boson mass of
80 GeV in the hadronic top jet mass distributions because of the double b-tagging requirement. In terms
of pT-dependence, the peak of the mass distribution is quite stable within 4% as a function of pT, after jet
mass calibration. In addition, the width of the core of the mass distribution decreases with pT, but high
mass tails are observed at high pT >1000 GeV.

6.3 Jet Substructure Variables in the Higgs-jet Tagger

In addition to the heavy flavor content of the large-R jet, and the jet mass, the internal structure of the
jet can be used to discriminate Higgs-jets from multi-jet production and hadronic top decays. There are

11
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Systematic Uncertainty Estimates on H ! bb̄ Tagging

Loose Medium Tight

e�ciency 0.41 ±0.07 0.32 ±0.06 0.25 ±0.05

Multi-jet rejection
Inclusive 260 ±50 460 ±90 800 ±210
Light-flavor O(105) O(105) O(106)
cl O(103) O(103) O(104)
bl O(102) O(102) O(103)
bc O(10) O(10) O(102)
cc 250 ±150 480 ±310 1200 ±900
bb 11 ±2 19 ±4 31 ±9

Hadronic top rejection
Inclusive 67 ±17 110 ±30 160 ±50
bl 360 ±230 660 ±460 810 ±600
bc 24 ±6 39 ±11 53 ±16

For loose working point, b-tagging
uncertainties largest.

With tigher working points, jet scale &
resolution uncertainties increase.
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Mass Window and Muon-in-b-Jet Correction

Before setting mass window, can increase mass resolution by
correcting for semi-leptonic b hadron decays to muons.
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muon-in-jet 
correction

Largest uncertainty 
from flavor tagging


