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Overview

‣Methodology

‣Diboson resonances

‣ tb and tt resonances

‣Dark matter (MET+X)

‣ Vector-like quarks 

‣ SUSY

 2 Searches With Jet Substructure

Emphasis on new results, not complete selection
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This talk:  
new resonances W’, Z’

[Aurelio Juste]

[Adish Vartak]

[Brian Petersen, Yu Higuchi]

Disclaimer: focus on simple interpretations in benchmark  
models, more complete interpretations possible and available
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Identification of W/Z/H/t → Hadrons

‣ Collimation depends on pT

‣ Ensure high signal efficiency:  
Jet distance parameter of

• R = 1.0 (ATLAS)

• R = 0.8 (CMS)  [GeV]
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Separation of QCD branching and 2-prong structure

1) Jetmass

Subject to many systematic sources (rad, had, UE, PU…)  

corrections through dedicated  
algorithms

Roman Kogler

W/Z/H Boson-Tagging 1
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is more di↵use for the QCD background which consists largely of gluon jets, which have an octet
radiation pattern, compared to the singlet radiation pattern of the W jets, where the radiation is
mostly restricted to the region between the two hard cores.
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Figure 2: The average jet image for signal W jets (top) and background QCD jets (bottom) before
(left) and after (right) applying the rotation, re-pixelation, and inversion steps of the pre-processing.
The average is taken over images of jets with 240 GeV < pT < 260 GeV and 65 GeV < mass < 95 GeV.

One standard pre-processing step that is often additionally applied in Computer Vision tasks is
normalization. A common normalization scheme is the L

2 norm such that
P

I
2
i = 1 where Ii is the

intensity of pixel i. This is particularly useful for the jet images where pixel intensities can span many
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is more di↵use for the QCD background which consists largely of gluon jets, which have an octet
radiation pattern, compared to the singlet radiation pattern of the W jets, where the radiation is
mostly restricted to the region between the two hard cores.
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Figure 2: The average jet image for signal W jets (top) and background QCD jets (bottom) before
(left) and after (right) applying the rotation, re-pixelation, and inversion steps of the pre-processing.
The average is taken over images of jets with 240 GeV < pT < 260 GeV and 65 GeV < mass < 95 GeV.

One standard pre-processing step that is often additionally applied in Computer Vision tasks is
normalization. A common normalization scheme is the L

2 norm such that
P

I
2
i = 1 where Ii is the

intensity of pixel i. This is particularly useful for the jet images where pixel intensities can span many
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W-Boson Jets q/g Jets

[Luke de Oliveira et al., 
 JHEP07, 069 (2016)]

‣ N-subjettiness ratios τ2/τ1 (CMS)

‣ Energy correlation ratios D2 (ATLAS)

‣ Subjet b-tagging for H→bb (ATLAS/CMS) 

Exploit characteristic radiation pattern

1-5% misidentification at  
50-60% signal efficiency

250 < pT < 260 GeV  
65 < Mjet < 95 GeV

is more di↵use for the QCD background which consists largely of gluon jets, which have an octet
radiation pattern, compared to the singlet radiation pattern of the W jets, where the radiation is
mostly restricted to the region between the two hard cores.
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Figure 2: The average jet image for signal W jets (top) and background QCD jets (bottom) before
(left) and after (right) applying the rotation, re-pixelation, and inversion steps of the pre-processing.
The average is taken over images of jets with 240 GeV < pT < 260 GeV and 65 GeV < mass < 95 GeV.

One standard pre-processing step that is often additionally applied in Computer Vision tasks is
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intensity of pixel i. This is particularly useful for the jet images where pixel intensities can span many

– 4 –

250 < pT < 260 GeV  
65 < Mjet < 95 GeV

Pi
xe

l p
T
 [

G
eV

]

Pseudorapidity η

A
zi

m
ut

ha
l A

ng
le

 Φ

Pseudorapidity η
A

zi
m

ut
ha

l A
ng

le
 Φ



Figure 1. Comparison of the performance of the two BDT taggers and the two particle-based 
CNN taggers in terms of ROC curves in MC simulated events for top jets as signal and QCD jets 
as background. The events correspond to AK8 jets with 1000<pT<1400 GeV and |η|<1.5. 
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Top Quark Tagging
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[CMS, DP-17-049]

[CMS-PAS-JME-15-002]

soft drop mass,  
τ3/2, subjet b

gain from a BDT

gain from a deep  
neural network

2-3% misidentification at  
70% signal efficiency

today’s standard

[see also ATL-PHYS-PUB-2017-004]

A prime example for  
machine learning
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Soft drop mass – pass and fail

Figure: Soft drop jet mass distribution of probe jets in a sample enriched with tt for jets with pT > 400 GeV, which 

pass (left figure) and fail (right figure) the ungroomed N-subjettiness requirement of τ3/τ2 < 0.54. The probe jets 

are anti-kT jets with R = 0.8, with soft drop and the PUPPI pile-up corrections applied. The tt processes are 

simulated with POWHEG interfaced with PYTHIA8. The “Merged QB” tt contribution consists of events in which 
the b-quark from the top decay and just one of the quarks from the W decay are clustered into the jet. The tt 
templates have been fit to the data. The hatched region shows the total uncertainty on the simulation. In the 
lower panel, the dark and a light grey bands show the statistical and the total posterior uncertainties, respectively.
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Figure 20: Combined jet mass distributions for events that pass (left) and fail (right) shower deconstruction top-quark
tagger are shown. The observed data are compared with the Monte Carlo prediction. For the top-quark selection,
an additional pT > 350 GeV cut on the large-R jet is required.
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Figure 21: C/A jet mass distributions for events that pass (left) and fail (right) HEPTopTagger top-quark tagger are
shown. The observed data are compared with the Monte Carlo prediction. For the top-quark selection, an additional
pT > 350 GeV cut on the large-R jet is required.

resulting background rejection measurement from this signal normalization uncertainty are observed to
be < 1% in all cases and thus neglected.

In addition to covering di�erent pT regions, the dijet and � + jet samples di�er in what partons initiated
the jets under study. In the � + jet topology the jets are dominantly initiated by quarks over the full pT
range studied, while for the dijet topology the fraction of quarks initiating the jets is slightly smaller than
the gluon fraction at low pT and becomes large at high pT.
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N-subjettiness based tagger

τ3/2 < 0.54

Shower deconstruction 

Page 23

Search for tb resonances 

> Idea: calculate likelihoods that jet originates from top quark or from a light quark or gluon

> Input: trimmed anti-k
t
 R=1.0 jets

– Reclustered to find exclusive k
t
 subjets (better performance at high p

T
)

• Run 1: Cambridge-Aachen R=0.2 subjets

– Apply loose pre-selection requirements

> Calculate all possible shower histories for signal (top) and background (light quark, gluon)

– Using Sudakov factors and DGLAP splitting functions at each branching point

Shower deconstruction                                                         [Phys. Lett. B 781 (2018) 327]

CMS B2G Workshop | Hamburg, 23 May 2018 | Katharina Behr Page 24
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[ATL-CONF-2014-003][D. Soper, M. Spannowsky, PRD 87 054012 (2013)]
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Identifying Boosted H→bb
Subjet b tagging (ATLAS)
Leading track jets with R=0.2  
inside a large jet with R=1.0

Discrimination against boosted  
t→bW with double b-tag

Double-b tagger (CMS)
BDT based on track, SV, 
substructure inputs

Improvement at high pT, 
discrimination against g→bb
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(d)

Figure 4: (a) The rejection of inclusive multi-jets versus Higgs-jet e�ciency using large-R jets with pT > 250 GeV,
for various b-tagging requirements. (b) Same as (a) but using large-R jets with pT > 1000 GeV. (c) Hadronic top
background rejection versus Higgs-jet e�ciency using all large-R jets with pT > 250 GeV, for various b-tagging
requirements. (d) Same as (c) but using large-R jets with pT > 1000 GeV. The stars correspond to the 60%, 70%,
77% and 85% b-tagging WPs (from left to right).
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Boosted H→bb Candidate

 12 Searches With Jet Substructure
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Recorded event (Rho-Phi and Rho-Z projections) with three jets with pT > 30 GeV and one displaced muon track in 2016 data 
collected at 13 TeV. Jets have several displaced reconstructed vertices. Reconstructed jet with pT(μ) = 1868.4 GeV, eta(μ) = -0.64, 

phi(μ) = -2.26 contains muon with pT(μ) = 20.1 GeV, eta(μ) = -0.64, phi(μ) = -2.27 and is tagged with double-b tagger with tight 
selection. Tracks with pT > 0.5 GeV are shown. The number of reconstructed primary vertices is 31. The number of reconstructed 

displaced vertices is 10. Reconstructed m(jj) is 4919 GeV. Beam spot position correction is applied. Pixel detector is visualized for the 
Rho-Phi projection. Reconstructed primary vertices are shown in yellow colour, while reconstructed displaced vertices and associated 

tracks are presented in white (or black) color. Dimensions are given in cm.

Boosted H→bb candidate
[CMS, DP-17-032]

MJJ = 4.92 TeV
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Roman Kogler

Double-b Tagger at Work

 13 Searches With Jet Substructure

Jetmass of  
single jets!
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[C
M

S, PR
L 120, 071802 (2018)]

Jet 1

Jet 2

Jet 1

Jet 2

Dijet Mass

UA2

[UA2, Z. Phys. C 49, 17 (1991)]

W/Z production  
with 4.2σ

Z+jet with 5.1σ H→bb at 1.5σ

Amusing fact: signal resolution of  
~10 GeV in both measurements



Multi-jet background
A curse
‣ many orders of magnitude 

larger than any signal

‣ modelling very difficult,  
large uncertainties

and a blessing
‣ jet mass: opportunity  

for dedicated control  
and validation regions 

‣ precise predictions from  
data possible with in-situ validations

Numerous methods
‣ ABCD extrapolations, Rp/f, decorrelated taggers, transfer factors…

Roman Kogler
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Background Estimates

 14 Searches With Jet Substructure

[C
M

S, PR
L 120, 071802 (2018)]
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Diboson Resonances

 15 Searches With Jet Substructure



Roman Kogler  16 Searches With Jet Substructure

Diboson-tagged dijet event, MJJ = 5.0 TeV  
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Roman Kogler

VV Resonances (JJ)

 17 Searches With Jet Substructure

p p
V

V

q
q’

q
q’

Vjet

Vjet

Signal categories
6 for VV: (WW, WZ, ZZ) x (HP, LP)
4 for qV:  (W, Z) x (HP, LP)

6

Table 1: Data versus simulation scale factors for the efficiency of the t21 selection used in this
analysis, as extracted from a top quark enriched data sample and from simulation.

t21 selection Efficiency scale factor
0 < t21  0.35 0.99 ± 0.1 (stat) ± 0.04 (syst)

0.35 < t21  0.75 1.03 ± 0.2 (stat) ± 0.11 (syst)
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Figure 2: The PUPPI soft-drop jet mass distribution (left) after preselecting and requiring t21 <
0.35, and the PUPPI N-subjettiness t21 distribution (right) for data and simulated samples after
preselection and requiring a soft-drop mass of 65  mjet  105 GeV. The multijet production
is shown for three different event generators. The W+jets and Z+jets events are stacked with
the multijet sample generated with PYTHIA8. For the PUPPI soft-drop jet mass distribution, the
mjj requirement has been raised from the analysis threshold of 1050 GeV to 1080 GeV, since no
requirements on the jet mass are applied. The lower subplots show the data over simulation
ratio per bin.

4.5 Final event selection and categorization

After reconstructing the vector bosons as V-tagged AK8 jets, we apply the final selections used
for the search. For the excited quark search the selections of the VV case are loosened so that
the quark jet candidate is not subjected to a groomed mass or substructure requirement. Any
V boson candidate, as well as the q jet candidate for the qV analysis, must have pT > 200 GeV.
If more than two such candidates are present in the event, which is the case for approximately
16% of selected events, the two jets with the highest pT are selected. The event is rejected if
at least one of the two jets has an angular separation DR smaller than 0.8 from any electron or
muon in the event, to allow future use of the results in a combination with studies in the semi-
or all-leptonic decay channels [4, 77]. Leptons used for this veto need to have a pT greater than
35 (30) GeV, an absolute pseudorapidity smaller than 2.5 (2.4), and pass identification criteria
that were optimized for high-momentum electrons (muons) [77]. In addition, we require the
two jets to have a separation of |Dhjj| < 1.3 to reject multijet background, which typically
contains jets widely separated in h. Furthermore, mjj must be above 1050 GeV in order to be on
the trigger plateau. Fig. 2 shows the distribution of the soft-drop jet mass and N-subjettiness
variable for the leading jet in the event after this initial selection.

To enhance the analysis sensitivity, the events are categorized according to the characteristics
of the V jet. The V jet is deemed a W boson candidate if its soft-drop mass falls into the range

HP LP

[CMS, PRD 97, 072006 (2018)]



Improved jet substructure resolution 
with tracking information (TCCs):  
50% improvement at high pT

Optimal S/B with pT dependent 
mass and D2 selections

Roman Kogler

VV Resonances (JJ)
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80 fb−1

[ATLAS-CONF-2018-016]

50% improvement w.r.t. expected 
sensitivity based on 2016 data!
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NEW

Extension to 4- and 5-prongs:  [CMS, arXiv:1806.01058][talk by J. Love]



Simultaneous fit to jet mass and resonance mass spectra:

Roman Kogler

VW Resonances (LJ)
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[see also ATLAS, JHEP 03, 042 (2018)]
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[CMS, JHEP 05, 088 (2018)]resonant non-  
resonant non-resonant

Signal: resonant in mjet and mWV

P (X ! WV ) = P (mjet,mWV |mX , ~✓ )

SM bkgd:

https://arxiv.org/abs/1710.07235


Analysis in 6 categories:

(ννbb, ℓνbb, ℓℓbb) x (resolved H, merged H)

Very different background compositions in each  
category, relies on modelling of SM backgrounds

Roman Kogler

VH Resonances

 20 Searches With Jet Substructure

[ATLAS, JHEP 03, 174 (2018)]

[see also CMS-PAS-17-004]
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HH → 4b
Resonant (BSM) and non-resonant (SM and BSM) 

‣ combination of resolved and fully-merged

‣ 3 orthogonal signal categories,  
based on N(b-jets)

Non-resonant production larger  
than 13 x SM excluded @ 95% CL
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Boosted analysis extends mass range
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HH → 4b
So far uncovered: semi-resolved
‣ resolved + merged final state

‣ orthogonal to fully-merged analysis [CMS, PLB 781, 244 (2018)]
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Figure 3: Left: The double-b tagger pass-fail ratio Rp/f of the leading-pT AK8 jet in semi-
resolved events as a function of the difference between the soft-drop mass and the Higgs boson
mass, mJ � mH. The measured ratio in different bins of mJ � mH is used in the fit (red solid
line), except in the region around mJ � mH = 0, which corresponds to the signal region (blue
markers). The fitted function is interpolated to obtain Rp/f in the signal region. Right: The
reduced mass distribution mJjj,red in the data (black markers) with the estimated background
represented as the black histogram. The tt +jets contribution from simulation is represented in
green. The rest of the background is multijets, calculated by applying the Rp/f to the antitag
region. The total background, before fitting the background model to the data, is depicted
using the shaded region. The signal distributions for a bulk graviton with a mass of 800 GeV
(blue) and the non-resonant benchmark 2 model (red) are also shown. For the upper and lower
figures, the pseudorapidity intervals are |Dh| < 1.0 and 1.0 < |Dh| < 2.0, respectively.

NEW

‣ improves limits on resonant 
production up to 55%
- for radion with m = 0.75 - 1.6 TeV

- above 1.6 - 2 TeV: sensitivity from 
fully merged analysis

‣ non-resonant production: 
better by factors of 2-3 for 
some benchmarks
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Figure 2: One-loop contributions of a fermion F to the Z 0 ! h0� amplitude.

we find that the 1-loop width induced by fermion F is

�(Z 0 ! h0�) =
(NcQF )2↵

384⇡4
(yFgzzF )

2 MZ0 f(r2
h
, r2

F
) , (3.12)

where Nc is the number of colors of the fermion. The dimensionless function f , computed

in the Appendix, includes the loop integral and the phase space.

In the case where F is the top quark, Nc = 3, QF = 2/3, and yF is the SM top

Yukawa coupling: yt =
p
2mt/v ⇡ 1. Note that the contributions from lighter quarks

are suppressed by their mass squared. Assuming flavor-universal vector couplings of Z 0

to the SM quarks, and that no other particles contribute to the loop process, the ratio of

the h0� and dijet widths is

�(Z 0 ! h0�)P
q
�(Z 0 ! qq̄)

' ↵ y2
t
f(r2

h
, r2

t
)

6⇡3
⇣
5 + (1� r2t )

p
1� 4r2t

⌘ , (3.13)

where rt ⌘ mt/MZ0 . If the Z 0 does not interact with new particles coupled to the Higgs

doublet, then the maximum value of the Z 0 ! h0� branching fraction occurs for MZ0 =

2mt: B(Z 0 ! h0�)max = 2.3⇥ 10�5. The h0� branching fraction is plotted as a function

of MZ0 in the left panel of Figure 3.

A Z 0 boson with flavor-universal couplings to all SM quarks arises in the presence of

an extension of the SM gauge group by a U(1)B symmetry, with all quarks carrying the

same charge (by convention zF = 1/3 while the gauge coupling gz is a free parameter).

The cancellation of the gauge anomalies involving U(1)B requires new fermions (called

anomalons), which must be chiral with respect to U(1)B, and are constrained to be vec-

torlike with respect to the SM gauge group. Specific sets of anomalons were introduced in

Refs. [16–18]. The couplings of the anomalons to the Higgs doublet are model dependent.

In the limit where these vanish, the anomalons do not contribute to the Z 0 ! h0� width.

10

[BA Dobrescu, PJ Fox, J Kearney  
EPJC77, 704 (2017)]
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Figure 2: The observed Jg invariant mass spectra in the signal region, shown along with the
background fit and a few selected signals (arbitrary nomralization), for the b-tagged (left) and
untagged (right) categories. The green and yellow bands correspond to the one and two stan-
dard deviation uncertainties in the background fit. Shown in the lower panels are the numbers
of events in data divided by the predicted number of events from the nominal background fit,
with the error bars corresponding to the statistical uncertainty of data and the shaded band to
one standard deviation in the background fit.

A search for heavy, narrow-width resonances decaying to a Higgs boson and a photon (Hg)
has been performed in proton-proton collision data corresponding to an integrated luminosity
of 35.9 fb�1, collected with the CMS detector at the LHC at a center-of-mass energy of 13 TeV in
2016. Events in which a photon and a Lorentz-boosted Higgs boson that decays hadronically
and reconstructed as a single, large-radius jet are considered, and the g+jet invariant mass
spectrum is analyzed to look for the presence of narrow-width resonances. To increase the
sensitivity of the search, events are categorized depending on whether the large-radius jet is
consistent with originating from merging of two b quarks. The backgrounds, dominated by
the standard model g+jet production are estimated directly from data, without reliance on
simulation. Results in both categories are found to agree with the predictions of the standard
model. Upper limits on the production of Hg resonances are set as a function of resonance
mass in the range of 720–3250 GeV, ranging from 25 to 0.4 fb. These are the most stringent
limits on narrow, spin-1 Hg resonances to date in the entire mass range, and the only limits
available below 1000 GeV and above 3000 GeV.
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Figure 7: Distribution of the reconstructed mass mJ� in the H� search BTAG category. The models obtained in the
background-only fits are shown by the solid lines. Hypothetical signal distributions with �B at the level excluded
multiplied by factors of 20 (for 1 TeV) and 10 (for 2 TeV) for the given signal model and resonance mass are
overlaid. The �B lines are calculated with the scale factors applied. The bottom panel gives the significance for
each bin. The significance calculation assumes that the background estimate in a given bin is Poisson distributed.
The calculation follows the recommendation of Ref. [68]. The impact on the background fit of the statistical
uncertainties in parameters pi is shown as a light band around the solid line. This e�ect is incorporated into the
significance calculation. The impact due to uncertainties in the background estimate is negligible compared to that
of the statistical uncertainties.

in the low-mass region, weakening the limit by up to 20% (1%) at mX = 1 TeV (6.8 TeV). Another
important systematic uncertainty is that in the heavy-flavor jet identification e�ciency. It weakens the
limit by up to 13% (20%) at mX = 1 TeV (3 TeV) in the H� analysis, while it has little impact on the limits
in the Z� analysis since the BTAG category is just one of the four categories in this analysis.
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[ATLAS, arXiv:1805.01908]
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Figure 3: Upper limits at 95% CL on signal cross section times branching fraction to Hg for the
b-tagged (upper left), untagged (upper right), and statistical combination of the two (lower)
channels. The background-only hypothesis is consistent with the observed limits within two
sigma.
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[CMS-PAS-EXO-17-019]
[ATLAS, arXiv:1805.01908]

p p
H

b
bHjet
−

γ

NEW

Very similar sensitivity up to 1.5 TeV

better sensitivity  
due to untagged category

1.5 TeV 1.5 TeV

Figure 2: One-loop contributions of a fermion F to the Z 0 ! h0� amplitude.

we find that the 1-loop width induced by fermion F is

�(Z 0 ! h0�) =
(NcQF )2↵

384⇡4
(yFgzzF )

2 MZ0 f(r2
h
, r2

F
) , (3.12)

where Nc is the number of colors of the fermion. The dimensionless function f , computed

in the Appendix, includes the loop integral and the phase space.

In the case where F is the top quark, Nc = 3, QF = 2/3, and yF is the SM top

Yukawa coupling: yt =
p
2mt/v ⇡ 1. Note that the contributions from lighter quarks

are suppressed by their mass squared. Assuming flavor-universal vector couplings of Z 0

to the SM quarks, and that no other particles contribute to the loop process, the ratio of

the h0� and dijet widths is

�(Z 0 ! h0�)P
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f(r2

h
, r2

t
)

6⇡3
⇣
5 + (1� r2t )
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where rt ⌘ mt/MZ0 . If the Z 0 does not interact with new particles coupled to the Higgs

doublet, then the maximum value of the Z 0 ! h0� branching fraction occurs for MZ0 =

2mt: B(Z 0 ! h0�)max = 2.3⇥ 10�5. The h0� branching fraction is plotted as a function

of MZ0 in the left panel of Figure 3.

A Z 0 boson with flavor-universal couplings to all SM quarks arises in the presence of

an extension of the SM gauge group by a U(1)B symmetry, with all quarks carrying the

same charge (by convention zF = 1/3 while the gauge coupling gz is a free parameter).

The cancellation of the gauge anomalies involving U(1)B requires new fermions (called

anomalons), which must be chiral with respect to U(1)B, and are constrained to be vec-

torlike with respect to the SM gauge group. Specific sets of anomalons were introduced in

Refs. [16–18]. The couplings of the anomalons to the Higgs doublet are model dependent.

In the limit where these vanish, the anomalons do not contribute to the Z 0 ! h0� width.
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[BA Dobrescu, PJ Fox, J Kearney  
EPJC77, 704 (2017)]
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Shower deconstruction used  
for the first time in an analysis

Multi-jet backgrounds: sidebands
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[ATLAS, PLB 781, 327 (2018)]

[see also CMS, PLB 777, 39 (2018)]
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in”. A validation region (VR), with negligible signal contamination, is defined to test the performance
of the data-driven method of estimating the multi-jet + W/Z+jets background. This region consists of
events where the b-candidate is b-tagged, and classified as “loose-but-not-tight top-tagged, 0 b-tag in”.
The prediction is found to be in agreement with data within uncertainties.

The W
0-boson signal selection e�ciency, for masses below 2.5 TeV, is higher in SR2 and SR3 than in

SR1, due to the requirement of zero b-tagged jets with �R < 1.0 of the large-R jet (“0 b-tag in” category)
in SR1, making the topology less like the signal in SR1. For masses above 2.5 TeV, the signal e�ciency
is higher in SR1 than in SR2 and SR3 for the same reason: the b-tagging e�ciency, decreasing with pT,
a�ects SR2 and SR3 more due to the requirement of the additional b-tagged jet. Thus, the addition of
the “0 b-tag in” category improves the signal sensitivity at large W

0-boson masses. The W
0-boson signal

event selection e�ciency is about 10% at low mass, decreasing to about 7% at high mass. The di�erence
between the W

0

R-boson and W
0

L-boson signal selection e�ciencies depends on the signal region and the
e�ciency is on average ⇠10% higher for W

0

R-boson signal samples. The di�erence in e�ciency between
W

0

R-boson and W
0

L-boson signals comes from a di�erence in angular separation between the W boson and
the b-quark from the top-quark decay due to the di�erent W

0-boson handedness, leading to a di�erence
in the overall top-tagging e�ciency. For instance, the 3 TeV W

0

R-boson signal sample has a selection
e�ciency of 2.9% in SR1, 2.5% in SR2 and 2.4% in SR3, while the 3 TeV W

0

L-boson signal sample has a
selection e�ciency of 2.7% in SR1, 2.3% in SR2 and 2.3% in SR3.

The dominant background from multi-jet production is estimated directly from data using a six-region
“2D sideband” method that predicts both the shape and normalisation of the mtb distribution. These
regions are shown in Figure 3.
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Figure 3: Illustration of the 2D sideband method showing the two-dimensional plane of the large-R jet substructure
variables vs the small-R jet b-tagging information used to estimate the background yield in regions A (B), from
the observed yield in the three control regions C, F, D (C, F, E) for the (left) “0 b-tag in” and (right) “1 b-tag in”
categories. The top- and b-tagging criteria are applied after rejecting events in which the b-quark jet candidate has
|⌘| > 1.2.

The amount of multi-jet + W/Z+jets background in the signal regions and in the VR is estimated bin-by-
bin in the mtb distribution using the observed number of events in the control regions after subtracting the
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Figure 13: Observed and expected limits for each of the four signal hypotheses considered in
this analysis.

Z’ → tt (LL,LJ,JJ)
Many improvements since last result 

‣ improved PU mitigation, b-tagging

‣ BDT for W+jet suppression

‣ CRs to constrain backgrounds
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Figure 11: Distributions of Mtt for the fully hadronic channel signal region categories, used to
extract the final results. The hashed band on the simulation represents the post-fit uncertainties.
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Improvements on methods and  
reconstruction essential  
to achieve ultimate sensitivity 

Phase transition in searches:  
target large widths, contact  
interactions, cascade decays 

Exciting times ahead!

Dijet bump hunts with jet tagging
(narrow resonances) 
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(b) W-tagger: background rejection

500 1000 1500 2000 2500
 [GeV]

T
Truth jet p

0

0.2

0.4

0.6

0.8

1

1.2

=13 TeVs
 R=1.0Tanti k

>200 GeVjet

T
|<2.0, pjet

η|

 cut efficiency2D

Total efficiency

Z-Tagger

Mass cut efficiency

ATLAS Simulation Preliminary

Ef
fic

ie
nc

y

(c) Z-tagger: signal e�ciency
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Figure 3: The (a) signal e�ciency and (b) background rejection (1/e�ciency) of the W-tagger for HVT W
0 !

W Z ! qqqq and QCD multijet MC as a function of the jet pT. Corresponding values for the Z-tagger are shown
in (c) and (d).

from the fit parametrisation are considered. The relative e�ciency of the D2 cut is extracted for V bosons
with pT starting from 600 GeV, while the analysis extends to pT = 2.5 TeV. To estimate the dependence
of the modelling on the jet pT, the distribution of the D2 variable is compared in data and MC simulation
as a function of jet pT. The observed residual mismodelling as a function of jet pT is taken into account
as an additional 5% uncertainty on the relative e�ciency.

The fit to data is shown in Figure 4. Without applying the D2 selection, the contribution from the
background would be decreasing with increasing jet mass. This fit only extracts the overall yield, while
the width and mean of the W/Z peaks are fixed from similar fits performed on MC simulation. The
fitted relative e�ciency of the D2 cut in data compared to MC simulation is sD2 = 0.86 ± 0.08(stat) ±
0.10(closure) ± 0.07(tt) ± 0.03(fit) ± 0.05(pT range) ± 0.14(theory), or sD2 = 0.86 ± 0.21. Additional fits
letting both the width and mean of the W/Z peaks float are used to compare the e�ciency of the jet mass
window of the boson taggers in data and simulation. Excellent agreement is found, and no additional
uncertainty is assigned.
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(a) W-tagger: mass window
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(b) W-tagger: D2 cut
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(c) Z-tagger: mass window
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(d) Z-tagger: D2 cut

Figure 2: Jet mass window (a) and D2 cut (b) of the W-tagger as a function of jet pT. Corresponding values for
the Z-tagger are shown in (c) and (d). The initial cut values for maximum significance are shown as solid markers
and the fitted parametrizations as solid lines. For illustration, the expected distribution of jets from the used HVT
W

0 ! W Z signal sample is also shown. The tagger is only valid for jets with a pT between 200 GeV and 2500 GeV
and with |⌘jet | < 2.0.

search. Events with identified leptons are vetoed. Both jets are independently analysed for the presence
of a vector boson, and must pass the D2 selection for either a W or a Z to be considered. The opposite
jet is required to fail the same D2 selection to guarantee independence of this control region and the main
analysis signal region.

The mass distribution between 50 and 200 GeV of the selected jets is fit by a signal plus background
function, allowing to measure the inclusive rate of W/Z plus jets events (V + jets). The contribution
originating from V + jets processes is modelled using a double-Gaussian distribution with the shape
parameters determined from simulation, while the background contribution is fit to data using a fourth-
order exponentiated polynomial. The ability of the fit to extract the correct V + jets yield is tested in
simulation and found to be excellent. By comparing the measured event yield in data and MC simulation,
potential di�erences in the selection e�ciency (sD2) can be probed. Possible contributions of about 13%
from tt events are subtracted based on MC simulation. The cross-section of V + jets at a V pT of about
600 GeV is modelled with about 14% accuracy by the simulation [58]. Additional systematic uncertainties
on the fitted V + jets event yield from MC closure, from the uncertainty on the tt contribution, as well as

9
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W tagger: signal efficiency measurement of D2 cut
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Figure 4: Jet mass distribution for data in the region enhanced in V + jets events after boson tagging based only on
the D2 variable. The result of fitting to the sum of functions for the V + jets and background events is also shown.
On the bottom, the fitted contribution to the observed jet mass spectra from the V + jets signal is shown. The fitted
relative e�ciency of the D2 cut is sD2 = 0.86 ± 0.08, where the uncertainty is purely statistical.

7.3 Signal and background selection e�ciency

After boson-tagging, the data is categorised in five non-exclusive signal regions (SRs): events with two
jets identified as WW , Z Z , and W Z , and events with two jets identified as either W Z or WW , and either
WW or Z Z . The selection requirements are summarised in Table 1.

The selection e�ciency, defined as the number of selected events at di�erent stages of the selection divided
by the number of generated events, as a function of the resonance mass, is shown for the HVT Z

0 decaying
to WW and for the bulk GKK decaying to Z Z in Figure 5. Similar e�ciency values are obtained in the
W Z final state for the HVT model and in the WW final state for the bulk RS models. Multijet background
events are suppressed with a rejection factor of approximately 106 at low mJJ to 105 at mJJ = 5 TeV,
as determined from simulation. The figure shows that, among the di�erent selection criteria described
above, the boson tagging reduces the signal e�ciency the most. However, this particular selection stage
also provides the most significant suppression of the dominant multijet background. The resulting width
of the mJJ distributions in the signal region for a HVT model A W

0 ! W Z (Bulk RS graviton ! Z Z) is
about 6% (10%) of its mean value across the studied mass range, corresponding to about 120 GeV (200
GeV) at 2 TeV.

8 Background Parameterisation

The search for diboson resonances is performed by looking for narrow peaks above the smoothly falling
mJJ distribution expected in the Standard Model. The background to the search is estimated empirically
from the observed mJJ spectrum in the signal region. The background estimation procedure is based on

11



E
ve

n
ts

 /
 0

.1
 T

e
V

 

3−10

2−10

1−10

1

10

210

310

410

Data

Fit

ATLAS Preliminary
    -1 = 13 TeV, 79.8 fbs

WZ CR

/DOF = 4.4/62χ

 [TeV]JJm
1.5 2 2.5 3 3.5 4 4.5 5

S
ig

n
ifi

ca
n
ce

2−

0

2

Figure 7: Comparison between fitted background shape and the mJJ spectra in an example W Z fit control region in
data. The fitted background distribution is normalized to the data shown in the displayed mass range. The shaded
bands represent the uncertainty on the background expectation calculated from the maximum likelihood function.
The lower panels show the significance, defined as the z-value as described in Ref. [60].

fits (also called signal spurious tests) of the chosen function to the fit control regions of data in which a
signal contribution is expected to be negligible. The background is modelled with Eq. (1) and the signal is
modelled using resonance mass distributions from simulation. These e�ects were estimated to introduce
a bias smaller than 25% of the statistical uncertainty on the background estimate at any mass in the search
region, and no additional uncertainty is assigned.

9 Systematic Uncertainties

The uncertainties a�ecting the background modelling are taken directly from the errors on the fit parameters
of background estimation procedure described in Section 8. The systematic uncertainties on the expected
signal yield and shapes arise from detector e�ects and MC modelling and are assessed and expressed in
terms of nuisance parameters in the statistical analysis as shown in Section 10. The dominant sources of
uncertainty in the signal modelling arise from uncertainties in the large-R jet tagging e�ciency and the
jet pT calibration.

Uncertainty in the jet pT scale (JpTS) is evaluated using track-to-calorimeter double ratios between data
and MC [61]. The ratio of the calorimeter and track measures of jet pT is expected to be the same in data
and MC and any observed di�erences are assigned as baseline systematic uncertainties. Uncertainties
obtained from this procedure assume no correlation between the two pT measures, while any residual
correlation would increase them by a certain factor. Since the JpTS uncertainty has little impact on the
sensitivity of the analysis, this correlation is not studied in detail, but rather a conservative factor of two is
chosen to cover the strongest possible correlation. Additional uncertainties due to the track reconstruction
e�ciency, track impact parameter resolution, track fake rate are taken into account. The size of the total
JpTS uncertainty varies with jet pT and is between 5% and 10% for the full mass range.

The impact of the jet pT resolution uncertainty is evaluated event-by-event by rerunning the analysis
applying an additional Gaussian smearing of the input jets pT, degrading the nominal resolution by the
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Validating the background model

where x = mJJ/
p

s, p1 is a normalization factor, p2 and p3 are dimensionless shape parameters, and ⇠ is
a constant. ⇠ is derived in an iterative way, minimizing the correlation between p2 and p3 in the fit, for
each mJJ distribution. It was confirmed that the complexity of this fit function is su�cient for the expected
statistics in the signal regions by performing Wilks likelihood-ratio tests [59]. The fit is performed to the
mJJ distribution in each signal region in data with a constant bin size of 100 GeV. This choice is motivated
by the experimental resolution.

The modelling of the parametric shape in Eq. 1 is tested in a dedicated fit control region (CR) in data.
This CR is designed to resemble the expected background in the SR in both shape and statistics, under the
assumption that no signal contribution is present. Using an ABCD-like method, four regions are defined
as described in Figure 6. A possible contamination in region A, C, or D from a potential BSM signal is
negligible.

Figure 6: Four orthogonal regions used to build the fit control region. A: |�y12 | > 1.2 and both jets boson-tagged,
B: |�y12 | < 1.2 and both jets boson-tagged (this is the nominal signal region), C: |�y12 | > 1.2 and event not
boson-tagged, D: |�y12 | < 1.2 and event not boson-tagged. Regions A and C are used to derive a per-event transfer
factor to go from region D to the fit control region, which is representative of region B. A and C are also signal
depleted due to the |�y12 | > 1.2 requirement.

The probability to misidentify a single-jet as a W or Z boson in a data set dominated by QCD multi-jets
is parametrized as a function of jet pT using regions C and A. It has been validated on data that such
a probability is independent of |�y12 |. Since a correlation between the two leading jets of the QCD
background is observed after the pre-selections, the probability of the subleading-mass jet is derived
requiring the leading-mass jet to pass the boson-taggers’ mass window. By applying per jet weights
depending on the jet pT to events in region D, it is transformed to what looks like region B - the fit CR.
To correctly take into account the expected statistical fluctuations and uncertainties, the CR distribution is
assigned the correct Poisson errors, and fluctuated accordingly. The last step is repeated multiple times,
fitting each distribution with the background fit function, and evaluating the goodness-of-fit �2/NDF.
Bins with fewer than five events are grouped with bins that contain at least five events to compute the
number of degrees of freedom. On average, the �2/NDF is equal to unity with no stark outliers. Figure 7
shows the fit result performed in an example W Z fit CR of the full 2015-2017 data set. Similar results are
obtained for the other CRs confirming the ability of the chosen background fit function (Equation 1) to
describe the expected dijet mass spectra in the SRs.

The statistical uncertainty on the background expectation comes directly from the uncertainty on the
fitted parameters of the background function, which assumes a smoothly falling mJJ distribution. Possible
additional uncertainties due to the background model are assessed by considering signal plus background

13
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Figure 3: Left: The double-b tagger pass-fail ratio Rp/f of the leading-pT AK8 jet in semi-
resolved events as a function of the difference between the soft-drop mass and the Higgs boson
mass, mJ � mH. The measured ratio in different bins of mJ � mH is used in the fit (red solid
line), except in the region around mJ � mH = 0, which corresponds to the signal region (blue
markers). The fitted function is interpolated to obtain Rp/f in the signal region. Right: The
reduced mass distribution mJjj,red in the data (black markers) with the estimated background
represented as the black histogram. The tt +jets contribution from simulation is represented in
green. The rest of the background is multijets, calculated by applying the Rp/f to the antitag
region. The total background, before fitting the background model to the data, is depicted
using the shaded region. The signal distributions for a bulk graviton with a mass of 800 GeV
(blue) and the non-resonant benchmark 2 model (red) are also shown. For the upper and lower
figures, the pseudorapidity intervals are |Dh| < 1.0 and 1.0 < |Dh| < 2.0, respectively.
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