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• A solution to the naturalness problem:

• New physics at the TeV energy scale, reachable at the LHC.

• BSM models typically predict new heavy vector resonances: W’ and Z’.

• Heavy vector resonances:

• W’ and Z’ can be expected to couple to W/Z and Higgs bosons.

• Results can be interpreted in the context of a simplified model with additional 

SU(2) vector triplet: Heavy Vector Triplet (HVT) V’.

• In this talk: ATLAS searches in the WH and ZH decay channels.

• Using 2015+2016 dataset with a luminosity of 36.1 fb-1 at √s = 13 TeV.

• 2HDM interpretation also included for neutral resonances: not covered here. 

What are we searching for?

Inês Ochoa, DPF 2017

➡ Introduction to Heavy Vector Triplets in C. Vernieri’s talk.

JHEP09(2014)060

https://link.springer.com/article/10.1007/JHEP09(2014)060
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The VH channels 

Inês Ochoa, DPF 2017

• Different analyses target different W and Z boson decays and the Higgs 

boson decay to a pair of b-quarks:

• The largest branching fraction of the Standard Model Higgs, of ~60%.

• Suite of analyses built such that there is no event overlap.
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Higgs

ATLAS-CONF-2017-055arXiv:1707.06958,

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-055/
https://arxiv.org/abs/1707.06958
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• Resonance mass range covered: from 500 GeV to 5 TeV!

• Boost of the decay products will depend on the mass of the new resonance.

• Two regimes are targeted for the Higgs reconstruction:

Search strategy

Inês Ochoa, DPF 2017 Mass
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The Higgs boson as a discovery tool

Inês Ochoa, DPF 2017

• Invariant mass of large-R jet or di-jet system 
compatible with Higgs boson mass.

• Mass resolutions improved by correcting 
for semi-leptonic decays of the b-hadrons.

• Large-R jets further improved at high 
momentum by combining calorimeter and 
tracking information:

• b-tagging: at least one b-tagged (track-)jet 
associated with the Higgs jet.

• Events with only one b-tag are crucial at 
high boosts, as track-jets start merging.

ATL-PHYS-PUB-2015-035

Large-R 
jet mass

arXiv:1707.06958

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2015-035/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-035/
https://arxiv.org/abs/1707.06958


6

• Profits from the large branching ratios of W/Z to quarks.

• BR(W→qq') ~ 67% and BR(Z→qq) ~ 69%

• Only boosted scenario is considered for this final state:

• Two large-R jets required in the event: higher mass 
jet is assigned as Higgs candidate.

• Multijet QCD processes are the main background to this 

search (>90%).

• Strong rejection coming from W/Z and Higgs jet 
substructure cuts and b-tagging.

• Can’t rely on simulation: large cross-sections 

coupled with low background efficiencies. 

• A data-driven method is used instead.

• Top-pair and V+jets estimated from simulation.

V'→VH in the all-hadronic final state

Inês Ochoa, DPF 2017

Higgs-tagging: 
75 < mJ < 145 GeV
b-tagging @ 77% efficiency

W/Z-tagging at 50% efficiency:
pT-dependent mass window 
pT-dependent D2 selection 
(two-prong decay structures)
JHEP12(2014)009

https://link.springer.com/article/10.1007/JHEP12(2014)009
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• Background estimation:

1. Extract template from region with 0-tags 
and normalization from high-mass 

sidebands of the “Higgs”.

V'→VH in the all-hadronic final state

• Signal regions:

• 2 channels depending on mass of vector-boson candidate: WH or ZH.

• 1-tag and 2-tag categories for the #b-tagged jets associated with Higgs jet.

Inês Ochoa, DPF 2017
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• Background estimation:

1. Extract template from region with 0-tags 
and normalization from high-mass 

sidebands of the “Higgs”.

2. Correct 0-tag template using variables 
correlated with b-tagging efficiency and 

heavy quark content.

V'→VH in the all-hadronic final state

• Signal regions:

• 2 channels depending on mass of vector-boson candidate: WH or ZH.

• 1-tag and 2-tag categories for the #b-tagged jets associated with Higgs jet.

Inês Ochoa, DPF 2017
arXiv:1707.06958
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• Background estimation:

1. Extract template from region with 0-tags 
and normalization from high-mass 

sidebands of the “Higgs”.

2. Correct 0-tag template using variables 
correlated with b-tagging efficiency and 

heavy quark content. 

3. Validation and shape uncertainties in 
multi-jet from validation regions.

V'→VH in the all-hadronic final state

• Signal regions:

• 2 channels depending on mass of vector-boson candidate: WH or ZH.

• 1-tag and 2-tag categories for the #b-tagged jets associated with Higgs jet.

Inês Ochoa, DPF 2017
arXiv:1707.06958

https://arxiv.org/abs/1707.06958
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V'→VH in the all-hadronic final state

Inês Ochoa, DPF 2017

Z'→ZH• A likelihood fit with the 1-tag and 2-tag signal 

regions.

• Largest experimental uncertainties from jet 

mass resolution, jet energy scale and b-tagging 

efficiencies.

• Largest excess at a mass of ~3 TeV with a 

local (global) significance of 3.3 (2.1) σ.

• Cross-section limits derived for W’ and Z’ 

production. Exclusions for Model B: 

• mw’ < 2.5 TeV and mZ' < 2.6 TeV

• WH cross-section limits and signal regions 

shown in backup slides. Note: WH/ZH overlap 

by ~60%.

arXiv:1707.06958

https://arxiv.org/abs/1707.06958


11

V'→VH in the all-hadronic final state

Inês Ochoa, DPF 2017

• A likelihood fit with the 1-tag and 2-tag signal 

regions.

• Largest experimental uncertainties from jet 

mass resolution, jet energy scale and b-tagging 

efficiencies.

• Largest excess at a mass of ~3 TeV with a 

local (global) significance of 3.3 (2.1) σ.

• Cross-section limits derived for W’ and Z’ 

production. Exclusions for Model B: 

• mw’ < 2.5 TeV and mZ' < 2.6 TeV

• WH cross-section limits and signal regions 

shown in backup slides. Note: WH/ZH overlap 

by ~60%.
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V'→VH in semi-leptonic final states
ℓ ν ℓ ℓ ν ν

b bb bb b

• Signal regions:

• Merged and resolved categories.

• 3 (orthogonal) channels based on W/Z decay: 

• 0, 1 or 2-leptons.

• 2 lepton flavor channels: electron and muon decays.

• 1-tag and 2-tag categories for the #b-tagged jets associated with Higgs jet.

• Backgrounds: main contributions from top-pair and V+jets production, with varying 

contributions depending on lepton channel.

• Transition regime (~ 1 TeV) where events can be 

reconstructed in both the resolved and merged strategies.

• Prioritizing the resolved category leads to better 
sensitivity due to better mass resolution.

H

b
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Inês Ochoa, DPF 2017
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V'→VH in semi-leptonic final states

• Shape of most backgrounds estimated from 

simulation with normalizations of main 
backgrounds estimated from data.

• Largest backgrounds can be constrained in 

dedicated control regions:

• e.g. a 90% pure top-pair region is defined 
using resolved events with different flavor 

(eµ) and oppositely charged leptons.

• A combined fit is performed to all signal and 
control regions.

• Largest systematic uncertainties from small 
and large-R jet energy scales, large-R mass 

scales and b-tagging efficiencies.
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• No significant excess is observed in any channel.

• Cross-section limits derived for:

• W’ (0+1 lepton)

• Z' (0+2 lepton)

• HVT model assuming simultaneous production 

of mass-degenerate Wʹ and Zʹ bosons

• Exclusions for Model B:

• mw’ < 2.9 TeV and mZ' < 2.8 TeV
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V'→VH in semi-leptonic final states

Inês Ochoa, DPF 2017

Z'→ZH

W'→WH

V'→VH

ATLAS-CONF-2017-055

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-055/
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• Searches in diboson final states are a powerful 

tool for probing physics at the TeV scale.

• The VH channels are part of a large effort in 

diboson resonance searches at ATLAS.

• A combination of the VH/VV channels is 
expected before the end of the year.

Summary

Inês Ochoa, DPF 2017

Stay tuned for more LHC data!

A high mass event from the 

all-hadronic VH analysis:

mVH = 3023 GeV



16

Backup slides

Inês Ochoa, DPF 2017
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Combined plots

Inês Ochoa, DPF 2017
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Link to Exotics Summary plots

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/EXOTICS/index.html
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Jet trimming

Inês Ochoa, DPF 2017
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Jet mass

Inês Ochoa, DPF 2017

ATLAS-CONF-2016-035

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-035/
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• The D2β=1 variable is useful in 

identifying jets with two-prong 
substructures.

• Defined from n-point energy 

correlation functions:

Jet substructure

Inês Ochoa, DPF 2017

EPJC 76(3), 1-47

https://arxiv.org/pdf/1510.05821.pdf
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• A multivariate tagging algorithm combines information from vertexing and impact 
parameter tagging algorithms to a set of tracks associated to a jet/track-jet, in order to 

identify jets containing b-hadrons.

Flavor tagging

Inês Ochoa, DPF 2017
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August 11, 2014 – 14 : 27 DRAFT 1

1 Introduction11

The identification of jets containing b-hadrons, called b-tagging, is an important ingredient of many12

physics analyses with the ATLAS detector [1]. Possible applications range from high precision measure-13

ments in the top quark sector to searches for new phenomena, where b-tagging algorithms are used to14

suppress background processes containing mainly light flavour jets.15

The heavy flavour tagging algorithms used in ATLAS are either based on the presence of soft leptons16

(electrons or muons) as decay products of c- and b-hadrons or on their relatively long lifetime τ, which17

is of the order of 1.5 ps for hadrons containing a b-quark. b-hadrons that have a transverse momentum18

of 70 GeV will have therefore an average flight lengths ⟨Lxy⟩ = βγcτ of 6.4 mm in the transverse plane19

before they decay. Such a decay gives rise to a secondary vertex (see Figure 1). The impact parameter,20

which is the distance of closest approach between a track and the primary vertex, tends to be relatively21

large for tracks stemming from a displaced vertex, while tracks coming from the primary vertex have22

impact parameters compatible with the tracking resolution.23

The ATLAS lifetime based b-tagging algorithms are subdivided in two categories. The impact parameter24

based b-tagging algorithms such as IP2D or IP3D [2] use the transverse and longitudinal impact pa-25

rameter significance d0/σd0 and z0/σz0 of all tracks associated to a jet, while the vertex based b-tagging26

algorithm such as SV0, SV1 or JetFitter [3,4] utilize the properties of reconstructed secondary vertices to27

distinguish between b- and light flavour jets. The vertex based b-tagging algorithms have a much higher28

separation power than the impact parameter ones, but their ability to identify b-jets is limited by the sec-29

ondary vertex finding efficiency. More sophisticated b-tagging algorithms such as JetFitterCombNN or30

MV1 use multivariate techniques such as artifical neural networks (ANN) to combine information from31

the track impact parameters and the secondary vertex to achieve an even higher separation power by also32

taking the correlations of the various input quantities into account.33

primary vertex

xy
decay length L

secondary vertex

jet axis

track
impact
parameter

Figure 1: Schematic view of a b-hadron decay inside a jet resulting in a secondary vertex with three

charged particle tracks. The vertex is significantly displaced with respect to the primary vertex, thus the

decay length is macroscopic and well measurable. The track impact parameter, which is the distance of

closest approach between the extrapolation of the track and the primary vertex, is shown in addition.

ATL-PHYS-PUB-2016-012

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2016-012/
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Event selections 
All-hadronic VH

Inês Ochoa, DPF 2017

 arXiv:1707.06958

https://arxiv.org/abs/1707.06958
https://arxiv.org/abs/1707.06958
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Event selections 
All-hadronic VH
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Validation regions
All-hadronic VH

Inês Ochoa, DPF 2017
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Validation regions
All-hadronic VH

Inês Ochoa, DPF 2017

arXiv:1707.06958
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W'→WH

 

WH signal regions
All-hadronic VH

Inês Ochoa, DPF 2017
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WH limits
All-hadronic VH

W'→WH

 [GeV]W'm
1500 2000 2500 3000 3500

) [
pb

]
c

+cb
 b

→
 B

(H
 

×
 W

H
) 

→
 W

' 
→

(p
p 

σ

3−10

2−10

1−10

1

10

ATLAS
-1 = 13 TeV  36.1 fbs

Observed limit

Expected limit
σ1 ±Expected 

σ2 ±Expected 
=3

V
HVT Model B, g

=1
V

HVT Model A, g

arXiv:1707.06958

https://arxiv.org/abs/1707.06958


28

Events selections
Semi-leptonic VH
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