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Heavy Vector Triplets (HVT)
- Could appear in composite Higgs models but also in weakly coupled theories  

- A simplified phenomenological Lagrangian where only the relevant parameters that control the mass of 
the resonance and the interactions involved in its production and decay are retained 

- Models according to the typical strength of vector boson interactions (gV) and the dimensionless 
coefficients(ci): 

- Model A: weakly coupled vector resonances from extension of the gauge group, gV~1, cH~-g2/gV2, 
cF~1                                                                    

- Model B: produced in a strong scenario (composite Higgs models), 1 < gV ≤ 4π, cH~cF~1 

- From an experimental perspective, models A and B represent different cross sections 

- Final states: neutral or charged 

- Narrow spin-1 resonances 

- qq or VBF production 

HVT theory 10.1007/JHEP09(2014)060
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Warped Extra Dimensions
- The so called Randall-Sundrum (RS) models  

- Gravity propagates in a warped extra dimension  

- The SM fields are constrained to one brane 

- It provides a solution to the hierarchy problem  

- Bulk graviton models allow SM particles into 5D-bulk 

- Overlap of 5D profiles at TeV-brane determine 
particle masses 

- The most distinctive feature of this scenario is the 
existence of spin-2 Kaluza-Klein (KK) gravitons whose 
masses and couplings to the SM are set by the TeV scale 

- Neutral final states 

- ggF production is dominant 

- Narrow width, depends on the k/MPl choice, where MPl = 
MPl/8π is the reduced Planck scale  and k is the curvature 
scale of the extra dimension   

Graviton 10.1103/PhysRevD.76.036006- -

Introduction
•Many BSM theories predict heavy resonances 
               decaying to heavy quarks or bosons  
- Spin-0 
‣2HDM, additional scalar singlets 

- Spin-1 
‣Heavy Vector Triplets, Composite Higgs 

- Spin-2 
‣Randall-Sundrum (RS) graviton mode 

‣Di-boson resonance searches highly motivated ! 

✓This talk covers VV and Vγ (V = W/Z ) decay modes 
            NEW results in LHC-ATLAS Run2 with 36.1 fb-1
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High mass object searches with VV
•Production 
- Gluon-gluon fusion (ggF) 
- Quark-antiquark interaction (qqbar) 
- Vector-boson fusion (VBF) 

‣2 forward jets tagged 

•Decay channels of vector boson 

- Leptonic decays 
‣Small branching fractions 
‣Clean final states 

- Hadronic decays 
‣ Large branching fractions 
‣More backgrounds from QCD events 
- Boson tagging with large-R jets 

•Methodology 
- To search for excesses above backgrounds 
in the VV invariant mass distribution 
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1 Introduction

The discovery of a Higgs boson h with a mass of approximately 125 GeV in 2012 [1, 2] represents a major
milestone in the understanding of electroweak symmetry breaking. Subsequent studies [3–6] have shown
that the properties of the new particle are consistent with those of the Standard Model (SM) Higgs boson.
Nevertheless, the possibility that the particle is part of an extended Higgs sector or other extension of the
SM cannot be ruled out. Many of these models, motivated by hierarchy and naturalness arguments [7–9],
predict the existence of new heavy resonances decaying into dibosons. In models with an extended Higgs
sector, such as the two-Higgs-doublet models (2HDM) [10] and the electroweak-singlet model [11], a
heavy spin-0 neutral Higgs boson (H) can decay into a pair of Z bosons. In extended gauge models [12],
a heavier version of the SM W boson (W0) is predicted to decay into ZW, and in models with warped
extra dimensions [13, 14], spin-2 Kaluza–Klein (KK) excitations of the graviton (GKK) are expected to
decay into ZZ.

This paper reports searches for heavy resonances X decaying into pairs of vector bosons, ZV (V = W,Z).
Production through gluon–gluon fusion (ggF), Drell–Yan (DY) and vector-boson fusion (VBF) processes
are considered, depending on the assumed model. Representative Feynman diagrams of these processes
are shown in Figure 1. Two ZV decay modes are explored: one in which there is a Z boson decaying into
a pair of light charged leptons (electrons or muons, denoted by `), Z ! ``, 1 and the other in which a Z
boson decays into a pair of neutrinos, Z ! ⌫⌫. In both cases, the vector boson V is required to decay into
a pair of quarks, V ! qq, leading to X ! ZV ! ``qq and X ! ZV ! ⌫⌫qq decay modes.
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(c) vector-boson fusion

Figure 1: Representative Feynman diagrams for the production of heavy resonances X with their decays into a pair
of vector bosons.

Two di↵erent reconstruction techniques for the V ! qq decay are considered: resolved and merged. The
resolved reconstruction attempts to identify two separate small-radius jets (small-R jet, or j) of hadrons
from the V ! qq decay, while the merged reconstruction uses jet substructure techniques to identify the
V ! qq decay reconstructed as a large-R jet. When the resonance mass is significantly higher than the

1 To simplify the notation, antiparticles are not explicitly labelled in this paper.

2

1 Introduction

The discovery of a Higgs boson h with a mass of approximately 125 GeV in 2012 [1, 2] represents a major
milestone in the understanding of electroweak symmetry breaking. Subsequent studies [3–6] have shown
that the properties of the new particle are consistent with those of the Standard Model (SM) Higgs boson.
Nevertheless, the possibility that the particle is part of an extended Higgs sector or other extension of the
SM cannot be ruled out. Many of these models, motivated by hierarchy and naturalness arguments [7–9],
predict the existence of new heavy resonances decaying into dibosons. In models with an extended Higgs
sector, such as the two-Higgs-doublet models (2HDM) [10] and the electroweak-singlet model [11], a
heavy spin-0 neutral Higgs boson (H) can decay into a pair of Z bosons. In extended gauge models [12],
a heavier version of the SM W boson (W0) is predicted to decay into ZW, and in models with warped
extra dimensions [13, 14], spin-2 Kaluza–Klein (KK) excitations of the graviton (GKK) are expected to
decay into ZZ.

This paper reports searches for heavy resonances X decaying into pairs of vector bosons, ZV (V = W,Z).
Production through gluon–gluon fusion (ggF), Drell–Yan (DY) and vector-boson fusion (VBF) processes
are considered, depending on the assumed model. Representative Feynman diagrams of these processes
are shown in Figure 1. Two ZV decay modes are explored: one in which there is a Z boson decaying into
a pair of light charged leptons (electrons or muons, denoted by `), Z ! ``, 1 and the other in which a Z
boson decays into a pair of neutrinos, Z ! ⌫⌫. In both cases, the vector boson V is required to decay into
a pair of quarks, V ! qq, leading to X ! ZV ! ``qq and X ! ZV ! ⌫⌫qq decay modes.

G�

q̄

q

Z

Z

G�

g

g

Z

Z

X

g

g

Z

Z

3
(a) gluon–gluon fusion

Z X

Z/W

q�

q

q�

Z

Z/W

q/q��

X

q̄�

q

Z

W

4

(b) Drell–Yan

Z X

Z/W

q�

q

q�

Z

Z/W

q/q��

X

q̄�

q

Z

W

4

(c) vector-boson fusion

Figure 1: Representative Feynman diagrams for the production of heavy resonances X with their decays into a pair
of vector bosons.
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from the V ! qq decay, while the merged reconstruction uses jet substructure techniques to identify the
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2

gluon-gluon fusion q-qbar

vector-boson fusion
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The increased center of mass 
energy allows to explore a new 
territory, the TeV scale

www.hep.ph.ic.ac.uk/~wstirlin

Di-Boson Searches

Model independent searches are 
important! 

- Di-boson searches are highly motivated 
and have been proven fruitful in the past 
(Higgs discovery) 

- Many theories predict di-boson 
resonances with different properties 
(charge, spin, width, production 
mechanism) 

- Simple methodology: search for excesses 
above the background 
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Figure 1: Representative Feynman diagrams for the production of heavy resonances X with their decays into a pair
of vector bosons.

Two di↵erent reconstruction techniques for the V ! qq decay are considered: resolved and merged. The
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from the V ! qq decay, while the merged reconstruction uses jet substructure techniques to identify the
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1 To simplify the notation, antiparticles are not explicitly labelled in this paper.
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W Z
ℓν / ℓℓ (ℓ=e, µ) 10.7 % x2 3.3% x2

τν / ττ 11.4% 3.3%
νν - 20.0%
qq(’) 67.4% 69.9%
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1. Boosted W/Z/Higgs/Top Jets are collimated. 
　-> Using Large-R Jet (≡ Jet reconstructed R>0.4)
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2. Pileup contribution gets larger in  
　 "Large-R" jet. 
　-> Using Grooming
3. Signal has particular mass peak  
　 with 2 or 3 prongs. 
　-> Discriminate with 2D (mass, JSS) cut.
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I’ll show in order W/Z → Top → Higgs Taggers in this talk. 
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(b) W ! qq̄

Figure 1. (a) The angular separation between the W boson and b-quark in top decays, t ! Wb,
as a function of the top-quark transverse momentum (pt

T) in simulated PYTHIA [5] Z
0 ! tt̄

(mZ0 = 1.6 TeV) events. (b) The angular distance between the light quark and anti-quark from
t ! Wb decays as a function of the pT of the W boson (pW

T ). Both distributions are at the generator
level and do not include e↵ects due to initial and final-state radiation, or the underlying event.

individual hadronic decay products using standard narrow-radius jet algorithms begins to

degrade, and when p
t
T is greater than 300 GeV, the decay products of the top quark tend

to have a separation �R < 1.0. Techniques designed to recover sensitivity in such cases

focus on large-R jets in order to maximize e�ciency. In this paper, large-R refers to jets

with a radius parameter R � 1.0. At
p

s = 7 TeV, nearly one thousand SM tt̄ events per

fb�1 are expected with p
t
T greater than 300 GeV. New physics may appear in this region of

phase space, the study of which was limited by integrated luminosity and available energy

at previous colliders.

A single jet that contains all of the decay products of a massive particle has signifi-

cantly di↵erent properties than a jet of the same pT originating from a light quark. The

characteristic two-body or three-body decays of a high pT vector boson or top quark result

in a hard substructure that is absent from typical high pT jets formed from gluons and light

quarks. These subtle di↵erences in substructure can be resolved more clearly by removing

soft QCD radiation from jets. Such adaptive modification of the jet algorithm or selective

removal of soft radiation during the process of iterative recombination in jet reconstruction

is generally referred to as jet grooming [4, 6, 7].

Recently many jet grooming algorithms have been designed to remove contributions

to a given jet that are irrelevant or detrimental to resolving the hard decay products from

a boosted object (for recent reviews and comparisons of these techniques, see for example

refs. [8, 9]). The structural di↵erences between jets formed from gluons or light quarks and

individual jets originating from the decay of a boosted hadronic particle form the basis

for these tools. The former are characterized primarily by a single dense core of energy

– 5 –

Boosted vector boson tagging
•Event categories 
- Resolved  

‣Small-R jet (R=0.4) : j 
- Merged (boosted) 

‣ Large-R jet (R=1.0) : J 
- New techniques developed for boosted-V ID 

✓Combinations with jet mass 
and jet-substructure variables 

•Decay channels 
- All hadronic 
- Semi-leptonic 

‣0/1/2 leptons 
- All leptonic 

‣ZZ → 4ℓ, 2ℓ2ν, WW→ℓνℓν

4
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VV Boosted Searches

- At least one hadronic V decay 

- Hadronic W and Z signal regions partially overlap 

- Different VV final states are orthogonal 

- Final discriminant is the invariant VV mass 
- Exception: the vvqq channel uses the transverse 

mass because it is not possible to fully reconstruct 
the mass due to the presence of neutrinos 

Eur.Phys.J. C76 
(2016) 238

JHEP09(2013)076

W→qq

…

https://link.springer.com/article/10.1007/JHEP09(2013)076


jets have better fractional mass resolution (⇠ 5 � 10%) than the pruned jets, especially for

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

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

anti-kt and C/A jets.

5.1.3 Signal and background comparisons with and without grooming

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

the mass peak corresponding to the Z boson is clearly seen at the correct mass. Note that

– 43 –

Boosted vector boson tagging
•Trimming of large-R jet 
- Remove constituents with pT(const)/pT(jet)< 5% 

•Track-assisted jet-mass 

-   •Substructure variable 
- "D2" 

‣ for 2-pronginess

5

in clusters of calorimeter cells, as opposed to additional energy being added to already

existing clusters produced by particles originating from the hard scattering process, this

allows a relatively simple jet energy o↵set correction for smaller radius jets (R = 0.4, 0.6)

as a function of the number of primary reconstructed vertices [48].

Figure 4. Diagram depicting the jet trimming procedure.

The trimming procedure uses a kt algorithm to create subjets of size Rsub from the

constituents of a jet. Any subjets with pTi/p
jet
T < fcut are removed, where pTi is the

transverse momentum of the i
th subjet, and fcut is a parameter of the method, which is

typically a few percent. The remaining constituents form the trimmed jet. This procedure

is illustrated in figure 4. Low-mass jets (mjet
< 100 GeV) from a light-quark or gluon lose

typically 30–50% of their mass in the trimming procedure, while jets containing the decay

products of a boosted object lose less of their mass, with most of the reduction due to

the removal of pile-up or UE (see, for example, figures 29 and 32). The fraction removed

increases with the number of pp interactions in the event.

Six configurations of trimmed jets are studied here, arising from combinations of

fcut and Rsub, given in table 1. They are based on the optimized parameters in ref. [7]

(fcut = 0.03, Rsub = 0.2) and variations suggested by the authors of the algorithm. This

set represents a wide range of phase space for trimming and is somewhat broader than

considered in ref. [7].

Pruning: The pruning algorithm [6, 49] is similar to trimming in that it removes con-

stituents with a small relative pT, but it additionally applies a veto on wide-angle radiation.

The pruning procedure is invoked at each successive recombination step of the jet algo-

rithm (either C/A or kt). It is based on a decision at each step of the jet reconstruction

whether or not to add the constituent being considered. As such, it does not require the

reconstruction of subjets. For all studies performed for this paper, the kt algorithm is used

in the pruning procedure. This results in definitions of the terms wide-angle or soft that

are not directly related to the original jet but rather to the proto-jets formed in the process

of rebuilding the pruned jet.

The procedure is as follows:

• The C/A or kt recombination jet algorithm is run on the constituents, which were

found by any jet finding algorithm.

– 11 –

(mtrack). This is illustrated by Fig. 1, which shows that the peak position and width of the track-assisted
jet mass (dashed black line) are comparable to the calorimeter-based jet mass (dashed red line) and signi-
ficantly better than the track-only jet mass (dashed blue line) for 1.6 TeV < pT < 1.8 TeV.

A procedure for correcting the jet mass as in Eq. 2 was first proposed using hadronic calorimetry to correct
electromagnetic-only measurements [35, 36]. The extension to charged particle tracks was introduced
in the context of top-quark jet tagging [37] using the HEPTopTagger algorithm [38, 39]. Since that
time, there have been phenomenological studies using track-assisted jet mass4 for ultra boosted (pT &
O(10) TeV) boson and top quark jets [40, 41]. This note is the first experimental study of the track-
assisted jet mass, including a discussion of its calibration and the associated systematic uncertainties.
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Figure 1: Uncalibrated (dashed line) and calibrated (solid line) reconstructed jet mass distribution for calorimeter-
based jet mass, mcalo (red), track-assisted jet mass mTA (black) and the invariant mass of four-vector sum of tracks
associated to the large-radius calorimeter jet mtrack (blue) for W/Z-jets.

5.2 Jet mass scale calibration

The jet mass scale (JMS) calibration procedure aims to correct, on average, the reconstructed jet mass
to the particle-level jet mass by applying calibration factors derived from a sample of simulated QCD
multijet events. The procedure is analogous to the jet energy scale (JES) calibration [30–32].

The calibration is derived using isolated large-radius calorimeter jets that are matched to isolated particle-
level truth jets. A particle-level truth jet is considered matched to a large-radius calorimeter jet if it is
within �R < 0.6 of the calorimeter jet. The isolation criteria is that there should be no other large-radius
calorimeter (particle-level truth) jet with pT > 100 GeV within �R = 1.5 (2.5).

4 The phenomenological studies have not given a name to the quantity to Eq. 2, so it is defined here as the track-assisted jet
mass.
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(b) Z-jets, ‘Tight’.
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(c) W -jets, ‘Medium’.
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Figure 8: The D2 maximum cut value that yields a ‘Medium’ 50% signal e�ciency (left) and a ‘Tight’ 25% signal
e�ciency (right), when combined with the calibrated mass window for Z-jets and W -jets as a function of calibrated
jet pT.
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1. Boosted W/Z/Higgs/Top Jets are collimated. 
　-> Using Large-R Jet (≡ Jet reconstructed R>0.4)
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2. Pileup contribution gets larger in  
　 "Large-R" jet. 
　-> Using Grooming
3. Signal has particular mass peak  
　 with 2 or 3 prongs. 
　-> Discriminate with 2D (mass, JSS) cut.
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I’ll show in order W/Z → Top → Higgs Taggers in this talk. 

ATL-PHYS-PUB-2015-033

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2015-033/


WW/WZ → ℓνqq searches
•Hadronic decaying boson 
- Merged ( J ) 
‣V → large-R jet  

- Resolved ( jj ) 
‣added to extend sensitivity to 
the low mass regions 

•Sub-categories in the merged 
- High/Low purity (HP/LP) regions 
‣50/80 % working point with D2 

- Large-R jet mass 

•Backgrounds 
- W+jets (main), ttbar, SM diboson, 
Z+jets, QCD (resolved) 

•Systematic uncertainties 
- Jet energy/mass scale 
- jet-substructure
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arXiv:1710.07235

of 90–110 GeV for the 2016 data, where the muon track pT is not used to compute Emiss
T in the trigger

algorithm. Therefore, it is fully e�cient for W ! µ⌫ with pT (W) > 200 GeV and it is used in the merged
analysis, where a high-pT lepton is expected, to recover the single-muon trigger ine�ciency. Events
recorded by single-lepton triggers, where the signal lepton matches the trigger lepton, and Emiss

T triggers
are selected.

The sensitivity to resonances of di↵erent masses is optimized by classifying the events according to the
topology, production mechanism and amount of background. The event selection criteria are summarized
in Tables 1 and 2 for the merged and resolved analyses respectively. Figure 1 illustrates the jet selections
used to reconstruct the hadronically decaying V boson candidates in the signal and control regions of the
analysis. The mass of either the large-R jet (mJ) or the system of two small-R jets (m j j) is used to define
“mass windows”.
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Figure 1: (a) Illustration of the merged WW (shaded area) and WZ (dashed lines) signal regions (SR) according to
the large-R jets selection. The 50% and 80% V-tagging e�ciency working points ("V ) are used to form the high-
purity (HP) and low-purity (LP) regions respectively. For each working point, a jet mass requirement is imposed
and an upper bound on the substructure variable is set. Since both requirements depend on the pT of the large-R jet,
an absolute definition is not given in the figure. (b) Definitions of the resolved WW and WZ SR based on the dijet
mass selection. In both channels, the SR mass sidebands are used to define the W+jets control region (CR).

The unique kinematic signature of the VBF process is used to define event categories enriched in this pro-
duction mechanism and maximize the sensitivity by reducing the SM backgrounds. Events with two
small-R (“tag”) jets with invariant mass mtag( j, j) > 770 GeV and pseudorapidity gap between them
|�⌘tag( j, j)| > 4.7 are classified as VBF candidates. In case there are more than two tag-jets, the pair
with the largest invariant mass is chosen. Events that fail the VBF selection are assigned to the ggF/qq̄
category.

Events belonging to the VBF or ggF/qq̄ categories are further assigned to the merged or resolved regions
as follows:

• Merged signal region: the large-R jet with the highest pT is selected as the candidate for the
hadronically decaying V boson, requiring no overlap with either of the tag-jets in the VBF cat-
egory (�R( jtag, J) > 1.0). Furthermore, the event is required to have Emiss

T > 100 GeV to suppress
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Figure 4: Post-fit signal region m(WV) distributions in the VBF category. The merged high-purity (HP) sample of
(a) WW and (b) WZ events, the merged low-purity (LP) sample of (c) WW and (d) WZ events and the resolved (Res.)
sample of (e) WW and (f) WZ events are presented. The expected background is shown after the profile likelihood
fit to the data, and signal predictions are overlaid, normalized to the cross sections indicated in the legends. The
VBF HVT signal at 1200 GeV is presented for the merged analysis, while the 500 GeV signal is shown in the
resolved topology. The band denotes the statistical and systematic uncertainty in the background after the fit to the
data. The lower panels show the ratio of the observed data to the estimated SM background. In all regions, the
number of events is normalized by the width of the penultimate bin, while the overflow events are included in the
last bin.
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of 90–110 GeV for the 2016 data, where the muon track pT is not used to compute Emiss
T in the trigger

algorithm. Therefore, it is fully e�cient for W ! µ⌫ with pT (W) > 200 GeV and it is used in the merged
analysis, where a high-pT lepton is expected, to recover the single-muon trigger ine�ciency. Events
recorded by single-lepton triggers, where the signal lepton matches the trigger lepton, and Emiss

T triggers
are selected.

The sensitivity to resonances of di↵erent masses is optimized by classifying the events according to the
topology, production mechanism and amount of background. The event selection criteria are summarized
in Tables 1 and 2 for the merged and resolved analyses respectively. Figure 1 illustrates the jet selections
used to reconstruct the hadronically decaying V boson candidates in the signal and control regions of the
analysis. The mass of either the large-R jet (mJ) or the system of two small-R jets (m j j) is used to define
“mass windows”.
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Figure 1: (a) Illustration of the merged WW (shaded area) and WZ (dashed lines) signal regions (SR) according to
the large-R jets selection. The 50% and 80% V-tagging e�ciency working points ("V ) are used to form the high-
purity (HP) and low-purity (LP) regions respectively. For each working point, a jet mass requirement is imposed
and an upper bound on the substructure variable is set. Since both requirements depend on the pT of the large-R jet,
an absolute definition is not given in the figure. (b) Definitions of the resolved WW and WZ SR based on the dijet
mass selection. In both channels, the SR mass sidebands are used to define the W+jets control region (CR).

The unique kinematic signature of the VBF process is used to define event categories enriched in this pro-
duction mechanism and maximize the sensitivity by reducing the SM backgrounds. Events with two
small-R (“tag”) jets with invariant mass mtag( j, j) > 770 GeV and pseudorapidity gap between them
|�⌘tag( j, j)| > 4.7 are classified as VBF candidates. In case there are more than two tag-jets, the pair
with the largest invariant mass is chosen. Events that fail the VBF selection are assigned to the ggF/qq̄
category.

Events belonging to the VBF or ggF/qq̄ categories are further assigned to the merged or resolved regions
as follows:

• Merged signal region: the large-R jet with the highest pT is selected as the candidate for the
hadronically decaying V boson, requiring no overlap with either of the tag-jets in the VBF cat-
egory (�R( jtag, J) > 1.0). Furthermore, the event is required to have Emiss

T > 100 GeV to suppress
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Figure 5: Post-fit signal region m(WV) distributions in the ggF/qq̄ category. The merged high-purity (HP) sample
of (a) WW and (b) WZ events, the merged low-purity (LP) sample of (c) WW and (d) WZ events and the resolved
(Res.) sample of (e) WW and (f) WZ events are presented. The expected background is shown after the profile
likelihood fit to the data, and signal predictions are overlaid. The HVT Model A signal at 2000 GeV is presented for
the merged analysis, while the 500 GeV signal is shown in the resolved topology. The band denotes the statistical
and systematic uncertainty in the background after the fit to the data. The lower panels show the ratio of the
observed data to the estimated SM background. In all regions, the number of events is normalized by the width of
the penultimate bin, while the overflow events are included in the last bin.
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VBF, WW, HP DY, WW, HP

https://arxiv.org/abs/1710.07235


ZZ/ZW → ℓℓqq / ννqq searches
•Models 
- Spin-0/1/2 interpretations tested 

•Production 
- VBF: requiring additional 2 small-R jet 
with respect to ggF  

•Event categories 
- Resolved : V → 2 small-R jets  
(used only for ℓℓqq)  
- Merged : V → 1 large-R jet  

•Backgrounds 
- Z+jets, W+jets, ttbar, SM VV 

•Systematic uncertainties 
- Jet energy scale, jet mass scale, 
jet-substructure,  
- ℓℓqq : Z+jets modeling,  
ννqq : W+jets modeling 

7

10�1

1.0

10

102

103

104

105

106

E
ve

nt
s

/0
.2

3
Te

V

ATLAS�
s = 13 TeV, 36.1 fb�1

H � ZZ � ��qq
ggF cat. high-purity SR

Data
ggF H 1 TeV (20 fb)
Z + jets
SM Diboson
Top Quarks
Total Uncertainty

0.8
1.0
1.2

D
at

a/
Po

st
fit

0.5 1.0 1.5 2.0 2.5
m��J [TeV]

0.8
1.0
1.2

Po
st

fit
/P

re
fit

(a) (b)

(c) (d)

Figure 8: Comparisons of the observed data and expected background distributions of the final discriminants of
the ggF category for the H ! ZZ ! ``qq search: m``J of (a) high-purity and (b) low-purity signal regions; m`` j j
of (c) b-tagged and (d) untagged signal regions. For illustration, expected distributions from the ggF production
of a 1 TeV Higgs boson with � ⇥ B(H ! ZZ) = 20 fb are also shown. The middle panes show the ratios of the
observed data to the background predictions. The uncertainty in the total background prediction, shown as bands,
combines statistical and systematic contributions. The blue triangles in the middle panes indicate bins where the
ratio is nonzero and outside the vertical range of the plot. The bottom panes show the ratios of the post-fit and
pre-fit background predictions.
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Figure 9: Comparisons of the observed data and expected background distributions of mT in the VBF category
of the H ! ZZ ! ⌫⌫qq search: (a) high-purity and (b) low-purity signal regions. For illustration, expected
distributions from the VBF production of a 1.6 TeV Higgs boson with � ⇥ B(H ! ZZ) = 6 fb are also shown.
The middle panes show the ratios of the observed data to the background predictions. The uncertainty in the total
background prediction, shown as bands, combines statistical and systematic contributions. The blue triangles in the
middle panes indicate bins where the ratio is nonzero and outside the vertical range of the plot. The bottom panes
show the ratios of the post-fit and pre-fit background predictions.
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ggF, ZZ, HP VBF, ZZ, HP

https://arxiv.org/abs/1708.09638


VV → qqqq search
•Event selection 
- 2 large-R jets 
- Missing ET < 250 GeV 

•Background estimation 
- Multi-jet QCD events dominate 

✓High purity signal regions only 
- Modeling 

‣   

- x = mJJ/√s 
- p1: normalization, p2 - p3: shape parameters 
- ξ: to remove the correlation between p2 and p3 in the fitting
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Figure 4: Dijet mass distributions for data in the (a) WW, (b) WZ, and (c) ZZ signal regions, as well as in the
combined (d) WW +WZ and (e) WW + ZZ signal regions. The red lines correspond to the result of the fit and the
shaded bands represent the uncertainty in the background expectation. The lower panels show the significance of
the observed event yield relative to the background fits. Expected signals are shown for the HVT model B with
gV = 3 and the bulk RS model with k/MPl = 1. The predictions for GKK production are multiplied by a factor of
10.
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Figure 4: Dijet mass distributions for data in the (a) WW, (b) WZ, and (c) ZZ signal regions, as well as in the
combined (d) WW +WZ and (e) WW + ZZ signal regions. The red lines correspond to the result of the fit and the
shaded bands represent the uncertainty in the background expectation. The lower panels show the significance of
the observed event yield relative to the background fits. Expected signals are shown for the HVT model B with
gV = 3 and the bulk RS model with k/MPl = 1. The predictions for GKK production are multiplied by a factor of
10.
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Summary : Hadronic W’→WZ searches

•ℓℓqq ↔ννqq 
- low mass region 

‣Good / bad mass resolution 
- high mass region 

‣Statistically limited / high statistics 
• lνqq 
- Good sensitivity in wide mass region 

•qqqq 
- Low mass region 

‣QCD background 
- High mass region 

‣ JES uncertainty
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WW → eνµν search
•Event selections 
- single lepton triggers 
- leptons 

‣ tight identification, isolation 
‣opposite sign electron and muon pair 

- Number of jets 
‣ggF: 0 jets 
‣VBF: 1 or 2 jets 

•Backgrounds 
- SM WW (main for ggF), ttbar (main for VBF) 
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and 2 TeV in the NWA scenario.
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WW → eνµν search
•Result 
- No excess in spin-0/2 analyses

11
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ZZ → 4ℓ/ℓℓνν searches
•ZZ→4ℓ 
- Signal selections 

‣ single lepton triggers 
‣ leptons 
- tight identification, isolation 
- opposite sign leptons for 4ℓ, 2e2µ 

‣ Z-mass window 
- Backgrounds 

‣ SM ZZ(main), ttbar+V, VVV, Z+jets 

•ZZ→ℓℓνν 
- Signal selections 

‣ single lepton triggers 
‣ leptons 
- tight identification, isolation 
- N=2, opposite sign, 

‣ Z-mass window 
‣Missing ET >  120 GeV 

- Backgrounds 
‣ SM ZZ(main), WZ, Z+jets
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Figure 4: Four-lepton invariant mass distribution in the `+`�`+`� search for (a) the ggF-enriched category and (b)
the VBF-enriched category. The backgrounds are determined following the description in Section 5.2 and the last
bin includes the overflow. The error bars on the data points indicate the statistical uncertainty, while the systematic
uncertainty on the prediction is shown by the hatched band. The bottom part of the figures shows the ratio of data
over expectation.

Table 5: `+`�⌫⌫̄ search: Number of expected and observed events together with their statistical and systematic
uncertainties, for the ggF- and VBF-enriched categories.

Process ggF-enriched categories VBF-enriched categorye+e� channel µ+µ� channel

Z Z 177 ± 3 ± 21 180 ± 3 ± 21 2.1 ± 0.2 ± 0.7
W Z 93 ± 2 ± 4 99.5 ± 2.3 ± 3.2 1.29 ± 0.04 ± 0.27
WW /tt̄/Wt/Z ! ⌧⌧ 9.2 ± 2.2 ± 1.4 10.7 ± 2.5 ± 0.9 0.39 ± 0.24 ± 0.26
Z + jets 17 ± 1 ± 11 19 ± 1 ± 17 0.8 ± 0.1 ± 0.5
Other backgrounds 1.12 ± 0.04 ± 0.08 1.03 ± 0.04 ± 0.08 0.03 ± 0.01 ± 0.01

Total background 297 ± 4 ± 24 311 ± 5 ± 27 4.6 ± 0.4 ± 0.9

Observed 320 352 9
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Figure 4: Four-lepton invariant mass distribution in the `+`�`+`� search for (a) the ggF-enriched category and (b)
the VBF-enriched category. The backgrounds are determined following the description in Section 5.2 and the last
bin includes the overflow. The error bars on the data points indicate the statistical uncertainty, while the systematic
uncertainty on the prediction is shown by the hatched band. The bottom part of the figures shows the ratio of data
over expectation.

Table 5: `+`�⌫⌫̄ search: Number of expected and observed events together with their statistical and systematic
uncertainties, for the ggF- and VBF-enriched categories.

Process ggF-enriched categories VBF-enriched categorye+e� channel µ+µ� channel

Z Z 177 ± 3 ± 21 180 ± 3 ± 21 2.1 ± 0.2 ± 0.7
W Z 93 ± 2 ± 4 99.5 ± 2.3 ± 3.2 1.29 ± 0.04 ± 0.27
WW /tt̄/Wt/Z ! ⌧⌧ 9.2 ± 2.2 ± 1.4 10.7 ± 2.5 ± 0.9 0.39 ± 0.24 ± 0.26
Z + jets 17 ± 1 ± 11 19 ± 1 ± 17 0.8 ± 0.1 ± 0.5
Other backgrounds 1.12 ± 0.04 ± 0.08 1.03 ± 0.04 ± 0.08 0.03 ± 0.01 ± 0.01

Total background 297 ± 4 ± 24 311 ± 5 ± 27 4.6 ± 0.4 ± 0.9

Observed 320 352 9
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Figure 5: Transverse invariant mass distribution in the `+`�⌫⌫̄ search for (a) the electron channel and (b) the muon
channel, including events from both the ggF-enriched and the VBF-enriched categories. The backgrounds are
determined following the description in Section 6.2 and the last bin includes the overflow. The error bars on the data
points indicate the statistical uncertainty and markers are drawn at the bin centre. The systematic uncertainty on the
prediction is shown by the hatched band. The bottom part of the figures shows the ratio of data over expectation.

with a local significance of 3.6 � estimated under the asymptotic approximation, assuming the signal
comes only from ggF production. The global significance is of 2.2 � and is calculated, for each excess
individually, under the NWA, in the range of 200 GeV< mH < 1200 GeV using pseudo-experiments.

The excess at 240 GeV is observed mostly in the 4e channel, while the one at 700 GeV is observed
in all channels and categories. No significant deviation with respect to the background expectation is
observed in the `+`�⌫⌫̄ final state analysis. The excess observed on the `+`�`+`� search at a mass around
700 GeV is excluded at 95% confidence level by the `+`�⌫⌫̄ search which is more sensitive in this mass
range. The excess at 240 GeV is not covered by the `+`�⌫⌫̄ search, the sensitivity of which starts from
300 GeV. When combining the results from the two final states, the largest deviation with respect to the
background expectation is observed around 700 GeV with a global significance of less than 1 � and a local
significance of about 2 �. The combined yield of the two final states leads to 1870 events observed in data
compared to 1643±164 (combined statistical and systematic uncertainty) for the background expectation.
This corresponds to a 1.3 � global excess in data. Since no significant excess is found, the results are
interpreted as upper limits on the production cross section of a spin-0 or spin-2 resonance.

8.3 Spin-0 resonance interpretation

Limits from the combination of the two searches in the context of a spin-0 resonance are described
below.
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Figure 5: Transverse invariant mass distribution in the `+`�⌫⌫̄ search for (a) the electron channel and (b) the muon
channel, including events from both the ggF-enriched and the VBF-enriched categories. The backgrounds are
determined following the description in Section 6.2 and the last bin includes the overflow. The error bars on the data
points indicate the statistical uncertainty and markers are drawn at the bin centre. The systematic uncertainty on the
prediction is shown by the hatched band. The bottom part of the figures shows the ratio of data over expectation.

with a local significance of 3.6 � estimated under the asymptotic approximation, assuming the signal
comes only from ggF production. The global significance is of 2.2 � and is calculated, for each excess
individually, under the NWA, in the range of 200 GeV< mH < 1200 GeV using pseudo-experiments.

The excess at 240 GeV is observed mostly in the 4e channel, while the one at 700 GeV is observed
in all channels and categories. No significant deviation with respect to the background expectation is
observed in the `+`�⌫⌫̄ final state analysis. The excess observed on the `+`�`+`� search at a mass around
700 GeV is excluded at 95% confidence level by the `+`�⌫⌫̄ search which is more sensitive in this mass
range. The excess at 240 GeV is not covered by the `+`�⌫⌫̄ search, the sensitivity of which starts from
300 GeV. When combining the results from the two final states, the largest deviation with respect to the
background expectation is observed around 700 GeV with a global significance of less than 1 � and a local
significance of about 2 �. The combined yield of the two final states leads to 1870 events observed in data
compared to 1643±164 (combined statistical and systematic uncertainty) for the background expectation.
This corresponds to a 1.3 � global excess in data. Since no significant excess is found, the results are
interpreted as upper limits on the production cross section of a spin-0 or spin-2 resonance.

8.3 Spin-0 resonance interpretation

Limits from the combination of the two searches in the context of a spin-0 resonance are described
below.
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ZZ → 4ℓ/ℓℓνν searches

•Results 
- No significant excess observed 
- Limits set for 2HDM Type I / II

13

 [GeV]Hm
200 250 300 350 400

β
ta

n

1

10

 PreliminaryATLAS
-1 = 13 TeV, 36.1 fbs

νν
-l+l + -l+l-l+l → ZZ → H

) = -0.1α-β2HDM Type I, cos(

Observed  bandσ1±
Expected  bandσ2±

Excluded

(a)

 [GeV]Hm
200 250 300 350 400

β
ta

n

1

10

 PreliminaryATLAS
-1 = 13 TeV, 36.1 fbs

νν
-l+l + -l+l-l+l → ZZ → H

) = -0.1α-β2HDM Type II, cos(

Observed  bandσ1±
Expected  bandσ2±

Excluded

(b)

Figure 9: The exclusion contour in the 2HDM (a) Type-I and (b) Type-II models for cos(� � ↵) = �0.1, shown as a
function of the heavy scalar mass mH and the parameter tan �. The green and yellow bands represent the ±1� and
±2� uncertainties on the expected limits. The hatched area shows the observed exclusion.
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Figure 7: The 95% confidence level limits on the cross section for the ggF production mode times branching ratio
(�ggF ⇥ BR(H ! Z Z )) as function of mH for an additional heavy scalar assuming a width of (a) 1%, (b) 5%,
and (c) 10% of mH . The green and yellow bands represent the ±1� and ±2� uncertainties on the expected limits.
The dashed coloured lines indicate the expected limits obtained from the individual searches.

8.3.3 2HDM interpretation

Besides model-independent results, a search in the context of a CP-conserving 2HDM is also presented.
This model has five physical Higgs bosons after electroweak symmetry breaking: two CP-even, one CP-
odd, and two charged. The model considered here has seven free parameters: the Higgs boson masses, the
ratio of the vacuum expectation values of the two doublets (tan �), the mixing angle between the CP-even
Higgs bosons (↵), and the potential parameter m2

12 that mixes the two Higgs doublets. The two Higgs
doublets �1 and �2 can couple to leptons and up- and down-type quarks in several ways. In the Type-I
model, �2 couples to all quarks and leptons, whereas for Type-II, �1 couples to down-type quarks and
leptons and �2 couples to up-type quarks. The ‘lepton-specific’ model is similar to Type-I except for the
fact that the leptons couple to �1, instead of �2; the ‘flipped’ model is similar to Type-II except that the
leptons couple to�2, instead of�1. In all these models, the coupling of the heaviest CP-even Higgs boson
to vector bosons is proportional to cos(��↵). In the limit cos(��↵) ! 0 the light CP-even Higgs boson,
is indistinguishable from a SM Higgs boson with the same mass. In the context of H ! Z Z decays
there is no direct coupling of the Higgs boson to leptons, and so only the Type-I and -II interpretations are

23

 [GeV]Hm
200 250 300 350 400

β
ta

n

1

10

 PreliminaryATLAS
-1 = 13 TeV, 36.1 fbs

νν
-l+l + -l+l-l+l → ZZ → H

) = -0.1α-β2HDM Type I, cos(

Observed  bandσ1±
Expected  bandσ2±

Excluded

(a)

 [GeV]Hm
200 250 300 350 400

β
ta

n

1

10

 PreliminaryATLAS
-1 = 13 TeV, 36.1 fbs

νν
-l+l + -l+l-l+l → ZZ → H

) = -0.1α-β2HDM Type II, cos(

Observed  bandσ1±
Expected  bandσ2±

Excluded

(b)

Figure 9: The exclusion contour in the 2HDM (a) Type-I and (b) Type-II models for cos(� � ↵) = �0.1, shown as a
function of the heavy scalar mass mH and the parameter tan �. The green and yellow bands represent the ±1� and
±2� uncertainties on the expected limits. The hatched area shows the observed exclusion.

 [TeV])
KK

m(G

0.6 0.8 1 1.2 1.4 1.6 1.8 2

)  
[fb

]
ZZ 

→ 
KK

G(
BR × 

σ
95

%
 C

.L
. l

im
it 

on
 

1

10

210

310

410
 PreliminaryATLAS

-1 = 13 TeV, 36.1 fbs
νν

-l+l → ZZ → KKG
 = 1PlMk/

 limitSCLObserved 

 limitSCLExpected 

σ 1±Expected 

σ 2±Expected 

)ZZ → KKG(BR × σ

Figure 10: Limits on �⇥BR(GKK ! Z Z ) for a RS graviton produced with k/M̄Pl = 1. The green and yellow bands
give the ±1� and ±2� uncertainties of the expected limits. The predicted production cross section as a function of
the GKK mass m(GKK) is shown by the red solid line.

25

ATLAS-CONF-2017-058

 [GeV]Hm
200 250 300 350 400

β
ta

n

1

10

 PreliminaryATLAS
-1 = 13 TeV, 36.1 fbs

νν
-l+l + -l+l-l+l → ZZ → H

) = -0.1α-β2HDM Type I, cos(

Observed  bandσ1±
Expected  bandσ2±

Excluded

(a)

 [GeV]Hm
200 250 300 350 400

β
ta

n

1

10

 PreliminaryATLAS
-1 = 13 TeV, 36.1 fbs

νν
-l+l + -l+l-l+l → ZZ → H

) = -0.1α-β2HDM Type II, cos(

Observed  bandσ1±
Expected  bandσ2±

Excluded

(b)

Figure 9: The exclusion contour in the 2HDM (a) Type-I and (b) Type-II models for cos(� � ↵) = �0.1, shown as a
function of the heavy scalar mass mH and the parameter tan �. The green and yellow bands represent the ±1� and
±2� uncertainties on the expected limits. The hatched area shows the observed exclusion.

 [TeV])
KK

m(G

0.6 0.8 1 1.2 1.4 1.6 1.8 2

)  
[fb

]
ZZ 

→ 
KK

G(
BR × 

σ
95

%
 C

.L
. l

im
it 

on
 

1

10

210

310

410
 PreliminaryATLAS

-1 = 13 TeV, 36.1 fbs
νν

-l+l → ZZ → KKG
 = 1PlMk/

 limitSCLObserved 

 limitSCLExpected 

σ 1±Expected 

σ 2±Expected 

)ZZ → KKG(BR × σ

Figure 10: Limits on �⇥BR(GKK ! Z Z ) for a RS graviton produced with k/M̄Pl = 1. The green and yellow bands
give the ±1� and ±2� uncertainties of the expected limits. The predicted production cross section as a function of
the GKK mass m(GKK) is shown by the red solid line.

25

 [GeV]Hm

200 400 600 800 1000 1200

) [
pb

]
ZZ 

→ 
H(

BR ×) 
H 

→
(g

g 
σ

95
%

 C
.L

. l
im

it 
on

 

2−10

1−10

1

10
 PreliminaryATLAS

-1 = 13 TeV, 36.1 fbs
νν

-l+l + -l+l-l+l → ZZ → H
ggF production

 limitSCLObserved 

 limitSCLExpected 

σ 1±Expected 

σ 2±Expected 

)-l+l-l+l limit (SCLExpected 

)νν-l+l limit (SCLExpected 

(a)

 [GeV]Hm

200 400 600 800 1000 1200

) [
pb

]
ZZ 

→ 
H(

BR ×) 
H 

→
(q

q 
σ

95
%

 C
.L

. l
im

it 
on

 

2−10

1−10

1

10
 PreliminaryATLAS

-1 = 13 TeV, 36.1 fbs
νν

-l+l + -l+l-l+l → ZZ → H
VBF production

 limitSCLObserved 

 limitSCLExpected 

σ 1±Expected 

σ 2±Expected 

)-l+l-l+l limit (SCLExpected 

)νν-l+l limit (SCLExpected 

(b)

Figure 6: The upper limits at 95% confidence level on the cross section times branching ratio for (a) the ggF
production mode(�ggF ⇥ BR(H ! Z Z )) and (b) for the VBF production mode (�VBF ⇥ BR(H ! Z Z )) in the
case of NWA. The green and yellow bands represent the ±1� and ±2� uncertainties on the expected limits. The
dashed coloured lines indicate the expected limits obtained from the individual searches.

8.3.1 NWA interpretation

Upper limits on the cross section times branching ratio (� ⇥ BR(H ! Z Z )) for a heavy resonance are
obtained as a function of mH with the CLs procedure [80] in the asymptotic approximation from the
combination of the two final states. It is assumed that an additional heavy scalar would be produced
predominantly via the ggF and VBF processes but that the ratio of the two production mechanisms is
unknown in the absence of a specific model. For this reason, fits for the ggF and VBF production
processes are done separately, and in each case the other process is allowed to float in the fit as an
additional nuisance parameter. Figure 6 presents the expected and observed limits at 95% confidence level
on � ⇥ BR(H ! Z Z ) of a narrow-width scalar for the ggF (left) and VBF (right) production modes,
as well as the expected limits from the `+`�`+`� and `+`�⌫⌫̄ searches. This result is valid for models in
which the width is less than 0.5% of mH . When combining both final states, the 95% CL upper limits
range from 0.68 pb at mH = 242 GeV to 11 fb at mH = 1200 GeV for the gluon fusion production mode
and from 0.41 pb at mH = 236 GeV to 13 fb at mH = 1200 GeV for the vector boson fusion production
mode. Compared with the results presented in Run 1 [14] where all four final states of Z Z decays were
combined, the exclusion region presented here is significantly extended, depending on the heavy scalar
mass tested.

8.3.2 LWA interpretation

In the case of the LWA, limits on the cross section for the ggF production mode times branching ratio
(�ggF ⇥ BR(H ! Z Z )) are set for di�erent widths of the heavy scalar. The interference between the
heavy scalar and the SM Higgs boson, H–h, as well as the heavy scalar and the gg ! Z Z continuum,
H–B, are modelled by either analytical functions or reweighting the signal-only events as explained in
Sections 5.3 and 6.3. Figures 7(a), 7(b), and 7(c) show the limits for a width of 1%, 5% and 10% of mH

respectively. The limits are set for masses of mH higher than 400 GeV.
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High mass Zγ resonance search
•Performed in parallel with the SM Higgs decay 
- H(X)→Zγ→ℓℓγ 

•Event selection 
- Triggers 

‣Single / di-lepton triggers 
- Photons 

‣Tight identification 
- Leptons (ee or µµ) 

‣Tight identification and isolation 
- Z boson 

‣2 leptons 
‣Mass window: 91.2 ± 15 GeV 

•Signal modeling 
- narrow spin-0/2 resonance 

•Backgrounds 
- SM Z +γ , Z + jet  events with fitting
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Results

• No excess beyond background expectation

• Largest deviation: local (global) significance of

2.7(0.8)� at 960 GeV

• Main uncertainties: e/� resolution (4-30% on

signal width), background bias (0-6% on signal

yield)
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Figure 6. The invariant Zγ mass (mZγ) distributions of events satisfying the high-mass selection in
data for the two event categories: (a) ee and (b) µµ. The points represent the data and the statistical
uncertainty. The solid lines show the background-only fit to the data, performed independently in
each category. The bottom part of the figures shows the significance, here defined as the residual of
the data with respect to the background-only fit divided by the statistical uncertainty of the data.
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Figure 7. The observed (solid line) and expected (dashed line) upper limit derived at the 95%
CL on σ(pp → X) ·B(X → Zγ) at

√
s = 13 TeV as a function of the high-mass spin-0 resonance’s

mass, assuming production via gluon-gluon fusion and using the narrow width assumption (NWA).
For mX > 1.6 TeV results are derived from ensemble tests in addition to the results obtained
using closed-form asymptotic formulae. The shaded regions correspond to the ±1 and ±2 standard
deviation bands for the expected exclusion limit derived using asymptotic formulae.

for both the gg and qq̄ processes. The observed limits for the gg (qq̄) process vary between

117 fb (94 fb) and 3.7 fb (2.3 fb) for the mass range from 250 GeV to 2.4 TeV, while the

expected limits range between 82 fb (66 fb) and 3.6 fb (2.2 fb) in the same mass range.

The limits on σ(pp → X)·B(X → Zγ) for high-mass resonances are valid for resonances

with a natural width that is small compared to the detector resolution.
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High mass Zγ resonance search
•Results 
- Data consistent with Standard Model 
background-only hypothesis  
- Largest deviation 
‣ local (global) significance of  
2.7(0.8)σ at 960 GeV 

- Main uncertainties 
‣e/γ resolution 
- 4 - 30 % on signal width 

‣background bias 
- 0 - 6 % on signal yield
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Figure 8. The observed (solid line) and expected (dashed line) upper limit derived at the 95% CL
on σ(pp → X) · B(X → Zγ) at

√
s = 13 TeV as a function of the spin-2 resonance mass produced

via (a) gluon-gluon initial states and (b) qq̄ initial states modelled using the Higgs Characterisation
Model (HCM), using the narrow width assumption (NWA). For mX > 1.6 TeV results are derived
from ensemble tests in addition to the results obtained using closed-form asymptotic formulae. The
shaded regions correspond to the ±1 and ±2 standard deviation bands for the expected exclusion
limit derived using asymptotic formulae.

9 Conclusion

Searches for Zγ decays of the SM Higgs boson (H → Zγ) and of a narrow high-mass

resonance (X → Zγ) in 36.1 fb−1of pp collisions at
√
s = 13 TeV at the LHC have been

performed with the ATLAS experiment. The observed data are consistent with the ex-

pected background. No evidence for the H → Zγ and X → Zγ decays is observed and

upper limits are set on σ(pp → H) · B(H → Zγ) at mH = 125.09 GeV and also on

σ(pp → X) · B(X → Zγ) as a function of mX . For the Higgs mass of 125.09 GeV, the

observed 95% CL upper limit on the σ(pp → H) · B(H → Zγ) is 6.6 times the SM pre-

diction. The search for high-mass Zγ resonances was studied using both the spin-0 and

spin-2 interpretations. The observed limit varies between 88 fb and 2.8 fb for the mass

range from 250 GeV to 2.4 TeV for a spin-0 resonance, where a resonance produced in

gluon-gluon fusion is used as a benchmark model. For spin-2 resonances, LO predictions

from the Higgs Characterisation Model are used as benchmarks. The limits for spin-2 res-

onances range between 117 fb (94 fb) and 3.7 fb (2.3 fb) for the mass range from 250 GeV

to 2.4 TeV for a resonance produced via gluon-gluon (quark-antiquark) initial states. The

corresponding expected limits for this mass range vary between 61 fb and 2.7 fb for a spin-0

resonance, and between 82 fb (66 fb) and 3.6 fb (2.2 fb) for a spin-2 resonance produced

via gluon-gluon (quark-antiquark) initial states.
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Figure 6. The invariant Zγ mass (mZγ) distributions of events satisfying the high-mass selection in
data for the two event categories: (a) ee and (b) µµ. The points represent the data and the statistical
uncertainty. The solid lines show the background-only fit to the data, performed independently in
each category. The bottom part of the figures shows the significance, here defined as the residual of
the data with respect to the background-only fit divided by the statistical uncertainty of the data.
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Figure 7. The observed (solid line) and expected (dashed line) upper limit derived at the 95%
CL on σ(pp → X) ·B(X → Zγ) at

√
s = 13 TeV as a function of the high-mass spin-0 resonance’s

mass, assuming production via gluon-gluon fusion and using the narrow width assumption (NWA).
For mX > 1.6 TeV results are derived from ensemble tests in addition to the results obtained
using closed-form asymptotic formulae. The shaded regions correspond to the ±1 and ±2 standard
deviation bands for the expected exclusion limit derived using asymptotic formulae.

for both the gg and qq̄ processes. The observed limits for the gg (qq̄) process vary between

117 fb (94 fb) and 3.7 fb (2.3 fb) for the mass range from 250 GeV to 2.4 TeV, while the

expected limits range between 82 fb (66 fb) and 3.6 fb (2.2 fb) in the same mass range.

The limits on σ(pp → X)·B(X → Zγ) for high-mass resonances are valid for resonances

with a natural width that is small compared to the detector resolution.
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Summary
•Di-boson resonance searches in ATLAS 

- High mass state motivated by multiple BSM models 
‣Direct way to explore the TeV scale 

- Experimentally challenging 
‣Highest energy/momentum measurement 
‣Boosted object tagging with large-R jet 

- Results 
‣No statistically significant excess observed in ATLAS 

✓Much more data coming in Run2 
for more strict limits, or discoveries.  
Stay tuned! 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Experimental apparatus
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The ATLAS detector 
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13 TeV / 8 TeV inclusive parton luminosity ratio 
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3

The LHC Run-2: 13 TeV / 8 TeV inclusive “parton luminosity” ratio
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4 TeV

Strong interaction 
dominated processes

Electroweak processes

Larger cross section increase for gluon induced than for quark induced processes
Early Run-2 puts emphasis on searches

LHC,
√

s = 10 TeV Bℓν · σW+ (nb) Bℓν · σW− (nb) R±

MSTW 2008 LO 7.35+0.08
−0.12

(

+1.1%
−1.6%

)

5.22+0.06
−0.09

(

+1.1%
−1.7%

)

1.408+0.015
−0.012

(

+1.0%
−0.8%

)

MSTW 2008 NLO 8.62+0.18
−0.14

(

+2.1%
−1.7%

)

6.30+0.14
−0.11

(

+2.2%
−1.7%

)

1.367+0.012
−0.010

(

+0.9%
−0.7%

)

MSTW 2008 NNLO 8.88+0.15
−0.15

(

+1.7%
−1.6%

)

6.47+0.11
−0.11

(

+1.7%
−1.6%

)

1.373+0.012
−0.010

(

+0.8%
−0.7%

)

LHC,
√

s = 14 TeV Bℓν · σW+ (nb) Bℓν · σW− (nb) R±

MSTW 2008 LO 10.69+0.14
−0.19

(

+1.3%
−1.8%

)

7.83+0.10
−0.14

(

+1.2%
−1.8%

)

1.366+0.013
−0.010

(

+0.9%
−0.8%

)

MSTW 2008 NLO 12.06+0.24
−0.21

(

+2.0%
−1.8%

)

9.11+0.19
−0.16

(

+1.2%
−1.6%

)

1.325+0.011
−0.009

(

+0.8%
−0.7%

)

MSTW 2008 NNLO 12.39+0.22
−0.21

(

+1.8%
−1.7%

)

9.33+0.16
−0.16

(

+1.7%
−1.7%

)

1.328+0.011
−0.009

(

+0.8%
−0.7%

)

Table 11: Predictions for W+ and W− total cross sections at the LHC, including the one-sigma
PDF uncertainties, and their ratio R±. We take µR = µF = MW .

particularly between u and ū and between d and d̄, due to the valence quarks. Fig. 69 shows
various predictions for the W+ and W− total cross sections at the LHC. Lines of constant R±

are also superimposed. The MSTW 2008 predictions are listed in Table 11.
Comparing Fig. 69 with the corresponding Fig. 68 for W and Z production, we see that

there is less correlation between W+ and W− than between W and Z. This is because the
combinations of u and d quark and antiquark distributions probed in W ≡ W+ + W− and Z
production are more similar than in W+ and W− separately. It is also interesting that the
prediction for R± has decreased significantly in going from MRST 2006 to MSTW 2008, due to
a change in the u/d ratio resulting from the addition of the new Tevatron W and Z data and
neutrino DIS data, as discussed in Section 11.

Note that unlike RWZ , which additionally depends on electroweak parameter and branching
ratio values, the overwhelmingly dominant uncertainties in the theoretical predictions for R±

are those due to the PDFs. The experimental measurement should also be very precise, since it
is simply a matter of comparing the number of ℓ+ and ℓ− events in a sample of W → ℓν events.
From Fig. 69, we see that a measurement of R± with an error of less than 1% at the LHC will
further constrain the parton distributions, particularly the u/d ratio.

In Fig. 70 we show the ratio of the parton luminosities

∂Lab

∂M2
X

=
1

s

∫ 1

τ

dx

x
fa(x, M2

X)fb(τ/x, M2
X), τ =

M2
X

s
(100)

at
√

s = 10 TeV compared to
√

s = 14 TeV at the LHC for ab = gg,
∑

q=u,...,b qq̄, using the
MSTW 2008 NLO PDFs including the one-sigma uncertainty bands. The PDF uncertainty on
the ratio of the W total cross section at 10 TeV compared to 14 TeV is of order ±0.3%, and
similarly for the ratio of Z total cross sections. The PDF uncertainty is so small because it
is only sensitive to the slope (rather than absolute values) of the PDFs in the region between
x = 0.006 and x = 0.01 (at central rapidity). Other theoretical uncertainties, such as the choice
of electroweak parameters, should also cancel out in this ratio. Experimentally, the accuracy of
the measurement of this ratio will depend on whether the relative machine luminosity at 10 TeV
and 14 TeV can be measured with high precision.

141

PDFs



Substructure variable
•Definitions

20

only gives sensible values for systems that have zero total momentum and for events that are

nearly dijet-like. In contrast, our generalized energy correlation functions give sensible results

in any Lorentz frame and can be used to identify any number of jets in an event (or subjets

within a jet). In addition, they can be defined in any number of spacetime dimensions.

The remainder of the paper is organized as follows. In Sec. 2, we introduce arbitrary-

point energy correlation functions and define appropriate energy correlation double ratios

C
(�)
N (built from the (N + 1)-point correlator), which can be used to identify a system with

N (sub)jets. We also contrast the behavior of C
(�)
N with N -subjettiness ratios. We then

present three case studies to show how these generalized energy correlation functions work

for di↵erent types of jet discrimination.

• Quark/gluon discrimination. Using C
(�)
1 (built from the 2-point correlator) in Sec. 3,

we perform both an analytic study and a Monte Carlo study of quark/gluon separation.

Through a next-to-leading logarithmic study, we explain why quark/gluon discrimi-

nation greatly improves as the angular exponent approaches zero (at least down to

� ' 0.2), highlighting the importance of working with recoil-free observables.

• Boosted W/Z/Higgs identification. Using C
(�)
2 (built from the 3-point correlator) in

Sec. 4, we will see that the discrimination power between QCD jets and jets with

two intrinsic subjets from a colour-singlet decay depends strongly on the ratio of the

jet mass to its transverse momentum. This occurs because a QCD jet obtains mass

in di↵erent ways depending on this ratio. In particular, we will see that the energy

correlation function performs better than N -subjettiness in situations where the jet

mass is dominated by soft wide-angle emissions.

• Boosted top quark identification. Using C
(�)
3 (built from the 4-point correlator) in Sec. 5,

we find comparable discrimination power to other top-tagging methods. While one

might worry that the 4-point correlators would face a high computational cost, we find

that a boosted top event can be analyzed for a single value of � in a few milliseconds.

We conclude in Sec. 6 with an experimental and theoretical outlook. The energy correlation

functions are available as an add-on to FastJet 3 [63] as part of the FastJet contrib project

(http://fastjet.hepforge.org/contrib/).

2 Generalized Energy Correlation Functions

The basis for our analysis is the N -point energy correlation function (ECF)

ECF(N,�) =
X

i1<i2<...<iN2J

 
NY

a=1

Eia

! 
N�1Y

b=1

NY

c=b+1

✓ibic

!�

. (2.1)

Here, the sum runs over all particles within the system J (either a jet or the whole event).

Each term consists of N energies multiplied together with
�N
2

�
pairwise angles raised to the

– 3 –

D�=1
2 = ECF (3)

✓
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(b) Z-jets, ‘Tight’.
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(c) W -jets, ‘Medium’.
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Figure 8: The D2 maximum cut value that yields a ‘Medium’ 50% signal e�ciency (left) and a ‘Tight’ 25% signal
e�ciency (right), when combined with the calibrated mass window for Z-jets and W -jets as a function of calibrated
jet pT.
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•Results 
- no significant excess 

‣qqbar, ggF, VBF productions 
‣Scalar, vector triplet, graviton interpretations

ZZ/ZW → ℓℓqq / ννqq searches
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Figure 12: Observed (black solid curve) and expected (black dashed curve) 95% CL upper limits on�⇥B(H ! ZZ)
at
p

s = 13 TeV for the (a) ggF and (b) VBF production of a heavy Higgs boson as a function of its mass, combining
``qq and ⌫⌫qq searches. Limits expected from individual searches (dashed curves in blue and magenta) are also
shown for comparison. Limits are calculated in the asymptotic approximation below 2 TeV and are obtained from
pseudo-experiments above that. The green (inner) and yellow (outer) bands represent the ±1� and ±2� uncertainty
in the expected limits.

Limits are presented for both the ggF and VBF productions of H ! ZZ in Figure 12 in the resonance
mass range between 300 GeV and 3 TeV. The observed limit on � ⇥ B(H ! ZZ) varies from 1.7 (0.42)
pb at 300 GeV to 1.4 (1.1) fb at 3 TeV for ggF (VBF) H ! ZZ production.

(a) DY W 0 ! ZW (b) VBF W 0 ! ZW

Figure 13: Observed (black solid curve) and expected (black dashed curve) 95% CL upper limits on � ⇥ B(W 0 !
ZW) at

p
s = 13 TeV for the (a) DY and (b) VBF production of a W 0 boson in the HVT model as a function of

its mass, combining ``qq and ⌫⌫qq searches. Limits expected from individual searches (dashed curves in blue and
magenta) are also shown for comparison. Limits are calculated in the asymptotic approximation below 2 TeV and
are obtained from pseudo-experiments above that. Theoretical predictions are overlaid in (a) for HVT Model A and
Model B and in (b) for HVT VBF Model. The green (inner) and yellow (outer) bands represent the ±1� and ±2�
uncertainty in the expected limits.
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Figure 12: Observed (black solid curve) and expected (black dashed curve) 95% CL upper limits on�⇥B(H ! ZZ)
at
p

s = 13 TeV for the (a) ggF and (b) VBF production of a heavy Higgs boson as a function of its mass, combining
``qq and ⌫⌫qq searches. Limits expected from individual searches (dashed curves in blue and magenta) are also
shown for comparison. Limits are calculated in the asymptotic approximation below 2 TeV and are obtained from
pseudo-experiments above that. The green (inner) and yellow (outer) bands represent the ±1� and ±2� uncertainty
in the expected limits.

Limits are presented for both the ggF and VBF productions of H ! ZZ in Figure 12 in the resonance
mass range between 300 GeV and 3 TeV. The observed limit on � ⇥ B(H ! ZZ) varies from 1.7 (0.42)
pb at 300 GeV to 1.4 (1.1) fb at 3 TeV for ggF (VBF) H ! ZZ production.
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Figure 13: Observed (black solid curve) and expected (black dashed curve) 95% CL upper limits on � ⇥ B(W 0 !
ZW) at

p
s = 13 TeV for the (a) DY and (b) VBF production of a W 0 boson in the HVT model as a function of

its mass, combining ``qq and ⌫⌫qq searches. Limits expected from individual searches (dashed curves in blue and
magenta) are also shown for comparison. Limits are calculated in the asymptotic approximation below 2 TeV and
are obtained from pseudo-experiments above that. Theoretical predictions are overlaid in (a) for HVT Model A and
Model B and in (b) for HVT VBF Model. The green (inner) and yellow (outer) bands represent the ±1� and ±2�
uncertainty in the expected limits.
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Figure 13 shows the limits on � ⇥ B(W0 ! ZW) for DY and VBF production of a W0 boson in the HVT
model. The observed limit ranges from 5.7 pb at 300 GeV to 1.3 fb at 5 TeV for DY production and from
0.98 pb at 300 GeV to 2.8 fb at 4 TeV for VBF production. The theoretical predictions of the HVT Model
A, Model B and VBF Model are overlaid for comparison. The observed limits exclude an HVT W0 boson
produced in the DY process lighter than 2.9 TeV for Model A and 3.2 TeV for Model B, while none of the
HVT model space can be excluded for the VBF process with the current sensitivity of the analysis.
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Figure 14: Observed (black solid curve) and expected (black dashed curve) 95% CL upper limits on �⇥B(GKK !
ZZ) at

p
s = 13 TeV for the production of a GKK in the bulk RS model with couplings of (a) k/MPl = 1 and

(b) k/MPl = 0.5 as a function of the graviton mass, combining ``qq and ⌫⌫qq searches. Limits expected from
individual searches (dashed curves in blue and magenta) are also shown for comparison. Limits are calculated in
the asymptotic approximation below 2 TeV and are obtained from pseudo-experiments above that. The theoretical
predictions for � ⇥ B(GKK ! ZZ) as a function of resonance mass for a bulk RS graviton are also shown. The
green (inner) and yellow (outer) bands represent the ±1� and ±2� uncertainty in the expected limits.

For GKK ! ZZ, limits are presented for two di↵erent couplings: k/MPl = 1 and k/MPl = 0.5, for masses
between 300 GeV and 5 TeV, as shown in Figure 14. The observed limits on � ⇥ B(GKK ! ZZ) vary
from 3.3 pb at 300 GeV to 0.74 fb at 5 TeV for the bulk RS model with k/MPl = 1. The exclusion limit
on the mass in this model is 1.3 (1.6) TeV for the observed (expected) limit. Similar results are obtained
for bulk RS model with k/MPl = 0.5, with a mass exclusion upper limit of 1.0 TeV for both observed and
expected limits.

8.3 E↵ects of systematic uncertainties

The e↵ects of systematic uncertainties are studied for hypothesised signals using the signal-strength para-
meter µ. The relative uncertainties in the best-fit µ value from the leading sources of systematic uncer-
tainty are shown in Table 5 for ggF H ! ZZ production with m(H) = 600 GeV and 1.2 TeV. Apart
from the statistical uncertainties in the data, the uncertainties with the largest impact on the sensitivity
of the searches are from the size of the MC samples, measurements of small-R and large-R jets, Emiss

T
measurement, background modelling and luminosity. For signals with higher mass, the data statistical
uncertainty becomes dominant. The e↵ects of systematic uncertainties for the other searches are similar
to those shown for the ggF H ! ZZ search.
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WW/WZ → ℓνqq searches
•Result 
- Consistent BG estimate with data 

•HVT Model A 
- Triplet model similar to SSM, dominant couplings to fermions 

•HVT Model B 
- Triplet model similar to composite Higgs, ggF suppressed 
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Figure 7: The observed and expected cross-section upper limits at the 95% confidence level for WV production
in the ggF/qq̄ category are presented as a function of the resonance mass. Interpretations for (a) HVT WW, (a)
HVT WZ, (c) scalar H ! WW and (d) GKK produced via gluon–gluon fusion or quark–antiquark annihilation
are presented. The red and blue curves, where available, show the predicted signal cross section as a function of
resonance mass.
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Figure 7: The observed and expected cross-section upper limits at the 95% confidence level for WV production
in the ggF/qq̄ category are presented as a function of the resonance mass. Interpretations for (a) HVT WW, (a)
HVT WZ, (c) scalar H ! WW and (d) GKK produced via gluon–gluon fusion or quark–antiquark annihilation
are presented. The red and blue curves, where available, show the predicted signal cross section as a function of
resonance mass.
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VV → qqqq search
•Results 
- No significant excess observed 
‣ Interpretations: scalar, vector 
triplets, bulk gravitons

23
m(V') [TeV]

2 3 4 5

W
W

+W
Z)

 [f
b]

→
 B

(V
'

×
V'

+X
) 

→
(p

p
σ

1

10

210

310
ATLAS  

-1 = 13 TeV, 36.7 fbs
 qqqq→VV Observed 95% CL limit

Expected 95% CL limit
σ 1±Expected limit 
σ 2±Expected limit 

 = 1vHVT model A, g
 = 3vHVT model B, g

(a) WW +WZ signal region for HVT model

) [TeV]
KK

m(G
2 3 4 5

W
W

+Z
Z)

 [f
b]

→
KK

 B
(G

×
+X

) 
KK

G
→

(p
p

σ

1

10

210

310
ATLAS  

-1 = 13 TeV, 36.7 fbs
 qqqq→VV Observed 95% CL limit

Expected 95% CL limit
σ 1±Expected limit 
σ 2±Expected limit 

 = 1PlMBulk RS, k/

(b) WW + ZZ signal region for bulk RS model

m(Scalar) [TeV]
1.5 2 2.5 3

W
W

+Z
Z)

 [f
b]

→
 B

(S
ca

la
r

×
Sc

al
ar

+X
) 

→
(p

p
σ

1

10

210

310
ATLAS  

-1 = 13 TeV, 36.7 fbs
 qqqq→VV Observed 95% CL limit

Expected 95% CL limit
σ 1±Expected limit 
σ 2±Expected limit 

(c) WW + ZZ signal region for heavy scalar model
Figure 5: Upper limits at the 95% CL on the cross section times branching ratio for (a) WW +WZ production as a
function of V 0 mass, (b) WW+ZZ production as a function of GKK mass, and (c) WW+ZZ production as a function
of scalar mass. The dotted and solid red lines show the predicted cross section times branching ratio as a function
of resonance mass for the HVT models A and B with gV = 1 and gV = 3, respectively, or the bulk RS model with
k/MPl = 1.
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(c) WW + ZZ signal region for heavy scalar model
Figure 5: Upper limits at the 95% CL on the cross section times branching ratio for (a) WW +WZ production as a
function of V 0 mass, (b) WW+ZZ production as a function of GKK mass, and (c) WW+ZZ production as a function
of scalar mass. The dotted and solid red lines show the predicted cross section times branching ratio as a function
of resonance mass for the HVT models A and B with gV = 1 and gV = 3, respectively, or the bulk RS model with
k/MPl = 1.
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