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k: dimensionless 
coupling, the curvature 
of the extra dimension

Heavy vector triplet (HVT) 
• Simplified model used to describe the 

phenomenology of new resonances with a 
small number of parameters 

• Contains heavy (spin 1) W’/Z’ that couple to 
SM: 

- bosons:  cHgV  
- fermions: (g2/gV)cF 

• 2 scenarios [JHEP09(2014)060] 
- A (gV=1): comparable couplings to fermions 

and bosons (e.g. Sequential SM; strongly 
constrained by searches in fermion final states) 

- B (gV=3): fermionic couplings suppressed, 
decays to bosons dominate (e.g. Composite 
Higgs)

g: SM SU(2) coupling
gV: V’ interaction strength
cH, cF: interactions with 
         bosons/fermions

Motivation
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Many BSM theories predict new heavy states that can decay into SM bosons

Warped extra dimensions 
• Possible solution to the hierarchy 

problem & flavor structure 

• Kaluza-Klein graviton G (spin 2) 

• Bulk Randall-Sundrum scenario: 
- all SM fields propagate in the bulk 
- couplings to light fermions/γ 

suppressed
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❖ Event categorization (8 categories in total)

❖ V-jet mass: W (65<mj<85 GeV) or Z (85 < mj < 105 GeV)

❖ V-jet τ21: high purity (τ21<0.35), low purity (0.35<τ21<0.75)

❖ H jet b-tag: tight (Hbb>0.9), loose (0.3<Hbb<0.9)

New 
Results!

q/g

q/g

W ′/Z ′

W/Z

H

❖ Background modeling

❖ Multijets (dominant), tt,̄ V-jets

❖ Fit to the data using an empirical function

❖ Fisher-test CL 10% to decide the number of parameters

W mass or Z mass categories

CMS-PAS-B2G-17-002

Predicted 
background 
for category 

[Z mass, 
low purity, 
loose b-tag]

2 2 The CMS detector and simulation

In this document we report on a search for Higgs pair production, hh, and resonant Higgs pair
production, X ! hh, where one of the h decays as h ! bb, and the other as h ! VV ! lnln
(where V is either a W or a Z boson, and l is either an electron, a muon or a tau lepton, account-
ing for the contamination from leptonic tau lepton decays) using LHC proton-proton collision
data at

p
s = 13 TeV. The analysis focuses on the invariant mass distribution of the b-jet pair,

searching for a resonant-like excess compatible with the h boson mass, in combination with
an artificial neural network discriminant based on kinematic information. The dominant back-
ground is tt production, with smaller contributions from Drell-Yan and single top production.
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Figure 1: Higgs pair production diagrams via gluon fusion in the SM.

2 The CMS detector and simulation

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diam-
eter, providing a magnetic field of 3.8 T. Within the superconducting solenoid volume are a
silicon pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and
a brass and scintillator hadron calorimeter (HCAL), each composed of a barrel and two endcap
sections. Forward calorimeters extend the pseudorapidity coverage provided by the barrel and
endcap detectors. Muons are measured in gas-ionization detectors embedded in the steel flux-
return yoke outside the solenoid. A more detailed description of the CMS detector, together
with a definition of the coordinate system used and the relevant kinematic variables, can be
found in Ref. [43].

The main background processes, in order of decreasing expected yields, are: tt, Drell-Yan, and
single top. Diboson production, ttV production, triboson production, as well as single SM
Higgs production with subsequent decays h ! VV and h ! bb, are also taken into account
in the analysis even if they do not contribute in a visible way. Other contributions, such as W
+ jets or QCD multijet events with jets misidentified as leptons, are negligible due to the tight
dilepton selection. The dominant contribution, especially in the e±µ⌥ selection, arises from
tt production yielding the same final state (2 b-jets, 2 leptons, and 2 neutrinos) when both W
bosons decay as W ! ln.

Background simulation samples have been generated using MADGRAPH 5 versions 2.2.2.0
and 2.3.2.2 [44], POWHEG 2 [45–49] and PYTHIA 8 [50, 51] version 8.205. The non-resonant
(resonant) signal samples have been generated using MADGRAPH 5 version 2.2.2.0 and de-
scribe events at leading order of gluon fusion production of two Higgs bosons (spin-0 or spin-2
narrow resonances decaying into two Higgs bosons). The mass of the Higgs bosons has been
fixed to 125 GeV. One of the Higgs bosons is required to decay into a pair of b-quarks, while
the second one is required to decay to final states containing two leptons and two neutrinos.
This implies that the signal samples contain both h ! Z(ll)Z(nn) and h ! W(ln)W(ln) decay
legs. The SM branching ratios are assumed, therefore the interference in between the two de-

Many searches in diboson channels in all possible final states 

In this talk will focus only on couple of recent results with 15-36 fb-1 of the 13 TeV 
data (final states in red) 
• See also talks: Searches for additional Higgs bosons (M. Xiao), Latest results on di-Higgs 

production with ATLAS/CMS (H. Fox/D.M. Morse), High mass searches (S. Mukherjee), Searches 
for diboson resonances in ATLAS/CMS (A. Oh, H. Huang)…

Final sates
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CMS public resultsATLAS public results

Channel Final states

WW / WZ / ZZ qqqq, ℓℓvv, ℓℓqq, ννqq, ℓνℓν, 4ℓ, ℓνqq 

WH / ZH qqbb, ℓνbb, ℓℓbb, ννbb, qqbb, ℓνττ, ℓℓττ, qqττ

HH 4b, bbVV, bbγγ, WWγγ, bbττ 

γγ / Zγ γγ, ℓℓγ, qqγ
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•  Decays of massive BSM states (m(BSM) >> m(V)) 
➡ SM bosons are boosted 
➡ Their decay products are collimated 
➡ V/H➞qq: SM boson reconstructed as a single fat jet (R=0.8-1.0)

�R ⇠ 2m

pT

Boosted bosons
Decay topology

Challenges of boosted states
• Fat jets prone to pile-up 
• Main background are q/g jets from QCD jet production

Reconstruction techniques
• Jet grooming: remove soft QCD 

radiation & pile-up contributions, 
improve the resolution of V/H-jet mass 

• Jet substructure & tagging: 
discriminate between q/g-jets & V/H-jets

Hengne Li,  21 March 2017, Diboson Resonance Search 52nd Rencontres de Moriond EW 2017
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the non-negligible signal efficiency with only moderate background contamination for large159

dijet invariant mass. Two further categories are defined according to the V-jet mass by split-160

ting further the mass interval. Events with V-jet mass closer to the nominal W mass value,161

65 < mj  85 GeV, belong to the W mass category, and those with 85 < mj  105 GeV fall into162

the Z mass category. Even if the W and Z mass peaks cannot be fully resolved, this classification163

allows a partial discrimination between a potential W’ or Z’ signal. The signal efficiency for the164

combination of the eight categories reaches 36% at mX = 1.2 � 1.6 TeV, and slowly decreases to165

21% at mX = 4.5 TeV. The N-subjettiness and b tagging categorizations are shown in Fig. 2.166
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Figure 2: Distribution of the N-subjettiness t21 (left) and b tagging discriminator output (right)
for data, simulated background and the signal. The distributions are normalized to the number
of events observed in data. The dashed vertical lines represent the boundary values of the
categories as described in the text.

6 Estimated and observed background167

The background is largely dominated by multijet production, which accounts for more than168

95% of the total. The top quark pair contribution is approximately 3–4%, depending on the169

category. The remaining fraction is composed of vector boson production in association with170

partons, and SM diboson processes.171

The background is estimated directly from data, assuming that it can be described by a smooth,172

parametrizable, monotonically decreasing function. This assumption is verified in the V-jet173

mass sidebands (40 < mj < 65 GeV) and in simulation. The functions considered are power174

laws of the variable x = mVH/
p

s, where
p

s = 13 TeV is the center of mass energy, and the175

number of parameters p, including the normalization, is comprised between 2 and 5:176

2 parameters: p0 · 1
(x)p1177

3 parameters: p0 · (1�x)p1

(x)p2178

4 parameters: p0 · (1�x)p1

(x)p2+p3 ·log(x)179

5 parameters: p0 · (1�x)p1

(x)p2+p3 ·log(x)+p4 ·log2(x)
180

Starting from the simplest functional form, an iterative procedure based on the Fisher F-test181

is used to check at 10% CL if additional parameters are needed to model the individual back-182

ground distributions. For most of the categories, the two-parameter functional form is found183

Tagging Boosted W/Z/H Jets
❖ Boosted W/Z-jets have intrinsic sub-jet 

structure difference w.r.t. QCD jets

❖ The goal is to distinguish:

❖ W/Z jets (2-prong) vs. QCD q/g jets (1-prong) 

❖ Sub-jet structure discriminators:

❖ ATLAS: D2, energy correlation ratio [1]

❖ CMS: τ21, N-subjettiness [2]

7

Nikos Konstantinidis Searches for di-boson resonances at 13TeV with ATLAS

• EW bosons have masses O(~100GeV)

• Searches for resonances with mX in the range few hundred GeV to a few TeV
– Wide range of boson pT’s leading to distinct topologies for their hadronic decays:

Resolved: reconstruct as 2 anti-kt R=0.4 (akt4) jets for boson pT up to a few hundred GeV
Boosted: reconstruct as a single ant-kt jet R=1.0 (akt10) jet (large-R jet) for higher boson pT

(Notation: “j” for akt4 jets, “J” for akt10 jets)

Reconstructing W/Z/H → qq

3

boosted W/Z jet keeps the 2-prong 
sub-structure even after the boost

QCD q/g jet  
1-prong signature

W/Z jet 
2-prong signature

(a) (b)

Figure 10: a) Contours of the observable D
2

in the e(�)
2

, e(↵)
3

plane. b) Sample D
2

spectra

for boosted Z bosons and QCD jets, generated in Monte Carlo. Angular exponents ↵ =

� = 2 have been used.

the marginalization over the collinear and soft subjets). Stated another way, the contours

of D(↵,�)
2

must lie either entirely in the one-prong region of phase space, or entirely in

the two-prong region of phase space. This condition is also natural from the perspective

that D(↵,�)
2

provide good discrimination power, a point which has been emphasized in

Refs. [66, 67]. If the contours do not respect the parametric scalings of the phase space,

the marginalization cannot be performed within a single e↵ective field theory. A more

sophisticated interpolation between the di↵erent e↵ective field theories, along the lines of

Refs. [74, 75] is then required.

In Sec. 2, a power counting analysis was used to show that for 3↵/� > 2, the one- and

two-prong regions of phase space are parametrically separated, with the contour separating

them scaling as e(↵)
3

⇠
⇣
e(�)
2

⌘
3↵/�

. This implies that, parametrically, the optimal two-prong

discriminant formed from e(�)
2

and e(↵)
3

is

D(↵,�)
2

=
e(↵)
3

(e(�)
2

)3↵/�
. (4.2)

This extends the definition of Ref. [66], which considered the observable D(↵,↵)
2

, with equal

angular exponents. To simplify our notation, we will often not explicitly write the angular

exponents ↵ and �, referring to the observable simply as D
2

.

The D
2

observable takes small values for a two-prong jet and large values for a one-

prong jet. Its contours in the e(�)
2

, e(↵)
3

phase space are shown schematically in Fig. 10,

along with illustrative Monte Carlo generated spectra for both boosted Z jets and massive

QCD jets in e+e� collisions. A more detailed discussion of the discrimination power of D
2

,

as well as the details of the Monte Carlo generation, will be given in Sec. 5.

– 29 –

JHEP 05 (2016) 117 

D2 discriminator τ21 discriminator

[1] ArXiv:1305.0007, 1409.6298; JHEP 05 (2016)117, etc.  
[2] CMS-PAS-JME-16-003, JHEP03(2011)015  
[3] ATL-PHYS-PUB-2015-035,  
[4] CMS-PAS-BTV-15-002 

❖ Boosted H-jets tagging:

❖ ATLAS: b-tagging on ghost associated anti-kt track-jets with 
R = 0.2 [3]

❖ CMS: “double b-tagger” [4], dedicated discriminator to 
identify a pair of b quarks in a single jet.

CMS-PAS-B2G-002

q/g W/Z

tagging

1-prong 2-prong

V/H V/H
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Jet grooming
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CMS 
• Fat jets R=0.8 (particle-flow) 

• PUPPI [JHEP10(2014)059]:   
‣ pile-up per particle identification 
‣ weight describing the likelihood for 

each particle to originate from pileup 
interactions, used to rescale their 4-
momenta  
‣ mass resolution ~10% 

• Soft drop algorithm [JHEP09(2013)029, JHEP05(2014)146] 
‣ iteratively breaks the jet into 2 sub-jets 

dropping the softer one, until the soft-
drop condition is satisfied

• Jet mass computed using a combination 
of calo information and tracks associated 
with the jet (so far used in VH➞qqbb)

ATLAS 
• Fat jets R=1.0 (topological clusters) 
• Trimming [JHEP02(2010)084]:  
‣ recluster jet constituents into sub-jets 

with R=0.2 

‣ remove sub-jets with  pT(subjet)
pT(jet) < 0.05
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Jet grooming
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CMS 
• Fat jets R=0.8 (particle-flow) 

• PUPPI [JHEP10(2014)059]:   
‣ pile-up per particle identification 
‣ weight describing the likelihood for 

each particle to originate from pileup 
interactions, used to rescale their 4-
momenta  
‣ mass resolution ~10% 

• Soft drop algorithm [JHEP09(2013)029, JHEP05(2014)146] 
‣ iteratively breaks the jet into 2 sub-jets 

dropping the softer one, until the soft-
drop condition is satisfied

ATLAS 
• Fat jets R=1.0 (topological clusters) 
• Trimming [JHEP02(2010)084]:  
‣ recluster jet constituents into sub-jets 

with R=0.2 

‣ remove sub-jets with  pT(subjet)
pT(jet) < 0.05

• Jet mass computed using a combination 
of calo information and tracks associated 
with the jet (so far used in VH➞qqbb)

JETM-2017-002

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/JETM-2017-002/


Lj. Morvaj, LHCP2017 Searches for VV, VH, HH resonances

Boosted boson tagging

7

• 1 or 2 associated b-tagged track jets 
(R=0.2)

H(➞bb) tagging:  
— fat-jet mass consistent with H-mass

• dedicated b-tagging discriminator to 
identify 2 b-quarks clustered in a single jet

ATLAS

W/Z tagging: 
— fat-jet mass consistent with V-mass within 30-40 GeV window

• Overlapping mass-windows 

• D2 (ratio of energy correlation functions) - 
compatibility with a two-prong decay 
topology

• Exclusive mass-windows 

•    (N-subjetiness) - quantifies the capability 
of clustering the jet constituents in 
exactly N subjets (using PUPPI inputs) 

Substructure

3

vertex of the event, identified as the one with the highest sum of the p2
T of the associated clus-

tered particles. The residual contamination removed is proportional to the event energy density
and the jet area estimated using the FASTJET package [50, 51]. Jet energy corrections, extracted
from simulation and data in multijet, g+jets, and Z+jets events, are applied as a function of
the transverse momentum and pseudorapidity to correct the jet response and to account for
residual differences between data and simulation. The jet energy resolution typically amounts
to 5% at 1 TeV [52]. Jets are required to pass identification criteria, which has negligible impact
on the signal efficiency, in order to remove spurious jets arising from detector noise.

A more sophisticated algorithm, denoted as pileup per particle identification (PUPPI) [53], is
used to determine exclusively the mass of the jet and the substructure variables. PUPPI uses
a combination of local shape information, event pileup properties and tracking information in
order to compute a weight describing the likelihood for each particle to originate from pileup
interactions. The weight is used to rescale the particle four-momenta, superseding the need
for further jet-based corrections. The PUPPI constituents are subsequently clustered with the
same algorithm used for CHS jets, and then matched to the AK8 jets clustered with the CHS
constituents.

The soft drop algorithm [54, 55], which is designed to remove contributions from soft radiation
and additional interactions, is applied to AK8 PUPPI jets. The soft drop jet mass is defined as
the invariant mass associated with the four-momentum of the soft drop jet. Dedicated mass
corrections, derived from data in a region enriched with tt events with merged W(qq) decays,
are applied to the jet mass in order to remove residual jet pT dependence [56]. The measured
soft drop PUPPI jet mass resolution is approximately 10%.

Substructure variables are used to identify jets originating from more than one parton. The
constituents of the jet are clustered again with the kT algorithm, and the procedure is stopped
when N subjets are obtained. A variable, the N-subjettiness [57], calculated on the jet before
the grooming procedure including the PUPPI algorithm corrections for pileup mitigation, is
introduced:

tN =
1
d0

Â
k

pT,kmin(DR1,k, DR2,k, . . . , DRN,k)

where the index k runs over the jet constituents and the distances DRN,k are calculated with
respect to the axis of the N-th subjet, obtained by one iteration of t minimization by vary-
ing the subjet axes around the kT subjet axes. The normalization factor d0 is calculated as
d0 = Âk pT,kR0, setting R0 to the radius of the original jet. The variable that best discriminates
between light or gluon jets and jets originated by the two body decay of massive particles is
the ratio of 2-subjettiness and 1-subjettiness, t21 = t2/t1, which lies in the interval from 0 to
1, where small values correspond to a high compatibility with the hypothesis of a massive ob-
ject decaying into two quarks. The correction factors relative to the t21 selection are measured
from data in a sample enriched in tt events in two t21 intervals (0.99 ± 0.11 for t21 < 0.35, and
1.03 ± 0.23 for 0.35 < t21 < 0.75) [56]. These two selections are approximately 50% and 45%
efficient on two-pronged jets originated by the decay of a massive boson, and 10% and 60% ef-
ficient on one-pronged jets, respectively. The threshold values are chosen in order to maximize
the overall sensitivity over the entire mass spectrum.

Higgs boson jet candidates are identified using a dedicated b tagging discriminator, specifi-
cally designed to identify a pair of b quarks clustered in a single jet [58]. The algorithm com-
bines information from displaced tracks, secondary vertices and two-secondary vertices system
within the Higgs boson jet in a dedicated multivariate algorithm. The decay chains of the two b
hadrons are resolved by associating reconstructed secondary vertices to the two N-subjettiness
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T of the associated clus-
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pT,kmin(DR1,k, DR2,k, . . . , DRN,k)

where the index k runs over the jet constituents and the distances DRN,k are calculated with
respect to the axis of the N-th subjet, obtained by one iteration of t minimization by vary-
ing the subjet axes around the kT subjet axes. The normalization factor d0 is calculated as
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efficient on two-pronged jets originated by the decay of a massive boson, and 10% and 60% ef-
ficient on one-pronged jets, respectively. The threshold values are chosen in order to maximize
the overall sensitivity over the entire mass spectrum.

Higgs boson jet candidates are identified using a dedicated b tagging discriminator, specifi-
cally designed to identify a pair of b quarks clustered in a single jet [58]. The algorithm com-
bines information from displaced tracks, secondary vertices and two-secondary vertices system
within the Higgs boson jet in a dedicated multivariate algorithm. The decay chains of the two b
hadrons are resolved by associating reconstructed secondary vertices to the two N-subjettiness

CMS
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Boosted boson tagging
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ATLAS CMS

• D2 (ratio of energy correlation functions) - 
compatibility with a two-prong decay 
topology 

• pT dependent cut: 
‣ eff(V-tag) ~ 50% 
‣ eff (q/g) ~ 2%

•    (N-subjetiness) - quantifies the capability 
of clustering the jet constituents in 
exactly N subjets (using PUPPI inputs) 

Substructure

3

vertex of the event, identified as the one with the highest sum of the p2
T of the associated clus-

tered particles. The residual contamination removed is proportional to the event energy density
and the jet area estimated using the FASTJET package [50, 51]. Jet energy corrections, extracted
from simulation and data in multijet, g+jets, and Z+jets events, are applied as a function of
the transverse momentum and pseudorapidity to correct the jet response and to account for
residual differences between data and simulation. The jet energy resolution typically amounts
to 5% at 1 TeV [52]. Jets are required to pass identification criteria, which has negligible impact
on the signal efficiency, in order to remove spurious jets arising from detector noise.

A more sophisticated algorithm, denoted as pileup per particle identification (PUPPI) [53], is
used to determine exclusively the mass of the jet and the substructure variables. PUPPI uses
a combination of local shape information, event pileup properties and tracking information in
order to compute a weight describing the likelihood for each particle to originate from pileup
interactions. The weight is used to rescale the particle four-momenta, superseding the need
for further jet-based corrections. The PUPPI constituents are subsequently clustered with the
same algorithm used for CHS jets, and then matched to the AK8 jets clustered with the CHS
constituents.

The soft drop algorithm [54, 55], which is designed to remove contributions from soft radiation
and additional interactions, is applied to AK8 PUPPI jets. The soft drop jet mass is defined as
the invariant mass associated with the four-momentum of the soft drop jet. Dedicated mass
corrections, derived from data in a region enriched with tt events with merged W(qq) decays,
are applied to the jet mass in order to remove residual jet pT dependence [56]. The measured
soft drop PUPPI jet mass resolution is approximately 10%.

Substructure variables are used to identify jets originating from more than one parton. The
constituents of the jet are clustered again with the kT algorithm, and the procedure is stopped
when N subjets are obtained. A variable, the N-subjettiness [57], calculated on the jet before
the grooming procedure including the PUPPI algorithm corrections for pileup mitigation, is
introduced:

tN =
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d0
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k

pT,kmin(DR1,k, DR2,k, . . . , DRN,k)

where the index k runs over the jet constituents and the distances DRN,k are calculated with
respect to the axis of the N-th subjet, obtained by one iteration of t minimization by vary-
ing the subjet axes around the kT subjet axes. The normalization factor d0 is calculated as
d0 = Âk pT,kR0, setting R0 to the radius of the original jet. The variable that best discriminates
between light or gluon jets and jets originated by the two body decay of massive particles is
the ratio of 2-subjettiness and 1-subjettiness, t21 = t2/t1, which lies in the interval from 0 to
1, where small values correspond to a high compatibility with the hypothesis of a massive ob-
ject decaying into two quarks. The correction factors relative to the t21 selection are measured
from data in a sample enriched in tt events in two t21 intervals (0.99 ± 0.11 for t21 < 0.35, and
1.03 ± 0.23 for 0.35 < t21 < 0.75) [56]. These two selections are approximately 50% and 45%
efficient on two-pronged jets originated by the decay of a massive boson, and 10% and 60% ef-
ficient on one-pronged jets, respectively. The threshold values are chosen in order to maximize
the overall sensitivity over the entire mass spectrum.

Higgs boson jet candidates are identified using a dedicated b tagging discriminator, specifi-
cally designed to identify a pair of b quarks clustered in a single jet [58]. The algorithm com-
bines information from displaced tracks, secondary vertices and two-secondary vertices system
within the Higgs boson jet in a dedicated multivariate algorithm. The decay chains of the two b
hadrons are resolved by associating reconstructed secondary vertices to the two N-subjettiness
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the non-negligible signal efficiency with only moderate background contamination for large
dijet invariant mass. Two further categories are defined according to the V-jet mass by split-
ting further the mass interval. Events with V-jet mass closer to the nominal W mass value,
65 < mj  85 GeV, belong to the W mass category, and those with 85 < mj  105 GeV fall into
the Z mass category. Even if the W and Z mass peaks cannot be fully resolved, this classification
allows a partial discrimination between a potential W’ or Z’ signal. The signal efficiency for the
combination of the eight categories reaches 36% at mX = 1.2 � 1.6 TeV, and slowly decreases to
21% at mX = 4.5 TeV. The N-subjettiness and b tagging categorizations are shown in Fig. 2.
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Figure 2: Distribution of the N-subjettiness t21 (left) and b tagging discriminator output (right)
for data, simulated background and the signal. The distributions are normalized to the number
of events observed in data. The dashed vertical lines represent the boundary values of the
categories as described in the text.

6 Estimated and observed background

The background is largely dominated by multijet production, which accounts for more than
95% of the total. The top quark pair contribution is approximately 3–4%, depending on the
category. The remaining fraction is composed of vector boson production in association with
partons, and SM diboson processes.

The background is estimated directly from data, assuming that it can be described by a smooth,
parametrizable, monotonically decreasing function. This assumption is verified in the V-jet
mass sidebands (40 < mj < 65 GeV) and in simulation. The functions considered are power
laws of the variable x = mVH/

p
s, where

p
s = 13 TeV is the center of mass energy, and the

number of parameters p, including the normalization, is comprised between 2 and 5:

2 parameters: p0 · 1
(x)p1

3 parameters: p0 · (1�x)p1

(x)p2

4 parameters: p0 · (1�x)p1

(x)p2+p3 ·log(x)

5 parameters: p0 · (1�x)p1

(x)p2+p3 ·log(x)+p4 ·log2(x)

Starting from the simplest functional form, an iterative procedure based on the Fisher F-test
is used to check at 10% CL if additional parameters are needed to model the individual back-
ground distributions. For most of the categories, the two-parameter functional form is found
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Figure 10. a) Contours of the observable D2 in the e(β)2 , e(α)3 plane. b) Sample D2 spectra for
boosted Z bosons and QCD jets, generated in Monte Carlo. Angular exponents α = β = 2 have
been used.

jets should be treated as one-pronged. Treating both the collinear and soft subjets as

two-pronged immediately implies that a marginalization over the soft subjet and collinear

subjet factorization theorems will need to be performed to obtain a prediction for the two-

prong discriminant. This will be discussed in section 4.4. A more sophisticated observable

could take advantage of the different fraction of signal and QCD jets in the soft subjet

and collinear subjets regions of phase space, and we will give a simple example of such an

observable in section 5.7.

We will consider discriminants, which we denote D(α,β)
2 , which parametrize a family of

contours in the e(β)2 , e(α)3 plane, as shown schematically in figure 10. Such observables can

be calculated by marginalizing the double differential cross section [70]

dσ

dD(α,β)
2

=

∫
de(β)2 de(α)3 δ

(
D(α,β)

2 −D(α,β)
2 (e(β)2 , e(α)3 )

) d2σ

de(β)2 de(α)3

. (4.1)

For the observable D(α,β)
2 to be calculable using the factorization theorems of section 3,

the curves over which the marginalization is performed in eq. (4.1) must lie entirely in

a region of phase space in which there is a description in terms of a single effective field

theory (up to the marginalization over the collinear and soft subjets). Stated another

way, the contours of D(α,β)
2 must lie either entirely in the one-prong region of phase space,

or entirely in the two-prong region of phase space. This condition is also natural from

the perspective that D(α,β)
2 provide good discrimination power, a point which has been

emphasized in refs. [66, 67]. If the contours do not respect the parametric scalings of the

phase space, the marginalization cannot be performed within a single effective field theory.

A more sophisticated interpolation between the different effective field theories, along the

lines of refs. [74, 75] is then required.

In section 2, a power counting analysis was used to show that for 3α/β > 2, the

one- and two-prong regions of phase space are parametrically separated, with the contour

– 28 –

‣ eff(V-tag) ~ 50% (45%) high (low) purity 
‣ eff (1-prong) ~ 10% (60%) high (low) purity

JHEP05(2016)117
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Figure 3: The mJJ distributions in the VH signal regions for data (points) and background estimate (histograms)
after the likelihood fit for events in the (left) 2-tag and (right) 1-tag categories. The pre-fit background expectation
is given by the blue dashed line. The expected signal distributions (multiplied by 50) for a V 0 boson with 2 TeV
mass are also shown. In the data/prediction ratio plots, arrows indicate o↵-scale points.

a ⇠ 60% overlap of data between the WH and ZH selections for both the 2-tag and 1-tag signal regions,
and this fraction is approximately constant as a function of mJJ.

8.1 Statistical Analysis

To determine if there are any statistically significant local excesses in the data, a test of the background-
only hypothesis (µ = 0) is performed at each signal mass point. The significance of an excess is quantified
using the local p0 value, the probability that the background could produce a fluctuation greater than or
equal to the excess observed in data. A global p0 is also calculated for the most significant discrepancy,
using background-only pseudo-experiments to derive a correction for the look-elsewhere e↵ect across the
mass range tested [55]. The largest deviation from the background-only hypothesis is in the ZH signal
region, occurring at mJJ ⇠ 3.0 TeV with a local significance of 3.3 �. The global significance of this
excess is 2.2 �.

The data are used to set upper limits on the cross-sections for the di↵erent benchmark signal processes.
Exclusion limits are computed using the CLs method [56], with a value of µ regarded as excluded at the
95% CL when CLs is less than 5%.
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• Two fat jets: mJJ>1 TeV 
• Jet with larger mass assigned as H-candidate, the other one as V 

• 4 signal regions defined:  
‣ 1 or 2 b-tagged track jets associated with H  
‣ V-jet mass consistent with W or Z 

• Multijet events (~90% of the background) 
‣ Template extracted from the data in 0-tag “SR” 
‣ Corrected with kinematic reweighting (derived in the H-mass SB) 
‣ Normalized in the H-mass sidebands 
‣ Validated in V-mass sidebands (VR-SR, VR-SB)

ATLAS-CONF-2017-018 
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Figure 1: Illustration of the sideband and validation regions, showing orthogonal slices through the space defined
by the masses of the two boson candidates and the number of b-tags.

and b-tagging e�ciency di↵erences between the 0-tag and 2-tag samples: the track jet pT ratio, defined
as plead

T
plead

T +psublead
T

, and psublead
T , both using the pT distributions of the leading two pT track jets associated

to the H-jet. The reweighting is performed using 1-D distributions but is iterated so that correlations
between the two variables are taken into account. After each reweighting iteration, the value of µ1(2)�tag

Multijet
is recomputed to ensure that the normalization is kept fixed. No explicit uncertainties are associated with
this reweighting as these are determined from comparison with validation regions, as described below.

Due to the small number of events in the background prediction in the mJJ high mass tail, the backgrounds
are modeled using fits between 1.2 and 4 TeV with power-law and exponential functions. The multijet
background is modeled using the functional form

fMultijet(x) = pa(1 � x)pb(1 + x)pc x, (2)

while the tt̄ background is modeled using the functional forms

f 1-tag
tt̄ (x) = pd(1 � x)pe xp f , and (3)

f 2-tag
tt̄ (x) = pge�ph x (4)

for the 1-tag and 2-tag samples respectively. In these functional forms, x = mJJ/
p

s, and pa through ph are
parameters determined by the fit. These functional forms are used as they can model changes in the power-
law behavior of the respective backgrounds between high and low masses. The exponential function is
used for the 2-tag tt̄ sample because it was found to model the tail of the distribution well and because
a fit to the small statistics of the sample could not constrain a function with more parameters. Fits are
performed separately for the 1-tag and 2-tag background estimates, and separately for each background.

The background model is validated in the two regions denoted as VR-SR and VR-SB in Figure 1, each
also with two sub-regions. In all of these, the V-jet is required to have mass 50 GeV < mJ,V < 70 GeV
but the D�=1

2 selection is only applied in the subset regions. For the signal region-like validation regions
(VR-SR) the H-jet selection is unchanged, and for the sideband-like validation regions (VR-SB) the H-jet

8
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Appendix

Figure 5 shows the p-value as a function of resonance mass for both channels.
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Figure 5: p-value as a function of resonance mass for the (left) ZH and (right) WH channels.

Figure 6 shows the signal acceptance ⇥ e�ciency as a function of resonance mass.
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show the predicted cross-sections as a function of resonance mass for the models considered.

resonances, respectively. The corresponding excluded Heavy Vector Triplet Model B signal mass ranges
are 1.10 – 2.50 TeV for WH resonances, and 1.10 – 2.60 TeV for ZH resonances.
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CMS-PAS-B2G-17-002

5

the non-negligible signal efficiency with only moderate background contamination for large
dijet invariant mass. Two further categories are defined according to the V-jet mass by split-
ting further the mass interval. Events with V-jet mass closer to the nominal W mass value,
65 < mj  85 GeV, belong to the W mass category, and those with 85 < mj  105 GeV fall into
the Z mass category. Even if the W and Z mass peaks cannot be fully resolved, this classification
allows a partial discrimination between a potential W’ or Z’ signal. The signal efficiency for the
combination of the eight categories reaches 36% at mX = 1.2 � 1.6 TeV, and slowly decreases to
21% at mX = 4.5 TeV. The N-subjettiness and b tagging categorizations are shown in Fig. 2.
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Figure 2: Distribution of the N-subjettiness t21 (left) and b tagging discriminator output (right)
for data, simulated background and the signal. The distributions are normalized to the number
of events observed in data. The dashed vertical lines represent the boundary values of the
categories as described in the text.

6 Estimated and observed background

The background is largely dominated by multijet production, which accounts for more than
95% of the total. The top quark pair contribution is approximately 3–4%, depending on the
category. The remaining fraction is composed of vector boson production in association with
partons, and SM diboson processes.

The background is estimated directly from data, assuming that it can be described by a smooth,
parametrizable, monotonically decreasing function. This assumption is verified in the V-jet
mass sidebands (40 < mj < 65 GeV) and in simulation. The functions considered are power
laws of the variable x = mVH/

p
s, where

p
s = 13 TeV is the center of mass energy, and the

number of parameters p, including the normalization, is comprised between 2 and 5:

2 parameters: p0 · 1
(x)p1

3 parameters: p0 · (1�x)p1

(x)p2

4 parameters: p0 · (1�x)p1

(x)p2+p3 ·log(x)

5 parameters: p0 · (1�x)p1

(x)p2+p3 ·log(x)+p4 ·log2(x)

Starting from the simplest functional form, an iterative procedure based on the Fisher F-test
is used to check at 10% CL if additional parameters are needed to model the individual back-
ground distributions. For most of the categories, the two-parameter functional form is found
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combination of the eight categories reaches 36% at mX = 1.2 � 1.6 TeV, and slowly decreases to
21% at mX = 4.5 TeV. The N-subjettiness and b tagging categorizations are shown in Fig. 2.
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Figure 2: Distribution of the N-subjettiness t21 (left) and b tagging discriminator output (right)
for data, simulated background and the signal. The distributions are normalized to the number
of events observed in data. The dashed vertical lines represent the boundary values of the
categories as described in the text.

6 Estimated and observed background

The background is largely dominated by multijet production, which accounts for more than
95% of the total. The top quark pair contribution is approximately 3–4%, depending on the
category. The remaining fraction is composed of vector boson production in association with
partons, and SM diboson processes.

The background is estimated directly from data, assuming that it can be described by a smooth,
parametrizable, monotonically decreasing function. This assumption is verified in the V-jet
mass sidebands (40 < mj < 65 GeV) and in simulation. The functions considered are power
laws of the variable x = mVH/

p
s, where

p
s = 13 TeV is the center of mass energy, and the

number of parameters p, including the normalization, is comprised between 2 and 5:

2 parameters: p0 · 1
(x)p1

3 parameters: p0 · (1�x)p1

(x)p2

4 parameters: p0 · (1�x)p1

(x)p2+p3 ·log(x)

5 parameters: p0 · (1�x)p1

(x)p2+p3 ·log(x)+p4 ·log2(x)

Starting from the simplest functional form, an iterative procedure based on the Fisher F-test
is used to check at 10% CL if additional parameters are needed to model the individual back-
ground distributions. For most of the categories, the two-parameter functional form is found

• Two fat jets: mJJ>985 GeV 

• 8 exclusive categories of events depending on: 
‣ V-jet mass 
‣ H-jet b-tagging discriminator (tight & loose) 
‣                  value for V-jets (high & low purity)
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vertex of the event, identified as the one with the highest sum of the p2
T of the associated clus-

tered particles. The residual contamination removed is proportional to the event energy density
and the jet area estimated using the FASTJET package [50, 51]. Jet energy corrections, extracted
from simulation and data in multijet, g+jets, and Z+jets events, are applied as a function of
the transverse momentum and pseudorapidity to correct the jet response and to account for
residual differences between data and simulation. The jet energy resolution typically amounts
to 5% at 1 TeV [52]. Jets are required to pass identification criteria, which has negligible impact
on the signal efficiency, in order to remove spurious jets arising from detector noise.

A more sophisticated algorithm, denoted as pileup per particle identification (PUPPI) [53], is
used to determine exclusively the mass of the jet and the substructure variables. PUPPI uses
a combination of local shape information, event pileup properties and tracking information in
order to compute a weight describing the likelihood for each particle to originate from pileup
interactions. The weight is used to rescale the particle four-momenta, superseding the need
for further jet-based corrections. The PUPPI constituents are subsequently clustered with the
same algorithm used for CHS jets, and then matched to the AK8 jets clustered with the CHS
constituents.

The soft drop algorithm [54, 55], which is designed to remove contributions from soft radiation
and additional interactions, is applied to AK8 PUPPI jets. The soft drop jet mass is defined as
the invariant mass associated with the four-momentum of the soft drop jet. Dedicated mass
corrections, derived from data in a region enriched with tt events with merged W(qq) decays,
are applied to the jet mass in order to remove residual jet pT dependence [56]. The measured
soft drop PUPPI jet mass resolution is approximately 10%.

Substructure variables are used to identify jets originating from more than one parton. The
constituents of the jet are clustered again with the kT algorithm, and the procedure is stopped
when N subjets are obtained. A variable, the N-subjettiness [57], calculated on the jet before
the grooming procedure including the PUPPI algorithm corrections for pileup mitigation, is
introduced:

tN =
1
d0

Â
k

pT,kmin(DR1,k, DR2,k, . . . , DRN,k)

where the index k runs over the jet constituents and the distances DRN,k are calculated with
respect to the axis of the N-th subjet, obtained by one iteration of t minimization by vary-
ing the subjet axes around the kT subjet axes. The normalization factor d0 is calculated as
d0 = Âk pT,kR0, setting R0 to the radius of the original jet. The variable that best discriminates
between light or gluon jets and jets originated by the two body decay of massive particles is
the ratio of 2-subjettiness and 1-subjettiness, t21 = t2/t1, which lies in the interval from 0 to
1, where small values correspond to a high compatibility with the hypothesis of a massive ob-
ject decaying into two quarks. The correction factors relative to the t21 selection are measured
from data in a sample enriched in tt events in two t21 intervals (0.99 ± 0.11 for t21 < 0.35, and
1.03 ± 0.23 for 0.35 < t21 < 0.75) [56]. These two selections are approximately 50% and 45%
efficient on two-pronged jets originated by the decay of a massive boson, and 10% and 60% ef-
ficient on one-pronged jets, respectively. The threshold values are chosen in order to maximize
the overall sensitivity over the entire mass spectrum.

Higgs boson jet candidates are identified using a dedicated b tagging discriminator, specifi-
cally designed to identify a pair of b quarks clustered in a single jet [58]. The algorithm com-
bines information from displaced tracks, secondary vertices and two-secondary vertices system
within the Higgs boson jet in a dedicated multivariate algorithm. The decay chains of the two b
hadrons are resolved by associating reconstructed secondary vertices to the two N-subjettiness
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4 5 Event selection

axes directions. A tight and a loose operating points are chosen to be approximately 35 and
75% efficient, respectively, for Higgs boson jets, with a false-positive rate for light-flavor jets of
about 0.8 and 8%. Scale factors, derived from data in muon-enriched events, are applied to the
simulation to correct for the different efficiency in data and simulation.

5 Event selection

Events are collected with three set of triggers. The first set requires HT, defined as the scalar
sum of the pT of the jets, to be larger than 800 or 900 GeV, depending on the instantaneous
luminosity. A subset of triggers, with a lower HT threshold set to 650 GeV, are required also
to have a pair of jets whose invariant mass is larger than 950 GeV, and their Dh to be smaller
than 1.5. A second set requires at least one jet with pT larger than 450 GeV to be reconstructed
at the HLT. A third set selects events with at least one jet with pT > 360 GeV passing a trimmed
mass [59] requirement of 30 GeV, or HT > 700 GeV and trimmed mass larger than 50 GeV.

In the offline preselection, the two highest-pT jets in the event are required to have pT >
200 GeV and |h| < 2.5, and their pseudorapidity separation |Dh| has to be smaller than 1.3.
At least one of the two jets has to have a soft drop jet mass compatible with the Higgs boson
mass, 105 < mj < 135 GeV (H-jet), and the other a jet mass compatible with the mass of the vec-
tor bosons, 65 < mj < 105 GeV (V-jet). The jet mass categorization is shown in Fig. 1. The H-jet
and V-jet candidates are required to have an invariant mass mVH to be larger than 985 GeV, in
order to ensure the full trigger efficiency and avoid turn-on effects. Events with isolated lep-
tons (e, µ) with pT > 10 GeV, or t-leptons with pT > 20 GeV are rejected. The reconstructed
missing energy, calculated as the negative vectorial sum of the transverse momenta of the re-
constructed particles and jets in the detector, is required to be smaller than 250 GeV, otherwise
the event is discarded.

soft drop jet mass (GeV)
0 20 40 60 80 100 120 140 160 180 200

Ev
en

ts
 / 

5.
0 

G
eV

0

20

40

60

80

100

610×

Data Background
=1200 GeV

X
),  mbH(b =4000 GeV

X
),  mbH(b

=1200 GeV
W'

), mqW(q =4000 GeV
W'

), mqW(q
=1200 GeV

Z'
),   mqZ(q =4000 GeV

Z'
),   mqZ(q

  (13 TeV)-135.9 fb

CMS
Preliminary

bbq q→ VH →X 

W Z Higgs

Figure 1: Distribution of the soft drop PUPPI mass for data, simulated background and signal.
The distributions are normalized to the number of events observed in data. The dashed vertical
lines represent the boundary values of the jet mass categories.

The events passing the preselection are divided into 8 exclusive categories. In order to dis-
criminate against the copious light quark production, two categories are defined for the H-jet,
depending on its b tagging discriminator: the tight category accepts events with a value larger
than 0.9, while the loose category selects events with a value between 0.3 and 0.9. V-jets are
selected by requiring t21  0.35 to enter the high purity category (HP), and 0.35 < t21 < 0.75
for the low purity (LP) category. Although it is expected that the tight and high purity cat-
egories dominate the total sensitivity, the loose and low purity categories are retained given
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Figure 4: Dijet invariant distribution mVH of the two leading jets in the Z mass region: high pu-
rity (top) and low purity (bottom) categories, with tight (left) and loose (right) b tagging selec-
tions. The observed data are indicated by black markers, and the potential contribution of a res-
onance with mX = 2000 GeV produced in the context of the HVT model B with gV = 3 is shown
with a solid red line. The main and alternative functions shown represent the background-only
fit. The bottom panels report the pulls in each bin, (Ndata � Nbkg)/s, where s is the Poisson
uncertainty in data. The error bars represent the normalized Poisson errors on the data and are
shown also for bins with zero entries up to the highest mVH event.
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vertex of the event, identified as the one with the highest sum of the p2
T of the associated clus-

tered particles. The residual contamination removed is proportional to the event energy density
and the jet area estimated using the FASTJET package [50, 51]. Jet energy corrections, extracted
from simulation and data in multijet, g+jets, and Z+jets events, are applied as a function of
the transverse momentum and pseudorapidity to correct the jet response and to account for
residual differences between data and simulation. The jet energy resolution typically amounts
to 5% at 1 TeV [52]. Jets are required to pass identification criteria, which has negligible impact
on the signal efficiency, in order to remove spurious jets arising from detector noise.

A more sophisticated algorithm, denoted as pileup per particle identification (PUPPI) [53], is
used to determine exclusively the mass of the jet and the substructure variables. PUPPI uses
a combination of local shape information, event pileup properties and tracking information in
order to compute a weight describing the likelihood for each particle to originate from pileup
interactions. The weight is used to rescale the particle four-momenta, superseding the need
for further jet-based corrections. The PUPPI constituents are subsequently clustered with the
same algorithm used for CHS jets, and then matched to the AK8 jets clustered with the CHS
constituents.

The soft drop algorithm [54, 55], which is designed to remove contributions from soft radiation
and additional interactions, is applied to AK8 PUPPI jets. The soft drop jet mass is defined as
the invariant mass associated with the four-momentum of the soft drop jet. Dedicated mass
corrections, derived from data in a region enriched with tt events with merged W(qq) decays,
are applied to the jet mass in order to remove residual jet pT dependence [56]. The measured
soft drop PUPPI jet mass resolution is approximately 10%.

Substructure variables are used to identify jets originating from more than one parton. The
constituents of the jet are clustered again with the kT algorithm, and the procedure is stopped
when N subjets are obtained. A variable, the N-subjettiness [57], calculated on the jet before
the grooming procedure including the PUPPI algorithm corrections for pileup mitigation, is
introduced:

tN =
1
d0

Â
k

pT,kmin(DR1,k, DR2,k, . . . , DRN,k)

where the index k runs over the jet constituents and the distances DRN,k are calculated with
respect to the axis of the N-th subjet, obtained by one iteration of t minimization by vary-
ing the subjet axes around the kT subjet axes. The normalization factor d0 is calculated as
d0 = Âk pT,kR0, setting R0 to the radius of the original jet. The variable that best discriminates
between light or gluon jets and jets originated by the two body decay of massive particles is
the ratio of 2-subjettiness and 1-subjettiness, t21 = t2/t1, which lies in the interval from 0 to
1, where small values correspond to a high compatibility with the hypothesis of a massive ob-
ject decaying into two quarks. The correction factors relative to the t21 selection are measured
from data in a sample enriched in tt events in two t21 intervals (0.99 ± 0.11 for t21 < 0.35, and
1.03 ± 0.23 for 0.35 < t21 < 0.75) [56]. These two selections are approximately 50% and 45%
efficient on two-pronged jets originated by the decay of a massive boson, and 10% and 60% ef-
ficient on one-pronged jets, respectively. The threshold values are chosen in order to maximize
the overall sensitivity over the entire mass spectrum.

Higgs boson jet candidates are identified using a dedicated b tagging discriminator, specifi-
cally designed to identify a pair of b quarks clustered in a single jet [58]. The algorithm com-
bines information from displaced tracks, secondary vertices and two-secondary vertices system
within the Higgs boson jet in a dedicated multivariate algorithm. The decay chains of the two b
hadrons are resolved by associating reconstructed secondary vertices to the two N-subjettiness
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each category are free to float. Systematic uncertainties are treated as nuisance parameters and
are profiled in the statistical interpretation [63–66]. The background-only hypothesis is tested
against the X ! VH signal in the 8 exclusive categories. The asymptotic modified frequen-
tist method is used to determine limits at 95% CL on the contribution from signal. Limits are
derived on the product of the cross section for a heavy vector boson X and the branching frac-
tions for the decays X ! VH and H ! bb, denoted s(X)B(X ! VH)B(H ! bb). No specific
assumption is made on B(H ! bb), since this decay channel has not yet been measured.

The results are presented in the spin-1 W’ or Z’ heavy singlet hypothesis, and shown in Fig. 5
and compared to the cross sections expected in HVT model A (gV = 1) and model B (gV = 3).
The uncertainties on the PDF scale, and factorization and renormalization scale are not profiled
in the likelihood fit, as they are reported separately as uncertainties on the model cross section.
With the current data set, a narrow W’ resonance with mW0  3.27 and 3.10 TeV can be excluded
at 95% CL, except in a limited region between 2.54–2.76 TeV and 2.46–2.82 TeV, as well as Z’
resonance with mZ0  2.41 and 2.31 TeV in the HVT model B (gV = 3) and model A (gV = 1),
respectively. The exclusion limits for the heavy vector triplet hypothesis are also presented
in Fig. 6, excluding a mass range from 1.00–2.66 and 2.72–3.39 TeV in the benchmark model B
and significantly extending the reach with respect to the

p
s = 8 TeV and

p
s = 13 TeV CMS

searches [19, 28]. In model A, the excluded range is between 1.00–2.51 TeV and 2.80–3.26 TeV.
The excess observed by ATLAS with a local significance of 3.5 standard deviations at mW0 ⇠
3.0 TeV [30] is not confirmed.
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Figure 5: Observed and expected 95% CL upper limits on s(W0)B(W0 ! WH)B(H ! bb)
(left) and s(Z0)B(Z0 ! ZH)B(H ! bb) (right) as a function of the resonance mass for a
single narrow spin-1 resonance, including all statistical and systematic uncertainties. The inner
green and outer yellow bands represent the ±1 and ±2 standard deviation uncertainties on the
expected limit. The red and purple solid curves correspond to the cross sections predicted by
the HVT model B (gV = 3) and model A (gV = 1), respectively.

The exclusion limit shown in Fig. 6 can be interpreted as a function of the coupling strength of
the heavy vectors to the SM bosons and fermions in the

⇥
gVcH, g2cF/gV

⇤
plane. The excluded

region of the parameter space for narrow resonances relative to the combination of all the con-
sidered channels is shown in Fig. 7. The fraction of the parameter space where the natural
width of the resonances is larger than the typical experimental resolution of 4%, and thus the
narrow width approximation is not valid, is also indicated in Fig. 7.
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•  CMS doesn’t see the 3.3 σ (local) excess ATLAS observed at ~3 TeV

36 fb-1

9

each category are free to float. Systematic uncertainties are treated as nuisance parameters and
are profiled in the statistical interpretation [63–66]. The background-only hypothesis is tested
against the X ! VH signal in the 8 exclusive categories. The asymptotic modified frequen-
tist method is used to determine limits at 95% CL on the contribution from signal. Limits are
derived on the product of the cross section for a heavy vector boson X and the branching frac-
tions for the decays X ! VH and H ! bb, denoted s(X)B(X ! VH)B(H ! bb). No specific
assumption is made on B(H ! bb), since this decay channel has not yet been measured.

The results are presented in the spin-1 W’ or Z’ heavy singlet hypothesis, and shown in Fig. 5
and compared to the cross sections expected in HVT model A (gV = 1) and model B (gV = 3).
The uncertainties on the PDF scale, and factorization and renormalization scale are not profiled
in the likelihood fit, as they are reported separately as uncertainties on the model cross section.
With the current data set, a narrow W’ resonance with mW0  3.27 and 3.10 TeV can be excluded
at 95% CL, except in a limited region between 2.54–2.76 TeV and 2.46–2.82 TeV, as well as Z’
resonance with mZ0  2.41 and 2.31 TeV in the HVT model B (gV = 3) and model A (gV = 1),
respectively. The exclusion limits for the heavy vector triplet hypothesis are also presented
in Fig. 6, excluding a mass range from 1.00–2.66 and 2.72–3.39 TeV in the benchmark model B
and significantly extending the reach with respect to the

p
s = 8 TeV and

p
s = 13 TeV CMS

searches [19, 28]. In model A, the excluded range is between 1.00–2.51 TeV and 2.80–3.26 TeV.
The excess observed by ATLAS with a local significance of 3.5 standard deviations at mW0 ⇠
3.0 TeV [30] is not confirmed.
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Figure 5: Observed and expected 95% CL upper limits on s(W0)B(W0 ! WH)B(H ! bb)
(left) and s(Z0)B(Z0 ! ZH)B(H ! bb) (right) as a function of the resonance mass for a
single narrow spin-1 resonance, including all statistical and systematic uncertainties. The inner
green and outer yellow bands represent the ±1 and ±2 standard deviation uncertainties on the
expected limit. The red and purple solid curves correspond to the cross sections predicted by
the HVT model B (gV = 3) and model A (gV = 1), respectively.

The exclusion limit shown in Fig. 6 can be interpreted as a function of the coupling strength of
the heavy vectors to the SM bosons and fermions in the

⇥
gVcH, g2cF/gV

⇤
plane. The excluded

region of the parameter space for narrow resonances relative to the combination of all the con-
sidered channels is shown in Fig. 7. The fraction of the parameter space where the natural
width of the resonances is larger than the typical experimental resolution of 4%, and thus the
narrow width approximation is not valid, is also indicated in Fig. 7.
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Figure 2: Final mjj distributions for the dijet analysis in the signal regions using 35.9 fb�1 of
13 TeV data. On the left, the HP, and on the right, the LP categories are shown for the WW, WZ,
and ZZ categories from top to bottom. The solid curve represents a background-only fit to the
data distribution where the filled red area corresponds to the 1 sigma statistical error of the fit.
The data are shown as black markers.
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Figure 5: The observed data in the signal regions of the (a) WW (b), W Z (c) and Z Z channels. Also shown is the
fitted background. The gray region represents the uncertainty on the background estimate due to the fit. The event
selections in the three regions overlap and approximately one fourth of the events appear in all three regions.

The significance of observed excesses over the background-only prediction is quantified using the local
p0-value (p0), defined as the probability of the background-only model to produce a signal-like fluctuation
at least as large as observed in the data. In this analysis, the most extreme p0 has a local significance of
1.9 standard deviations, and is found when testing the HVT W 0 ! W Z hypothesis at a resonance mass of
1.9 TeV. This is within the expected normal variability of the background.

Upper limits at the 95% confidence level (CL) on the production cross section times branching fraction to
diboson final states for the benchmark signals are set with the modified-frequentist CLs prescription [55]
using the lowest order asymptotic approximation [54] which is validated to better than 20% accuracy
using pseudo-experiments.

The cross section limits extracted for the di�erent benchmark scenarios in the three signal regions are
shown in Fig. 6. These results exclude at the 95% CL the presence of new resonances of the HVT model
A (model B) with gV = 1 (gV = 3) with masses in the range of 1.2–1.8 (1.2–1.9) TeV for the WW channel,
and 1.2–1.9 (1.2–3.0) TeV for the W Z channel.
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36 fb-115.5 fb-1

• Two V-tagged jets: mJJ>1 TeV 

• Analysis techniques very similar to previously shown VH: 
‣ ATLAS:  WW/WZ/ZZ  (3 overlapping categories of events) 
‣ CMS:    WW/WZ/ZZ + low low/high purity based on       (6 categories) 

‣ Background modelled with a parametric function and validated in mV sidebands

3

vertex of the event, identified as the one with the highest sum of the p2
T of the associated clus-

tered particles. The residual contamination removed is proportional to the event energy density
and the jet area estimated using the FASTJET package [50, 51]. Jet energy corrections, extracted
from simulation and data in multijet, g+jets, and Z+jets events, are applied as a function of
the transverse momentum and pseudorapidity to correct the jet response and to account for
residual differences between data and simulation. The jet energy resolution typically amounts
to 5% at 1 TeV [52]. Jets are required to pass identification criteria, which has negligible impact
on the signal efficiency, in order to remove spurious jets arising from detector noise.

A more sophisticated algorithm, denoted as pileup per particle identification (PUPPI) [53], is
used to determine exclusively the mass of the jet and the substructure variables. PUPPI uses
a combination of local shape information, event pileup properties and tracking information in
order to compute a weight describing the likelihood for each particle to originate from pileup
interactions. The weight is used to rescale the particle four-momenta, superseding the need
for further jet-based corrections. The PUPPI constituents are subsequently clustered with the
same algorithm used for CHS jets, and then matched to the AK8 jets clustered with the CHS
constituents.

The soft drop algorithm [54, 55], which is designed to remove contributions from soft radiation
and additional interactions, is applied to AK8 PUPPI jets. The soft drop jet mass is defined as
the invariant mass associated with the four-momentum of the soft drop jet. Dedicated mass
corrections, derived from data in a region enriched with tt events with merged W(qq) decays,
are applied to the jet mass in order to remove residual jet pT dependence [56]. The measured
soft drop PUPPI jet mass resolution is approximately 10%.

Substructure variables are used to identify jets originating from more than one parton. The
constituents of the jet are clustered again with the kT algorithm, and the procedure is stopped
when N subjets are obtained. A variable, the N-subjettiness [57], calculated on the jet before
the grooming procedure including the PUPPI algorithm corrections for pileup mitigation, is
introduced:

tN =
1
d0

Â
k

pT,kmin(DR1,k, DR2,k, . . . , DRN,k)

where the index k runs over the jet constituents and the distances DRN,k are calculated with
respect to the axis of the N-th subjet, obtained by one iteration of t minimization by vary-
ing the subjet axes around the kT subjet axes. The normalization factor d0 is calculated as
d0 = Âk pT,kR0, setting R0 to the radius of the original jet. The variable that best discriminates
between light or gluon jets and jets originated by the two body decay of massive particles is
the ratio of 2-subjettiness and 1-subjettiness, t21 = t2/t1, which lies in the interval from 0 to
1, where small values correspond to a high compatibility with the hypothesis of a massive ob-
ject decaying into two quarks. The correction factors relative to the t21 selection are measured
from data in a sample enriched in tt events in two t21 intervals (0.99 ± 0.11 for t21 < 0.35, and
1.03 ± 0.23 for 0.35 < t21 < 0.75) [56]. These two selections are approximately 50% and 45%
efficient on two-pronged jets originated by the decay of a massive boson, and 10% and 60% ef-
ficient on one-pronged jets, respectively. The threshold values are chosen in order to maximize
the overall sensitivity over the entire mass spectrum.

Higgs boson jet candidates are identified using a dedicated b tagging discriminator, specifi-
cally designed to identify a pair of b quarks clustered in a single jet [58]. The algorithm com-
bines information from displaced tracks, secondary vertices and two-secondary vertices system
within the Higgs boson jet in a dedicated multivariate algorithm. The decay chains of the two b
hadrons are resolved by associating reconstructed secondary vertices to the two N-subjettiness
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Figure 5: Observed (black solid) and expected (black dashed) 95% CL upper limits on the
production of a narrow-width resonance decaying to a pair of vector bosons for different signal
hypotheses. Limits are set in the context of a spin-1 neutral Z0 (left) and charged W0 (right)
resonances resonance, and compared with the prediction of the HVT model B. On the bottom,
limits are set in the context of a bulk graviton decaying into WW (left) and ZZ (right) with k̃ =
0.5 and compared with the model prediction. Signal cross section uncertainties are displayed
as a red checked band.
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Figure 6: Observed (black solid) and expected (black dashed) 95% CL upper limits on the
production of an excited quark resonance decaying into qW (left) or qZ (right). Signal cross
section uncertainties are displayed as a red checked band.

 [GeV]Z'm
1500 2000 2500 3000

W
W

) [
fb

]
→

BR
(Z

'
×

Z'
+X

)
→

(p
p

σ

1

10

210

310
ATLAS Preliminary 

-1 = 13 TeV, 15.5 fbs Observed 95% CL
Expected 95% CL

σ 1±
σ 2±

 = 1vModel A, g
 = 3vModel B, g

(a)

 [GeV]W'm
1500 2000 2500 3000

W
Z)

 [f
b]

→
BR

(W
'

×
W

'+
X)

→
(p

p
σ

1

10

210

310
ATLAS Preliminary 

-1 = 13 TeV, 15.5 fbs Observed 95% CL
Expected 95% CL

σ 1±
σ 2±

 = 1vModel A, g
 = 3vModel B, g

(b)

 [GeV]
RSGm

1500 2000 2500 3000

ZZ
) [

fb
]

→
RS

BR
(G

×
+X

)
RS

G
→

(p
p

σ

1

10

210

310
ATLAS Preliminary 

-1 = 13 TeV, 15.5 fbs Observed 95% CL
Expected 95% CL

σ 1±
σ 2±

=1
Pl

MZZ, k/→RSG

(c)

 [GeV]
RSGm

1500 2000 2500 3000

W
W

) [
fb

]
→

RS
BR

(G
×

+X
)

RS
G

→
(p

p
σ

1

10

210

310
ATLAS Preliminary 

-1 = 13 TeV, 15.5 fbs Observed 95% CL
Expected 95% CL

σ 1±
σ 2±

=1
Pl

MWW, k/→RSG

(d)

Figure 6: Observed and expected 95% CL limits on the cross-section times branching ratio to diboson final states
for HVT (a) Z 0 ! WW and (b) W 0 ! W Z , and for bulk RS graviton through (b) the GRS ! WW and (c) the
GRS ! Z Z channels.

9. Conclusions

A search for heavy resonances decaying to dibosons in the all hadronic channel has been presented. The
search uses 15.5 fb�1 of proton-proton collisions at

p
s = 13 TeV collected by the ATLAS experiment at

the LHC from August 2015 through July 2016. The results of the search are shown individually for the
WW , W Z , and Z Z channels, and are interpreted in terms of two HVT benchmark models and a bulk GRS

model. The data are in good agreement with the background expectations in all channels in the analysed
mJJ range between 1.0 and 3.5 TeV. Upper limits on the production cross section times branching ratio
to diboson final states for new resonances with masses between 1.2 and 3.0 TeV are set at the 95% CL.
These results exclude at the 95% CL the presence of new resonances of the HVT model A (model B)
with gV = 1 (gV = 3) with masses in the range of 1.2–1.8 (1.2–1.9) TeV for the WW channel, and
1.2–1.9 (1.2–3.0) TeV for the W Z channel. These results significantly extend the previous limits set using
3.2 fb�1 of proton–proton collisions at

p
s = 13 TeV in the same channel [56]. Bulk RS graviton models

have also been tested in the WW and Z Z channels and the analysis has yet the sensitivity for exclusion.
No exclusion is set for the bulk GRS tested.
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‣ Background modelled with a parametric function and validated in mV sidebands
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A more sophisticated algorithm, denoted as pileup per particle identification (PUPPI) [53], is
used to determine exclusively the mass of the jet and the substructure variables. PUPPI uses
a combination of local shape information, event pileup properties and tracking information in
order to compute a weight describing the likelihood for each particle to originate from pileup
interactions. The weight is used to rescale the particle four-momenta, superseding the need
for further jet-based corrections. The PUPPI constituents are subsequently clustered with the
same algorithm used for CHS jets, and then matched to the AK8 jets clustered with the CHS
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The soft drop algorithm [54, 55], which is designed to remove contributions from soft radiation
and additional interactions, is applied to AK8 PUPPI jets. The soft drop jet mass is defined as
the invariant mass associated with the four-momentum of the soft drop jet. Dedicated mass
corrections, derived from data in a region enriched with tt events with merged W(qq) decays,
are applied to the jet mass in order to remove residual jet pT dependence [56]. The measured
soft drop PUPPI jet mass resolution is approximately 10%.

Substructure variables are used to identify jets originating from more than one parton. The
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Higgs boson jet candidates are identified using a dedicated b tagging discriminator, specifi-
cally designed to identify a pair of b quarks clustered in a single jet [58]. The algorithm com-
bines information from displaced tracks, secondary vertices and two-secondary vertices system
within the Higgs boson jet in a dedicated multivariate algorithm. The decay chains of the two b
hadrons are resolved by associating reconstructed secondary vertices to the two N-subjettiness
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2 2 CMS Detector

Figure 1: Feynman diagram for the production of a generic resonance X produced via gluon
fusion and decaying to the ZZ final state considered in this study.

ET (Emiss
T ), in the vector sum of final state particle momenta due to the presence of the unde-48

tected neutrinos. The search is performed using the transverse mass (MT) spectrum of the two49

leptons and Emiss
T system, where a Jacobian Edge is expected from the putative heavy reso-50

nance and corresponds to its invariant mass at the TeV scale. The MT variable in this analysis51

is calculated as:52

M2
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q
p2

T,ll + M2
ll +

q
(Emiss

T )2 + M2
ll

�2
�

h
~pT,ll + ~Emiss

T

i2
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where Emiss
T represents the decay of the second Z boson to two invisible neutrinos in the case53

of the signal process and the use of Mll in this term provides an estimator of the mass of the54

invisible Z boson.55

The most significant background process is the Z+jets resonant production in Drell-Yan (DY)56

processes, where a Z boson or the hadrons recoiling against it are not reconstructed perfectly,57

producing a signal-like final state with Emiss
T arising from primarily instrumental effects. Other58

important sources of background include the non-resonant production of ll final states and59

Emiss
T , primarily comprising tt̄ and WW production with leptonic final states, and the irre-60

ducible background from SM ZZ/WZ production.61

The Emiss
T of the Z+jets background is instrumental and dominant in the low Emiss

T region, but62

can be better separated from signal with the high Emiss
T originating from the highly boosted63

invisible Z boson. As a comparison, in case of the 2l2q channel, the hadronic recoil of the64

Z+jets background is kinematically similar to the 2q system from one of the two Z bosons of65

the signal resonance decay (both are recoiling the leptonically decayed Z). Therefore, the signal66

purity is enhanced in the 2l2n channel compared to the 2l2q channel.67

The analysis uses data collected in 2016 with the CMS detector, corresponding to 39.5 fb�1 of68

integrated luminosity of proton-proton collisions with a center-of-mass energy of 13 TeV at the69

CERN LHC.70

2 CMS Detector71

The central feature of the CMS detector is a 3.8 T superconducting solenoid with a 6 m internal72

diameter. Within the field volume are the silicon tracker, the crystal electromagnetic calorimeter73
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Figure 5: Expected and observed limits on the production cross-section of a new spin-2 heavy
resonance X ! ZZ assuming zero mass width based on the combined analysis of the electron
and muon channels. Expected production cross sections are also shown for the benchmark
bulk graviton model for two values of the curvature parameter k̃.
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• Large Br to llvv final state + controllable backgrounds 

• Discriminating variable: transverse mass MT 

• Z+jets production (dominant background)  
‣         comes from mismeasurements of jet/lepton pT 
‣ Estimated from γ+jets data reweighted to     

reproduce the kinematics of Z+jets events
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1 Introduction

Several theories of physics beyond the standard model (SM) motivate the existence of heavy
particles that preferentially decay to pairs of vector (V) bosons, where V denotes either a W
or a Z boson. These models usually aim to explain open questions of the SM such as the
apparently large difference between the electroweak and the gravitational scale. Popular ex-
amples of such models include the bulk scenario (Gbulk) [1–3] of the Randall-Sundrum warped
extra dimensions model [4, 5], a heavy vector triplet (HVT) model (W0 and Z0) [6], as well
as vector singlets (W0 or Z0). The bulk graviton model is described by two free parameters:
the mass of the first Kaluza-Klein (KK) excitation of a spin-2 boson (the KK bulk graviton)
and the ratio k̃ ⌘ k/MPl, where k is the unknown curvature scale of the extra dimension and
MPl ⌘ MPl/

p
8p is the reduced Planck mass. The HVT generalises a large number of ex-

plicit models predicting spin-1 charged (W0) and neutral (Z0) resonances, such as composite
Higgs [7–10] and little Higgs [11, 12] models, and the sequential standard model (SSM) [13].
Such models can be described in terms of a few parameters: the strength of the couplings to
fermions, cF, to the Higgs and longitudinally polarized SM vector bosons, cH, and the strength
of new vector boson interaction, gV. Searches for diboson resonances have previously been per-
formed in many different final states, placing lower limits on the masses of these resonances
above the TeV scale [14–27].

In addition, we consider an excited quark q⇤ [28, 29] that decays into a quark and either a W
or a Z boson as a reference process that yields one W/Z-tagged jet in the event. Results from
previous searches for these signal models include limits placed on the production of q⇤ at the
LHC as dijet [30–32], g+jet [33], qW or qZ [34, 35] events.

This document presents a search for massive resonances with masses above 1.1 TeV decaying
into a pair of vector bosons or into a vector boson and a quark. The analysis is based on
proton-proton collision data at

p
s = 13 TeV collected by the CMS experiment at the CERN

LHC during 2016 and corresponding to an integrated luminosity of 12.9 fb�1. The final states
considered are VV ! qq( 0)qq( 0) or qV ! qqq( 0), where bosons are reconstructed as single jets,
resulting in events with two reconstructed jets (dijet channel). As in the analyses of 2015 [26]
and 2012 data [17, 18], the analyses presented here aim to reconstruct the full event in order
to be able to search for a local enhancement in the diboson or quark-boson invariant mass
spectrum.

The challenge of the analysis described here is the reconstruction of the highly energetic decay
products. Since the resonances under study have masses of O(TeV), their decay products, i.e.
the bosons, have on average transverse momenta of several hundred GeV and above. As a
consequence, the particles emerging from the boson decays are very collimated. In particular,
the decay products of the hadronically decaying bosons cannot be resolved by the default jet
algorithms, but are instead reconstructed as a single jet object. Dedicated techniques, so-called
jet V tagging techniques, are applied to exploit the substructure of this jet object, which can
then resolve hadronically decaying massive bosons. V tagging also helps to suppress the SM
background, which mainly originates from the production of QCD multijet events.

In this physics analysis summary, Sec. 2 briefly describes the CMS detector; Section 3 gives an
overview of the simulations used in this analysis. Section 4 provides a detailed description of
the reconstruction and event selection. Section 5 describes the background estimation and the
signal modeling. Systematic uncertainties are discussed in Sec. 6. The results of the search for a
spin-2 bulk graviton, for spin-1 resonances as predicted by HVT models and for excited quark
resonances are presented in Sec. 7.

36 fb-1
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background predictions.298

Upper limits on the contribution of events from new physics are computed by using the modi-299

fied frequentist approach CLs [48–50]. The same simultaneous combined fit is performed using300

signal and background distributions after application of the SR selection to extract the upper301

limits for a given signal hypothesis.302

Statistical uncertainties in the background modeling are taken into account by fluctuating the303

predicted background histograms within an envelope according to uncertainties in each bin.304

Because the statistical uncertainties are bin-to-bin uncorrelated, a set of such envelopes is in-305

cluded in the analysis with each envelope representing the statistical fluctuations of a particular306

bin.307

Systematic uncertainties are treated as nuisance parameters, constrained with Gaussian or log-308

normal probability density functions in the maximum likelihood fit. Upper limits on the cross309

section times branching fraction for the resonance production are evaluated using the asymp-310

totic approximation [51] of the CLs criterion with the “LHC-style” test statistic [50]. When the311

likelihoods for electron and muon channels are combined, the correlation of systematic effects312

across those channels is taken into account.313
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Figure 4: The MT distributions for electron (ee, left) and muon (µµ, right) channels comparing
data and data-driven background modeling after fitting only the background modeling to the
data (Post-fit B-only). A model of the expected distribution for a spin-2 bulk graviton with
MG = 1 TeV is shown after normalization to a cross section of 1 pb. The uncertainty bands on
the ratio plots show the systematic uncertainties, while the statistical uncertainty on the data
is reflected by the error bars. The lower panels show the ratio of data to the prediction for
background.

7 Results314

The expected and observed upper limits on the resonance cross section multiplied by the315

branching fraction for X ! ZZ are determined at the 95% confidence level (CL) for the nar-316

row width benchmark model as a function of mX and shown in Figure 5. The observed lim-317

its are consistent with the SM backgrounds prediction. Upward fluctuations in the data ob-318
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(ECAL), and the brass and scintillator hadron calorimeter (HCAL). The calorimeters are sup-74

plemented by a steel/quartz-fiber Cherenkov detector (HF) to extend the calorimetric coverage75

in the forward direction. The muon system is installed outside the solenoid and embedded in76

the steel flux-return yoke. The CMS experiment uses a right-handed coordinate system, with77

the origin at the nominal collision point, the x-axis pointing to the center of the LHC ring, the78

y-axis pointing up (perpendicular to the LHC plane), and the z-axis along the anti-clockwise79

beam direction. The polar angle (q) is measured from the positive z-axis and the azimuthal an-80

gle (f) is measured from the positive x-axis in the x–y plane. The radius (r) denotes the distance81

from the z-axis and the pseudorapidity (h) is defined as h = � ln[tan(q/2)]. The CMS tracker82

consists of 1440 silicon pixel and 15 148 silicon strip detector modules. The ECAL consists of83

nearly 76 000 lead tungstate crystals, which provide coverage in pseudorapidity |h| < 1.479 in84

the central barrel region and 1.479 < |h| < 3.0 in the two forward endcap regions. The HCAL85

consists of a sampling calorimeter which utilizes alternating layers of brass as an absorber and86

plastic scintillator as an active material, covering the pseudorapidity range |h| < 3, which is87

extended to |h| < 5 in combination with the HF. Muons are measured in the pseudorapidity88

range |h| < 2.4, with detection planes which employ three technologies: drift tubes, cathode89

strip chambers, and resistive plate chambers. A two level trigger system selects data for storage90

and analysis, the Level-1 trigger and the Higher Level Trigger system. A detailed description91

of the CMS detector can be found in Ref. [33].92

3 Event selection and reconstruction93

The signal consists of two Z bosons, one decaying into a pair of oppositely charged leptons and94

the other to two neutrinos that escape direct detection. The final state is thus characterized by a95

pair of oppositely charged electrons or muons that are isolated from large deposits of hadronic96

energy, having an invariant mass consistent with that of a Z boson, and large Emiss
T .97

Events are required to have at least one primary vertex reconstructed. In case of the existence98

of more than one vertices, the primary vertex is defined as the one having the largest p2
T that99

summed over all the associated tracks. A single electron or a single muon trigger has to be100

satisfied. Thresholds on the transverse momentum of the leptons are 115 GeV for the trigger101

applied in the electron channel and 50 GeV in the muon channel. Electron events are triggered102

by clusters in the ECAL that are matched to online reconstructed tracks, covering a pseudora-103

pidity range |h| < 2.5. Cluster shape, as well as calorimetric and track isolation requirements104

are also applied. An additional sample of photon plus jets events is collected for data-driven105

background modeling and is discussed below. The photon trigger is similar to the electron106

trigger, except that a veto is applied on the presence of a matching track. For muon events the107

trigger begins with track fitting in the outer muon spectrometer. The outer track is used to seed108

track reconstruction in the inner tracker and matching inner-outer track pairs are include in a109

combined fit and used to select muon candidates in a pseudorapidity range |h| < 2.4.110

3.1 Event reconstruction111

A particle-flow (PF) event algorithm [34, 35] reconstructs and identifies each individual parti-112

cle with an optimized combination of information from the various elements of the CMS de-113

tector. Photon energies are directly obtained from the ECAL measurement, corrected for zero-114

suppression effects [33]. Electron energies are determined from a combination of the electron115

momentum at the event vertex as determined by the tracker, the energy of the corresponding116

ECAL cluster, and the energy sum of all bremsstrahlung photons spatially compatible with117

originating from the electron track. Muon momenta are obtained from the curvature of the118

Gbulk excluded 
below 800 GeV 
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Figure 9: Comparison of the observed (solid) and expected (dashed) exclusion limits at 95% CL
obtained by combining only 8 TeV or only 13 TeV searches to the results from the combination
of all the 8 and 13 TeV results.

5.5 Significance at 2 TeV

ATLAS reported an excess in the all-hadronic VV search in the qqqq final state corresponding
to a local significance of 3.4s for a W0 resonance with a mass of 2 TeV [15]. CMS reported a
local deviation of 2.2s in the semi-leptonic WH ! `nbb search for a W0 resonance with a mass
of 1.8 TeV [13]. We evaluate the combined significance of the 8 and 13 TeV CMS searches in
the range 1.8–2.0 TeV in Tables 5–7. Combining all 8 TeV VH searches in the W0 hypothesis,
the local significance of the excess at 1.8 TeV is slightly reduced to 2.1s. Combining all 8 TeV
VV/VH searches in the W0 hypothesis, it is increased back to 2.2s. However, in combination
with the 13 TeV VV/VH searches in the W0 hypothesis, the overall significance at 1.8 TeV is
reduced to 0.9s. This remains the largest significance for the overall combination of 8+13 TeV
searches considering all signal hypothesis over the mass range 1.8–2.0 TeV, thus not supporting
the excesses observed in the two individual channels in 8 TeV data.

Table 5: Statistical significance of excesses observed at 1.8 TeV in the various searches, ex-
pressed in standard deviations.

Combination W0 Z0 HVT (W0 +Z0) Gbulk

VV 13 TeV 0.00 0.10 0.00 0.00
VV+VH 13 TeV 0.00 0.00 0.00 -
VV 8 TeV 1.22 0.56 1.03 1.61
VV 8+13 TeV 0.20 0.46 0.33 0.35
VH 8 TeV 2.05 0.56 1.79 -
VV+VH 8 TeV 2.22 0.77 1.95 -
VV+VH 8+13 TeV 0.86 0.00 0.83 -

6 Conclusions
The statistical combination of searches for massive resonances decaying to WW, ZZ, WZ, WH,
and ZH boson pairs has been presented. The considered searches are based on pp collision data

NEW
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bulk graviton model for two values of the curvature parameter k̃.
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1 Introduction

Several theories of physics beyond the standard model (SM) motivate the existence of heavy
particles that preferentially decay to pairs of vector (V) bosons, where V denotes either a W
or a Z boson. These models usually aim to explain open questions of the SM such as the
apparently large difference between the electroweak and the gravitational scale. Popular ex-
amples of such models include the bulk scenario (Gbulk) [1–3] of the Randall-Sundrum warped
extra dimensions model [4, 5], a heavy vector triplet (HVT) model (W0 and Z0) [6], as well
as vector singlets (W0 or Z0). The bulk graviton model is described by two free parameters:
the mass of the first Kaluza-Klein (KK) excitation of a spin-2 boson (the KK bulk graviton)
and the ratio k̃ ⌘ k/MPl, where k is the unknown curvature scale of the extra dimension and
MPl ⌘ MPl/

p
8p is the reduced Planck mass. The HVT generalises a large number of ex-

plicit models predicting spin-1 charged (W0) and neutral (Z0) resonances, such as composite
Higgs [7–10] and little Higgs [11, 12] models, and the sequential standard model (SSM) [13].
Such models can be described in terms of a few parameters: the strength of the couplings to
fermions, cF, to the Higgs and longitudinally polarized SM vector bosons, cH, and the strength
of new vector boson interaction, gV. Searches for diboson resonances have previously been per-
formed in many different final states, placing lower limits on the masses of these resonances
above the TeV scale [14–27].

In addition, we consider an excited quark q⇤ [28, 29] that decays into a quark and either a W
or a Z boson as a reference process that yields one W/Z-tagged jet in the event. Results from
previous searches for these signal models include limits placed on the production of q⇤ at the
LHC as dijet [30–32], g+jet [33], qW or qZ [34, 35] events.

This document presents a search for massive resonances with masses above 1.1 TeV decaying
into a pair of vector bosons or into a vector boson and a quark. The analysis is based on
proton-proton collision data at

p
s = 13 TeV collected by the CMS experiment at the CERN

LHC during 2016 and corresponding to an integrated luminosity of 12.9 fb�1. The final states
considered are VV ! qq( 0)qq( 0) or qV ! qqq( 0), where bosons are reconstructed as single jets,
resulting in events with two reconstructed jets (dijet channel). As in the analyses of 2015 [26]
and 2012 data [17, 18], the analyses presented here aim to reconstruct the full event in order
to be able to search for a local enhancement in the diboson or quark-boson invariant mass
spectrum.

The challenge of the analysis described here is the reconstruction of the highly energetic decay
products. Since the resonances under study have masses of O(TeV), their decay products, i.e.
the bosons, have on average transverse momenta of several hundred GeV and above. As a
consequence, the particles emerging from the boson decays are very collimated. In particular,
the decay products of the hadronically decaying bosons cannot be resolved by the default jet
algorithms, but are instead reconstructed as a single jet object. Dedicated techniques, so-called
jet V tagging techniques, are applied to exploit the substructure of this jet object, which can
then resolve hadronically decaying massive bosons. V tagging also helps to suppress the SM
background, which mainly originates from the production of QCD multijet events.

In this physics analysis summary, Sec. 2 briefly describes the CMS detector; Section 3 gives an
overview of the simulations used in this analysis. Section 4 provides a detailed description of
the reconstruction and event selection. Section 5 describes the background estimation and the
signal modeling. Systematic uncertainties are discussed in Sec. 6. The results of the search for a
spin-2 bulk graviton, for spin-1 resonances as predicted by HVT models and for excited quark
resonances are presented in Sec. 7.
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• Currently the best limit from ATLAS on the bulk 
RS graviton with            coming from WW➞lvqq 
channel 

ATLAS-CONF-2016-062

13 fb-1

Gbulk excluded below 1.2 TeV for 

2.2 Spin-2 resonances 3

obtained on the W0 mass is 3.3 TeV. This mass limit has been superseded by the more stringent
limit of 4.4 TeV obtained in the corresponding 13 TeV search [25]. In the same context, searches
for a W0 decaying into a pair of SM vector bosons (WZ,WH) with 8 TeV data provide a lower
mass limit of 1.81 TeV (in model A, gV = 1) [10, 12, 13, 26–28]. This limit has been increased by
the corresponding 13 TeV search to a value of 2.1 TeV (in model B) [7].

For a Z0 with SM couplings to fermions (model A, gV = 1) and thus reduced decay branching
ratio to SM bosons, the most stringent limits on production cross sections obtained with 8 TeV
collision data are reported in searches with two leptons in the final states [29, 30]. These results
exclude a Z0 with a mass lower than 2.90 TeV. This mass limit has been superseded by the
more stringent limit of 3.15 TeV obtained in the corresponding 13 TeV search [31]. In the same
context, searches for a Z0 decaying into a pair of SM vector bosons (WW,ZH) with 8 TeV data
provide a lower mass limit of 1.4 TeV (in model A, gV = 1) [11, 14, 32].

The most stringent limit on a heavy vector triplet resonance was set at 1.8 TeV (in model B)
obtained from a combination of 8 TeV VH searches [11, 13].

2.2 Spin-2 resonances

Massive resonances of spin-2 can be generically motivated in warped extra dimensional mod-
els [1, 2] that predict the existence of a so-called tower of Kaluza–Klein (KK) excitations of a
spin-2 boson, the KK graviton. The original RS model (here denoted as RS1) can be extended
to the bulk scenario (Gbulk), which addresses in addition the flavor structure of the SM through
localization of fermions in the warped extra dimension [16–18].

These models have two free parameters: the mass of the first mode of the KK bulk graviton,
MG, and the ratio k̃ ⌘ k/MPl, where k is the unknown curvature scale of the extra dimension,
and MPl ⌘ MPl/

p
8p is the reduced Planck mass. The constant k̃ acts as the coupling con-

stant of the model, on which the production cross-sections and widths of the graviton depend
quadratically. For models with k̃ . 0.5, the natural width of the resonance is sufficiently small
to be neglected when compared to the detector resolution.

In the bulk scenario, coupling of the graviton to light fermions is highly suppressed and the
decay into photons is negligible, while in the RS1 scenario branching ratios to photons and
fermions are dominant. The production of gravitons at hadron colliders in the bulk scenario is
thus dominated by gluon-gluon fusion, while in the RS1 scenario qq and gluon-gluon fusion
production contribute equally. The resulting production cross section in the bulk scenario is
of order 104 times lower than in the RS1 scenario. However, in the context of WW and ZZ
resonance searches, the bulk scenario is of higher interest, since the RS1 scenario has been
strongly constrained in searches with final states with fermions and photons. The two models
also differ in the polarization of the produced W and Z bosons. The RS1 graviton decays to
transverse polarized bosons 90% of the time, while the bulk graviton decays to longitudinal
polarized bosons more than 99% of the time. This leads to differences in the efficiency of the
techniques used for identifying the bosons.

In the scenario with k̃ = 1, where the bulk graviton has comparable or larger width than the
detector resolution, the most stringent limit of 0.81 TeV on the bulk graviton mass was set by
a combination of searches in the diboson final state [15, 26, 27]. The most stringent limits on
the cross section for narrow bulk graviton resonances in the scenario of k̃ . 0.5 were set by
searches in the diboson final state [7, 9, 10]; however, no limits on the resonance mass could be
set due to the low predicted production cross section.
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Figure 9: Comparison of the observed (solid) and expected (dashed) exclusion limits at 95% CL
obtained by combining only 8 TeV or only 13 TeV searches to the results from the combination
of all the 8 and 13 TeV results.

5.5 Significance at 2 TeV

ATLAS reported an excess in the all-hadronic VV search in the qqqq final state corresponding
to a local significance of 3.4s for a W0 resonance with a mass of 2 TeV [15]. CMS reported a
local deviation of 2.2s in the semi-leptonic WH ! `nbb search for a W0 resonance with a mass
of 1.8 TeV [13]. We evaluate the combined significance of the 8 and 13 TeV CMS searches in
the range 1.8–2.0 TeV in Tables 5–7. Combining all 8 TeV VH searches in the W0 hypothesis,
the local significance of the excess at 1.8 TeV is slightly reduced to 2.1s. Combining all 8 TeV
VV/VH searches in the W0 hypothesis, it is increased back to 2.2s. However, in combination
with the 13 TeV VV/VH searches in the W0 hypothesis, the overall significance at 1.8 TeV is
reduced to 0.9s. This remains the largest significance for the overall combination of 8+13 TeV
searches considering all signal hypothesis over the mass range 1.8–2.0 TeV, thus not supporting
the excesses observed in the two individual channels in 8 TeV data.

Table 5: Statistical significance of excesses observed at 1.8 TeV in the various searches, ex-
pressed in standard deviations.

Combination W0 Z0 HVT (W0 +Z0) Gbulk

VV 13 TeV 0.00 0.10 0.00 0.00
VV+VH 13 TeV 0.00 0.00 0.00 -
VV 8 TeV 1.22 0.56 1.03 1.61
VV 8+13 TeV 0.20 0.46 0.33 0.35
VH 8 TeV 2.05 0.56 1.79 -
VV+VH 8 TeV 2.22 0.77 1.95 -
VV+VH 8+13 TeV 0.86 0.00 0.83 -

6 Conclusions
The statistical combination of searches for massive resonances decaying to WW, ZZ, WZ, WH,
and ZH boson pairs has been presented. The considered searches are based on pp collision data

1

1 Introduction

Several theories of physics beyond the standard model (SM) motivate the existence of heavy
particles that preferentially decay to pairs of vector (V) bosons, where V denotes either a W
or a Z boson. These models usually aim to explain open questions of the SM such as the
apparently large difference between the electroweak and the gravitational scale. Popular ex-
amples of such models include the bulk scenario (Gbulk) [1–3] of the Randall-Sundrum warped
extra dimensions model [4, 5], a heavy vector triplet (HVT) model (W0 and Z0) [6], as well
as vector singlets (W0 or Z0). The bulk graviton model is described by two free parameters:
the mass of the first Kaluza-Klein (KK) excitation of a spin-2 boson (the KK bulk graviton)
and the ratio k̃ ⌘ k/MPl, where k is the unknown curvature scale of the extra dimension and
MPl ⌘ MPl/

p
8p is the reduced Planck mass. The HVT generalises a large number of ex-

plicit models predicting spin-1 charged (W0) and neutral (Z0) resonances, such as composite
Higgs [7–10] and little Higgs [11, 12] models, and the sequential standard model (SSM) [13].
Such models can be described in terms of a few parameters: the strength of the couplings to
fermions, cF, to the Higgs and longitudinally polarized SM vector bosons, cH, and the strength
of new vector boson interaction, gV. Searches for diboson resonances have previously been per-
formed in many different final states, placing lower limits on the masses of these resonances
above the TeV scale [14–27].

In addition, we consider an excited quark q⇤ [28, 29] that decays into a quark and either a W
or a Z boson as a reference process that yields one W/Z-tagged jet in the event. Results from
previous searches for these signal models include limits placed on the production of q⇤ at the
LHC as dijet [30–32], g+jet [33], qW or qZ [34, 35] events.

This document presents a search for massive resonances with masses above 1.1 TeV decaying
into a pair of vector bosons or into a vector boson and a quark. The analysis is based on
proton-proton collision data at

p
s = 13 TeV collected by the CMS experiment at the CERN

LHC during 2016 and corresponding to an integrated luminosity of 12.9 fb�1. The final states
considered are VV ! qq( 0)qq( 0) or qV ! qqq( 0), where bosons are reconstructed as single jets,
resulting in events with two reconstructed jets (dijet channel). As in the analyses of 2015 [26]
and 2012 data [17, 18], the analyses presented here aim to reconstruct the full event in order
to be able to search for a local enhancement in the diboson or quark-boson invariant mass
spectrum.

The challenge of the analysis described here is the reconstruction of the highly energetic decay
products. Since the resonances under study have masses of O(TeV), their decay products, i.e.
the bosons, have on average transverse momenta of several hundred GeV and above. As a
consequence, the particles emerging from the boson decays are very collimated. In particular,
the decay products of the hadronically decaying bosons cannot be resolved by the default jet
algorithms, but are instead reconstructed as a single jet object. Dedicated techniques, so-called
jet V tagging techniques, are applied to exploit the substructure of this jet object, which can
then resolve hadronically decaying massive bosons. V tagging also helps to suppress the SM
background, which mainly originates from the production of QCD multijet events.

In this physics analysis summary, Sec. 2 briefly describes the CMS detector; Section 3 gives an
overview of the simulations used in this analysis. Section 4 provides a detailed description of
the reconstruction and event selection. Section 5 describes the background estimation and the
signal modeling. Systematic uncertainties are discussed in Sec. 6. The results of the search for a
spin-2 bulk graviton, for spin-1 resonances as predicted by HVT models and for excited quark
resonances are presented in Sec. 7.
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obtained on the W0 mass is 3.3 TeV. This mass limit has been superseded by the more stringent
limit of 4.4 TeV obtained in the corresponding 13 TeV search [25]. In the same context, searches
for a W0 decaying into a pair of SM vector bosons (WZ,WH) with 8 TeV data provide a lower
mass limit of 1.81 TeV (in model A, gV = 1) [10, 12, 13, 26–28]. This limit has been increased by
the corresponding 13 TeV search to a value of 2.1 TeV (in model B) [7].

For a Z0 with SM couplings to fermions (model A, gV = 1) and thus reduced decay branching
ratio to SM bosons, the most stringent limits on production cross sections obtained with 8 TeV
collision data are reported in searches with two leptons in the final states [29, 30]. These results
exclude a Z0 with a mass lower than 2.90 TeV. This mass limit has been superseded by the
more stringent limit of 3.15 TeV obtained in the corresponding 13 TeV search [31]. In the same
context, searches for a Z0 decaying into a pair of SM vector bosons (WW,ZH) with 8 TeV data
provide a lower mass limit of 1.4 TeV (in model A, gV = 1) [11, 14, 32].

The most stringent limit on a heavy vector triplet resonance was set at 1.8 TeV (in model B)
obtained from a combination of 8 TeV VH searches [11, 13].

2.2 Spin-2 resonances

Massive resonances of spin-2 can be generically motivated in warped extra dimensional mod-
els [1, 2] that predict the existence of a so-called tower of Kaluza–Klein (KK) excitations of a
spin-2 boson, the KK graviton. The original RS model (here denoted as RS1) can be extended
to the bulk scenario (Gbulk), which addresses in addition the flavor structure of the SM through
localization of fermions in the warped extra dimension [16–18].

These models have two free parameters: the mass of the first mode of the KK bulk graviton,
MG, and the ratio k̃ ⌘ k/MPl, where k is the unknown curvature scale of the extra dimension,
and MPl ⌘ MPl/

p
8p is the reduced Planck mass. The constant k̃ acts as the coupling con-

stant of the model, on which the production cross-sections and widths of the graviton depend
quadratically. For models with k̃ . 0.5, the natural width of the resonance is sufficiently small
to be neglected when compared to the detector resolution.

In the bulk scenario, coupling of the graviton to light fermions is highly suppressed and the
decay into photons is negligible, while in the RS1 scenario branching ratios to photons and
fermions are dominant. The production of gravitons at hadron colliders in the bulk scenario is
thus dominated by gluon-gluon fusion, while in the RS1 scenario qq and gluon-gluon fusion
production contribute equally. The resulting production cross section in the bulk scenario is
of order 104 times lower than in the RS1 scenario. However, in the context of WW and ZZ
resonance searches, the bulk scenario is of higher interest, since the RS1 scenario has been
strongly constrained in searches with final states with fermions and photons. The two models
also differ in the polarization of the produced W and Z bosons. The RS1 graviton decays to
transverse polarized bosons 90% of the time, while the bulk graviton decays to longitudinal
polarized bosons more than 99% of the time. This leads to differences in the efficiency of the
techniques used for identifying the bosons.

In the scenario with k̃ = 1, where the bulk graviton has comparable or larger width than the
detector resolution, the most stringent limit of 0.81 TeV on the bulk graviton mass was set by
a combination of searches in the diboson final state [15, 26, 27]. The most stringent limits on
the cross section for narrow bulk graviton resonances in the scenario of k̃ . 0.5 were set by
searches in the diboson final state [7, 9, 10]; however, no limits on the resonance mass could be
set due to the low predicted production cross section.
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Figure 1: Leading-order production modes for Higgs boson pairs in the SM through (a) a heavy-quark loop and (b)
the Higgs self-coupling. The total SM contribution is the sum of the two modes, which includes significant destruct-
ive interference. BSM Higgs boson pair production could proceed through changes in the SM Higgs couplings in
(a) and (b), or through (c) an intermediate resonance, X .

the datasets so far recorded by the ATLAS experiment. However, a variety of new physics models pre-
dict enhancements to this cross-section. Therefore, the observation of Higgs boson pairs would provide
supporting evidence for BSM physics.

Models with two Higgs doublets (2HDMs), such as the minimal supersymmetric extension of the SM [10],
twin Higgs models [11] and composite Higgs models [12, 13], predict the existence of a heavy Higgs bo-
son that could itself decay to two lighter, SM-like, scalar partners, as shown in Fig. 1 (c). Other BSM
processes that could result in resonant decays to two Higgs bosons include gravitons [14], radions [15]
and stoponium [16]. Finally, a deviation from the SM value of the self-coupling �hhh , could increase the
non-resonant production rate by reducing the e↵ect of the destructive interference [17].

The bb̄�� final state is particularly promising for this search, as it benefits from the large branching
fraction of the h!bb̄ decay (58% [18]) and the clean diphoton signal, due to high m�� resolution, on
top of a smooth continuum diphoton background from multijet and multiphoton SM processes. For
resonances with masses above 400 GeV, search channels such as bb̄bb̄ and bb̄⌧+⌧� have better sensitivity
due to the higher branching fractions of the SM Higgs boson decays to bb̄ and ⌧+⌧� (6.3% [18]) with
respect to �� (0.23% [18]) [19, 20]. For this reason, this search focuses on resonances with masses in
the range 275 GeV < mX < 400 GeV, as well as on non-resonant production with similar kinematic
properties to the SM Higgs-pair (di-Higgs) production but with an enhanced rate with respect to the SM
one.

2 Data and simulated samples

2.1 The ATLAS detector

The ATLAS experiment [21] is a multi-purpose particle detector with a forward-backward symmetric
cylindrical geometry and nearly 4⇡ coverage in solid angle.1 It consists of an inner tracking detector
(ID) surrounded by a thin superconducting solenoid providing a 2 T axial magnetic field, electromagnetic
(EM) and hadronic calorimeters, and a muon spectrometer (MS). The inner tracking detector, consisting

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points
upwards. Cylindrical coordinates (r,�) are used in the transverse plane, � being the azimuthal angle around the z-axis.
The pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2). Angular distance is measured in units of

�R ⌘
q

(�⌘)2 + (��)2.

3
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Figure 9: The combined limits for the spin-0 radion (left) and the spin-2 bulk graviton (right)
models. The “Alphabet” background estimation method is used for masses below 1200 GeV,
while the “Alphabet-assisted bump hunt” is used for higher masses. The predicted theoretical
cross sections for a narrow radion or a bulk graviton produced through gluon-gluon fusion
and assumed to decay to a pair of Higgs bosons with a branching fraction of 23% and 10%, for
the radion and the bulk graviton, respectively, are also shown.
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• Two H-tagged fat jets: Mjj>750 GeV 
• Reduced dijet mass (to improve dijet resolution):          = 

• 2 categories of events depending on the double-b-tag discriminator: LooseLoose & TightTight 

• Multijet events (dominant background)  
‣ Estimated using data from the “anti-tag” region of the leading jet (inverted b-tag discriminator) 
‣ Normalisation constrained using the leading jet mass sidebands
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Figure 1: The soft drop mass (upper left), the N-subjettiness t21 (upper right), double-b tagger
(lower) distributions of the leading two AK8 jets. The multijet background components for the
different jet flavours are shown, along with the bulk graviton signal of mass 1.4, 1.8, and 2.5 TeV.
The number of signal and background events correspond to 35.9 fb�1 of integrated luminosity.
A signal cross section of 20 pb is assumed for all the mass hypotheses. The events are required
to have passed the online selection, lepton rejection, the AK8 jet kinematic selections pT >
300 GeV, |h| < 2.4, and Dh(j1, j2) < 1.3. The reduced dijet invariant mass Mred

jj is required to be
greater than 750 GeV. The N-subjettiness requirement of t21 < 0.55 is applied to the upper left
and lower right figures. The soft drop masses of the two jets are between 105–135 GeV for the
for the upper right and lower figures.

The main variable used in the search for a HH resonance is the invariant mass of the two188

highest-pT jets, Mjj. However, to improve the dijet mass resolution, the Mred
jj variable is used189

instead. It is defined as Mjj � (Mj1 � MH)� (Mj2 � MH), where Mj1 and Mj2 are the soft drop190

masses of the leading and sub-leading H-tagged jets in the event. This is referred to as the191

“reduced dijet invariant mass”. The distributions of the Dh(j1, j2) and the Mred
jj variables are192

shown in Fig. 2193

Events are required to have the two leading AK8 jets to fulfil the loose double-b tagger thresh-194

old (“LL” category). In addition, if they both pass the tight double-b tagger threshold, they195

are classified as “TT”. The combination of TT+LL categories gives the best signal sensitivity196

over a wide range of resonance particle masses, based on studies performed using simulated197
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Figure 1: The soft drop mass (upper left), the N-subjettiness t21 (upper right), double-b tagger
(lower) distributions of the leading two AK8 jets. The multijet background components for the
different jet flavours are shown, along with the bulk graviton signal of mass 1.4, 1.8, and 2.5 TeV.
The number of signal and background events correspond to 35.9 fb�1 of integrated luminosity.
A signal cross section of 20 pb is assumed for all the mass hypotheses. The events are required
to have passed the online selection, lepton rejection, the AK8 jet kinematic selections pT >
300 GeV, |h| < 2.4, and Dh(j1, j2) < 1.3. The reduced dijet invariant mass Mred

jj is required to be
greater than 750 GeV. The N-subjettiness requirement of t21 < 0.55 is applied to the upper left
and lower right figures. The soft drop masses of the two jets are between 105–135 GeV for the
for the upper right and lower figures.

The main variable used in the search for a HH resonance is the invariant mass of the two188

highest-pT jets, Mjj. However, to improve the dijet mass resolution, the Mred
jj variable is used189

instead. It is defined as Mjj � (Mj1 � MH)� (Mj2 � MH), where Mj1 and Mj2 are the soft drop190

masses of the leading and sub-leading H-tagged jets in the event. This is referred to as the191

“reduced dijet invariant mass”. The distributions of the Dh(j1, j2) and the Mred
jj variables are192

shown in Fig. 2193

Events are required to have the two leading AK8 jets to fulfil the loose double-b tagger thresh-194

old (“LL” category). In addition, if they both pass the tight double-b tagger threshold, they195

are classified as “TT”. The combination of TT+LL categories gives the best signal sensitivity196

over a wide range of resonance particle masses, based on studies performed using simulated197
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categories. The black markers are the data while the curves show the pre-fit and post-fit back-
ground shapes. The contribution of bulk gravitons of masses 1600 and 2500 GeV in the signal
region are shown assuming a production cross section of 10 fb. The lower panel shows the dif-
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|Dh(j1, j2)| < 1.3 requirement. The bulk gravitons, being spin-2 particles, produce more central315

jets, and hence have higher efficiency than radions for this selection criteria. Thus the signal316

sensitivity for a bulk graviton is higher than that for a radion of the same mass. The limits for317

several mass hypotheses for the bulk graviton or radion resonances are given in Table 1.318

7 Summary319

A search for a narrow massive resonance decaying to two standard model Higgs bosons is320

performed using the CERN LHC pp collision data collected at a centre-of-mass energy of 13 TeV321

by the CMS detector in 2016, corresponding to an integrated luminosity of 35.9 fb�1 . Events322

where both Higgs bosons decay as H ! bb are considered in this search. The Lorentz boost323

imparted to the Higgs bosons due to the mass of their parent particle is sufficient to merge the324

corresponding bb quarks into one large area jet, each with a mass corresponding to the Higgs325

boson mass. A localized excess of events in the invariant mass distribution of the pair of such326

jets in the selected events is searched for, over a continuum background comprised mainly of327

standard model multijet production. In the absence of such an excess, upper limits are set on328

the production cross section times the branching fraction of a Kaluza-Klein bulk graviton and329

a Randall-Sundrum radion decaying to a pair of standard model Higgs bosons, for various330

hypothetical masses of the bulk graviton and the radion in the range 800–3000 GeV. For the331

mass scale LR = 3 TeV, we exclude a radion of mass between 970 and 1450 GeV.332
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• Resolved regime: reconstruct 4 jets R=0.4 (mHH<1000 GeV & non-resonant production) 
• Boosted regime: reconstruct 2 fat jets R=1.0 (mHH>1000 GeV)

Appendix
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The previous analysis

is documented in arXiv:1606.04782.
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Improvement at high-mass:
Increase signal acceptance by 
requiring >=1 b-tagged track 
jet matched to H-jet (instead 

of >=2 previously)

Improvement at low-mass + 
non-resonant:

Increase signal acceptance by 
loosening topological selection 

requirements

ATLAS-CONF-2016-049 
7 Statistical analysis

The statistical interpretation of results from the resolved and boosted analyses are made separately using
the statistical procedure described in Ref. [1] and references therein. A test statistic based on the profile
likelihood ratio [56] is used to test hypothesized values of µ = �/�theory, the global signal strength factor,
separately for each model tested. The statistical analysis described below is performed using the data
observed in the signal regions. For the resolved analysis, the m4j distribution is used as the final search
discriminant, while for the boosted analysis the m2J distribution is used.

Systematic uncertainties are treated within each signal region using Gaussian or log-normal constraint
terms in the definition of the likelihood function. For the resolved analysis, the 2015 and 2016 datasets are
fitted simultaneously. In the boosted analysis, the data from the 2-tag-split, 3-tag and 4-tag signal regions
are fitted simultaneously.

7.1 Exclusion limits

The data are used to set upper limits on the cross sections for the di�erent benchmark signal processes.
Exclusion limits are based on the value of the statistic CLs [57], with a value of µ regarded as excluded
at the 95% confidence level (CL) when CLs is less than 5%.

The nonresonant search is performed using the resolved analysis, since it has better sensitivity than the
boosted analysis. Using the SM hh nonresonant production as the signal model, the observed 95% CL
upper limit is �(pp ! hh ! bb̄bb̄) < 330 fb, a value to be compared with the inclusive SM prediction
(as defined in Section 3) of �(pp! hh! bb̄bb̄) = 11.3+0.9

�1.0 fb. The observed exclusion is within one
standard deviation of the expected 95% C.L. upper limit of �(pp! hh ! bb̄bb̄) < 430 fb.

For the resonant Higgs-boson pair production search, the resolved and boosted analyses o�er their best
sensitivity in complementary resonance mass regions. The resolved analysis gives a more stringent
expected exclusion limit for resonance masses up to (and including) 1000 GeV, while the boosted analysis
o�ers better sensitivity beyond that mass. A simple combination of the separate exclusion limits from the
resolved and boosted analyses is used. This is achieved by taking the limit from the analysis with the more
stringent expected exclusion at each mass point for each of the signal models.

Figure 11 shows the combined 95% CL upper limits for a spin-2 G⇤KK in the bulk RS model with k/M̄Pl = 1.
Limits on �

⇣
pp!G⇤KK! hh! bb̄bb̄

⌘
are set in the range between 1000 fb and 2 fb for masses between

300 and 3000 GeV. These cross section upper limits translate into observed (expected) excluded mass
range of 360 GeV  mG⇤KK

 860 GeV (380 GeV  mG⇤KK
 910 GeV).

The search sensitivity of this analysis exceeds that of the previous analysis of the
p

s = 13 TeV 2015
dataset [10] across the entire mass range. Analysis improvements have led to large sensitivity gains for
non-resonant signal and for resonance signals with mhh < 500 GeV and mhh > 2.5 TeV.
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Conclusion
Presented several analyses using the 15-36 fb-1 of 2015+2016 data 

Many other results with the full 36 fb-1 dataset are expected to come out this 
summer 

New data coming soon!  

‣ Bringing factor ~5 increase in the luminosity 

‣ But also challenges in terms of pile-up… 

➡ Jet reconstruction, boosted boson tagging techniques, trigger… being 
continuously refined to cope with this challenge and improve the limits 

 Stay tuned!
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6 5 Systematic uncertainties
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Figure 4: The DNN output distribution for data and simulated events after requiring all selec-
tion cuts, for the µ+µ� channel. Output values towards 0 are background-like, while output
values towards 1 are signal-like. The resonant DNN output (left) evaluated at mX = 400 GeV
and the non-resonant DNN output (right) evaluated at kl = 1, kt = 1. The various signal
hypotheses displayed have been scaled to a cross-section of 5 pb.
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Figure 5: The DNN output distribution for data and simulated events in three different mjj
regions, for the µ+µ� channel: mjj < 75 GeV, mjj 2 [75, 140[ GeV and mjj � 140 GeV. The
resonant DNN output (left) evaluated at mX = 400 GeV and the non-resonant DNN output
(right) evaluated at kl = 1, kt = 1. The various signal hypotheses displayed have been scaled
to a cross-section of 5 pb.

5 Systematic uncertainties

This analysis depends on both normalisation and shape of the background and signal expecta-
tions. We investigate sources of systematic uncertainties and their effect on the final statistical
interpretation of the results by considering both uncertainties in the normalisation, or rate, of
the various processes in the analysis, as well as those that change the shape of the distributions.

• Select events with 2 b-tagged jets and 2 leptons of opposite charge 
• Search for a resonant-like excess compatible with MH in Mbb distribution 
• Use deep neural network (DNN) to improve signal-to-background separation

HH➞bblvlv
CMS PAS HIG-17-006 

DNN output is the final discriminant

36 fb-1
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10 6 Results

Figure 6: Expected and observed 95% CL upper limits on Higgs pair production cross section
times branching ratio for hh ! bbVV ! bblnln as a function of mX. These limits are computed
using the asymptotic CLs method, combining the e+e�, µ+µ� and e±µ⌥ channels, for spin-0
(left) and spin-2 (right) hypotheses. The dashed red lines represent possible expectations for
new physics arising from a new spin-0 or spin-2 resonance (see text for details). The irregular
behaviour of the observed limit is due to the limited statistics on data and to the parameterised
learning technique, which results in a reshuffling of the observed data distributions for each
point of the scan. The expected limits are evaluated with the same granularity as the observed
limits. The DNN interpolates the expected analysis performance in a smooth fashion between
the fully-simulated points.

HH➞bblvlv
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Figure 5: Expected and observed 95% CL upper limits on the the resonant Higgs pair produc-
tion cross section times branching fraction for HH ! bblnln, computed using the asymptotic
CLs method, for spin-0 (left) and spin-2 (right) hypotheses. The markers correspond to the limit
evaluated on the fully-simulated mass points, while in between the signal prediction was inter-
polated. The change in trend of the observed limits at 450 GeV, represented by the dashed line,
corresponds to transition point of the analysis between the two BDTs (see section 4). Theoreti-
cal cross-sections corresponding to 2HDM of Type I and Type II are overlaid on the spin-0 plot.
Theoretical cross-sections corresponding to WED models for radions and RS1 KK gravitons are
also overlaid on the spin-0 and spin-2 plots respectively.

As already demonstrated by the best-fit cross-section, no excess is visible in the whole mass
range of the analysis, the observed limits being compatible with the expected ones within 2
standard deviations. The change of trend in the observed limits at 450 GeV corresponds to the
transition point of the analysis between the two BDTs, one optimized for low mass resonances,
one for high mass resonances.

7 Summary

We have presented a search for resonant Higgs pair production, X ! HH, where one of the H
decays as H ! bb, and the other as H ! WW ! lnln using LHC proton-proton collision data
at

p
s = 13 TeV, corresponding to an integrated luminosity of 2.3 fb�1. Masses are considered

in the range between mX = 260 GeV and 900 GeV.

Data and predictions from the standard model are in agreement within systematic uncertain-
ties. For mass hypotheses from mX = 500 GeV to mX = 900 GeV, the data are observed (ex-
pected) to exclude a production cross-section times branching ratio from 174 to 101 (135 to
75.8) fb.
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6.1 Resonant production 9

where ni is the number of observed events in bin i and the Poisson mean for bin i is given by

µi = bsignal · Si + Â
k

bk · Tk,i,

where k denotes all of the considered background processes, Tk,i is the bin content of bin i of the
template for process k and Si is the bin content of bin i of the signal template. The parameter bk
is the nuisance parameter for the normalisation of the process k and bsignal is the signal strength.

The simulated background templates are scaled to the data luminosity, according to theoretical
cross sections. The signal templates are also normalised to the data luminosity, but considering
a cross section of 1 fb. This enables the interpretation of bsignal as the signal cross section in
fb. For each systematic uncertainty, a nuisance parameter du is introduced with a log-normal
prior which modifies µi, to describe the yield variation induced by the considered systematics
in each bin of the templates.

6.1 Resonant production

The fit results in signal cross sections compatible with zero: no significant excess above back-
ground predictions is observed. We therefore proceed to set upper limits at 95% confidence
level (CL) on Higgs pair production cross section times branching fraction for X ! hh !
bbVV ! bblnln using the asymptotic modified frequentist method (asymptotic CLs) [66, 67] as
a function of the X mass hypothesis, shown in Fig. 6. For mass hypotheses from mX = 300 GeV
to mX = 900 GeV, the observed upper limits on the production cross-section times branching
ratio of narrow-width spin-0 particles range from 434 to 17 fb, to be compared with expected
upper limits from 342+135

�97 to 14+6
�4 fb. For narrow-width spin-2 particles, the observed upper

limits on the production cross-section times branching ratio range from 448 to 14 fb, to be com-
pared with expected upper limits from 361+140

�102 to 13+5
�4 fb.

In order to estimate post-fit uncertainties, we perform a binned maximum likelihood fit of the
mjj vs. DNN output distributions (Fig. 5 left) to the data, extracting the best-fit values for all
the nuisance parameters. This fit is performed in the background-only hypothesis, for which
only nuisance parameters affecting the backgrounds are considered. Post-fit uncertainties are
estimated from random variations of all the nuisance parameters, sampled using the covariance
matrix resulting from the fit to data.

6.2 Non-resonant production

The fit results in signal cross sections compatible with zero: no significant excess above back-
ground predictions is seen. We therefore proceed to set upper limits at 95% CL on Higgs pair
production cross section times branching fraction for hh ! bbVV ! bblnln using the asymp-
totic CLs. The observed upper limit on the SM hh ! bbVV ! bblnln cross section is found
to be 72 fb, to be compared with an expected upper limit of 81+42

�25 fb. Including theoretical un-
certainties on the SM signal cross section, this observed (expected) limit amounts to 79 (89+47

�28)
times the SM prediction. In the BSM hypothesis, upper limits are set as a function of kl/kt, as
shown in Fig. 7. Upper limits in the kl vs kt plane are shown in Fig. 7.

In order to estimate post-fit uncertainties, we perform a binned maximum likelihood fit of the
mjj vs. DNN output distributions (Fig. 5 right) to the data, extracting the best-fit values for all
the nuisance parameters. This fit is performed in the background-only hypothesis, for which
only nuisance parameters affecting the backgrounds are considered. Post-fit uncertainties are
estimated from random variations of all the nuisance parameters, sampled using the covariance
matrix resulting from the fit to data.

7 Statistical analysis

The statistical interpretation of results from the resolved and boosted analyses are made separately using
the statistical procedure described in Ref. [1] and references therein. A test statistic based on the profile
likelihood ratio [56] is used to test hypothesized values of µ = �/�theory, the global signal strength factor,
separately for each model tested. The statistical analysis described below is performed using the data
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upper limit is �(pp ! hh ! bb̄bb̄) < 330 fb, a value to be compared with the inclusive SM prediction
(as defined in Section 3) of �(pp! hh! bb̄bb̄) = 11.3+0.9

�1.0 fb. The observed exclusion is within one
standard deviation of the expected 95% C.L. upper limit of �(pp! hh ! bb̄bb̄) < 430 fb.

For the resonant Higgs-boson pair production search, the resolved and boosted analyses o�er their best
sensitivity in complementary resonance mass regions. The resolved analysis gives a more stringent
expected exclusion limit for resonance masses up to (and including) 1000 GeV, while the boosted analysis
o�ers better sensitivity beyond that mass. A simple combination of the separate exclusion limits from the
resolved and boosted analyses is used. This is achieved by taking the limit from the analysis with the more
stringent expected exclusion at each mass point for each of the signal models.

Figure 11 shows the combined 95% CL upper limits for a spin-2 G⇤KK in the bulk RS model with k/M̄Pl = 1.
Limits on �

⇣
pp!G⇤KK! hh! bb̄bb̄

⌘
are set in the range between 1000 fb and 2 fb for masses between

300 and 3000 GeV. These cross section upper limits translate into observed (expected) excluded mass
range of 360 GeV  mG⇤KK

 860 GeV (380 GeV  mG⇤KK
 910 GeV).

The search sensitivity of this analysis exceeds that of the previous analysis of the
p

s = 13 TeV 2015
dataset [10] across the entire mass range. Analysis improvements have led to large sensitivity gains for
non-resonant signal and for resonance signals with mhh < 500 GeV and mhh > 2.5 TeV.
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a cross section of 1 fb. This enables the interpretation of bsignal as the signal cross section in
fb. For each systematic uncertainty, a nuisance parameter du is introduced with a log-normal
prior which modifies µi, to describe the yield variation induced by the considered systematics
in each bin of the templates.

6.1 Resonant production

The fit results in signal cross sections compatible with zero: no significant excess above back-
ground predictions is observed. We therefore proceed to set upper limits at 95% confidence
level (CL) on Higgs pair production cross section times branching fraction for X ! hh !
bbVV ! bblnln using the asymptotic modified frequentist method (asymptotic CLs) [66, 67] as
a function of the X mass hypothesis, shown in Fig. 6. For mass hypotheses from mX = 300 GeV
to mX = 900 GeV, the observed upper limits on the production cross-section times branching
ratio of narrow-width spin-0 particles range from 434 to 17 fb, to be compared with expected
upper limits from 342+135

�97 to 14+6
�4 fb. For narrow-width spin-2 particles, the observed upper

limits on the production cross-section times branching ratio range from 448 to 14 fb, to be com-
pared with expected upper limits from 361+140

�102 to 13+5
�4 fb.

In order to estimate post-fit uncertainties, we perform a binned maximum likelihood fit of the
mjj vs. DNN output distributions (Fig. 5 left) to the data, extracting the best-fit values for all
the nuisance parameters. This fit is performed in the background-only hypothesis, for which
only nuisance parameters affecting the backgrounds are considered. Post-fit uncertainties are
estimated from random variations of all the nuisance parameters, sampled using the covariance
matrix resulting from the fit to data.

6.2 Non-resonant production

The fit results in signal cross sections compatible with zero: no significant excess above back-
ground predictions is seen. We therefore proceed to set upper limits at 95% CL on Higgs pair
production cross section times branching fraction for hh ! bbVV ! bblnln using the asymp-
totic CLs. The observed upper limit on the SM hh ! bbVV ! bblnln cross section is found
to be 72 fb, to be compared with an expected upper limit of 81+42

�25 fb. Including theoretical un-
certainties on the SM signal cross section, this observed (expected) limit amounts to 79 (89+47

�28)
times the SM prediction. In the BSM hypothesis, upper limits are set as a function of kl/kt, as
shown in Fig. 7. Upper limits in the kl vs kt plane are shown in Fig. 7.

In order to estimate post-fit uncertainties, we perform a binned maximum likelihood fit of the
mjj vs. DNN output distributions (Fig. 5 right) to the data, extracting the best-fit values for all
the nuisance parameters. This fit is performed in the background-only hypothesis, for which
only nuisance parameters affecting the backgrounds are considered. Post-fit uncertainties are
estimated from random variations of all the nuisance parameters, sampled using the covariance
matrix resulting from the fit to data.

Limit improved in 
the whole range

36 fb-1 2.3 fb-1

• Select events with 2 b-tagged jets and 2 leptons of opposite charge 
• Search for a resonant-like excess compatible with MH in Mbb distribution 
• Use deep neural network (DNN) to improve signal-to-background separation
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Figure 6: Expected and observed limits on the production cross-section of a new spin-2 heavy
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10 7 Results

background predictions.298

Upper limits on the contribution of events from new physics are computed by using the modi-299

fied frequentist approach CLs [48–50]. The same simultaneous combined fit is performed using300

signal and background distributions after application of the SR selection to extract the upper301

limits for a given signal hypothesis.302

Statistical uncertainties in the background modeling are taken into account by fluctuating the303

predicted background histograms within an envelope according to uncertainties in each bin.304

Because the statistical uncertainties are bin-to-bin uncorrelated, a set of such envelopes is in-305

cluded in the analysis with each envelope representing the statistical fluctuations of a particular306

bin.307

Systematic uncertainties are treated as nuisance parameters, constrained with Gaussian or log-308

normal probability density functions in the maximum likelihood fit. Upper limits on the cross309

section times branching fraction for the resonance production are evaluated using the asymp-310

totic approximation [51] of the CLs criterion with the “LHC-style” test statistic [50]. When the311

likelihoods for electron and muon channels are combined, the correlation of systematic effects312

across those channels is taken into account.313
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Figure 4: The MT distributions for electron (ee, left) and muon (µµ, right) channels comparing
data and data-driven background modeling after fitting only the background modeling to the
data (Post-fit B-only). A model of the expected distribution for a spin-2 bulk graviton with
MG = 1 TeV is shown after normalization to a cross section of 1 pb. The uncertainty bands on
the ratio plots show the systematic uncertainties, while the statistical uncertainty on the data
is reflected by the error bars. The lower panels show the ratio of data to the prediction for
background.

7 Results314

The expected and observed upper limits on the resonance cross section multiplied by the315

branching fraction for X ! ZZ are determined at the 95% confidence level (CL) for the nar-316

row width benchmark model as a function of mX and shown in Figure 5. The observed lim-317

its are consistent with the SM backgrounds prediction. Upward fluctuations in the data ob-318
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data and data-driven background modeling after fitting only the background modeling to the
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MG = 1 TeV is shown after normalization to a cross section of 1 pb. The uncertainty bands on
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is reflected by the error bars. The lower panels show the ratio of data to the prediction for
background.
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Table 1: Summary of the uncertainties for the electron channel and the muon channel that
are included in the limit setting. In the table, “-” means does not apply and “(-)” stands for
negligibly small. “Signal” refers to the hypothetical narrow width spin-2 bulk graviton sample
with a mass of 1 TeV.

Source Signal Z+jets Reson. Non-Reso
Luminosity 2.5% 2.5% 2.5% 2.5%

PDF on cross-section - 1.7% 1.7% -
QCD on cross-section - 2.3% 3.0% -

EW NLO correction - 3.0% -
Electron PDF on acceptance 1.0% 3.4% 1.0% -
channel QCD on acceptance (-) 22.7% 2.9% -

Trigger eff. 0.1% - (-) -
Lepton ID eff. 0.5% - (-) -

Z pT reweighting - 2.1% - -
Non-reson. scale fact. - - - 10.0%

Emiss
T modeling Muon scale 0.1% - 10.1% -

uncertainties Elec. scale 1.8% - 0.4% -
Photon scale 2.9% - 0.5% -

Jet energy scale 1.5% - 0.4% -
Jet energy resolution 1.5% - 0.5% -

Unclustered E 2.3% - 0.5% -
Hadronic recoil - 0.1% - -

Muon PDF on acceptance 1.0% 3.4% 1.0% -
channel QCD on acceptance (-) 13.1% 2.9% -

Trigger eff. 0.2% - (-) -
Lepton ID eff. 0.9% - (-) -

Tracking eff. 1.0% 1.0% 1.0% 1.0%
Z pT reweighting - 0.5% - -

Non-reson. scale fact. - - - 2.4%
Emiss

T modeling Muon scale 10.9% - 1.8% -
uncertainties Elec. scale (-) - (-) -

Photon scale 0.1% - (-) -
Jet energy scale 1.2% - 0.1% -

Jet energy resolution 1.9% - 0.2% -
Unclustered E 1.8% - 0.3% -

Hadronic recoil - 0.1% - -
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Figure 9: The combined limits for the spin-0 radion (left) and the spin-2 bulk graviton (right)
models. The “Alphabet” background estimation method is used for masses below 1200 GeV,
while the “Alphabet-assisted bump hunt” is used for higher masses. The predicted theoretical
cross sections for a narrow radion or a bulk graviton produced through gluon-gluon fusion
and assumed to decay to a pair of Higgs bosons with a branching fraction of 23% and 10%, for
the radion and the bulk graviton, respectively, are also shown.
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Figure 8: The Mred
jj distributions in the the signal region for the LL (left) and the TT (right)

categories. The black markers are the data while the curves show the pre-fit and post-fit back-
ground shapes. The contribution of bulk gravitons of masses 1600 and 2500 GeV in the signal
region are shown assuming a production cross section of 10 fb. The lower panel shows the dif-
ference between the data and the predicted background, divided by the statistical uncertainty
of the data (pull).

|Dh(j1, j2)| < 1.3 requirement. The bulk gravitons, being spin-2 particles, produce more central315

jets, and hence have higher efficiency than radions for this selection criteria. Thus the signal316

sensitivity for a bulk graviton is higher than that for a radion of the same mass. The limits for317

several mass hypotheses for the bulk graviton or radion resonances are given in Table 1.318

7 Summary319

A search for a narrow massive resonance decaying to two standard model Higgs bosons is320

performed using the CERN LHC pp collision data collected at a centre-of-mass energy of 13 TeV321

by the CMS detector in 2016, corresponding to an integrated luminosity of 35.9 fb�1 . Events322

where both Higgs bosons decay as H ! bb are considered in this search. The Lorentz boost323

imparted to the Higgs bosons due to the mass of their parent particle is sufficient to merge the324

corresponding bb quarks into one large area jet, each with a mass corresponding to the Higgs325

boson mass. A localized excess of events in the invariant mass distribution of the pair of such326

jets in the selected events is searched for, over a continuum background comprised mainly of327

standard model multijet production. In the absence of such an excess, upper limits are set on328

the production cross section times the branching fraction of a Kaluza-Klein bulk graviton and329

a Randall-Sundrum radion decaying to a pair of standard model Higgs bosons, for various330

hypothetical masses of the bulk graviton and the radion in the range 800–3000 GeV. For the331

mass scale LR = 3 TeV, we exclude a radion of mass between 970 and 1450 GeV.332
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Figure 2: The Dh(j1, j2) distributions (left) and the reduced dijet invariant mass Mred
jj (right).

The multijet background components for the different jet flavours are shown, along with a
bulk graviton signal of masses 1400, 1800, and 2500 GeV. The number of signal and background
events correspond to 35.9 fb�1 of integrated luminosity. The signal cross section is assumed
to be 20 pb for all the mass hypotheses. The events are required to have passed the online
selection, lepton rejection, the AK8 jet kinematic selections pT > 300 GeV, |h| < 2.4. The soft
drop masses of the two jets are between 105–135 GeV, and the N-subjettiness requirement of
t21 < 0.55 is applied. The Dh(j1, j2) distributions on the left has Mred

jj < 750 GeV requirement,
while the Dh(j1, j2) < 1.3 requirement is applied to the Mred

jj distributions on the right.

signal and multijet simulated samples. The TT criterion has a good background rejection for198

MX ⇠ 2000 GeV. At higher masses, where the background is small, the LL criterion helps to re-199

cover the signal sensitivity. The full event selection efficiencies for bulk gravitons and radions200

of different assumed masses is shown in Fig. 3. The radion has a smaller efficiency than the201

bulk graviton due to the fact that its |Dh(j1, j2)| distribution is considerably wider than that of202

a bulk graviton of the same mass, as shown in Fig. 2 (left).203
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Figure 3: The signal selection efficiencies for the bulk graviton and radion models for different
mass hypotheses of the resonances, shown for the LL and the TT signal event categories.

4 Signal and background modelling204

For the purpose of background estimation, the Mred
jj spectrum is divided into two ranges, be-205

tween 800 and 1200 GeV, and above 1200 GeV. The background estimation in both ranges relies206

on a set of sidebands that are used to predict the total background normalization. Above 1200207

36 fb-1

Br(Gbulk ➞HH)~10%Br(radion ➞HH)~23%
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Figure 5: (top left) Observed (black solid) and expected (black dashed) exclusion limits at 95%
CL on s(pp ! V0 ! WV/VH) (V0 =W0,Z0 and V=W,Z) as a function of the resonance mass ob-
tained by combining the 8 TeV diboson searches. The curve corresponding to the cross sections
predicted by the HVT model B is overlaid. (top right) Observed (black solid) and expected
(black dashed) exclusion limits at 95% CL on s(pp ! V0 ! WV/VH) as a function of the
resonance mass obtained by combining the 13 TeV diboson searches. The curve corresponding
to the cross sections predicted by the HVT model B is overlaid. (bottom) Exclusion limits at
95% CL on the signal strength as a function of the resonance mass obtained by combining the 8
and 13 TeV diboson searches. In all the three plots the different colored lines correspond to the
searches entering the combination.
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Figure 8: (left) Observed (black solid) and expected (black dashed) exclusion limits at 95% CL
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three plots the different colored lines correspond to the searches entering the combination.

Figure 8 (left) shows the comparison and combination of the results obtained in the 13 TeV VV
searches in the resonance mass range 0.8 < mG < 4 TeV. The 95% CL exclusion limits on the
bulk graviton production cross section times the branching fraction to WW and ZZ obtained
in the 13 TeV VV searches in the resonance mass range 0.8 < mG < 4 TeV are shown. The
sensitivity at lower masses (. 1.8 TeV) is mainly driven by the `nqq channel, while at high
masses it is dominated by the dijet channel. The limits are compared with the cross section
times the branching fraction to WW for a bulk graviton with k/M̄Pl = 0.5. The sensitivity
reached by the combination is not enough to exclude a range of masses in this particular model;
however cross sections are excluded in the range [0.004–0.7] pb. This limit is improved with
the combination by up to 40% both at low and high masses with respect to the most sensitive
channel in the range.

Figure 8 (right) shows the comparison and combination of the results obtained in the 8 and 13
TeV VV searches. The 95% CL exclusion limits on the signal strength in the resonance mass
range 0.8 < mG < 4 TeV are shown. At a resonance mass of 2 TeV the sensitivity on the
cross section reached by the 13 TeV searches supersedes the 8 TeV searches by factors of 2.1
and 3.6 for the `nqq and qqqq channel, respectively. The combination yields the most stringent
signal strength limits on a narrow bulk graviton resonances to date in the mass range from 0.8
to 4 TeV.

Figure 9 shows the comparison of the combination of 8 and 13 TeV results with the combination
of only 8 TeV or only 13 TeV searches for the bulk graviton signal hypothesis. Under this signal
hypothesis, the sensitivity reached by the 13 TeV searches supersedes the 8 TeV combination by
10–50% down to very low resonance masses (0.9 TeV). Hence, the contribution given by 8 TeV
channels is less significant with respect to the spin-1 resonance hypotheses. Nevertheless, with
the combination the sensitivity is improved by 10–40% for resonance masses below 1.6 TeV.
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5.5 Significance at 2 TeV

ATLAS reported an excess in the all-hadronic VV search in the qqqq final state corresponding
to a local significance of 3.4s for a W0 resonance with a mass of 2 TeV [15]. CMS reported a
local deviation of 2.2s in the semi-leptonic WH ! `nbb search for a W0 resonance with a mass
of 1.8 TeV [13]. We evaluate the combined significance of the 8 and 13 TeV CMS searches in
the range 1.8–2.0 TeV in Tables 5–7. Combining all 8 TeV VH searches in the W0 hypothesis,
the local significance of the excess at 1.8 TeV is slightly reduced to 2.1s. Combining all 8 TeV
VV/VH searches in the W0 hypothesis, it is increased back to 2.2s. However, in combination
with the 13 TeV VV/VH searches in the W0 hypothesis, the overall significance at 1.8 TeV is
reduced to 0.9s. This remains the largest significance for the overall combination of 8+13 TeV
searches considering all signal hypothesis over the mass range 1.8–2.0 TeV, thus not supporting
the excesses observed in the two individual channels in 8 TeV data.

Table 5: Statistical significance of excesses observed at 1.8 TeV in the various searches, ex-
pressed in standard deviations.

Combination W0 Z0 HVT (W0 +Z0) Gbulk

VV 13 TeV 0.00 0.10 0.00 0.00
VV+VH 13 TeV 0.00 0.00 0.00 -
VV 8 TeV 1.22 0.56 1.03 1.61
VV 8+13 TeV 0.20 0.46 0.33 0.35
VH 8 TeV 2.05 0.56 1.79 -
VV+VH 8 TeV 2.22 0.77 1.95 -
VV+VH 8+13 TeV 0.86 0.00 0.83 -

6 Conclusions
The statistical combination of searches for massive resonances decaying to WW, ZZ, WZ, WH,
and ZH boson pairs has been presented. The considered searches are based on pp collision data
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Figure 5: (top left) Observed (black solid) and expected (black dashed) exclusion limits at 95%
CL on s(pp ! V0 ! WV/VH) (V0 =W0,Z0 and V=W,Z) as a function of the resonance mass ob-
tained by combining the 8 TeV diboson searches. The curve corresponding to the cross sections
predicted by the HVT model B is overlaid. (top right) Observed (black solid) and expected
(black dashed) exclusion limits at 95% CL on s(pp ! V0 ! WV/VH) as a function of the
resonance mass obtained by combining the 13 TeV diboson searches. The curve corresponding
to the cross sections predicted by the HVT model B is overlaid. (bottom) Exclusion limits at
95% CL on the signal strength as a function of the resonance mass obtained by combining the 8
and 13 TeV diboson searches. In all the three plots the different colored lines correspond to the
searches entering the combination.
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5.5 Significance at 2 TeV

ATLAS reported an excess in the all-hadronic VV search in the qqqq final state corresponding
to a local significance of 3.4s for a W0 resonance with a mass of 2 TeV [15]. CMS reported a
local deviation of 2.2s in the semi-leptonic WH ! `nbb search for a W0 resonance with a mass
of 1.8 TeV [13]. We evaluate the combined significance of the 8 and 13 TeV CMS searches in
the range 1.8–2.0 TeV in Tables 5–7. Combining all 8 TeV VH searches in the W0 hypothesis,
the local significance of the excess at 1.8 TeV is slightly reduced to 2.1s. Combining all 8 TeV
VV/VH searches in the W0 hypothesis, it is increased back to 2.2s. However, in combination
with the 13 TeV VV/VH searches in the W0 hypothesis, the overall significance at 1.8 TeV is
reduced to 0.9s. This remains the largest significance for the overall combination of 8+13 TeV
searches considering all signal hypothesis over the mass range 1.8–2.0 TeV, thus not supporting
the excesses observed in the two individual channels in 8 TeV data.

Table 5: Statistical significance of excesses observed at 1.8 TeV in the various searches, ex-
pressed in standard deviations.

Combination W0 Z0 HVT (W0 +Z0) Gbulk

VV 13 TeV 0.00 0.10 0.00 0.00
VV+VH 13 TeV 0.00 0.00 0.00 -
VV 8 TeV 1.22 0.56 1.03 1.61
VV 8+13 TeV 0.20 0.46 0.33 0.35
VH 8 TeV 2.05 0.56 1.79 -
VV+VH 8 TeV 2.22 0.77 1.95 -
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The statistical combination of searches for massive resonances decaying to WW, ZZ, WZ, WH,
and ZH boson pairs has been presented. The considered searches are based on pp collision data
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Figure 3: The mJJ distributions in the VH signal regions for data (points) and background estimate (histograms)
after the likelihood fit for events in the (left) 2-tag and (right) 1-tag categories. The pre-fit background expectation
is given by the blue dashed line. The expected signal distributions (multiplied by 50) for a V 0 boson with 2 TeV
mass are also shown. In the data/prediction ratio plots, arrows indicate o↵-scale points.

a ⇠ 60% overlap of data between the WH and ZH selections for both the 2-tag and 1-tag signal regions,
and this fraction is approximately constant as a function of mJJ.

8.1 Statistical Analysis

To determine if there are any statistically significant local excesses in the data, a test of the background-
only hypothesis (µ = 0) is performed at each signal mass point. The significance of an excess is quantified
using the local p0 value, the probability that the background could produce a fluctuation greater than or
equal to the excess observed in data. A global p0 is also calculated for the most significant discrepancy,
using background-only pseudo-experiments to derive a correction for the look-elsewhere e↵ect across the
mass range tested [55]. The largest deviation from the background-only hypothesis is in the ZH signal
region, occurring at mJJ ⇠ 3.0 TeV with a local significance of 3.3 �. The global significance of this
excess is 2.2 �.

The data are used to set upper limits on the cross-sections for the di↵erent benchmark signal processes.
Exclusion limits are computed using the CLs method [56], with a value of µ regarded as excluded at the
95% CL when CLs is less than 5%.
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Appendix

Figure 5 shows the p-value as a function of resonance mass for both channels.
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Figure 5: p-value as a function of resonance mass for the (left) ZH and (right) WH channels.

Figure 6 shows the signal acceptance ⇥ e�ciency as a function of resonance mass.
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Figure 6: Signal acceptance ⇥ e�ciency as a function of resonance mass.
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Table 3: Summary of the main post-fit systematic uncertainties (expressed as a percentage of the yield) in the
background and signal event yields in the 1-tag and 2-tag signal regions. The values for the jet energy scale and
b-tagging e�ciency uncertainties represent the sum in quadrature of the values from the dominant components. The
jet energy scale, jet mass resolution, b-tagging e�ciency, luminosity and MC statistics uncertainties do not apply
to the multijet contribution, which is determined from data. Uncertainties are provided for a resonance mass of 2
TeV in the context of the HVT Model B, for both V 0 ! WH and V 0 ! ZH resonances.

ZH 2 tag yield variation [%] ZH 1 tag yield variation [%]
Source Background HVT Model B Z0(2 TeV) Background HVT Model B Z0(2 TeV)

Luminosity 0.2 3.2 0.3 3.2
Jet energy scale 2.2 7.0 1.2 7.4
Jet mass resolution 0.6 9.5 0.4 8.5
b-tagging 1.6 10.1 0.5 15.1
tt̄ Normalization 1.8 - 2.5 -

Multijet Normalization 4.7 - 2.8 -

WH 2 tag yield variation [%] WH 1 tag yield variation [%]
Source Background HVT Model B W 0(2 TeV) Background HVT Model B W 0(2 TeV)

Luminosity 0.2 3.2 0.3 3.2
Jet energy scale 2.4 5.7 0.8 5.6
Jet mass resolution 1.2 11 0.3 10.4
b-tagging 1.6 10.6 0.4 15.2
tt̄ Normalization 1.9 - 2.5 -

Multijet Normalization 4.3 - 2.8 -

8 Results

The results are interpreted using the statistical procedure described in Reference [1] and references
therein. A test statistic based on the profile likelihood ratio [54] is used to test hypothesized values
of µ, the global signal strength factor, separately for each model considered. The statistical analysis
described below is performed using the mJJ distribution of the data observed in the signal regions. The
systematic uncertainties are modeled with Gaussian or log-normal constraint terms (nuisance parameters)
in the definition of the likelihood function. The data distributions from the 1-tag and 2-tag signal regions
are used in the fit simultaneously, treating systematic uncertainties on the luminosity, jet energy scale, jet
energy resolution, jet mass resolution and b-tagging as fully correlated between the two signal regions.
Both the multijet normalization and shape uncertainties are treated as independent between the two signal
regions. In addition, the multijet shape uncertainties for mJJ above and below 2 TeV are treated as inde-
pendent. When performing the fit, the nuisance parameters are allowed to vary within their constraints to
maximize the likelihood. As a result of the fit, the multijet shape uncertainties are significantly reduced.
With the jet mass resolution, jet energy scale and multijet normalization, they have the largest impact
on the search sensitivity. Fits in the WH and ZH signal regions are performed separately. The pre- and
post-fit mJJ distributions in the signal regions are shown in Figure 3.

The number of background events in the 1-tag and 2-tag ZH and WH signal regions after the fit, the
number of events observed in the data, and the predicted yield for a potential signal are reported in
Table 4. The total data and background yields in each region are constrained to agree by the fit. There is
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Figure 2: The mJJ distribution in the signal region-like validation region in the (left) 2-tag (right) 1-tag samples,
compared to the predicted background.

the resolution measurement [34, 47]. For the large-R jet pT a 2% absolute uncertainty is assigned, while
for the mass and D�=1

2 resolutions a relative 20% and 15% uncertainty is assigned, respectively. The
uncertainty in the b-tagging e�ciency for track jets is based on the uncertainty in the measured tagging
e�ciency for b-jets in data following the methodology used in Reference [42]. This is measured as a
function of b-jet pT and ranges between 2% and 8% for track jets with pT < 250 GeV. For track jets with
pT > 250 GeV the uncertainty in the tagging e�ciencies is extrapolated using MC simulation [42] and
is approximately 9% for track jets with pT > 400 GeV. A 30% normalization uncertainty is applied to
the tt̄ background based on the ATLAS tt̄ di↵erential cross-section measurement [52]. Due to the small
contribution of the V+jets background, no corresponding uncertainty is considered.

Systematic uncertainties in the normalization and shape of the data-based multijet background model are
assessed from the validation regions. The background normalization predictions in the validation regions
agree with the observed data to within ±5% in the 1-tag sample and ±13% in the 2-tag sample. These
di↵erences are taken as the uncertainties in the predicted multijet yield. The shape uncertainty is derived
by taking the ratio of the predicted background to the observed data after fitting both to a power law. This
is done separately for the 1-tag and 2-tag samples. The larger of the observed shape di↵erences in the
VR-SR and VR-SB is taken as the shape uncertainty. Separate shape uncertainties are estimated for mJJ
above and below 2 TeV in order to allow for independent shape variations in the bulk and tail of the mJJ
distribution in the final statistical analysis.

An additional uncertainty in the shape of the multijet background prediction is assigned by fitting a variety
of empirical functions designed to model power-law behavior to the 0-tag mJJ distribution, as described in
Reference [53]. The largest di↵erence between the nominal prediction and the alternative fit functions is
taken as a systematic uncertainty. Similarly, the fit range of the nominal power-law function is varied, and
the largest di↵erence between the nominal prediction and the alternative fit ranges is taken as a systematic
uncertainty.

The impact of the main systematic uncertainties on event yields is summarized in Table 3.
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• For a high Lorentz boost ∆R comparable with the calorimeter granularity 
• Use track-assisted mass (TA) to maintain performance: 

• Combined jet mass:

31

ATLAS: Combined jet mass

(charged) resonances with a mass of 1 TeV, down to 0.05 fb (0.11 fb) for neutral (charged) resonances
with a mass of 3.8 TeV. Samples are generated in steps of 100 GeV for resonance masses up to 2 TeV,
then steps of 200 GeV up to 4 TeV, and one at 3.5 TeV.

The tt̄ background samples are generated with Powheg-Box v2 [23] with the CT10 PDF set [24], inter-
faced with Pythia 6.428 [25] and the Perugia 2012 tune for the parton shower [26] using the CTEQ6L1
PDF set [27]. The cross-section of the tt̄ process is normalized to the result of a NNLO+NNLL cal-
culation in QCD, as calculated by Top++ 2.0 [28]. The Powheg hdamp parameter [29] is set to the top
quark mass, taken to be mt = 172.5 GeV. The W+jets and Z+jets background samples are generated with
Sherpa 2.1 [30] interfaced with the CT10 PDF set [24]. Matrix elements of up to four extra partons are
calculated at leading order in QCD. Only the hadronic decays of the W and Z bosons are included. For
studies with simulated multijet events, the MC samples are generated with Pythia 8.186 [20], with the
NNPDF2.3 NLO PDF [21] and the ATLAS A14 tune [22]. The background from SM VH production is
negligible and therefore not considered.

For all simulated events, except those produced using Sherpa, EvtGen v1.2.0 [31] is used to model the
properties of bottom and charm hadron decays. The detector response is simulated with Geant 4 [32, 33]
and the events are processed with the same reconstruction software as that used for data. All simulated
samples include the e↵ects due to multiple pp interactions per bunch-crossing (pile-up).

4 Event Reconstruction

Collision vertices are reconstructed requiring a minimum of two tracks each with transverse momentum
pT > 0.4 GeV. The primary vertex is chosen to be the vertex with the largest

P
p2

T, where the sum extends
over all tracks associated with the vertex.

The identification and reconstruction of hadronically decaying gauge boson and Higgs boson candidates is
performed with the anti-kt jet clustering algorithm with R parameter equal to 1.0. These large-R jets [34]
are reconstructed from locally calibrated topological clusters [35] of calorimeter energy deposits. To
mitigate the e↵ects of pile-up and soft radiation, the large-R jets are trimmed [36]: the jet constituents are
reclustered into subjets using the kt algorithm [37] with R = 0.2, removing those with psubjet

T /pjet
T < 0.05,

where psubjet
T is the transverse momentum of the subjet and pjet

T is the transverse momentum of the original
large-R jet. In order to improve over the limited angular resolution of the calorimeter, the combined mass
of a large-R jet is computed using a combination of calorimeter and tracking information [38]. The mass
is defined as:

mJ ⌘ wcalo ⇥ mcalo
J + wtrack ⇥

⇣
mtrack

J
pcalo

T

ptrack
T

⌘
,

where mcalo
J is the calorimeter-only estimate of the jet mass, and mtrack

J is the jet mass estimated via tracks
with pT > 0.4 GeV associated with the large-R jet using ghost association2 [39]. To correct for the missing
neutral component in the track jet, mtrack

J is scaled by the ratio of calorimeter to track pT estimates. The

2 In this method, the large-R jet algorithm is rerun with both the four-momenta of tracks, modified to have infinitesimally small
momentum (the “ghosts”), and all topological energy clusters in the event as potential constituents of jets. As a result, the
presence of tracks does not alter the large-R jets already found and their association with specific large-R jets is determined
by the jet algorithm.

4

(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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JETM-2017-002
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ATLAS-CONF-2016-035 

Large-radius calorimeter jets are identified as W/Z-jets (top-jets) if there is a truth W/Z-boson (top quark)
associated to their untrimmed jet area using the ghost association method [33]. The W/Z-jets (top-jets) are
studied in simulated samples of W 0 boson (Z0 boson) events and they are required to have pT > 250 GeV
(> 350 GeV).

Tracks are reconstructed in the inner detector using an iterative algorithm seeded on combinations of
measurements from the silicon detectors and combining a combinatorial Kalman filter with a stringent
ambiguity solver [34]. Reconstructed tracks are required to have transverse momentum of at least 400
MeV, |⌘ | < 2.5, and have at least seven hits in the pixel and SCT detectors. Not more than one module
with such hits is allowed to be shared between multiple tracks in the pixel or SCT detector. Further, the
total number of holes3 is not allowed to exceed two per track, and not more than one in the pixel detector.
Additionally, the tracks must have been used in the fit of the primary vertex, or they were not used in
any vertex fit. In the latter case, their absolute value of zBL

0 times sin ✓ must be less than 3 mm. zBL
0 is

the di↵erence between the longitudinal position of the primary vertex and the longitudinal position of the
track along the beam line at the point where dBL

0 , the transverse impact parameter calculated with respect
to the measured beam line position, is measured. Tracks are associated to jets using the ghost association
method.

5 Jet Mass Definitions and Calibration

5.1 Jet mass definitions

The calorimeter-based jet mass (mcalo) for a large-radius calorimeter jet J with calorimeter-cell cluster
constituents i with energy E

i

, momentum ~p
i

(|~p
i

| = E
i

) is defined as:

mcalo =

vut(
B/
X

i2J
E
i

)
C0

2

�
(
B/
X

i2J
~p
i

)
C0

2

. (1)

The angular spread in the decay products of a boosted massive particle scales as 1/pT. For a su�ciently
high Lorentz boost, this spread is comparable with the calorimeter granularity. Tracking information
can be used to maintain performance beyond this granularity limit. One simple method for combining
tracking and calorimeter information is the track-assisted jet mass (mTA):

mTA =
pcalo

T

ptrack
T

⇥ mtrack, (2)

where pcalo
T is the transverse momentum of a large-radius calorimeter jet, ptrack

T is the transverse mo-
mentum of the four-vector sum of tracks associated to the large-radius calorimeter jet, and mtrack is the
invariant mass of this four-vector sum (the track mass is set to m⇡). The ratio of pcalo

T to ptrack
T corrects for

charged-to-neutral fluctuations, improving the resolution with respect to a track-only jet mass definition

3 Holes are defined as intersections of the reconstructed track trajectory with a sensitive detector element that do not result in a
hit.

4

- wcalo and wtrack are pT-dependent functions of the calorimeter and track-based jet mass 
resolutions used to optimize the combined mass resolution 

�R ⇠ 2m

pT

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/JETM-2017-002/
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Figure 5: Observed and expected 95 % CL upper limits on the production cross section times the branching fraction
to WW for a narrow-width heavy Higgs boson with gg ! H ! WW , as a function of the resonance mass. The inner
(green) and outer (yellow) bands around the expected limits represent ±1� and ±2� uncertainties, respectively. The
theoretical curves corresponding to the expectation for a scalar singlet, in the NDA (red) and unsuppressed (blue)
hypotheses are also overlaid.
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(green) and outer (yellow) bands around the expected limits represent ±1� and ±2� uncertainties, respectively.
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Limits with a narrow width assumption:
 - natural width of the resonance much smaller than the experimental resolution (~8% of the 
Mresonance)
➞ detector effects on the signal shape independent of the signal model used
➞  the observed limit is a limit on the on-shell cross section only and does not include contributions from 
interference or PDF effects
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Figure 3: Observed and expected 95 % CL upper limits on the production cross section times the branching fraction
for HVT Z 0 ! WW , as a function of the resonance mass. The theoretical cross sections for the signal models A
and B are also shown. The inner (green) and outer (yellow) bands around the expected limits represent ±1� and
±2� uncertainties, respectively.

m(W’)  [GeV]

500 1000 1500 2000 2500 3000 3500 4000 4500

 W
Z

) 
 [
p
b
]

→
 W

’ 
→

(p
p
 

σ

3−10

2−10

1−10

1

10

Observed 95% CL upper limit

Expected 95% CL upper limit

)σ 1±Expected limit (

)σ 2±Expected limit (

=1
V

 WZ) HVT Model A, g→ W’→(pp σ

=3
V

 WZ) HVT Model B, g→ W’→(pp σ

 PreliminaryATLAS

-1 = 13 TeV, 13.2 fbs 
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and B are also shown. The inner (green) and outer (yellow) bands around the expected limits represent ±1� and
±2� uncertainties, respectively.
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Figure 10: Observed and expected 95% CL upper limits on the production cross section of a heavy resonance atp
s = 13 TeV times its decay branching ratio to ZV for (a) ggF H ! Z Z , (b) VBF H ! Z Z , (c) HVT W 0 ! W Z

and (d) RS graviton G⇤ ! Z Z as functions of the resonance mass. The theoretical predictions for � ⇥ BR as
functions of resonance mass for the HVT model A W 0 and the RS graviton with /MPl = 1.0 are also shown in
(c) and (d), respectively. The green (inner) and yellow (outer) bands represent ±1� and ±2� uncertainty on the
expected limits.

the specific control regions. The resulting scale factors are all compatible with 1 within uncertainties.
The signals are included as a binned template with an unconstrained normalization.

The reconstructed mass distributions for events passing the selections are shown in Figure 11. The pre-
dicted background is shown after the binned maximum-likelihood fit to the data, performed simultaneously
across signal and control regions.

No significant excess of events is observed in the data compared to the prediction from SM background
sources. Exclusion limits at the 95% confidence level are set on the production cross-section times the
branching fraction for the di�erent models considered.
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Figure 10: Observed and expected 95% CL upper limits on the production cross section of a heavy resonance atp
s = 13 TeV times its decay branching ratio to ZV for (a) ggF H ! Z Z , (b) VBF H ! Z Z , (c) HVT W 0 ! W Z

and (d) RS graviton G⇤ ! Z Z as functions of the resonance mass. The theoretical predictions for � ⇥ BR as
functions of resonance mass for the HVT model A W 0 and the RS graviton with /MPl = 1.0 are also shown in
(c) and (d), respectively. The green (inner) and yellow (outer) bands represent ±1� and ±2� uncertainty on the
expected limits.

the specific control regions. The resulting scale factors are all compatible with 1 within uncertainties.
The signals are included as a binned template with an unconstrained normalization.

The reconstructed mass distributions for events passing the selections are shown in Figure 11. The pre-
dicted background is shown after the binned maximum-likelihood fit to the data, performed simultaneously
across signal and control regions.

No significant excess of events is observed in the data compared to the prediction from SM background
sources. Exclusion limits at the 95% confidence level are set on the production cross-section times the
branching fraction for the di�erent models considered.
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the decay into one Z boson and a W boson sW0 ⇥ B(W0 ! ZW), are reported as a function of
the resonance mass in Fig. 7 by considering a W’ in the narrow-width approximation.

 (GeV)W'm
1000 1500 2000 2500 3000

 Z
W

) (
pb

)
→

 B
(W

' 
×

(W
') 

σ

3−10

2−10

1−10

1

10
95% CL limits

Observed
Expected
 1 std. deviation±
 2 std. deviations±

=3)
V

W' (HVT model B, g
=1)

V
W' (HVT model A, g

 llqq→ ZW →W'   (13 TeV)-112.9 fb
CMS
Preliminary

Figure 7: Observed and expected 95% CL upper limit on sW0 ⇥ B(W0 ! ZW) as a function of
the resonance mass for a narrow spin-1 resonance , including all statistical and systematic un-
certainties. The electron and muon channels and high and low purity categories are combined
together. The green and yellow bands are the ±1 and ±2 standard deviation uncertainty bands
on the expected limit. Theoretical predictions for W’ produced in the framework of HVT model
A and model B are also shown.

9 Conclusions

This article describes a search for a heavy resonance with mass between 600 GeV and 3 TeV,
decaying into a Z boson and a W boson. The data collected at

p
s = 13 TeV during the 2016

operations by the CMS experiment at LHC Run-2 are analyzed. The data set size corresponds
to an integrated luminosity of 12.9 fb�1. The final state explored consists in the leptonic decays
of the Z boson into an electron or muon pair, and the decay of the W boson into a pair of
collimated quarks. Depending on the resonance mass, upper limits of 12–370 fb are set on the
cross section of a spin-1 HVT W’ signal multiplied by the Z W branching ratio. The results of
the present analysis do not confirm the mild excess consistent with a mass hypothesis of 650
GeV observed by the CMS collaboration [56], and are comparable with the most recent results
of the ATLAS collaboration [57].
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Figure 12: Upper limits at the 95% CL for (a) the production cross-section of G⇤ times its branching fraction to Z Z
and (b) the production cross-section of W 0 times its branching fraction to W Z . Upper limits at the 95% CL for (c)
the production cross-section of an Heavy Higgs.
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Figure 12: Upper limits at the 95% CL for (a) the production cross-section of G⇤ times its branching fraction to Z Z
and (b) the production cross-section of W 0 times its branching fraction to W Z . Upper limits at the 95% CL for (c)
the production cross-section of an Heavy Higgs.
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Figure 5: Observed and expected 95 % CL upper limits on the production cross section times the branching fraction
to WW for a narrow-width heavy Higgs boson with gg ! H ! WW , as a function of the resonance mass. The inner
(green) and outer (yellow) bands around the expected limits represent ±1� and ±2� uncertainties, respectively. The
theoretical curves corresponding to the expectation for a scalar singlet, in the NDA (red) and unsuppressed (blue)
hypotheses are also overlaid.
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to WW for a Randall-Sundrum bulk graviton with gg ! G? ! WW , as a function of the resonance mass. The inner
(green) and outer (yellow) bands around the expected limits represent ±1� and ±2� uncertainties, respectively.
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Figure 7: Observed (black solid) and expected (black dashed) 95% CL upper limits on the
product of the graviton production cross section and the branching fraction of Gbulk ! WW
for the statistical combination of electron and muon channels. The theoretical cross section
multiplied by the relevant branching ratio is shown as a red solid line. The dashed vertical line
delineates the transition between the low and high mass searches.
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• Currently the best limit on the bulk RS graviton coming from 
WW➞lvqq channel 
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1

1 Introduction

Several theories of physics beyond the standard model (SM) motivate the existence of heavy
particles that preferentially decay to pairs of vector (V) bosons, where V denotes either a W
or a Z boson. These models usually aim to explain open questions of the SM such as the
apparently large difference between the electroweak and the gravitational scale. Popular ex-
amples of such models include the bulk scenario (Gbulk) [1–3] of the Randall-Sundrum warped
extra dimensions model [4, 5], a heavy vector triplet (HVT) model (W0 and Z0) [6], as well
as vector singlets (W0 or Z0). The bulk graviton model is described by two free parameters:
the mass of the first Kaluza-Klein (KK) excitation of a spin-2 boson (the KK bulk graviton)
and the ratio k̃ ⌘ k/MPl, where k is the unknown curvature scale of the extra dimension and
MPl ⌘ MPl/

p
8p is the reduced Planck mass. The HVT generalises a large number of ex-

plicit models predicting spin-1 charged (W0) and neutral (Z0) resonances, such as composite
Higgs [7–10] and little Higgs [11, 12] models, and the sequential standard model (SSM) [13].
Such models can be described in terms of a few parameters: the strength of the couplings to
fermions, cF, to the Higgs and longitudinally polarized SM vector bosons, cH, and the strength
of new vector boson interaction, gV. Searches for diboson resonances have previously been per-
formed in many different final states, placing lower limits on the masses of these resonances
above the TeV scale [14–27].

In addition, we consider an excited quark q⇤ [28, 29] that decays into a quark and either a W
or a Z boson as a reference process that yields one W/Z-tagged jet in the event. Results from
previous searches for these signal models include limits placed on the production of q⇤ at the
LHC as dijet [30–32], g+jet [33], qW or qZ [34, 35] events.

This document presents a search for massive resonances with masses above 1.1 TeV decaying
into a pair of vector bosons or into a vector boson and a quark. The analysis is based on
proton-proton collision data at

p
s = 13 TeV collected by the CMS experiment at the CERN

LHC during 2016 and corresponding to an integrated luminosity of 12.9 fb�1. The final states
considered are VV ! qq( 0)qq( 0) or qV ! qqq( 0), where bosons are reconstructed as single jets,
resulting in events with two reconstructed jets (dijet channel). As in the analyses of 2015 [26]
and 2012 data [17, 18], the analyses presented here aim to reconstruct the full event in order
to be able to search for a local enhancement in the diboson or quark-boson invariant mass
spectrum.

The challenge of the analysis described here is the reconstruction of the highly energetic decay
products. Since the resonances under study have masses of O(TeV), their decay products, i.e.
the bosons, have on average transverse momenta of several hundred GeV and above. As a
consequence, the particles emerging from the boson decays are very collimated. In particular,
the decay products of the hadronically decaying bosons cannot be resolved by the default jet
algorithms, but are instead reconstructed as a single jet object. Dedicated techniques, so-called
jet V tagging techniques, are applied to exploit the substructure of this jet object, which can
then resolve hadronically decaying massive bosons. V tagging also helps to suppress the SM
background, which mainly originates from the production of QCD multijet events.

In this physics analysis summary, Sec. 2 briefly describes the CMS detector; Section 3 gives an
overview of the simulations used in this analysis. Section 4 provides a detailed description of
the reconstruction and event selection. Section 5 describes the background estimation and the
signal modeling. Systematic uncertainties are discussed in Sec. 6. The results of the search for a
spin-2 bulk graviton, for spin-1 resonances as predicted by HVT models and for excited quark
resonances are presented in Sec. 7.
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Figure 9: Comparison of the observed (solid) and expected (dashed) exclusion limits at 95% CL
obtained by combining only 8 TeV or only 13 TeV searches to the results from the combination
of all the 8 and 13 TeV results.

5.5 Significance at 2 TeV

ATLAS reported an excess in the all-hadronic VV search in the qqqq final state corresponding
to a local significance of 3.4s for a W0 resonance with a mass of 2 TeV [15]. CMS reported a
local deviation of 2.2s in the semi-leptonic WH ! `nbb search for a W0 resonance with a mass
of 1.8 TeV [13]. We evaluate the combined significance of the 8 and 13 TeV CMS searches in
the range 1.8–2.0 TeV in Tables 5–7. Combining all 8 TeV VH searches in the W0 hypothesis,
the local significance of the excess at 1.8 TeV is slightly reduced to 2.1s. Combining all 8 TeV
VV/VH searches in the W0 hypothesis, it is increased back to 2.2s. However, in combination
with the 13 TeV VV/VH searches in the W0 hypothesis, the overall significance at 1.8 TeV is
reduced to 0.9s. This remains the largest significance for the overall combination of 8+13 TeV
searches considering all signal hypothesis over the mass range 1.8–2.0 TeV, thus not supporting
the excesses observed in the two individual channels in 8 TeV data.

Table 5: Statistical significance of excesses observed at 1.8 TeV in the various searches, ex-
pressed in standard deviations.

Combination W0 Z0 HVT (W0 +Z0) Gbulk

VV 13 TeV 0.00 0.10 0.00 0.00
VV+VH 13 TeV 0.00 0.00 0.00 -
VV 8 TeV 1.22 0.56 1.03 1.61
VV 8+13 TeV 0.20 0.46 0.33 0.35
VH 8 TeV 2.05 0.56 1.79 -
VV+VH 8 TeV 2.22 0.77 1.95 -
VV+VH 8+13 TeV 0.86 0.00 0.83 -

6 Conclusions
The statistical combination of searches for massive resonances decaying to WW, ZZ, WZ, WH,
and ZH boson pairs has been presented. The considered searches are based on pp collision data

Gbulk excluded below 1.2 TeV for 

2.2 Spin-2 resonances 3

obtained on the W0 mass is 3.3 TeV. This mass limit has been superseded by the more stringent
limit of 4.4 TeV obtained in the corresponding 13 TeV search [25]. In the same context, searches
for a W0 decaying into a pair of SM vector bosons (WZ,WH) with 8 TeV data provide a lower
mass limit of 1.81 TeV (in model A, gV = 1) [10, 12, 13, 26–28]. This limit has been increased by
the corresponding 13 TeV search to a value of 2.1 TeV (in model B) [7].

For a Z0 with SM couplings to fermions (model A, gV = 1) and thus reduced decay branching
ratio to SM bosons, the most stringent limits on production cross sections obtained with 8 TeV
collision data are reported in searches with two leptons in the final states [29, 30]. These results
exclude a Z0 with a mass lower than 2.90 TeV. This mass limit has been superseded by the
more stringent limit of 3.15 TeV obtained in the corresponding 13 TeV search [31]. In the same
context, searches for a Z0 decaying into a pair of SM vector bosons (WW,ZH) with 8 TeV data
provide a lower mass limit of 1.4 TeV (in model A, gV = 1) [11, 14, 32].

The most stringent limit on a heavy vector triplet resonance was set at 1.8 TeV (in model B)
obtained from a combination of 8 TeV VH searches [11, 13].

2.2 Spin-2 resonances

Massive resonances of spin-2 can be generically motivated in warped extra dimensional mod-
els [1, 2] that predict the existence of a so-called tower of Kaluza–Klein (KK) excitations of a
spin-2 boson, the KK graviton. The original RS model (here denoted as RS1) can be extended
to the bulk scenario (Gbulk), which addresses in addition the flavor structure of the SM through
localization of fermions in the warped extra dimension [16–18].

These models have two free parameters: the mass of the first mode of the KK bulk graviton,
MG, and the ratio k̃ ⌘ k/MPl, where k is the unknown curvature scale of the extra dimension,
and MPl ⌘ MPl/

p
8p is the reduced Planck mass. The constant k̃ acts as the coupling con-

stant of the model, on which the production cross-sections and widths of the graviton depend
quadratically. For models with k̃ . 0.5, the natural width of the resonance is sufficiently small
to be neglected when compared to the detector resolution.

In the bulk scenario, coupling of the graviton to light fermions is highly suppressed and the
decay into photons is negligible, while in the RS1 scenario branching ratios to photons and
fermions are dominant. The production of gravitons at hadron colliders in the bulk scenario is
thus dominated by gluon-gluon fusion, while in the RS1 scenario qq and gluon-gluon fusion
production contribute equally. The resulting production cross section in the bulk scenario is
of order 104 times lower than in the RS1 scenario. However, in the context of WW and ZZ
resonance searches, the bulk scenario is of higher interest, since the RS1 scenario has been
strongly constrained in searches with final states with fermions and photons. The two models
also differ in the polarization of the produced W and Z bosons. The RS1 graviton decays to
transverse polarized bosons 90% of the time, while the bulk graviton decays to longitudinal
polarized bosons more than 99% of the time. This leads to differences in the efficiency of the
techniques used for identifying the bosons.

In the scenario with k̃ = 1, where the bulk graviton has comparable or larger width than the
detector resolution, the most stringent limit of 0.81 TeV on the bulk graviton mass was set by
a combination of searches in the diboson final state [15, 26, 27]. The most stringent limits on
the cross section for narrow bulk graviton resonances in the scenario of k̃ . 0.5 were set by
searches in the diboson final state [7, 9, 10]; however, no limits on the resonance mass could be
set due to the low predicted production cross section.
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8 7 Summary

Figure 3: Expected and observed 95% CL limits for the electron (left) and muon (right) chan-
nels. The expected(observed) limit are displayed as a dashed(solid) line and the green(yellow)
bands represent the one(two) sigma uncertainty bands. The SSM W0 NNLO cross sections are
depicted as a function of M(W0).

Figure 4: Expected and observed 95% CL limits for the combination of the electron and
muon channels. The expected(observed) limit are displayed as a dashed(solid) line and the
green(yellow) bands represent the one(two) sigma uncertainty bands. The SSM W0 NNLO
cross sections are depicted as a function of M(W0).
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Figure 3: The observed limits obtained at a 95% confidence level on the cross section for Z0s
of various widths for the electron channel (top), muon channel (middle) and the muon and
electron channels combined (bottom). The expected limits are also shown. The cross sections
do not include contributions from PDF and interference events.

• Limits on HVT “model A” in fermionic final states: 
- m(W’)<4.4 TeV 
- m(Z’)<3.15 TeV 
‣ More stringent than the limits on “model B”

2.2 fb-1 ~2.7 fb-1


