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The Composite Higgs picture for high energy physics
E

EW

Two sectors exist at some Very High (>>TeV) scale       :
Elementary Sector Composite Sector
SM minus Higgs
W↵

µ , Bµ, fL,R, . . .

QCD-like confining theory.

No fundamental Higgs. 
No Un-Natural d<4 operators.

⇤VH ⇤VH

m⇤ At     , the CS confines. ``Hadrons’’ form, among which the Higgsm⇤
Below here, the SM is recovered:                 .m⇤ = ⇤SM

According to the general tuning formula …

� �
✓

⇤SM

500GeV

◆2

=
⇣ m⇤
500GeV

⌘2

… Naturalness requires      to be below around the TeV.m⇤
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Typically there are more because of custodial symmetry:
G � SU(2)L ⇥ SU(2)R JG

µ � JSU(2)L⇥SU(2)R
µ =(3,1)�(1,3)

And even more if the Higgs is a Goldstone:
JG
µ �(3,1)�(1,3)�(2,2)G � SO(5)

If Partial Compositeness, the CS carries QCD color:
G � SU(3)c JG

µ � 8

V a ! {V +, V �, V 0}Focus on the triplet:

= KK-gluon
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Elementary Vectors

SU(2)1 ⇥ SU(2)2 ⇥U(1)Y

Matter and SM Higgs only 
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a
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All couplings originate from the same interaction:

SU(2)L = [SU(2)1 ⇥ SU(2)2]D

V =
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W =
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Higgs and fermions 
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Potentially weak.



Elementary or Composite, general Triplet Lagrangian is:

(kinetic mixing eliminated by field redefinition)

The HVT Framework

definition of the quantity on which the limit is set. In Section 3.3 we will illustrate these e↵ects

in detail by focusing on the examples of di-lepton and lepton-neutrino searches. In Section 4 we

relate the Simplified Model to explicit constructions. Two examples are considered as represen-

tatives of weakly and strongly coupled theories, showing that the Simplified Model is general

enough to describe both cases in di↵erent regions of the parameter space. The examples are

the extension of the SM gauge group described in Ref. [17] and the e↵ective description of

Composite Higgs models vectors of Ref. [36]. In Section 5 we present our Conclusions. Our

Simplified Model is implemented in a series of tools described in Appendix C and available on

the webpage [1].

2 A Simple Simplified Model

In addition to the SM fields and interactions we consider a real vector V a
µ , a = 1, 2, 3, in the

adjoint representation of SU(2)L and with vanishing hypercharge. It describes one charged

and one neutral heavy spin-one particle with the charge eigenstate fields defined by the familiar

relations

V ±
µ =

V 1

µ ⌥ iV 2

µp
2

, V 0

µ = V 3

µ . (2.1)

Similarly to Ref. [12], we describe the dynamics of the new vector by a simple phenomenological

Lagrangian

LV = �1

4
D

[µV
a
⌫]D

[µV ⌫] a +
m2

V

2
V a
µ V

µ a

+ i gV cHV a
µH

†⌧a
$

D
µ
H +

g2

gV
cFV

a
µ J

µ a
F

+
gV
2
cV V V ✏abcV

a
µ V

b
⌫ D

[µV ⌫] c + g2V cV V HHV a
µ V

µ aH†H � g

2
cV VW ✏abcW

µ ⌫ aV b
µV

c
⌫ .

(2.2)

The first line of the above equation contains the V kinetic and mass term, plus trilinear and

quadrilinear interactions with the vector bosons from the covariant derivatives

D
[µV

a
⌫] = DµV

a
⌫ � D⌫V

a
µ , DµV

a
⌫ = @µV

a
⌫ + g ✏abcW b

µV
c
⌫ , (2.3)

where g denotes the SU(2)L gauge coupling. Notice that the V a
µ fields are not mass eigenstates

as they mix with the W a
µ after EWSB and the mass parameter mV does not coincide with the

physical mass of the resonances.

The second line contains direct interactions of V with the Higgs current

iH†⌧a
$

D
µ
H = iH†⌧aDµH � iDµH†⌧aH , (2.4)

and with the SM left-handed fermionic currents

Jµ a
F =

X

f

fL�
µ⌧afL , (2.5)

6
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Figure 1.1: Pictorial view of the Bridge Method.

analyses, which can be preformed directly on the Simplified Model parameter space. Once the

likelihood or the CL limits are known, the experimental information is immediately translated

into the free parameters ~p of any explicit model by computing the phenomenological/explicit

parameter relations ~c(~p).

When comparing the Simplified Model with the data, some care is required. The crucial

point is that the Simplified Model, di↵erently for instance from the SM or the MSSM, is not

supposed to be a complete theory and attention must be paid not to use it outside its realm of

validity. Namely, the Simplified Model is constructed to describe only the on-shell resonance

production and decay. A good experimental search should thus be only sensitive to the on-shell

process and insensitive to the o↵-shell e↵ects. The simplest example of this situation, which

we will discuss in detail, is the Drell-Yan (DY) process where the invariant mass distribution

of the final state is studied. Aside from the resonant peak, the distribution is characterized by

a low mass tail which can become prominent, because of the rapidly-falling parton distribution

functions, when the resonance approaches the kinematical production threshold or when a

large interference with the SM background is present. Many di↵erent New Physics e↵ects,

not included in the Simplified Model, might contribute to the tail and radically change the

Simplified Model prediction. This could come, for instance, from extra contact interactions

or from heavier resonances produced in the same channel. Around the peak, and only in this

region, these e↵ects are negligible and the Simplified Model prediction is trustable. Indeed

the peak shape is well described, through the Breit-Wigner (BW) formula, in terms of purely

on-shell quantities such as the production rate times the Branching Ratio (BR) to the relevant

final state, �⇥BR, and by the resonance total decay width. Experimental searches should

focus on the peak and avoid contamination from the other regions as much as possible. More

in general, any resonance search relies on the measurement of a given observable, either the

number of events or a distribution, restricted by suitable identification and selection cuts.

Only “on-shell” observables, which are exclusively sensitive to the resonance formation and

decay, should be employed in Simplified Model searches. Notice that whether an experimental

observable is on-shell or not can crucially depend on the cuts and must be checked case by

case.

Aside from addressing the conceptual issues previously outlined, the usage of on-shell ob-

servables is also an important practical simplification. Because of factorization of the pro-

4

LV

Limits (or discoveries!) on HVT parameters immediately 
translated in any explicit model. 
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where g denotes the SU(2)L gauge coupling. Notice that the V a
µ fields are not mass eigenstates

as they mix with the W a
µ after EWSB and the mass parameter mV does not coincide with the

physical mass of the resonances.

The second line contains direct interactions of V with the Higgs current

iH†⌧a
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D
µ
H = iH†⌧aDµH � iDµH†⌧aH , (2.4)

and with the SM left-handed fermionic currents
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F =
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Correlated VB and Higgs channels
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Figure 3.2: Current experimental constrains in the (cH , cF ) plane for the four benchmark points at 2
TeV. The yellow region shows the exclusion from V ! l⌫ searches [65] while in blue are regions excluded
by V ! WZ searches with WZ ! jj [63] in light blue and WZ ! 3l⌫ [69] in dark blue. The solid
black lines depict constrains from EWPT at 95% CL and the dashed black line twice this limit. The
points corresponding to models A and B for the di↵erent values of gV are also shown.

among the di↵erent channels should be taken into account by the experimental collaborations.

In the plots, the yellow region represents the exclusion from the CMS l+⌫ analysis of Ref. [66],

while the dark and light blue ones show the limits from CMS WZ ! 3l⌫ [69] and WZ ! jj

with W/Z tagged jets [63] respectively.12 The black curves represent constraints coming from

EWPT, i.e. from the Ŝ parameter, which we computed in Appendix B. The black solid curve

corresponds to the strict 95% C.L. bound on Ŝ of Ref. [73]13, while the dashed line is obtained

by artificially enlarging the latter bound by a factor of two. This second line is a more realis-

tic quantification of the constraints than the strict limits because the EWPT observables are

eminently o↵-shell observables and thus not calculable within the Simplified Model. Extra con-

tributions, of the same order as the ones coming from the resonance exchange, can easily arise

in the underlying complete model. By enlarging the bound on Ŝ we take these contributions

into account and obtain a conservative exclusion limit.

Any given explicit model corresponds to one point in the plots of Figure 3.2. The two

points indicated by A and B correspond to the prediction of the two benchmarks models

for the assumed values of gV and MV . For small gV the lepton-neutrino search dominates

the exclusion (first plot) and only a narrow band around �1 . cF . 1 remains allowed. Here

EWPT are not competitive with direct searches and the di-boson searches are almost irrelevant

due to the relatively small di-boson BR (see the discussion at the end of Section 2.1). Moreover,

for small gV both our benchmark models are excluded. As gV increases we notice four main

features: the constraints from EWPT become comparable to the direct searches, di-boson

searches become more and more relevant due to the enhanced BRs, model B evades bounds

from direct searches more and more compared to model A which remains close to the excluded

12For recent theoretical developments in the search for vector resonances using boosted techniques see, for
instance, in Refs. [91–93].

13The bound quoted in Ref. [73] is S = 0.04± 0.10 obtained from an STU fit.
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Figure 8: Exclusion regions in the plane of the HVT-model couplings (gVcH,g2cF/gV) for three
resonance masses, 1, 1.5 and 2 TeV. The point B of the benchmark model used in the analysis is
also shown. The boundaries of the regions of the plane excluded by this search are indicated by
the solid and dashed lines (region outside these lines is excluded). The areas indicated by the
solid shading correspond to regions where the theoretical width is larger than the experimental
resolution of the present search, where the narrow-resonance assumption is not satisfied.

8 Summary

We have presented a search for new resonances decaying to WH in which the W boson decays
to `n with ` = e, µ, and the Higgs boson to a pair of bottom quarks. The events are recon-
structed as a leptonic W boson candidate recoiling against a jet with mass compatible with the
Higgs boson mass. A dedicated b tagging for boosted Higgs bosons is used to further reduce
the background from multijet processes. No excess is seen in the muon channel, while a small
excess is seen in the electron channel near mWH ⇡ 1.8 TeV; the results are found to be statisti-
cally compatible with the standard model within 2 standard deviations. Hence, an upper limit
is determined on the production cross section as a function of the resonance mass in the context
of a W0 resonance in the Little Higgs and the HVT models. Upper limits at 95% CL are set on
the W0 production cross section in the range from 100 to 10 fb for resonance masses between
800 and 2500 GeV, respectively. These limits are the first in this final state and most stringent to
date. In the context of the Little Higgs model, we set a lower limit on the W’ mass of 1.4 TeV.
In a model of a heavy vector triplet that mimics the properties of the Composite Higgs model,
we set a lower limit on the W’ mass of 1.5 TeV.
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Figure 3.3: Current experimental constraints in the (MV , gV ) plane in models A and B. The notation
is the same as in Figure 3.2.

region, and bounds from EWPT constrain model B more than model A. The last two features

are due to the larger value of cH predicted by model B, corresponding to a region which is

very di�cult to access with direct searches.

A second interesting way to present the experimental limits is to focus on explicit models

and draw exclusion curves in the plane of their input parameters. In both models A and B we

have two parameters, the coupling and the mass of the new vector. The limits in the (MV , gV )

plane are reported in Figure 3.3. We find similar exclusions in the two models at low gV , where

the limit is dominated by leptonic final state searches, but the situation changes radically for

large coupling. In particular the limit in model B is rather weak and barely competitive with

EWPT already for intermediate couplings gV ⇠ 3 and it disappears when the coupling is large.

Finally we want to check that, as expected from the discussion of Section 2.1, the param-

eters cV VW , cV V V and cV V HH a↵ect the exclusion only marginally. We thus plot the same

constraints shown in Figure 3.2, in the (cH , cV VW ), (cH , cV V V ) and (cH , cV V HH) planes in

Figure 3.4 for the benchmark models A and B at gV = 3. The plots represent a horizontal slice

at cF = 4 in the second plot of Figure 3.2 using the same coloring as previously. We find cV VW

and cV V V indeed to be sub-leading with no variation in their direction. A slight tilt can be

observed in the direction of cV V HH , on the other hand. This is due to the enhanced sensitivity

on cV V HH induced by the term (1� 4cV V HH⇣2)2 in the width in Eq. (2.31) for relatively large

⇣. The correction induced by this term can be of the order of 20% for cH ⇠ �0.5 (⇣ ⇡ 0.4).

One could expect the same enhancement in the central plot, due to the term (1+ cHcV V V ⇣2)2

in the width in Eq. (2.31). However, the absence of the factor of four only gives an e↵ect of

the order of the percent for cH ⇠ �0.5, not clearly observable in the central plot.

3.3 Limit setting for finite widths

The final goal of a resonance search is to set experimental limits, for either exclusion or dis-

covery, on the resonance production cross-section times the BR into the relevant final states
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Figure 5: Background-only fits to the dijet mass (mj j) distributions in data (a) after tagging with the WZ selection,
(b) after tagging with the WW selection and (c) after tagging with the ZZ selection. The significance shown in
the inset for each bin is the di↵erence between the data and the fit in units of the uncertainty on this di↵erence.
The significance with respect to the maximum-likelihood expectation is displayed in red, and the significance when
taking the uncertainties on the fit parameters into account is shown in blue. The spectra are compared to the signals
expected for an EGM W 0 with mW0 = 1.5, 2.0, or 2.5 TeV or to an RS graviton with mGRS = 1.5 or 2.0 TeV.

to the shape of the signal, and N is a log-normal distribution for the nuisance parameters, ✓, modelling
the systematic uncertainty on the signal normalisation. The expected number of events is the bin-wise
sum of the events expected for the signal and background: nexp

= nsig

+ nbg

. The number of expected
background events in dijet mass bin i, ni

bg, is obtained by integrating dn/dx obtained from eqn. (1) over
that bin. Thus nbg

is a function of the dijet background parameters p1, p2, p3. The number of expected
signal events, nsig

, is evaluated based on MC simulation assuming the cross section of the model under
test multiplied by the signal strength and including the e↵ects of the systematic uncertainties described in
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Figure 5: Background-only fits to the dijet mass (mj j) distributions in data (a) after tagging with the WZ selection,
(b) after tagging with the WW selection and (c) after tagging with the ZZ selection. The significance shown in
the inset for each bin is the di↵erence between the data and the fit in units of the uncertainty on this di↵erence.
The significance with respect to the maximum-likelihood expectation is displayed in red, and the significance when
taking the uncertainties on the fit parameters into account is shown in blue. The spectra are compared to the signals
expected for an EGM W 0 with mW0 = 1.5, 2.0, or 2.5 TeV or to an RS graviton with mGRS = 1.5 or 2.0 TeV.

to the shape of the signal, and N is a log-normal distribution for the nuisance parameters, ✓, modelling
the systematic uncertainty on the signal normalisation. The expected number of events is the bin-wise
sum of the events expected for the signal and background: nexp

= nsig

+ nbg
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2

constrained the HVT phenomenology is. In particular
all the di-boson channels are described by one single
coupling gV , which controls the production rate. Fixing
the latter to reproduce the ATLAS excess allows us
to make sharp predictions for the other channels and
to check the compatibility of the signal hypothesis. In
what follows, if not otherwise specified, we consider
the reference Model B of ref. [1], where the BRs to
di-leptons and lepton-neutrino are also fixed by gV .
However a second order one parameter a⇢, which is set
to one in Model B, is also present for a generic composite
HVT [1, 6]. This parameter allows us to change the
relative BRs of bosonic and fermionic final states and
becomes relevant when we compare our signal with di-
lepton and lepton-neutrino searches. All the numerical
results that follow are obtained using the web tools in [7].

Fitting the excess:

In ref. [2] ATLAS reported a statistically significant
(up to 3.4� local translating into 2.5� global significance
in the WZ channel) excess in the invariant mass distri-
bution of two jets, tagged as hadronically decaying W or
Z bosons by employing jet substructure techniques. The
hadronically decaying EW bosons are distinguished by
the di↵erent invariant masses of the single boson-tagged
jet. Therefore three di↵erent selections are considered,
corresponding to di↵erent windows of the two fat-jet in-
variant masses. The di-jet invariant mass distributions
are reported for the WZ, WW and ZZ selections. How-
ever the selection regions largely overlap, implying that
the three channels are correlated.

Given that V ±, which has the largest production rate,
decays to WZ, where the largest excess is observed, we
start our analysis from the WZ result, reported in fig-
ure 5 (a) of ref. [2]. We focus on the 5 bins with di-jet
invariant mass between 1.75 and 2.25 TeV, where a total
of 20 events have been counted with a SM-expected of 13
and thus 7 excess events. Obviously, looking at the ex-
cess by integrating over a rather large window does not
do justice to its statistical significance, which is domi-
nated by a single bin centred at 2 TeV. However it is the
most convenient approach for the determination of the
signal cross-section that could have produced it.

We thus need 7 signal events in the [1.75, 2.25] TeV
mass window. We can get a first estimate of the required
cross-section by looking again at figure 5 (a) of ref. [2],
which also reports the expected distribution of a 2 TeV
W 0 ! WZ signal with a cross-section times branching-
ratio (� ⇥BR) of 3.17 fb. This signal would lead to 3.4
events in the mass window we consider, thus to produce
the excess we need a cross-section of 6.5 fb. By looking
at the exclusion plot of ref. [2] for the WZ channel one
might find this result surprising, given that this cross
section is considerably below the excluded one (about
40 fb at 2 TeV), and even below the expected limit of
around 10 fb. However, the way, in which a signal with

a few excess events a↵ects the exclusion limit and makes
it jump above the expected, non-trivially depends on the
number of SM background events and on the systematic
uncertainty of the signal acceptance. Therefore there is
a priori no contradiction. Furthermore our estimate of
the signal cross section, based on the ATLAS simulation
result, seems unquestionable.

Up to now we estimated the cross-section needed if
our signal was entirely coming from the charged V ± pro-
duction, but the neutral HVT component V 0, decaying
to WW , also contributes to the WZ-selected events be-
cause of the overlap between the W and Z selections as
previously explained. We estimate the contamination of
physical WW events in the WZ-selected sample as fol-
lows. ATLAS provides us with the invariant fat-jet mass
distribution originating from a W and a Z boson and
reports the windows that are used to select the di↵erent
di-boson samples. This allows us to compute the e�cien-
cies of the jet invariant mass cuts that define the three
signal regions for the WZ, WW and ZZ physical vector
boson configurations. The result, including the hadronic
BRs, is

2

4
✏WW!WW ✏WZ!WW

✏WW!WZ ✏WZ!WZ

✏WW!ZZ ✏WZ!ZZ

3

5 =

2

4
0.18 0.15
0.17 0.21
0.07 0.12

3

5 . (2)

The prediction for the signal in the window that we con-
sider is thus

SWZ =L A [(�⇥BR)V ±✏WZ!WZ + (�⇥BR)V 0✏WW!WZ ] ,
(3)

where an “acceptance” factor A is included to reproduce
the impact of the other selection cuts, performed “before”
the selection on the fat-jets invariant masses whose e�-
ciency we estimated above. The acceptance also includes
the cut in the [1.75, 2.25] TeV mass window that we used
to define our signal region. Its value, which is around
0.25 for mV = 2 TeV, has been estimated by the W 0 to-
tal selection e�ciency (reported in fig. 2 (b) of ref. [2])
and by the W 0 signal shape in figure 5 (a) of ref. [2].
The luminosity L = 20.3 fb�1 is obviously also present in
eq. (3).

By eq. (3) and imposing SWZ = 7 we obtain gV = 2.81
for mV = 2 TeV. Not surprisingly, this value is close to
the “critical” point discussed in the Introduction. The
corresponding charged and neutral � ⇥BR are reported
in Table I.

The determination of gV is obviously a↵ected by a
large error. By assuming Poisson statistics, and neglect-
ing all systematic uncertainties (which are actually con-
siderable), central 68% CL [8] intervals on the signal1 are

1
In the following we will refer to the central 68% CL intervals as

1� intervals.

Accounting for events in excess, 
with their stat. error, requires: 3

mV [TeV] gV (�⇥BR)V ± [fb] (�⇥BR)V 0 [fb]

1.8 3.95+1.65
�0.88 4.51 2.04

1.9 3.37+1.63
�0.83 4.63 2.09

2.0 2.81+1.54
�0.82 4.79 2.16

TABLE I. Signal �⇥BR and corresponding values of gV with
68% confidence intervals.

obtained and translated into gV error bars. The result is
gV = 2.81+1.54

�0.82.
This is for mV = 2TeV, but it is clear that the excess

does not uniquely select this value of the mass. The peak
of the distribution is indeed in the 2TeV bin for WZ and
WW , but sits at 1.9 TeV for ZZ. Furthermore the his-
togram bins are 100 GeV wide and ref. [2] estimates a 2%
systematic uncertainty on the jet pT scale, which could
easily shift the 2TeV points by 40 GeV. Therefore we also
consider other mass hypotheses, namely mV = 1.8 TeV
(which is probably too low) and mV = 1.9 TeV. We deter-
mine the value of gV at these masses, and its error bars,
as the one that gives the same total number of signal
events as before. A mild variation of the acceptance A,
that decreases with the mass, makes the required signal
cross-section a bit smaller at lower masses. The results,
reported in Table I, define a region in the (mV , gV ) plane
where the HVT is supposed to sit.

We can now check the compatibility of our signal hy-
pothesis with the WW - and ZZ-selected samples. The
number of signal events can be predicted by the obvious
generalisations of eq. (3), that gives (for mV = 2 TeV)
1 � intervals SWW 2 [2.2, 10.3] and SZZ 2 [1.4, 6.6] in
the window we consider. The observed excesses are
respectively 4.2 and 6.4 events and are well compatible
with the expectations. Given the limited statistics and
the large contamination between the di↵erent channels,
this result is an almost trivial check of our signal
hypothesis.

Other searches:
We now check the compatibility of our signal with

other experimental searches, starting from the CMS
counter-part of ref. [2], presented in ref. [9]. This analy-
sis reports separate � ⇥BR exclusion limits for di↵erent
signal hypotheses. Here we only consider the W 0 ! WZ
interpretation, which is the most similar to our signal. In
order to properly superimpose our signal with the CMS
exclusion we need to take into account both the contribu-
tions of the charged V ± and neutral V 0 states, similarly
to what we discussed above for the ATLAS search. In
the CMS analysis no attempt is made to distinguish W
from Z boson jets and the acceptance in the search re-
gion seems identical, as far as we can infer from ref. [9],
for a physically hadronically decaying WZ or WW pair.
Therefore we compare the CMS limit with an “e↵ective”

�⇥BR obtained as the sum of the charged vector �⇥BR
and the one of the neutral vector, properly rescaled to
take into account the di↵erence in the hadronic W and
Z BRs, namely

(�⇥BR)e↵ = (�⇥BR)V ± +
BRW!had

BRZ!had
(�⇥BR)V 0 . (4)

The result is reported in fig. 1a) and shows that our signal
is not excluded, and could even account for the small
upper fluctuation of the limit.

We now consider the semi-leptonic di-boson searches of
refs. [10, 11] (ATLAS) and [12] (CMS). All those analyses
can not significantly discriminate between hadronically
decaying W and Z bosons. Therefore in what follows
we assume an equal probability for hadronic W and Z
ending up in the search region. One leptonically decaying
Z boson was considered by ATLAS in ref. [10] and �⇥BR
limits where set on a W 0 ! WZ signal. Since V 0 does
not decay to ZZ, the only way to get a leptonic Z from
our HVT is by the production of the V ± decaying to WZ.
We can therefore directly use the ATLAS limit for W 0 !
WZ in our model, with the result reported in fig. 1b).
The corresponding CMS result [12] is a bit more di�cult
to use since it sets a limit on a bulk graviton decaying
to ZZ. By assuming the same selection e�ciency for the
bulk graviton and our signal (which is not necessarily
accurate), the e↵ective �⇥BR needed for the comparison
is

(�⇥BR)e↵ =
BRW!had

2 BRZ!had
(�⇥BR)V ± , (5)

which takes into account the important combinatorial
factor of 2 present for the semileptonic decay of the ZZ
pair, but absent for our WZ signal. The result is shown
in fig. 1c). We conclude that our signal is not excluded
by leptonic Z searches and that it could actually be re-
sponsible for the CMS 2� excess of ref. [12].

We now turn to the case of one leptonic W , which was
studied in refs. [11] (ATLAS) and [12] (CMS). ATLAS
provides an interpretation of the search in terms of a
W 0 ! WZ, which we can compare with our model by
means of the e↵ective �⇥BR

(�⇥BR)e↵ = (�⇥BR)V ± +
2 BRW!had

BRZ!had
(�⇥BR)V 0 . (6)

Notice that the combinatorial factor of 2 now sits in the
numerator and enhances the V 0 contribution. The result
is shown in fig. 1d). The central value of our signal is not
excluded while the upper part of the cross-section band
is in tension with this analysis. The leptonic W CMS
analysis [12] provides a limit interpretation in terms of
a bulk graviton signal decaying to WW . We use it by
assuming the same e�ciency for the bulk graviton and
our HVT. For the comparison we use an e↵ective � ⇥
BR, constructed along the same lines we described above.

Mass-range chosen on the basis 
of jet-jet mass uncertainty
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Figure 5: Background-only fits to the dijet mass (mj j) distributions in data (a) after tagging with the WZ selection,
(b) after tagging with the WW selection and (c) after tagging with the ZZ selection. The significance shown in
the inset for each bin is the di↵erence between the data and the fit in units of the uncertainty on this di↵erence.
The significance with respect to the maximum-likelihood expectation is displayed in red, and the significance when
taking the uncertainties on the fit parameters into account is shown in blue. The spectra are compared to the signals
expected for an EGM W 0 with mW0 = 1.5, 2.0, or 2.5 TeV or to an RS graviton with mGRS = 1.5 or 2.0 TeV.

to the shape of the signal, and N is a log-normal distribution for the nuisance parameters, ✓, modelling
the systematic uncertainty on the signal normalisation. The expected number of events is the bin-wise
sum of the events expected for the signal and background: nexp

= nsig

+ nbg

. The number of expected
background events in dijet mass bin i, ni

bg, is obtained by integrating dn/dx obtained from eqn. (1) over
that bin. Thus nbg

is a function of the dijet background parameters p1, p2, p3. The number of expected
signal events, nsig

, is evaluated based on MC simulation assuming the cross section of the model under
test multiplied by the signal strength and including the e↵ects of the systematic uncertainties described in
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Figure 5: Background-only fits to the dijet mass (mj j) distributions in data (a) after tagging with the WZ selection,
(b) after tagging with the WW selection and (c) after tagging with the ZZ selection. The significance shown in
the inset for each bin is the di↵erence between the data and the fit in units of the uncertainty on this di↵erence.
The significance with respect to the maximum-likelihood expectation is displayed in red, and the significance when
taking the uncertainties on the fit parameters into account is shown in blue. The spectra are compared to the signals
expected for an EGM W 0 with mW0 = 1.5, 2.0, or 2.5 TeV or to an RS graviton with mGRS = 1.5 or 2.0 TeV.

to the shape of the signal, and N is a log-normal distribution for the nuisance parameters, ✓, modelling
the systematic uncertainty on the signal normalisation. The expected number of events is the bin-wise
sum of the events expected for the signal and background: nexp

= nsig

+ nbg

. The number of expected
background events in dijet mass bin i, ni

bg, is obtained by integrating dn/dx obtained from eqn. (1) over
that bin. Thus nbg

is a function of the dijet background parameters p1, p2, p3. The number of expected
signal events, nsig

, is evaluated based on MC simulation assuming the cross section of the model under
test multiplied by the signal strength and including the e↵ects of the systematic uncertainties described in
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FIG. 1. The HVT fit of the ATLAS excess compared with other experimental searches.

3

mV [TeV] gV (�⇥BR)V ± [fb] (�⇥BR)V 0 [fb]

1.8 3.95+1.65
�0.88 4.51 2.04

1.9 3.37+1.63
�0.83 4.63 2.09

2.0 2.81+1.54
�0.82 4.79 2.16

TABLE I. Signal �⇥BR and corresponding values of gV with
68% confidence intervals.

obtained and translated into gV error bars. The result is
gV = 2.81+1.54

�0.82.
This is for mV = 2TeV, but it is clear that the excess

does not uniquely select this value of the mass. The peak
of the distribution is indeed in the 2TeV bin for WZ and
WW , but sits at 1.9 TeV for ZZ. Furthermore the his-
togram bins are 100 GeV wide and ref. [2] estimates a 2%
systematic uncertainty on the jet pT scale, which could
easily shift the 2TeV points by 40 GeV. Therefore we also
consider other mass hypotheses, namely mV = 1.8 TeV
(which is probably too low) and mV = 1.9 TeV. We deter-
mine the value of gV at these masses, and its error bars,
as the one that gives the same total number of signal
events as before. A mild variation of the acceptance A,
that decreases with the mass, makes the required signal
cross-section a bit smaller at lower masses. The results,
reported in Table I, define a region in the (mV , gV ) plane
where the HVT is supposed to sit.

We can now check the compatibility of our signal hy-
pothesis with the WW - and ZZ-selected samples. The
number of signal events can be predicted by the obvious
generalisations of eq. (3), that gives (for mV = 2 TeV)
1 � intervals SWW 2 [2.2, 10.3] and SZZ 2 [1.4, 6.6] in
the window we consider. The observed excesses are
respectively 4.2 and 6.4 events and are well compatible
with the expectations. Given the limited statistics and
the large contamination between the di↵erent channels,
this result is an almost trivial check of our signal
hypothesis.

Other searches:
We now check the compatibility of our signal with

other experimental searches, starting from the CMS
counter-part of ref. [2], presented in ref. [9]. This analy-
sis reports separate � ⇥BR exclusion limits for di↵erent
signal hypotheses. Here we only consider the W 0 ! WZ
interpretation, which is the most similar to our signal. In
order to properly superimpose our signal with the CMS
exclusion we need to take into account both the contribu-
tions of the charged V ± and neutral V 0 states, similarly
to what we discussed above for the ATLAS search. In
the CMS analysis no attempt is made to distinguish W
from Z boson jets and the acceptance in the search re-
gion seems identical, as far as we can infer from ref. [9],
for a physically hadronically decaying WZ or WW pair.
Therefore we compare the CMS limit with an “e↵ective”

�⇥BR obtained as the sum of the charged vector �⇥BR
and the one of the neutral vector, properly rescaled to
take into account the di↵erence in the hadronic W and
Z BRs, namely

(�⇥BR)e↵ = (�⇥BR)V ± +
BRW!had

BRZ!had
(�⇥BR)V 0 . (4)

The result is reported in fig. 1a) and shows that our signal
is not excluded, and could even account for the small
upper fluctuation of the limit.

We now consider the semi-leptonic di-boson searches of
refs. [10, 11] (ATLAS) and [12] (CMS). All those analyses
can not significantly discriminate between hadronically
decaying W and Z bosons. Therefore in what follows
we assume an equal probability for hadronic W and Z
ending up in the search region. One leptonically decaying
Z boson was considered by ATLAS in ref. [10] and �⇥BR
limits where set on a W 0 ! WZ signal. Since V 0 does
not decay to ZZ, the only way to get a leptonic Z from
our HVT is by the production of the V ± decaying to WZ.
We can therefore directly use the ATLAS limit for W 0 !
WZ in our model, with the result reported in fig. 1b).
The corresponding CMS result [12] is a bit more di�cult
to use since it sets a limit on a bulk graviton decaying
to ZZ. By assuming the same selection e�ciency for the
bulk graviton and our signal (which is not necessarily
accurate), the e↵ective �⇥BR needed for the comparison
is

(�⇥BR)e↵ =
BRW!had

2 BRZ!had
(�⇥BR)V ± , (5)

which takes into account the important combinatorial
factor of 2 present for the semileptonic decay of the ZZ
pair, but absent for our WZ signal. The result is shown
in fig. 1c). We conclude that our signal is not excluded
by leptonic Z searches and that it could actually be re-
sponsible for the CMS 2� excess of ref. [12].

We now turn to the case of one leptonic W , which was
studied in refs. [11] (ATLAS) and [12] (CMS). ATLAS
provides an interpretation of the search in terms of a
W 0 ! WZ, which we can compare with our model by
means of the e↵ective �⇥BR

(�⇥BR)e↵ = (�⇥BR)V ± +
2 BRW!had

BRZ!had
(�⇥BR)V 0 . (6)

Notice that the combinatorial factor of 2 now sits in the
numerator and enhances the V 0 contribution. The result
is shown in fig. 1d). The central value of our signal is not
excluded while the upper part of the cross-section band
is in tension with this analysis. The leptonic W CMS
analysis [12] provides a limit interpretation in terms of
a bulk graviton signal decaying to WW . We use it by
assuming the same e�ciency for the bulk graviton and
our HVT. For the comparison we use an e↵ective � ⇥
BR, constructed along the same lines we described above.

Signal can account for the 
“CMS excess” (         )< 2�
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FIG. 1. The HVT fit of the ATLAS excess compared with other experimental searches.
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mV [TeV] gV (�⇥BR)V ± [fb] (�⇥BR)V 0 [fb]

1.8 3.95+1.65
�0.88 4.51 2.04

1.9 3.37+1.63
�0.83 4.63 2.09

2.0 2.81+1.54
�0.82 4.79 2.16

TABLE I. Signal �⇥BR and corresponding values of gV with
68% confidence intervals.

obtained and translated into gV error bars. The result is
gV = 2.81+1.54

�0.82.
This is for mV = 2TeV, but it is clear that the excess

does not uniquely select this value of the mass. The peak
of the distribution is indeed in the 2TeV bin for WZ and
WW , but sits at 1.9 TeV for ZZ. Furthermore the his-
togram bins are 100 GeV wide and ref. [2] estimates a 2%
systematic uncertainty on the jet pT scale, which could
easily shift the 2TeV points by 40 GeV. Therefore we also
consider other mass hypotheses, namely mV = 1.8 TeV
(which is probably too low) and mV = 1.9 TeV. We deter-
mine the value of gV at these masses, and its error bars,
as the one that gives the same total number of signal
events as before. A mild variation of the acceptance A,
that decreases with the mass, makes the required signal
cross-section a bit smaller at lower masses. The results,
reported in Table I, define a region in the (mV , gV ) plane
where the HVT is supposed to sit.

We can now check the compatibility of our signal hy-
pothesis with the WW - and ZZ-selected samples. The
number of signal events can be predicted by the obvious
generalisations of eq. (3), that gives (for mV = 2 TeV)
1 � intervals SWW 2 [2.2, 10.3] and SZZ 2 [1.4, 6.6] in
the window we consider. The observed excesses are
respectively 4.2 and 6.4 events and are well compatible
with the expectations. Given the limited statistics and
the large contamination between the di↵erent channels,
this result is an almost trivial check of our signal
hypothesis.

Other searches:
We now check the compatibility of our signal with

other experimental searches, starting from the CMS
counter-part of ref. [2], presented in ref. [9]. This analy-
sis reports separate � ⇥BR exclusion limits for di↵erent
signal hypotheses. Here we only consider the W 0 ! WZ
interpretation, which is the most similar to our signal. In
order to properly superimpose our signal with the CMS
exclusion we need to take into account both the contribu-
tions of the charged V ± and neutral V 0 states, similarly
to what we discussed above for the ATLAS search. In
the CMS analysis no attempt is made to distinguish W
from Z boson jets and the acceptance in the search re-
gion seems identical, as far as we can infer from ref. [9],
for a physically hadronically decaying WZ or WW pair.
Therefore we compare the CMS limit with an “e↵ective”

�⇥BR obtained as the sum of the charged vector �⇥BR
and the one of the neutral vector, properly rescaled to
take into account the di↵erence in the hadronic W and
Z BRs, namely

(�⇥BR)e↵ = (�⇥BR)V ± +
BRW!had

BRZ!had
(�⇥BR)V 0 . (4)

The result is reported in fig. 1a) and shows that our signal
is not excluded, and could even account for the small
upper fluctuation of the limit.

We now consider the semi-leptonic di-boson searches of
refs. [10, 11] (ATLAS) and [12] (CMS). All those analyses
can not significantly discriminate between hadronically
decaying W and Z bosons. Therefore in what follows
we assume an equal probability for hadronic W and Z
ending up in the search region. One leptonically decaying
Z boson was considered by ATLAS in ref. [10] and �⇥BR
limits where set on a W 0 ! WZ signal. Since V 0 does
not decay to ZZ, the only way to get a leptonic Z from
our HVT is by the production of the V ± decaying to WZ.
We can therefore directly use the ATLAS limit for W 0 !
WZ in our model, with the result reported in fig. 1b).
The corresponding CMS result [12] is a bit more di�cult
to use since it sets a limit on a bulk graviton decaying
to ZZ. By assuming the same selection e�ciency for the
bulk graviton and our signal (which is not necessarily
accurate), the e↵ective �⇥BR needed for the comparison
is

(�⇥BR)e↵ =
BRW!had

2 BRZ!had
(�⇥BR)V ± , (5)

which takes into account the important combinatorial
factor of 2 present for the semileptonic decay of the ZZ
pair, but absent for our WZ signal. The result is shown
in fig. 1c). We conclude that our signal is not excluded
by leptonic Z searches and that it could actually be re-
sponsible for the CMS 2� excess of ref. [12].

We now turn to the case of one leptonic W , which was
studied in refs. [11] (ATLAS) and [12] (CMS). ATLAS
provides an interpretation of the search in terms of a
W 0 ! WZ, which we can compare with our model by
means of the e↵ective �⇥BR

(�⇥BR)e↵ = (�⇥BR)V ± +
2 BRW!had

BRZ!had
(�⇥BR)V 0 . (6)

Notice that the combinatorial factor of 2 now sits in the
numerator and enhances the V 0 contribution. The result
is shown in fig. 1d). The central value of our signal is not
excluded while the upper part of the cross-section band
is in tension with this analysis. The leptonic W CMS
analysis [12] provides a limit interpretation in terms of
a bulk graviton signal decaying to WW . We use it by
assuming the same e�ciency for the bulk graviton and
our HVT. For the comparison we use an e↵ective � ⇥
BR, constructed along the same lines we described above.
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FIG. 1. The HVT fit of the ATLAS excess compared with other experimental searches.
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FIG. 1. The HVT fit of the ATLAS excess compared with other experimental searches.
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Dileptons are well under control. 

Model might account for CMS excess. Not for 2-j excess.

7.6 Exclusion limits 19
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Figure 6: Upper limits as a function of the resonance mass M on the ratio of the product of
cross section and branching fraction into lepton pairs relative to that of Z bosons, for final-state
spins of 1 (top) and 2 (bottom). The shaded bands correspond to the 68% and 95% quantiles for
the expected limits. Theoretical predictions for spin-1 resonances, Z0

SSM and Z0
y, and spin-2 RS

gravitons are shown for comparison.



•The HVT framework:

Defines a comprehensive search strategy for triplets at the LHC

Contributes to liberate our field from benchmark models plague!

•Composite HVT are robust signatures of CH scenario

Relevant for “Naturalness”, or “Un-Naturalness”, searches

Poorly constrained by run-1 data

•ATLAS excess:

Can be accounted for by Natural and plausible New Physics

To be confirmed or disproven in the next few months

Conclusions
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Defines a comprehensive search strategy for triplets at the LHC

Contributes to liberate our field from benchmark models plague!

•Composite HVT are robust signatures of CH scenario

Relevant for “Naturalness”, or “Un-Naturalness”, searches

Poorly constrained by run-1 data

•ATLAS excess:

Can be accounted for by Natural and plausible New Physics

To be confirmed or disproven in the next few months

Conclusions

New physics might be still waiting for us at 13TeV.

Run-2 has started and we must take the best out of it.


Not yet time to “relax”.


