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Introduction
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• Diboson searches as a test for BSM physics

• Which models, which resonances can be tested?

• Strong composite dynamics and a spin zero 
pseudoscalar

• WZW couplings from the fundamental dynamics: 
models

• Results and perspectives for Run 2



Diboson and BSM
• search for heavy resonances around 2 TeV in both 

ATLAS and CMS
2015 due to excesses in the hadronic diboson 
channels 

• BSM models with new resonances coupling to SM 
gauge bosons are constrained by these searches 
(excess or not)

• Firm theoretical predictions?Yes in a class of models 
with a scalar coupling to the gauge bosons via the 
anomaly.
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Diboson status 7/8/13 TeV

• few measurements @8 TeV higher 
than SM expectation

• see Tuesday talk by Tiesheng Dai
and the one by M.Pierini today for 
details & updates
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theoσ / expσProduction Cross Section Ratio:   
0.5 1 1.5 2

CMS PreliminaryDec. 2015

All results at:
http://cern.ch/go/pNj7

(NNLO th.), γγ  0.12± 0.01 ±1.06 -15.0 fb
γW  0.13± 0.03 ±1.16 -15.0 fb
γZ  0.05± 0.01 ±0.98 -15.0 fb
γZ  0.05± 0.01 ±0.98 -119.5 fb

WW+WZ  0.15± 0.13 ±1.05 -14.9 fb
WW  0.10± 0.04 ±1.11 -14.9 fb

(NNLO th.)WW,  0.08± 0.02 ±1.01 -119.4 fb
WZ  0.07± 0.07 ±1.17 -14.9 fb
WZ  0.07± 0.03 ±1.12 -119.6 fb
WZ  0.17± 0.11 ±0.86 -11.34 fb
ZZ  0.07± 0.14 ±0.99 -14.9 fb
ZZ  0.08± 0.06 ±1.00 -119.6 fb
ZZ  0.06± 0.16 ±1.00 -11.34 fb

7 TeV CMS measurement (stat,stat+sys) 

8 TeV CMS measurement (stat,stat+sys) 

13 TeV CMS measurement (stat,stat+sys) 

CMS measurements
 theory(NNLO)vs. NLO 
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No deviation from SM, 
except ATLAS WZ cross-
section higher than NLO 
prediction. 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/SM/ 



Cross-section estimates

experiments). The background uncertainty drives the di↵erences between the expected
and expected plus one and two � limits. In this simplified approach, it is often impossible
to make it small enough to match the values in the limit plots. Tests indicate this has a
negligible impact on the signal cross section needed to reproduce the excess. To account
for the use of the full invariant mass distribution by the experiments, the obtained
signal cross sections are multiplied by a factor 0.7. This is obtained from an ATLAS
study comparing the sensitivity to dilepton resonances using the full invariant mass
distribution with that obtained from counting experiments in narrow mass windows [16].
The resulting signal cross sections agree reasonably well with those obtained when using
the number of observed events, signal e�ciencies and acceptances in the few cases where
this information is available. An uncertainty of 30% should cover the limitations of the
method used. The results are shown in Figure 2.
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Figure 2: Estimated signal cross sections for searches with excesses larger than 1.5 �.

3 Theoretical Interpretation

In this section, we summarize the major approaches for explaining the diboson excess in
terms of extensions of the Standard Model. Most of these involve production and decay
of a single, relatively narrow s-channel resonance. We begin by using a simplified model
of such a resonance to convert an estimated signal cross-section into model-independent
lower bounds on the branching ratios for the resonance that correspond to the production
and decay modes. For estimated cross-sections of 1 - 100 fb, we find that the vector-boson
fusion production mode must be subdominant. Next, we turn to a discussion of the three
main classes of physics beyond the standard model that have been invoked to explain
the diboson excess, namely, strongly-coupled scenarios such as composite Higgs models,
modifications of the Standard Model (SM) gauge group, and extensions of the scalar
sector. More exotic solutions beyond this classification will be summarized in Section 5.
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Phenomenological description

• Assuming some s-channel narrow resonance:

• and with cross-section in the range 1-100 fb:

• Vector-Boson-Fusion (VBF) is subdominant at 8 TeV

• Drell-Yan (DY) production can accommodate an excess 
from a spin 1 vector in this range

• Gluon fusion (GGF) is relevant for spin 0 and spin 2
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�R(pp ! V V ) ' N ⇥BR(R ! partons)⇥BR(R ! V V ) (1)

1



Which models, which resonances?

• Strong dynamics for the EW sector:

• spin 1 (popular guess but S parameter needs extra 
contribution (axial-vector, …), via Drell-Yan mainly

• spin 0, spin 2 from gluon fusion

• Extended SM scalar sector

• Extended gauge sector

• …..
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Strong dynamics in the EW sector
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G         H

SU(2)xU(1)        U(1)

“pions” h, WL, ZL

Compositeness,  
and the Higgs boson

G ! H
Global symmetry of the system:

SU(2)⇥ U(1) ! U(1)em

SM gauge symmetry!

Goldstones include the 
longitudinal d.o.f. of W and 
Z 

the Higgs is a pseudo-
Goldstone

QCD template:
⇡

�

pions

sigma

Global symmetry:

Higgs boson light as pNGB of the broken symmetry of the strong sector,
parameterisation with an effective chiral Lagrangian, detailed 
computations in terms of the fundamental fermionic states

SM gauge symmetry



Scalars in TeV strong dynamics

• Higgs: pNGB or mixture pNGB-Composite (see 1402.0233)

• Composite scalars can be lighter than vectors (indications from 
lattice calculations with specific strong dynamics)

• A pseudo-scalar η  with WZW anomaly couplings is present in 
the spectrum and can be in the TeV range. 

• Couplings are calculable in terms of the dynamics

• Fermiophobic η is a realistic case in composite models
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See hep-ph/1502.04718 for details of the scalar sector in minimal SU(4)/Sp(4) case 
and hep-ph/0809.0713 for the model.
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models, because, for example, familiar dynamical models
do not have the WW coupling [31].

An obvious question is how to enhance the production
cross section of ⌘WZ, which is typically expected to be
tiny. Notice that the color factor Nc = 3 counts strongly
in ⇡

0 ! ��. Similarly, such an enhancement factor
can arise from the degrees of freedom of the constituent
fermions of ⌘WZ, which emerges via the underlying strong
dynamics. It is therefore interesting to consider this hy-
pothesis and use data from the diboson excess to have an
idea of the coe�cients required to explain such an excess,
which in turn can hint at the more fundamental structure
beyond the e↵ective model.

We therefore assume that ⌘WZ couples to gluons and
the weak bosons, as in the case of the anomaly, and does
couple not (or only very weakly) to the SM quarks and
leptons. Before considering detailed numbers, it is useful
to put rough numbers on the model: the excess points
to an e↵ective diboson cross section of about 10 fb. This
implies that the production cross section �(gg ! ⌘WZ)
should be around 100 fb in order to explain the diboson
excesses as the Branching Ratio to the WW channel is
roughly Br(⌘WZ ! W

+
W

�) ⇠ 2(Nc↵2)2/(8↵2
3) ⇠ 10%

when considering an anomaly induced coupling. For the
ZZ mode, we expect a half of it. Thus the desired situa-
tion, � ·Br(⌘WZ ! W

+
W

�
/ZZ) ⇠ 10 fb, can in principle

be achieved. In this scenario, we regard theWZ excess as
a contamination from the WW/ZZ signals, noticing that
zero events in the WZ channel maximizes a likelihood
function in terms of the truth signal in theWW/ZZ/WZ

channels [18]. The total width should not be so large,
which is constrained less than, say, 100 GeV, owing to
the one-loop e↵ects essentially.

One might also worry about the constraint from the
diphoton resonance searches, because the pseudo-scalar
can also decay into a pair of photons, unlike the vec-
tor resonance. The constraints of the diphoton channel
for a spin 0 resonance have been studied in the mass
ranges from 150 GeV to 850 GeV by the CMS Collabo-
ration [32]. A similar analysis was also performed by the
ATLAS collaboration [33]. For the high-mass diphoton
resonances, the CMS Collaborations found the constraint
of the production cross section times branching ratio less
than 0.3 fb for the 2TeV RS graviton [34]. The ATLAS
Collaborations also performed a similar analysis and the
expected +2� variation limit is 0.5 fb [35]. Even if we
take the same bound for the spin 0 particle, our sug-
gested explanation is fairly safe against this constraint in
any case, because �(⌘WZ ! ��)/�(⌘WZ ! W

+
W

�) ⇠
↵

2
/2↵2

2 ' 0.03. The decay channel of ⌘WZ ! Zh is
potentially dangerous [36, 37], if one might expect a sim-
ilar situation to the two Higgs doublet model, in which
there appears A ! Zh at the tree level. In our case
however, we can safely assume that the mixing between
the singlet and the Higgs doublet is absent. The possible
constraint from final states with Higgs boson(s) is thus

easily avoided.
In the rest of the Letter, we will present a general ef-

fective description of the model, and a specific dynamical
model that may give rise to the desired couplings. Finally
we will study in a model independent way the constraint
on the couplings, necessary to reproduce the observed
diboson excess.
E↵ective Lagrangian.— The action for a weak singlet

pseudo-scalar ⌘WZ with no hypercharge is

S⌘ =

Z
d

4
x

1

2
(@µ⌘WZ@

µ
⌘WZ �M

2
⌘ ⌘

2
WZ) +�WZW , (1)

where M⌘ is the mass of the pseudo-scalar singlet and
the WZW term contains the e↵ective Lagrangian for the
diboson decay, �WZW �

R
d

4
x L⌘V V , with2

L⌘gg = 

⌘
g

g

2
3

32⇡2

⌘WZ

F⌘
✏

µ⌫⇢�
G

a
µ⌫G

a
⇢�, (2)
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⌘
W

g

2
2

32⇡2

⌘WZ

F⌘
✏

µ⌫⇢�
W

i
µ⌫W

i
⇢�, (3)

L⌘BB = 

⌘
B

g

2
Y

32⇡2

⌘WZ

F⌘
✏

µ⌫⇢�
Bµ⌫B⇢�, (4)

where F⌘ denotes the decay constant of ⌘WZ, and the
couplings ⌘

g , 
⌘
W and 

⌘
B are arbitrary prefactors in the

e↵ective description, but they can be calculated in spe-
cific realizations when the content of the loop terms is
calculated, as we shall see in the next section. The cou-
plings g3, g2 and gY are, respectively, the gauge coupling
constants of the strong, weak, and hypercharge groups.
From the previous Lagrangian, the partial widths in

the various channels can be easily calculated:

�(⌘WZ ! gg) =
g

4
3(

⌘
g)

2
M

3
⌘

128F 2
⌘ ⇡

5
(5)

�(⌘WZ ! WW ) =
g

4
2(

⌘
W )2(M2

⌘ � 4M2
W )

3
2

512F 2
⌘ ⇡

5
(6)

�(⌘WZ ! ZZ) =
g

4
2c

4
W (⌘

W + 

⌘
Bt

4
W )2(M2

⌘ � 4M2
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3
2

1024F 2
⌘ ⇡
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e
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2
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2
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⌘
Bt

2
W )2(M2

⌘ �M

2
Z)

3
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�(⌘WZ ! ��) =
e

4(⌘
W + 

⌘
B)

2
M

3
⌘

1024F 2
⌘ ⇡

5
(9)

2
A term in the form L⌘WB = ⌘

WB
g2gY
32⇡2

⌘WZ
F⌘

✏µ⌫⇢�W 3
µ⌫B⇢�

can appear through the EWSB e↵ects, however its coe�cient is

expected to be suppressed by a v2/F 2
⌘ factor as it violates gauge

invariance.
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SU(N) SU(3)c SU(2)W U(1)Y

QL = (Q1, Q2)L 3 2 0

QR = (Q1, Q2)R 3 2 0

LL = (L1, L2)L 1 2 0

LR = (L1, L2)R 1 2 0

NL 1 1 0

NR 1 1 0

TABLE I. Charge assignment for a vector-like model under
the new strong dynamics SU(N), and the SM gauge sym-
metries. The chirality of the fermion field is denoted by a
subscript R or L.

where cW ⌘ cos ✓W , tW ⌘ tan ✓W , e = g2 sin ✓W with ✓W

being the weak mixing angle, and we define ⌘
� = 

⌘
W+

⌘
B

for future reference. A naive counting of the coupling
constants and of the numerical prefactors immediately
shows that the production and decay to gluons will be
the dominant channel, but the values of the couplings ⌘

g

and 

⌘
W will play a major role in the phenomenological

results.
This e↵ective model allows us to easily calculate the

diboson rates at the LHC, and check other constraints
on the model. Before showing the numerical results, in
the next section we will introduce a simple model of un-
derlying dynamics that may lead to the required phe-
nomenology.

A Vector-like Model.— In order to discuss the expected
phenomenology, we investigate in more detail the origin
of the couplings 

⌘
g , 

⌘
W and 

⌘
B . In the following we

take a simple hypothesis of a vector-like model by giv-
ing the factors counting the fundamental particles in the
anomaly loops. We do not discuss here the origin of the
electroweak symmetry breaking, so that we assume that
the SM-like Higgs boson with the mass being 125 GeV
emerges as a composite object of the dynamics, or we
incorporate it as an elementary particle.

Let us study as an example the vector-like model shown
in Table I, where SU(N) represents a strongly interacting
gauge group. Such a dynamical model with the higher
representations of the gauge group has been studied, for
example, in Ref. [38]. Of course, we may take the fun-
damental representation as usual, if we allow arbitrary
large N . We introduce vector-like weak doublets Q and
L, with multiplicity nQ and nL, respectively. The vector-
like fermion NL,R is a weak singlet. The total number
of flavors is then Nf = 2NcnQ + 2nL + 1, where Nc = 3
denotes the number of ordinary QCD colors. A large
number of Nf is inappropriate, because the gauge the-
ory loses asymptotic freedom when the fermion multi-
plicity is too large. At the one-loop level, asking for
a negative coe�cient of the � function [39], we obtain
Nf < 11N/(4T (R)), where T (R) is the trace normaliza-

tion. For the two-index anti-symmetric representation,
T (R) = (N � 2)/2. For example, the theory with N = 5
and nQ = nL = 1 keeps asymptotic freedom. A question
whether or not such a gauge theory might fall into the
conformal window is beyond the perturbative approach
and would require a dedicated analysis: some indications
can be extracted [40]; however, only, a Lattice simulation
[41] can give the final answer.
The Nambu-Goldstone boson ⌘WZ is contained in the

U(1) part of the broken current SU(Nf )L⇥ SU(Nf )R !
SU(Nf )V . The broken current corresponding to ⌘WZ is

J

µ
5 ⇠ Q̄�

µ
�5Q+ L̄�

µ
�5L� (Nf � 1)N̄�

µ
�5N, (10)

where we omitted the normalization factor of the axial
current, which can be absorbed in the definition of F⌘.
We then find



⌘
g =

1

2
N(N � 1) · 2nQ, (11)



⌘
W =

1

2
N(N � 1) · (NcnQ + nL), (12)

and 

⌘
B = 

⌘
WB = 0, where Nc = 3 denotes the number

of color. For the fundamental representation, the factor
N(N � 1)/2 should be replaced by N . The coe�cient ⌘

�

of the WZW term for the ⌘W –�-� coupling is calculated
from the above ones and found as 

⌘
� = 

⌘
W in this spe-

cific model. The number 

⌘
W /

⌘
g = 2 for nQ = nL = 1

corresponds to the number of the weak doublets over that
of the quark flavor and will play an important role in the
diboson excess discussed later.
For the Branching Ratios, we obtain

Br(⌘WZ ! W

+
W

�)

Br(⌘WZ ! gg)
' 2(↵2

⌘
W )2

8(↵3
⌘
g)2

' 0.09 , (13)

for nQ = nL = 1, where we used ↵3 ⇡ 0.1 and ↵2 ⇡ 0.03.
Also,

Br(⌘WZ ! ��)

Br(⌘WZ ! W

+
W

�)
'

(↵⌘
�)

2

2(↵2
⌘
W )2

=
↵

2

2↵2
2

' 0.03 , (14)

due to 

⌘
� = 

⌘
W in this model, where we used ↵ = 1/128.

These numbers can be directly compared to the exper-
imental bounds on the diboson excess, and constraints
on other channels, most notably dijet and diphoton res-
onance searches:

- �gg!⌘WZ
⇥ Br(⌘WZ ! WW ) ⇠ 10 fb, from the

diboson excess at 2 TeV [1];

- �gg!⌘WZ
⇥ Br(⌘WZ ! ��) < 0.5 fb, from the

searches of a Kaluza–Klein graviton to di-photon
(approximate) [35];

- �gg!⌘WZ
⇥Br(⌘WZ ! gg) < 200 fb, from the search

of dijet resonances (gluons) from a scalar [42].

are calculable if the dynamics is specified
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A toy vector-like model
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3

SU(N) SU(3)c SU(2)W U(1)Y

QL = (Q1, Q2)L 3 2 0

QR = (Q1, Q2)R 3 2 0

LL = (L1, L2)L 1 2 0

LR = (L1, L2)R 1 2 0

NL 1 1 0

NR 1 1 0

TABLE I. Charge assignment for a vector-like model under
the new strong dynamics SU(N), and the SM gauge sym-
metries. The chirality of the fermion field is denoted by a
subscript R or L.

where cW ⌘ cos ✓W , tW ⌘ tan ✓W , e = g2 sin ✓W with ✓W

being the weak mixing angle, and we define ⌘
� = 

⌘
W+

⌘
B

for future reference. A naive counting of the coupling
constants and of the numerical prefactors immediately
shows that the production and decay to gluons will be
the dominant channel, but the values of the couplings ⌘

g

and 

⌘
W will play a major role in the phenomenological
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This e↵ective model allows us to easily calculate the

diboson rates at the LHC, and check other constraints
on the model. Before showing the numerical results, in
the next section we will introduce a simple model of un-
derlying dynamics that may lead to the required phe-
nomenology.

A Vector-like Model.— In order to discuss the expected
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⌘
g , 

⌘
W and 

⌘
B . In the following we

take a simple hypothesis of a vector-like model by giv-
ing the factors counting the fundamental particles in the
anomaly loops. We do not discuss here the origin of the
electroweak symmetry breaking, so that we assume that
the SM-like Higgs boson with the mass being 125 GeV
emerges as a composite object of the dynamics, or we
incorporate it as an elementary particle.

Let us study as an example the vector-like model shown
in Table I, where SU(N) represents a strongly interacting
gauge group. Such a dynamical model with the higher
representations of the gauge group has been studied, for
example, in Ref. [38]. Of course, we may take the fun-
damental representation as usual, if we allow arbitrary
large N . We introduce vector-like weak doublets Q and
L, with multiplicity nQ and nL, respectively. The vector-
like fermion NL,R is a weak singlet. The total number
of flavors is then Nf = 2NcnQ + 2nL + 1, where Nc = 3
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number of Nf is inappropriate, because the gauge the-
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Nf < 11N/(4T (R)), where T (R) is the trace normaliza-
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T (R) = (N � 2)/2. For example, the theory with N = 5
and nQ = nL = 1 keeps asymptotic freedom. A question
whether or not such a gauge theory might fall into the
conformal window is beyond the perturbative approach
and would require a dedicated analysis: some indications
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The Nambu-Goldstone boson ⌘WZ is contained in the
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We then find



⌘
g =

1

2
N(N � 1) · 2nQ, (11)



⌘
W =

1

2
N(N � 1) · (NcnQ + nL), (12)

and 
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of color. For the fundamental representation, the factor
N(N � 1)/2 should be replaced by N . The coe�cient ⌘

�

of the WZW term for the ⌘W –�-� coupling is calculated
from the above ones and found as 

⌘
� = 
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W in this spe-

cific model. The number 

⌘
W /
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g = 2 for nQ = nL = 1

corresponds to the number of the weak doublets over that
of the quark flavor and will play an important role in the
diboson excess discussed later.
For the Branching Ratios, we obtain
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These numbers can be directly compared to the exper-
imental bounds on the diboson excess, and constraints
on other channels, most notably dijet and diphoton res-
onance searches:

- �gg!⌘WZ
⇥ Br(⌘WZ ! WW ) ⇠ 10 fb, from the

diboson excess at 2 TeV [1];

- �gg!⌘WZ
⇥ Br(⌘WZ ! ��) < 0.5 fb, from the

searches of a Kaluza–Klein graviton to di-photon
(approximate) [35];

- �gg!⌘WZ
⇥Br(⌘WZ ! gg) < 200 fb, from the search

of dijet resonances (gluons) from a scalar [42].
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being the weak mixing angle, and we define ⌘
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constants and of the numerical prefactors immediately
shows that the production and decay to gluons will be
the dominant channel, but the values of the couplings ⌘

g

and 
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W will play a major role in the phenomenological

results.
This e↵ective model allows us to easily calculate the
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on the model. Before showing the numerical results, in
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derlying dynamics that may lead to the required phe-
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A Vector-like Model.— In order to discuss the expected
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W and 
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B . In the following we
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ing the factors counting the fundamental particles in the
anomaly loops. We do not discuss here the origin of the
electroweak symmetry breaking, so that we assume that
the SM-like Higgs boson with the mass being 125 GeV
emerges as a composite object of the dynamics, or we
incorporate it as an elementary particle.

Let us study as an example the vector-like model shown
in Table I, where SU(N) represents a strongly interacting
gauge group. Such a dynamical model with the higher
representations of the gauge group has been studied, for
example, in Ref. [38]. Of course, we may take the fun-
damental representation as usual, if we allow arbitrary
large N . We introduce vector-like weak doublets Q and
L, with multiplicity nQ and nL, respectively. The vector-
like fermion NL,R is a weak singlet. The total number
of flavors is then Nf = 2NcnQ + 2nL + 1, where Nc = 3
denotes the number of ordinary QCD colors. A large
number of Nf is inappropriate, because the gauge the-
ory loses asymptotic freedom when the fermion multi-
plicity is too large. At the one-loop level, asking for
a negative coe�cient of the � function [39], we obtain
Nf < 11N/(4T (R)), where T (R) is the trace normaliza-

tion. For the two-index anti-symmetric representation,
T (R) = (N � 2)/2. For example, the theory with N = 5
and nQ = nL = 1 keeps asymptotic freedom. A question
whether or not such a gauge theory might fall into the
conformal window is beyond the perturbative approach
and would require a dedicated analysis: some indications
can be extracted [40]; however, only, a Lattice simulation
[41] can give the final answer.
The Nambu-Goldstone boson ⌘WZ is contained in the

U(1) part of the broken current SU(Nf )L⇥ SU(Nf )R !
SU(Nf )V . The broken current corresponding to ⌘WZ is
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and 
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WB = 0, where Nc = 3 denotes the number

of color. For the fundamental representation, the factor
N(N � 1)/2 should be replaced by N . The coe�cient ⌘
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of the WZW term for the ⌘W –�-� coupling is calculated
from the above ones and found as 

⌘
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W in this spe-

cific model. The number 

⌘
W /
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g = 2 for nQ = nL = 1

corresponds to the number of the weak doublets over that
of the quark flavor and will play an important role in the
diboson excess discussed later.
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These numbers can be directly compared to the exper-
imental bounds on the diboson excess, and constraints
on other channels, most notably dijet and diphoton res-
onance searches:

- �gg!⌘WZ
⇥ Br(⌘WZ ! WW ) ⇠ 10 fb, from the

diboson excess at 2 TeV [1];

- �gg!⌘WZ
⇥ Br(⌘WZ ! ��) < 0.5 fb, from the

searches of a Kaluza–Klein graviton to di-photon
(approximate) [35];

- �gg!⌘WZ
⇥Br(⌘WZ ! gg) < 200 fb, from the search

of dijet resonances (gluons) from a scalar [42].
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decay mode BR

gg 83%

WW 11.2%

ZZ 3.2%

Z� 2%

�� 0.4%

TABLE II. Decay modes and branching fraction of the ⌘WZ

particle of 2 TeV with ⌘
W /⌘

g = 2.

Taking ratios of the above bounds, we can extract direct
bounds on the ratios of Branching Ratios:

Br(⌘WZ ! W

+
W

�)

Br(⌘WZ ! gg)
>

10

200
= 0.05, (15)

Br(⌘WZ ! ��)

Br(⌘WZ ! W

+
W

�)
<

0.5

10
= 0.05 , (16)

which are easily satisfied in this model.
These simplified results clearly show that the fermio-

phobic pseudo-scalar with the anomalous interactions
can explain the diboson excesses without conflict with
the other experimental bounds we discussed. One has to
keep in mind, however, that a detailed model built along
these lines may require further scrutiny concerning other
bounds, but such a detailed study is worth pursuing only
if the present excess will be confirmed by the ongoing
LHC run.

Numerical results and discussion.— In order to have
more detailed numbers we have created a FeynRules [43,
44] model and evaluated the cross sections, branching ra-
tios and decay widths numerically using Madgraph [45].
Using the following numerical values, nQ = 1, nL = 1,
N = 2, Nc = 3, which correspond to 

⌘
g = 2 and



⌘
� = 

⌘
W = 4, and F⌘ = 1 TeV, the production cross

section of the ⌘WZ particle is 0.615 fb and its total width
1.12 GeV at LHC with 8 TeV of center of mass energy
for a ⌘WZ particle of 2 TeV of mass.

Using insteadN = 5 and all the other same parameters
as in the previous example, increases the couplings by a
factor of 10: ⌘

g = 20 and 

⌘
� = 

⌘
W = 40, while the pro-

duction cross section and width of the ⌘WZ particle are
a factor of 100 larger as expected (production cross sec-
tion of 61.5 fb and total width of 112 GeV). The results
for the branching fractions are given in Table II. These
number are just indications based on a particular choice
of parameters. One can see easily from the previous re-
sults that increasing N (or decreasing F⌘) will increase
the cross section and allow reaching a value compatible
with the excess.

We consider in the following the parameters ⌘
i in order

to describe and bound the model in an e↵ective way with-
out reference to a particular underlying model. First, we
can impose bounds on the couplings by taking ratios of
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FIG. 1. Cross section times branching ratios on the ⌘
g–

⌘
W /⌘

g plane for F⌘ = 1 TeV and ⌘
B = 0. The shaded

region in the right upper area is excluded owing to �(gg !
⌘WZ) · Br(⌘WZ ! ��) > 0.5fb. The numbers N = 4, 5, 6
represent the corresponding values for the vector-like model
with nQ = nL = 1.

Branching Ratios and compare them with the bounds de-
tailed in the previous section on the diboson, dijet, and
diphoton resonant cross sections. Taking ratios of for-
mulas (5)–(9), we can eliminate the dependency on the
cross section, and derive bounds on the couplings ⌘

i :

(⌘
W )2

(⌘
g)2

>

1

5

g

4
3

g

4
2

⇠ 1.45, (17)

(⌘
�)

2

(⌘
W )2

< 0.1
g

4
2

e

4
=

0.1

sin4 ✓W
⇠ 1.86, (18)

where g3 = 1.033, g2 = 0.628, and sin2 ✓W = 0.2319 at
an energy of 2 TeV.
To compute constraints in the 

⌘
g–

⌘
W /

⌘
g plane, we

need an expression for the cross section:

�(gg ! ⌘WZ) =

✓


⌘
g

2

◆2 (1 TeV)2

F

2
⌘
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which can be estimated by rescaling our numerical re-
sults. For the Br(⌘WZ ! gg) and Br(⌘WZ ! WW ), by
using Eqs. (5)–(9) for ⌘

B = 0, we have
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respectively. These estimates can change if we introduce


⌘
B ,

⌘
WB 6= 0 in general. In Fig. 1 we show the dijet �jj

and diboson �WW cross sections for F⌘ = 1 TeV as a
function of the 

⌘
g and the ratio 

⌘
W /

⌘
g (for 
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B = 0).

We also show the model predictions for N = 4, 5, 6. In
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Taking ratios of the above bounds, we can extract direct
bounds on the ratios of Branching Ratios:
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which are easily satisfied in this model.
These simplified results clearly show that the fermio-

phobic pseudo-scalar with the anomalous interactions
can explain the diboson excesses without conflict with
the other experimental bounds we discussed. One has to
keep in mind, however, that a detailed model built along
these lines may require further scrutiny concerning other
bounds, but such a detailed study is worth pursuing only
if the present excess will be confirmed by the ongoing
LHC run.

Numerical results and discussion.— In order to have
more detailed numbers we have created a FeynRules [43,
44] model and evaluated the cross sections, branching ra-
tios and decay widths numerically using Madgraph [45].
Using the following numerical values, nQ = 1, nL = 1,
N = 2, Nc = 3, which correspond to 

⌘
g = 2 and



⌘
� = 

⌘
W = 4, and F⌘ = 1 TeV, the production cross

section of the ⌘WZ particle is 0.615 fb and its total width
1.12 GeV at LHC with 8 TeV of center of mass energy
for a ⌘WZ particle of 2 TeV of mass.

Using insteadN = 5 and all the other same parameters
as in the previous example, increases the couplings by a
factor of 10: ⌘

g = 20 and 

⌘
� = 

⌘
W = 40, while the pro-

duction cross section and width of the ⌘WZ particle are
a factor of 100 larger as expected (production cross sec-
tion of 61.5 fb and total width of 112 GeV). The results
for the branching fractions are given in Table II. These
number are just indications based on a particular choice
of parameters. One can see easily from the previous re-
sults that increasing N (or decreasing F⌘) will increase
the cross section and allow reaching a value compatible
with the excess.

We consider in the following the parameters ⌘
i in order

to describe and bound the model in an e↵ective way with-
out reference to a particular underlying model. First, we
can impose bounds on the couplings by taking ratios of

FIG. 1. Cross section times branching ratios on the ⌘
g–

⌘
W /⌘

g plane for F⌘ = 1 TeV and ⌘
B = 0. The shaded

region in the right upper area is excluded owing to �(gg !
⌘WZ) · Br(⌘WZ ! ��) > 0.5fb. The numbers N = 4, 5, 6
represent the corresponding values for the vector-like model
with nQ = nL = 1.
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a factor of 100 larger as expected (production cross sec-
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for the branching fractions are given in Table II. These
number are just indications based on a particular choice
of parameters. One can see easily from the previous re-
sults that increasing N (or decreasing F⌘) will increase
the cross section and allow reaching a value compatible
with the excess.
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i in order

to describe and bound the model in an e↵ective way with-
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diphoton resonant cross sections. Taking ratios of for-
mulas (5)–(9), we can eliminate the dependency on the
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Sp(2Nc) SU(3)c SU(2)L U(1)Y SU(4) SU(6) U(1)

Q
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Q
2

1 2 0
4 1 qQ

Q
3

1 1 1/2

Q
4

1 1 �1/2

�
1

�
2

�
3

3 1 2/3

1 6 q�
�
4

�
5

�
6

3̄ 1 �2/3

TABLE I. Field content of the microscopic fundamental the-
ory and property transformation under the gauged symme-
try group Sp(2Nc)⇥SU(3)c⇥ SU(2)L⇥ U(1)Y , and under the
global symmetries SU(4)⇥SU(6)⇥U(1).

�Q �� ⌘

g 0 (2Nc + 1)(Nc � 1) 0

W 2Nc 0 2Nc
cos(v/f)

2

p
2

B 2Nc
8

3

(2Nc + 1)(Nc � 1) �2Nc
cos(v/f)

2

p
2

TABLE II. Anomaly coe�cients of �Q,��, and ⌘.

low – is Sp(2Nc) anomaly free, leaving only one pNGB
from this sector. The the other one is expected to obtain
a large mass from Sp(2Nc) instanton e↵ects. In addi-
tion, QQ contains a boson multiplet in the (5, 1) under
Sp(4) ⇥ SO(6). In terms of the SU(2)L ⇥ SU(2)R ⇢
Sp(4), it decomposes into (H, ⌘) in (2, 2) � (1, 1), where
the bi-doublet is identified with the SM-like Higgs while
⌘ is another SM singlet pNGB.

The states �Q, �� and ⌘ couple to pairs of SM gauge
bosons through anomalies. We parameterize the interac-
tions as

L�iGG =
g2G

32⇡2

i
G�i

fi
✏µ⌫⇢�Gk

µ⌫Gk
⇢� , (1)

where �i = (�Q,��, ⌘), fi are their decay constants, and
G labels the couplings and field strengths of the gauge
groups SU(3)c, SU(2)L , and U(1)y. The anomaly cou-
pling coe�cients i

G are shown in Table II.
The Sp(2Nc) anomaly breaks U(1)Q⇥U(1)� ! U(1)�.

To identify the anomalous state and the anomaly-free
pNGB, we start from the Goldstone Lagrangian of �Q

and ��,

Lkin,GB =
f2
Q

2
@µ⌃

†
QQ@

µ⌃QQ +
f2
�

2
@µ⌃

†
��@

µ⌃��, (2)

where

⌃QQ = ei�Q/fQ , ⌃�� = ei��/f� . (3)

The conserved current (up to the anomaly) of a U(1)
transformation ⌃QQ ! e2qQ↵⌃QQ,⌃�� ! e2q�↵⌃�� is

� �0

g/f� (2Nc + 1)(Nc � 1)/f� (�3(Nc � 1)2(2Nc + 1)
fQ
f�

)/f�

W /f� �6Nc(Nc � 1)/f� �(2Nc
f�
fQ

)/f�

B/f�
⇥
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3

(2Nc + 1)(Nc � 1)
h
�8(Nc � 1)2(2Nc + 1)

fQ
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�6Nc(Nc � 1)] /f� �2Nc
f�
fQ

i
/f�

TABLE III. Couplings of the Sp(2Nc) anomaly free scalar �

and the orthogonal �0, where f� ⌘
q

9(Nc � 1)2f2

Q + f2

�.

jµ / @µ (fQqQ�Q + f�q���), such that the canonically
normalized pNGB corresponding to this U(1) and its or-
thogonal combination are

� = cos��Q + sin��� (4)

�0 = � sin��Q + cos��� (5)

with tan� = f�q�/fQqQ.
� is Sp(2Nc) anomaly-free when qQ = �3(Nc � 1)q�
and thus remains a pNGB. �0 obtains a mass from the
anomaly and from Sp(2Nc) instanton e↵ects. Table III
shows the anomalous couplings of � and �0.
The neutral scalar sector of this model thus contains

two pNGBs, ⌘ and �, and a heavy resonance �0. A
comprehensive study of the scalar sector and the gen-
eral bounds on M⌘,M�,M�0 , f�, fQ and Nc from di-
boson searches is under way, but beyond the scope of
this letter. Here, we only investigate one special case:
Can one of these states be a viable candidate for the
di-boson excess reported by ATLAS [1] and CMS [2]?
⌘ does not couple to gluons and therefore has a too
small production cross section. � can be made mas-
sive by explicit breaking of U(1)�, i.e. external to
the SU(6) ⇥ SU(4) ! SO(6) ⇥ Sp(4) breaking. The �
particle can be produced from gluon fusion and has decay
channels into WW and ZZ. �0 is massive even without
an explicit breaking term, and it has the required types of
couplings. For � and �0 we therefore inspect production
and branching ratios in more detail.

Branching ratios and production.—
Ref. [6] discussed pseudo-scalars with anomalous cou-

plings to SM gauge bosons as candidates for a di-boson
excess. The state � falls precisely into this class, such
that we can use the e↵ective field theory analysis pre-
sented, there.
The partial widths of � decaying into gg, WW , ZZ,

Z�, and �� are [6]

�(� ! gg) =
g43(
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(8)

Two types of fermions: 4 
Q in the fundamental and 
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low – is Sp(2Nc) anomaly free, leaving only one pNGB
from this sector. The the other one is expected to obtain
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pling coe�cients i

G are shown in Table II.
The Sp(2Nc) anomaly breaks U(1)Q⇥U(1)� ! U(1)�.

To identify the anomalous state and the anomaly-free
pNGB, we start from the Goldstone Lagrangian of �Q

and ��,

Lkin,GB =
f2
Q

2
@µ⌃

†
QQ@

µ⌃QQ +
f2
�

2
@µ⌃

†
��@

µ⌃��, (2)

where

⌃QQ = ei�Q/fQ , ⌃�� = ei��/f� . (3)

The conserved current (up to the anomaly) of a U(1)
transformation ⌃QQ ! e2qQ↵⌃QQ,⌃�� ! e2q�↵⌃�� is

� �0

g/f� (2Nc + 1)(Nc � 1)/f� (�3(Nc � 1)2(2Nc + 1)
fQ
f�

)/f�

W /f� �6Nc(Nc � 1)/f� �(2Nc
f�
fQ

)/f�

B/f�
⇥
8

3

(2Nc + 1)(Nc � 1)
h
�8(Nc � 1)2(2Nc + 1)

fQ
f�

�6Nc(Nc � 1)] /f� �2Nc
f�
fQ

i
/f�

TABLE III. Couplings of the Sp(2Nc) anomaly free scalar �

and the orthogonal �0, where f� ⌘
q

9(Nc � 1)2f2

Q + f2

�.

jµ / @µ (fQqQ�Q + f�q���), such that the canonically
normalized pNGB corresponding to this U(1) and its or-
thogonal combination are

� = cos��Q + sin��� (4)

�0 = � sin��Q + cos��� (5)

with tan� = f�q�/fQqQ.
� is Sp(2Nc) anomaly-free when qQ = �3(Nc � 1)q�
and thus remains a pNGB. �0 obtains a mass from the
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The neutral scalar sector of this model thus contains

two pNGBs, ⌘ and �, and a heavy resonance �0. A
comprehensive study of the scalar sector and the gen-
eral bounds on M⌘,M�,M�0 , f�, fQ and Nc from di-
boson searches is under way, but beyond the scope of
this letter. Here, we only investigate one special case:
Can one of these states be a viable candidate for the
di-boson excess reported by ATLAS [1] and CMS [2]?
⌘ does not couple to gluons and therefore has a too
small production cross section. � can be made mas-
sive by explicit breaking of U(1)�, i.e. external to
the SU(6) ⇥ SU(4) ! SO(6) ⇥ Sp(4) breaking. The �
particle can be produced from gluon fusion and has decay
channels into WW and ZZ. �0 is massive even without
an explicit breaking term, and it has the required types of
couplings. For � and �0 we therefore inspect production
and branching ratios in more detail.

Branching ratios and production.—
Ref. [6] discussed pseudo-scalars with anomalous cou-

plings to SM gauge bosons as candidates for a di-boson
excess. The state � falls precisely into this class, such
that we can use the e↵ective field theory analysis pre-
sented, there.
The partial widths of � decaying into gg, WW , ZZ,
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The neutral scalar sector contains 2 
pNGB σ and η and a massive σ’. 
η does not couple to gluons and σ’ has 
a too large decay to γγ. 
σ can reproduce the excess at 2 TeV.
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• Strong dynamics: other resonances?

• charged/neutral: role of WZ vs WW and ZZ

• Zγ and γγ channels

• Channels with a Higgs boson (Vh)

• Determine production modes (DY, VBF, GGF) as much as 
possible exploiting kinematical differences

• Production balance different: @13 TeV DYx5-7, VBFx10 vs 8 TeV 


