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Strong dynamics in the EW sector
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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
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Fundamental composite dynamics
• Strong dynamics from a confining gauge group GTC:

• define N fundamental fermions charged under GTC

• assign SM quantum number to fundamental fermions

• couple to SM fermions

• The EFT for bound states Lagrangian must respect the 
symmetries (NOT a generic EFT ! )

• Lattice results (if available) determine the spectra and 
couplings



Which models, which resonances?



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, typically heavy

• spin 0 (new composite scalars, PNGB) already the minimal 
model contains more than the Higgs!

• spin 1/2 (new vector-like fermions)

• Extended SM scalar sector, DM candidate

• Extended gauge sector



Scalars in EW strong dynamics
• A light scalar σ mixing with the PNGB Higgs is a general property (see lattice 

studies)

• v=f sin (θ) with v EW scale, f composite scale

• Relation unnatural in Chiral “composite” Higgs as θ very small

• Relation problematic in Technicolor as θ →π/2

• Relation natural in fundamental composite Higgs: sin (θ) ≲ 0.6 

• A pseudo-scalar “η” with WZW anomaly couplings is present in the spectrum. 

• Couplings are calculable in terms of the dynamics

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; arXiv:1809.09146 for the naturalness study.

https://arxiv.org/abs/1809.09146


Scalars in EW strong dynamics

from arXiv:1809.09146



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

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

Jµ
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].
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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

Jµ
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].
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Vector-like quarks
• Unique window to test models (Xdim, composite, Little Higgs, SUSY) and 

good theoretical motivation

• Reach at LHC substantial and only partially exploited

• Mixings with all the 3 SM generations important (production/decay)

• Single production dominant with present mass bound at LHC (∼1 TeV)



Simplest multiplets (and SM quantum numbers)



Interplay of VLQ multiplets (doublets)

arXiv:1806.01024 

Tree level (yellow area is excluded at 3σ), EWPT (blue continuous line corresponds to the 3σ 
bound, green dashed to 2σ, red dotted to 1σ, the strip between the lines is allowed) and LHC 
single VLQ production bounds (vertical black line, excluded region on the right) in the case of 
mixing of two VLQ multiplets with the second SM quark generation.

http://arxiv.org/abs/arXiv:1806.01024


Conclusions and perspectives

• Current limits with the 13 TeV LHC data span up to 1 TeV in mass 
for vector-like  quarks (actual limits depend on the specific decay 
patterns and possible extra decay modes).

• Scalars/Pseudoscalars may be much lighter and difficult to detect. 
Specific signatures can be suggested.

• U(1) PNGB (di-bosons), coloured PNGBs (gluon photon), EW 
PNGBs (W photon, ...) 

• New final states for top-partner searches 

• We will investigate realistic set-ups and signatures in composite 
models at the LHC and future colliders.


