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1 Introduction

In the Standard Model (SM) of particle physics, the masses of fermionic matter fields are
generated via renormalizable couplings to the Higgs field, named Yukawa couplings. They
present a hierarchical structure, connected with the very different masses observed in the
charged fermions. Nevertheless, the only neutral fermions, neutrinos, have masses that
are several orders of magnitude smaller than those of the charged fermions. In the early
realizations of the Yukawa couplings [1], they were even thought to be massless, until the
discovery of oscillations [2] convinced the scientific community that they must carry a mass,
although very small. The simplest solution to this puzzle is the see-saw mechanism [3–5],
based on the existence of very heavy new states that couple to neutrinos and the Higgs
boson via large couplings. This requires a typical new scale Λsee−saw ≈ 1012 GeV.

A more mysterious missing piece in our understanding of the Universe is the presence
of Dark Matter (DM): no particle in the SM can account for it, while it constitutes 85%
of the total mass today. One of the attempts to put together the smallness of neutrino
masses and the presence of DM is the so-called radiative see-saw or scotogenic model [6].
Here, neutrino masses vanish at tree level, like in the original formulation of the SM. They
are generated at one-loop level via a coupling to a second Higgs doublet and right-handed
neutrinos that are odd under an exact Z2 symmetry of the model. Because of the latter,
the lightest one of the two will be stable and play the role of a particle DM candidate.
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In this work, we explore the possibility of realizing the one-loop radiative seesaw mech-
anism in a composite multi-Higgs scheme, where all the scalars are generated by the conden-
sation of a confining new strong force at the TeV scale. For previous work on loop-generated
neutrinos masses in composite scenarios see refs. [7, 8]. The main scope of compositeness
is, in this case, to dynamically generate the electroweak symmetry breaking (EWSB), thus
alleviating the naturalness problem in the Higgs sector. It is well established that com-
posite Higgs scenarios have difficulty in generating large effective Yukawa couplings [9–11],
for which a phase of near-conformal dynamics or walking [12] is needed. In turn, it is
also difficult to generate the large hierarchy between neutrino masses and the top mass,
which should be due to very different behaviours of the responsible operators during the
walking phase. Previous work on compositeness for neutrinos can be found in refs. [13–
16]. Realizing the one-loop see-saw mechanism could, therefore, help composite models
to generate a viable fermion mass spectrum. As we will see later, the composite nature
of the scalars appearing in the loop plays a crucial role in predicting a near-degenerate
spectrum, which yields a further suppression of the loop-induced neutrino masses. Com-
pared to a composite realisation of the standard see-saw mechanism, this feature allows to
lower substantially the scale where the right handed neutrino masses are generated. This
is important because, as already mentioned earlier, generating a large variety of scales is
a challenge for composite Higgs models and their UV completions. As already mentioned,
the main ingredient is the presence of two Higgs doublets (2HDs), one of which protected
by a discrete symmetry. Both are assumed to arise as pseudo-Nambu-Goldstone bosons
(pNGBs) from the spontaneous breaking of the global symmetry of the confining sector.
As such, this mechanism can be applied to a variety of models based on strong dynamics:
“Composite (Goldstone) Higgs” (CH) [17], “partially Composite Higgs” (pCH) [18–21],
“Little Higgs” [22, 23], “holographic extra dimensions” [24, 25], “Twin Higgs” [26–29] and
“elementary Goldstone Higgs models” [30, 31]. We stress again that the near degeneracy of
the scalar masses is a natural feature in the composite version, and an advantage compared
to the elementary version based on an inert second Higgs doublet.

We start with a model containing two composite Higgs doublets H and η that are,
respectively, even and odd under a discrete Z2 symmetry. The Higgs doublet H is identified
with the SM one, where its neutral component, H0, develops the electroweak (EW) vacuum
expectation value (VEV). The small masses of the left-handed neutrinos are generated by
a one-loop radiative seesaw mechanism with the neutral component of η and three new
right-handed neutrinos, NR,i, running in a loop as shown in figure 1. By demanding that
the three right-handed neutrinos (SM gauge singlets) transform as NR,i → −NR,i under
the same Z2, while all the other fermions are even, implies that only H couples to the
charged fermions, while η couples only to the neutrinos. The composite Higgs-Yukawa
(HY) couplings are generated via effective operators involving the elementary SM fermions
and the composite Higgs doublets. The size of each coupling will depend on the scaling
dimension of the operator generating them, and could be of order unity for the top and
suppressed by an Ultra-Violet (UV) scale for the other fermions. The mass hierarchy
mt/mν & 1012 is thus generated with alleviated tuning by a one-loop radiative seesaw
mechanism. Compared to the elementary model of ref. [6], the composite scenario naturally
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Figure 1. One-loop radiative Majorana neutrino mass in the scotogenic model proposed in ref. [6].

generate a near-degenerate scalar spectrum, thus yielding an additional suppression in the
loop result that buys a few orders of magnitude in the mass scale for the singlet neutrinos.

For concreteness, we consider a minimal composite 2HD model fulfilling the above
requirements, the SU(6)/Sp(6) model of refs. [32, 33]. Our choice is bestowed on this
coset because it can be easily generated in a simple gauge-fermion underlying theory [11].
Other composite 2HD models were discussed, for instance, in refs. [34–39]. For our template
model, we will investigate three different approaches to generate the HY effective operators:
(i) “Extended Technicolor” (ETC)-type four-fermion operators, (ii) “Fundamental Partial
Compositeness”, and (iii) “Partial Compositeness”. These three approaches can give rise
to sizeable HY coupling constants, while the right-handed neutrino masses are allowed to
range from the scale of the lightest Z2-odd composite particle (∼TeV scale) to the Planck
scale. Furthermore, the lightest of the Z2-odd composite scalars may provide a viable
(a)symmetric dark matter candidate [33].

Finally, we will investigate the experimental constraints for these three approaches
from lepton flavour violating processes, the h → γγ decay, the EW precision tests, gauge
boson decay widths, and the DM relic density.

2 Composite two-Higgs doublet models with Z2 symmetry

We presently focus on CH models with misalignment based on an underlying gauge de-
scription of strongly interacting fermions (hyper-fermions). The possible chiral symmetry
breaking patterns in these CH models are discussed in refs. [40, 41], and we note the fol-
lowing minimal cosets with a Higgs candidate and custodial symmetry: SU(4)/Sp(4) [42],
SU(5)/SO(5) [43], SU(6)/Sp(6) [32], SU(6)/SO(6) [38], and SU(4)×SU(4)/SU(4) [36]. Two
composite Higgs doublets and a Z2 symmetry are present in the three latter cases [32, 37,
38], where the coset SU(6)/Sp(6) generates the minimal number of pNGBs that simulta-
neously fulfils our requirements. This kind of model may also provide (a)symmetric dark
matter candidates [33]. Note that our proposal is rather general because the above require-
ments can also be fulfilled in other realisations that do not have a simple gauge-fermion
underlying description, e.g. the models in refs. [34, 35], and they can also be fulfilled in
fundamental realisations as in ref. [6].
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We remind the reader that Higgs naturalness is achieved in CH models as the EW
scale is generated dynamically via condensation of a new strong force, while vacuum mis-
alignment [10, 44] ensures that the pNGB Higgs is lighter than the compositeness scale and
has SM-like couplings. The underlying model consists of Nf Weyl hyper-fermions charged
under a new strongly interacting “hyper-color” gauge group GHC. The choice of either real,
pseudo-real or a complex representation of the hyper-fermions under GHC determines the
symmetry breaking pattern of the global symmetry G → H. Finally, the hyper-fermions
are charged under the EW symmetry so that SU(2)L × U(1)Y is contained in H when the
vacuum is aligned to the EW preserving direction.

This particular alignment, however, may not stable because of the presence of explicit
breaking of G in the form of gauge interactions, fermion couplings (leading to the HY
terms) and explicit masses for the hyper-fermions. This is the minimal set required for
having a realistic models, even though additional breaking terms may be generated from
the UV completion of the model. All in all, these terms generate a potential for the pNGBs,
which thus determines the ultimate alignment of the vacuum: while the EW gauging and
hyper-fermions masses typically tend to preserve the EW-preserving direction, the top cou-
plings are identified as the dynamical source for the EWSB. The alignment of the vacuum,
therefore, is moved away from the EW preserving one by an angle sin θ = vEW/(2

√
2f) [17],

where vEW = 246GeV and f is the decay constant of the pNGBs depending on the con-
finement of the underlying strong dynamics. From EW precision measurements [45, 46],
this angle generically needs to be sin θ . 0.2, which also fixes 2

√
2f & 1.2TeV. However,

lower compositeness scales may be allowed in specific cases [47, 48].
In general, the large mass hierarchy between the top quark and neutrinos may be

generated in two ways: via very small neutrino couplings with respect to the top ones, or
using highly hierarchical VEVs for the 2HDs. In the following, we assume that the vacuum
is only misaligned along the SM Higgs direction, while the second Higgs doublet remains
inert. This configuration can be stable once the fermion couplings are properly chosen, i.e.
the charged fermions couple to the first doublet only while neutrinos couple to the inert
doublet and the right-handed neutrinos. Majorana masses for the left-handed neutrinos are
generated from a one-loop radiative seesaw mechanism with the one-loop Feynman diagram
in figure 1. The coset structure can be schematically represented by a Nf ×Nf matrix,


G0/H0

Z2–odd
pNGBs

Z2–odd
pNGBs

Z2–even
pNGBs

 , (2.1)

where G0/H0 is one of the two minimal cosets SU(4)/Sp(4) or SU(5)/SO(5), with one
composite Higgs doublet. The Z2 symmetry can be understood in terms of the underly-
ing hyper-fermions ψi, i = 1, . . . Nf , that condense: ψ5,...Nf are Z2–odd while the hyper-
fermions that participate to the minimal coset are Z2–even. Among the Z2–odd pNGBs
must be contained the Z2–odd Higgs doublet η.

– 4 –



J
H
E
P
0
9
(
2
0
2
1
)
1
6
7

GHC SU(2)L U(1)Y Z2

Ψ1 ≡ (ψ1, ψ2)T � � 0 +1
ψ3 � 1 −1/2 +1
ψ4 � 1 +1/2 +1

Ψ2 ≡ (ψ5, ψ6)T � � 0 −1
NR,i 1 � 0 −1

Table 1. The hyper-fermions and the right-handed neutrinos in the SU(6)/Sp(6) template model
labelled with their representations of GHC × SU(2)L × U(1)Y and parity under the Z2 symmetry.
The index i = 1, 2, 3 represents the generation number of the neutrinos.

3 A concrete composite 2HDM

In the following, we focus on the SU(6)/Sp(6) model [32] as a template for this mechanism.
We assume that four Weyl hyper-fermions are arranged in two SU(2)L doublets, Ψ1 ≡
(ψ1, ψ2)T and Ψ2 ≡ (ψ5, ψ6)T , and in two SU(2)L singlets, ψ3,4, with hypercharges ∓1/2.
In addition, we add three Z2–odd right-handed neutrinos, NR,i, with the masses Mi, which
are SM gauge singlets. We have listed these fermions in table 1 with their representations
of the gauge groups and their parity under the Z2 symmetry.

3.1 The condensate and pNGBs

The required symmetry breaking pattern can be achieved if the hyper-fermions are in
a pseudo-real representation of the confining group: this can be minimally achieved for
GHC = SU(2)HC or Sp(2N)HC with the hyper-fermions in the fundamental representation.
The six Weyl fermions can be arranged into an SU(6) vector Ψ ≡ (ψ1, ψ2, ψ3, ψ4, ψ5, ψ6)T .
They form an anti-symmetric condensate in the form

〈ΨI
α,aΨJ

β,b〉εαβεab ∼ ΦIJ
CH, (3.1)

where α, β are spinor indices, a, b are HC indices, and I, J are flavour indices of the hyper-
fermions. In the following, we will suppress the contractions of these indices for simplicity.
A condensation in this operator visibly breaks SU(6)→ Sp(6) via an anti-symmetric tensor.

The CH vacuum of the model, giving rise to the EW VEV of H0 by misalignment, can
be written as [42]

ΦCH =

 iσ2cθ 12sθ 0
−12sθ −iσ2cθ 0

0 0 iσ2

 , (3.2)

where from now on we use the definitions sx ≡ sin x, cx ≡ cosx, and tx ≡ tan x.
The chiral symmetry breaking results in 14 pNGBs, πa with a = 1, . . . , 14, correspond-

ing to the broken generators, Xa. Here we will work in the basis where the pNGBs are
defined around the stable vacuum, so that none will be allowed to develop a VEV except for
the composite SM Higgs candidate. Thus, we parameterize them as Σ = exp[iπaXa/f ]ΦCH,
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EW vacuum
(θ = 0)

CH vacuum
(θ 6= 0)

G0/H0
H = (2, 1/2)+

χ = (1, 0)+

h, z0, w±

χ

Z2–odd
pNGBs

η = (2, 1/2)−
∆ = (3, 0)−
ϕ0 = (1, 0)−

Re η0, Im η0 η±

∆0, ∆±

ϕ0

Z2–even
pNGBs

η′ = (1, 0)+ η′

Table 2. The pNGBs in the template SU(6)/Sp(6) model in the EW-preserving alignment,
characterized by their (SU(2)L,U(1)Y)Z2 quantum numbers, and in the CH vacuum. Note that
H = (w+, (h+ iz0)/

√
2)T , where w±, z0 are the Goldstones eaten by the W± and Z bosons.

where f is their decay constant. A preserved Z2 symmetry is identified in this vacuum,
which can be written in terms of the following SU(6) matrix:

P = Diag(1, 1, 1, 1,−1,−1). (3.3)

A classification of the 14 pNGBs is provided in table 2 together with their parity assign-
ment. We also provide the EW quantum numbers, which are only well defined in the
EW-preserving vacuum, θ = 0. The Z2–odd pNGBs are, therefore, the second doublet η, a
triplet ∆ and a singlet ϕ0. The right-handed neutrinos will inherit an odd charge via their
couplings to the strong sector, as we will illustrate below.

3.2 The chiral Lagrangian and the effective potential

In terms of the sixplet of Weyl spinors, Ψ, the underlying fermionic Lagrangian can be
written as

Lferm. = Ψ†iγµDµΨ− 1
2
(
ΨTMΨΨ + h.c.

)
+ δL , (3.4)

where the covariant derivatives include the GHC gluons and the SU(2)L and U(1)Y gauge
bosons. The mass term consists of three independent masses for the doublets and singlets
hyper-fermions, MΨ = Diag(im1σ2,−im2σ2, im3σ2). Note that for m1 = m2 = m3, the
mass matrix is proportional to the EW-preserving vacuum in eq. (3.2) with θ = 0: this
is not by chance, as it is indeed the hyper-fermion masses that determine the signs in
the vacuum structure [11]. The additional terms in δL are interactions responsible for
generating masses for the SM fermions in the condensed phase, and we will illustrate their
possible form in the following.

Below the condensation scale ΛHC ∼ 4πf , eq. (3.4) needs to be replaced by an effective
Lagrangian:

Leff = Lkin − Veff , (3.5)

– 6 –
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where Lkin is the usual leading order (O(p2)) chiral Lagrangian [11]. Besides providing
kinetic terms and self-interactions for the pNGBs, it will induce masses for the EW gauge
bosons and their couplings with the pNGBs (including the SM Higgs identified as h),

m2
W = 2g2

Lf
2s2
θ, m2

Z = m2
W /c

2
θW
, (3.6)

ghWW =
√

2g2
W fsθcθ = gSM

hWW cθ, ghZZ = ghWW /c
2
θW
,

where vEW ≡ 2
√

2fsθ = 246 GeV, gL is the weak SU(2)L gauge coupling, and θW is the
Weinberg angle. The vacuum misalignment angle θ parametrizes the corrections to the
Higgs couplings to the EW gauge bosons and is constrained by LHC data [49]. This would
require a small θ (sθ . 0.3), however an even smaller value is needed by the EW precision
measurements (sθ . 0.2), as we will explain in section 5.

The value of θ, and the amount of misalignment, is controlled by the effective poten-
tial Veff , which receives contributions from the EW gauge interactions, the SM fermion
couplings to the strong sector, and the vector-like masses of the hyper-fermions. At lead-
ing order, each source of symmetry breaking contributes independently to the effective
potential in eq. (3.5):

Veff = Vgauge + Vm + Vtop + . . . , (3.7)

where the dots are left to indicate the presence of mixed terms at higher orders, or the
effect of additional UV operators. In this work, we will write the effective potential in
terms of effective operators, which contain insertions of spurions that correspond to the
symmetry breaking couplings. A complete classification of such operators, for this kind of
cosets, up to next-to-leading order can be found in [50].

Both the contribution of gauge interactions and of the hyper-fermion masses arise to
leading O(p2) order and have a standard form:

Vgauge,p2 = Cgf
4

3∑
i=1

g2
LTr[T iLΣT iTL Σ†] + g2

Y Tr[T 3
RΣT 3T

R Σ†]

= −Cgf4
(

3gL + g2
Y

2 c2
θ −

3g2
L

2 + . . .

)
,

(3.8)

where TL/R are the gauged generators embedded in the global SU(6), while

Vm = −2πZf3Tr[MΨΣ†] + h.c. (3.9)

Here, Cg and Z are O(1) form factors that can be computed on the lattice (e.g. Z ≈ 1.5
in ref. [51] for the SU(2) gauge theory with two Dirac (four Weyl) hyper-fermions). Both
these terms prefer the vacuum aligned with the EW-preserving direction, so that EWSB
is crucially related to the SM fermion mass generation, or more specifically the top quark.

Top quark mass: generating a large enough mass for the top quark is a well-known
hurdle for all CH models [9–11]. The most traditional approach consists in adding bi-linear
couplings of the top quark fields to the strong sector, in the form of four-fermion interactions
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generated by a gauge extension of the condensing gauge symmetry, “Extended Technicolor”
(ETC) [52]. The main issue with this approach is the fact that the ETC scale needs to
be low, thus also generating dangerous flavour changing neutral currents (FCNCs). An
alternative approach, revived in the holographic model, is that of “Partial Compositeness”
(PC) proposed in ref. [53], where the top quark features a linear coupling to the strong
sector. This helps avoiding FCNCs and generating a large top mass via enhancement from
large anomalous dimensions of the fermionic operators the top couples to.

In the underlying gauge-fermion model we consider here, the PC operators require the
extension of the model in table 1 by a new specie of fermions χt, transforming under the
two-index anti-symmetric representation of GHC = Sp(2N)HC, and carrying appropriate
quantum numbers under the SM gauge symmetry. For the top, it is enough to introduce
a vector-like pair with hypercharge +2/3 and transforming as a fundamental of QCD.
Models of this type were first proposed in refs. [54, 55], where our model is an extension
of the one in ref. [54].

The four-fermion interactions generating PC operators can have various forms. In this
work, we will be interested specifically on the following ones:

ỹL
Λ2
t

Qα†L (Ψ†PαQΨ∗χ†t) + ỹR
Λ2
t

tc†R (Ψ†PtΨχ†t) + h.c., (3.10)

where PQ and Pt are spurions that project-out specific combination of the flavour compo-
nents in the sixplet Ψ. By choice, for the left-handed top the spurions transform as the
symmetric representation of the chiral symmetry SU(6), while for the right-handed top
the spurion transforms the adjoint representation. Moreover, we will impose that only the
Z2-even hyper-fermions couple to the top fields, so that this parity remains preserved.1

Concretely, the left-handed spurions are given by the matrices

P 1
Q,ij = 1√

2
(δi1δj3 + δi3δj1), P 2

Q,ij = 1√
2

(δi2δj3 + δi3δj2), (3.11)

while the right-handed spurion has three components, which can be written as

Pt = AtP
1
t +BtP

2
t + CtP

3
t , (3.12)

where

P 1
t = 1√

2
Diag(0, 0, 1,−1, 0, 0),

P 2
t = 1

2Diag(1, 1,−1,−1, 0, 0),

P 3
t = 1

2
√

3
Diag(1, 1, 1, 1,−2,−2).

These PC operators also generate the contributions, Vtop, to the Higgs potential in eq. (3.7).
The choice for these specific spurions will be clear when discussing the specific form of the
potential.

1The Z2 may be broken by additional UV operators.
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Upon hyper-fermion condensation, the couplings in eq. (3.10) generate linear mixing
of the top spinors with the baryons (i.e. spin-1/2 resonances) associated to the operators
made of hyper-fermions. We will estimate the effect of such couplings by constructing
operators in terms of the spurions, following ref. [50]. The operator generating the top
mass reads:

Ltop = CtyLyRf

4π (QLtcR)†Tr[PαQΣPt] + h.c., (3.13)

where Ct is an O(1) form factor, while yL/R are related to the couplings ỹL/R via the
anomalous dimensions of the fermionic operators, and are expected to be O(1) for the top.

The choice of spurions we did here is motivated by the fact that, at leading order in
the chiral expansion, only the right-handed top spurion contributes to the potential:

Vtop,p2 =CRf
4

4π y2
RTr[P

†
t ΣP Tt Σ†], (3.14)

while a y2
L potential term is not allowed if the symmetric representation is chosen for the

left-handed top. We further fix the components of Pt as follows:

At = 1, Bt = − 1√
2
, Ct = αeiδ, (3.15)

such that the leading order operator does not depend on the misalignment angle θ. With
this choice, the misalignment angle is determined by next-to-leading order terms in the
top, which are small enough to keep the Higgs mass naturally close to the experimental
value [50]. With this assumption, from eq. (3.13) the mass and the HY coupling constant
of the top quark are

mt = CtvEW

8
√

2π
yLyR, yhtt = mt

vEW
cθ, (3.16)

where the top-HY coupling is SM-like for cθ ∼ 1.

NLO potential and the Higgs mass: at next-to-leading order (NLO), may operators
contribute to the potential [50]. In order to give a simple result, we will assume here that
only double-trace operators are relevant, given by the following two terms:

Vtop,p4 =CLLf
4

(4π)2 y
4
L

2∑
α,β=1

Tr[PαQΣ†P βQΣ†]Tr[P †Q,αΣP †Q,βΣ]

+ CLRf
4

(4π)2 y
2
Ly

2
R

2∑
α=1

Tr[PαQΣ†P Tt ]Tr[ΣP †Q,αP
†
t ]

= f4

(4π)2

(
CLLy

4
Ls

4
θ + CLRy

2
Ly

2
Rs

2
θ + . . .

)
,

(3.17)

which contribute to the vacuum misalignment, because these terms depend on θ. Now, we
have introduced the LO and NLO potential terms to the top potential Vtop = Vtop,p2 +
Vtop,p4 + . . . in eq. (3.7).

By minimizing the potential in eq. (3.7), we can fix the hyper-fermion mass term as a
function of the misalignment angle as follows:

Zm = −
(
8π2Cg g̃

2 + 2CLLy
4
Ls

2
θ + CLRy

2
Ly

2
R

)
fcθ

64π3 , (3.18)
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where m ≡ m1 +m2 and g̃2 ≡ 3g2
L + g2

Y . Typically, CLR < 0 while the other form factors
Ct,g,R,LL > 0 in order to stabilize the vacuum for θ 6= 0. From the total effective potential in
eq. (3.7) and the above vacuum misalignment condition, the physical SM Higgs, h, obtains
a mass:

m2
h = v2

EW
512π2

[
(1 + 3c2θ)CLLy

4
L − CLRy

2
Ly

2
R − 8π2Cg g̃

2
]
. (3.19)

The other pNGBs, including the components of the inert doublet η, will also receive a
mass from the leading order operators, proportional to CR.

3.3 Lattice results and the Higgs mass tuning

While the main focus of this work is on the generation of neutrino masses, which will be
discussed in detail in the next section, we first provide a critical discussion on the value of
the Higgs mass, which is one of the main concerns in the construction of realistic CH models.
Additionally, we used models with a gauge-fermion underlying description as templates for
our study. The results we derive here are based on an effective field theory approach,
thus they apply to any model with the global symmetries we consider. Nevertheless, we
comment here on the role lattice calculations have in validating such models, in view of
the Higgs mass value.

In the previous section, we estimated the value of the Higgs mass via effective operators,
hence introducing a dependence on unknown low energy constants. In the literature, the
potential is also computed via loops of the resonances of the composite sector [56, 57],
namely the heavy fermions that mix with the top in PC and the spin-1 resonances that
mix with the W and Z EW bosons. To critically understand the main results, we first
introduce a generic estimate for the Higgs mass, which reads:

m2
h ≈

1
(4π)2 y

2
SMM

2
res sin2 θ . (3.20)

Here, the pre-factor derives from the loop, ySM is a generic SM coupling (for instance the
top Yukawa) and M2

res is the mass of a generic composite resonance. The factor of sin2 θ =
v2

EW/f
2 can be understood in terms of symmetries [11]: for θ 6= 0, the spectrum contains

three massless Goldstones (the longitudinalW and Z polarizations); in the continuum limit
θ → 0 (where, therefore, vEW → 0) the EW symmetry is restored and the three massless
Goldstones should be completed by a fourth degree of freedom in order to reconstruct a
complete EW multiplet (the Higgs doublet). The new Goldstone at θ = 0 is the Higgs
boson, whose mass should vanish for vanishing θ. Using Mres = g∗f , where g∗ ≈ O(1) is a
coupling of the strong sector, and the relation between vEW and the condensation scale f ,
the Higgs mass reads

m2
h ≈

(g∗)2

(4π)2 y
2
SMv

2
EW , (3.21)

in agreement with eq. (3.19). This value is naturally around the EW scale, as found
experimentally.

A more quantitative relation between the Higgs mass and the resonance masses can
be computed via loops of the resonances, as done in the majority of the CH literature. In
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particular, explicit computations found that the mass of the top partners needs to be fairly
light, Mres . 1.5TeV [58, 59]. This result, however, is based on some important assump-
tions, as discussed in ref. [56]. In particular, the loops are only calculable if the resonances
can be safely described in the effective field theory framework: one key requirement is that
the masses are at most of order f and the couplings (g∗) are in the perturbative regime
(partial UV completion criterion). Hence, for masses Mres � f ≈ 1TeV, the loop calcula-
tion cannot be trusted, and the Higgs mass can only be expressed in terms of operators,
as we described in the previous section (for a complete basis, see refs. [50, 60]). Hence,
for heavy top partners, the quantitative relation between the Higgs mass and the reso-
nance masses cannot be trusted. Instead, the precise value of the Higgs mass is encoded
in low energy constants, which can be computed on the lattice once an underlying theory
is defined.

Lattice collaborations have started exploring the models we used as a template for
our discussion, so it is interesting to summarize here the main results. A model based
on the confining gauge symmetry Sp(4)TC has been studied [61–63], with fermions in the
fundamental representation and the top partners containing fermions in the anti-symmetric
one. This is one of the model proposed in refs. [54, 55], which features the global symmetry
pattern we need for this work. However, the current results cannot be used to exclude the
model as a candidate for a CH model with PC, because the spectrum for the top partners
is not available yet, as the fermions in the anti-symmetric representation are not fully
dynamical in the most recent simulations [63]. A study of models based on SU(4)TC is at
a more advanced status [64–67], however targeting a different class of cosets. Results with
fully dynamical fermions show that the spin-1/2 resonances, candidates to be top partners,
have masses much larger than f [65]. This is also confirmed by holographic techniques [68].
However, as explained above, the loop calculations for the Higgs potential are not trustable
in this limit, and we would need the values of the appropriate low energy constants, which
have not been computed yet. So far, only results available concerns the operator generated
by gauge loops [66], which has a minor impact on the value of the Higgs mass.

In summary, within the current knowledge of the strong dynamics needed to generate
the model under study in this work, it is feasible that the value of the Higgs mass may
match the experimentally observed one. A mild tuning in the parameters may be needed,
without any consequences that are excluded by other experimental observations.

3.4 Neutrino Yukawa coupling constants

Having discussed the top mass generation, we are now ready to introduce the couplings
responsible for generating masses for neutrinos. The other charged fermions, lighter than
the top, have minor effect on the Higgs physics, and do not spoil the scotogenic mecha-
nism as long as they decouple from the inert Higgs doublet. Here we will consider three
different approaches.

(i) ETC-type four-fermion operators: firstly we add four-fermion operators like those
in ref. [69], bilinear in the hyper-fermions, which could arise from the exchange of heavy
scalar multiplets or from heavy vectors as in ETC models [7, 8]. These operators are
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the analogous to the four-fermion interactions used in ref. [70] and, in our model, can be
written as

−y
ij
ν

Λ2
ν

(LL,iN c
R,j)†α(Ψα

2ψ3) + h.c., (3.22)

where it is assumed the Yukawa couplings yijν ∼ O(1), and Λν > ΛHC is the energy scale
where such interactions are generated. We will leave this part unspecified. The hyper-
fermion bilinear Ψα

2ψ3 transforms as the Higgs doublet η.
Upon condensation, the above coupling generates the operator:

−hijf(LL,iN c
R,j)†αTr[Pαη Σ] + h.c. (3.23)

with the couplings hij ≡ 4πNA(ΛHC/Λν)2yijν [71] where A is an integration constant arising
from the condensation and N is the number of hyper-colors. Here Pαη are projectors that
extract the η component of the pNGB matrix. Note also that the suppression by Λν
could be softened if the fermion bilinear has a sizeable anomalous dimension in the walking
window above ΛHC.

(ii) Fermion fundamental partial compositeness: fermion masses in CH models can
also be generated via fundamental Yukawa couplings involving scalars charged under the
confining HC gauge interactions [72, 73]. To implement this mechanism for neutrinos, we
need to extend our underlying model with three Z2–odd techni-scalars Sν,i with hyper-
charge Y = +1/2, and transforming in the same representation as Ψ under GHC. At the
fundamental Lagrangian level, the new Yukawa couplings with the neutrino fields read

yijν εαβL
β
L,iSν,jεHCΨα

2 − y
ij
NS
∗
ν,iN

c
R,jψ4 + h.c., (3.24)

where α, β are SU(2)L indices, and the coupling constants yν,N are 3×3 matrices in flavour
space. The techni-scalars Sν,i inherit the Z2–odd parity via these interactions.

A general operator analysis of the low energy effective description for this class of
theories has been presented in ref. [73]. After the hyper-fermions and -scalars condense,
the content of the low energy theory depends crucially on the mass of the techni-scalars: if
MS � ΛHC, then the scalars can be integrated out before the condensation and generate
effective four-fermion interactions like those in eq. (3.22); if MS � ΛHC, at low energies
spin-1/2 resonances made of one scalar and one fermion will be present, which mix with
the neutrino fields, thus generating fermion partial compositeness. This scenario can,
therefore, be considered as an intermediate case between ETC-like interactions and partial
compositeness.

In the former case, after integrating out the scalars, the low energy theory will contain
the coupling below:

−hijνL,iN c
R,jη

0 + h.c., (3.25)

where hij ≡ 4πNCYukΛ2
HC
∑
k,l(1/M2

S)klyikν y
lj
N , CYuk is an O(1) non-perturbative coeffi-

cient, and (MS)ij is the mixing mass matrix of the techni-scalars Sν,i. This approach can
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easily be extended to include the masses and mixing of the other fermions as shown in
ref. [73], and also provide mass for the top via partial compositeness (however the oper-
ators mixing with the top will necessarily transform as the fundamental of SO(6), thus
giving different contributions to the potential that discussed in the previous section).

(iii) Fermion partial compositeness: finally, as in ref. [16], we can postulate that
neutrinos — like the top quark — weakly mix with composite operators Oψa at some UV
scale, ΛUV, in the following manner:

λLaiL
α
L,iO

L
a,α + λNaiNR,iO

N
a + h.c., (3.26)

where λL,Nai are coupling constants, α is the SU(2)L index of the fermion doublets, i = 1, 2, 3
is the generation index of the neutrinos, and a = 1, 2, 3 is a flavour index of the new
dynamics. At the condensation scale ΛHC, the operators Oψa are matched to massive spin-
1/2 resonances, which pass the couplings to the pNGBs, including the Z2-odd doublet η,
to the neutrino fields. Schematically, we will assume that the spin-1/2 masses are equal to
ma
∗, and their couplings are controlled by a single parameter g∗ ∈ [1, 4π].
Above ΛHC, the theory flows to a conformal phase (walking), which is crucial in this

class of model in allowing a large enough top Yukawa coupling via partial compositeness,
while keeping the heavy scales ΛUV large enough to avoid flavour bounds. We will therefore
review how the anomalous dimension of the operators influence the size of the couplings
in eq. (3.26). At leading order in small conformal field theory perturbations between the
scales ΛUV andma

∗, the renormalization group evolution of the couplings λψai is given by [16]

µ
d

dµ
λψai = (∆ψ

a − 5/2)λψai +O(λ3), (3.27)

where ∆ψ
a ≡ ∆[Oψa ] is the definite scaling dimensions of the operators Oψa . The solution of

this RG evolution for m∗ � ΛUV is

λψai(m∗) =
(
m∗

ΛUV

)∆ψ
a−5/2

λψai(ΛUV) . (3.28)

Thus, for ∆ψ
a > 5/2 the coupling at low energies is strongly suppressed (corresponding to

an irrelevant operator), while for ∆ψ
a ≤ 5/2 it tends to grow at lower energies and may

reach a non-trivial infra-red fixed point. For the top, one clearly needs large dimensions in
order to achieve large-enough HY couplings. For the neutrino couplings in eq. (3.26), both
enhanced and suppressed couplings may be viable, as they will ultimately be connected to
the masses of the right-handed neutrinos, Mi. In the phenomenological analysis, we will
therefore allow the neutrino partial compositeness mixing terms to span a wide range of
values, from very suppressed to sizeable.

Effective Yukawa couplings are generated below ma
∗, where the spin-1/2 states are

integrated out. The hierarchy of λψai(ma
∗) will thus translate into a hierarchy of the Yukawa

couplings hij by redefining the elementary fermions LL,i and NR,i via unitrary rotations,

hij = g∗(εLai)∗εNbjcab = g∗

ε
L
1 ε
N
1 c11 ε

L
1 ε
N
2 c12 ε

L
1 ε
N
3 c13

εL2 ε
N
1 c21 ε

L
2 ε
N
2 c22 ε

L
2 ε
N
3 c23

εL3 ε
N
1 c31 ε

L
3 ε
N
2 c32 ε

L
3 ε
N
3 c33

 , (3.29)

– 13 –



J
H
E
P
0
9
(
2
0
2
1
)
1
6
7

where g∗ is the strong-sector low-energy coupling, εψi ≡ λ
ψ
ii/g∗, and cab are model-dependent

parameters of order unity from the strong dynamics. Therefore, the parameters εψi inherit
the suppression/enhancement from eq. (3.28). These parameters encode a measure of
“compositeness” of the SM fermions at scales of order ma

∗, and without loss of generality
they are real, positive and normalised to one in the limit of fully composite fermions.

To generate the operators OLa,α and ONa in eq. (3.26) in our underlying theory, we will
introduce three new hyper-fermions, χν,a, transforming in the two-index anti-symmetric
representation of GHC = Sp(2N)HC, analogous to the χt fermions added for the top.
However, the χν,a are singlets under the SM gauge interactions. For concreteness, we
will consider, in analogy to the top in eq. (3.10), the following four-fermion interactions
generated at ΛUV:

ỹiaν
Λ2
ν

Lα†L,i(Ψ
†PαLΨ∗χ†ν,a) + ỹiaN

Λ2
ν

N †R,i(Ψ
†PNΨχ†ν,a) + h.c. (3.30)

For the left-handed neutrinos, the spurions can take either the symmetric (with +) or the
anti-symmetric (−) representation of the chiral symmetry SU(6):

P 1
L,ij = 1√

2
(δi3δj5 ± δi5δj3), P 2

L,ij = 1√
2

(δi4δj5 ± δi5δj4), (3.31)

while for the right-handed neutrinos the spurion transforms as the adjoint representation
of SU(6):

PN = ANP
1
N +BNP

2
N + CNP

3
N , (3.32)

where

P 1
N = 1√

2
Diag(0, 0, 1,−1, 0, 0),

P 2
N = 1

2Diag(0, 0,−1,−1, 1, 1),

P 3
N = 1

2
√

3
Diag(−2,−2, 1, 1, 1, 1).

The naive scaling dimension of these operators is ∆ = 9/2 > 5/2, thus the couplings
will be suppressed by (ma

∗/ΛUV)2, unless a large anomalous dimension is generated in the
walking window.

Below ΛHC, the two operators in eq. (3.30) are matched to composite resonances with
the same quantum numbers, respectively, of the lepton doublets and of the right-handed
neutrinos, which couple to each other via the inert Higgs doublet η. We will assume, for
simplicity, that both resonances receive a mass m∗ ≡ ma

∗ from the strong dynamics, where
the mass of the composite singlet can be of Majorana type. Thus, below m∗, the mixing of
the SM fields with the composite resonances generates the effective Yukawa couplings for
Mi < m∗

hij = AN −
√

2BN
16
√

2π
g∗

3∑
a,b=1

(εLia)∗cabεNbj

≡ 3
16
√

2π
g∗

3∑
a,b=1

(εLia)∗cabεNbj .
(3.33)

– 14 –



J
H
E
P
0
9
(
2
0
2
1
)
1
6
7

Only the combination AN −
√

2BN enters the neutrino Yukawa, thus to simplify the equa-
tions in the last line we have fixed AN = 1 and BN = −

√
2. We will use this redefinition

in the numerical calculations in section 4.
In the case with right-handed neutrino masses Mi � m∗, explained in appendix A, we

obtain the Yukawa couplings in eq. (A.12),

hai = 3
16
√

2π
g∗

3∑
k,b,c=1

ma
∗

Mk
εNakε

N
kcccb(εLbi)∗. (3.34)

These couplings are the modified HY couplings of hij in eq. (3.33), where the right-handed
neutrinos, NR,i, are integrated out and replaced by the right-handed composite neutrino
partners, ON,a.

3.5 The masses and mixing of the neutrinos

At the leading order, the model only generates a mass for the top quark in eq. (3.16) (and
similarly for the other charged SM fermions), while neutrinos remain massless. For the
top, we have used a specific set of PC operators, but the top mass could also be generated
by the other two mechanisms used for neutrinos.

Furthermore, besides the Z2-odd doublet, the pNGB spectrum contains other odd
states (i.e. a triplet and a singlet) that mix with the doublet η components. In particular,
the mixing mass matricesM2

R andM2
I in the bases (Reη0,∆0) and (Imη0, ϕ0) are generated

by the potential, which are given by

M2
R =

(
M2
R,11 M

2
R,12

M2
R,21 M

2
R,22

)
, M2

I = M2
R + Cgf

2g2
L

s2
θ/2 0
0 −c2

θ/2

 . (3.35)

with

M2
R,11 = f

512π2

[
f
(
16π2Cg g̃

2 + 8πCRy2
R − 3CLLy4

L − 2CLRy2
Ly

2
R

)
+ 512π3Zm3

− CLLfy4
Lc4θ + 2f

(
8π2Cg g̃

2 + 2CLLy4
L + CLRy

2
Ly

2
R

)
c2θ

+ 16π
(
2πCgfg̃2 + CRfy

2
R + 16π2Zm12

)
cθ
]
,

M2
R,22 =M2

R,11 + f2

16π
[
8πCgg2

L +
(
2πCg(g2

L − g2
Y )− CRy2

R

)
cθ
]
,

M2
R,12 =M2

R,21 = f2sθ
128π2

[
4πCRy2

R − CLRy2
Ly

2
R − 2CLLy4

Ls
2
θ

]
.

In the following, we will only need to consider the two lightest eigenstates, Reη̃0 and Imη̃0

consisting mostly of Reη0 and Reη0, with masses mR andmI , respectively. The expressions
above show that the mass difference between them is due to gauge corrections proportional
to Cg, which are typically small, and suppressed by two powers of sθ/2, hence their near-
degeneracy.

For light right-handed neutrinos, neutrino masses are generated by the loop in figure 1,
analog to the one in the traditional scotogenic model [6]. This situation can be achieved
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Figure 2. One-loop Majorana neutrino mass for heavy right-handed neutrinos in the composite
scenarios, with ETC and FPC mechanisms.

in all three mechanisms introduced above, as long as Mi < Λi with Λi ≡ Λν for ETC,
Λi ≡ MS for FPC, and Λi ≡ m∗ for the PC-type approach. The loop results in the
following expression [6]

mij
ν =

3∑
k=1

hikhkj

(4π)2 Mk

[
m2
R

m2
R −M2

k

ln
(
m2
R

M2
k

)
− m2

I

m2
I −M2

k

ln
(
m2
I

M2
k

)]
, (3.36)

where we recap the expressions of the neutrino HY coupling constants:

ETC : hij = 4πNA
(ΛHC

Λν

)2
yijν ,

FPC : hij = 4πNCYukΛ2
HC
∑
k,l

(
1
M2
S

)
kl

yikν y
lj
N ,

PC : hij = 3
16
√

2π
g∗
∑
a,b

(εLai)∗εNbjcab,

(3.37)

which are valid for Λi > ΛHC. For simplicity, we assume in the following that (1/M2
S)ij

is diagonal with identical diagonal elements, namely MS . The case with FPC in which
the masses of the techni-scalars, MS , are smaller than ΛHC is obtained by removing
(ΛHC/MS)2 [73].

In the ETC and FPC cases, for Mi � Λi, the right-handed neutrinos must be inte-
grated out before the theory condenses. This will effectively generate a direct coupling of
the left-handed neutrinos with two inert Higgs doublets, in a form similar to the Weinberg
operator, shown in eq. (A.2) and (A.6) in appendix A for the ETC and FPC case, respec-
tively. Thus, the neutrino mass will be generated by the loop in figure 2, and it can be
expressed as

mij
ν =

3∑
k=1

hikhkj

(4π)2Mk

[
ΛHC

√
m2
R + Λ2

HC +m2
R ln

(
mR

ΛHC +
√
m2
R + Λ2

HC

)

− ΛHC

√
m2
I + Λ2

HC −m
2
I ln

(
mI

ΛHC +
√
m2
I + Λ2

HC

)]
,

(3.38)

which is calculated in eqs. (A.3) and (A.4) in appendix A.
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In the PC case, a similar expression as in eq. (3.36) holds for Mi � ma
∗, where in-

tegrating out the elementary right-handed neutrinos simply generated a correction to the
Majorana mass of the composte singlets. Thus, it suffices to replace Mi → ma

∗ in the above
expression given in eq. (3.36). In other words, for the PC case, ma

∗ generated by the strong
dynamics acts as a cap for the mass of the state that plays the role of the right-handed
neutrinos. From the results in eq. (A.13) in appendix A, the loop results in eq. (3.36) are
now rewritten as

mij
ν =

3∑
a=1

hiahaj

(4π)2 m
a
∗

[
m2
R

m2
R − (ma

∗)2 ln
(

m2
R

(ma
∗)2

)
− m2

I

m2
I − (ma

∗)2 ln
(

m2
I

(ma
∗)2

)]
, (3.39)

where the modified Yukawa couplings hai are given in eq. (3.34).
Thus, for Mi � Λi, the ETC and FPC approaches of neutrino mass generation may

be distinguished from the PC approach by considering the different form of the neutrino
mass matrices in eqs. (3.38) and (3.39). Furthermore, in ref. [74], it was shown that the
composite pNGB χ in table 2 and χ′ corresponding to a quantum anomalous U(1) may
be used to disentangle the three different fermion (possibly neutrino) mass mechanisms we
consider here. In refs. [75, 76], these composite states have been studied in a PC scenario
with both an EW sector and a QCD-colored sector. Finally, the heavy particles (the
ETC gauge bosons, ETC scalars, techni-scalars Sν,i, or the composite neutrino partners)
providing the different operators in eq. (3.22) for ETC, eq. (3.24) for FPC, and eq. (3.26)
for PC may be observable in future collider experiments.

The above neutrino mass matrices can be diagonalized as

mDiag
ν = UTPMNSmνUPMNS = Diag(mν1 ,mν2 ,mν3), (3.40)

where mνi with i = 1, 2, 3 are the left-handed neutrino masses. The matrix UPMNS = UUm
is the PMNS matrix where Um = Diag(1, eiφ1/2, eiφ2/2) encoding the Majorana phases and
the matrix U is parametrized as c12c13 s12c13 s13e

−iδ

−s12c23 − c12s23s13e
iδ c12c23 − s12s23s13e

iδ s23c13
s12s23 − c12c23s13e

iδ −c12s23 − s12c23s13e
iδ c23c13


with the Dirac phase δ. In this paper, we assume the Majorana phases are vanishing
(φ1,2 = 0), but it is possible to add them without significant changes of our conclusions.

In the following section, we fit to the best-fit experimental values for the mass-squared
differences (∆mij ≡ m2

νi −m
2
νj ) and mixing angles (sij ≡ sin θij), which are [77]

∆m2
31 = 2.528+0.029

−0.031 × 10−3 eV2, (3.41)
∆m2

21 = 7.39+0.21
−0.20 × 10−5 eV2,

s2
12 = 0.310+0.013

−0.012, s2
13 = 0.02237+0.00066

−0.00065, s2
23 = 0.563+0.018

−0.024,

for normal hierarchy (NH), i.e. mν1 < mν2 < mν3 , and

∆m2
32 = −2.510+0.030

−0.031 × 10−3 eV2, (3.42)
∆m2

21 = 7.39+0.21
−0.20 × 10−5 eV2,

s2
12 = 0.310+0.013

−0.012, s2
13 = 0.02259+0.00065

−0.00065, s2
23 = 0.565+0.017

−0.022,

for inverted hierarchy (IH), i.e. mν3 < mν1 < mν2 .
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Figure 3. Level of degeneracy ∆η ≡ (mR −mI)/mI of the scalars in the neutrino mass loop as
function of −CLR. The curves correspond to different values of sθ = 0.1 and 0.01, and for different
choices of the hyper-fermion masses: democratic m1 = m2 = m3, and m3 = 0. The degeneracy
shows a mild dependence on the hyper-fermion masses.

So far, an upper bound exists on the sum of the neutrino masses coming from cosmol-
ogy. The most reliable bound is from the Planck collaboration [78],∑

i

mνi . 0.23 eV. (3.43)

By using the measurements of ∆m2
ij and the upper bound of the sum of the neutrino

masses, we obtain an upper bound on the mass of the lightest neutrino (i = 1 for NH and
i = 3 for IH):

mlightest
νi . 0.07 eV. (3.44)

4 Numerical results

We are now ready to numerically analyze the Yukawa couplings, hij in eqs. (3.36) and (3.38)
or hai in eq. (3.39), generated in the concrete composite 2HDM we use here. We will fit the
theoretical expressions to the best-fit experimental values in eq. (3.41) for NH and eq. (3.42)
for IH. The expressions for the EW VEV in eq. (3.6), the top mass in eq. (3.16), and the
SM Higgs mass in eq. (3.19) can be fixed to their observed values [79], and Zm can be
eliminated by the vacuum misalignment condition for θ in eq. (3.18) from the minimization
of the effective potential. Here, we have recollected these expressions:

vEW = 2
√

2fsθ ≈ 246 GeV,

m2
h = 1

512π2

[
(1 + 3c2θ)CLLy

4
L − CLRy

2
Ly

2
R − 8π2Cg g̃

2
]
v2

EW ≈ (125 GeV)2,

mt = Ctv

8
√

2π
yLyR ≈ 173 GeV,

Zm = −
(
8π2Cg g̃

2 + 2CLLy
4
Ls

2
θ + CLRy

2
Ly

2
R

)
fcθ

64π3 ,

(4.1)
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Figure 4. Case Mi < Λi: allowed points in terms of max(|h|) versus min(|h|) for various Mi ≡
M1 = M2 = M3 values. The loop-induced neutrino masses are from eq. (3.36). The dashed line
corresponds to maximally anarchic HY matrix, i.e. max(|h|) = min(|h|). In the left and right panel,
the mass of the lightest neutrino is mlightest

νi
= 10−7 and 0.01 eV, respectively, for both NH and IH.

Figure 5. Case Mi > Λi: same as figure 4, for the loop-induced neutrino mass in eq. (3.38) for
ETC and FPC case, and in eq. (3.39) for PC case where Mi are replaced by ma

∗.

which allow us to eliminate four free parameters (for instance, Zm, yL, yR and f). Without
loss of generality, we can reabsorb the two form-factors CLL and CR in the yL/R (an
elimination of them from the equations by setting CLL = CR = 1). Finally, to simplify
the analysis, we fix to unity the remaining form factors, i.e. Ct = Cg = −CLR = 1, and fix
sθ = 0.1 (f = 870GeV), so that the only free parameters are the HY coupling constants,
hij or hai. The latter choice should be considered as a benchmark point for the model.

Before discussing the values of neutrino masses, we need to explore how degenerate
are the two mass eigenstates Reη̃0 and Imη̃0 with the masses mR/I , respectively: for
this purpose, we define ∆η ≡ (mR − mI)/mI . We recall that ∆η = 0 corresponds to
vanishing neutrino masses in eqs. (3.36)–(3.39), so that a small mass split induces a further
suppression on top of the loop. We thus open up the parameter space of the model by
allowing CLR and sθ to vary: in figure 3, we show its dependence on −CLR for two values
of sθ. The high level of degeneracy in the masses results in reduced neutrino masses from
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loop effects in eq. (3.36) (Mi < Λi), in eq. (3.39) (Mi � Λi for PC), or in eq. (3.38)
(Mi � Λi for ETC and FPC). Above a certain value of −CLR, ∆η becomes complex due to
the instability of the vacuum. The mass degeneracy is enhanced close to the boundary of
the instability (thus requiring fine tuning to keep it stable), while it remains constant well
below. Thus, we consider reasonable to fix −CLR = 1 for simplicity, like in our benchmark.
It should also be noted that reducing sθ also increases the degeneracy: we could obtain
the correct neutrino masses for order unity hij and right-handed neutrino masses at the
TeV scale with sθ ≈ 10−5. This small value of the misalignment angle, however, requires a
strong fine tuning in the potential generated by the top loops.

In figures 4 and 5, valid for the neutrino masses in eqs. (3.36), (3.38), and (3.39),
respectively, we show allowed values of the neutrino HY couplings in terms of max(|h|)
versus min(|h|) for various values of the degenerate right-handed neutrino masses, Mi ≡
M1 = M2 = M3, where h ≡ hij or h ≡ hai are the neutrino Yukawa coupling constants.
However, in the PC case where Mi � ma

∗, the results in the figures are still valid except
that the right-handed neutrino masses, Mi, are replaced by the masses of their degenerate
composite partners, ma

∗ ≡ m1
∗ = m2

∗ = m3
∗. For both figures, in the left and right panel,

the mass of the lightest neutrino is fixed to 10−7 and 0.01 eV, respectively, for both NH
and IH. Firstly, the difference between max(|h|) and min(|h|) are decreasing for increasing
mass of the lightest neutrino, mlightest

νi , due to the fact that the mass-squared differences
of the neutrinos are fixed to their measured values (eq. (3.41) for NH or eq. (3.42) for
IH). Moreover, this behavior appears in the figures by the fact that the colored dots are
approaching the dashed line (where max(|h|) = min(|h|)) for increasing mlightest

νi , meaning
that the differences between max(|h|) and min(|h|) are reducing. Therefore, we have chosen
the largest of these two values in the following, namely mν1 = 0.01 eV for NH, because we
are interested in the maximal anarchic HY matrix. Secondly, the order of magnitude of
the Yukawa coupling constants are increasing for increasing Mi above Mi ∼ 103 GeV or
decreasing Mi below Mi ∼ 103 GeV. Finally, by setting m3 = 0 does not change much of
the above conclusions.

In the following, we provide some numerical examples for the neutrino Yukawas, for
the three approaches considered in section 3.4. In these examples, we will consider the case
without a CP violating Dirac phase, δ = 0. Generally, if δ 6= 0, the following results do
not change significantly except that almost all HY coupling constants are complex. For
simplicity, we will also consider the NH case only, because the IH case leads to the similar
conclusions.

(i) ETC-type four-fermion operators: by assuming Λν = 50 TeV ∼ 5ΛHC, Mi =
1015 GeV, and N = 2 and A = 1 in eq. (3.23), there exists one positive, real solution of the
four-fermion coupling constants yijν in eq. (3.22) with maximal number of zeros by using
eq. (3.38) for Mi � Λν :

yijν =

1.66 0.36 0.34
0 2.14 1.66
0 0 2.98

 . (4.2)
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Another possibility could be to fix |yijν | = O(1) by increasing the UV scale Λν in
eq. (3.22) instead ofMi as shown in figure 6. For example, if we assume thatMi = 1000GeV
and Λν = 1.5 × 107 GeV, by using eq. (3.36) for Mi < Λν , we obtain one positive, real
solution of the Yukawa couplings with maximal number of zeros:

yijν =

1.26 0.27 0.26
0 1.62 1.26
0 0 2.26

 . (4.3)

(ii) Fermion fundamental partial compositeness: by assuming MS = 50 TeV ∼
5ΛHC, Mi = 1015 GeV, and the Yukawa couplings yijν ≡ y

ij
N in eq. (3.24), one positive, real

solution of the Yukawa couplings exists:

yijν ≡ y
ij
N =

1.29 0.13 0.09
0 1.46 0.52
0 0 1.73

 , (4.4)

where we have used eq. (3.38) for Mi �MS .
In this approach, we also have another possibility, where we fix |yijL,N | = O(1) by

adjusting MS instead of Mi. We can consider a similar example as in the ETC-type
approach with Mi = 1000GeV and MS = 1.5× 107 GeV. In this case, there is one positive,
real solution of the Yukawa couplings with maximal zeros:

yijν ≡ y
ij
N =

1.12 0.11 0.08
0 1.27 0.45
0 0 1.50

 , (4.5)

where we have used eq. (3.36) for Mi < MS .

(iii) Fermion partial compositeness: we assume Mi = 1000GeV, ma
∗ = ΛHC ≈

10.9TeV, and ΛUV = 100TeV in eq. (3.33). By using eq. (3.36) for Mi < ma
∗, we ob-

tain that one of the positive, real solutions of the Yukawa couplings, hij , leads to the
following specific hierarchy of εψi in eq. (3.33):

εL1 = 0.31, εL2 = 1.70, εL3 = 1.04,
εN1 = 0.27, εN2 = 1.48, εN3 = 0.90,

(4.6)

where the strong-sector low-energy coupling g∗ = 1.00 and cab ∼ O(1).
In the case with Mi � ma

∗, we obtain positive, real solutions of the Yukawa couplings,
hai, each leading to a specific hierarchy of εψi in eq. (3.34). For example, if Mi = 105 TeV,
ma
∗ = ΛHC ≈ 10.9TeV, and ΛUV = ma

∗ (no walking dynamics) by using eq. (3.39), we
obtain that

εL1 = 0.52, εL2 = 2.80, εL3 = 1.71,
εN1 = 1.02, εN2 = 2.36, εN3 = 1.85,

(4.7)

where g∗ = 1.00 and cab ∼ O(1).
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Figure 6. The Yukawa couplings |h| for varying UV scale Λν in eq. (3.22) for sθ = 0.01, 0.10, 0.20.
The dashed line represents the upper limit for perturbative couplings, |h| .

√
4π.

By adding similar terms as in eq. (3.26) including the charged SM fermions already
added for the top quark in eq. (3.10), we can estimate the values of εψa for the charged SM
fermions. These values are shown in table 1 in ref. [16]. All these values of εψa give rise to
the observed SM fermion masses and mixing.

In the three approaches, the operators that generate the neutrino masses and mix-
ing also give rise to contributions in the misalignment potential, similar to the terms in
eqs. (3.14) and (3.17) from the top PC operators in eq. (3.10). These extra potential con-
tributions induce a dependence of the masses mR,I on hij . However, for large Mi � ΛHC
(or for Mi ∼ ΛHC), the extra potential contributions from both ETC and FPC-type ap-
proach are proportional to ΛHC/Mi (or (hij)2), while for PC-type approach the y2

N term
(similar to the y2

R term in the top PC) is also proportional to ΛHC/Mi (or (hij)2) and the
y4
N terms (ΛHC/Mi)2 (or (hij)4). These contributions to the masses mR,I are negligible,
because either Mi are very large compared to ΛHC or hij are very small. The similar y2

ν

term to the y2
L term from the top PC is not allowed if the left-handed neutrinos are in

the symmetric representation of the chiral group SU(6). Finally, the y4
ν terms for the PC-

type approach are suppressed by (hij)4, when Mi ∼ ΛHC, but they are not suppressed by
large Mi. However, they have negligible effects on the masses mR,I even for Mi � ΛHC.
However, we have included all these extra contributions in the above calculations.

5 Experimental constraints

In the following, we discuss the experimental constraints of this model.

Lepton flavour violating (LFV) processes: LFV decay processes occur at one-loop
level from exchange of NR,i and η̃±, where the field η̃± is the mass eigenstate of the mass
matrixM2

± in the basis (η±,∆±) consisting of mostly η±. We will include the experimental
constraints from the LFV decays lα → lβ + γ and lα → lβ + lβ + lβ . The branching ratio
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Figure 7. Br(µ→ eγ) as a function of Mi for m3 = m2 = m1 and sθ = 0.1. The solid and dashed
line represent the present bound [82] and the future sensitivity [83], respectively. The various colors
of the points represent the same values of Mi as in figures 4 and 5.

for lα → lβ + γ is given by [81]

Br(lα → lβ + γ) = 3αEMv
4
EW

32πm4
η̃±

∣∣∣∣∣
3∑

k=1
h∗βkhαkF (M2

k/m
2
η̃±)
∣∣∣∣∣
2

,

where αEM = e2/4π is the electromagnetic fine structure constant and F (x) = (1 − 6x +
3x2 + 2x3−6x2 log x)/6(1−x)4. The expression of the branching ratio for lα → lβ + lβ + lβ
is given in ref. [81]. In figure 7, we show the branching ratio for the LFV decay process
µ→ e+γ in our model, as a function ofMi for m3 = m2 = m1 and sθ = 0.1. The solid and
dashed line represent the present bound [82] and the future sensitivity [83], respectively.
Only very small masses for the right-handed neutrinos are disfavoured, giving a lower bound
Mi & 10−6 GeV, while the other LFV decay processes lα → lβ + γ and lα → lβ + lβ + lβ
give weaker constraints.

The electroweak precision tests: the contributions from the Higgs loops in this model
to the electroweak precision parameters (EWPTs) S and T are [11]

∆S = 1
6π

[
(1− c2

θ) ln ΛHC
mh

+NDs
2
θ

]
, (5.1)

∆T = − 3
8πc2

θW

[
(1− c2

θ) ln ΛHC
mh

]
, (5.2)

where ND is the number of hyper-fermion doublets. The bounds from the EWPTs are
S = 0.06 ± 0.09 and T = 0.10 ± 0.07 for U = 0 with correlation 0.91 [84]. These bounds
only give rise to an upper bound on sθ. The upper bound on sθ for GHC = SU(2)HC and
GHC = Sp(4)HC with two hyper-fermion doublets as in the concrete SU(6)/Sp(6) model
are sθ < 0.24 and sθ < 0.20, respectively. Therefore, sθ = 0.1 in our above benchmark
is viable.
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The ratio Rγγ and RγZ : the particle η̃± modifies the value of the branching ratio
Br(h→ γγ) at loop level. The combined results from CMS and ATLAS collaborations on
the ratio Rγγ ≡ Br(h→ γγ)/Br(h→ γγ)SM = 1.09± 0.12 [85], while the ratio RγZ is not
measured yet. The expressions for Rγγ and RγZ are given in ref. [86]. This gives rise to no
constraint on the vacuum alignment angle sθ for m3 = m2 = m1 and a constraint sθ . 0.95
for m3 = 0 from the measurements of Rγγ . This is much weaker than the constraint from
the EW precision tests.

Gauge boson decay widths: finally, the following conditions should be fulfilled to keep
the W and Z gauge boson decay modes unmodified:

mR +mI > mZ , mη̃± +mR > mW ,

mη̃± +mI > mW , 2mη̃± > mZ .

These conditions have been successfully met in this model because the masses mR,I and
mη̃± are all about 1.1TeV for sθ = 0.1; even for the maximum value of sθ from the EW
precision tests, they are met.

Dark matter relic density: the lightest Z2-odd particle in the particle spectrum can
become the DM candidate which in this model is either in the form of the lightest right-
handed neutrino or the lightest Z2-odd composite scalar particle. According to the latest
data from the Planck satellite in ref. [78], DM accounts for around 26% of our Universe
mass budget at present. The density parameter of DM is [78]

ΩDMh
2 = 0.1186± 0.0020. (5.3)

Initially, we consider the lightest right-handed neutrino as the DM candidate, assuming
NR,1, which may be lighter than the lightest Z2-odd composite scalar, namely the mass
eigenstate ϕ̃0 of the mass matrix M2

I in the basis (Imη0, ϕ0) consisting mostly of ϕ0. In
this case, the mass of NR,1 may be lighter than mϕ̃0 = 661GeV for sθ = 0.1.

Firstly, we consider this candidate as cold dark matter (CDM). The relic density of
CDM depends on the thermally averaged cross section 〈σeff |vrel|〉. In this model, the
thermally averaged cross section is computed from annihilations of the lightest right-
handed neutrino into the left-handed neutrinos and charged leptons via t-channel dia-
grams mediated by the members of the composite Z2-odd doublet, and can be written as
〈σeff |vrel|〉 = aeff + 6beff/x, where [87]

aeff = 1
16π

M2
1

(M2
1 +m2

0)2

∑
ij

(hi1hj2 − hi2hj1)2,

beff = 1
16π

M2
1

(M2
1 +m2

0)2
m4

0 − 3m2
0M

2
1 −M4

1
3(M2

1 +m2
0)2

∑
ij

(hi1hj2 − hi2hj1)2 (5.4)

+ 1
48π

M2
1 (M4

1 +m4
0)

(M2
1 +m2

0)4

∑
ij

(hi1hj1 + hi2hj2)2
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with m0 ≡ (mR +mI)/2. The relic abundance of CDM can be estimated by [87]

ΩN1h
2 = 107× 109xf

g
1/2
∗ mP (GeV)(aeff + 3beff)/xf

, (5.5)

where mP = 1.22× 1019 GeV, g∗ = 106.75, the freeze-out parameter is

xf ≡
M1
Tf

= ln

0.038geffmPM1〈σeff |vrel|〉
g

1/2
∗ x

1/2
f

 , (5.6)

and

geff =
3∑
i=1

gNR,i(1 + ∆i)3/2e−∆ix

with ∆i = (Mi −M1)/M1 depicting the mass splitting ratio of NR,i, and gNR,i are the
number of degrees of freedom of NR,i. If one of the right-handed neutrinos is CDM can-
didate, then it is overproduced for all possible masses compared to the DM abundance
given by eq. (5.3). It is the smallness of the Yukawa couplings hij in this mass range of Mi

shown in figures 4 and 5 that results in a small annihilation cross section, and therefore too
much relic density of DM. As mention in section 4, we can obtain hij = O(1) by tuning
the vacuum misalignment angle down to sθ ∼ 10−5, but this leads to heavier composite
particles with approximate masses: m0 ∼ 100/sθGeV (m0 ∼ 107 GeV for sθ ∼ 10−5). This
leads again to a small annihilation cross section and an overproduction of DM even for
M1 ∼ m0. Finally, in the case with Mi � ma

∗ for the PC approach, we will also have an
overproduction of DM by assuming the lightest of the composite neutrino partners as DM
candidate due to the smallness of hai.

Secondly, we consider the lightest NR,i is light enough to be hot DM. The relic abun-
dance of such species can be calculated simply by following the standard prescription given
by E. W. Kolb and M. S. Turner in ref. [88], the present abundance of NR,1 as hot DM can
be written as

ΩNR,1h
2 = 57.3

gNR,1
g∗S(xf )

M1
keV , (5.7)

where gNR,1 is the number of degrees of freedom of NR,1, and g∗S(xf ) represents the number
of relativistic entropy degrees of freedom at the epoch of NR,1 decoupling at xf . If NR,1
should play the role as hot DM, its mass should be

0.01 keV < M1 < 0.11 keV, (5.8)

because the value of g∗S(xf ) is in the range from 10.75 if NR,1 decouples after the QCD
phase transition to 107 if the decoupling occurs above the EWSB scale. If the mass M1 is
larger than the upper limit, there will be an overproduction of DM. This kind of DM is
not viable either because they do not meet the constraints by the LFV processes in figure 7
which requires Mi & 1 keV for the maximum value of sθ. For smaller sθ, the constraints of
the LFV processes are even stronger, and thus the lower limit of Mi is larger. Therefore,
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the masses of NR,i may be heavier than the lightest Z2-odd composite scalar to avoid
overproduction of DM.

Thus, the last possibility for a DM candidate in this model can be the lightest Z2-odd
composite scalar. This possibility has been investigated in refs. [32, 33]. In ref. [33], it has
been shown that the lightest of the Z2-odd composite scalars may provide the correct DM
relic density via non-thermal asymmetric production.

The XENON1T excess: in our paper [89], we identified the parameter space in a
composite scenario where the light pseudo-scalar η, identical to the χ state in table 2, can
be produced in the sun and explain the XENON1T excess in electron recoil data [90]. We
considered the SU(6)/Sp(6) template model as here, where the misalignment angle may be
in the range 0.004 < sθ < 0.007 to explain this excess. The model’s DM candidate, arising
in a non-thermal way, has a mass around 50TeV and out of range for Direct Detection.
Even for such small sθ, this model can still explain the smallness of the neutrino masses with
the mechanism explained in this paper. Finally, according to ref. [89], this model with such
small sθ gives rise to additional testable predictions include gravitation waves at frequencies
in the Hz range from a cosmological phase transition, an exotic decay Z → γ + inv. with
rates 4÷ 16 · 10−12 testable at a future Tera-Z collider, and an enhancement by 17÷ 40%
of the branching ratio KL → π0 + inv., not enough to explain the KOTO anomaly [91].
All these predictions may be confirmed by future experiments.

6 Conclusions

We have presented a novel mechanism to generate small neutrino masses in composite Higgs
models. The mechanism, similar in nature to the scotogenic models, naturally features two
suppression mechanisms: neutrino masses are loop generated via the coupling to Z2-odd
composite pNGBs; the near-degeneracy of the pNGBs results in a further suppression.
Thus, even for sizeable couplings to the composite sector, neutrinos can obtain small enough
masses. This mechanism can also be featured in a wide variety of other models based on
vacuum misalignment.

We have considered an SU(6)/Sp(6) CH template, which naturally features two com-
posite Higgs doublets, one of which can be made inert. In this template model, we have in-
vestigated three different approaches to generate the neutrino Yukawa couplings: (i) ETC-
type four-fermion operators, (ii) “Fundamental Partial Compositeness”, and (iii) “Partial
Compositeness”. These three approaches can give rise to Yukawa coupling constants of
order unity for masses of the right-handed neutrinos in the mass range from the lightest
Z2-odd composite particle (∼TeV scale for sθ = 0.1) up to the Planck scale (however only
∼ 1018 GeV for sθ = 0.1). Therefore, these scale limits depend on the vacuum misalign-
ment angle θ. The lower limit originates from the Dark Matter relic density: we have
demonstrated that the right-handed neutrinos will result in overproduction in the Universe
if they are lighter than the Z2-odd composite scalars. The upper bound originates from the
upper limit for the perturbative couplings, |h| .

√
4π. Finally, we have checked various ex-

perimental constraints for these three approaches, showing that no strong constraints arise
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(except for the DM one). When the lightest of the Z2-odd state is a composite scalar, it can
provide the correct relic density either by the usual thermal freeze-out or as a non-thermal
asymmetric relic, as shown in ref. [33].

The composite scotogenic mechanism, therefore, can provide a natural explanation of
the lightness of neutrinos in various models based on vacuum misalignment for the EW
symmetry breaking, while also featuring a composite (a)symmetric DM candidate presented
in ref. [33] and, as presented in ref. [89], an explaination of the recent XENON1T excess
in electron recoil data [90].
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A Neutrino mass matrices for Mk � Λi

Here, we will derive the expressions of the neutrino mass matrix for Mk � Λi for the three
approaches with (i) ETC-type four-fermion operators, (ii) “Fundamental Partial Compos-
iteness”, and (iii) “Partial Compositeness”.

(i) ETC-type four-fermion operators: in the case where Mi � Λν , the ETC-type
four-fermion operators for the neutrinos in eq. (3.22) are replaced by six-fermion operators
(valid for the temperatures ΛHC < T � Λν)

3∑
k=1

yikν y
kj
ν

Λ4
νMk

(Ψ1
2ψ3)(Ψ1

2ψ3)ν†L,iν
†
L,j , (A.1)

which are developed after the first two steps in figure 8. In this process, the propagators of
the right-handed neutrinos, NR,k, with masses Mk and the ETC gauge or scalar boson(s)
with masses in order of Λν are integrated out. When the hyper-fermions condense below
ΛHC, these six-fermion operators are replaced by the four-vertices after the last step in
figure 8:

3∑
k=1

yikν y
kj
ν

Λ4
νMk

(Ψ1
2ψ3)(Ψ1

2ψ3)ν†L,iν
†
L,j →

3∑
k=1

hikhkj

Mk
(η0)2ν†L,iν

†
L,j (A.2)

with hij ≡ 4πNA(ΛHC/Λν)2yijν [71], where A is an integration constant arising from the
condensation and N is the number of hyper-colors. The definition of hij here is identical
to the definition in eq. (3.37) for Mi < Λν .

Therefore, for Mi � Λν , the one-loop diagrams in figure 2 contribute to the SM
neutrino masses instead of the diagrams in figure 1 for Mk < Λν . The radiative mass
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Figure 8. Development of the (η0)2(νL)2 four-vertices for the ETC-type approach when Mi � Λν
from temperatures above Mk down to zero-temperature by integrating out the propagators of the
right-handed neutrinos, NR,k, and the ETC gauge or scalar boson(s) with masses in order of Λν .
In this process, Mk � Λν � ΛHC.

contribution with a Reη̃0 loop is

−iΣR
ijk =

∫
d4p

(2π)4 i
hikhkj

Mk

i

p2 −m2
R + iε

=− i hikhkj

(4π)2Mk

ΛHC

√
Λ2

HC +m2
R +m2

R ln

 mR

ΛHC +
√

Λ2
HC +m2

R

 , (A.3)

where we have used ΛHC as cut-off scale due to the fact that the (η0)2(νL)2 four-vertices
will dissolve above this scale. There is also another diagram with an Imη̃0 loop which
comes with opposite sign. Therefore, in the ETC case for Mk � Λν , the neutrino mass
matrix as in eq. (3.38) can be expressed as

mν,ij =
3∑

k=1

(
ΣR
ijk + ΣI

ijk

)

=
3∑

k=1

hikhkj

(4π)2Mk

[
ΛHC

√
m2
R + Λ2

HC +m2
R ln

(
mR

ΛHC +
√
m2
R + Λ2

HC

)

− ΛHC

√
m2
I + Λ2

HC −m
2
I ln

(
mI

ΛHC +
√
m2
I + Λ2

HC

)]
.

(A.4)
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Figure 9. Development of the (η0)2(νL)2 four-vertices for the FPC approach when Mi � MS

from temperatures above Mi down to zero-temperature by integrating out the propagators of the
right-handed neutrinos, NR,l, with masses Ml and the techni-scalars, Sν,k and Sν,m, with the mass
MS . In this process, Mi �MS � ΛHC.

(ii) Fermion fundamental partial compositeness: in the case where Mi � MS ,
the FPC fundamental Lagrangian terms for the neutrinos in eq. (3.24) are replaced by
six-fermion operators (valid for the temperatures ΛHC < T �MS)

3∑
k,l,m=1

yikL y
kl
Ny

lm
N ymjL

M4
SMl

(Ψ1
2ψ3)(Ψ1

2ψ3)ν†L,iν
†
L,j , (A.5)

which are developed after the first two steps in figure 9. In this process, the propagators
of the right-handed neutrinos, NR,l, with masses Ml and the techni-scalars, Sν,k and Sν,m,
with the massMS are integrated out. When the hyper-fermions condense below ΛHC, these
six-fermion operators generate the four-vertices after the last step in figure 9:

3∑
k,l,m=1

yikL y
kl
Ny

lm
N ymjL

M4
SMl

(Ψ1
2ψ3)(Ψ1

2ψ3)ν†L,iν
†
L,j →

3∑
k=1

hikhkj

Mk
(η0)2ν†L,iν

†
L,j , (A.6)

with hij ≡ 4πNCYuk(ΛHC/MS)2yikL y
kj
N [71], where CYuk is an integration constant arising

from the condensation and N is the number of hyper-colors. The definition of hij here is
identical to the definition in eq. (3.37) for Mi < MS . Therefore, the form of the (η0)2(νL)2

four-vertices are identical for both the ETC-type and FPC approach for largeMi � Λν ,MS .
Therefore, forMi �MS , the neutrino mass matrix has the same form as in eq. (A.4), while
the form of hij in eq. (A.6) differs from the form of hij in eq. (A.2) for ETC-type operators.

(iii) Fermion partial compositeness: we recall from eq. (3.30) that the PC four-
fermion interactions of the neutrinos generated at ΛUV are given by

yiaν (ΛUV)
Λ2

UV
ν†L,i(Ψ

†P 1
LΨ∗χ†ν,a) + yiaN (ΛUV)

Λ2
UV

N †R,i(Ψ
†PNΨχ†ν,a) + h.c. (A.7)
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Figure 10. The generation of the mixing terms of the right-handed neutrinos, NR,i, and their
composite partners, OR,a, from the four-fermion interactions in eq. (A.7) when Mi < m∗.

Figure 11. The generation of the Majorana masses of the right-handed composite neutrino part-
ners, OR,a, from the four-fermion interactions in eq. (A.7) when Mi � m∗.

Firstly, upon condensation for Mi < ma
∗, we obtain (illustrated in figure 10)

yiaN (ΛUV)
Λ2

UV
(ma
∗)3N †R,iOR,a ' ε

N
iam

a
∗N
†
R,iOR,a, (A.8)

where OaL,R are the left- and right-handed composite neutrino partners, and the couplings
yν,N are scaled from ΛUV down to m∗ ≡ ma

∗ as follows

yν,N (m∗) ' yν,N (ΛUV)
(
m∗

ΛUV

)2
≡ εν,N . (A.9)

Secondly, upon condensation for Mi � ma
∗, the propagators of the right-handed neu-

trinos will be integrated out before condensation as illustrated in the first step in figure 11.
Thus, the right-handed composite neutrino partners (OR,a) achieve Majorana mass terms,

3∑
k=1

(ma
∗)3(mb

∗)3

MkΛ4
UV

yakN (ΛUV)ykbN (ΛUV)OR,aOR,b '
3∑

k=1
ma
∗
εNakε

N
kb

Mk
mb
∗OR,aOR,b. (A.10)

Thus, the neutrino Yukawa couplings for Mi < ma
∗ and Mi � ma

∗ are given by

hik ≡
AN −

√
2BN

16
√

2π
g∗

3∑
a,b=1

(εLia)∗cabεNbk for Mi < ma
∗, (A.11)

hai ≡
AN −

√
2BN

16
√

2π
g∗

3∑
k,b,c=1

ma
∗

Mk
εNakε

N
kcccb(εLbi)∗ for Mi � ma

∗, (A.12)
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Figure 12. Diagrams for the PC approach showing how Yukawa couplings with the neutrinos and
η0 are formed for Mi < m∗ and Mi � m∗, respectively.

which are formed in the way as illustrated in figure 12. These couplings are, respectively,
the neutrino Yukawa couplings in eq. (3.33) for Mi < ma

∗ and the modified couplings
of eq. (3.34) for Mi � ma

∗, where the right-handed neutrinos, NR,i, are replaced by the
right-handed composite neutrino partners, OaR.

The one-loop diagrams for the neutrino masses, similar to the diagrams in figure 1
where NR,k are replaced with OR,a, give rise to the mass expression

mij
ν =

3∑
a=1

hiahaj

(4π)2 m
a
∗

[
m2
R

m2
R − (ma

∗)2 ln
(

m2
R

(ma
∗)2

)
− m2

I

m2
I − (ma

∗)2 ln
(

m2
I

(ma
∗)2

)]
, (A.13)

where the modified couplings hai are given in eq. (A.12).

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

References

[1] S. Weinberg, A Model of leptons, Phys. Rev. Lett. 19 (1967) 1264 [INSPIRE].

[2] B. Pontecorvo, Neutrino experiments and the problem of conservation of leptonic charge, Zh.
Eksp. Teor. Fiz. 53 (1967) 1717 [INSPIRE].

[3] P. Minkowski, µ→ eγ at a rate of one out of 109 muon decays?, Phys. Lett. B 67 (1977) 421
[INSPIRE].

[4] R.N. Mohapatra and G. Senjanović, Neutrino mass and spontaneous parity nonconservation,
Phys. Rev. Lett. 44 (1980) 912 [INSPIRE].

[5] T. Yanagida, Horizontal symmetry and masses of neutrinos, Prog. Theor. Phys. 64 (1980)
1103 [INSPIRE].

[6] E. Ma, Verifiable radiative seesaw mechanism of neutrino mass and dark matter, Phys. Rev.
D 73 (2006) 077301 [hep-ph/0601225] [INSPIRE].

– 31 –

https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1103/PhysRevLett.19.1264
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C19%2C1264%22
https://inspirehep.net/search?p=find+J%20%22Sov.Phys.JETP%2C26%2C984%22
https://doi.org/10.1016/0370-2693(77)90435-X
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB67%2C421%22
https://doi.org/10.1103/PhysRevLett.44.912
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C44%2C912%22
https://doi.org/10.1143/PTP.64.1103
https://doi.org/10.1143/PTP.64.1103
https://inspirehep.net/search?p=find+J%20%22Prog.Theor.Phys.%2C64%2C1103%22
https://doi.org/10.1103/PhysRevD.73.077301
https://doi.org/10.1103/PhysRevD.73.077301
https://arxiv.org/abs/hep-ph/0601225
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0601225


J
H
E
P
0
9
(
2
0
2
1
)
1
6
7

[7] T. Appelquist and R. Shrock, Neutrino masses in theories with dynamical electroweak
symmetry breaking, Phys. Lett. B 548 (2002) 204 [hep-ph/0204141] [INSPIRE].

[8] T. Appelquist, M. Piai and R. Shrock, Fermion masses and mixing in extended technicolor
models, Phys. Rev. D 69 (2004) 015002 [hep-ph/0308061] [INSPIRE].

[9] B. Bellazzini, C. Csáki and J. Serra, Composite Higgses, Eur. Phys. J. C 74 (2014) 2766
[arXiv:1401.2457] [INSPIRE].

[10] G. Panico and A. Wulzer, The composite Nambu-Goldstone Higgs, Lecture Notes Physics
volume 913, Springer, Germany (2016) [arXiv:1506.01961] [INSPIRE].

[11] G. Cacciapaglia, C. Pica and F. Sannino, Fundamental composite dynamics: a review, Phys.
Rept. 877 (2020) 1 [arXiv:2002.04914] [INSPIRE].

[12] B. Holdom, Raising the sideways scale, Phys. Rev. D 24 (1981) 1441 [INSPIRE].

[13] A. Carmona and F. Goertz, Custodial leptons and Higgs decays, JHEP 04 (2013) 163
[arXiv:1301.5856] [INSPIRE].

[14] A. Carmona and F. Goertz, A naturally light Higgs without light top partners, JHEP 05
(2015) 002 [arXiv:1410.8555] [INSPIRE].

[15] A. Carmona and F. Goertz, Lepton flavor and nonuniversality from minimal composite Higgs
setups, Phys. Rev. Lett. 116 (2016) 251801 [arXiv:1510.07658] [INSPIRE].

[16] M. Frigerio, M. Nardecchia, J. Serra and L. Vecchi, The bearable compositeness of leptons,
JHEP 10 (2018) 017 [arXiv:1807.04279] [INSPIRE].

[17] D.B. Kaplan and H. Georgi, SU(2)×U(1) breaking by vacuum misalignment, Phys. Lett. B
136 (1984) 183 [INSPIRE].

[18] J. Galloway, A.L. Kagan and A. Martin, A UV complete partially composite-PNGB Higgs,
Phys. Rev. D 95 (2017) 035038 [arXiv:1609.05883] [INSPIRE].

[19] T. Alanne, D. Buarque Franzosi and M.T. Frandsen, A partially composite Goldstone Higgs,
Phys. Rev. D 96 (2017) 095012 [arXiv:1709.10473] [INSPIRE].

[20] T. Alanne, D. Buarque Franzosi, M.T. Frandsen, M.L.A. Kristensen, A. Meroni and
M. Rosenlyst, Partially composite Higgs models: phenomenology and RG analysis, JHEP 01
(2018) 051 [arXiv:1711.10410] [INSPIRE].

[21] D. Barducci, S. De Curtis, M. Redi and A. Tesi, An almost elementary Higgs: theory and
practice, JHEP 08 (2018) 017 [arXiv:1805.12578] [INSPIRE].

[22] N. Arkani-Hamed, A.G. Cohen and H. Georgi, Electroweak symmetry breaking from
dimensional deconstruction, Phys. Lett. B 513 (2001) 232 [hep-ph/0105239] [INSPIRE].

[23] N. Arkani-Hamed, A.G. Cohen, E. Katz, A.E. Nelson, T. Gregoire and J.G. Wacker, The
Minimal moose for a little Higgs, JHEP 08 (2002) 021 [hep-ph/0206020] [INSPIRE].

[24] R. Contino, Y. Nomura and A. Pomarol, Higgs as a holographic pseudoGoldstone boson,
Nucl. Phys. B 671 (2003) 148 [hep-ph/0306259] [INSPIRE].

[25] Y. Hosotani and M. Mabe, Higgs boson mass and electroweak-gravity hierarchy from
dynamical gauge-Higgs unification in the warped spacetime, Phys. Lett. B 615 (2005) 257
[hep-ph/0503020] [INSPIRE].

[26] Z. Chacko, H.-S. Goh and R. Harnik, The twin Higgs: natural electroweak breaking from
mirror symmetry, Phys. Rev. Lett. 96 (2006) 231802 [hep-ph/0506256] [INSPIRE].

– 32 –

https://doi.org/10.1016/S0370-2693(02)02854-X
https://arxiv.org/abs/hep-ph/0204141
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0204141
https://doi.org/10.1103/PhysRevD.69.015002
https://arxiv.org/abs/hep-ph/0308061
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0308061
https://doi.org/10.1140/epjc/s10052-014-2766-x
https://arxiv.org/abs/1401.2457
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1401.2457
http://dx.doi.org/10.1007/978-3-319-22617-0
http://dx.doi.org/10.1007/978-3-319-22617-0
https://arxiv.org/abs/1506.01961
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1506.01961
https://doi.org/10.1016/j.physrep.2020.07.002
https://doi.org/10.1016/j.physrep.2020.07.002
https://arxiv.org/abs/2002.04914
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2002.04914
https://doi.org/10.1103/PhysRevD.24.1441
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD24%2C1441%22
https://doi.org/10.1007/JHEP04(2013)163
https://arxiv.org/abs/1301.5856
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1301.5856
https://doi.org/10.1007/JHEP05(2015)002
https://doi.org/10.1007/JHEP05(2015)002
https://arxiv.org/abs/1410.8555
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1410.8555
https://doi.org/10.1103/PhysRevLett.116.251801
https://arxiv.org/abs/1510.07658
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1510.07658
https://doi.org/10.1007/JHEP10(2018)017
https://arxiv.org/abs/1807.04279
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1807.04279
https://doi.org/10.1016/0370-2693(84)91177-8
https://doi.org/10.1016/0370-2693(84)91177-8
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2C136B%2C183%22
https://doi.org/10.1103/PhysRevD.95.035038
https://arxiv.org/abs/1609.05883
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1609.05883
https://doi.org/10.1103/PhysRevD.96.095012
https://arxiv.org/abs/1709.10473
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1709.10473
https://doi.org/10.1007/JHEP01(2018)051
https://doi.org/10.1007/JHEP01(2018)051
https://arxiv.org/abs/1711.10410
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1711.10410
https://doi.org/10.1007/JHEP08(2018)017
https://arxiv.org/abs/1805.12578
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1805.12578
https://doi.org/10.1016/S0370-2693(01)00741-9
https://arxiv.org/abs/hep-ph/0105239
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0105239
https://doi.org/10.1088/1126-6708/2002/08/021
https://arxiv.org/abs/hep-ph/0206020
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0206020
https://doi.org/10.1016/j.nuclphysb.2003.08.027
https://arxiv.org/abs/hep-ph/0306259
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0306259
https://doi.org/10.1016/j.physletb.2005.04.039
https://arxiv.org/abs/hep-ph/0503020
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0503020
https://doi.org/10.1103/PhysRevLett.96.231802
https://arxiv.org/abs/hep-ph/0506256
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0506256


J
H
E
P
0
9
(
2
0
2
1
)
1
6
7

[27] P. Batra and Z. Chacko, A Composite Twin Higgs Model, Phys. Rev. D 79 (2009) 095012
[arXiv:0811.0394] [INSPIRE].

[28] R. Barbieri, D. Greco, R. Rattazzi and A. Wulzer, The composite twin Higgs scenario, JHEP
08 (2015) 161 [arXiv:1501.07803] [INSPIRE].

[29] M. Low, A. Tesi and L.-T. Wang, Twin Higgs mechanism and a composite Higgs boson,
Phys. Rev. D 91 (2015) 095012 [arXiv:1501.07890] [INSPIRE].

[30] T. Alanne, H. Gertov, F. Sannino and K. Tuominen, Elementary Goldstone Higgs boson and
dark matter, Phys. Rev. D 91 (2015) 095021 [arXiv:1411.6132] [INSPIRE].

[31] H. Gertov, A. Meroni, E. Molinaro and F. Sannino, Theory and phenomenology of the
elementary Goldstone Higgs boson, Phys. Rev. D 92 (2015) 095003 [arXiv:1507.06666]
[INSPIRE].

[32] C. Cai, G. Cacciapaglia and H.-H. Zhang, Vacuum alignment in a composite 2HDM, JHEP
01 (2019) 130 [arXiv:1805.07619] [INSPIRE].

[33] C. Cai, H.-H. Zhang, G. Cacciapaglia, M. Rosenlyst and M.T. Frandsen, Higgs Boson
emerging from the dark, Phys. Rev. Lett. 125 (2020) 021801 [arXiv:1911.12130] [INSPIRE].

[34] J. Mrazek, A. Pomarol, R. Rattazzi, M. Redi, J. Serra and A. Wulzer, The other natural two
Higgs doublet model, Nucl. Phys. B 853 (2011) 1 [arXiv:1105.5403] [INSPIRE].

[35] E. Bertuzzo, T.S. Ray, H. de Sandes and C.A. Savoy, On composite two Higgs doublet
models, JHEP 05 (2013) 153 [arXiv:1206.2623] [INSPIRE].

[36] T. Ma and G. Cacciapaglia, Fundamental composite 2HDM: SU(N) with 4 flavours, JHEP
03 (2016) 211 [arXiv:1508.07014] [INSPIRE].

[37] Y. Wu, T. Ma, B. Zhang and G. Cacciapaglia, Composite dark matter and Higgs, JHEP 11
(2017) 058 [arXiv:1703.06903] [INSPIRE].

[38] G. Cacciapaglia, H. Cai, A. Deandrea and A. Kushwaha, Composite Higgs and Dark Matter
Model in SU(6)/SO(6), JHEP 10 (2019) 035 [arXiv:1904.09301] [INSPIRE].

[39] H. Cai and G. Cacciapaglia, Singlet dark matter in the SU(6)/SO(6) composite Higgs model,
Phys. Rev. D 103 (2021) 055002 [arXiv:2007.04338] [INSPIRE].

[40] E. Witten, Current algebra, baryons, and quark confinement, Nucl. Phys. B 223 (1983) 433
[INSPIRE].

[41] D.A. Kosower, Symmetry breaking patterns in pseudoreal and real gauge theories, Phys. Lett.
B 144 (1984) 215 [INSPIRE].

[42] J. Galloway, J.A. Evans, M.A. Luty and R.A. Tacchi, Minimal conformal technicolor and
precision electroweak tests, JHEP 10 (2010) 086 [arXiv:1001.1361] [INSPIRE].

[43] M.J. Dugan, H. Georgi and D.B. Kaplan, Anatomy of a composite Higgs model, Nucl. Phys.
B 254 (1985) 299 [INSPIRE].

[44] R. Contino, The Higgs as a composite Nambu-Goldstone boson, in the proceedings of the
Theoretical Advanced Study Institute in Elementary Particle Physics: Physics of the Large
and the Small, June 1–26, Boulder, U.S.A. (2009) [arXiv:1005.4269] [INSPIRE].

[45] K. Agashe, R. Contino, L. Da Rold and A. Pomarol, A custodial symmetry for Zbb̄, Phys.
Lett. B 641 (2006) 62 [hep-ph/0605341] [INSPIRE].

– 33 –

https://doi.org/10.1103/PhysRevD.79.095012
https://arxiv.org/abs/0811.0394
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0811.0394
https://doi.org/10.1007/JHEP08(2015)161
https://doi.org/10.1007/JHEP08(2015)161
https://arxiv.org/abs/1501.07803
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1501.07803
https://doi.org/10.1103/PhysRevD.91.095012
https://arxiv.org/abs/1501.07890
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1501.07890
https://doi.org/10.1103/PhysRevD.91.095021
https://arxiv.org/abs/1411.6132
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1411.6132
https://doi.org/10.1103/PhysRevD.92.095003
https://arxiv.org/abs/1507.06666
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1507.06666
https://doi.org/10.1007/JHEP01(2019)130
https://doi.org/10.1007/JHEP01(2019)130
https://arxiv.org/abs/1805.07619
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1805.07619
https://doi.org/10.1103/PhysRevLett.125.021801
https://arxiv.org/abs/1911.12130
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1911.12130
https://doi.org/10.1016/j.nuclphysb.2011.07.008
https://arxiv.org/abs/1105.5403
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1105.5403
https://doi.org/10.1007/JHEP05(2013)153
https://arxiv.org/abs/1206.2623
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1206.2623
https://doi.org/10.1007/JHEP03(2016)211
https://doi.org/10.1007/JHEP03(2016)211
https://arxiv.org/abs/1508.07014
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1508.07014
https://doi.org/10.1007/JHEP11(2017)058
https://doi.org/10.1007/JHEP11(2017)058
https://arxiv.org/abs/1703.06903
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1703.06903
https://doi.org/10.1007/JHEP10(2019)035
https://arxiv.org/abs/1904.09301
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1904.09301
https://doi.org/10.1103/PhysRevD.103.055002
https://arxiv.org/abs/2007.04338
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2007.04338
https://doi.org/10.1016/0550-3213(83)90064-0
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB223%2C433%22
https://doi.org/10.1016/0370-2693(84)91806-9
https://doi.org/10.1016/0370-2693(84)91806-9
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB144%2C215%22
https://doi.org/10.1007/JHEP10(2010)086
https://arxiv.org/abs/1001.1361
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1001.1361
https://doi.org/10.1016/0550-3213(85)90221-4
https://doi.org/10.1016/0550-3213(85)90221-4
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB254%2C299%22
https://arxiv.org/abs/1005.4269
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1005.4269
https://doi.org/10.1016/j.physletb.2006.08.005
https://doi.org/10.1016/j.physletb.2006.08.005
https://arxiv.org/abs/hep-ph/0605341
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0605341


J
H
E
P
0
9
(
2
0
2
1
)
1
6
7

[46] C. Grojean, O. Matsedonskyi and G. Panico, Light top partners and precision physics, JHEP
10 (2013) 160 [arXiv:1306.4655] [INSPIRE].

[47] D. Ghosh, M. Salvarezza and F. Senia, Extending the analysis of electroweak precision
constraints in composite Higgs models, Nucl. Phys. B 914 (2017) 346 [arXiv:1511.08235]
[INSPIRE].

[48] D. Buarque Franzosi, G. Cacciapaglia and A. Deandrea, Sigma-assisted low scale composite
Goldstone-Higgs, Eur. Phys. J. C 80 (2020) 28 [arXiv:1809.09146] [INSPIRE].

[49] J. de Blas, O. Eberhardt and C. Krause, Current and future constraints on Higgs couplings
in the nonlinear effective theory, JHEP 07 (2018) 048 [arXiv:1803.00939] [INSPIRE].

[50] T. Alanne, N. Bizot, G. Cacciapaglia and F. Sannino, Classification of NLO operators for
composite Higgs models, Phys. Rev. D 97 (2018) 075028 [arXiv:1801.05444] [INSPIRE].

[51] R. Arthur, V. Drach, M. Hansen, A. Hietanen, C. Pica and F. Sannino, SU(2) gauge theory
with two fundamental flavors: a minimal template for model building, Phys. Rev. D 94
(2016) 094507 [arXiv:1602.06559] [INSPIRE].

[52] S. Dimopoulos and L. Susskind, Mass without scalars, Nucl. Phys. B 155 (1979) 237
[INSPIRE].

[53] D.B. Kaplan, Flavor at SSC energies: a new mechanism for dynamically generated fermion
masses, Nucl. Phys. B 365 (1991) 259 [INSPIRE].

[54] J. Barnard, T. Gherghetta and T.S. Ray, UV descriptions of composite Higgs models without
elementary scalars, JHEP 02 (2014) 002 [arXiv:1311.6562] [INSPIRE].

[55] G. Ferretti and D. Karateev, Fermionic UV completions of Composite Higgs models, JHEP
03 (2014) 077 [arXiv:1312.5330] [INSPIRE].

[56] R. Contino, D. Marzocca, D. Pappadopulo and R. Rattazzi, On the effect of resonances in
composite Higgs phenomenology, JHEP 10 (2011) 081 [arXiv:1109.1570] [INSPIRE].

[57] R. Contino and M. Salvarezza, One-loop effects from spin-1 resonances in composite Higgs
models, JHEP 07 (2015) 065 [arXiv:1504.02750] [INSPIRE].

[58] O. Matsedonskyi, G. Panico and A. Wulzer, Light top partners for a light composite Higgs,
JHEP 01 (2013) 164 [arXiv:1204.6333] [INSPIRE].

[59] M. Redi and A. Tesi, Implications of a light Higgs in composite models, JHEP 10 (2012) 166
[arXiv:1205.0232] [INSPIRE].

[60] M. Golterman and Y. Shamir, Effective potential in ultraviolet completions for composite
Higgs models, Phys. Rev. D 97 (2018) 095005 [arXiv:1707.06033] [INSPIRE].

[61] E. Bennett et al., Sp(4) gauge theory on the lattice: towards SU(4)/Sp(4) composite Higgs
(and beyond), JHEP 03 (2018) 185 [arXiv:1712.04220] [INSPIRE].

[62] J.-W. Lee et al., Meson spectrum of Sp(4) lattice gauge theory with two fundamental Dirac
fermions, PoS LATTICE2019 (2019) 054 [arXiv:1911.00437] [INSPIRE].

[63] E. Bennett et al., Sp(4) gauge theories on the lattice: quenched fundamental and
antisymmetric fermions, Phys. Rev. D 101 (2020) 074516 [arXiv:1912.06505] [INSPIRE].

[64] V. Ayyar et al., Spectroscopy of SU(4) composite Higgs theory with two distinct fermion
representations, Phys. Rev. D 97 (2018) 074505 [arXiv:1710.00806] [INSPIRE].

– 34 –

https://doi.org/10.1007/JHEP10(2013)160
https://doi.org/10.1007/JHEP10(2013)160
https://arxiv.org/abs/1306.4655
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1306.4655
https://doi.org/10.1016/j.nuclphysb.2016.11.013
https://arxiv.org/abs/1511.08235
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1511.08235
https://doi.org/10.1140/epjc/s10052-019-7572-z
https://arxiv.org/abs/1809.09146
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1809.09146
https://doi.org/10.1007/JHEP07(2018)048
https://arxiv.org/abs/1803.00939
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1803.00939
https://doi.org/10.1103/PhysRevD.97.075028
https://arxiv.org/abs/1801.05444
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1801.05444
https://doi.org/10.1103/PhysRevD.94.094507
https://doi.org/10.1103/PhysRevD.94.094507
https://arxiv.org/abs/1602.06559
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1602.06559
https://doi.org/10.1016/0550-3213(79)90364-X
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB155%2C237%22
https://doi.org/10.1016/S0550-3213(05)80021-5
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB365%2C259%22
https://doi.org/10.1007/JHEP02(2014)002
https://arxiv.org/abs/1311.6562
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1311.6562
https://doi.org/10.1007/JHEP03(2014)077
https://doi.org/10.1007/JHEP03(2014)077
https://arxiv.org/abs/1312.5330
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1312.5330
https://doi.org/10.1007/JHEP10(2011)081
https://arxiv.org/abs/1109.1570
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1109.1570
https://doi.org/10.1007/JHEP07(2015)065
https://arxiv.org/abs/1504.02750
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1504.02750
https://doi.org/10.1007/JHEP01(2013)164
https://arxiv.org/abs/1204.6333
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1204.6333
https://doi.org/10.1007/JHEP10(2012)166
https://arxiv.org/abs/1205.0232
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1205.0232
https://doi.org/10.1103/PhysRevD.97.095005
https://arxiv.org/abs/1707.06033
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1707.06033
https://doi.org/10.1007/JHEP03(2018)185
https://arxiv.org/abs/1712.04220
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1712.04220
https://doi.org/10.22323/1.363.0054
https://arxiv.org/abs/1911.00437
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1911.00437
https://doi.org/10.1103/PhysRevD.101.074516
https://arxiv.org/abs/1912.06505
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1912.06505
https://doi.org/10.1103/PhysRevD.97.074505
https://arxiv.org/abs/1710.00806
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1710.00806


J
H
E
P
0
9
(
2
0
2
1
)
1
6
7

[65] V. Ayyar et al., Baryon spectrum of SU(4) composite Higgs theory with two distinct fermion
representations, Phys. Rev. D 97 (2018) 114505 [arXiv:1801.05809] [INSPIRE].

[66] V. Ayyar et al., Radiative contribution to the composite-Higgs potential in a
two-representation lattice model, Phys. Rev. D 99 (2019) 094504 [arXiv:1903.02535]
[INSPIRE].

[67] B. Svetitsky et al., Towards a composite Higgs and a partially composite top quark,
PoS(LATTICE2019)241 [arXiv:1911.10867] [INSPIRE].

[68] J. Erdmenger, N. Evans, W. Porod and K.S. Rigatos, Gauge/gravity dual dynamics for the
strongly coupled sector of composite Higgs models, JHEP 02 (2021) 058 [arXiv:2010.10279]
[INSPIRE].

[69] D.B. Kaplan, H. Georgi and S. Dimopoulos, Composite Higgs scalars, Phys. Lett. B 136
(1984) 187 [INSPIRE].

[70] G. Cacciapaglia and F. Sannino, Fundamental composite (Goldstone) Higgs dynamics, JHEP
04 (2014) 111 [arXiv:1402.0233] [INSPIRE].

[71] C.T. Hill and E.H. Simmons, Strong dynamics and electroweak symmetry breaking, Phys.
Rept. 381 (2003) 235 [Erratum ibid. 390 (2004) 553] [hep-ph/0203079] [INSPIRE].

[72] F. Sannino, A. Strumia, A. Tesi and E. Vigiani, Fundamental partial compositeness, JHEP
11 (2016) 029 [arXiv:1607.01659] [INSPIRE].

[73] G. Cacciapaglia, H. Gertov, F. Sannino and A.E. Thomsen, Minimal fundamental partial
compositeness, Phys. Rev. D 98 (2018) 015006 [arXiv:1704.07845] [INSPIRE].

[74] T. Alanne, M.T. Frandsen and D. Buarque Franzosi, Testing a dynamical origin of standard
model fermion masses, Phys. Rev. D 94 (2016) 071703 [arXiv:1607.01440] [INSPIRE].

[75] A. Belyaev et al., Di-boson signatures as standard candles for partial compositeness, JHEP
01 (2017) 094 [Erratum ibid. 12 (2017) 088] [arXiv:1610.06591] [INSPIRE].

[76] G. Cacciapaglia, G. Ferretti, T. Flacke and H. Serodio, Revealing timid pseudo-scalars with
taus at the LHC, Eur. Phys. J. C 78 (2018) 724 [arXiv:1710.11142] [INSPIRE].

[77] I. Esteban, M.C. Gonzalez-Garcia, A. Hernandez-Cabezudo, M. Maltoni and T. Schwetz,
Global analysis of three-flavour neutrino oscillations: synergies and tensions in the
determination of θ23, δCP , and the mass ordering, JHEP 01 (2019) 106 [arXiv:1811.05487]
[INSPIRE].

[78] Planck collaboration, Planck 2015 results. XIII. Cosmological parameters, Astron.
Astrophys. 594 (2016) A13 [arXiv:1502.01589] [INSPIRE].

[79] Particle Data Group collaboration, Review of particle physics, Phys. Rev. D 98 (2018)
030001 [INSPIRE].

[80] M. Rosenlyst and C.T. Hill, Natural top-bottom mass hierarchy in composite Higgs models,
Phys. Rev. D 101 (2020) 095027 [arXiv:2002.04931] [INSPIRE].

[81] T. Toma and A. Vicente, Lepton flavor violation in the scotogenic model, JHEP 01 (2014)
160 [arXiv:1312.2840] [INSPIRE].

[82] MEG collaboration, New constraint on the existence of the µ+ → e+γ decay, Phys. Rev.
Lett. 110 (2013) 201801 [arXiv:1303.0754] [INSPIRE].

[83] A.M. Baldini et al., MEG upgrade proposal, arXiv:1301.7225 [INSPIRE].

– 35 –

https://doi.org/10.1103/PhysRevD.97.114505
https://arxiv.org/abs/1801.05809
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1801.05809
https://doi.org/10.1103/PhysRevD.99.094504
https://arxiv.org/abs/1903.02535
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1903.02535
https://doi.org/10.22323/1.363.0241
https://arxiv.org/abs/1911.10867
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1911.10867
https://doi.org/10.1007/JHEP02(2021)058
https://arxiv.org/abs/2010.10279
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2010.10279
https://doi.org/10.1016/0370-2693(84)91178-X
https://doi.org/10.1016/0370-2693(84)91178-X
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB136%2C187%22
https://doi.org/10.1007/JHEP04(2014)111
https://doi.org/10.1007/JHEP04(2014)111
https://arxiv.org/abs/1402.0233
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1402.0233
https://doi.org/10.1016/S0370-1573(03)00140-6
https://doi.org/10.1016/S0370-1573(03)00140-6
https://arxiv.org/abs/hep-ph/0203079
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0203079
https://doi.org/10.1007/JHEP11(2016)029
https://doi.org/10.1007/JHEP11(2016)029
https://arxiv.org/abs/1607.01659
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1607.01659
https://doi.org/10.1103/PhysRevD.98.015006
https://arxiv.org/abs/1704.07845
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1704.07845
https://doi.org/10.1103/PhysRevD.94.071703
https://arxiv.org/abs/1607.01440
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1607.01440
https://doi.org/10.1007/JHEP01(2017)094
https://doi.org/10.1007/JHEP01(2017)094
https://arxiv.org/abs/1610.06591
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1610.06591
https://doi.org/10.1140/epjc/s10052-018-6183-4
https://arxiv.org/abs/1710.11142
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1710.11142
https://doi.org/10.1007/JHEP01(2019)106
https://arxiv.org/abs/1811.05487
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1811.05487
https://doi.org/10.1051/0004-6361/201525830
https://doi.org/10.1051/0004-6361/201525830
https://arxiv.org/abs/1502.01589
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1502.01589
https://doi.org/10.1103/PhysRevD.98.030001
https://doi.org/10.1103/PhysRevD.98.030001
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD98%2C030001%22
https://doi.org/10.1103/PhysRevD.101.095027
https://arxiv.org/abs/2002.04931
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2002.04931
https://doi.org/10.1007/JHEP01(2014)160
https://doi.org/10.1007/JHEP01(2014)160
https://arxiv.org/abs/1312.2840
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1312.2840
https://doi.org/10.1103/PhysRevLett.110.201801
https://doi.org/10.1103/PhysRevLett.110.201801
https://arxiv.org/abs/1303.0754
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1303.0754
https://arxiv.org/abs/1301.7225
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1301.7225


J
H
E
P
0
9
(
2
0
2
1
)
1
6
7

[84] Gfitter Group collaboration, The global electroweak fit at NNLO and prospects for the
LHC and ILC, Eur. Phys. J. C 74 (2014) 3046 [arXiv:1407.3792] [INSPIRE].

[85] ATLAS collaboration, Combined measurements of Higgs boson production and decay in the
H → ZZ∗ → 4` and H → γγ channels using

√
s = 13 TeV pp collision data collected with

the ATLAS experiment, ATLAS-CONF-2017-047 (Jul, 2017).

[86] C.-S. Chen, C.-Q. Geng, D. Huang and L.-H. Tsai, New scalar contributions to h→ Zγ,
Phys. Rev. D 87 (2013) 075019 [arXiv:1301.4694] [INSPIRE].

[87] K. Kong and K.T. Matchev, Precise calculation of the relic density of Kaluza-Klein dark
matter in universal extra dimensions, JHEP 01 (2006) 038 [hep-ph/0509119] [INSPIRE].

[88] E.W. Kolb and M.S. Turner, The early universe, vol. 69 (1990) [INSPIRE].

[89] C. Cai, H.H. Zhang, M.T. Frandsen, M. Rosenlyst and G. Cacciapaglia, XENON1T solar
axion and the Higgs boson emerging from the dark, Phys. Rev. D 102 (2020) 075018
[arXiv:2006.16267] [INSPIRE].

[90] XENON collaboration, Excess electronic recoil events in XENON1T, Phys. Rev. D 102
(2020) 072004 [arXiv:2006.09721] [INSPIRE].

[91] KOTO collaboration, Search for the KL → π0νν and KL → π0X0 decays at the J-PARC
KOTO experiment, Phys. Rev. Lett. 122 (2019) 021802 [arXiv:1810.09655] [INSPIRE].

– 36 –

https://doi.org/10.1140/epjc/s10052-014-3046-5
https://arxiv.org/abs/1407.3792
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1407.3792
https://cds.cern.ch/record/2273854
https://doi.org/10.1103/PhysRevD.87.075019
https://arxiv.org/abs/1301.4694
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1301.4694
https://doi.org/10.1088/1126-6708/2006/01/038
https://arxiv.org/abs/hep-ph/0509119
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0509119
https://inspirehep.net/search?p=find+J%20%22Front.Phys.%2C69%2C1%22
https://doi.org/10.1103/PhysRevD.102.075018
https://arxiv.org/abs/2006.16267
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2006.16267
https://doi.org/10.1103/PhysRevD.102.072004
https://doi.org/10.1103/PhysRevD.102.072004
https://arxiv.org/abs/2006.09721
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2006.09721
https://doi.org/10.1103/PhysRevLett.122.021802
https://arxiv.org/abs/1810.09655
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1810.09655

	Introduction
	Composite two-Higgs doublet models with Z(2) symmetry
	A concrete composite 2HDM
	The condensate and pNGBs
	The chiral Lagrangian and the effective potential
	Lattice results and the Higgs mass tuning
	Neutrino Yukawa coupling constants
	The masses and mixing of the neutrinos

	Numerical results
	Experimental constraints
	Conclusions
	Neutrino mass matrices for M(k) >> Lambda(i)

