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Technically natural Higgs boson from Planck scale
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We propose UV complete (partially) composite Higgs models with compositeness scale up to the Planck
scale assisted by a novel mechanism. This mechanism is based on softly breaking a global Z, symmetry by
technically natural small vacuum misalignment, dynamically triggering the electroweak symmetry
breaking and Standard Model fermion mass generation. This mechanism can be present in various
models based on vacuum misalignment. For concreteness, we demonstrate it in a minimal partially
composite two-Higgs boson scheme, where the Higgs boson is a mixture of a composite and an elementary
state, transforming odd under a Z, symmetry. For this concrete model example, all dimensionful
fundamental parameters are approximately O(10'%) GeV. We study the vacuum stability of this model by
investigating the renormalization group running of the quartic coupling of the Higgs boson. Furthermore,
the parameter space can already be searched by gravitational waves from a confinement-induced phase
transition. Finally, the mass and mixing of the neutrinos may be naturally generated via loops of a second
Higgs doublet transforming even under the Z, symmetry, which may be challenged by lattice calculations
and a more accurate measurement of the top mass.
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I. INTRODUCTION

Fundamental strongly coupled gauge Yukawa models
with a strongly interacting fermion sector were proposed in
Ref. [1] for electroweak symmetry breaking (EWSB) and
Standard Model (SM) fermion mass generation. The
motivation was to achieve dynamical EWSB and to
alleviate the SM naturalness problem. A challenging aspect
in this framework is, however, the fermion mass generation,
where various ideas have been proposed to address this, for
example, with the following approaches:

(i) extended technicolor (ETC) [2],

(ii) partial compositeness (PC) [3],

(iii) fundamental partial compositeness (FPC) [4,5],

(iv) partially composite Higgs (PCH) [6,7].

However, these fermion mass generation approaches may
suffer from problems due to, for example, reintroduction of
new naturalness problems, generation of dangerous flavor
changing neutral currents (FCNCs), or instability of the
Higgs vacuum. In the following, we will discuss these types
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of issues for the different approaches before we present a
novel mechanism alleviating these problems.

For the two former fermion mass generation approaches
(the ETC and PC approaches), the SM fermions couple to
the strong sector arising via higher-dimension operators:
for example, bilinear ETC-type and linear PC operators of
the SM fermions of the form ff¥YY and fYYY, respec-
tively. Here the fields f and W represent, respectively, one
of the SM fermions and the new strongly interacting
fermions (hyperfermions). Those effective couplings may
arise from the exchange of heavy scalar multiplets or heavy
vectors at different “flavor” scales Ay corresponding to the
SM fermions f. For the ETC approach [2], those operators
are responsible for generating the SM-fermion masses m
and Higgs-Yukawa couplings y, typically as follows [8]:

my =y, S g g, (B " (1)
f f\/§ fLIfr Af EW>»

where vgw = 246 GeV is the EW vacuum expectation
value (VEV), gy, e are the couplings between the left-
and right-handed SM fermions, respectively, and their
corresponding heavy scalars or vectors, and Ayc is the
compositeness scale of the composite dynamics by a new
strong hypercolor (HC) gauge group Gyc. However, the
main problem in the ETC approach is the generation of
dangerous FCNCs, since the flavor scale for the top quark
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must be small enough to generate the top mass. However, in
the old ETC models, it was assumed that the large top mass
would be generated by the presence of an infrared con-
formal phase [9] relying on the property that the strong
sector enters a “walking” phase [10] above the compos-
iteness scale. Assuming a new strong coupling conformal
from the flavor scale of the top quark A,, down to Ay, the
top mass renormalized at A, is modified by [8]

) =m () (=) 2)

where y,, is the anomalous mass dimension of the fermion
bilinear, which is nonperturbatively determined. From the
unitarity bounds of scaling dimensions of these operators,
we have y,, > —2 [11]. The walking dynamics can thus lift
the fermion mass and suppress the FCNCs by increasing A,
due to the fact that the FCNC terms are suppressed by ~A;?2
[8]. However, according to Ref. [12], the anomalous mass
dimension can be a maximum of y,, & —2 to achieve the
observed top mass, which is very close to the minimum
value regarding the unitarity bound. It is, therefore, difficult
to obtain the observed top mass with ETC-type operators
without generating a severe amount of FCNCs.

An alternative fermion mass generation approach revived
in the holographic model is the PC approach [3], where the
top quark features a linear coupling to the strong sector of
the form fWYWWYW. This approach helps to avoid FCNCs and
generate a large enough top mass due to the relaxed
unitarity bounds of the anomalous dimensions of operators
consisting of three hyperfermions, y,, > —3. Therefore, we
need —2 2 y,, = —3 [12] in this scenario to generate the
observed top mass. This enhancement from large anoma-
lous dimensions of the fermionic operators allows us to
push the flavor scale high enough without suppressing the
SM-fermion mass operators. The first realistic attempt that
provides a UV completion of CH models was proposed in
Refs. [13,14], where the SM-fermion masses are generated
based on a PC mechanism. In this work, the Techni-Pati-
Salam CH model is presented, based on a renormalizable
gauge theory SU(8)ps ® SU(2); ® SU(2)g. This gauge
group spontaneously breaks in several steps down to
Gyc ® Ggy with the new strong gauge group Gyc =
Sp(4)yc and the SM gauge group Ggy, resulting in
different heavy gauge bosons and scalars. However, the
realization of this framework turns out to be highly non-
trivial in practice due to the theoretical and phenomeno-
logical requirements. In the following, the main motivation
will, therefore, be to construct a more simple UV com-
pletion, which is easier to realize. Before considering such
model examples, we consider the latter two fermion mass
generation approaches that do not include effective oper-
ators, namely, the FPC and PCH approaches.

For the FPC approach [4,5], the fermion masses are
generated via fundamental Yukawa couplings of the form

SPS, involving scalars S charged under the new strong
gauge interactions, Gyc. Unfortunately, the FPC models
are not free from hierarchy problems, since the new
strongly interacting scalars (hyperscalars) need to achieve
their mass from new Higgs-like mechanisms. Regarding
Ref. [5], a fermion mass generated by this approach is
roughly given by m; ~ (Ayc/Ms j)szW, where M is the
mass of the hyperscalar Sy corresponding to the SM-
fermion mass m,. Therefore, the top mass arises from
the Yukawa coupling with the lightest hyperscalar, requir-
ing a mass which is only a few orders of magnitude larger
than the compositeness scale. Thus, these models can
maximally alleviate the SM naturalness problem by a
few orders of magnitude. However, this naturalness prob-
lem can be further alleviated by pushing the compositeness
scale beyond the TeV scope, allowing larger Mg ’ without

suppressing the top mass, but this procedure induces a new
unnatural hierarchy between the compositeness and EW
scale. In this paper, we thus suggest a novel mechanism
where this new hierarchy can be technically natural
explained by softly breaking a global Z, symmetry of
the new strong interactions. Moreover, implementation of
this mechanism in models with ETC-type and PC oper-
ators, even without a walking phase, can enable a much
larger Ayc in Eq. (1) in a technically natural way, resulting
in suppression of the FCNCs and easier construction of a
UV complete theory.

Finally, we consider the PCH approach [6,7,15] gen-
erating the fermion masses in terms of fundamental
Yukawa interactions of the forms W¥® and ffH with
H € ©, where @ is an “elementary” scalar multiplet. In this
framework, the Higgs doublet is a mixture of a composite
doublet and the elementary SU(2); doublet H. Via the
Yukawa interactions of the form YW®, the VEV from the
vacuum misalignment in the composite sector can be
transferred to the neutral CP-even component of the
elementary doublet H, providing fermion masses via
SM-like Yukawa couplings of the form ffH. However,
the renormalization group (RG) running analysis per-
formed in Ref. [16] shows that these models suffer from
a low vacuum instability scale. Supposing stability of the
vacuum in these models up to a minimum of the compos-
iteness scale, the mass parameter of the scalar multiplet ®
can only be pushed to values of a few orders of magnitude
larger than the SM one. Therefore, these models can only
provide a weak alleviation of the SM naturalness problem.
Similarly, for this model type, the SM naturalness problem
can be alleviated by a large compositeness scale based on
the novel mechanism presented here.

Meanwhile, we have learned that a large compositeness
scale can alleviate the issues of the various fermion mass
approaches, which can be technically natural due to a novel
mechanism. Realization of this novel mechanism can be
achieved in models based on vacuum misalignment with an
associated Z, symmetry, providing a minimum of one
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Higgs doublet that is odd under the Z, symmetry. By
vacuum aligning in the direction of the neutral CP-even
component of this doublet with a small angle € resulting in
a large compositeness scale, the global Z, symmetry is very
weakly broken. According to 't Hooft’s naturalness prin-
ciple [1], this small angle is technically natural due to the
fact that the Z, symmetry is restored for a vanishing angle.
Although this is technically natural, then it is important to
note that no dynamical rationale for the smallness of the
vacuum misalignment angle @ is offered. In this paper, the
Higgs boson will arise as a pseudo-Nambu-Goldstone
boson (PNGB) from a spontaneously broken global sym-
metry. The geneology of Higgs bosons as PNGBs includes
“composite Higgs” (CH) bosons [17], PCH bosons
[6,7,15,16], “little Higgs” bosons [18,19], “holographic
extra dimensions” [20,21], and “twin Higgs” bosons [22].
This dynamics may also be realized in ‘“elementary
Goldstone Higgs models” [23] containing only elementary
scalars. In such a model, we need to add at least 26 real
scalars' beyond the SM compared to only six Weyl
fermions strongly interacting under a new gauge group
in the following model example. Furthermore, there are
fewer parameters in the model example presented here. We
leave the study of this class of models to future work. For
concreteness, throughout this work, we consider this
mechanism in the (P)CH framework, where the small
vacuum misalignment angle results in a compositeness
scale up to the Planck scale, leading to potentially a
complete alleviation of the SM naturalness problem,
suppression of FCNCs, and stabilization of the vacuum.

The paper is organized as follows: In Sec. II, we show
the road to UV complete (P)CH models assisted by the
novel mechanism. In Sec. III, we demonstrate this mecha-
nism in a concrete UV complete PCH model, predicting the
Higgs boson as a partially composite particle. In Sec. IV,
we study the vacuum stability of this concrete model. In
Sec. V, we search the parameter space of this model by
gravitational waves from a confinement-induced phase
transition. In Sec. VI, we investigate how neutrino masses
may be loop induced in this model. Finally, in Sec. VIII, we
give our conclusions.

II. THE ROAD TO UV COMPLETE
(P)CH MODELS

We presently focus on CH models with vacuum misalign-
ment based on an underlying gauge description of hyper-
fermions. Different chiral symmetry breaking patterns in

"There exist 14 PNGBs in the SU(6)/Sp(6) coset (II; with
i =1,...,14), which is the minimal coset where the mechanism
presented here can be realized. Regarding the scalar matrix in
Eq. (14) in Ref. [23], we need the scalars o, ©, I1;, and I:Ii (i.e., 30
scalars in total) to realize the mechanism in an elementary
Goldstone Higgs model, where four of them will go to the
Higgs doublet.

these CH models are discussed in Refs. [24,25], and we note
the following minimal cosets with a Higgs candidate and
custodial symmetry: SU(4)/Sp(4) [26], SU(5)/SO(5) [27],
SU(6)/Sp(6) [28], SU(6)/SO(6) [29], and SU(4) x
SU(4)/SU(4) [30]. A Z, symmetry is present in the three
latter cases [28,29,31]. For concreteness, we consider, there-
fore, the minimal composite Higgs model with one Z,-odd
composite Higgs doublet, which is the model example with
the coset SU(6)/Sp(6) [28] consisting of two SU(2)_
doublets and two singlets of Weyl hyperfermions. With this
setup, itis technically natural to have a small misalignment in
the direction of the neutral CP-even component of the Z,-
odd composite Higgs doublet by balancing precisely the
contributions to the Higgs potential from the top loops, gauge
loops, and the explicit masses of the hyperfermions. By
assuming that the compositeness scale is set to the Planck
scale Ayc ~ 4xnf = Mpjaner the vacuum misalignment angle
is @~ 2.5 x 1071% according to the expression of the EW
VEV wvgw = fsy where f is the GB decay constant of the
composite sector. So far, this model example completely
ameliorates the SM naturalness problem. However, we need
to specify a UV complete theory responsible for generating
the SM-fermion masses without introducing new problems.

In this paper, we employ the PCH fermion mass
generation approach [6,7,15,16] to generate the SM-fer-
mion masses. We leave the specifics of possible UV
complete theories with the other fermion mass generation
approaches for future work. Instead of adding effective
operators with ETC and PC or several hypercolored scalars
with FPC approaches, we consider the simplest UV
completion of this SU(6)/Sp(6) CH model, where we
keep the SU(2), elementary Higgs doublet H in the SM.
Therefore, we only need to add six extra Weyl fermions
strongly interacting under a new strong gauge group Gyc,
which may be the minimal SU(2);- gauge group. Different
from the SM, we assume that H is odd under the Z,
symmetry of the composite sector, leading to that the Higgs
boson arises as a mixture between the Z,-odd composite
PNGB from the spontaneously global symmetry breaking
SU(6) —» Sp(6) and the elementary weak doublet H.
Furthermore, via new Yukawa interactions between the
strongly interacting hyperfermions and H, the VEV gen-
erated by the vacuum misalignment in the composite sector
can be transferred to the neutral CP-even component of H,
leading to a VEV v of it. Based on that, the SM fermions
can achieve their masses via ordinary Yukawa couplings to
H. On the other hand, the EW gauge bosons obtain masses
from both the VEV of the elementary Higgs doublet and the
vacuum misalignment in the composite sector such that the
EW scale is set by

vEw = v + f?sin 0, (3)

where 6 (/2 < 6 < r) parametrizes the vacuum misalign-
ment. At sinf = 0 (0 = x), the EW and Z, symmetries are
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unbroken, while at sinf = 1 (6 = z/2) the condensate is
purely SU(2), and the Z, symmetry is broken (this limit is
commonly referred to as bosonic technicolor proposed and
explored in Refs. [32-36]). This concrete PCH model
example is thus technically natural even though the vacuum
misalignment angle 6 is very close to z since the Z,
symmetry is restored for 6 = z. The following section
considers this concrete UV complete model in detail.

III. A CONCRETE PARTIALLY
COMPOSITE HIGGS MODEL

In the following, we focus on the concrete SU(6)/Sp(6)
model [28] explored in Refs. [37-41] with one elementary
Z,-0odd Higgs doublet H as a template for this mechanism.
We assume four Weyl fermions are arranged in two SU(2),_
doublets ¥, = (y,w,)" and ¥, = (ws,ye)?, and two in
SU(2), singlets w34 with hypercharges F1/2. We have
listed in Table I the representations of the gauge groups and
parity under the Z, symmetry of the fermions and the
elementary weak doublet in the model.

A. The condensate and PNGBs

By assuming the Weyl hyperfermions are a fundamental
representation of the new strongly interacting gauge group
Guce = SU(2)ye or Sp(2N)ye, which is the pseudo-real
representation, we can then construct an SU(6) flavor
multiplet by arranging the six Weyl hyperfermions into
an SU(6) vector ¥ = (y', y2, v, w*, w, w®)T. This results
in the chiral symmetry breaking SU(6) — Sp(6) when the
hyperfermions confine. The hyperfermions develop a non-
trivial and antisymmetric vacuum condensate [26]

(VeaWhp)ee?” ~ Egy, 4)

where a, f are spinor indices, a, b are HC indices, and 7, J
are flavor indices. We will suppress the contractions of
these indices for simplicity. The vacuum of the composite
sector giving rise to the VEV of the neutral CP-even
component @, of the Z,-odd composite doublet, by
misalignment, can be written as [26]

TABLE 1. The hyperfermions in the SU(6)/Sp(6) template
model and the elementary Higgs doublet H labeled with their
representations of Gy x SU(3)e x SU(2); x U(1)y and parity
under the Z, symmetry.

Guc  SUB)c  SU@2).  U(l)y 7,
Y= (yry)" u 1 [ 0 +1
V3 U 1 1 -1/2 +1
Wy O 1 1 +1/2 +1
¥y = (ws.we)" 0 1 O 0 =1
H 1 1 O +1/2 -1

+io, 0 0
Ecy = 0 —ioycyg  —Tasp |, (5)
O +1]23€ +i62C9

where o, is the second Pauli matrix, and from now on we
use the definitions s, = sinx, ¢, = cosx, and f, = tan x.

The chiral symmetry breaking SU(6) — Sp(6) results in
14 PNGBs, 7, with a =1,...,14, and thus, 14 SU(6)
broken generators X, correspond to the vacuum Ecy. The
Goldstone bosons around the CH vacuum Eqy are para-
metrized as

2/2i
— T

20 = exp |22 1, 00X, | Ecn (©)

with the decay constant f of them. This model preserves a
Z, symmetry generated by an SU(6) matrix, which is

P =Diag(1,1,1,1,-1,-1), (7)

where the Z,-odd fields of the model are the composite
PNGBs:
q)gdd’ (q)gdd)*7 ¢§dd’ A% A%, (PO- (8)
We have listed in Table II the quantum numbers for the
EW unbroken vacuum (sy =0) and Z, parity of the
PNGBs divided into the groupings: the Z,-even PNGBs
in the minimal Gy/H, = SU(4)/Sp(4) CH subset [26],
and the additional Z,-odd and -even PNGBs in the rest of
the SU(6)/Sp(6) subset. The neutral components of the
composite weak doublets @, ,qq are as follows:

¢R — l¢1 h— iﬂ'3
(DOV n="_/= > 0, = s 9
eve \/E odd \/i ( )
while the elementary Z,-odd doublet is written as
1 ( o —im; )
H=— ) . (10)
V2 \ ~(m}, + im})

B. The chiral Lagrangian and the effective potential

With this field content and vacuum of this specific PCH
model, the underlying Lagrangian describing the new

TABLE II. The PNGBs in the SU(6)/Sp(6) template model
in the EW unbroken vacuum (sy =0) labeled with their
(SU(2)),U(1)y)z, quantum numbers.

Gy/Hy Z,-odd PNGBs Z,-even PNGBs
(I)even = (2» 1/2)+ (Dodd = (2’ 1/2)— n= (1’ 0)+
n' = (1,0), A=(3,0)_

9" =(1.0)
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strong sector and the elementary doublet can be written
as [16]

Lpcy =Y'iy*D,¥Y+D,H D'H
. 1
-m3H'H— )y (H'H)? - (E‘PTM‘I‘

+yuH (PT P + y, H, (P POY) + H.c.> (11)

with H = eH*. We have introduced the spurions

2P}, = 6563 — 8305,
2P} = 5564 — 6uds,

2Plzj - 5i66j3 - 51'35]'67
2P = 61605 — 6 (12)

for the Yukawa interactions yy p, and the vectorlike masses
for the new hyperfermions via the matrix

m1i02 0 0
M = 0 Wl2i62 0 . (13)
0 0 —m3i62

Note that for m; = m, = mjs, the mass matrix is propor-
tional to the EW-preserving vacuum in Eq. (6) with 0 = #
(cog = —1): This is not by chance, as it is indeed the
hyperfermion masses that determine the signs in the
vacuum structure [42].

By demanding the left- and right-handed SM quarks
and leptons transform as ¢q;; = (ur,, A )" = qri
li=rier)” = lois ug; = —ug;, dp; — —dg,, and
er; — —eg,; under the Z, symmetry, the elementary
Z,-0dd scalar doublet H couples to the SM fermions like
the Higgs doublet in the SM with the Yukawa interactions
preserving the Z, symmetry:

Ly =—=y/q, Hug ;- ylb]‘_]L.inR,j
- yészJI:IER’j + H.C. (14)

Below the condensation scale Apc ~4znf, Eq. (11)
yields the following leading-order effective potential:

Ve = myH'H + 2y (H'H)?

1
—dnf3z (5 Tt[{ME] — yy H, Tt[P*3]
— ypH, Tr[P*T] + H.c.), (15)

where Z is a nonperturbative O(1) constant that can be
suggested by lattice simulations [e.g., Z =~ 1.5 in Ref. [43]
for the SU(2) gauge theory with two Dirac (four Weyl)
hyperfermions]. To next-to-leading order, the EW gauge
interactions contribute to the effective potential given by

3
Ve = C,f* <Z G T[T £TTsH
i=1

+ g%Tr[T%ZT%TZTO
=- gf“(%c%...), (16)

where C, is an O(1) form factor that can be computed on
the lattice, and the gauged generators embedded in the
SU(2), ® SU(2)g subgroup of the global symmetry group
SU(6) are identified by the left and right generators

6 0 0 0 0 0
Ti=(0o o0 of, Ti=[0 =" o @17
0 0 o 0 0 0

with i = 1, 2, 3 and o; as the Pauli matrices. This effective
potential is at the one-loop level, and accordingly, the
contribution is subleading comparable to the vectorlike
mass terms. However, we will include this contribution in
the following numerical calculations because these terms
are essential for generating the small neutrino masses in this
model, as discussed in Sec. VI. Thus, to the leading order,
the effective potential of Eq. (15) as a function of the
misalignment angle € and the elementary field o, in
Eq. (10) reads

1 1
Veff = Em%fa%l + ZﬂHﬁz

Yubp
+ 87 3Z(m Cp——=0}S ), 18
f 23Co NG Y (18)

where m,; = m, + m3 and yyp = yy + yp. By assuming
(63) = v in Eq. (10), the vacuum conditions then read

0= Weir = —4\2aZyypfise + miv,
ao—h =0
OV g ( Yup )
0= = 82Zf3 | mysy +—=vcy |, 19
3o |, _, | 2359 NG 0 (19)

where m? = m3, + Ay v*. The first condition visualizes that

the VEV generated by the vacuum misalignment in the
composite sector f'sy can be transferred via the Yukawa
interactions y;, p to the neutral CP-even component of H,
leading to a VEV v of ¢,,. These vacuum conditions yield
the parameter expressions

comit; -
sz__Sﬂ'Zf’ yUD_4\/§ﬂ:Zf2 ( )

with t; = v/(fse). Unlike the Higgs mechanism in the SM,
the squared mass parameter m% of the elementary Higgs
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doublet in Eq. (15) does not need to change the sign to
trigger the EWSB.

According to the Higgs potential in Eq. (15), the neutral
CP-even scalar mass matrix in the basis (6, k) can be
written as

140
Mlz-liggs = m%(

o ) (21)

2
—C(,yl/} t/}

where § = 215v%/m?. The mass eigenstates are given in
terms of the interaction eigenstates by

hl = CuqOp — sah9 hZ = 840 + C(lh (22)

with
2t4¢
5Co
by =—T——"5—=. 23
2a 1— 1[21 15 ( )
The corresponding masses of these eigenstates are
m2
mp = 7* [1+ 25+ 6 + (2cotpsa,
+(1- té +6)caq)]- (24)

The lightest of these eigenstates will be identified with the
125-GeV SM Higgs boson. For 1+ 6 < tf; and in the

following, this is the A, state.

This model features seven parameters relevant to our
study: my, my3, yyp, My, A, Sg, f, and tg, and four
constraint equations including the EW scale in Eq. (3), the
two vacuum conditions in Eq. (19), and the Higgs mass in
Eq. (24). From now on, we set m; = 0 for simplicity. Thus,
we can assume that my, f, and iy are free parameters.
Furthermore, the SM naturalness problem is almost com-
pletely alleviated by fixing Agc ~4zf = mpjgac  and
my = f ~ 10'® GeV, which requires a small vacuum mis-
alignment of sy =1x1071°...5x 107!8 for 15 = 2...50.
According to ’t Hooft’s naturalness principle [1], such a
small misalignment is technically natural due to the
restoration of the global Z, symmetry when s, =0.
From now on, the only free parameter is ;.

IV. RG ANALYSIS AND VACUUM STABILITY

As concluded in Ref. [16], PCH models may suffer from
a low vacuum instability scale, which is the energy scale
below the Planck scale where the quartic coupling, e.g., 1y
in Eq. (11), runs to negative values. Such an instability
originates from the fact that the top Yukawa coupling of the
elementary interaction eigenstate o, is enhanced compared
to the SM Higgs boson [44] by

Y = }’tSM/S/}, (25)

where y, and yM are the enhanced and SM top Yukawa
couplings, respectively.

In the following, we numerically calculate the RG
running of the quartic coupling Ay in Eq. (11).
Moreover, in this RG analysis, we assume that the top
Yukawa and the EW gauge couplings run as in the SM
below the compositeness scale, since all values of the
couplings are SM-like after the condensation, and we
neglect the effects on the quartic coupling running during
the confinement. We will, therefore, use the SM RG
equations up to three loops in Ref. [45]. We fix the initial
values of the SM gauge couplings at u, = my, and the
value of the SM top Yukawa from y$™(m,) as in Ref. [46].
We assume further that no composite states other than the
Higgs state affect the running of 15 due to the fact that all of
these states are integrated out below f~ 1 x 10'® GeV,
because their masses are between f and ~f1; for small t/;2.
For example, expanding in s% and t,}z, the mass eigenstate
h, in Eq. (22) has the mass m,, =~ f[t; + 1/(2t4)].

By requiring stability of the vacuum up to the compos-
iteness scale, an upper bound on the mass parameter is found
in Ref. [16] to be roughly m7 < (100s;' GeV)?. In our
scenario, where the mass parameter is close to the Planck
scale, it is impossible to avoid a small vacuum instability
scale without decreasing s, to a small value. Fortunately, a
small value of s, is technically natural in this model.
Therefore, we can avoid a critical small instability scale,
even if my = f ~ 1 x 10'® GeV, requiring that s, <1 x
10716 (t3 Z 2). This is illustrated in Fig. 1, where different
RG evolutions of the quartic coupling 15 for various 7 are
plotted by varying the RG scale, u. The black dashed curve
represents the RG evolution of the SM quartic coupling, Agy.

0.10

0.05

Ay

-0.05}
10 10% 107 10° 10" 10" 10" 10'7 10"
K [GeV]

FIG. 1. RG evolution of the quartic coupling A5 up to three loops
as a function of the RG scale u for various 7; = 4.2, 5.0, 10, 50,
where C, = 1.0and my = f~1x 10'® GeV. The dashed black
line represents the RG evolution of the SM quartic coupling Agy;. In
all of these RG calculations, we have used the best measured
values of the different masses and couplings. For example,
my, = 125.25 £ 0.17 GeV and m, = 172.76 £ 0.30 GeV [47].
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The figure shows that the vacuum instability scale increases
for larger 75 According to the figure, the estimate of the
upper bound of my in Ref. [16] is slightly inaccurate for
large compositeness scales in this model; for example, we
need that 75 > 50 (sg < 5 x 107'®) to obtain a stable vacuum
up to the Planck scale when my = f ~ 1 x 10'® GeV.

However, an intriguing outcome of the Higgs discovery
has been the finding that the certain Higgs mass leads to a
vacuum lying very close to the boundary between the
stability and metastability regions [45]. Although the SM
quartic coupling runs to negative values at ~10'0 GeV as
shown by the dashed curve in Fig. 1, the SM vacuum may
be metastable and thus not unstable. The same is true of the
vacuum in this model. In Fig. 4 in Ref. [45], this near
criticality of the Higgs boson is investigated and depicted
in a phase diagram in terms of the SM quartic Higgs
coupling Agy and top Yukawa coupling y?™ normalized at
the Planck scale. A similar stability phase diagram for this
model is shown here in Fig. 2 in terms of 7; and Ay
renormalized at the Planck scale, where the green, yellow,
and red regions represent, respectively, a stable, metastable,
and unstable vacuum. For the entire phase diagram, the top
Yukawa coupling at the Planck scale is in the range
Vi (Mppaner) = 0.40...0.53, giving rise to a metastability
constraint of the quartic coupling of Ay (Mppanek) =
—0.046 [45] and stability constraint Ay (mpignex) = 0.

In Fig. 2, the red (blue) curves show the stability state of
the vacuum for C, = 1.0 (C, = 5.0) with 36 band of the
top mass m, = 172.76 £ 0.30 GeV, where C,, is the O(1)
form factor of the gauge loop potential contributions in
Eq. (16). For C, = 1.0, the vacuum may be minimum
metastable down to 3 & 4.1 (15 ~ 3.9 in the 36 band of the

0.01

0.00 F

Stability

Metastability

Instability

A (Mplanck)
| | | |
e 2 2 2
> > > >
E & 0 =

— C,=1.0

—0.05f *fs — C4=5.0

—-0.06f

FIG.2. The phase diagram of the vacuum stability in terms of #;
and the quartic coupling renormalized at the Planck scale
At (Mpiane ). Depending on these parameters, the vacuum is
either stable, metastable, or unstable. The red (blue) lines show
the stability state of the vacuum for C;, = 1.0 (C, = 5.0) in the 3¢
band of the top mass m;, = 171.86...173.66 GeV [47] from the
dashed to dotted lines, while for the solid lines, the top mass is at
its expectation value of m, = 172.76 GeV [47].

top mass), while there may be no instability constraint of 74
for C, = 5.0. However, there are no solutions for the Higgs
mass condition for 73 < 2.1. Thus, the vacuum with the
values 73 = 4.2 and C, = 1.0 lies close to the boundary
between metastability and instability, even though the
quartic coupling runs to negative values already at
~107 GeV, as shown by the blue curve in Fig. 1. For
large 15, the subleading contributions from the EW gauge
interactions in Eq. (16) are neglectable in the effective
potential shown by the fact that the red (C;, = 1.0) and blue
(C, = 5.0) curves merge in Fig. 2 for #; 2 10. Finally, for
tg 2 13.5, the vacuum may be stable for the lower part of
the 30 band of the top mass.

In conclusion, if we permit the vacuum to be metastable
like in the SM, it allows lower values of 75. As we will see
in Sec. VI, smaller values of 7 are necessary for this model
to generate viable neutrino masses and mixing. Before
considering the neutrino physics of this model, we will
consider how the parameter space can be searched by
gravitational waves from a confinement-induced phase
transition.

V. CONSTRAINTS FROM
GRAVITATIONAL WAVES

This theory undergoes a phase transition, where the new
strong dynamics confines at about the temperature 7, ~ f.
This phase transition may generate gravitational waves
(GWs) [48]. During a first-order phase transition, GWs can
be generated by bubble collisions [49,50], stirred acoustic
waves [51,52], and magnetohydrodynamic turbulence in
the supercooling plasma [53,54]. The total power spectrum
of the GWs consists of these three components, which can
be written as

where v denotes the frequency of the GWs, while
Qe (V), B?Qq, (), and h?Q (v) are the power spectra
of the GWs, respectively, from bubble collisions in the
envelope approximation (found in Ref. [49]), acoustic
waves (in Ref. [51]), and Kolmogorov-type turbulence
(in Refs. [53,54]). The full expressions of these spectra are
given in Ref. [55]. The GW spectrum from first-order phase
transitions is generally characterized by two essential
parameters a(T,) and f(T,)/H, evaluated at the temper-
ature during the phase transition, 7', = f. The parameter o
is the ratio of the vacuum energy density and radiation
energy density, while /H, is the nucleation rate divided
with the Hubble rate during the phase transition, which
measures the time duration of the phase transition.

In Fig. 3, the present (upper) and future (lower panel)
exclusions in the parameter space of a and f/H, are
depicted for various compositeness scales Agc = Mppanck
(blue), 10'7 GeV (red), and 10" GeV (green regions) set
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1010_
a..'!g“
108F ° st
M-:a
:”" i
108} - o
= L,
] Ao
104_ - ..g.":.a‘
A{c=Mpjanck S
102 Apc=10"GeV
Auc=10"3GeV
100 C1

10 10* 103 1072
a
Future Sensitivity

10 1077 10°©

1010 C
CI
1081 ° tddm,,
ol
..”Q. ; ..
108 S 2,
f * :o'..f‘ .
Q. “.qg..'.‘.
104" 0o .0351.3.“
AHc=Mpjanck N
102} I\Hc=1017GeV
Anc=10"5GeV
100 C1 1 1 1 1 1 1
10-® 107 10 10° 10* 10° 1072
a
FIG. 3. The present (upper panel) and future (lower panel)

exclusions are depicted in the parameter space of « and /H, for
various compositeness scales Apyc = Mpyner (blue), 10'7 GeV
(red), and 10" GeV (green shaded region) set by the GW
experiments in Refs. [56,57]. The red points give successful
SFOEWPTs.

by the constraints from Refs. [56,57] on h’Q in Eq. (26)
(the full expression of h>Q is given in Ref. [55]). In
Ref. [56], the first experimental upper limits on the
presence of stochastic GWs are in a frequency band above
1 THz set by an experimental setup of graviton-to-photon
conversion in a constant magnetic field. Those constraints
exclude GWs in the frequency bands from (2.7 — 14) x
10" Hz and (5-12) x 10" Hz down to amplitudes
h?Q~6x 107 and h’Q~5 x 1072® at 95% confidence
level, respectively. Furthermore, according to Ref. [57],
GHz GWs can be probed by a graviton-magnon detector

which measures the resonance fluorescence of magnons.
The sensitivity of this detector reaches amplitudes at
h?*Q ~1071 and h*’Q~ 102! with the frequencies 14
and 8.2 GHz, respectively. However, that detector sets
typically weaker constraints of this model than the THz
detectors in Ref. [56] due to their weaker sensitivities and
the fact that the peak frequencies of the GWs produced by
this model are larger relative to the GHz ballpark. The peak
frequency of the GWs for Ayc = Mipjaek 1S approximately
given by e ~3 x 10 (/H,) Hz and is, therefore,
typically larger relative to the GHz range.

In the following, we will make an analysis of the
parameter space of a and f/H, in this model leading
to successful strong first-order EW phase transitions
(SFOEWPTs). A similar analysis is made in Ref. [58],
where the CH coset SO(6)/SO(5) ~ SU(4)/Sp(4) is con-
sidered. At finite temperature, the effective Lagrangian of
the composite PNGBs /4 and 5 in Sec. I1I B receives thermal
corrections and vacuum structure changes. To the leading
T2 terms, the finite temperature effective potential in terms
of h and 7 is given by [59]

2T, A 5 e, T?
Vi(hog) =H0E0 gy Dy B TG o
2 4 2
y! A
Dy 4 T 22 27
gt (27)
where
L ORAG A w _h
h 16 2 12 T4t 3

The coefficients y; , and 4,4, are determined by the

vectorlike masses of the hyperfermions in Eq. (13), the
gauge interactions in Eq. (16), and the mass mixing
between h and o), in Eq. (21).

The necessary condition for SFOEWPT is the existence
of two degenerate vacua at some critical temperature 7.
Here, the red points in Fig. 3 fulfill the conditions for a
“two-step” phase transition® in which the VEVs of the
composite PNGBs £ and 5 ({h), (n)) changed as (0,0) —
(0,v,) = (v,.0) with v, = fsy when the Universe was
cooled down from the temperature 7 > m;, to T = 0.
Therefore, there should exist two degenerate vacua at some
critical temperature [58]

There exists another possible SFOEWPT mechanism called
the “one-step” SFOEWPT, in which a potential barrier is induced
only along the £ direction, and the # never achieves a VEV [59].
However, in this case, we need to include the thermal corrections
depending linearly on T which leads to gauge-dependent critical
temperature and VEV T and v, [60]. Thus, we will not consider
this scenario here.

013002-8



TECHNICALLY NATURAL HIGGS BOSON FROM PLANCK SCALE

PHYS. REV. D 106, 013002 (2022)

AV
eV = cn/Iy

T? (28)

The condition of two degenerate vacua for Vi(h,n) in
Eq. (27) is [58]

2
“n

<—=<
chﬂ%,\//l_h/lh

Vi < Aﬂ (29)

Note that degenerate vacua are necessary but not adequate
for a SFOEWPT. To achieve a SFOEWPT, the critical
condition

S3( n) 5 Planck
— " ~4Inl Z—=) ~ 14
! n( m 0 (30)

n n

should be satisfied at some nucleation temperature 7,
which can be checked by calculating the bubble nucleation
rate per volume in the early Universe

P8\
‘—/NT4 <2JT—T) e S3(T)/T. (31)

Here, S; is the classical action of the O(3) symmetric
bounce solution [61] and &~ 0.03.

Numerically, we use the CosmoTransitions package [62] to
estimate the parameters a and f/H, that provide degen-
erate vacua and fulfill the condition in Eq. (30), leading to
SFOEWPTs. These parameter sets are represented by
the red points in Fig. 3. Thus, regarding the figure for
Afic = Mpjanck, there is an upper limit of the parameter a <
3 x 10~ and lower limit of #/H, = 1 x 10°, which may be
improved to a <8x107% and f/H, >4 x 10° by the
proposed future experiments in Ref. [56]. Overall, it opens
up the possibility of probing this model with GWs by
improving the sensitivities in the GW experiments in the
frequency band above 1 THz.

VI. LOOP-INDUCED NEUTRINO MASSES

Another mysterious missing piece in our understanding
of the Universe is that the neutrinos have masses that are
several orders of magnitude smaller than those of the
charged fermions. The simplest solution to this puzzle is
the seesaw mechanism [63—65], which requires a typical
new scale Ay ~ 102 GeV. In this section, we explore
the possibility of realizing a one-loop radiative seesaw
mechanism in this partially composite multi-Higgs scheme
by considering the studies in Ref. [41]. However, the
neutral component of a Z,-even doublet, not of a
Z,-0dd as in Ref. [66], runs in the loop as in Fig. 4.

(H®) (H®)
N 7/
N 7/
AN V4
0 N7 0
H, o H,
» |
/ \

/ \
— L e
VLi Npr Ngrr VL,

FIG. 4. One-loop radiative Majorana neutrino masses in this
model similar to the scotogenic model proposed in Ref. [66].

A. The Lagrangian and scalar potential terms
in the neutrino sector

To incorporate this mechanism, we need to add a new
Z,-even elementary weak doublet with hypercharge +1/2,

()

and three right-handed neutrino SM singlets Ng; with
i=1, 2, 3 transforming even under the global Z,
symmetry.

Thus, new fundamental Yukawa couplings with the
neutrino fields can be written as

L"Y D —hisz,l‘HyNR'j =+ H.c. (33)
Furthermore, the new elementary Z,-even doublet H, is
allowed to be coupled to the composite Higgs sector by

adding new fundamental Yukawa couplings between H,
and the Z,-even hyperfermions to Eq. (11):

Lpcy D =y H u,a(\PTP o)
-y, H, (P P*Y) + Hec., (34)

where we introduce the spurions

2P} ;i =6183—638;1, 2P, =6p83— 0630,
2i)l£,ij — 5”5]'4 - 5i45jl N 2P37U — 61'251'4 - 5i45j2' (35)

In the following, we assume y; = y, for simplicity. Below
the condensation scale Ayc ~4zf, Eq. (34) yields the
following contributions to the effective potential in
Eq. (15):

ngf D4rnf3Z,(y\H,  Tr[PI]
+ y,H, ,Tr[P?E] + H.c.), (36)

where Z, is a nonperturbative O(1) constant. From now on,
we assume that Z, = Z =~ 1.5 for simplicity.
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Finally, we add all the allowed terms including the new
doublet to the underlying Lagrangian in Eq. (11) that
conserves all the symmetries, which are given by

Lecu D D,H,D,H, —m} HiH,
— Ay (HYH,)? = WH'HH{H,
- LH'H,HJH — (13(H'H,)> +Hc.). (37)

In the following, we assume my =my = f to avoid
naturalness problems and 4;,3 = 1 for simplicity, which
has an insignificant influence on the RG running of 1y
since the components of H, have large O(f) masses and are
“integrated out.” Note that the above potential contributions
from the neutrino sector do not change the masses of the
mass eigenstates &, , in Eq. (24), where £, is still identified
with the 125-GeV SM Higgs boson. Furthermore, the new
elementary doublet has no influence on the vacuum
structure discussed in Sec. III.

B. The masses and mixing of the neutrinos

The mixing mass matrices M3 and M? in the bases
(og,¢r) and (o;, ¢;), respectively, are generated by the
potential of the neutral components of the elementary and
composite Z,-even Higgs doublets in Eqgs. (9) and (32),
which are given by

M — i <2/13 v? 0 )
. 0 1¢,3g + @) fco
—Zl:; ’U2 O

M2 = B + (
0  3C,(8¢7 + (g7 —

with

i (mH 3 (A1 + Ap)v?
—4\21Zy2f o)

—4\/§7TZ)712f2€9/2)
8xZfmy +3mit; ’

where y;, = y; + y,. Therefore, a mass splitting is gen-
erated between the masses mpg; of the mass eigenstates
6, consisting mostly of the neutral components o ; in
Eq. (32), respectively.

Assuming that the right-handed neutrinos Ng; are not
much heavier than the neutral components of the new
Z,-even doublet, small Majorana masses of the left-handed
neutrinos are generated by the loop diagram shown in
Fig. 4, analogous to the one in the traditional scotogenic
model [66]. The loop diagram results in the mass expres-
sion [66]

3 ik 1, jk 2 2
. hikpi { m m
S =) M R —In (—R>
v k
p (47)? my —M? \M?

-L%Mz ( )] Zh’khf"” o (39)

where M; denotes the masses of the right-handed neutrinos,
Np ;. To obtain nonzero neutrino masses, we need a mass
splitting between the masses my; of the mass eigenstates
Gg.1» Tespectively, given by Eq. (38).

By ignoring the gauge loop potential contributions in
Eq. (38),i.e., g,y = 0, the mass splitting between the mass
eigenstates &5 ; will only depend on the 4302 term, which is
negligible relative to their masses since mpg; ~ f > v. In
this scenario, either the neutrino Yukawa couplings A" in
Eq. (33) or the quartic coupling A5 in Eq. (37) needs to be
nonperturbatively large (h'/,1; > 4x) to achieve large
enough neutrino masses. When the gauge interactions
are turned on, a mass splitting will be generated in the
order of f between the composite states ¢ ;, resulting in a
more significant mass splitting of &z ; via the Yukawa
couplings y; , in Eq. (34). As shown in the following, this
mass splitting may be enough to generate large enough
neutrino masses with perturbative couplings. In this model,
the neutrino masses are thus dynamically loop induced by
the composite dynamics via the EW gauge and Yukawa
interactions.

Before we present the numerical calculations, we need to
define the neutrino mass matrix in Eq. (39), which can be
diagonalized as

mzl/)mg = UgMNSmuUPMNS = Diag(m My, My ) (40)
where m, with i = 1, 2, 3 are the left-handed neutrino
masses. The matrix Upyns = UU,, is the Pontecorvo-
Maki-Nakagawa-Sakata (PMNS) matrix, where U,, =
Diag(1, e'#1/2, ¢'#2/2) encoding the Majorana phases and
the matrix U is parametrized as

—id

C12€13 $12€13 S13€
is is
—812€23 — C12523513€ C12€C23 = 812823513€ $23€C13
i i5
$12823 — C12€3813€"0 —C12823 —§12C3813€"0  €23C13
with the mixing angles s;; = sin6;;, ¢;; = cos 0;;, and the

Dirac phase 6. In this paper, we assume that the Majorana
and Dirac phases are vanishing (¢, , = 0 and 6 = 0), but it
is possible to add them without significant changes of our
conclusions.

C. Numerical results

In the following, we fit to the best-fit experimental values

for the mass-squared differences (Am;; = m,% - mb ) and

mixing angles (s;; = sin 6;;), which are given in Ref. [67]
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for both normal hierarchy (NH) of the neutrinos, i.e.,
m,, < m,, < m,, and inverted hierarchy (IH), i.e., m,, <
m,, < m,,.Finally, we also include the upper bound on the
sum of the neutrino masses coming from cosmology. The
most reliable bound is from the Planck Collaboration [68],

> m, 5023 eV. (41)

i

In the following calculations, we have chosen the NH
of the neutrinos, where m, = 0.0010 eV, leading to
m,, = 0.0087 eV, m, =0.050 eV, and therefore, the
bound in Eq. (41) is fulfilled. If we choose IH or another
value of m, , the following conclusions will not change
significantly. Furthermore, we assume that the right-handed
neutrino masses are M;/2=my=my =f~1x10"8 GeV
and the vectorlike mass of the hyperfermion doublet ¥, is
m; = my3/2, because those values give rise to the most
favorable results.

In Fig. 5, for Ayc ~4xnf = mppne. We have plotted
8, =3} |E,, [defined in Eq. (39)] as function of #; for
various Yukawa couplings y;, and for Cg =1.0, 2.5, 4.0,
5.0. The black solid line represents the case with neutrino
Yukawa couplings i of order unity resulting in viable
neutrino masses and mixing in Eq. (40), while the black
dashed line represents the case with the largest perturbative
value of 4/, i.e., below this line max(|h"/|) > 4z. Note that
the red and green lines stop below 75~ 3.9 and 73~ 3.7,
respectively, because the vacuum is unstable below these
values with the top mass in its 3¢ band, for example, shown
for C, = 1.0 (the red lines) in Fig. 2.

Assuming C, = 1.0, y;, = 10, and 75 = 3.9, there exists
one positive, real solution of the neutrino Yukawa coupling

AnC~Mplanck
107!

----- Cy=1.0, yq2=47T

—— Cy=1.0, y; 2=10

0720 Cy=2.5, y1 y=470

—— Cy=2.5, y1,2=5.0

~~.

----- Cy=4.0, y1,2=5.0
—— Cy=4.0, ;1 ,=1.0

E,[eV]
.
=
&
0y
Y
N\
Y
——
>
—
S ,’,—”

————— Cy=5.0, y1,2=5.0

Ll
10 —— C,=5.0, y1 ,=1.0

————— max(|hil|)=4r

— In'I=0(1)

FIG. 5. E = Z?ZIE,“- defined in Eq. (39) for varying ¢4 for
various Yukawa couplings y;, and for C, = 1.0, 2.5, 4.0, 5.0,
where Ayc ~4zf = mppue. The black solid (or dashed) line
represents the case with neutrino Yukawa couplings A" of order
unity [or with the largest perturbative value of hY, i.e.,
max (|h¥|) = 4x], resulting in viable neutrino masses and mixing
in Eq. (40).

constants with maximal number of zeroes by using
Eq. (39):

253 3.69 0.62
h' = 0 743 9.17 |. (42)
0 0 9.99

Considering the upper limit of the 3¢ band of the top mass
for C;, = 1.0 (the dotted red line) in Fig. 2, it is required that
tg 2 4.6 to obtain a metastable vacuum. These values of 74
may be too large to provide perturbative Yukawa couplings,
h',y,, < 4, since the dashed red line (for C, = 1.0 and
Y12 = 4r) in Fig. 5 is below the dashed black curve (i.e.,
max(|h"|) > 4x) for 15 % 4.7. Therefore, if C, is calculated
by lattice simulations to be below 1.0, a more accurate
measurement of the top mass may probe this theory.

The Yukawa couplings A, y, , ~ O(1) by assuming that
C,=4.0, y, =5.0 and 75 = 3.2. Thus, there exists one
positive, real solution of the neutrino Yukawa coupling
constants with maximal number of zeroes:

119 171 032
hi=| 0 365 436 |. (43)
0 0 482

Therefore, if the Yukawa couplings h"/,y,, are of order
unity, we need that C, 24 to obtain heavy enough
neutrinos, where smaller Yukawa couplings require larger
C,. This theory can thus be probed by calculating C, by
lattice simulations. In addition, there is a spectrum of
solutions for 1.0 < C,, < 4.0, where O(1) < h, y;, < 10.
There is also the possibility that the compositeness scale
is smaller than the Planck scale, for example, Ayc ~ 4zf =
10" GeV with M,;/2 = my =my = f~8x 10" GeV.
Assuming that C, = 1.0, y;, = 2.5, and 13 = 4.2, there
exists one positive, real solution of the neutrino Yukawa
coupling constants with maximal number of zeroes:

115 1.66 031
hi=| 0 354 423 ], (44)
0 0 468

With this compositeness scale, many solutions exist like
this, where all the Yukawa couplings h",y , ~ O(1).
However, we suppose in these calculations that the vacuum
is metastable by assuming that the running of 15 above Ay
does not result in an unstable vacuum. We have relegated
the detailed study of the stability for the scenarios with
Ayic < Mppnex to future work.

Note for Agyc ~ Mpjanek» all the dimensionful fundamen-
tal parameters of this theory are approximate of the order of
fr~1x 108 GeV (close to the reduced Planck scale,
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Mplanck = mPlanck/\/8— ~2.5f): my= my, = M1/2 =f
and 6m; = 3m, 3~ f. Furthermore, the reason for the
choice of loop-induced neutrino masses instead of masses
generated by a standard seesaw mechanism is the fact that
the partially composite nature of the scalars appearing in
the loop plays a crucial role in predicting a near-degenerate
spectrum, which yields a large suppression of the loop-
induced neutrino masses. Because of this large suppression,
the right-handed neutrino masses up to the order of
f~1x10" GeV can induce large enough neutrino
masses. At the same time, a composite realization of the
standard seesaw mechanism only requires right-handed
neutrino masses, which are M; < O(10"%) GeV [69,70].
Therefore, the one-loop-induced neutrino masses allow
right-handed neutrino masses of the order of fx
1 x 10'® GeV like the other dimensionful fundamental
parameters of this theory.

VII. FUTURE WORK

A future perspective of this model may be to extend it to
dynamically generate the explicit masses of the fermions,
like in the PCH model proposed in Ref. [15]. In such a
model, the elementary scalar doublets H and H, are
extended to a complete two-index antisymmetric SU(6)
representation, allowing for the Yukawa interactions of
the elementary scalars and the hyperfermions to remain
SU(6) symmetric. In such a model, the vectorlike masses
m;,5 and the right-handed neutrino masses M; may be
generated via dynamically induced VEVs in the order of f
of the EW-singlet components of the new elementary scalar
multiplet.

Finally, in this scenario with a compositeness scale close
to the Planck scale, an interesting question arises about the
global symmetries that determine the novel mechanism in
this model. There are general expectations that all global
symmetries are explicitly broken by gravitational effects
[71], supported by theoretical calculations indicating
explicit breaking of global symmetries by sources such
as black holes [72] or wormholes [73]. However, there is so
far no clear understanding of what the actual sources,
mechanisms, or magnitude of the explicit breaking of
global symmetries by gravity might be. For example, in
many theories which are asymptotically safe, there are
some indications that global symmetries might be pre-
served [74-79]. Furthermore, if there are violations of the
global symmetries in this model their magnitude may be
constrained by the cosmic birefringence measurements
studied in Ref. [80]. The studies of such violations in this
model are left for future work.

VIII. CONCLUSIONS

This paper has presented a novel mechanism that may
assist in UV completing (partially) composite Higgs
models. With this mechanism, the compositeness scale

of these models can be pushed up to the Planck scale in a
technically natural manner, resulting in a complete remedy
of the SM naturalness problem. For concreteness, we have
demonstrated it in a minimal partially composite two-Higgs
scheme with the composite coset SU(6)/Sp(6) featuring a
Z,-0odd and -even partially composite Higgs doublet as
PNGBs. In this concrete model example, the Z,-odd scalar
doublet triggers both the EWSB and the mass generation of
the charged SM fermions based on vacuum misalignment
with a small angle (sin@ < 10719), leading to softly break-
ing the Z, symmetry of the composite dynamics.
According to the 't Hooft naturalness principle [1], this
limit (sin@ — 0) is technically natural as it reveals the
restoration of the global Z, symmetry. Furthermore, a
natural near degeneracy of the neutral components of the
Z,-even scalar doublet features small loop-induced neu-
trino masses, where the composite dynamics generates this
nondegeneracy via the EW gauge and Yukawa interactions.

A vacuum stability analysis of this concrete partially
composite Higgs model results in a lower bound on the
parameter 74 that provides either a metastable or stable
vacuum. This lower bound depends on the nonperturbative
coefficient of the EW gauge loop potential contributions C,
and the top mass. For example, when C;, = 1.0, the vacuum
may be minimum metastable down to 73 % 3.9 in the 30
band of the top mass. Moreover, assuming that all the
Yukawa couplings are perturbative (h,y,, < 4x), the
neutrino sector of this theory may be probed by lattice
calculations of C, or a more accurate measurement of the
top mass. Furthermore, the parameter space of this concrete
model can already be searched by gravitational waves from
a confinement-induced phase transition, where future
gravitational wave experiments at frequencies above the
THz ballpark can further improve this search.

Finally, for this model example, all the dimensionful
fundamental parameters are approximately in the order of
f~1x10" GeV: for example, 6m; = 3my3~ M,/2 =
my = my = f. Thus, a future perspective of this model
may be to extend it to dynamically generate the vectorlike
masses of the hyperfermions and the right-handed neu-
trino masses. In such a model, we propose an SU(6)
completion of the elementary scalar sector similar to the
SU(4) completion in the SU(4)/Sp(4) partially composite
Higgs model presented in Ref. [15]. However, we have left
a detailed study of this extension for future work.
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