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1. Introduction

Asymptotic safety (AS) is the property of a quantum field theory to develop fixed points of
the renormalization group (RG) flow of the action [1]. Following the development of functional
renormalization group (FRG) techniques a few decades ago [2, 3], it was shown that AS could
arise quite naturally in quantum gravity and provide the key ingredient for the non-perturbative
renormalizability of the theory. Fixed points were identified initially for the rescaled Newton
coupling and the cosmological constant in the Einstein-Hilbert truncation of the effective action [4–
6], and later confirmed in the presence of gravitational operators of increasing mass dimension [7–
15], and of matter-field operators [16–18].

The properties of asymptotically safe quantum gravity may also influence particle physics
in four space-time dimensions, as not only the gravitational action but the full system of gravity
and matter may feature ultraviolet (UV) fixed points in the energy regime where gravitational
interactions become strong [19–30]. A trans-Planckian fixed point may thus induce some specific
boundary conditions for some of the a priori free couplings of the matter Lagrangian, as long as
they correspond to irrelevant directions in theory space. Early “successes” of AS applied to particle
physics are a gravity-driven solution to the triviality problem in U(1) gauge theories [31–33]; a
ballpark prediction for the value of the Higgs mass (more precisely, of the quartic coupling of the
Higgs potential) obtained a few years ahead of its discovery [34]; and the retroactive “postdiction”
of the top-mass value [35].

In these proceedings we report on two recent papers, Refs. [36, 37], in which we proposed a
way of obtaining dynamically a naturally small Yukawa coupling in the framework of AS.

A large amount of atmospheric, reactor, and accelerator data have robustly shown that neutrinos
have a mass, and that their mass is much smaller than the masses of the other fermions of the Standard
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Model (SM). If (Dirac) neutrino masses were generated via the Higgs mechanism, they would require
a minuscule Yukawa coupling, of the order of 10−13, lower by several orders of magnitude than the
other SM Yukawa couplings, which range between ∼ 10−5 and 1. To deal with such uncomfortably
and potentially unnaturally small values, numerous new physics (NP) constructions have been
developed in recent decades with the goal of dynamically generating the neutrino mass [38–49].
Unlike in those works, our mechanism does not have to be suppressed by a large Majorana scale,
like in the see-saw mechanism, nor is it parameterized by the small spontaneous breaking of lepton-
number symmetry, like in the inverse see-saw model. Rather, the trans-Planckian RG flow of the
neutrino Yukawa coupling develops a Gaussian infrared (IR)-attractive fixed point. The neutrino
can naturally be a Dirac particle, because its Yukawa coupling will be exponentially suppressed.

The simple ingredient beneath our construction is that the trans-Planckian renormalization
group equations (RGEs) should accommodate a negative critical exponent for the Gaussian fixed
point of the neutrino Yukawa coupling. Such a feature should ideally emerge from a first-principle
calculation based on the FRG. It turns out, however, that at least in the SM with right-handed
neutrinos (SMRHN) it may not be easy to obtain full consistency between the quantum-gravity
calculation and a phenomenologically viable neutrino-mass generation, because of stringent indirect
constraints on the gravitational parameters stemming in this construction from the measured value
of the hypercharge gauge coupling. The problem can be avoided by substituting the dynamical effect
of the hypercharge-coupling fixed point with an equivalent effect due to other couplings that are not
well-measured yet, trading thus a constraint for a prediction. We considered in Ref. [37] perhaps the
simplest and most natural extension of the SMRHN, the well-known gauged 𝐵 − 𝐿 model [50, 51],
which extends the SM gauge group with an abelian U(1)𝐵−𝐿 symmetry. The gauge coupling 𝑔𝐵−𝐿
and kinetic mixing 𝑔𝜖 can generate a negative critical exponent for the neutrino Yukawa coupling in
the same way as 𝑔𝑌 does in the SMRHN. Interestingly, by being endowed with a NP scalar field, the
model provides a natural framework for the spontaneous generation of intermediate scales, either
directly or via dimensional transmutation with the Coleman-Weinberg mechanism [52]. Assuming
the latter applies, it is then interesting to compute potential gravitational-wave (GW) signatures
from first-order phase transitions (FOPTs) [53–56] (see also Ref. [57] for a recent comprehensive
review). We investigated them in Ref. [37], with the ultimate hope of associating some of their
features to the dynamical generation of a Majorana or a Dirac neutrino mass in the context of AS.

2. General notions of asymptotic safety

The scale-dependence of all Lagrangian couplings is encoded in the RG flow. In AS, quantum
gravity effects kick in at about the Planck scale, where the flow of the gravitational action develops
dynamically a fixed point. Let us consider a (renormalizable) matter theory with gauge and Yukawa
interactions. The RGEs receive modifications above the Planck scale that look like

𝑑𝑔𝑖

𝑑𝑡
= 𝛽

(matter)
𝑖

− 𝑓𝑔 𝑔𝑖 (1)

𝑑𝑦 𝑗

𝑑𝑡
= 𝛽

(matter)
𝑗

− 𝑓𝑦 𝑦 𝑗 , (2)

where we indicate the renormalization scale with 𝑡 = ln 𝜇 , 𝑔𝑖 and 𝑦 𝑗 (with 𝑖, 𝑗 = 1, 2, 3 . . . ) are the
set of gauge and Yukawa couplings, respectively, and the original beta functions (without gravity)
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are indicated schematically with 𝛽
(matter)
𝑖, 𝑗

.
The trans-Planckian gravitational corrections 𝑓𝑔 and 𝑓𝑦 are universal, in the sense that they

multiply linearly all matter couplings of the same kind, in agreement with the expectation that
gravity should not distinguish the internal degrees of freedom of the matter theory. The 𝑓𝑔 and
𝑓𝑦 coefficients depend on the fixed points of the operators of the gravitational action, and can
be computed using the techniques of the FRG. Their computation is subject to extremely large
uncertainties, which relate to the choice of truncation in the gravity/matter action, to the selected
renormalization scheme, to the gauge-fixing parameters, and other effects [6, 7, 12, 58–62]. Despite
this, explicit forms of 𝑓𝑔 and 𝑓𝑦 exist in the literature. For example, it was found in Refs. [33, 35]
that, for a matter theory with gauge and Yukawa couplings, an FRG calculation in the Einstein-
Hilbert truncation of the gravity action, with Litim-type regulator and 𝛼 = 0, 𝛽 = 1 gauge-fixing
choice, yields

𝑓𝑔 = �̃�∗ 1 − 4Λ̃∗

4𝜋
(
1 − 2Λ̃∗)2 , 𝑓𝑦 = −�̃�∗ 96 + Λ̃∗ (−235 + 103Λ̃∗ + 56Λ̃∗2)

12𝜋
(
3 − 10Λ̃∗ + 8Λ̃∗2)2 , (3)

where Λ̃ = Λ/𝜇2, �̃� = 𝐺 𝜇2 are the dimensionless cosmological and Newton constant, which
parameterize the Einstein-Hilbert action, and we have indicated the trans-Planckian (interactive)
fixed-point values with an asterisk. We will come back to these expressions later on.

Let us close this section by recalling that a trans-Planckian fixed point of the system of
Eqs. (1) and (2) is a set {𝑔∗

𝑖
, 𝑦∗

𝑗
}, corresponding to a zero of the beta functions: 𝛽

(matter)
𝑖 ( 𝑗 ) (𝑔∗

𝑖
, 𝑦∗

𝑗
) −

𝑓𝑔 (𝑦) 𝑔
∗
𝑖
(𝑦∗

𝑗
) = 0. The RGEs of couplings {𝛼𝑘} ≡ {𝑔𝑖 , 𝑦 𝑗} are then linearized around the fixed point

to derive the stability matrix 𝑀𝑖 𝑗 , which is defined as

𝑀𝑖 𝑗 = 𝜕𝛽𝑖/𝜕𝛼 𝑗 |{𝛼∗
𝑘
} . (4)

Eigenvalues of the stability matrix define the opposite of critical exponents 𝜃𝑖 , which characterize
the power-law evolution of the matter couplings in the vicinity of the fixed point. If 𝜃𝑖 is positive,
the corresponding eigendirection is dubbed as relevant and UV-attractive. All RG trajectories along
this direction will asymptotically reach the fixed point and, as a consequence, a deviation of a
relevant coupling from the fixed point introduces a free parameter in the theory (this freedom can be
used to adjust the coupling at the high scale so that it matches an eventual measurement at the low
scale). If 𝜃𝑖 is negative, the corresponding eigendirection is dubbed as irrelevant and IR-attractive.
There exists in this case only one trajectory that the coupling’s flow can follow in its run to the
low scale, thus potentially providing a clear prediction for its value at the experimentally accessible
scale.

3. Small Yukawa couplings from UV fixed points

In a gauge-Yukawa theory embedded in trans-Planckian AS, it is possible to concoct a dynamical
mechanism that makes some Yukawa couplings naturally small [36, 63]. If there exists an IR-
attractive, Gaussian fixed point for those Yukawa couplings, their flow from a different, UV-attractive
fixed point will asymptotically tend to zero as they approach the Planck scale from above.
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We exemplify this pattern by considering a simple generic system of matter RGEs, comprising
one (abelian) gauge coupling 𝑔𝑌 , and two Yukawa couplings, 𝑦𝑋 and 𝑦𝑍 . In the deep trans-Planckian
regime the system takes the form of Eqs. (1) and (2),

𝑑𝑔𝑌

𝑑𝑡
=

𝑏𝑌

16𝜋2 𝑔
3
𝑌 − 𝑓𝑔 𝑔𝑌 (5)

𝑑𝑦𝑋

𝑑𝑡
=

𝑦𝑋

16𝜋2

[
𝛼𝑋 𝑦2

𝑋 + 𝛼𝑍 𝑦
2
𝑍 − 𝛼𝑌 𝑔2

𝑌

]
− 𝑓𝑦 𝑦𝑋 (6)

𝑑𝑦𝑍

𝑑𝑡
=

𝑦𝑍

16𝜋2

[
𝛼′
𝑋 𝑦2

𝑋 + 𝛼′
𝑍 𝑦

2
𝑍 − 𝛼′

𝑌 𝑔2
𝑌

]
− 𝑓𝑦 𝑦𝑍 , (7)

where 𝑏𝑌 , 𝛼
(′)
𝑋
, 𝛼

(′)
𝑌

, 𝛼
(′)
𝑍

≥ 0 are one-loop coefficients. The reader may think of Eqs. (5)-(7) as
the system of hypercharge/top Yukawa/neutrino Yukawa coupling in the SMRHN, after all other
couplings have been set to their (UV-attractive) Gaussian fixed point. The discussion however is
generic and can be applied to any gauge-Yukawa system [36].

The dynamical flow of 𝑦𝑍 (𝑡) towards the trans-Planckian IR can be extracted by integrating
Eq. (7). After replacing 𝑓𝑦 → (𝛼𝑋𝑦

∗2
𝑋
− 𝛼𝑌𝑔

∗2
𝑌
)/16𝜋2, 𝑦𝑍 (𝑡) is expressed in terms of 𝑦∗

𝑋
and 𝑔∗

𝑌
,

plus an arbitrary constant 𝜅 setting the boundary condition at the Planck scale. One gets

𝑦𝑍 (𝑡, 𝜅) =
[

𝑐𝑌 𝑔∗2
𝑌

− 𝑐𝑋 𝑦∗2
𝑋

𝑒−(𝑐𝑌 𝑔∗2
𝑌
−𝑐𝑋 𝑦∗2

𝑋 ) (𝑡/8𝜋2−2𝜅) + 𝛼′
𝑍

]1/2

, (8)

where we have defined 𝑐𝑌 = 𝛼𝑌 − 𝛼′
𝑌

and 𝑐𝑋 = 𝛼𝑋 − 𝛼′
𝑋

. Imposing 𝜃𝑍 < 0 implies that 𝑦𝑍 (𝑡, 𝜅) is
monotonically increasing with 𝑡 in the trans-Planckian regime, and that its value at the Planck scale
is set by its “distance” from 16𝜋2𝜅. As expected, 𝑦𝑍 can reach arbitrarily small values without fine
tuning, being parameterized exclusively by the integration constant 𝜅.

The mechanism just described applies to any gauge-Yukawa particle physics model embedded
in asymptotically safe quantum gravity, as long as the corresponding RGEs take the form of Eqs. (5)-
(7). In the SMRHN this mechanism can give rise to a Dirac neutrino mass without fine tuning
after electroweak symmetry breaking. Moreover, the asymptotically safe SMRHN turns out to be
consistent with all the existing data on mass-squared differences and mixing angles, if the normal
ordering of neutrino masses is assumed [36]. The trans-Planckian flow of the gauge and Yukawa
couplings of the SMRHN is shown in Fig. 1 (left).

Concerns arise when pondering the consistency of this mechanism with quantum-gravity
calculations of 𝑓𝑔 and 𝑓𝑦 based on the FRG and this is particularly true in the SMRHN. Let us
recall that by imposing 𝑔∗

𝑌
≠ 0 along an irrelevant direction we imply that the RG flow of 𝑔𝑌 (𝑡),

followed from the fixed point down to low energies, yields a specific prediction for the hypercharge
gauge coupling. This requires in turn that only one value of 𝑓𝑔 is allowed to emerge from the FRG
calculation:

𝑓𝑔 ≈
𝑏𝑌 𝑔∗2

𝑌
(𝑀Pl)

16 𝜋2 . (9)

The numerical value of Eq. (9) ought to be computed very precisely, more precisely than 𝑓𝑦

since the uncertainties on the experimental determination of 𝑔𝑌 are smaller than those on, e.g.,
the 𝑀𝑆 value of 𝑦𝑡 (𝑀𝑡 ) and other Yukawa couplings. Even considering that FRG calculations are
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Figure 1: (left) An example of trans-Planckian trajectories for the RGE system composed of 𝑔𝑌 (blue,
dashed), 𝑦𝑡 (green, solid), and 𝑦𝜈 (red, solid) in the SMRHN with 𝑓𝑔 = 0.0097, 𝑓𝑦 = 0.0005. Neutrino
Yukawa coupling 𝑦𝜈 can be made arbitrarily small at the Planck scale by adjusting the integration constant 𝜅
in Eq. (8). (right) The same in the gauged 𝐵 − 𝐿 model. We set 𝑓𝑔 = 0.05 and 𝑓𝑦 = −0.005. Besides 𝑦𝜈 and
𝑦𝑡 , we plot the trans-Planckian flow of 𝑔𝑋 (brown, dashed), −𝑔𝜖 (purple, dashed) and 𝑦𝑁 (orange, solid).
Note that 𝑔𝑌 (not shown) is here a relevant parameter.

marred by large theoretical uncertainties, it may seem exceedingly constraining that such a specific
outcome ought to emerge from the deep UV construction.

A simple way out comes from generalizing the dynamical generation of small Yukawa couplings
to models less dependent on precisely measured quantities. This allows us to modify the system
of Eqs. (5)-(7) in two possible ways. One can either add some extra irrelevant gauge couplings
to the system, one can add extra Yukawa couplings, or both. Both solutions are implemented
straightforwardly if instead of the SMRHN one embeds the gauged 𝐵 − 𝐿 model in trans-Planckian
AS.

In the gauged 𝐵 − 𝐿 model the SM symmetry is extended by an abelian gauge group U(1)𝐵−𝐿 ,
with gauge coupling 𝑔𝐵−𝐿 . The particle content is extended with a SM-singlet complex scalar field
𝑆, whose vev 𝑣𝑆 spontaneously breaks U(1)𝐵−𝐿 . The abelian charges of the SM and NP fields can
be found, e.g., in Refs. [64, 65].

The Yukawa part of the Lagrangian includes

L𝑀 = −𝑦𝑖 𝑗
𝑁
𝑆 𝜈𝑅,𝑖 𝜈𝑅, 𝑗 + H.c. , (10)

in terms of a new Yukawa coupling matrix in flavor space, 𝑦𝑖 𝑗
𝑁

. The vev 𝑣𝑆 generates the Majorana
mass upon spontaneous breaking of U(1)𝐵−𝐿 . In this scenario, 𝑣𝑆 ≫ 𝑣𝐻 , so that one can work in
the basis where the Majorana mass is diagonal. If the boundary conditions from AS require that
they are irrelevant, all three diagonal couplings will be equal, 𝑦𝑖𝑖

𝑁
≡ 𝑦𝑁 .

The RGEs of the gauged 𝐵 − 𝐿 model are given at one loop in, e.g., Ref. [37]. The RG flow
of the neutrino Yukawa coupling admits a Gaussian irrelevant fixed point driven by the irrelevant
fixed points of new gauge and Yukawa couplings, 𝑔∗

𝑋
≠ 0, 𝑔∗𝜖 ≠ 0, and 𝑦∗

𝑁
≠ 0. We show the

trans-Planckian flow of the couplings in Fig. 1 (right). Note that the behavior of 𝑦𝜈 mimics exactly
the SMRHN case, while 𝑔𝑌 can originate from a relevant fixed point and remain free independently
of the value of 𝑓𝑔 .
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Figure 2: (left) The region of (Λ̃∗, �̃�∗) parameter space consistent with a small neutrino Yukawa coupling
in the SMRHN. Blue solid line shows 𝑓𝑔 = 0.0097, which is required for generating an irrelevant 𝑔∗

𝑌
≠ 0.

Orange region is consistent with the 𝑀𝑆 value of the top mass. Black dot shows the outcome of a calculation
with FRG techniques [33]. (right) The same in the 𝐵− 𝐿 model. All contours of 𝑓𝑔 (solid blue) are consistent
with a small neutrino Yukawa coupling. 𝑓𝑦 contours (dashed brown) will be subject to constraints. Black
dot shows the outcome of a calculation with FRG techniques [33].

3.1 Possible connections to the FRG

The freedom of adjusting the value of 𝑓𝑔 arbitrarily without spoiling the dynamical generation
of a small neutrino Yukawa coupling becomes valuable when confronting the phenomenologically
viable parameter space with existing computations from the FRG. As was discussed in Sec. 2,
calculations of 𝑓𝑔 and 𝑓𝑦 from first principles are marred by large theory uncertainties. We can
nonetheless refer to some of the explicit existing cases in the literature and make the point that, even
considering those uncertainties, the 𝐵 − 𝐿 model likely provides a more flexible framework than
the SMRHN to match a UV calculation with the low-scale phenomenology.

Let us return to the explicit 𝑓𝑔, 𝑓𝑦 computations of Refs. [33, 35], which were recalled in Eq. (3).
In Fig. 2 (left) we show in the (Λ̃∗, �̃�∗) plane the parameter space consistent with the generation
of a small neutrino Yukawa coupling and phenomenological constraints in the SMRHN. The solid
blue line corresponds to 𝑓𝑔 = 0.0097, cf. Eq. (9), and the shaded (orange) region corresponds to
the requirement of having the correct top mass. The black dot shows the outcome of a calculation
with FRG techniques [33].

Conversely, one can recast the above discussion in the framework of the gauged 𝐵 − 𝐿 model.
Now, 𝑓𝑔 = 0.047, 𝑓𝑦 = 0.0028, and the fixed point is indicated as a black dot in Fig. 2 (right).
We draw in Fig. 2 (right) as solid blue contours some sample values of 𝑓𝑔, which are all currently
allowed by phenomenological constraints and give rise to different predictions for the 𝐵 − 𝐿 gauge
coupling and kinetic mixing. Brown dashed lines show the contours of selected values of 𝑓𝑦 . It
appears that the spectrum of possibilities for the eventual outcome of an FRG calculation opens up
significantly in the 𝐵 − 𝐿 model with respect to the SMRHN.

4. Boundary conditions of the 𝑩 − 𝑳 model

We discuss in this section the trans-Planckian fixed points of the 𝐵 − 𝐿 gauge-Yukawa RGE
system. Increasing the value of 𝑓𝑔 > 0.0097 allows one to find a relevant Gaussian solution 𝑔∗

𝑌
= 0.

7
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𝑓𝑔 𝑓𝑦 𝑔∗
𝑋

𝑔∗𝜖 𝑦∗
𝑁

𝑔𝑋 (105,7,9 GeV) 𝑔𝜖 (105,7,9 GeV) 𝑦𝑁 (105,7,9 GeV)
BP1 0.01 0.0005 0.10 −0.55 0.12 0.29, 0.29, 0.30 −0.26, −0.27, −0.28 0.16, 0.16, 0.16
BP2 0.05 −0.005 0.70 −1.32 0.47 0.40, 0.41, 0.44 −0.52, −0.56, −0.61 0.42, 0.44, 0.45
BP3 0.02 −0.0015 0.10 −0.75 0.0 0.12, 0.12, 0.12 −0.33, −0.35, −0.37 0.0
BP4 0.03 −0.004 0.10 0.75 0.0 0.09, 0.09, 0.09 0.23, 0.25, 0.28 0.0

Table 1: The values of 𝑓𝑔 and 𝑓𝑦 , trans-Planckian fixed points of the irrelevant couplings (indicated with
an asterisk), and predicted values of those couplings at three low scales of reference for the four benchmark
points selected in this study. All four points admit irrelevant 𝑦∗𝜈 = 0.

However, no irrelevant fixed point with 𝑦∗𝜈 = 0 can be identified when all three abelian gauge
couplings correspond to relevant directions. Thus, the fixed points of the two abelian NP couplings
𝑔𝑋 and 𝑔𝜖 must be irrelevant. It turns out that they are not independent, but instead belong to an
ellipse, parameterized by 𝑓𝑔:

12𝑔∗2
𝑋 + 32

3
𝑔∗𝑋𝑔

∗
𝜖 +

41
6
𝑔∗2
𝜖 − 16𝜋2 𝑓𝑔 = 0 . (11)

Furthermore, we impose several conditions on the Yukawa sector:

• 𝑦∗𝑡 has to be real, i.e., 17𝑔∗2
𝜖 + 20𝑔∗𝜖 𝑔∗𝑋 + 8𝑔∗2

𝑋
+ 192𝜋2 𝑓𝑦 > 0. This also guarantees that the

top Yukawa coupling is irrelevant, 𝜃𝑡 < 0.

• 𝑦∗𝜈 = 0 has to be irrelevant, i.e., 𝜃𝜈 < 0.

• if 𝑦∗
𝑁
≠ 0, it has to be real, i.e., 3𝑔∗2

𝑋
+ 8𝜋2 𝑓𝑦 > 0. This also guarantees that 𝑦𝑁 is irrelevant,

𝜃𝑁 < 0.

• if 𝑦∗
𝑁
= 0, it has to be irrelevant, i.e., 𝜃𝑁 = 3𝑔∗2

𝑋
+ 8𝜋2 𝑓𝑦 < 0.

We present four benchmark points and their characteristic features in Table 1. The last three
columns of Table 1 show the predicted values of irrelevant couplings 𝑔𝑋, 𝑔𝜖 , and 𝑦𝑁 at three
sub-Planckian scales of interest, 105 GeV, 107 GeV, and 109 GeV. Those are our chosen reference
scales for the analysis of gravitational wave signatures in Sec. 5.

BP1 and BP2 feature 𝑦∗
𝑁

≠ 0, which is of order 1 in size. Equation (10) implies in this case
that the Majorana mass scale is 𝑀𝑁 =

√
2𝑦𝑁 𝑣𝑆 . It is a canonically relevant parameter of the theory

and can thus be chosen anywhere, as long as it is in agreement with phenomenological constraints
on the scalar potential. Note that the see-saw mechanism can be invoked here to give mass to the
active neutrinos, 𝑚𝜈 ∼ 𝑦2

𝜈𝑣
2
𝐻
/(
√

2𝑀𝑁 ). The theory is consistent with AS whatever the Majorana
mass scale is, since the correct size of the neutrino Yukawa coupling can be generated dynamically
in the trans-Planckian flow.

On the other hand, BP3 and BP4 in Table 1 feature 𝑦∗
𝑁
= 0 along irrelevant directions, similarly

to 𝑦∗𝜈 . These cases allow for the interesting possibility that the sterile-neutrino Yukawa coupling
sits tight at the irrelevant Gaussian fixed point 𝑦∗

𝑁
= 0. The Majorana mass is never generated,

and its absence is protected along the entire RG flow by quantum scale invariance. The theory
thus supports Dirac neutrinos with mass 𝑚𝜈 ∼ 𝑦𝜈𝑣𝐻/

√
2 , where the required minuscule Yukawa

coupling is generated dynamically.

8
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In alternative, the theory might originate from a UV-attractive 𝑦𝑁 fixed point, and dynamically
flow towards the IR-attractive one, thus generating – besides an arbitrarily small 𝑦𝜈 – also an
arbitrarily small 𝑦𝑁 . This case supports the existence of a Majorana mass, but the latter may be
naturally decoupled from the size of 𝑣𝑆 and the constraints on the scalar potential. Thus, BP3 and
BP4 may additionally provide a natural framework for accommodating the phenomenologically
interesting possibility of pseudo-Dirac neutrinos.

4.1 Scalar potential

The tree-level scalar potential of the gauged 𝐵 − 𝐿 model is given by

𝑉 (𝐻, 𝑆) = 𝑚2
𝐻 𝐻†𝐻 + 𝑚2

𝑆 𝑆
†𝑆 + 𝜆1

(
𝐻†𝐻

)2
+ 𝜆2

(
𝑆†𝑆

)2
+ 𝜆3

(
𝐻†𝐻

) (
𝑆†𝑆

)
, (12)

where 𝐻 is the SM-like Higgs SU(2)𝐿 doublet, which is neutral under U(1)𝐵−𝐿 , and 𝑆 is a complex
scalar SM singlet, charged under U(1)𝐵−𝐿 with 𝑄𝑆 = 2 . The spontaneous breaking of U(1)𝐵−𝐿
generates the mass of the abelian 𝑍 ′ gauge boson, which is approximately proportional to the vev
along the 𝑆 direction: 𝑚𝑍 ′ ≈ 2 𝑔𝑋𝑣𝑆 .

Since 𝑣𝑆 ≫ 𝑣𝐻 = 246 GeV, as a consequence of stringent LHC lower bounds on the mass of
new 𝑍 ′ particles, the two directions of the scalar potential effectively decouple. The vev 𝑣𝑆 may
arise from the presence of a large mass 𝑚2

𝑆
in Eq. (12). However, we rather decide to investigate the

well-known possibility that the scalar potential of the 𝐵−𝐿 model develop its vevs from dimensional
transmutation [66–70], through the usual Coleman-Weinberg mechanism. In particular, we next
discuss whether the possibility of developing a radiatively generated minimum is consistent with
the benchmark points in Table 1 and with AS in general.

Let us define 𝜙 ≡
√

2 Re(𝑆), and project the potential to the 𝜙 direction. The corresponding,
RGE-improved Coleman-Weinberg potential in the 𝐵 − 𝐿 model reads

𝑉 (𝜙) = 1
2
𝑚2

𝑆 (𝑡)𝜙
2 + 1

4
𝜆2(𝑡) 𝜙4

+ 1
128 𝜋2

[
20𝜆2

2(𝑡) + 96 𝑔4
𝑋 (𝑡) − 48 𝑦4

𝑁 (𝑡)
]
𝜙4

(
−25

6
+ ln

𝜙2

𝜇2

)
, (13)

where 𝑡 = ln 𝜇 is the renormalization scale. The potential can develop a minimum due to a large
finite 1-loop contribution. If, at the scale 𝜇, one finds

𝜆2 ≈ 1
55

(
12𝜋2 − 2

√︃
−3630 𝑔4

𝑋
+ 1815 𝑦4

𝑁
+ 36 𝜋4 + 330 𝜋2 𝑚2

𝑆
/𝜇2

)
, (14)

the minimum resides at 𝑣𝑆 ≈ 𝜇.
One may categorize the outcome of the eventual FRG calculation of 𝑓𝜆 – the UV parameter

that induces the fixed points of the beta functions in the scalar sector, equivalent to 𝑓𝑔 and 𝑓𝑦 in the
gauge-Yukawa system. We considered in Ref. [37] two broad classes inducing different qualitative
behavior:

Case A. 𝑓𝜆 ≪ −2 . Under this condition we find the Gaussian fixed point �̃�2∗
𝐻

= 0, �̃�2∗
𝑆

= 0,
fully irrelevant. The potential of Eq. (12) becomes thus scale-invariant and it remains so at all
scales, protected by quantum scale symmetry.

9
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In the context of the 𝐵 − 𝐿 model with Coleman-Weinberg potential, conformal symmetry
makes the model very predictive. However, following the flow of 𝜆2 from the Planck scale to the
low energy one obtains large negative values (e.g., 𝜆2 = −0.56 at 𝑣𝑆 = 105 GeV), which end up
destabilizing the scalar potential from below in the 𝑆 direction.

Case B. 𝑓𝜆 ≫ 0. In this case the fixed points of the scalar potential are relevant. Masses and
quartic couplings cannot be predicted from UV considerations, as any adopted value is eventually
consistent with AS. For the purposes of this paper, which is phenomenological in spirit, we assume
that this is what happens, which allows us to connect the asymptotically safe fixed point in the deep
UV to any desired Planck-scale boundary condition for the quartic couplings.

5. Gravitational waves

It has long been known that a GW signal from the 𝐵 − 𝐿 FOPT can be strong enough to
allow detection in new-generation interferometers [71–76]. It is therefore enticing to investigate
predictions for GWs associated with the boundary conditions from trans-Planckian AS discussed
in Sec. 4.

In the presence of a hot plasma in the early Universe, the effective scalar potential receives
thermal corrections [77, 78], which generate a thermal barrier between the false (𝜙 = 0) and true
(𝜙 = 𝑣𝑆) 𝐵 − 𝐿 vacua. Tunneling from the former to the latter can then proceed through bubble
nucleation [79, 80], leading to the generation of GWs.

The GW physics is governed by several parameters that mainly depend on the shape of the
effective thermal potential and on the bubbles’ profile. These are the latent heat 𝛼, the nucleation
speed 𝛽, and the reheating temperature 𝑇rh. The present-day GW signal is then characterized by the
peak amplitude Ωpeak(𝛼, 𝛽, 𝑇rh) and the peak frequency 𝑓 peak(𝛼, 𝛽, 𝑇rh),

ℎ2ΩGW( 𝑓 ) = ℎ2Ωpeak × F ( 𝑓 / 𝑓 peak) , (15)

where ℎ = 𝐻0/(100 km/s/Mpc) is the present-day dimensionless Hubble parameter and F is a
function of the frequency 𝑓 .

We calculate the GW spectra for the benchmark points listed in Table 1. The tree-level scalar
mass 𝑚2

𝑆
plays an important role in the phenomenological prediction. In Case A of Sec. 4.1 we

considered 𝑓𝜆 ≪ −2, so that 𝑚2
𝑆
= 0 is protected by quantum scale symmetry. Scale invariance

is typically associated with strong supercooling, and may give rise to large GW signals [81–85].
The presence of Yukawa couplings 𝑦𝑁 ≠ 0 is another key factor determining the properties of
the FOPT. The height of the thermal barrier is directly proportional to 𝑦𝑁 , forcing the nucleation
and percolation temperature to be lower than with 𝑦𝑁 = 0 and therefore enhancing the impact of
supercooling. This effect is particularly prominent for BP2, where we find that 𝑇𝑝 < 0.1 GeV,
independently of the chosen value of 𝑣𝑆 . At 𝑇 ≈ 0.1 GeV the QCD phase transition takes place, a
case that we did not analyze in our study.

We observe the same behavior in BP1 at 𝑣𝑆 = 109 GeV. Conversely, for BP1 at 𝑣𝑆 =

105, 107 GeV, the non-zero value of 𝑦𝑁 sets the nucleation/percolation temperature at several GeV.
At the same time, 𝑦𝑁 ≠ 0 makes the Coleman-Weinberg minimum shallower, so that the probability
of tunneling at a given temperature is reduced. As a result, the nucleation termination condition is

10
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Figure 3: Gravitational-wave spectra of the benchmark points listed in Table 1, for two selected values of
the scalar mass parameter 𝑚𝑆 ≡

√︃
|𝑚2

𝑆
| (solid lines). The scalar vev is set at 𝑣𝑆 = 105 GeV. Also shown are

the sensitivity curves for various GW interferometers (dotted lines).

not satisfied. Those effects combined lead us to the conclusion that no GW signal can be observed
for BP1 and BP2 with 𝑚2

𝑆
= 0.

BP3 and BP4 are characterized by relatively small values of the 𝐵− 𝐿 coupling. The Coleman-
Weinberg minimum is thus rather shallow, indicating low decay rate of the false vacuum, 𝑆3(𝑇)/𝑇 ≫
100. As a result, there is no FOPT in BP3 and BP4 when 𝑚2

𝑆
= 0 for all chosen values of 𝑣𝑆 .

On the other hand, we discussed in Sec. 4.1 that the purely conformal case, 𝑚2
𝑆
= 0, may be in

strong tension with the requirement of a stable (bounded from below) scalar potential at the chosen
scales 𝑣𝑆 . A more natural possibility in the quantum gravity setup is thus that the mass terms in
Eq. (12) remain relevant parameters, in agreement with their canonical scaling, a situation described
in Case B of Sec. 4.1. No quantum scale symmetry can in those cases prevent the presence of tree-
level masses in the Lagrangian. We consider here the situation where 𝑚2

𝑆
< 0 is small enough not

to interfere with the generation of a thermal barrier but large enough to enhance the decay rate of
the false vacuum, thus triggering the phase transition at nucleation (and percolation) temperature
larger than it would be required in the conformal case.

We present in Fig. 3 the expected GW signal at 𝑣𝑆 = 105 GeV for the four benchmark points in
Table 1 given two selected values of the mass:

√︃
|𝑚2

𝑆
| = 1 GeV (yellow) and

√︃
|𝑚2

𝑆
| = 1 TeV (red).

The signal is confronted with integrated sensitivity curves for the Big-Bang Observer (BBO) [86, 87],
Cosmic Explorer (CE) [88], Deci-Hertz Interferometer Gravitational-Wave Observatory (DE-

11
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CIGO) [89, 90], Einstein Telescope (ET) [91, 92], Laser Interferometer Gravitational-Wave Obser-
vatory (LIGO) [93–95] and Laser Interferometer Space Antenna (LISA) [96, 97], which are shown
as dotted curves. Gray region in the upper part of the plot indicates the current exclusion bound by
the LIGO-VIRGO O2 run [98, 99].

Benchmark point BP1 is shown in the upper left panel and BP2 in the upper right panel.
Despite obtaining in the two cases quite different predictions from the fixed-point analysis, we
observe similar GW amplitudes and frequencies. This is because the phase transitions are triggered
by the mass term, so that they feature, given equivalent 𝑚2

𝑆
< 0, a similar, relatively fast nucleation

speed 𝛽. Analogous behavior is observed for BP3 in the lower left panel and BP4 in the lower right
panel, with the biggest difference with respect to BP1 and BP2 being that the signal amplitude and
frequency show greater sensitivity to the 𝑚2

𝑆
spread. This is due to the much lesser depth of the

minimum in BP3 and BP4, which enhances the impact of a finite 𝑚2
𝑆

on the bounce action. All in
all, we observe strong similarities of signatures in the four cases. We are thus forced to conclude
that different fixed points cannot be distinguished with a detection of GWs from FOPTs. Equally
bleak are the prospects of distinguishing the Majorana vs. Dirac nature of the neutrino with this
method, since the fixed points with 𝑦∗

𝑁
≠ 0 and those with 𝑦∗

𝑁
= 0 show very similar spectra,

shaped in all cases by the 𝑚2
𝑆

relevant parameter.

6. Conclusions

In Refs. [36, 37] we considered the dynamical generation of an arbitrarily small neutrino
Yukawa coupling based on the existence of Gaussian IR-attractive fixed points of the trans-Planckian
RG flow. While in the first of those studies the low-energy theory that is completed in the UV with
boundary conditions consistent with asymptotically safe quantum gravity was the SM with three
right-handed neutrinos (SMRHN), in the second study we focused on the well-known gauged 𝐵− 𝐿

model.
The 𝐵 − 𝐿 model offers several advantages with respect to the SMRHN. Some are well estab-

lished – like requiring the existence of right-handed neutrino spinor fields based on the cancellation
of gauge anomalies and the reliance on gauge rather than global or accidental symmetries – others
apply more directly to the realm of trans-Planckian AS and the quantum-gravity nature of the UV
completion. We have shown that the 𝐵−𝐿 model may justify a richer phenomenology in the context
of neutrino mass-generation, since it seems to be able to accommodate quite naturally each and every
feature that neutrinos may eventually show experimentally: purely Dirac neutrinos, pseudo-Dirac
neutrinos, and Majorana neutrinos. The see-saw scale too, being a canonically relevant parameter
of the Lagrangian, can freely assume any desired value.

Among the several interesting signatures of the model, we investigated in detail the generation
of gravitational waves from FOPTs. For our four different benchmark points we found that, while
it will be easy to observe a clear signal in future interferometers, it will prove extremely more
challenging to be able to discern different fixed points – their gauge and Yukawa coupling values
and, more importantly, the Majorana vs. Dirac nature of the neutrino – from one another. This
is because an explicit mass term in the effective scalar potential is necessary to trigger the 𝐵 − 𝐿

phase transition. While this is a welcome feature for the theoretical consistency of the model –
scalar masses are relevant parameters within the trans-Planckian UV completion so that conformal
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symmetry is not a property enforced by RG running – it also makes the GW spectrum extremely
sensitive to parameters that cannot, by their own nature, be predicted from UV considerations.

ACKNOWLEDGMENTS

EMS and AC are supported in part by the National Science Centre (Poland) under the research
Grant No. 2020/38/E/ST2/00126. KK is supported in part by the National Science Centre (Poland)
under the research Grant No. 2017/26/E/ST2/00470.

References

[1] S. Weinberg, General Relativity, pp. 790–831. S.W.Hawking, W.Israel (Eds.), Cambridge
Univ. Press, 1980.

[2] C. Wetterich, Exact evolution equation for the effective potential, Physics Letters B 301
(1993), no. 1 90 – 94.

[3] T. R. Morris, The Exact renormalization group and approximate solutions, Int. J. Mod. Phys.
A 9 (1994) 2411–2450, [hep-ph/9308265].

[4] M. Reuter, Nonperturbative evolution equation for quantum gravity, Phys. Rev. D 57 (1998)
971–985, [hep-th/9605030].

[5] O. Lauscher and M. Reuter, Ultraviolet fixed point and generalized flow equation of quantum
gravity, Phys. Rev. D 65 (2002) 025013, [hep-th/0108040].

[6] M. Reuter and F. Saueressig, Renormalization group flow of quantum gravity in the
Einstein-Hilbert truncation, Phys. Rev. D 65 (2002) 065016, [hep-th/0110054].

[7] O. Lauscher and M. Reuter, Flow equation of quantum Einstein gravity in a higher derivative
truncation, Phys. Rev. D 66 (2002) 025026, [hep-th/0205062].

[8] D. F. Litim, Fixed points of quantum gravity, Phys. Rev. Lett. 92 (2004) 201301,
[hep-th/0312114].

[9] A. Codello and R. Percacci, Fixed points of higher derivative gravity, Phys. Rev. Lett. 97
(2006) 221301, [hep-th/0607128].

[10] P. F. Machado and F. Saueressig, On the renormalization group flow of f(R)-gravity, Phys.
Rev. D 77 (2008) 124045, [arXiv:0712.0445].

[11] A. Codello, R. Percacci, and C. Rahmede, Investigating the Ultraviolet Properties of Gravity
with a Wilsonian Renormalization Group Equation, Annals Phys. 324 (2009) 414–469,
[arXiv:0805.2909].

[12] D. Benedetti, P. F. Machado, and F. Saueressig, Asymptotic safety in higher-derivative
gravity, Mod. Phys. Lett. A 24 (2009) 2233–2241, [arXiv:0901.2984].

13

http://arxiv.org/abs/hep-ph/9308265
http://arxiv.org/abs/hep-th/9605030
http://arxiv.org/abs/hep-th/0108040
http://arxiv.org/abs/hep-th/0110054
http://arxiv.org/abs/hep-th/0205062
http://arxiv.org/abs/hep-th/0312114
http://arxiv.org/abs/hep-th/0607128
http://arxiv.org/abs/0712.0445
http://arxiv.org/abs/0805.2909
http://arxiv.org/abs/0901.2984


P
o
S
(
C
O
R
F
U
2
0
2
3
)
0
9
7

Naturally small neutrino mass from asymptotic safety Enrico Maria Sessolo

[13] J. A. Dietz and T. R. Morris, Asymptotic safety in the f(R) approximation, JHEP 01 (2013)
108, [arXiv:1211.0955].

[14] K. Falls, D. Litim, K. Nikolakopoulos, and C. Rahmede, A bootstrap towards asymptotic
safety, arXiv:1301.4191.

[15] K. Falls, D. F. Litim, K. Nikolakopoulos, and C. Rahmede, Further evidence for asymptotic
safety of quantum gravity, Phys. Rev. D 93 (2016), no. 10 104022, [arXiv:1410.4815].

[16] K.-y. Oda and M. Yamada, Non-minimal coupling in Higgs–Yukawa model with
asymptotically safe gravity, Class. Quant. Grav. 33 (2016), no. 12 125011,
[arXiv:1510.03734].

[17] Y. Hamada and M. Yamada, Asymptotic safety of higher derivative quantum gravity
non-minimally coupled with a matter system, JHEP 08 (2017) 070, [arXiv:1703.09033].

[18] N. Christiansen, D. F. Litim, J. M. Pawlowski, and M. Reichert, Asymptotic safety of gravity
with matter, Phys. Rev. D 97 (2018), no. 10 106012, [arXiv:1710.04669].

[19] S. P. Robinson and F. Wilczek, Gravitational correction to running of gauge couplings, Phys.
Rev. Lett. 96 (2006) 231601, [hep-th/0509050].

[20] A. R. Pietrykowski, Gauge dependence of gravitational correction to running of gauge
couplings, Phys. Rev. Lett. 98 (2007) 061801, [hep-th/0606208].

[21] D. J. Toms, Quantum gravity and charge renormalization, Phys. Rev. D 76 (2007) 045015,
[arXiv:0708.2990].

[22] Y. Tang and Y.-L. Wu, Gravitational Contributions to the Running of Gauge Couplings,
Commun. Theor. Phys. 54 (2010) 1040–1044, [arXiv:0807.0331].

[23] D. J. Toms, Cosmological constant and quantum gravitational corrections to the running fine
structure constant, Phys. Rev. Lett. 101 (2008) 131301, [arXiv:0809.3897].

[24] A. Rodigast and T. Schuster, Gravitational Corrections to Yukawa and phi**4 Interactions,
Phys. Rev. Lett. 104 (2010) 081301, [arXiv:0908.2422].

[25] O. Zanusso, L. Zambelli, G. Vacca, and R. Percacci, Gravitational corrections to Yukawa
systems, Phys. Lett. B 689 (2010) 90–94, [arXiv:0904.0938].

[26] J.-E. Daum, U. Harst, and M. Reuter, Running Gauge Coupling in Asymptotically Safe
Quantum Gravity, JHEP 01 (2010) 084, [arXiv:0910.4938].

[27] J.-E. Daum, U. Harst, and M. Reuter, Non-perturbative QEG Corrections to the Yang-Mills
Beta Function, Gen. Rel. Grav. 43 (2011) 2393, [arXiv:1005.1488].

[28] S. Folkerts, D. F. Litim, and J. M. Pawlowski, Asymptotic freedom of Yang-Mills theory with
gravity, Phys. Lett. B 709 (2012) 234–241, [arXiv:1101.5552].

14

http://arxiv.org/abs/1211.0955
http://arxiv.org/abs/1301.4191
http://arxiv.org/abs/1410.4815
http://arxiv.org/abs/1510.03734
http://arxiv.org/abs/1703.09033
http://arxiv.org/abs/1710.04669
http://arxiv.org/abs/hep-th/0509050
http://arxiv.org/abs/hep-th/0606208
http://arxiv.org/abs/0708.2990
http://arxiv.org/abs/0807.0331
http://arxiv.org/abs/0809.3897
http://arxiv.org/abs/0908.2422
http://arxiv.org/abs/0904.0938
http://arxiv.org/abs/0910.4938
http://arxiv.org/abs/1005.1488
http://arxiv.org/abs/1101.5552


P
o
S
(
C
O
R
F
U
2
0
2
3
)
0
9
7

Naturally small neutrino mass from asymptotic safety Enrico Maria Sessolo

[29] A. Eichhorn, A. Held, and J. M. Pawlowski, Quantum-gravity effects on a Higgs-Yukawa
model, Phys. Rev. D 94 (2016), no. 10 104027, [arXiv:1604.02041].

[30] A. Eichhorn and A. Held, Viability of quantum-gravity induced ultraviolet completions for
matter, Phys. Rev. D 96 (2017), no. 8 086025, [arXiv:1705.02342].

[31] U. Harst and M. Reuter, QED coupled to QEG, JHEP 05 (2011) 119, [arXiv:1101.6007].

[32] N. Christiansen and A. Eichhorn, An asymptotically safe solution to the U(1) triviality
problem, Phys. Lett. B 770 (2017) 154–160, [arXiv:1702.07724].

[33] A. Eichhorn and F. Versteegen, Upper bound on the Abelian gauge coupling from asymptotic
safety, JHEP 01 (2018) 030, [arXiv:1709.07252].

[34] M. Shaposhnikov and C. Wetterich, Asymptotic safety of gravity and the Higgs boson mass,
Phys. Lett. B 683 (2010) 196–200, [arXiv:0912.0208].

[35] A. Eichhorn and A. Held, Top mass from asymptotic safety, Phys. Lett. B 777 (2018)
217–221, [arXiv:1707.01107].

[36] K. Kowalska, S. Pramanick, and E. M. Sessolo, Naturally small Yukawa couplings from
trans-Planckian asymptotic safety, JHEP 08 (2022) 262, [arXiv:2204.00866].

[37] A. Chikkaballi, K. Kowalska, and E. M. Sessolo, Naturally small neutrino mass with
asymptotic safety and gravitational-wave signatures, JHEP 11 (2023) 224,
[arXiv:2308.06114].

[38] P. Minkowski, 𝜇 → 𝑒𝛾 at a Rate of One Out of 109 Muon Decays?, Phys. Lett. B 67 (1977)
421–428.

[39] M. Gell-Mann, P. Ramond, and R. Slansky, Complex Spinors and Unified Theories, Conf.
Proc. C 790927 (1979) 315–321, [arXiv:1306.4669].

[40] T. Yanagida, Horizontal gauge symmetry and masses of neutrinos, Conf. Proc. C 7902131
(1979) 95–99.

[41] S. L. Glashow, The Future of Elementary Particle Physics, NATO Sci. Ser. B 61 (1980) 687.

[42] R. N. Mohapatra and G. Senjanovic, Neutrino Masses and Mixings in Gauge Models with
Spontaneous Parity Violation, Phys. Rev. D 23 (1981) 165.

[43] J. Schechter and J. W. F. Valle, Neutrino Decay and Spontaneous Violation of Lepton
Number, Phys. Rev. D 25 (1982) 774.

[44] J. Schechter and J. W. F. Valle, Neutrino Masses in SU(2) x U(1) Theories, Phys. Rev. D 22
(1980) 2227.

[45] Y. Cai, J. Herrero-García, M. A. Schmidt, A. Vicente, and R. R. Volkas, From the trees to the
forest: a review of radiative neutrino mass models, Front. in Phys. 5 (2017) 63,
[arXiv:1706.08524].

15

http://arxiv.org/abs/1604.02041
http://arxiv.org/abs/1705.02342
http://arxiv.org/abs/1101.6007
http://arxiv.org/abs/1702.07724
http://arxiv.org/abs/1709.07252
http://arxiv.org/abs/0912.0208
http://arxiv.org/abs/1707.01107
http://arxiv.org/abs/2204.00866
http://arxiv.org/abs/2308.06114
http://arxiv.org/abs/1306.4669
http://arxiv.org/abs/1706.08524


P
o
S
(
C
O
R
F
U
2
0
2
3
)
0
9
7

Naturally small neutrino mass from asymptotic safety Enrico Maria Sessolo

[46] C. Klein, M. Lindner, and S. Ohmer, Minimal Radiative Neutrino Masses, JHEP 03 (2019)
018, [arXiv:1901.03225].

[47] F. Deppisch and J. W. F. Valle, Enhanced lepton flavor violation in the supersymmetric
inverse seesaw model, Phys. Rev. D 72 (2005) 036001, [hep-ph/0406040].

[48] A. Abada and M. Lucente, Looking for the minimal inverse seesaw realisation, Nucl. Phys. B
885 (2014) 651–678, [arXiv:1401.1507].

[49] M. Lindner, S. Schmidt, and J. Smirnov, Neutrino Masses and Conformal Electro-Weak
Symmetry Breaking, JHEP 10 (2014) 177, [arXiv:1405.6204].

[50] E. E. Jenkins, Searching for a (𝐵−l) Gauge Boson in 𝑝𝑝 Collisions, Phys. Lett. B 192 (1987)
219–222.

[51] W. Buchmuller, C. Greub, and P. Minkowski, Neutrino masses, neutral vector bosons and the
scale of B-L breaking, Phys. Lett. B 267 (1991) 395–399.

[52] S. Coleman and E. Weinberg, Radiative corrections as the origin of spontaneous symmetry
breaking, Phys. Rev. D 7 (Mar, 1973) 1888–1910.

[53] A. Kosowsky, M. S. Turner, and R. Watkins, Gravitational radiation from colliding vacuum
bubbles, Phys. Rev. D 45 (Jun, 1992) 4514–4535.

[54] A. Kosowsky, M. S. Turner, and R. Watkins, Gravitational waves from first-order
cosmological phase transitions, Phys. Rev. Lett. 69 (Oct, 1992) 2026–2029.

[55] A. Kosowsky and M. S. Turner, Gravitational radiation from colliding vacuum bubbles:
envelope approximation to many bubble collisions, Phys. Rev. D 47 (1993) 4372–4391,
[astro-ph/9211004].

[56] M. Kamionkowski, A. Kosowsky, and M. S. Turner, Gravitational radiation from first order
phase transitions, Phys. Rev. D 49 (1994) 2837–2851, [astro-ph/9310044].

[57] P. Athron, C. Balázs, A. Fowlie, L. Morris, and L. Wu, Cosmological phase transitions: from
perturbative particle physics to gravitational waves, arXiv:2305.02357.

[58] R. Percacci and D. Perini, Constraints on matter from asymptotic safety, Phys. Rev. D 67
(2003) 081503, [hep-th/0207033].

[59] R. Percacci and D. Perini, Asymptotic safety of gravity coupled to matter, Phys. Rev. D 68
(2003) 044018, [hep-th/0304222].

[60] A. Codello, R. Percacci, and C. Rahmede, Ultraviolet properties of f(R)-gravity, Int. J. Mod.
Phys. A 23 (2008) 143–150, [arXiv:0705.1769].

[61] G. Narain and R. Percacci, On the scheme dependence of gravitational beta functions, Acta
Phys. Polon. B 40 (2009) 3439–3457, [arXiv:0910.5390].

16

http://arxiv.org/abs/1901.03225
http://arxiv.org/abs/hep-ph/0406040
http://arxiv.org/abs/1401.1507
http://arxiv.org/abs/1405.6204
http://arxiv.org/abs/astro-ph/9211004
http://arxiv.org/abs/astro-ph/9310044
http://arxiv.org/abs/2305.02357
http://arxiv.org/abs/hep-th/0207033
http://arxiv.org/abs/hep-th/0304222
http://arxiv.org/abs/0705.1769
http://arxiv.org/abs/0910.5390


P
o
S
(
C
O
R
F
U
2
0
2
3
)
0
9
7

Naturally small neutrino mass from asymptotic safety Enrico Maria Sessolo

[62] P. Donà, A. Eichhorn, and R. Percacci, Matter matters in asymptotically safe quantum
gravity, Phys. Rev. D 89 (2014), no. 8 084035, [arXiv:1311.2898].

[63] A. Eichhorn and A. Held, Dynamically vanishing Dirac neutrino mass from quantum scale
symmetry, Phys. Lett. B 846 (2023) 138196, [arXiv:2204.09008].

[64] C. Coriano, L. Delle Rose, and C. Marzo, Constraints on abelian extensions of the Standard
Model from two-loop vacuum stability and 𝑈 (1)𝐵−𝐿 , JHEP 02 (2016) 135,
[arXiv:1510.02379].

[65] F. Lyonnet and I. Schienbein, PyR@TE 2: A Python tool for computing RGEs at two-loop,
Comput. Phys. Commun. 213 (2017) 181–196, [arXiv:1608.07274].

[66] R. Hempfling, The Next-to-minimal Coleman-Weinberg model, Phys. Lett. B 379 (1996)
153–158, [hep-ph/9604278].

[67] M. Sher, The Coleman-Weinberg phase transition in extended Higgs models, Phys. Rev. D 54
(1996) 7071–7074, [hep-ph/9607337].

[68] H. Nishino and S. Rajpoot, Broken scale invariance in the standard model,
hep-th/0403039.

[69] K. A. Meissner and H. Nicolai, Conformal Symmetry and the Standard Model, Phys. Lett. B
648 (2007) 312–317, [hep-th/0612165].

[70] S. Iso, N. Okada, and Y. Orikasa, Classically conformal 𝐵− L extended Standard Model,
Phys. Lett. B 676 (2009) 81–87, [arXiv:0902.4050].

[71] R. Jinno and M. Takimoto, Probing a classically conformal B-L model with gravitational
waves, Phys. Rev. D 95 (2017), no. 1 015020, [arXiv:1604.05035].

[72] W. Chao, W.-F. Cui, H.-K. Guo, and J. Shu, Gravitational wave imprint of new symmetry
breaking, Chin. Phys. C 44 (2020), no. 12 123102, [arXiv:1707.09759].

[73] N. Okada and O. Seto, Probing the seesaw scale with gravitational waves, Phys. Rev. D 98
(2018), no. 6 063532, [arXiv:1807.00336].

[74] C. Marzo, L. Marzola, and V. Vaskonen, Phase transition and vacuum stability in the
classically conformal B–L model, Eur. Phys. J. C 79 (2019), no. 7 601,
[arXiv:1811.11169].

[75] V. Brdar, A. J. Helmboldt, and J. Kubo, Gravitational Waves from First-Order Phase
Transitions: LIGO as a Window to Unexplored Seesaw Scales, JCAP 02 (2019) 021,
[arXiv:1810.12306].

[76] T. Hasegawa, N. Okada, and O. Seto, Gravitational waves from the minimal gauged 𝑈 (1)𝐵−𝐿
model, Phys. Rev. D 99 (2019), no. 9 095039, [arXiv:1904.03020].

17

http://arxiv.org/abs/1311.2898
http://arxiv.org/abs/2204.09008
http://arxiv.org/abs/1510.02379
http://arxiv.org/abs/1608.07274
http://arxiv.org/abs/hep-ph/9604278
http://arxiv.org/abs/hep-ph/9607337
http://arxiv.org/abs/hep-th/0403039
http://arxiv.org/abs/hep-th/0612165
http://arxiv.org/abs/0902.4050
http://arxiv.org/abs/1604.05035
http://arxiv.org/abs/1707.09759
http://arxiv.org/abs/1807.00336
http://arxiv.org/abs/1811.11169
http://arxiv.org/abs/1810.12306
http://arxiv.org/abs/1904.03020


P
o
S
(
C
O
R
F
U
2
0
2
3
)
0
9
7

Naturally small neutrino mass from asymptotic safety Enrico Maria Sessolo

[77] S. Weinberg, Gauge and global symmetries at high temperature, Phys. Rev. D 9 (Jun, 1974)
3357–3378.

[78] L. Dolan and R. Jackiw, Symmetry behavior at finite temperature, Phys. Rev. D 9 (Jun, 1974)
3320–3341.

[79] A. Linde, Fate of the false vacuum at finite temperature: Theory and applications, Physics
Letters B 100 (1981), no. 1 37–40.

[80] A. Linde, Decay of the false vacuum at finite temperature, Nuclear Physics B 216 (1983),
no. 2 421–445.

[81] T. Hambye and A. Strumia, Dynamical generation of the weak and Dark Matter scale, Phys.
Rev. D 88 (2013) 055022, [arXiv:1306.2329].

[82] K. Hashino, M. Kakizaki, S. Kanemura, and T. Matsui, Synergy between measurements of
gravitational waves and the triple-Higgs coupling in probing the first-order electroweak
phase transition, Phys. Rev. D 94 (2016), no. 1 015005, [arXiv:1604.02069].

[83] L. Marzola, A. Racioppi, and V. Vaskonen, Phase transition and gravitational wave
phenomenology of scalar conformal extensions of the Standard Model, Eur. Phys. J. C 77
(2017), no. 7 484, [arXiv:1704.01034].

[84] Z. Kang and J. Zhu, Scale-genesis by Dark Matter and Its Gravitational Wave Signal, Phys.
Rev. D 102 (2020), no. 5 053011, [arXiv:2003.02465].

[85] A. Dasgupta, P. S. B. Dev, A. Ghoshal, and A. Mazumdar, Gravitational wave pathway to
testable leptogenesis, Phys. Rev. D 106 (2022), no. 7 075027, [arXiv:2206.07032].

[86] J. Crowder and N. J. Cornish, Beyond LISA: Exploring future gravitational wave missions,
Phys. Rev. D 72 (2005) 083005, [gr-qc/0506015].

[87] V. Corbin and N. J. Cornish, Detecting the cosmic gravitational wave background with the
big bang observer, Class. Quant. Grav. 23 (2006) 2435–2446, [gr-qc/0512039].

[88] D. Reitze et al., Cosmic Explorer: The U.S. Contribution to Gravitational-Wave Astronomy
beyond LIGO, Bull. Am. Astron. Soc. 51 (2019), no. 7 035, [arXiv:1907.04833].

[89] N. Seto, S. Kawamura, and T. Nakamura, Possibility of direct measurement of the
acceleration of the universe using 0.1-Hz band laser interferometer gravitational wave
antenna in space, Phys. Rev. Lett. 87 (2001) 221103, [astro-ph/0108011].

[90] DECIGO Working group Collaboration, M. Musha, Space gravitational wave detector
DECIGO/pre-DECIGO, Proc. SPIE Int. Soc. Opt. Eng. 10562 (2017) 105623T.

[91] M. Punturo et al., The Einstein Telescope: A third-generation gravitational wave
observatory, Class. Quant. Grav. 27 (2010) 194002.

18

http://arxiv.org/abs/1306.2329
http://arxiv.org/abs/1604.02069
http://arxiv.org/abs/1704.01034
http://arxiv.org/abs/2003.02465
http://arxiv.org/abs/2206.07032
http://arxiv.org/abs/gr-qc/0506015
http://arxiv.org/abs/gr-qc/0512039
http://arxiv.org/abs/1907.04833
http://arxiv.org/abs/astro-ph/0108011


P
o
S
(
C
O
R
F
U
2
0
2
3
)
0
9
7

Naturally small neutrino mass from asymptotic safety Enrico Maria Sessolo

[92] B. Sathyaprakash et al., Scientific Objectives of Einstein Telescope, Class. Quant. Grav. 29
(2012) 124013, [arXiv:1206.0331]. [Erratum: Class.Quant.Grav. 30, 079501 (2013)].

[93] LIGO Scientific Collaboration, G. M. Harry, Advanced LIGO: The next generation of
gravitational wave detectors, Class. Quant. Grav. 27 (2010) 084006.

[94] LIGO Scientific Collaboration, J. Aasi et al., Advanced LIGO, Class. Quant. Grav. 32
(2015) 074001, [arXiv:1411.4547].

[95] LIGO Scientific Collaboration, B. P. Abbott et al., Exploring the Sensitivity of Next
Generation Gravitational Wave Detectors, Class. Quant. Grav. 34 (2017), no. 4 044001,
[arXiv:1607.08697].

[96] LISA Collaboration, P. Amaro-Seoane et al., Laser Interferometer Space Antenna,
arXiv:1702.00786.

[97] J. Baker et al., The Laser Interferometer Space Antenna: Unveiling the Millihertz
Gravitational Wave Sky, arXiv:1907.06482.

[98] A. Renzini and C. Contaldi, Improved limits on a stochastic gravitational-wave background
and its anisotropies from Advanced LIGO O1 and O2 runs, Phys. Rev. D 100 (2019), no. 6
063527, [arXiv:1907.10329].

[99] KAGRA, Virgo, LIGO Scientific Collaboration, R. Abbott et al., Upper limits on the
isotropic gravitational-wave background from Advanced LIGO and Advanced Virgo’s third
observing run, Phys. Rev. D 104 (2021), no. 2 022004, [arXiv:2101.12130].

19

http://arxiv.org/abs/1206.0331
http://arxiv.org/abs/1411.4547
http://arxiv.org/abs/1607.08697
http://arxiv.org/abs/1702.00786
http://arxiv.org/abs/1907.06482
http://arxiv.org/abs/1907.10329
http://arxiv.org/abs/2101.12130

	Introduction
	General notions of asymptotic safety
	Small Yukawa couplings from UV fixed points
	Possible connections to the FRG 

	Boundary conditions of the bold0mu mumu B-LB-LB-LB-LB-LB-L model
	Scalar potential

	Gravitational waves
	Conclusions

