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In this work, we explore the proposed mechanism in which the gravitational # anomaly generates
neutrino masses. We highlight that the leading renormalizable interactions of the neutrino condensate
forbid the possibility of generating hierarchical masses consistent with observation. This conclusion still
holds when Standard Model loop corrections are accounted for. We show that higher-dimensional operators
can alleviate this problem. The higher-dimensional operators could be generated from the gravitational
anomaly itself, but there is no clear way to know without a deeper understanding of the low-energy
description of this mechanism. Because of that, we explore the possibility of new particles generating
neutrino mass splittings. We show that both new particles that alter the scalar potential of the condensate or

new particles in loops for the neutrino self-energy can solve this problem.
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I. INTRODUCTION

The underlying mechanism that generates neutrino
masses is still an open question in physics since the
measurement of neutrino oscillations [1,2]. Most scenarios
proposed to generate neutrino masses include new physics
at high energies [3]. Another direction which is promising is
the condensation of neutrinos [4-9]. Usually, the conden-
sation mechanism occurs at high energies and needs new
fields. An alternative approach was proposed in [10] and
reformulated in [11], in which low-energy physics generates
neutrino masses.

This low energy generation of neutrino masses requires
that, in pure gravity, we have a nonzero topological vacuum
susceptibility at zero momentum. This condition is analo-
gous to requiring the QCD 6#-term to be physical [12—14]
such that the anomaly explicitly breaks the axial symmetry
and gives mass to the 7' meson. Depending on whether there
is a right-handed neutrino, the mechanism can generate a
Dirac or Majorana mass for the neutrinos from the anomaly
on the gravitational #-term. Phenomenological bounds
give the scale of the condensate to be around the meV
range [10].

Naively, gravitational interactions would generate a
universal mass for the three neutrinos. Of course, that is
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not what is observed in nature, with the mass squared
splittings measured to be [15,16]

Am3, = 7.5570%0 x 107 eV?

(1.1)

Am3, = (2.423 £0.03) x 1073 eV2. (1.2)
In [10] it was observed that a potential that respects the
flavor symmetry could in principle give a hierarchical
vacuum and thus hierarchical masses for the neutrinos, but
they did not study the dynamics. In this work, we highlight
that the leading renormalizable contribution for the neu-
trino condensate cannot generate such a breaking pattern.
The vacuum configuration of the condensate is constrained
by the flavor symmetry (assumed to be respected by the
anomaly) in both Dirac and Majorana cases. The leading
contribution at low energies comes from the renormaliz-
able potential, which is the same for both Dirac and
Majorana neutrinos, although the two possibilities may be
distinguished using astrophysical neutrinos [17] or soft
topological defects [18]. Considering the renormalizable
potential, there are only two possible symmetry-breaking
patterns [19,20]. The first one is where all the neutrinos
acquire the same vacuum and thus the same mass, and
the second one is where only one neutrino acquires a
nonzero vacuum expectation value and the other two
remain massless.

The interaction between the condensate and the gravita-
tional instantons, which generates the low energy potential,
could generate higher-dimensional operators which are
expected to be subleading at low energies. If the effects
of these operators at low energy are not negligible, then the
inclusion of higher-dimensional operators could allow

Published by the American Physical Society
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hierarchical breaking to occur. Without a deeper under-
standing of the low energy description of these interactions,
it is not clear that gravity could generate the splittings by
itself. We therefore also explore the possibility of new
physics that contributes to the splitting of the different
flavors of neutrinos.

If the new physics generates a mass contribution for the
neutrinos in the UV, this breaks the anomalous symmetry
explicitly in the low energy and can spoil the mechanism.
The UV contribution could be small, and then the hard mass
at low energy behaves similarly to the up and down quark
masses in QCD. In this work, we explore the scenario where
the anomaly at low energies generates a hierarchical
solution, and the contributions from new physics only
affect the splittings and do not generate a universal con-
tribution. This scenario is also motivated in order to have a
novel cosmological evolution [11] since the phase transition
occurs at very late times, and the neutrinos are truly
massless in the early universe. Depending on the time at
which the phase transition occurs, we can either have no
information about the neutrino mass from cosmology, or the
bounds only apply only to the lightest neutrino species.

We consider two different scenarios where the new
physics could appear. The first one is where new physics
contributes to neutrino masses in loop processes. We can
imagine a scenario where the condensate is universal and the
degeneracy is broken by loop contributions of a heavy
sector. We show that the Standard Model (SM) W-boson
generically does generate a splitting, but the splitting is too
small to accommodate observed neutrino masses. We
discuss how difficult it is to create a predictable contribution
for the splitting at the loop level in general UV extensions.

Another possibility for new physics is with new scalars
that interact with the condensate and change the scalar
potential. We consider two possibilities: the first is for
Majorana neutrinos masses where we introduce a 3 of the
flavor SU(3), and the second is for Dirac neutrinos where
we introduce (1,3) and (3,1) of the SU(3), x SU(3)x
flavor symmetry. If these new scalars are heavy, they can be
integrated out and described by an effective field theory
(EFT). This EFT description should also exhibit a hierar-
chical breaking pattern. We show that the separation of
scales is difficult to engineer, which can be understood as
the vacuum structure needing to be qualitatively changed by
the new physics.

The remainder of this paper is organized as follows. In
Sec. II, we briefly review the description of the phase
transition in terms of the condensate. In Sec. I1I we construct
the interactions of the condensate with the SM particles and
calculate the one-loop mass contributions to the neutrinos.
In Sec. IV we discuss the problems of model building a

'If there is a partial contribution from the new physics in the
UV, then the cosmological mass limits [21-26] of >, m, <
[0.28,0.14] eV can be applied to the generated mass.

predictable loop-level contribution for the neutrino mass
splittings. In Sec. V we explore one specific UV completion
which introduces new interactions to the neutrino conden-
sate. In Sec. VI we explore the EFT description and how the
EFT operators can alleviate the restriction for a hierarchical
vacuum. We conclude in Sec. VII.

II. DESCRIPTION OF THE PHASE TRANSITION

Given the SM particle content minimally coupled to
gravity, the only assumption necessary for the generation of
neutrino masses is that, in pure gravity, we have a nonzero
topological vacuum susceptibility at zero momentum,

(RR.RR), ., = const # 0. (2.1)
Here R is the Riemann tensor, and R is its dual. This is
equivalent to the statement that the gravitational 8 angle is
physical. Similar to the massless quark solution of the QCD
strong CP problem [12], if neutrinos are massless in the
absence of gravity, then they will screen the gravitational
electric field E; = RR and hence make the gravitational
O-term vanish. If this condition is saltisﬁed,2 then it was
shown that the massless fermions f generates a condensate
[10,11] and the spectrum becomes gapped:

Ag = (RR,RR)YS) ~ [(FF)'3 ~ my.

g—0 (22)

This generates neutrino masses through a Higgs-like
composite field. The description of the phase transition
at low energy changes depending on the existence of right-
handed neutrinos. If there are no right-handed neutrinos,
then the flavor symmetry is SU(3), the neutrino mass is of
the Majorana type, and the vacuum is described by:
bij = Vv (23)
where 1§ is the charge conjugation state defined as
v$ = Col. ¢ transforms as a 6 under the flavor symmetry.
If there are right-handed partners of the neutrino, then the
flavor symmetry is expanded to SU(3) x SU(3),’ and the
neutrino mass is Dirac. The vacuum is described by:

Zi' = Dil/j. (24)

where X transforms as a bifundamental (3,3) under the
flavor symmetry.

The low energy description of the most general potential
for both cases is highly similar, so we highlight them

’At this point we could also have a small hard mass for the
neutrinos and the mechanism would still work, similarly to the #’
in QCD.

’In principle there do not need to be three right-handed
neutrinos, but we assume that is the case for simplicity.
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simultaneously to understand the possible vacuum con-
figurations. The possible phenomenological signals to
probe both cases are studied in [17,18]. The study of a
bifundamental of SU(3) x SU(3) is done in [19,20] and we
highlight some of the important results here. The most
general renormalizable potential for ¢ consistent with the
flavor symmetry is given by:

2
V(@) = =ELTr(g1) + My (detp + det )

PTG L 2T ). (29)
where we can choose M, to be real by using an overall
phase redefinition. The potential for the Dirac case is
exactly the same given the identification ¢;; — Z;;.
Since this potential has only 4 free parameters, it is

possible to study all possible minima of the potential.
In [19] it is shown that the breaking of a bifundamental
representation of SU(3); x SU(3)z can only have two
distinct patterns. The case of the symmetric representation
of SU(3) is the same because the potential is the same.
Thus two possible vacua are

3, = diag(v,v,v), (2.6)
or the vacuum expectation value (vev) configuration where
only one diagonal element gets a nonzero value:

Z;; = diag(v,0,0). (2.7)
This means that neither the bifundamental (X;;) for the
Dirac mass nor the symmetric representation (¢;;) for the
Majorana mass can generate hierarchical neutrino masses
consistent with current experimental data. The explicit
calculation that shows the absence of a hierarchical vacuum
for the renormalizable potential is done in Appendix A.
Since the renormalizable potential cannot generate the
desired masses for the neutrinos, let us explore how loop
corrections to the neutrino mass can change this story.

III. LOW ENERGY INTERACTIONS
FOR THE SU(3) — SO(3) BREAKING

In this section, we investigate the possibility that
neutrino interactions generate mass splitting when we start
from the configuration where all the vevs are equal.4 We
focus on the Majorana mass generation, but in the Dirac
case, the calculations are similar. The interaction between
the neutrino and the condensate excitation field can be
described by the following Lagrangian [10]:

*We do not explore the possibility where the initial configu-
ration has two massless neutrinos since it is impossible to lift the
degeneracy without generating a hard mass in the UV as we
expand further in section IV.

Ly = 9p (D505 005 + biybrivs ;) (3.1)
Below the anomaly scale, the field ¢;; gets a vev generating
the neutrino mass, which we assume to be universal:

¢ij = V¢]I3><3' (3.2)
The Goldstone modes 7, and the radial modes ¢, and #;

can be described after the symmetry breaking using the
following Lagrangians:

L. y”ysquayﬂ&/I?j + 0(0%). (3.3)

= %I/M

g i9py .
Ly, = <9¢w11¢ + %ﬁbz‘) UpiVmi + %W/m?’sl/m- (3.4)

We write the neutrinos as Majorana states, vy, = v, + 15,
and a runs over broken generators. After the breaking all
neutrinos obtain the same mass:

my; = my = 2G4,V (3.5)
The mass basis that we are working in is not necessarily

equal to the charge basis of the Standard Model, we can
define the unitary rotation between them as:

Via = E Univis
i

where a runs over the charge basis e, u, 7. Then we can
write the neutrino interactions from the SM in the mass
basis as:

(3.6)

4C9
+ Uil d PRW vt ).

g - g -
Lovy = ———Uyilvsvmi +—= Ul b WP,
SM ) wmilYsUm \/5( M L
(3.7)

Now let us study the one-loop contribution for the mass to
generate the expected splittings.

One-loop mass generation from Standard Model

We investigate the one-loop self-energy of the neutrino to
see if the Standard Model can account for the small mass
splittings between the neutrinos. Because the Goldstone
boson (7;) and the radial modes (¢;, #;), in the absence of
extended symmetries, cannot break the symmetry further at
loop level [27-29], they contribute equally to the mass and
can be ignored. This can be understood from the Lagrangian
in Eq. (3.4) being diagonal in the mass basis and with a

>Notice that the Majorana fermion, vy, = v; + 1, violates the
initial SU(3) since we are mixing 3 and 3 representations.
However, we can use this description after the symmetry breaking
since the remaining symmetry is SO(3).

075035-3



CARLOS HENRIQUE DE LIMA and DANIEL STOLARSKI

PHYS. REV. D 107, 075035 (2023)

universal coupling. This is also the case for the Z boson
since the interaction ends up being diagonal in the mass
basis as well. Since the initial mass value is already a free
parameter, these shifts can be reabsorbed in the definition of
the initial mass. The only nontrivial contribution comes
from the W-boson interaction. We compute the W exchange
self-energy as:

. g
lZW 2) - Z Ula

/ d4k PP =K) +m )y, P
2a)* ((p = k) = m] ) (k> = miy,)’

(3.8)

where only the transverse modes couple to the Majorana
states. This integration is straightforward and gives:

i (p?) = B(p*;my.my,)

%’PL 16 2 ZUl(l

+ By (p*; my. my,)). (3.9)
Where the B functions are the Passarino-Veltman coef-
ficients [30]. The term proportional to Px of the self-
energy has the same coefficient because of the Majorana
condition. It can be obtained by computing the process
with the antiparticle.

The divergence of this self-energy is diagonal and
renormalizes the wave function of the neutrinos. Because
the contribution is divergent, the actual value for each mass
is not a prediction from the theory. However, since the
divergence is universal, differences between the masses are
finite and thus a prediction of the theory. For simplicity, we
use the MS renormalization scheme. We can then write the
contribution for the mass as:

2 02

1 mla
s U5+

+on /m;*v)>.

my; = m + m 6m
W

—log =¥ (3.10)
m

v

The mass splitting between two different mass states is then
given as:

2 2 E ’ - 2
my; —my; & <mw> 1622 Ui Ua])mll.
(3.11)

Using the fact that my <1 eV and that the unitary matrix
elements are bounded |U,,| < 1, we can put an upper bound
on the splitting

Img; —mZ;| 7% 1077 eV? (3.12)

which is far too small to accommodate either measured
splitting. The question now is can we introduce new particles
to make the splitting consistent with observations?

IV. MODEL BUILDING THE NEUTRINO
SPLITTINGS AND UV SENSITIVITY

Generating neutrino mass splittings at the loop level is a
delicate endeavor. The complication arises because we do
not want to generate any new universal mass contribution
for the neutrinos. Since we do not have chiral symmetry in
the Majorana case, it is difficult to avoid such masses.
Additionally, we need the mass difference to be finite to
predict it in the model, which can be challenging to
construct. This is a bigger problem if we try to lift the
vacuum with two massless neutrinos. Usually, the split-
tings are proportional to the difference in the couplings for
different flavors, which also contributes to the diver-
gent piece.

One way to have finite splittings is to mimic the SM W
interaction, in which the splittings come from the diago-
nalization matrix. This, however, does not work for a simple
W' extension, since the contribution from W is already
orders of magnitude smaller than the experimental value.
Another possibility is to include additional generations,
which are heavily constrained and the contribution will be
suppressed by the mixing matrix.

If we try to generalize this approach, the diagonalization
matrix needs to appear in the interaction universally. We
need a new set of fermions that interact with the neutrinos.
The mediator, in principle, can be a scalar of a vector.
However, because of the chirality flip nature of the scalar
interaction, there is always a term proportional to the
identity in the self-energy. This term is proportional to
the fermion mass and thus gives a nonzero contribution to
the mass in the neutrino chiral limit. The mass splitting
could be UV sensitive and, once the new physics is known,
we would be able to resolve this arbitrariness.

One example of a simple model that generates neutrino
splittings in a nonpredictable way is a Z’ extension of the
SM. At low energies we have the following interaction:

Gap
Ly =~ = A PLVL/}

. (4.1)

We can assume for simplicity that the coupling is
diagonal in the SM gauge basis and lepton specific:
9op = diag(g,, g, g.). The same couplings are present
in the charged lepton sector where most of the constraints
are derived. The UV completion of such a model is
responsible for the generation of the Z’' mass. In a UV
complete model, there will be finite contributions to the
neutrino mass. The neutrino mass will then run as a
divergent quantity up to the new physics scale and then
stop at some finite value. The Z’ interaction can be written
on the mass basis using Majorana states:
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U

9ij _
*JVMiZ/YSVij (4.2)

g
EZ’ = — 7P UmUﬁJDMlZ ]/51/M] 2

2

where we define g ;= gaﬁU Up;. The neutrino self-
energy in the mass basis can be written as:

7 d*k a ((ﬂ_k)+muk) v
%) = =2 d'al / (2)? ((ypyj k)2 —m2 ) (i —yngo

k
k" k¥
X (—;7””+ 5 ), (4.3)
m7,
We can perform the integral and introduce a cutoff A

where new physics contributes to the neutrino mass. The
most important contribution can be written as:

A2
Zu 0 16 T2 Z lk gkl< ) (44)

We can then calculate the squared mass difference between
two mass eigenstates:

Nt

A2
> (95 9% — 9% )

(4.5)

which is in fact divergent, thus rendering the mass splitting

not a prediction of the theory. This same analysis of the
|

VDirac (Z, ZL ’ ZR)

unpredictability of the splitting can be done with the
vacuum where we start with two massless neutrinos.

This calculation highlights that there are not many
results that we can draw from these UV completions in
this description if the physics at the cutoff is not known.
A more detailed model which has a finite contribution
could still exist, and we leave this possibility for further
investigation.

V. HIERARCHICAL VACUUM FROM NEW
NEUTRINO CONDENSATE INTERACTIONS

In this section, we explore how new physics can modify
the condensate interactions such that we have hierarchical
vevs. We first assume that the leading description of
the condensate comes from the renormalizable couplings
to new fields. In Sec. VI, we also explore the possibility
of significant contributions from nonrenormalizable
interactions.

One example of a model which can generate hierarchical
vevs is presented for the Dirac case in [20]. In this model,
we add two fields transforming under the SU(3), x
SU(3)g flavor group as:

Z,e(3.1).Zz € (1.3). (5.1)

Using the fact that X transforms as a (3, 3), the most general
renormalizable potential can be written as:

=Vo(X) + ﬂ%ZzZL + ,u%eZEZR + ﬂLL(ZZZL)z + Arr (ZI?ZR)Z + /ILR(ZZZL)(ZI?ZR)

+ A7, TH(E2)Z Z) + Appe Tr(EE) 2R Zg + Apsx  Z) 27 + ApsspZR 2275

+ (A srZ}ZZp + Hee) +

where V| is given in Eq. (2.5) with ¢ — X. The potential
Vbirac has one additional invariant operator that was not
included in [20]. However, the overall analysis done in the
work remains qualitatively similar and is only slightly
modified when 4. is nonzero.

The Majorana case is similar. The flavor group is
SU(3), the condensate field ¢ is a 6, and we add just
one fundamental field:

Zy €3.

(5.3)

The potential is then

(’1661'/'keabcZz'(zzj'l;Z]iZ;;r + H.C.),

(5.2)

|
= Vo) + uuZiyZug + dan(Z3y Znr)?
+ desm T Ziy Zog + g Zig® D Z s
+ (A ZhyZy + Hee))
+ (Ac€ijk€apcbiad pZiy Zsy + Hoe.).
(5.4)

VMajorana (¢’ ZM)

Because these potentials are much more complicated
than the version without additional fields, obtaining ana-
lytical results becomes difficult. We, therefore, explore
these models numerically to verify that such potentials can
indeed generate hierarchical configurations consistent with
observation. We analyze the Majorana case in-depth
because it has fewer free parameters, but the overall
behavior of the Dirac potential should be similar.
Additionally, from the scans, we obtain that both models
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can generate the normal and inverted hierarchy. We
generated solutions where the lightest neutrino is both
massive and massless.

To apply the experimental constraints of the neutrino
masses we need to set a scale v, and choose a coupling
9gu [see Egs. (3.1) and (3.2)]. We choose g4, = 1/2 for
simplicity such that each neutrino mass can be identified
directly as the vev value from Eq. (3.5). Because there are
different mass parameters in the theory we rescale every-
thing such that we have the largest possible neutrino mass
which satisfies current experimental bounds [15,16,31]:

m, < 0.8 eV, (5.5)
Am3, = 7.5570%0 x 107 eV? (5.6)
Am3, = (2.423 £0.03) x 1073 V2. (5.7)

We can now explore whether we have any allowed points
where the new fields Z are parametrically heavier than the
¢ fields in order to explore a possible EFT description. We
implement different separations of scales for the scans in

108} ]
— 10+ 1
S
L
2 1074} ]
107°% 1
10-14L .-~ L A ]
1071 107° 1074 10 108
| lm | (eV)
108}
= 10+
>
L
2 107}
107} LT
107140 S
1071 107° 1074 10 10°
| Auvgm | (€V)
FIG. 1. Numerical scans for the Majorana model with Z,,. All

points agree with current neutrino mass observations. We explore
different regions of relations between the scale of ¢ controlled by
g and the scale of the new sector p1); and A4y, The dashed red
line is where the two mass parameters are equal.

order to populate the parameter space in the important
regions where we want these new particles to decouple
while having hierarchical neutrino masses. In the new
sector, we have two massive couplings that control the
possible separation of scales from the neutrino condensate.
It is expected that when p), and A4y, are large compared
with M, and p, that we can get some separation between
the sectors. In Fig. 1 we compare the dimensionful
Lagrangian parameters of the new sector to those of the
¢ for points that satisfy all experimental observations. We
see that for many of the points the scales are comparable,
but there are also points with large separations.

The story is slightly different if we look at the spectrum of
states rather than Lagrangian parameters. We can say that
the separation of scales works if we can separate the massive
¢ fields from the massive Z,, fields. In Fig. 2 we show the
relation between the heaviest ¢ state and the lightest (top)
or heaviest (bottom) Z,, state. We can see that there is a
correlation between them. When the mass of the Z,; grows,
the ¢» mass generically does as well, making it difficult to
have a large separation of scales, even if the massive

105}
— 1000} 1
>
(V]
3
E 10 1
0.1 1
0.01 10 104
mz, (eV)
1057 ”:.,’;. 4
. 1000}
>
)
<
E 10 ]
0.1 1
0.01 10 104
mZMH(eV)

FIG. 2. Numerical scans for the mass of lightest (top) and
heaviest (bottom) new sector particle Zy;, /Zy, vs. the mass of
the heaviest condensate particle m,,, for the Majorana model with
Zy- All points satisfy current neutrino mass observations. The
dashed red line is where the two masses are equal.
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couplings themselves can have significant separations. Note
that all the new states are light enough that they are
kinematically accessible to collider experiments, but we
leave the exploration of its phenomenology to future work.

We do have some points where there is a significant
separation of scales both in the Lagrangian and the
spectrum, but as we will see in the next section, the
description using effective field theory does not work even
for those extreme points. This is to be expected in any
model where new physics modifies the vacuum structure
and at the same time attempts to decouple from the low
energy.

Cosmological constraints

When considering the additional light fields Zy, or Z;
there is the possibility of modifying the evolution of our
universe such that the model is inconsistent with observa-
tions. This can even be a problem for the condensate ¢
if the transition happens before 7 ~ 256 meV. Above
these temperatures, Majoron-like couplings are strongly
restricted [32-34]. We are here assuming that the transition
occurs below this temperature, and thus for these cosmo-
logical bounds, the condensate ¢ does not exist and there
are only free neutrinos. This is not the case for any
additional sector which we include, these fields will be
present in the early universe and have a portal to the SM
through the neutrinos. We can expect, from Egs. (5.2)
and (5.4) that before the phase transition there is a non-
renormalizable interaction between the neutrinos and these
new fields of the form:

Apgm v~
E%t: ;ﬁ ZjVIZ/LULZM7
T
oo Ak i, 5.8
int 2 LVVZLR, ( . )
fo

for the Majorana and Dirac cases, respectively. There are
also terms with more neutrino fields suppressed by higher
powers of f. We can then check if these particles are in
thermal equilibrium with the neutrinos when the neutrinos
have a temperature 7 > m,. If we want this new sector to
not be in thermal equilibrium we need to satisfy the
following condition:

TZ
nyoy,,-77Vy 5 M P
P

(5.9)

where M p is the Planck mass. The neutrinos are in thermal
equilibrium and relativistic so we have that v, ~ 1 and
n, ~ T3. We can rewrite the condition as:

1
™,

(5.10)

Op—77 5

The process vv — ZZ is mediated at tree level by the
operators in Egs. (5.8). The cross section at leading order is
constant,6 and we can write for both cases as:

2
GW—>ZZN?4' (511)

¢
We can go one step beyond and use the fact that the trilinear
constant A is around the same scale as the mass of the new
fields because of stability. This fact is also evident from the
right panel of Fig. 1. We can therefore write the condition
for both cases as:

2
mZM/L/R < 1

— < A2

f;‘S ~TMp (5.12)
This relation is just for order of magnitude estimates, and
since we have the unknown nonperturbative coefficient f;
this is the best that we can do.

From Eq. (5.12), we see that the bound is most stringent
at the highest temperature that the neutrinos achieve in the
early universe. We can take a relatively low reheating
temperature of Ty ~ GeV and find the following limit on
the mass and f, parameters:

mZMZ/L/R 5 10_19L <1 G6V>
f¢ eV TRH

(5.13)

We can now speculate what is the size of f, in order to have
a estimate for the bound on the masses. Since this is an
anomaly driven process, we can expect that this interaction
only takes place close to the condensate formation, and
since this is gravity driven we can expect that f, ~ Mp. If
this is the case, then we have a suppressed interaction with
the neutrinos and a trivial bound on the mass:

1 GeV
37
mz,, . S 10 ev< . )

(5.14)

If, on the other hand, we assume that the condensate constant
is around the condensate scale, f ~ €V, then we can find a
very strong bound on the mass of these new states:

(5.15)

1 GeV
Mz, 10710 eV< © )

RH

In this case, because the scale is so low, other higher
dimensional operators suppressed by higher powers of f,
will also contribute on equal footing, making the effective
field theory expansion not converge. This problem appears
also when we integrate out this new sector trying to separate

®A similar cross section occurs for the dimension 5 Weinberg
operator in the SM [35].
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from ¢b, as we show in the next section. For both estimations
of f, itis possible to still generate the correct neutrino mass
hierarchies. In the case where f is close to the condensate
scale, there is significant fine-tuning involved.

Another possibility is that rather than rarely or never
producing these new fields in the early universe, is that they
are sufficiently heavy so as to not be relativistic at the time
of big bang nucleosynthesis. In this case they would
contribute to dark matter, and one must also ensure that
they do not overclose the universe. Further, for them to not
be too warm, they would need to have a mass above
6.5 keV [36] if they saturate the dark matter relic density.
This would also require fine-tuning to get the right neutrino
mass scale, and further exploration of this possibility is
outside our scope.

Additional model-independent cosmological bounds for
late-time neutrino generation can be found in [37-40].
Overall, it is challenging to determine how restrictive late-
cosmology bounds are for these models without a more
profound understanding of the condensation mechanism
and how to estimate f.

VI. EFFECTIVE FIELD THEORY DESCRIPTION
OF THE CONDENSATE

In this section, we study the possibility of deforming the
renormalizable potential with higher-dimensional operators
to generate a hierarchical vacuum. These higher-dimensional
operators could come from the gravitational instanton
interactions. We also explore if the UV complete model
in the previous section can have a low energy description in
the EFT language.

The description of the potential is the same for both
Majorana and Dirac neutrinos, given the identification
¢;; = Z;;. The analysis for the Dirac case is similar to
the work [20], where they study the hierarchical pattern for
the quark sector. In exploring higher dimensional operators,
it is more convenient to use the following flavor invariant
operators:

T =Te(4'0). D2 = det(¢7).

(6.1)

A=Tr(Adj(4'9)).

The adjugate of a matrix is defined as Adj(M) =
det(M)M~"'. In addition, because of the special’ nature
of the symmetry group, we have also that D = det¢ is
invariant. Every operator that is invariant under the sym-
metry group can be written as powers of these three
operators [20]. We can then describe any hierarchical
configuration (vy,v,,v3) in terms of the invariants
(7T,A,D).

Now that we can describe the vacuum in terms of the
invariants, we can try to generate a configuration which

"Namely the symmetry group is SU(3), not U(3).

generates a hierarchical solution. We can write the full list
of higher-dimensional operators up to dimension 8:

Vs = %TD, (6.2)

V6:C[§12)T3+C52)AT+C[€D2, (6.3)

V, = QTZD + ﬁA’D (6.4)
A3 AT

v8:£74+£7%4+£,42+£7@2- (6.5)
A A A* A

As a simple exercise, we begin by turning on only the
following two operators:

023) Cé3)
V= V0+FD2+FA2, (66)

2
Vo — —%T T2+ A, A=2M D, (6.7)

where V is the potential from Eq. (2.5), and we identify

Ar = # and A, = —%2. The minimization condition in

the (7,.A, D) field basis for the potential is

o u

— =240 T = .

- >+ y 0 (6.8)
(3)

1% c

— =422 A=0, 6.9

aA =T A4A (6.9)

(3)
ov Ce
a—D_—2M1+2F’D_O. (6.10)

The second derivative matrix in the (7,.4, D) basis can
also be written to investigate if the solution is a minimum:

22 0 0
B
M= 0 2% O (6.11)
NO)
0 0 2%

AZ

This indicates that the two Wilson coefficients need to be
positive. In this simple example, we can dial the tree-level
parameters to generate any arbitrary vacuum parametrized
by (7, Ag, Dp):

(3) 3)

C
uy=40To,  Ay=-2-1 A, Mlzzﬁpo. (6.12)
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In order for the EFT to be valid, we need the dimensionful
Lagrangian parameters M, and u and also the vevs 7'/2,
D'/3, and A4, to all be parametrically smaller than A.
Further assuming that the Wilson coefficients are not
unnaturally large |c| <1, then tunings are required to
satisfy Eq. (6.12), 1, < 1 and M; < D'/3. This suggests
that if the anomaly induces higher dimensional operators, it
is necessary to tune the parameters to generate a hierar-
chical solution. Note also that the vacuum is controlled by
operators of different mass dimensions, indicating poor
convergence of the EFT expansion.

If the EFT descends from a particular UV completion,
there will in general be correlations between different Wilson
coefficients. We now explore the EFT that descends from the
UV complete models described in Sec. V. The leading one-
loop matching coefficients up to dimension 8 are written in
Appendix B for the Majorana model, and we have also
computed the matching in the Dirac case. There are some
interesting results from the matching. First, there is a clear
way to differentiate the models: the Dirac case does not
generate the dimension 5 or dimension 7 operators at one
loop while the Majorana model does. We can also see the
role of having the dimensionful coupling Ay, (or Apsg in
the Dirac case), where it gives a positive contribution to the
coefficient of the A? operator, while the leading contribution
is negative. In the Majorana case this can be seen in:

o (AugnCougon)® 2Pt Caaggn)”
A4 127t2(mZM)6 37T2(mZM)4 1927T2(mZM)4’
(6.13)

Having this coefficient positive makes it easier to
generate a stable global minimum in the A direction. It
is also possible to see a potential danger when A4y, is of
the same order as the mass of the new states. This would
break the convergence of the EFT series in 1/m and
highlight again the nondecoupling effect of the two sectors.
From the EFT matching, we can also see that some
couplings are more important than others to guarantee that
we have both D? and .A? operators at low energy. We can
set 4. = Ay = 0 and have all the couplings real and still
be able to generate both the hierarchical minima and these
two operators at low energy.

Finally, we examined some of the specific parameter
points of the UV complete model that have a significant
separation between the new states and those of the con-
densate. Performing the one-loop matching up to dimen-
sion 8 and then minimizing the EFT potential does not give
the same vacuum as the full theory and is unable to generate
neutrino masses consistent with observation. This further
signals the breakdown of EFT convergence.

A further in-depth investigation of these models is only
truly motivated in the event that this mechanism shows to
be the one that generates the neutrino masses. There are

questions on the matching, and having to flow from the UV
to IR with the parameters of the models. The phenom-
enology of this model can also be interesting in the same
context since there are new states that could be accessible to
various experiments. The leading particles that would
contribute would still be the ¢ and the Goldstone bosons
since we are creating a hierarchy of scales, which means
that the search for this mechanism can be somewhat model
independent.

VII. CONCLUSION

In this work, we explore the possibility that the neutrino
mass is generated at low energies from the anomaly on the
gravitational @ term. This low energy phase transition
could be used in conjunction with [41] to move the
cosmological constant from negative to the small positive
value we see today.

The description of the phase transition in terms of the
neutrino condensate constrains the possible breaking pat-
terns that we can observe. In the initial proposal for this
mechanism, it was assumed that the condensate acquires the
hierarchical pattern. We show that such a pattern is not
possible with the leading renormalizable potential. We also
compute the SM loop contributions to the neutrino mass
splitting. The only nonzero contribution to the splitting is
from the loop of a W and charged lepton, but that
contribution is proportional to m?/m3, [see Eq. (3.11)]
and too small to accommodate the observed values.

We then analyze the scenario where the gravitational
anomaly generates a universal neutrino mass and new
physics generates the splittings. The new physics could
appear in two different descriptions. It could enter as new
scalars interacting with the condensate field, or it could
enter as new neutrino interactions in the self-energy process.
We show, however, that new interactions that generate finite
splittings are difficult to construct. We highlight one simple
model which has a divergent contribution to the splitting,
meaning that neither the mass nor the mass differences are a
prediction of the low energy theory.

We also explore how new interactions of the condensate
can generate a hierarchical vacuum solution. We investigate
a specific model that introduces a minimal content of new
particles that can generate the experimentally measured
neutrino splittings. We explore the parameter space of this
model and calculate cosmological limits considering the
impact of the new fields on late-cosmology observables.
However, we have found that without a more comprehen-
sive understanding of the condensate mechanism, it is not
possible to draw any conclusions regarding the exclusion of
this matter content. We then show that the separation of
scales is difficult to construct in this specific model and
discuss that this is expected to be a general feature since we
are trying to generate low-energy effects from high-energy
physics. We then examine the EFT description of the
condensate where higher dimensional operators can be
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from the specific UV completion or possibly from the
gravitational instantons. We show that in the EFT language
it is necessary to have cancellations between different orders
of the expansion signaling the same problem that we face
in the UV complete model. This means that, if this specific
UV complete model is the one that generates the neutrino
mass splittings in our universe, then we should expect new
particles in reach of the current colliders.

The proposed solutions that we create do not exhaust all
the possible UV completions or different ways that new
physics can contribute to the splittings given that a low
energy phase transition generates universal masses. Further
investigation into this problem could clarify what signals to
look for to test this proposed neutrino mass mechanism.
Additionally, further investigation on the specific low
energy description of the gravitational instanton interaction
with the condensate could shed some light on what is the
exact symmetry breaking which occurs, and if we are
required to add new physics to describe the neutrino
phenomenology.
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APPENDIX A: ABSENCE OF HIERARCHICAL
VACUUM FOR THE RENORMALIZABLE
POTENTIAL

Let us write the most general vacuum configuration for
Majorana and Dirac cases, calling the field X. We can use
the flavor symmetry in both cases to get rid of the off-
diagonal components and two diagonal phases. The last
phase can be made global, and thus the most general
configuration vev is

X = diag(vy, v,, v3)e'®3. (A1)

The minimization condition for the potential in Eq. (2.5)
can be cast in the following form:

0= M,v,v,yvssina, (A2)

|

Cs _ leAM¢M(/1M¢¢M + 3Arvm)

A 4z’m%
M

’

Q — waggm)® + 3Aatgon) Arnam + 3Auiggm (Arvn)* + 3(Agvm)’

0= (vi = v2) (V34 + vivady + V(4 + 4a)

+V3(4 + A2) = pg + 2Mv3 cos ), (A3)
0= (vo — v3) (Vi) 4+ vavidy +V3(4) + 4,)

+V%(ll +ﬂ,2) —/«li +2M1V1 COS(X), (A4)
0= (vo +v3)(Vidi — Vavidy +V3(4) + 4,)

+V3(4 + 4p) = g — 2M vy cos a). (A5)

We will now show that there cannot be a vacuum with three
different nonzero values for the »;. From the first condition,
we can see that, given we are assuming that all vevs are
different and nonzero, we need to have M; = O orsina = 0.
When M, = 0 the angle becomes a flat direction and we can
choose any value, while when M; # 0 the minimization
occurs for a = 0. We can then set « = 0 in general.8
Assuming that we have all vevs different, we can solve the
remaining equations. However, this ends up giving us a
contradiction, since the only solutions up to permutations are

202 —AMZ (A + 2 M
V= vy = H¢22 1(41 2)’ 2:2_1’ (A6)
5241 +4) A
2
1
Vi = V3 :0, vy, = ﬂl —:—{)12 <A7)

We can see that we have at least two vevs equal or two vevs
equal to zero, which implies that we have no solution that
satisfies the condition where all vevs are different and thus
we prove by contradiction that we cannot have hierarchical
vevs for the renormalizable potential.

APPENDIX B: EFT MATCHING
FOR THE MAJORANA CASE

We perform the matching at one loop up to the leading
contribution in 1/my, . The coefficients are matched in the
basis of Egs. (6.2)—(6.5):

(B1)

A2

967°m%
M

: (B2)

¥We could also set @ = r and this would only change M, to —M, and all the results remain unchanged.
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6 (uaggm)* + 2Chuggnr) e = 1614 PArnan

AZ

A

A4

B3
A2 327‘[21’}1%,” .
3
i) _ (/1M¢¢M)3 + 48|/1€|2/1M¢¢M (B4)
327%m% ’
M

i Ao ((arggm)* + 2nggmran + 3(pam)?) (B5)
A3 8z*my ’

¢ DeAugn 3Ciggnn)? = 812 (B6)

127%m}, ’
Q _ (aaggm)* + ACuagpn) vt + 6(Aasggna)> Aermm)” + Hmiggm (Aram)* + 3 (Arvam)* (B7)
38477m}, ’
M

ﬁ — Qaaggna)* + 3Caapgnr) 2rwmt + 3(Amggn)* (Arnim)* = 2412c* (Arnam) (B8)
A4 967°my ’
e _ Cuaggna)* +1282* (B9)
A4 1927%(my, )*

et Chaaggnn)> Catggns + 3hraant) + 2412 P Ausggns Gaggns + 62raant) — 128]4[* . (B10)

A* 967°my,
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