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Axionic Dirac seesaw mechanism and electroweak vacuum stability
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We explore the connection between tree-level Dirac neutrino masses and axion physics in a scenario
where the Peccei-Quinn (PQ) symmetry enforces lepton number conservation perturbatively. Requiring
that the PQ scale f, is the only heavy scale to play a role in neutrino mass generation, we are led to the
construction of a Kim-Shifman—Vainshtein—Zakharov-type model where Dirac neutrino masses are
inversely proportional to f,, provided a real scalar triplet (zero hypercharge) is added to the standard model
scalar sector. We analyze this extended scalar sector, focusing on the stabilization of the electroweak
vacuum. The contribution of the triplet vacuum expectation value to the W mass may also be responsible
for the recent hint of beyond-the-SM physics by the CDF collaboration.
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I. INTRODUCTION

Despite its many successes, the Standard Model (SM)
cannot be a final description of Nature. It must be extended
in order to clarify the origins of neutrino masses and dark
matter. Moreover, the SM by itself does not offer an
explanation to the nonobservation of the neutron electric
dipole moment. This so-called strong CP problem can be
solved via the Peccei-Quinn (PQ) mechanism [1-4],
whereby an axion is introduced in the theory (for a recent
review see [5]). From the point of view of a UV completion,
this QCD axion arises as the pseudo-Nambu-Goldstone
boson of a spontaneously broken, anomalous U(1)pq
symmetry.

Depending on its properties, the axion can provide the
desired dark matter candidate. On the other hand, axion
physics may directly connect to the generation of neutrino
masses. In the case of Majorana neutrinos, the PQ scale f,
is naturally identified with the type-I seesaw scale [6—10].
The lepton-number-violating right-handed (RH) neutrino
Majorana mass term is thus generated from a coupling of
the type ov%ug, where o is the PQ scalar field. In this case,
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light neutrino masses are suppressed by the PQ scale,
m, ~v*/f,, with v ~246 GeV.

At present, the nature of neutrino masses is not known.
Dirac neutrinos remain a viable and interesting possibility.
In this context, however, the connection to axion physics is
not so direct as in the Majorana case. This link has been
explored in models where Dirac neutrino masses are
generated at the tree level [11-16] and at the one-loop
level [14,17—19].1 Focusing on the tree-level case, one
typically finds m, ~ vf,/Ayy [13], i.e., neutrino masses
are proportional to the PQ scale and inversely proportional
to an (in general) unrelated scale of new physics Ayy, e.g.,
the GUT scale. Here, the suppression of m,, with respect to
the electroweak scale arises from the smallness of Yukawa
couplings and of the ratio f,/Ayy. If an additional mass
scale u is present in the theory, one can instead obtain a
relation of the type m, N,uvfa/A%V [11,12,14], with the
ratio u/Ayy possibly providing a further source of
suppression.

In this work, we look into the possibility of identifying
the Dirac seesaw scale with the PQ scale f,, so that the
Dirac neutrino masses are suppressed by f, as in the
Majorana case.” To avoid introducing an independent
heavy scale Ayy, we focus on the diagram of Fig. 1 as
the main contribution to neutrino masses, which effectively
corresponds to a dimension-5 operator. In this case, one

"The baryon asymmetry of the universe may be generated in
such a setup by the neutrinogenesis mechanism (aka Dirac
leptogenesis) [20,21], see, e.g., [11].

2Recently Ref. [16] appeared, where the relation m, ~ v°/f2
for Dirac neutrino masses is obtained.
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FIG. 1. Tree-level Feynman diagram giving rise to PQ-sup-
pressed Dirac neutrino masses. The seesaw partners Ay, and Ag,
have masses proportional to f,, enabling the identification of the
(Dirac) seesaw and PQ scales.

obtains a relation of the type m, ~uv/f,, where u
corresponds to the vacuum expectation value (VEV)
of a new neutral scalar. Such a relation was also found
in the 3-3-1 setup of Ref. [15], with u = 10* GeV.

Moreover, we find that the PQ symmetry by itself is
enough to explain the Dirac nature of neutrino masses in
such a setup. Namely, one does not need to impose an
additional lepton-number symmetry, since PQ charges
forbid Majorana mass terms at all perturbative orders.
Such an economical possibility was previously explored
in Refs. [13,14] for different classes of models. Unlike these
models, which consider Dine-Fischler-Srednicki-Zhitnitsky
(DSFZ)-type axions [22,23], we develop a scenario where
the scalar fields (apart from o) are not charged under U(1)pq,
Thereby the SM Higgs doublet is not charged under this
symmetry (neither are the SM quarks) and our axion is of the
Kim—Shifman—Vainshtein—Zakharov (KSVZ) type [24,25].
The considered extension of the scalar sector naturally
warrants an analysis of the stability of the electroweak
vacuum.

In Sec. II we describe our framework, detailing the field
content and neutrino masses. We further comment on the
solution to the strong CP problem and on the possibility of
explaining the recent CDF anomaly due to the contribution
of the new scalar VEV to the W boson mass. In Sec. Il we
analyze the scalar sector of the theory. In particular, we look
into the constraints imposed by vacuum stability on the
discussed model. Finally, we present our conclusions
in Sec. IV.

II. FRAMEWORK

A. Axionic Dirac seesaw

1. Field content

We start by setting the field content. Aiming at identify-
ing the seesaw scale with the PQ-breaking scale, i.e.,
Ageesaw ~ fa» first of all we introduce one complex singlet
PQ field ¢. Maintaining a minimal field content, we
introduce 2 generations of RH neutrinos v and are led
to the dimension-5 operator of the form TzLHy/f,,
where L and H are the SM lepton and Higgs doublets,

respectively. Here, y can be either a singlet scalar or an
SU(2), triplet, with zero hypercharge. In order to generate
the Dirac neutrino masses at tree level, we open up the
dimension-5 operator by introducing a vectorlike fermion,
Ap = Ap, + Ap, which gains a mass after PQ-symmetry
breaking, i.e., my, ~ f,. This corresponds to the seesaw
diagram shown in Fig. 1.

Going forward, we consider the case when y = A, is an
SU(2), triplet, whereas the singlet possibility will be
explored elsewhere [26].3 The minimal choice then corre-
sponds areal Y = O scalar triplet (see, e.g., [27-30]) instead
of a complex one. It follows that the fermion fields A, and
A, must also be triplets. We are thus dealing with a type-
IIT Dirac seesaw, in the terminology of Refs. [11,31]. The
triplets of the model are defined as

N N A, _1 FY 2F}
T2\var ) Tt 2\verg -FY )
ﬁF{)

—F%

Ap (1)

1 F
L 2 \/z FZ
where 4 is real and (y*)* = y~. Notice that A, = A;.
For Ap, and Ap , the component fields are all complex
and (F, )" # F,.
The leading-order contribution to the light neutrino mass
scale can be read from the considered diagram. One has

v,V
muNUL7 (2)
14

where we assume that the neutral components of the scalars
all acquire VEVs, ie., (H°) =v/v2, ({°)=v,, and
(6) = v,/v/2 = V2Nf,, with N being the QCD anomaly
coefficient. Note that at least 2 copies of the vectorlike
fermions Ay are required to generate both Am% and Am2,
neutrino mass-squared differences. To obtain a sub-eV
mass for the light neutrinos, we need v, /v, ~ 10712 It is
curious that the experimental constraints on v,, suggesting
v, ~O(GeV) at most (see Sec. IIC), together with a
typical scale of f, ~ 10°-10'? GeV for axionic dark matter
leads to viable neutrino mass scales for O(1073 —1)
Yukawa couplings.

Finally, to address the strong CP problem we introduce a
vectorlike quark Q = Q; + QOg, such that the SM quarks
need not be charged under the PQ symmetry. Our model is
therefore of the KSVZ-type (see also Sec. 1I B).

*Note that to preserve the structure of the diagram in Fig. 1 in
the absence of extra symmetries, this SU(2), singlet would have
to carry a nonzero PQ charge and thus be complex, in order to
forbid a direct Majorana-type V%A £,0 coupling.
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TABLE I. Charge assignments of the considered Dirac seesaw
model (a # 0).

Field L €r 12 AFR AFL QR QL H o A}(
su3. 1 1 1 1 1 3 3 111
su), 2 1 1 3 3 1 1 213
Uy -L-1 0 0 0 0 0 10 0
U(1)pq a a a+l a a+l =3 1 01 0

2. PQ as a lepton number symmetry

Having set the field content, we show that it is
possible to impose no other symmetry aside from the
PQ symmetry—especially no independent global lepton
number symmetry—to guarantee Diracness. This requires
that we charge the fields properly. To start, the PQ field is
charged PQ(o) =1, while PQ(Q; ) =+£1/2 for the
vectorlike quark, as usual. Since we work in a KSVZ-
type model, the SM Higgs is not charged under the PQ
symmetry and, consequently, the SM lepton doublet needs
to carry a charge PQ(L) = a # 0 to forbid a Weinberg-
operator contribution to light neutrino masses. The charge
assignments for all relevant fields are collected in Table 1.
They follow from requiring that the interactions contained
in the diagram of Fig. 1 are allowed. One has PQ(A,) = 0,
since it is a real scalar triplet.

Note that the direct Dirac coupling L H vy is automati-
cally forbidden. To ensure that light neutrino masses are
generated by the described Dirac seesaw mechanism, one
also needs to forbid other possible Majorana contributions.
This puts some additional constraints on the PQ charge a,
namely

(1) a# —1 to avoid a direct RH neutrino Majorana

mass term U%ug, automatically forbidding higher-
dimensional 5rgAZ terms (n even, to form SU(2),
singlets), and more generally

(i) a# k/2 (ke Z) to forbid (possibly higher-

dimensional) v%vg(6*))" Majorana terms and their

variants with additional H or A, insertions.
This last requirement of 2a € Z contains the previous ones.
It forbids Weinberg-operator contributions with any num-
ber of ¢*) insertions. Other possible Majorana-like con-
tributions such as A% Ap,, AL Ap,, and Af vgAy (n odd)
are also not allowed, even with an arbitrary number of o)
insertions, since these carry integer PQ charge.

Making, for definiteness, the choice a = —1/3 (in a
parallel with SM quark e.m. charges), one finds that
neutrinos are Dirac particles in this model. Lepton number
conservation is hence enforced (perturbatively) by the PQ
symmetry.

The relevant Lagrangian £, extending the SM one, is

L= Ly~ Lyw —V(H, A, 0), (3a)

ckin - |au6|2 +Tr|D/1A;(|2 + WMVR +QZDQ +A_FlpAF7
(3b)

Ly =Yp0,0r0+LH Y Ap, + Tr(Ap, YpAp,)o
+ Tr(A_FLA;)YRl/R + H.C., (3C)

where the covariant derivative for the zero-hypercharge
triplets A of Eq. (1) acts as D,A = 9,A + igz[Wﬂ, A], with
W, = WT, containing the SU(2), gauge bosons W and
9 being the corresponding gauge coupling. Here, Y, is a
Yukawa coupling, while Y;, Yp, and Yy are Yukawa
coupling matrices. In the minimal setup, Y, is a 3 x 2
matrix, while Y and Yj are 2 x 2 matrices.
The scalar potential reads

V(H,0,A,) = —ufH'H — 1i2Tr(A7) — pZo*o + kH'AH
A

A y)
+5 (H'H)? + 2 Tr(A7) + 5 (0"0)?

8 () TH(A2) + %2 (' H) (")
+ (e o)Tr(a2). (4)

where all the couplings are real. Note also that
A2 = [(((")*/2+x"x")/2]1, directly implying that the
terms [Tr(AJA,))* = 2Tr(A}) and HTAJA,H = (H'H)
Tr(AZ)/2 are not new. As is mentioned in Ref. [32],
in the limit of vanishing x the potential possesses a
global symmetry O(4), x O(3),, and a discrete symmetry
A, > _A)('4 Thus « is protected by these symmetries and a
small but nonvanishing k corresponds to their soft breaking.
One may fix the sign of « via a sign flip of A, and vg. We
consider the convention x > 0 in what follows.

B. The axion and the solution to the strong CP problem

The solution to the strong CP problem in our model is
identical to that of the KSVZ model [24,25], which we
briefly review here. Anticipating the spontaneous break-
down of the PQ symmetry, one can parametrize the PQ
field as

7= 5 () Q
where a is the Goldstone field, i.e., the axion, and p,, is the
radial mode. The vectorlike quark gets a mass from its
interaction with the PQ field, my = Yv,e'/% /\/2. By
performing an axial transformation Q — e~5%/(2%) Q the
field-dependent phase in m, gets rotated away. The Q field

*Our potential also has an additional O(2), global symmetry.
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is thus disentangled from the axion field and can be
integrated out. The axial transformation is anomalous,
leading to the aGG /v, term, where G is the SU(3), field
strength tensor. This term can be used to cancel the 6 term,
in a dynamical solution to the strong CP problem.

Comparing the generated aGG term to the correspond-
ing one in the axion effective Lagrangian, it follows that
v, = 2Nf,, as indicated in Sec. II A 1. Note that there are
fields other than ¢ that are charged under the PQ symmetry.
The QCD anomaly coefficient is N = 1/2 in our model,
and thus v, = f,. It is more transparent to look back at
Eq. (2) with v, = f,. Since the domain wall number is
Npw = 2N = 1, this model is free from the cosmological
domain wall problem.

The electromagnetic anomaly coefficient E is also
independent of the charge a. We find it is given by
E =2ngp, where nyp denotes the number of generations
of vector-like seesaw partners Ap. We consider the
minimal case (recall Section I A 1), for which np =2
and E = 4. This E/N = 8 value is safe from current axion
experimental search bounds for large regions of the
parameter space, as shown in Fig. 2. The allowed values

10" 10" 10' 10"

10"

of f, are constrained from below (f, = 10% GeV) due to
the SN 1987A bound on the axion-nucleon couplings [33],
which for our model implies the bound g,, <3 x 10~° on
the axion-proton coupling. On the other hand, one expects
an upper bound on f, from the relation in Eq. (2).
In particular, requiring perturbative Yukawa couplings
of at most O(1) and taking a triplet VEV v, of at
most O(5 GeV), one sees that neutrino masses become
suppressed beyond what is phenomenologically viable,
ie., m, < \/Am2,, ~0.05 eV, unless f, < 101314 GeV.
Therefore, we take f, € [10%,10'3] GeV as our viable
range of interest. As shown in Fig. 2, large portions of the
viable parameter space are expected to be probed by
upcoming axion experiments.

C. A heavier W mass?

Due to the engagement of A, in SU(2), gauge inter-
actions, the triplet extension of the Higgs sector can be
constrained by electroweak precision measurements. In
particular, a nonzero VEV v, in our model modifies the p
parameter, which at tree-level is calculated as
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FIG. 2. Allowed axion parameter space for the considered model, with E/N = 8 (green line) and future detection prospects, in the
plane of the axion mass m, vs the axion-photon coupling g,,. Vertical dotted lines show representative values of the axion-proton g,,
(gray) and axion-electron g,, (red) couplings for this model. Present data (CAST [34], ADMX [35-38], CAPP [39-41], HAYSTAC
[42]) and projected sensitivities (IAXO [43], ABRACADABRA [44], KLASH [45], ADMX [46] and MADMAX [47]) are represented

by solid and dashed lines, respectively (see also [5,48]).
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given the tree-level expressions for the squared masses of
weak gauge bosons,

2.2
g5
M%: 22 . (7)
4 cos” Oy

2

My =2 (07 +422).
Unlike in the SM case, custodial symmetry is not recovered
in the limit ¢ — 0. We keep our discussion at the tree level
in order to arrive at a plausible and illustrative benchmark
for v,. At this level, the scalar triplet VEV does not
affect M.

Significant attention has recently been given to models
with hyperchargeless triplet scalars in light of the new W
mass measurement given by the CDF collaboration [49]
(see, e.g., [5()—64]).5 Taking the CDF II result as a hint for
new physics, we reexpress the p parameter as

(MEPFY2 MEPF\ 2 .
~ MZcos’ Oy <M§VM> Psm: (8)

where MGPF = 80433.5 + 9.4 MeV is the CDF measure-
ment, while the SM value is MM = 80357 4 6 MeV [70].
Using central values, we obtain p ~ 1.0019. Note that the
change in p has the correct positive sign in our model, at
the tree level. Equation (6) then gives v, ~ 5.36 GeV. In the
next section, we analyze the scalar potential of the model,
taking v, = 5.4 GeV as a benchmark value.

III. VACUUM STABILITY

The real and complex scalars introduced in the previous
section will have nontrivial effects on the vacuum structure.
In this section, we analyze the vacuum structure in detail,
taking the potential in Eq. (4) as our starting point, with an
emphasis on electroweak vacuum stability.

A. Mass spectrum

Assuming all the VEVs (v, v,, v,,) are nonzero, we find

the stationarity conditions as

1
Hy 1(2/11) + V5 + A3 — 2k0,), (9a)
o | 3 2
Uy = 4—(/1 v*v, + A 020, + 4,05 —kv?),  (9b)
Uy
Uz Z(/l,,v + 24,02 + A.v2), (9¢)

>See also, e.g., [65-69] for models with a ¥ = 1 Higgs triplet
addressing the CDF result.

under the parametrizations H = (¢T, (¢° + v +iGy)/
V2)T, 6 = (¢, + v, +iG,)/+/2. With these conditions,
we find the mass matrix for the neutral scalars in the basis

(9°.4°. ¢,) to be

1 1
? E’lam}x_z’w E/lbvv,,
1 kvr A2 1
&b oven = 5’10””1_5’“) @#-% 2}%%”1 ,
1
Eﬂbvvg 2/161)67})( A V2

(10)

The VEVs (v,v,.v,) correspond to a minimum of the
potential in Eq. (4) when this M2, matrix is positive
definite. The CP-odd mass matrix vanishes, corresponding
to two Goldstone bosons. One of them becomes the
longitudinal component of Z boson and the other one is
the axion, which becomes massive when the chiral axion
potential is considered, as in the KSVZ model.

The three CP-even mass eigenstates have masses my,
(i = 1,2,3). These obey my, ~my, < my,, where the last
one is much larger than the first two due to the large v, and
the corresponding eigenstate effectively decouples. Indeed,
from the considerations of the previous section, we have
v, [V S 108, which indicates the hierarchy of the VEVs,
v, < v <K v,. As a result, we further decompose the 3 x 3
mass matrix into four blocks

2 2
MéP—even - Mh th ’ ( 11 )
(MG,)" M

with
1 1
? =AUV, — SKV
2 2
M2 =
h 1 1 kv Aovp |
SAVU, — oKV —
2 2 4v, 2
1
Elbl’”a
M; = | , M2z = ),02. (12)
5’16”61’1

The masses of the neutral scalars receive contributions from
couplings to . In the limit of vanishing M2, the couplings
to o contribute to the 2 x 2 M2 block in the diagonalization
and can be calculated in a seesawlike approximation as

1 M2 o )T:_L /112,1)2 ApAc v,
M ho ho 4 /1%”)2( .

M 2 —
(M7= pt ApAc v,
(13)
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A rough estimate tells us that this contribution is of the
same order as that of M7. Consequently, the leading-order
mass matrix for the two light scalars (¢°, ¥°) reads

Mj, =M; +(M5)?

MZ_/II%UQ KU A0, Aphvvy,
47, 2 T2 T
N kv A0y, Aphovy, K_vz_/lgvf( A, 0%
272 T4, a4, 2
(14)

which leads to an estimate for the neutral scalar mixing
angle a of

200, (2kA,; = 24,450, + ApAc0,)

tan 2a = :
o 2= 2,0) = V[, + v, (2 — 400,)]

(15)

such that O"Mj, O = Diag{(m?)*, (m))*} with O being
a 2 x 2 rotation matrix parametrized by the angle . This
approximation will be useful in understanding the parameter
correlations discussed in Sec. III C. While one can solve for
my and mp starting from Eq. (14), the expressions are
lengthy and we do not show them here. Although the block-
diagonalization procedure discussed so far is convenient to
understand the leading-order contributions, in our numeric
study we take into account the full 3 x 3 matrix as given
in Eq. (10).

The mass matrix for the charged scalars in the basis
(6%, 7%) is

kv, X
X 2
Mgharged = ( KV ﬁ) (16)

2 4v,

One of the two charged-scalar masses is zero, corresponding
to the charged Goldstone boson that becomes the longi-
tudinal component of W*. The only nonzero squared mass is

k(v + 403) (17)
= 4y,

m

which grows with k. The mixing is given by tan2f =
4vv,/(v* —4v%). Inputting v, constrained by the CDF
result, we find a value of f# ~ 0.044 for the mixing angle.

B. Constraints

The model parameter space is subject to many con-
straints. To start with, the potential should be bounded from
below in any direction of large field values. This condition
can be quantified by requiring the copositivity of the quartic

coupling matrix [71]. In our model, the copositivity
conditions read

>0, A, 20, Ay >0, (18a)
Aot /204,20, Ay +2y/A 20, A+ /24,1, >0,
(18b)

A2 + W@ +AN2A+ 24000,

+ \/ 2(%q + 1/242,) (A + 28/225) (Ao + 1/22,24) 2 0.

(18¢c)

The perturbativity bound requires instead that all the
quartic couplings remain perturbative at any scale, i.e.,
|4;| < 4z (with i being a pseudoindex running over all the
quartic couplings). There are also constraints from requir-
ing the unitarity of the S-matrix [30,72]:

A Aol < 87, |4

A

e

A| <16z (19)

’ ’ El

Unitarity gives three additional constraints, namely upper
bounds on the quantities in Eq. (A3) of Appendix A, where
more details on the unitarity bounds can be found.

Additionally, we are interested in identifying the regions
of parameter space where the desired vacuum configuration
(v, v,,v,) with all VEVs nonzero is a global minimum. We
therefore need to exclude deeper minima from alternative
configurations (', v, v;,) with one or more vanishing
VEVs. Confining our attention to such charge-conserving
VEVs, a direct minimum depth comparison results in a
difference AV = V' — V with

B 1
16
+ 22 (0202 — VPV2) + 207 (2,03 + A0k — kvy,)

— 202 (/101))’(2 + Apv? — Kvy,)], (20)

AV 2A(v* = ") 4+ 4, (vy — v)) + 24,(ve — v3))

which we require to be non-negative for all seven patterns
(v, v,.v,) = (0,0,0), (2/,0,0), (0,7}.0), (0,0,v;),
(v, v)’{, 0), (¢/,0,7,), (0, v)’(, v},), in case these lead to a
positive definite mass-squared matrix. Note that the primed
VEVs in this equation are constrained to satisfy stationarity
conditions of their own, but with the same 3, u2 and ? as
given in Eq. (9) in terms of unprimed VEVs. We also check
that the minima candidates are not locally destabilized by
turning on charge-breaking VEVs (see [73] for an in-depth
analysis in the Y = 1 triplet case).
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Constraints from the experimental side arise mainly from
two sources: electroweak precision measurements and
collider experiments. For the former, we consider the
constraint on the triplet VEV v, from the p parameter,
taking into account the latest measurement of the W mass
(see Sec. I1 C). The bounds on oblique parameters, i.e., on
the Peskin-Takeuchi parameters S, T, and U [74], also
impose stringent constraints on models of new physics
above the electroweak scale. The contributions beyond the
tree level from the hyperchargeless triplet to a modified
version of these parameters, adapted to this context, are
[28,29]

S0, (21a)

1 1 my, + m.
 8zsin? Oy cos? Oy,
_ Zmili m%‘lz lo <m%‘12>]
2,2 2 g\ >
mz(my, —my.) My
1 (Am)?

1
" 6rsin® Oy cos? Oy mL

2
myz

(21b)

1 m%, 3m2, — m%_l
U~—— 4 1 2 H 2
3 {”’Hz o <mH> (ni3y, = n2.)?
5(ij‘1i + m‘}_,z) - 22m%2mzi}
T

H*

6(my, —m
Am

N 377.'1’711_11 ’

(21¢)

where m is the Z boson mass, 6y, is the Weinberg angle,
and Am = my, — my=. The last approximations hold for
|Am| < my=. To be consistent with the updated fits of
Refs. [50,75], we require that my+ ~ mpy, > my , where
my, is assumed to be the SM Higgs. To be more specific,
given that the benchmark v, = 5.4 GeV already produces a
large tree-level contribution T = %/t =~ 0.25, the
fited CDF value of 7 =0.27 £0.06 [75] (under the
assumption of negligible U) requires the additional loop-
level contributions of Eq. (21) to be small, leading to the
bound |Am| < 50 GeV.

As for collider constraints, an important channel is that
of Higgs decay into two photons, corresponding to a signal
strength of p,, = 1.14731¢ [76]. In our model, the novel
contribution to u,, is dominated by 1,/ méi and can be
made negligible if my= > 300 GeV [30]. Additionally,
LEP provides the most stringent bound on the mass of a
neutral scalar which is produced in association with the Z
boson, m;, > 114 GeV [77,78]. However, it is possible to
evade this bound in a hyperchargeless triplet model since

the coupling of the new neutral scalar to the Z may be
suppressed [72]. Therefore, in case there is a scalar lighter
than the SM Higgs, we impose the constraint

|sina| < 0.05, (22)

which implies that | cosa| ~ 1 and the LEP bound is not
violated. If the lightest scalar has a mass below half the SM
Higgs mass, it can contribute to the Higgs invisible decay
rate and is subject to further constraints. Meanwhile, y° also
couples to the W boson and has the potential to be produced
via such an interaction. A full analysis of the parameter
space taking into consideration all Higgs search limits is
beyond the scope of the current work. In a simplified
analysis, we focus on Eq. (22) as the main constraint on a
light scalar spectrum. Finally, the vectorlike fermion triplets
Ay acquire masses proportional to the PQ symmetry
breaking scale and are thus safe from otherwise stringent
low-energy limits (see, e.g., [79]).

C. Numerical results and discussion

Following the analysis of the mass spectrum and the
above discussion on constraints, we are ready to search for
the viable parameter space at the electroweak scale. We
express the potential parameters 3, u2, 2 in terms of the
nonzero VEVs (v, vy, v,) and the quartic and trilinear
couplings using the stationarity conditions in Eq. (9). The
constraints to the quartic couplings can be directly applied.
Meanwhile, there are constraints expressed in terms of the
masses, which are also functions of the VEVs and the
quartic and trilinear couplings, according to Egs. (10) and
(16). There are two possible mass spectra with some
differences in constraints (my is the SM Higgs mass):

(i) “Heavy spectrum,” with my = my < my,, refer-
ring to the case where the new scalar has mass my,
and is heavier than the SM Higgs. In this case, the
oblique parameter constraints of Eq. (21) require
my+ ~ my, > my, as mentioned before.

(i) “Light spectrum,” with my < my, = my, referring
to the case where the new scalar has mass my, and is
lighter than the SM Higgs. Oblique parameter
constraints, which assume the scale of new physics
to be large with respect to the electroweak scale, do
not apply. Instead, we consider the bound of Eq. (22)
to suppress the coupling to the Z boson such that the
LEP bound is not violated.

Numerically, we fix the VEVs to be

v =246 GeV, v, = 10" GeV, v, = 5.4 GeV,

and randomly scan the trilinear and the quartic couplings in
the ranges
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TABLEII. The viable parameter space at the electroweak scale.

Light spectrum
(mH2 = my)

Heavy spectrum
(mH, = my)

A [0.0011, 0.26] [0.26, 1.22]
A, [1.01 x 107°,0.10] [1.01 x 107°, 10.89]
Ao [1.05 x 107,8.99 x 10™#] [1.08 x 1076, 11.53]
A [0.03, 3.15] [~1.27,12.14]
X [~0.0044, —0.0001] [1.11 x 107°, 5.40]
e [0.10, 3.68] [1.34 x 107°, 12.17]
x [GeV] [32.06, 99.93] [32.07, 99.90]
my, (my,) [0.25, 123.15] [258.34, 529.29]
[GeV]
my, [GeV]  [1.00x10%,3.00x 10'°] [1.04x 10°,3.40x 10'?]
My [GeV] [300.01, 529.63] [300.04, 529.55]

Kk €[10,100] GeV, A4 2. A |4, 14| € [0, 47].

sy

In practice, for quartic couplings we take a flat logarithmic
prior with a lower limit of 107®. We also require that the
mass of the SM Higgs-like scalar lies in the 30 range of
125.25 £ 0.51 GeV [70], and scan for both possibilities,
my, = my < my, and my, < my, = my.

The parameter ranges for points satisfying both the
theoretical and experimental constraints are shown in
Table II. For these points, we will further check if they
allow the desired vacuum (v, v,,v,) to be the global one.
This is done by numerically checking whether the potential
defined by the scanned parameters admits other types of
vacua. If so, we compare the depth of the latter with that of
the desired vacuum to guarantee they are not deeper, see
Eq. (20). For the heavy spectrum, we find that the desired
vacuum can be the global one, while for the light spectrum,
it may only be a local one. In particular, for a light
spectrum, the vacuum of the type (0,v;.0) is always
deeper than the desired one. The difference AV is

1
V050 = Vivaw,w,) = 6 [240* 4 20% (402 + A, v — Kv,,)

+ 2A,Vp + 24,0202 + A, (vy — V)]

~ e (22,08 — 2, 0}). (23)

Numerically, we find the points passing all the other
constraints lead to v, ~O(10"%) GeV, and thus to a
negative value of the difference, given positive 4, and 4,.
Although not being stable, it is still possible that the desired
vacuum is meta-stable in the sense that the tunneling time to
other, deeper vacua is longer than the age of the Universe.
We do not investigate this possibility here.

We require the couplings to remain perturbative and that
the desired vacuum stays stable up to the PQ breaking
scale, where other new physics is expected to come in. The
evolution of the couplings is governed by the one-loop
renormalization group equations (RGEs), which are cal-
culated using SARAH [80,81], see Appendix B. As a first
approximation, we analyze the RGE-improved tree-level
potential (see also, e.g., [82,83]). The parameter space
shown in Table II gets further constrained by perturba-
tivity, copositivity and unitarity at the PQ scale. Roughly
speaking, large values of the quartic couplings are ruled
out.

The final viable parameter space of our model is
presented in the form of two-parameter projections in
Figs. 3 and 4. For both spectra, we find regions of viable
parameter space at the PQ scale, meaning that the desired
vacuum can be stable at least up to this scale. For the heavy
spectrum (Fig. 3) several comments are in order:

(i) The top-left plot in Fig. 3 shows the mass spectrum
with varying 1,. As one may expect from the
discussion of Sec. IIT A, the approximate relation
m%i,3 ~ A,v2 holds. Other scalar masses do not seem
to be sensitive to 4,, even after taking into account
all the discussed constraints, especially those on the
mass spectrum (matching the SM Higgs mass and
satisfying the upper limit on the charged-neutral
mass splitting Am). The upper bound of my, is set
by the upper bound of 4. There is no lower bound
on my,, which can be made smaller at the cost of
tuning 4, to very small values.

(i) The top-right plot shows the correlations between
the Higgs quartic 4 and the o-related quartic cou-
plings 4, and A,. These are not affected by the
requirement of having a global minimum. The
bottom-left plot shows instead the dependence of
the scalar mass my, on k. Since the charged-scalar
mass my: depends solely on k [see Eq. (17)] and
|Am| is bounded, my, is expected to grow with /k.
We find this dependence becomes rather sharp, i.e.,
the numerically allowed values of mass splitting
become quite small (|Am| < 0.1 GeV), after exclud-
ing points not leading to a global minimum. The
bottom-right plot shows the relation between 4, and
A. The 4,-dependent upper bound on /. arises only
after applying the global minimum filter.

(iii) Comparing the plotted parameter ranges with those
in Table II, we see that all the quartic coupling
ranges shrink. Indeed, running up to the PQ scale
and imposing the relevant constraints at that scale
excludes the large-quartic portion of the parameter
space, as previously mentioned. As we have seen in
the previous point, asking for a global minimum also
imposes nontrivial restrictions. This requirement
further excludes the region 4, < 0.5 for points with
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FIG. 3.
constraints while having the desired vacuum as a global minimum.
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Two-dimensional projections of the viable parameter space for the heavy spectrum, my, = my < my,, satisfying all the

Am < 0, and the upper bound on 4, becomes more
stringent overall, going from 4, <3 to 4. < 0.8.

For the light spectrum (Fig. 4), we also plot the final
viable parameter space in terms of its projections in planes
of two parameters, and several comments are in order:

®

(i)

The top-left plot in Fig. 4 shows the mass spectrum
with varying A. Only my, grows with 1 while
the other masses are mostly insensitive to it.
In contrast to the case of the heavy spectrum, the
heaviest neutral scalar my, now spans a much
narrower range, roughly from 10° GeV to 10'° GeV,
which results from a much more stringent upper
bound on 4, (cf. Table II and the other subplots in the
figure).

The top- and bottom-right plots involve parameters
directly related to o and can be read together to

(iii)

115035-9

understand the upper limit on my,. The mass my,
grows with 1, and thus with |4,| and 1., due to their
correlations. However, 1, grows with 1, rather fast,
easily leading to exclusion when the RGE running is
accounted for, bounding 4, and consequently my,
from above. The dependence of my, on 1, is
otherwise similar to that of the heavy mass spectrum
and has no lower bound if we allow 4, |1, | and 4, to
be vanishingly small.

The bottom-left plot shows the relation between x
and 4,. The lower bound on « is set by the lower
bound on the charged Higgs mass. Besides the
chosen cut at 100 GeV, we see that there is an upper
bound on «k, which becomes more stringent for
larger A,. This rough bound can be understood
from the formula of Eq. (15) for the light scalar
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FIG. 4. Two-dimensional projections of the viable parameter space for the light spectrum, my, < my, = my, satisfying all the
constraints, but with the desired vacuum as a local minimum (see text).

mixing and the requirement that said mixing is
small, see Eq. (22). In particular, tan2a depends
on k via the product x4,, which determines the
observed exclusion.

IV. CONCLUSIONS

In this work, we investigate the connection between tree-
level Dirac neutrino masses and axion physics in a scenario
where the PQ scale f, is the only heavy scale to play a role
in neutrino mass generation. To realize such a connection,
we focus on the diagram of Fig. 1 as the main contribution
to neutrino masses and build the model based on it. The
minimal construction leads us to a KSVZ-type model, in
which the SM scalar sector is extended by a real triplet A,
and by the PQ field o. Scalars other than ¢ are not charged
under PQ. We find the PQ symmetry by itself is enough to

explain the Dirac nature of neutrino masses in such a setup,
i.e., the PQ symmetry enforces lepton number conservation
perturbatively.

The scale f, suppresses Dirac neutrino masses and is
consequently bounded from above, f, < 10'® GeV. The
QCD axion in the model addresses the strong CP problem,
while being a potential dark matter candidate. Future
prospects for its detection have been discussed (see
Fig. 2). In turn, the real scalar triplet contributes to the
W boson mass via its VEV and may be responsible for the
recent hint of beyond-the-SM physics by the CDF col-
laboration. Finally, we look into the scalar sector of the
model. We identify the regions in parameter space com-
patible with the desired VEV structure, taking into account
electroweak precision constraints and the requirements of
copositivity and perturbativity up to the PQ scale. Besides
the SM-like Higgs, there is another light neutral scalar that

115035-10



AXIONIC DIRAC SEESAW MECHANISM AND ELECTROWEAK ...

PHYS. REV. D 106, 115035 (2022)

can be either heavier or lighter than the former. The two
possible spectra are dubbed “heavy” and “light,” respec-
tively. We find that for the heavy spectrum the desired EW
vacuum can be the global one up to the PQ scale, while it is
only found to be a local one in the case of the light
spectrum.

This work can be extended in many ways. On the one
hand, a full survey of the light-spectrum parameter space,
as well as the heavy-spectrum one, may lead to interesting
collider phenomenology. On the other hand, there are rich
Yukawa structures to be explored, which, working, e.g.,
with flavor symmetry, have the potential to address the
neutrino mixing pattern and enhance the predictive power.
Last but not least, it would be interesting to examine
whether neutrinogenesis is viable in this context.
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APPENDIX A: UNITARITY BOUNDS ON THE
QUARTIC COUPLINGS

The unitarity of the scattering matrix for 2 — 2 process
puts constraints on the model parameters. At high energies,
according to the Goldstone boson equivalence theorem,
scattering amplitudes of the longitudinal gauge boson can
be well approximated by those of the corresponding
Goldstone boson. Dominant contributions to the scattering
amplitudes come from the quartic couplings of the scalars.
In the following, we compute all possible 2 — 2 scattering
matrices, classified by the total charges of the initial/final
state particles.

Considering the total electric charge of the initial states is
zero, the S-matrix can be written as a direct sum of the
following two matrices:

200000000000
0240000000000
00%000000000
000%00000000
0000%0000000

o 00000%000000

M= 000000%200000]| (D)
0000000%20000
00000000%2000
000000000%00
0000000000%0
00000000000O0%

for the initial state basis (¢°Gy.hyGo.x°Gr. d°4°,

¢+)(_7){+¢_’ d)OGm ¢0¢m ¢o’GH’ GHGO")(OGG’ ¢o’)(0)’ and

R A H VI )
2 4 2 4 2 2/2 &
T S PR
4 2 4 2 2\/§ 2\/5 4
A 3 A A
2 4 2 4 2 2y2 &

0 _ | b A A 3 Ay ke A
My'=| 2 3 T T 35 ;s 4 |0 (A2)
A A A A o9y A
V2 22 V2 22 2 22
P VD VN VI | A,

272 2v2 2v2 22 2 122
Ak A A A K 34
4 4 4 4 22 22 4

for the initial states (4°¢P°/\2, oo/ V2. GyGy/

V2,G,Gy /N2, ¢ ™ yty~ . 4°%°/\/2). Here, the factor
1/4/2 takes care of the statistics for identical particles.

The eigenvalues of the matrix /\/lg)) are A (with multiplicity
2), A /11/2, and

1 1 /B I, /3C /3 2kr .
EA+§ ECOS gcos S\ E +T’ with

k=0,1,2, (A3)
where
A =124+ 84, + 54, (Ada)
A2
B = 3~ 9644, — 6044, + 1222 + 847 + 642 — 404,4,,
(Adb)
C= 1% <B - A;) (Adc)
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For the charge +1 initial states (¢ %, ¢ptGy, x40,

¢+ZO7/}/+¢07/Y+GH7 ¢+G0" ¢+¢07/},/+¢67Z+G0‘>’ we Obtain
the following 10 x 10 diagonal S-matrix

2000000000
0400000000
00% 0000000
000%0000O0O0
0000%00000
M(H)_ooooo%ﬂoooo (A3)
0000O0O0%000
00000O0O0%O0O0
00000O0O0O0%O0
00000O0O0O0O0Z%

Finally, the S-matrix of the charge +2 initial states

(@ T N2 a2 ") s

A 0 O
MEFD =10 %’ 0 (A6)
00 %

Unitarity constraints on the S-matrices force the absolute
values of the eigenvalues of the matrices to be less than 8z.
This implies the following upper bounds on the quartic
couplings

(A7)

and, on top of these, extra constraints are imposed by

bounding the eigenvalues of the matrix ./\/lgo), given
in Eq. (A3).

APPENDIX B: ONE-LOOP RGES

In this work, we calculate the RGEs up to the one-loop
level using the Mathematica package SARAH [80,81]. The
beta function of the coupling X is defined as

oX
=pu—=—=px - Bl
Px =p o 1622 ﬁX ( )
The beta functions for the gauge couplings read
41
Po =19 (B2a)
5
ﬁgz = 92’ (B2b)
19
P = =3 % (B2c)

Here, g, =/5/3¢. Note that the (high-energy) beta
function for g, is modified not just by the new scalar
triplet but also by the new triplet fermions Ay. The beta
function of g5 is instead modified with respect to the SM
one due to the presence of the vectorlike quark Q. The beta
functions for the Yukawa couplings are

1
Py) = g QYEYEYp + 2V YY) +6Yp(=1663 + 4|V + Tr(YeY})) + YRYYr). (B3a)
1
By, = g (SAYYIYL 4 YL YY) + Y.L YY )
t iy _33 53 ty_ 9 t
YL (3Te(Y V) + 3Te(Y, Y1) = 23 + T Te(¥LY]) = 2o gh + Tr(¥.Y)) ). (B3b)
3
By = SYLY, = YaY ¥,) +, <3Tr(YdY};) +3Te(Y, Y
17 , 3 9 .
~ 8¢5 - 2091 +7 TT(YL 1) - 19% +Tr(YeY;)>, (B3c)
1 . 3
py) =4y, —8g3Y, + 4 YoTr(YrY (B3d)
1 1
ﬂg}R) = gYRY?YTF + Y <—69% + ETT(YRY;)) + YRYpYe, (B3e)
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py) = ( (Y Y5Y, =Y, YiY ) 4+ Y,(12Te (Y, Y5 + 12Te(Y, Y)) — 3263

+3Te(Y,Y]) +4Te(Y,Y) — 98 — ).

1
py) = g OUYYIY £SYLY]Y,) + ¥, Q4Tr(Y,Y)
+6(=3(g3 + g3) +ATr(Y,Yh) + Tr(Y,Y])) + 8Tr(Y,Y{))).
The beta functions for the quartic scalar couplings are

(1>:£ 4 2 2.2 2 4 _

+4Tr(Y,Y5) 4+ 3ATe(Y, Y] ) + 124Te(Y, Y} — 12Tr(YdeYd 1) —4Tr(Y, Yy, YY)

A - 99/1—1—12/124— /12+ ,12+12m(yd )

. 5
—4Tr(YIY, Y Y,) - 4Tr(YLY Y, Y}) = 12Te(Y, YLy, Y1),
3
ALY = 1022 + 122, Y o = 12]Y o |* + 34, Te(Y Y }) + > ﬂz——Tr(YFYTYF P+ A

19
ﬂﬁy = —24g3A, + 242 + 22, Tr(YY}) — 2Tr(YRYRYRYR) + S A+

9 3
g = S5t =5 93 + 64 + 28 S Aude - 4dyhy + 62| Y ol + 64, TH(Y )
3 3 3
+ 22, Tr(Y,Y]) + 5A,,Tr(YFY}) + 5TV, Y})+ 64,Tr(Y,Y}) - ETr(Y}YFYz Y,).
0 9 33, 5 5 . :
By = 1 59 Gida = G5 + OMa + 25 + Mhe + S Ay + 62, Tr(Ya¥y) + 24, Tr(Y Y 2)

- EﬂaTr(Y,_ Y;) + A Tr(YRYh) + 64, Tr(Y,Y5),

5 3
B = 22,0 = 12632, + 22 + 42,2, + Sk + 64| Yol? + EiCTr(YFY}) + A Tr(YRYh) = Tr(Y LY viyT).

Finally, the beta function for the trilinear scalar coupling is

1
g = 10K(=991 = 10543 + 202+ 204, + 60Tr (YY) + 20Te(Y,Y)) + 15Tr(Y, Y¥})

+ 5Tr(YRYg) + 60Tr(Y,Yh)).

(B4a)

(B4b)

(B4c)

(B4d)

(B4e)

(B4f)

(B5)
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