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Light sterile neutrinos and a high-quality axion from a holographic
Peccei-Quinn mechanism
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We present a five-dimensional (5D) axion-neutrino model that explains the Standard Model fermion
mass hierarchy and flavor structure, while simultaneously generating a high-quality axion. The axion and
right-handed neutrinos transform under a 5D Peccei-Quinn gauge symmetry, and have highly suppressed
profiles on the UV brane where the symmetry is explicitly broken. This setup allows neutrinos to be either
Dirac or Majorana with hierarchically small sterile neutrino masses. The axion decay constant originates
from the IR scale, which in the holographically dual four-dimensional description corresponds to the
confinement scale of some new strong dynamics with a high-quality global Peccei-Quinn symmetry that
produces a composite axion and light, composite sterile neutrinos. The sterile neutrinos could be observed
in astrophysical or laboratory experiments, and the model predicts specific axion-neutrino couplings.
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I. INTRODUCTION

Two unsettled issues in the Standard Model are neutrino
masses and the strong CP problem. A natural solution to
the origin of the neutrino masses is the Type-1 seesaw
mechanism [1-5] with Majorana masses at an intermediate
scale >10' GeV. On the other hand, the most popular
solution to the strong CP problem is the Peccei-Quinn (PQ)
mechanism [6], where the axion is a pseudo-Nambu-
Goldstone boson [7,8] that results from the spontaneous
breaking of a global U(1)pq symmetry. These two solutions
appear to be unrelated; however, the similarity of the PQ-
breaking and Majorana mass scales suggests there could be
an underlying mechanism responsible for both neutrino
masses and the axion.

Any axion solution to the strong C P problem must address
the axion quality problem, which requires extraneous, explicit
violations of the global PQ symmetry to be sufficiently
suppressed compared to that arising from nonperturbative
QCD. Recently, a possible solution was given in Ref. [9],
where the axion propagates in a slice of anti—de Sitter (AdSs).
The PQ symmetry is gauged in the bulk, and the axion profile
is suppressed near the sources of explicit PQ symmetry
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violation on the UV brane. The warped geometry [10] can
also naturally explain fermion mass hierarchies [11], and
a holographic Dine-Fischler-Srednicki-Zhitnitsky (DFSZ)-
type [12,13] axion model that incorporates Standard Model
flavor was presented in Ref. [14], giving predictions for
flavor-violating axion—fermion couplings. The five-dimen-
sional (5D) framework, therefore, provides a natural setting to
seek a connection between neutrino masses and the axion.

In this paper, we extend the model of Refs. [9,14] to
include neutrino masses. Right-handed neutrinos are
introduced into the bulk and are charged under the
U(1)pg symmetry. The model can explain neutrinos as
either Dirac or Majorana states, with hierarchies in the
effective four-dimensional (4D) neutrino Yukawa cou-
plings and/or right-handed neutrino masses naturally
generated within the 5D framework.

The PQ symmetry forbids an explicit or spontaneously
generated bulk Majorana mass for the right-handed neu-
trinos, leading to an accidental lepton number symmetry.
However, explicit PQ (and lepton number (L)) violating
terms are allowed on the UV brane, and the fundamental
Majorana mass scale is tied to explicit Planck-scale PQ
(and L) violation. Despite this connection, the sterile
neutrino mass eigenstates can be naturally light. This is
because the right-handed neutrino profiles can be localized
towards the IR brane, away from the explicit symmetry
violation. In fact, the sterile neutrino masses can range from
the intermediate scale down to the eV scale (in the seesaw
mechanism limit), or even lower to the theoretical Dirac
limit. The model also predicts axion couplings to both the
active and sterile neutrinos; however, these are well below
the current experimental limits [15].

Published by the American Physical Society
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A connection between neutrino masses and axions was
first discussed in the context of the grand unified group
SO(10) x U(1)’, where the U(1)pq symmetry is realized as
a linear combination of U(1),_, and U(1)’' [16,17]. Other
models based on the DFSZ axion with a connection to
neutrino masses include [18-20]. In contrast, our 5D model
automatically addresses the axion quality problem while
simultaneously explaining the hierarchies of the Standard
Model fermion masses and flavor structure in the quark and
lepton sectors. Furthermore, by the AdS/CFT correspon-
dence [21], the 5D model is dual to a strongly coupled 4D
theory where the intermediate scale is dynamically gen-
erated by dimensional transmutation. The axion is identi-
fied as a composite pseudo-Nambu-Goldstone boson, and
the right-handed neutrinos are also composite states. While
right-handed neutrinos propagating in an extra dimension
were previously considered in Refs. [22-33], our setup is
the first model to amalgamate neutrinos with axion physics.

I1I. AXION-NEUTRINO MODEL

Consider a 5D U(1)pq, gauge theory with a complex
scalar field ®@ propagating in a slice of AdSs, bounded by
UV and IR branes located at zyyy and zjg. The metric in 5D
coordinates x¥ = (x*, z) is given by

1
(ke)?

where the AdS curvature scale k< Mp, with Mp =
2.435 x 10'® GeV the reduced Planck mass. The Yang-
Mills—scalar action is given in [9], where it is also
shown that the usual global PQ symmetry that acts on
the 4D axion corresponds to a particular bulk U(1)p, gauge
transformation.

The complex, PQ-charged scalar field @ obtains a
vacuum expectation value (VEV)

ds* = (dx* + dz?) = gyydxMdxV, (1)

n(z) = 2(A(k)* + o(kz)®), )

where A is related to the bulk scalar mass-squared,
m% = A(A —4)k%. In the dual 4D interpretation [34] of
our setup, o is proportional to the PQ-breaking condensate
in the conformal field theory, which has dimension A. The
coefficient 4 is associated with explicit breaking of the
U(1)pg symmetry on the UV brane. Note that the boundary
conditions are such that the 5D gauge symmetry reduces to
a global symmetry on the UV brane (guaranteeing there is
no massless 4D U(1)p, gauge boson), and therefore the
symmetry can be explicitly broken there.' In the limit of
small 5D gauge coupling, the QCD axion is identified with
the zero-mode of the phase of @ (see Ref. [9] for details).

'"There remains an exact 5D gauge symmetry for which the
gauge parameter vanishes on the UV brane.

TABLE 1. U(1) charges of the bulk fields, with tan f = v, /v,.

L; E; N; H, H, ()]
U(l)pg 2sin’p  4sin®f 2 —2cos’f -2sin’f 1
U(l)y -1 - 0 -3 : 0
u(1), 1 1 1 0 0 0
U)o 0 0 0 0 0 1

In Ref. [14] this model was extended to include bulk
fermion and Higgs fields, creating a 5D version of the
DFSZ axion model [12,13] that could simultaneously
address both the axion quality and fermion mass hierarchy
problems. Fermion zero-mode loops generate axion-gluon
and axion-photon couplings localized on the UV brane,
with the former leading to the usual axion solution of the
strong CP problem. Here, we further extend the model to
incorporate the neutrino sector. Neutrino masses are
obtained by including bulk right-handed neutrinos N;
(i =1,2,3) with 5D Yukawa couplings and UV boundary
localized Majorana masses and ® coupling terms. The
relevant part of the action is given by2

Sy = —Z/ZIR dPx\/—g

Zuv
L &7 5) 7
X |:7E (yy,ijLiNjHu + ye,ijLiEde + HC)
1 — yS)~ —

(3)

where L; = ( Vi ) are the SU(2) lepton doublets and E; are

the SU(2) singlet leptons. The 5D Yukawa couplings y£53

are 3 x 3 complex matrices and yﬁ), by are complex
symmetric matrices.

The model contains four U(1) symmetries in the bulk: the
hypercharge and PQ gauge symmetries, and accidental global
lepton number and U(1), symmetries. The charges of the
fields are given in Table I. The PQ charges of the Higgs fields
have been chosen so that there is no mixing between the
axion and the longitudinal component of the Z boson, where
tanf = v, /v, is the ratio of the Higgs VEVs. With these
charges, the U(1)pg has a boundary-localized anomaly,
which is canceled by terms on the IR boundary [14].

The U(1)pq and U(1)q symmetries are spontaneously
broken by the VEV of ®. The scalar potential on the UV
boundary, given in [14], includes the term H,H;®> + H.c.
which explicitly breaks U(1)g, leaving a single pseudo-
Nambu-Goldstone boson identified as the axion. As

*Note that the delta function is defined such that

2 [ dzé(z = zuv) f(2) = flzuv)-
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discussed previously, the U (I)PQ symmetry may also be
explicitly broken on the UV boundary, for example by a term
linear in ®. As shown in [9], such terms do not disrupt the
solution to the strong CP problem, provided A Z 10.
Furthermore, the lepton number and PQ symmetries are
explicitly broken by yl(\f) and by. Note that the U(1)p gauge
symmetry forbids corresponding terms in the bulk. This has
important phenomenological consequences, since such
terms would lead to sterile neutrino zero-mode masses of
order the PQ-breaking scale, as might be expected for a high-
scale seesaw. The UV boundary terms, on the other hand,
can naturally give rise to hierarchically smaller sterile
neutrino masses, as will be shown. These may then be
accessible to experiments.

A. Zero-mode profiles

The equations of motion for the 5D fields can be solved
via the usual expansion in Kaluza-Klein (KK) modes. The
massless 4D zero-modes are then identified with the
Standard Model fermions and the axion.

The scalar fields are parametrized as

v i " 1
Hu — _Meatl,,(x 'Z) < > ,
V2 0

L, (x* 0
H, :%e“d al ’Z)<1>,

@ = ylz)ei*t), @

where v, (v,) are the up(down)-type Higgs VEVs satisfy-
ing (v3 +1v3)/k = v?, with v ~246 GeV. The bulk and
boundary scalar potentials leading to the above VEVs are
given in Ref. [14]. In general, v, , are z-dependent, but for
simplicity we take them to be constant, which requires a
tuning between the Higgs mass terms in the bulk and on
the IR boundary. Furthermore, the Higgs hierarchy prob-
lem is not addressed in the current model. The 5D fields
a,q(x,z) and a(x,z) are the neutral Nambu-Goldstone
bosons propagating in the bulk. Note that we have ignored
the radial components and the electromagnetically
charged Nambu-Goldstone bosons since they play no role
in the discussion.

The equations of motion for a, 4(x,z) and a(x,z) are
coupled and the 5D fields are expanded in terms of the
same set of 4D modes,

a(x*,z) = fa(z)a’ (@) + ...,
a, (¥, 2) = fa,,(2)a’(¥) + ... (5)

The (approximately) massless zero-mode a°(x*) is iden-
tified with the axion. The profile f9(z) was calculated in
Ref. [9], where it was shown that explicit breaking of the
PQ symmetry on the UV brane causes the profile to
become suppressed by (z/zir)? as z = zyy. Away from

the UV boundary the profile is approximately constant
and given by

vVA-1

00

folz) ~

<IR>» (6)

where 6, = o(kzigr)® < 1. The profile also determines the
value of the axion decay constant F, = f9(z;z)~!, which
is of order the IR scale, zjy .

The remaining scalar zero-mode profiles were obtained
in Ref. [14] and are approximately given by

gékao

0 7Y

)~ v, X
au.d( ) M,d Hu.d42 /2 _ 1
AZIZJV

Ll -0 o

where X  are the PQ charges of the Higgs fields, and gs is
the 5D U(1)p, gauge coupling.

After imposing appropriate boundary conditions, the KK
expansions of the 5D fermions L; (E; and N;) contain left
(right)-handed 4D chiral zero-modes L;; (x*), (E;g(x*) and

N,g(x*)), respectively. These have profiles [11]

1 (2) = Ny, (k2)*u,
18 (2) = N, (kz)* s,
I (2) = Ny, (kz)> o, (8)

where ¢, , cg., cy, are order-one constants that parametrize
the bulk lepton masses (= c¢;k) and Ny, N, Ny, are
normalization factors.

B. Neutrino flavor structure

The overlap of the bulk fermion profiles completely
determines the neutrino flavor structure in terms of the
order-one parameters c;, y(:D)N and by. These 5D param-
eters can then be constrained by fitting to the two
neutrino mass-squared differences and the Pontecorvo-
Maki-Nakagawa-Sakata (PMNS) matrix.

Substituting Eqgs. (4) and (8) into (3) gives rise to the
neutrino (zero-mode) 6 X 6 mass matrix M defined as

— [ & 3 N© 2 ) +Hec., (9
2/ x(”L NR)(mE MM)<NR ®)

with (¥, Ng) = (v5,.05,.V5,. N1g. Nag. N3g). The Dirac
mass matrix is given by

i (5 \/EUM/ZIR dz f%i,‘(z)f%ﬂe(Z)’ (10)

mp = Yyij Jk (kz)5

055011-3
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vy /(=14 2¢,,)(1 + 2cy)
m(CL,- - CN‘/-)

mm(LL

(kzig)™? w) (1)

and, taking kzyy = 1, the Majorana mass matrix is

My = (Y8 +0) + by i) (2, (o) (12)

A 1 —1-2c¢
Zklej <CNi +§) (kZIR) 1-2 Ni, (13)

with ;= Y5} (A + ) + by ;. Equations (11) and (13)
also assume zyy < zR, ¢, > 1/2, and cy, > —1/2.
Notice that for cy > 0, the effective Majorana masses
are suppressed relative to the PQ-breaking or IR scale. For
cy, < 0, on the other hand, the right-handed neutrinos have
masses of order the IR scale, and can no longer be treated as
approximately massless modes with profiles given by
Eq. (8). We therefore restrict our discussion to cy, > 0.
This corresponds to right-handed neutrinos that are local-
ized towards the IR brane and therefore in the dual 4D
description are mostly composite. For c¢; > 0, the left-
handed neutrinos are mostly elementary. The Majorana
mass matrix (12) can be made diagonal and non-negative
via a unitary rotation of the N;, and we work in this basis
where y is diagonal.

The neutrino mass matrix in (9) is diagonalized by a
unitary matrix U to give U’ MU = diag(m,, ), where m,,
are the six neutrino mass eigenvalues. The mass eigenstates

v, are
¢ v
a:zﬂ(f)JruT(fc). (14)
NR NR

In the seesaw limit,” || M3 mb| < 1, the six eigenstates
split into two distinct sets. One set contains the active light
neutrinos that are mostly SU(2) doublets and the other set
contains the heavier “sterile” neutrinos that are mostly
Standard Model gauge singlets. The mixing matrix is then
approximately [35]

~

1-1e'e)yu e'U
(O ) +oliel. 3)
-0U, (1-300")Uy
where ® = M;!mL, and U,, Uy are the 3 x 3 matrices
that diagonalize the active and sterile neutrinos respec-
tively. To leading order, the active masses are diag(m,, )~
~Ul(mpMy;m},)U,, while the sterile masses are
diag(my,) ~ My;. The PMNS matrix is Vpyns = A7 U,
where A{' is the unitary matrix that rotates the left-handed
charged leptons to the mass basis. After using the
phase freedom of the charged leptons to remove three

The Frobenius norm [|A|| = for a matrix A.

[ (A)A2,

redundant phases, it can be expressed using the standard
parametrization.

Interestingly, when ¢, > Cw, Y i, j, the active neutrino
masses do not depend on the IR scale. This is due to the
correlation between the effective Dirac and Majorana
masses in Eqs. (11) and (13), such that m, « v*/k. The
4D dual description provides an alternative viewpoint on
the neutrino mass mechanism in which there are elemen-
tary, Planck-scale Majorana fermions that mix with the
composite right-handed neutrinos. Including the (mostly)
elementary left-handed neutrinos, the active neutrino
masses then arise from a seesaw mechanism.

We also consider the possibility that neutrinos are Dirac
fermions (M, = 0). In this case it is convenient to instead
define the mass eigenstate Dirac fermions by

v = Ay, + AL Ny, (16)

where A2 mpA% = diag(m,, ), and Vpyns = ASTA%. Note
that the Dirac limit does not necessarily require that lepton
number is preserved on the UV brane. Instead, the Dirac
limit can actually be obtained while assuming Planck-scale
lepton number violation on the UV brane [27]. By formally
taking cy > 1 in (13), the effective 4D Majorana mass
M, — 0. For simplicity, we will not consider this pseudo-
Dirac limit and instead just analyze the Majorana (seesaw
mechanism) limit and the pure Dirac limit.

C. Axion—neutrino couplings

The axion—neutrino couplings are obtained by first
removing the a,-dependence in Eq. (3) via a 5D field
redefinition of the form

i(w+h)La,(xz
(0+3);-au( )Vi(x’ 2).

Ni(x,z) = @ DuatIN (x 7), (17)

vi(x,z) - e

where @ is an arbitrary real parameter. The 5D fermion
kinetic and boundary N; terms are not invariant under this
transformation, giving rise to

w®dx Iy
N, -
/ZUV (kZ) |:(8M )( ir l/ly Vi
—20(NyMN; +v;yMu;))

(5)
le 3 w—
- ((bN,ij k3/2] (D)N N el i 1)'“ +H.c. )5(Z_ZUV):| .

(18)

The terms proportional to @ do not contribute to the
S-matrix. This is seen by identifying the lepton number
current in the second line of (18). The (anomalous) Ward-
Takahashi identity for lepton number then guarantees that
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contributions to the S-matrix from the w-dependent terms
in the second and third lines cancel.

Restricting our focus to the zero-modes, the axion—
neutrino couplings are then

i _dPx 0 0, (@) = 0 2
. ] | .
l/ZUV (kz)4 (aﬂa ) vy, [NlR(fNiR(Z)) 4 NzR

=0 (f1, (2)r*vicl. (19)

We have neglected additional UV boundary terms, which
lead to axion-sterile-neutrino couplings, since they are
highly suppressed by the f, or f, profile at z = zyy.
Integrating over the profiles and rotating to the fermion
mass basis, we obtain the 4D effective action

N
Sip 21 [ dx B ()= (). (20)

a

where y° = diag(1, —1). The vector and axial-vector cou-
plings are given by ¢, = ilm(£«) and ¢4 = Re(£w), where

(év)ij_/zlk dz fgu(Z)
Fo o Juw (k' o,

with 7 = diag((f7, )% (f1,)% (f2,)% (fR,)% (FR,)%
(f%,,)?)- Note that the vector (axial-vector) couplings in
Eq. (20) are symmetric (antisymmetric).

In the Dirac neutrino case, the axion—neutrino couplings
are similar to those obtained for the charged fermions in
[14], and can be written as

UL F*U,;, (21)

Z'A ij R d 2
(CF ) B / (kZZ)4f ;;(Z) x ((A%T)l‘k<f?vkk)2(A§)kj

uv

+ (AZT)ik(fgkL>2(AZ)kj)' (22)

Finally, note that for on-shell fermions the corresponding
matrix elements are proportional to (¢"*),;(m; F m;), so
that the axion—active-neutrino couplings can be neglected
in most cases.

III. PHENOMENOLOGY

The phenomenological predictions of the SD model are
obtained by taking the 5D parameters to be ~O(1).
Hierarchies in 4D parameters are then generated as a
consequence of localization in the extra dimension. The
relevant 5D parameters in the lepton sector are

() (5)

L, CE;> CN;» Ve.ijs Yuij» YN.ij- (23)

These parameters are then constrained by the nine
observables,

0. 0. (24)

2
mei, Ammj, ijs

where m,, are the charged lepton masses, Ami.i. are the
neutrino mass-squared differences, ¢;; are the PMNS
mixing angles and & is the PMNS Dirac phase.

We perform a numerical scan of the ¢; and y£52 YN
parameter space. The c; are restricted to satisfy |c; g | <4,
which ensures that the bulk fermion masses remain below the
5D cutoff. For the Majorana case, the ¢y, are also restricted to
be in the range [0, 1.4] to ensure that the effective Majorana
masses remain below the IR scale but sufficiently greater than
the Dirac masses (at least 1 eV). The 5D Yukawa couplings
are restricted to satisfy 0.01 < |y£53 , ¥n < 3. To increase the
efficiency, the scan is done in two stages. First, yei are fixed
to random values, and the c¢; and Py fit to the experimental
values of the lepton masses by performing a y> minimization
using Minuit [36]. In the second stage, all parameters are
floated to fit both the masses and PMNS matrix elements
using the values from the first stage as initial seeds for the
minimization routine. Finally, we discard points for which
2% /naor > 1, where ng s = 9.

The charged lepton MS masses are run up to the PQ-
breaking scale, 10'° GeV, in order to compare with the
model predictions.4 The PMNS matrix elements do not run
significantly and we use the low-scale values. The neutrino
mass differences and PMNS angles and phase are taken from
the fit in Ref. [37], assuming a normal hierarchy for the
neutrinos. Qualitatively similar results are obtained for an
inverted mass hierarchy spectrum.

In the following two subsections we present the results
for the Dirac and Majorana neutrino cases. As a bench-
mark point, we assume the following parameter values:
6o =01,2=0.1,A=10, tanf =3, kzr = 107, and
k = Mp, which lead to an axion decay constant F, ~
8.12 x 10° GeV (corresponding to an axion mass, m, ~
7 x 10~* eV [38]). The value of A is chosen to suffi-
ciently suppress the axion profile on the UV brane and
therefore solve the axion quality problem [9].

A. Dirac neutrinos

In the Dirac neutrino case, yy =0. Given our
assumption of O(1) 5D Yukawa couplings, the neutrino
mass scale is solely determined by the ¢; and ¢y param-
eters. This case is similar to the quark sector studied in [14].

Figure 1 (left) shows the range of c; parameters that can
produce the measured values of the lepton masses and
PMNS angles/phase. Note that for the right-handed charged
leptons |cg | < 0.5, while for the right-handed neutrinos
cy, 2 1. This simply reflects the fact that the neutrino masses
are much smaller than the charged lepton masses.
Furthermore, the structures seen in Fig. 1 for both the

“To improve the numerical stability of the fit, we use an
enlarged uncertainty of 0.1% for the charged lepton masses
instead of the experimental uncertainty.
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The distribution of 5D fermion mass parameters, c;, for Dirac (left) and Majorana (right) neutrinos. The closed shapes (line

symbols) denote cg, (cy,) values, and the colors blue, red and green correspond to the largest, next-to-largest and smallest cy g

parameters, respectively.

charged leptons and neutrinos can be understood from the
fact that the effective Dirac mass term depends only on
min(c, cy/g) [see Eq. (11)]. The hierarchies in the charged
leptons can also clearly be seen, whereas the neutrinos need
not be hierarchical.

Since the Higgs VEV profile is flat, the overlap between
the left- and right-handed fermions is responsible for
generating the hierarchies in the 4D effective Yukawa
couplings. The ¢ parameter ranges in Fig. 1 correspond
to the left(right)-handed fermions being localized towards
the UV (IR) branes. Finally, for ¢; < 0 the overlap integral
in (10) is suppressed relative to the electroweak VEV by a
factor of (kzr)™, with n > 1/2; hence, there are no
solutions in this region as the charged lepton masses would
be too small.

The axial-vector axion—neutrino couplings are shown in
Fig. 3 (top panel), for m,, > 1076 eV. The flavor-diagonal
couplings are approximately ¢4 ~ 2 x 1073, Only the cou-
pling (¢4);5 is shown in the figure, but (¢%),, and (¢4 ),, are
of the same order of magnitude. In addition, there are flavor
nondiagonal ¢/ couplings which are much smaller (<1079).
Almost identical values are obtained for the off-diagonal
vector couplings (note that the diagonal vector couplings are
unphysical, up to electroweak anomalies).

These axion-neutrino couplings can, in principle, be
constrained by astrophysical neutrinos scattering off relic
axions [15], particle emission in double-f decay experiments
[39], or Planck satellite measurements [40]. To compare
with the experimental bounds, we first convert the axial-
vector couplings to axial couplings, g,,, ~ c4m,/F, with
L D gu,avysv. However, the m,/F, factor suppresses the

predicted g,,, couplings to be well below the current most
stringent experimental limit g,,, < 1077 [15].

B. Majorana neutrinos

In the Majorana neutrino case, we consider the parameter
space where ||M;/m}| < 1 and the neutrino mass hier-
archy is partially generated by the seesaw mechanism.
Nevertheless, the ¢y parameters have an important role,
since they determine the scale of M, and mp, via Egs. (10)
and (12). We utilize the mixing matrix in Eq. (15), which
gives an excellent approximation in the parameter space we
consider.

The results of the scan are shown in Fig. 1 (right). Notice
that the distribution of the ¢y parameters is similar to the
Dirac neutrino case. On the other hand, the cy values are
smaller compared to the Dirac case, since part of the
neutrino hierarchy is now obtained from the seesaw
mechanism. The range of ¢ values in Fig. 1 again
corresponds to left(right)-handed fermions localized on
the UV (IR) brane, and to composite right-handed fermions
in the dual 4D theory.

Interestingly, and as discussed below Eq. (13), sterile
neutrino masses that are hierarchically smaller than the IR
scale are naturally obtained for ¢y > 0. This can be clearly
seen in Fig. 2. The assumption that the 5D parameters are
O(1) with flat priors results in a preference for light sterile
neutrinos.

Finally, we discuss the axion—neutrino couplings. The axial-
vector couplings are shown in Fig. 3. The vector couplings
are similar in magnitude and not shown. The flavor-diagonal
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LIGHT STERILE NEUTRINOS AND A HIGH-QUALITY AXION ...

PHYS. REV. D 105, 055011 (2022)

T T T T T T T

14} g
121 T
1.0+
0.8+
0.6 -
0.4+
0.2}
0.0 ‘ ‘ ‘ ‘ ‘ :

107 107 107 1 102 10°  10°

my [GeV]

CN

FIG. 2. The range of sterile neutrino masses arising from the 5D
mass parameters cy,. The largest, next-to-largest and smallest ¢y
parameters are represented by + (blue), x (red) and * (green),
respectively. Only sterile neutrino masses below the benchmark
IR scale = 2.4 x 10'! GeV are shown.

axial-vector couplings are much smaller than in the Dirac
neutrino case (the diagonal vector couplings are identically
zero). This is because, neglecting active-sterile mixing, they
depend only on the left-handed profiles, sz,-L» which are UV
localized and have a small overlap with the IR localized f,, .
The active—sterile axial-vector couplings are generated through
the active—sterile mixing and hence are suppressed for large
sterile masses, as seen in Fig. 3 (bottom). A similar range
is found for (c3),; and (c4),; (not shown). These axial-
vector couplings can be converted to axial couplings
Jaun ~ Camy [ F o, with £ D g, yabysN. Again, the suppres-
sion factor my/F, means the predicted couplings are well
below the current experimental limits [15].

IV. CONCLUSION

We have presented a 5D model that simultaneously
addresses several problems associated with the Standard
Model flavor structure, neutrinos and axion physics.
The VEV of a 5D complex scalar field spontaneously breaks
the Peccei-Quinn symmetry, giving rise to the axion as a
Nambu-Goldstone boson with an axion decay constant
determined by the IR scale. This setup automatically
addresses the axion quality problem by suppressing the
axion profile near the UV brane, where there can be explicit
(non-QCD) violations of the PQ symmetry.

The 5D model also explains the Standard Model
fermion mass hierarchy and flavor structure, while
allowing for either Dirac or Majorana neutrinos. This
is done by introducing right-handed neutrinos charged
under the PQ symmetry. In the Majorana neutrino case,
the origin of the Majorana mass scale is associated with
explicit, Planck-scale PQ symmetry violation on the UV
brane. Nevertheless, by localizing the right-handed neu-
trino profiles towards the IR brane, hierarchically small
sterile neutrino masses can be generated, offering a

107* ~ : : :
105 M S I R N A S
107¢
1077
= 107°
107°
10—10
10—11
10712
N
=
my [GeV]
FIG. 3. The axion—neutrino couplings for both the Dirac and

Majorana neutrino cases. The top figure shows the active—active
axial-vector coupling, ¢/, as a function of the lightest active
neutrino mass. The solid (open) shapes denote the Dirac
(Majorana) couplings. The diagonal coupling is (c¢4);; (orange
square), while the off-diagonal couplings are (c4);, (green
circle), (¢4),5 (red triangle), and (c4),; (blue diamond). The
bottom figure shows the active—sterile axial-vector coupling
(), ; (j=4,5,6) in the Majorana case as a function of the
sterile neutrino mass. The lightest, next-to-lightest and heaviest
sterile neutrinos are denoted by diamonds (brown), triangles
(purple) and circles (orange), respectively.

mechanism to naturally extend the applicability of the
seesaw mechanism to much lower mass scales. These
light sterile neutrino states may be observable in astro-
physical or laboratory experiments (see e.g., [41]).

In the Dirac case, tiny effective 4D neutrino Yukawa
couplings arise from the exponentially small overlap
between the left- and right-handed neutrino profiles.
The axion and neutrino profile structure leads to specific
predictions for the axion—neutrino couplings; however,
these are well below current experimental limits and
would require a substantial improvement in experimental
sensitivity to be probed.

The holographic dual 4D description suggests some
new strong dynamics with accidental PQ and lepton
number symmetries that confines at an intermediate scale
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>10'9 GeV and gives rise to a composite axion and
composite sterile neutrinos. The light sterile neutrinos
result from the suppressed transmission of the explicit
lepton number breaking to the composite sector, similar
to the setup considered in [27]. It would be interesting to
construct the underlying 4D theory (along the lines
studied in [42]). Nevertheless, the SD model provides
a complete framework that connects axion and neutrino
physics to the Standard Model flavor structure and further
motivates ongoing experimental searches for axions and
sterile neutrinos.
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