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Axion and neutrino physics in a U(1)-enhanced supersymmetric model
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Motivated by the flavored Peccei-Quinn symmetry for unifying the flavor physics and string theory, we
construct an explicit model by introducing a U(1) symmetry such that the U(1) — [gravity]? anomaly-free
condition together with the standard model flavor structure demands additional sterile neutrinos as well as
no axionic domain-wall problem. Such additional sterile neutrinos play the role of realizing baryogenesis
via a new Affleck-Dine leptogenesis. We provide grounds for interpreting the U(1), symmetry as a
fundamental symmetry of nature. The model will resolve rather recent but fast-growing issues in
astroparticle physics, including leptonic mixings and CP violation in neutrino oscillation, high-energy
neutrinos, QCD axions, and axion cooling of stars. The QCD axion decay constant, through its connection
to the astrophysical constraints of stellar evolution and the SM fermion masses, is shown to be fixed at
Fu = 1.3070%8 x 10° GeV (consequently, its mass is m, = 4.34173] meV and the axion-photon coupling
is |gay,| = 130192 x 10712 GeV~"). Interestingly enough, we show that neutrino oscillations at low
energies could be connected to astronomical-scale baseline neutrino oscillations. The model predicts the
nonobservational neutrinoless double beta (Ovf3f5) decay rate as well as a remarkable pattern between the
leptonic Dirac CP phase (5-p) and the atmospheric mixing angle (653); €.g., §¢p = 220°-240°, 120°-140°
for 8,3 = 42.3° for normal mass ordering, and §.-p = 283°, 250°, 100°, 70° for 6,3 = 49.5° for the inverted
one. We stress that future measurements on the 6,3, Ovff decay rate, the sum of active neutrino masses, the
track-to-shower ratio of a cosmic neutrino, astrophysical constraints on axions, QCD axion mass, and the

axion-photon coupling are of importance to test the model in the near future.
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I. INTRODUCTION

The standard model (SM) of particle physics has been
successful in describing properties of known matter and
forces to a great precision until now, but we are far from
satisfied since it suffers from some problems or theoretical
arguments that have not been solved yet. These include the
following: inclusion of gravity in gauge theory, instability of
the Higgs potential, cosmological puzzles of matter-
antimatter asymmetry, dark matter, dark energy, and infla-
tion, and the flavor puzzle associated with the SM fermion
mass hierarchies, their mixing patterns with the CP violating
phases, and the strong CP problem. The SM, therefore,
cannot be the final answer. It is widely believed that the SM
should be extended to amore fundamental underlying theory.
If nature is stringy, string theory should give insight into all
such fundamental problems or theoretical arguments.1 As
indicated in Refs. [1,2],> such fundamental challenges
strongly hint that a supersymmetric framework with new
gauge symmetries as well as higher-dimensional operators
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In Ref. [1], a concrete model is designed to bridge
between string theory as a fundamental theory and low-energy
flavor physics.

Reference [2] introduces a superpotential for unifying flavor
and strong CP problems, the so-called flavored PQ symmetry
model in a way that no axionic domain wall problem occurs.
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responsible for the SM flavor puzzles may be a promising
way to proceed. In favor of such a new extension of the SM,
axions and neutrinos could be powerful sources for the
arguments, in that they stand out as their convincing physics
and the variety of experimental probes. Many of the out-
standing mysteries of astrophysics may be hidden from our
sight at all wavelengths of the electromagnetic spectrum
because of absorption by matter and radiation between us and
the source. So, data from a variety of observational windows,
especially, through direct observations with neutrinos and
axions, may be crucial. Thus, the axions and neutrinos in
astrophysics and cosmology could provide a natural labo-
ratory for a new extension of SM particle physics.”
Axions in stars available at low energies are well suited
for very sensitive tests. If the axion exists, it solves the
strong CP problem of QCD through the Peccei-Quinn (PQ)
mechanism [5,6], fits easily into a string theoretic frame-
work, and appears cosmologically as a form of cold dark
matter. The axion lies at the intersection of elementary
particle physics, astrophysics, cosmology and string
theory, potentially playing a crucial role in each. There
are being discussed two prototype axion models,”
Kim-Shifman-Vainshtein-Zakharov (KSVZ) [10] and

3See Ref. [3] for a new extension of SM particle physics, and
Ref. [4] for a landscape of new physics.
*There are good reviews in Refs. [7-9] on the axion.
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Dine-Fischler-Srednicki-Zhitnitsky (DFSZ) models. And
another new type model so-called flavored PQ symmetry is
appeared [2]. These minimal models, commonly introduc-
ing SM gauge singlet scalar fields carrying PQ charges, are
categorized by what couples to U(1)p, with domain-wall
number N, DWS: (1) the KSVZ model [10] couples to hadrons
and photons with Npyw = 1, where only new heavy quarks
are charged under U(1)pq, and (ii) the DFSZ model [12]
couples to hadrons, photons and charged-leptons with
Npw = 6, where only known quarks and Higgs doublets
carry PQ charge. (iii) The flavored PQ symmetry model [2]
couples to hadrons, photons and leptons with Npw = 1, in
which the SM fermion fields as well as SM gauge singlet
fields carry PQ charges but electroweak Higgs doublet
fields do not. We refer to the model as flavored-Axion
(FA) model.

In the case of neutrinos, the neutrino oscillations at low
energies are quite well-studied from the experiments
available in nuclear power plants, particle accelerators,
nuclear bombs, and general atmospheric phenomena. And,
after the observation of a nonzero mixing angle ;5 in the
Daya Bay [13] and RENO [14] experiments, the Dirac CP-
violating phase J6-p and a precise measurement of the
atmospheric mixing angle 6,5 are the next observables on
the agenda of neutrino oscillation experiments. Meanwhile,
the very different structure of leptonic mixings compared
to the quark ones indicates an unexpected texture of the
mass matrix and may provide important clues to our
understanding of the physics of fundamental constituents
of matter. In some sense, our understanding of the SM
fermion masses and mixing angles remains at a very
primitive level. On the other hand, high-energy neutrinos
are available in the most violent astrophysical sources:
events like the births, collisions, and deaths of stars,
especially the explosion of supernovae, gamma-ray bursts,
and cataclysmic phenomena involving black holes and
neutron stars. The SM weakly interacting neutrinos, known
as three different flavors v,, v, v;, can deliver astrophysical
information (e.g., IceCube detector [15], etc.) from the edge
of the Universe and from deep inside the most cataclysmic
high-energy processes. Moreover, the observations of
cosmic structures (e.g., cosmic microwave background
(CMB), galaxy surveys, etc.) can give the information

At the QCD phase transition, each axionic string becomes the
edge to Npw domain-walls, and the process of axion radiation
stops. If Npw > 1 separating the various domains (like in the
DFSZ model) the string-wall network is stable and has a sizable
surface energy density crm,F3~6.3x10°GeV3(F,/10'2GeV),
which is enormously bigger than the critical density of the
Universe today p, = 107*°kg/m> ~ 10~*7 GeV*, where m, is
an axion mass and F, is an axion decay constant. And since
the energy density in these walls, p.; = o7, dissipates slowly as
the Universe expands and p,,; now would vastly exceed the
closure density of the Universe, this is a serious problem [11]. This
disaster is avoided if Npw =1 or if the PQ phase transition
occurred during (or before) inflation.
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on the neutrino masses and the effective number of species
of neutrino N¢ [16,17]. Neutrino oscillation, a CP prop-
erty not yet fully understood, may play a role in the
decoupling process and therefore can affect NCff,
Additional neutrinos, if existed in nature, should be sterile
with respect to the SM gauge interactions because the
Z-boson decay Z — vv showed that there are only three
species of active neutrinos with ordinary weak interactions.
Such sterile neutrinos are light or heavy and do not
participate in the weak interaction. However, the latest
results [18] from Planck and baryon acoustic oscillations
(BAO) show that the contribution of light sterile neutrinos
to N at the big bang nucleosynthesis (BBN) era is
negligible6; such light sterile neutrinos can play the role
of a realization of baryogenesis via a new Affleck-Dine
leptogensis [19]. Such additional sterile neutrinos could be
further constrained by the mass orderings of active neu-
trinos, the BBN constraints [17], the solar neutrino oscil-
lations [16], and the inflationary and leptogensis scenarios.’
Hence, it needs a new paradigm to explain the peculiar
structure of lepton sector compared to the quark one as well
as the astrophysical and cosmological observations on
neutrinos.

Since astrophysical and cosmological observations have
increasingly placed tight constraints on parameters for
axion and neutrino, it is in time for a new scenario on
axion and neutrino to mount an interesting challenge. In a
theoretical point of view, axion physics together with
neutrino physics® requires new gauge interactions and a
set of new fields that are SM singlets. Thus in extensions of
the SM, sterile neutrinos and axions could be naturally
introduced, e.g., in view of U(1) symmetry. Motivated by
the aforementioned fundamental challenges, we investigate
a minimal and economic supersymmetric extension of SM
realized within the framework of G = SM x U(1)y x Ay.
The non-Abelian discrete symmetry A, as a symmetry of
geometrical solid could be originated from superstring
theory; indeed, orbifolds have certain geometrical sym-
metries, and thus field theories in orbifold can realize A4
[20]. All renormalizable and nonrenormalizable operators
allowed by such gauge symmetries, non-Abelian discrete
symmetry, and R-parity exist in the superpotential. We
assign the U(1), quantum numbers in the following ways
(see Table II) so that

(i) the mixed U(1)y — [gravity]* anomaly is free in the

presence of gravity, so that additional sterile neu-
trinos are introduced.

(ii) the U(1)y quantum numbers of the SM quarks do

not give rise to axionic domain-wall problem,

%See the arguments related to Eq. (136).

The inflationary and leptogensis scenarios on Ref. [19] will be
separated and appear in more detail soon.

There are certainly models of neutrino masses without new
gauge interactions.
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implying that flavor structure of the SM may be
correlated to axionic domain-wall.

(iii) the U(l)y symmetry is responsible for vacuum
configuration as well as for describing mass hier-
archies of leptons and quarks in the SM.

Then the flavored PQ symmetry U(1)y embedded in the
non-Abelian A, finite group’ could economically explain
the mass hierarchies of quarks and leptons including their
peculiar mixing patterns as well as provide a neat solution
to the strong CP problem and its resulting axion. Here if we
assume that the non-Abelian discrete A, symmetry is a
subgroup of a gauge symmetry, it can be protected from
quantum-gravitational effects [22]. Moreover, in the model
since such A, symmetry is broken completely by higher-
order effects, there is no residual symmetry; so there is no
room for a spontaneously broken discrete symmetry to give
rise to domain-wall problem. Differently from Ref. [2], in
the present model we impose U(1)y — [gravity]* anomaly-
free condition together with the SM flavor structure in a
way that no axionic domain-wall problem occurs, which in
turn demands additional sterile neutrinos. Such additional
neutrinos may play a crucial role as a bridge between
leptogenesis and new neutrino oscillations along with high-
energy cosmic events. In addition, in order to fix the QCD
axion decay constant appropriately, we impose several
astrophysical constraints; see Sec. III.

The rest of this paper is organized as follows. In Sec. II,
we construct a minimalistic SUSY model for quarks,
leptons, and axions based on A4 x U(1)y symmetry in a
way that the mixed U(1)y — [gravity]* anomaly-free con-
dition together with the SM flavor structure demands
additional sterile neutrinos as well as no axionic
domain-wall problem. In detail, in Sec. Il A, the vacuum
configuration is described to explain the peculiar mixing
patterns of the SM. In Sec. II B, we describe the Yukawa
superpotential for leptons, quarks, and Nambu-Goldstone
(NG) modes. In Sec. II C, we show that the global U(1)y is
the remnant of the broken U(1), gauge symmetry by the
Green-Schwarz (GS) mechanism [23], so it can be pro-
tected from quantum-gravitational effects. Along this line,
we provide a reason that the U(1), symmetry could be
interpreted as a fundamental symmetry of nature. And we
show, through the GS anomaly cancellation mechanism,
how the U(l)y gauge bosons acquire masses leaving
behind the corresponding global symmetries and how
the QCD axion could be derived from string theory. In
Sec. III, we describe how the QCD axion could be realized
in the model under the two global U(1)y symmetry. And
we show explicitly symmetry breaking scales by consid-
ering the astrophysical constraints on star coolings, and
provide model predictions on the axion mass and axion-
photon coupling. In Sec. IV, we investigate how neutrino

°E. Ma and G. Rajasekaran [21] have introduced to leptonic
sector A4 symmetry which is the smallest group for three families.
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oscillations at low energies could be connected to new
oscillations available on high-energy neutrinos. In turn, we
explore what values of CP phase and atmospheric mixing
angle in the low-energy neutrino oscillation can be pre-
dicted, depending on mass hierarchies of the active neu-
trinos and mass splittings responsible for new oscillations.
In addition, we examine a possibility to observe the effects
of the pseudo-Dirac property of neutrinos by performing
astronomical-scale baseline experiments to uncover the
oscillation effects of tiny mass splitting, and such possibil-
ity has the ability to distinguish between normal mass
ordering and the inverted one of the active neutrino mass.
Our work is summarized in Sec. V, and we provide our
conclusions.

II. THE MODEL SETUP: FLAVORED
Ay x U(1)y SYMMETRY

Unless flavor symmetries are assumed, particle masses
and mixings are generally undetermined in the SM gauge
theory. In order to describe the present SM flavor puzzles
associated with the fermion mass hierarchies, including the
large leptonic mixing angles and small quark mixing
angles, we introduce the non-Abelian discrete A, flavor
symmetry [24,25] which is mainly responsible for the
peculiar mixing patterns with an additional continuous
global symmetry U(1)y which is mainly for vacuum
configuration as well as for describing mass hierarchies
of leptons and quarks. Moreover, the spontaneous breaking
of U(1)y realizes the existence of the NG mode (called
axion) and provides an elegant solution of the strong CP
problem. Along with Ref. [2], in a way that no axionic
domain wall problem occurs, this global U(1) symmetry is
referred to as “flavored-PQ symmetry.” Then the symmetry
group for matter fields (Ieptons and quarks), flavon fields
and driving fields is A4 x U(1)y, whose quantum numbers
are assigned in Tables I and IL

To impose the A, flavor symmetry on our model
properly, apart from the usual two Higgs doublets H,, 4
responsible for electroweak symmetry breaking, which are
invariant under A, (i.e., flavor singlets 1 with no 7-flavor),
the scalar sector is extended by introducing two types of
new scalar multiplets, flavon fields' O, Oy, 6, (:), ¥, p
that are SU(2)-singlets and driving fields @, ®35, O,
Y, that are associated with a nontrivial scalar potential
in the symmetry breaking sector: we take the flavon fields
O, D¢ to be A, triplets, and O, O, ¥, ¥ to be A, singlets
with \no T-flavor (1 representation), respectively, that
are SU(2)-singlets, and driving fields d)g , <I>g to be Ay
triplets and ©,, ¥, to be an A, singlet. In addition, the

"“The flavon fields are responsible for the spontaneous break-
ing of the flavor symmetry, while the driving fields are introduced
to break the flavor group along required vacuum expectation
value (VEV) directions and to allow the flavons to get VEVs,
which couple only to the flavons.
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superpotential W in the model [see Egs. (3), (20), and (21)]
is uniquely determined by the U(1), symmetry, containing
the usual R-parity as a subgroup: {matter fields —
¢’/2 matter fields} and  {driving fields — ¢’ driving
fields}, with W — W, whereas flavon and Higgs fields
remain invariant under an U(1), symmetry. As a conse-
quence of the R symmetry, the other superpotential term
k.L.H, and the terms violating the lepton and baryon
number symmetries are not allowed."'

In the lepton sector, the A4 model giving nonzero 6,5 as
well as bilarge mixings, 60,3, 6;,, works as follows.
According to the u—7z power law in Ref. [2], one can
assign charged-leptons to the three inequivalent singlet
representations of A,: we assign the left-handed charged
leptons denoted as L., L,, L., the electron flavor to the 1
(T-flavor 0), the muon flavor to the 1’ (T-flavor +1), and
the tau flavor to the 1”7 (T-flavor —1), while the right-
handed charged leptons denoted as e¢, u€, 7¢, the electron
flavor to the 1 (7-flavor 0), the muon flavor to the
1" (T-flavor —1), and the tau flavor to the 1’ (T-flavor
+1). In addition, we assign the right-handed neutrinos
SU(2), singlets denoted as N° to the 3, while the right-
handed neutrinos SU(2), singlets denoted as S¢, S5, and S¢
to the 1, 1” and 1/, respectively. On the other hand, for the
quark flavors we assign the left-handed quark SU(2),
doublets denoted as Q,, Q, and Q5 to the 1, 1”7 and 1,
respectively, while the right-handed up-type quarks are
assigned as u¢, ¢¢ and ¢ to the 1, 1’ and 1”7 under Ay,
respectively, and the right-handed down-type quark
SU(2), gauge singlet D¢ = {d*, s°, b°} to the 3 under A,.

Finally, the additional symmetry U(1)y is imposed,'
which is an anomalous symmetry and under which
matter fields, flavon fields, and driving fields carry their
own X-charges. The U(1)y invariance forbids renormaliz-
able Yukawa couplings for the light families, but would
allow them through effective nonrenormalizable couplings
suppressed by (F/A)" with n being positive integers.
Then, the gauge singlet flavon field F is activated
to dimension-four(three) operators with different orders
[26,27],

F\!
coOP4(F)? + ¢|OP5(F)' + ¢, OP, (A>

f 2 f 3
+C20P4(X) +C30P4(X) +, (1)

"In addition, higher-dimensional supersymmetric operators
like Q;Q;0;L; (i, j, k must not all be the same) are not allowed
either, and stabilizing proton.

It is likely that an exact continuous global symmetry is
violated by quantum gravitational effects [22]. Here the global
U(1)y symmetry is a remnant of the broken U(1), gauge
symmetry which connects string theory with flavor physics
[1]; see Sec. 11 C.
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where OP,3) is a dimension-four(three) operator, and all
the coefficients ¢; and ¢} are complex numbers with
absolute value of order unity. Even with all couplings
being of order unity, hierarchical masses for different
flavors can be naturally realized. The flavon field F is a
scalar field which acquires a VEV and breaks spontane-
ously the flavored-PQ symmetry U(1)y. Here A, above
which there exists unknown physics, is the scale of flavor
dynamics, and is associated with heavy states which are
integrated out. The effective theory below A is rather
simple, while the full theory will have many heavy states.
We assume that the cut-off scale A in the superpotentials
(20) and (21) is a scale where the complex structure and
axio-dilaton moduli are stabilized through fluxes. So, in our
framework, the hierarchy (H,,) = v,, <A is main-
tained, and below the scale A the higher-dimensional
operators express the effects from the unknown physics.
Since the Yukawa couplings are eventually responsible for
the fermion masses they must be related in a very simple
way at a large scale in order for intermediate scale physics
to produce all the interesting structure in the fermion mass
matrices.

Here we recall that A, is the symmetry group of the
tetrahedron and the finite groups of the even permutation of
four objects having four irreducible representations: its
irreducible representations are 3,1,1,1” with 3 ® 3 =
33,9101 ®1”,and 1’ ® 1’ = 1”. The details of
the A, group are shown in Appendix A. Let (a;, a,, a3) and
(by, by, b3) denote the basis vectors for two 3’s. Then, we
have

1
(a®b); = Ve (2a1by — azbs — azb,,

2a3b; — ayby — ayby,2a,by — azb; — a;b3),
(a® bc)3a = i(azb, — aybs, ayby — a\by, a,b3 — azb,),
(a ® b)y = aib, + axby + azb,,
(a ® b)y = ayby + arby + asbs,
(a @ b)y = ajbsy + ayb, + azb;. (2)

Under Ay x U(1)y x U(1), the driving, flavon, and Higgs
fields are assigned as in Table 1.

A. Vacuum configuration

The superpotential dependent on the driving fields,
which is invariant under SU(3), x SU(2), x U(1)y x
U(1)y x Ay, is given at leading order by

W, = Of (i@ + g@r®r) + ©F (9 PsDs + ng:)fl)s)
+ 0y (g3 PPy + 9,00 + 9500 + 40 é)
+ 1% (P — 43, (3)
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TABLE 1. Representations of the driving, flavon, and Higgs
fields under A4 x U(1)y. Here U(1)y = U(1)x, x U(1)x, sym-

metries which are generated by the charges X; = —2p and
X2:—q.

Field o} o5 ©) ¥y & & © @ Y ¢ H, H,
Ay 3 311 3 3 1 1 111 1
Ul)y 0 4p 4p 0 -2p 0 —2p =2p —q g 0 O
Ul 2 2 2 2 0 0 0 0o 0 0 0 O

where the fields ¥ and ¥ charged by —g¢, g, respectively, are
ensured by the U(1)y symmetry extended to a complex
U(1) due to the holomorphy of the supepotential. Note here

that the PQ scale uy = |/vyvg/2 corresponds to the scale
of the spontaneous symmetry breaking scale; see Egs. (9)
and (16). Recalling that the model " implicitly has two
U(l)y = U(1l)y, x U(1)x, symmetries which are gener-
ated by the charges X; = —2p and X, = —gq. Since there is
no fundamental distinction between the singlets ® and O as
indicated in Table I, we are free to define O as the
combination that couples to @@ in the superpotential
W, [24]. Due to the assignment of quantum numbers under
Ay x U(1)y x U(1) the usual superpotential term uH,H,
is not allowed, while the following operators driven by ¥,
and @7 are allowed by

g
9w, YoH H, +XT((I)(7;¢T)1HMHL1’ (4)

which is to promote the u term per = gy, (¥o) +

gr(®F)vr/(V2A) of the order of mg and/or mgvy/A (here
(¥y) and (®]): the VEVs of the scalar components of the
driving fields, mg: soft SUSY breaking mass). Here'* we

"In the model, there are three U(1) symmetries, U(1), (lepton
number), U(1)pq and U(1)y except for U(1)g and U(1), (baryon
number). All of these threes are finally broken. U(1), is broken
by the electroweak symmetry breakdown. When flavon fields
acquire VEVs, both U(1), (which is hidden) and U(1)pq appear
to be broken. Actually, there are linear combinations of the two
U(1)y, symmetries, which are U(1)g x U(1);. Here the U(1)5
symmetry as U(1)pq has anomaly, while the U(1) is anomaly-
free. Note that U(1), is not identified with U(1),.

As discussed in Ref. [19], the field ¥, identified as inflaton
can predominantly decay into Higgses (and Higgsinos) through
the first term after inflation, which is important for inflation and
Affleck-Dine leptogenesis, while the second term is crucial for
relating the sizable p term with the low-energy flavor physics.
The size of the renormalizable superpotential coupling of the
inflaton to particles of the SM is severely restricted by the
reheating temperature, Tre};‘, and in turn a successful leptogenesis.
Consequently, we have pei = gr(®@L)vy/A as in Ref. [2], which
can describe the correct Cabibbo-Kobayashi-Maskawa (CKM)
mixing matrix with vy/A ~ 0.04 = A2/+/2. Since the field @y is
not charged under the U(1)y, the nontrivial next-to-leading-order
operators in the down-type quark superpotential (20) could be
generated via @r; see footnote 18.

PHYSICAL REVIEW D 96, 015022 (2017)

assume gy (¥o) < g7(®F)vr/(V2A). The supersym-
metry of the model is assumed broken by all possible
holomorphic soft terms which are invariant under
Ay x U(1)y x U(1)r symmetry, where the soft breaking
terms are already present at the scale relevant to flavor
dynamics. And it is evident that, at leading order, the scalar
supersymmetric W(®;®) terms are absent due to different
U(1)y quantum number, which is crucial for relevant
vacuum alignments in the model to produce the present
large leptonic mixing and small quark mixing. It is
interesting that at the leading order the electroweak scale
does not mix with the potentially large scales vg, vy, vg
and vy. The A, flavor symmetry is broken by two triplets
®g and ®; and by a singlet ®. As demonstrated in
Appendix B 1, the fields develop a phenomenologically
nontrivial VEV along the direction in Eq. (9). Therefore, as
we shall see later, such VEV direction is very crucial to
realize the present experimental data of small quark mixing
angles and leptonic tri-bimaximal mixing (TBM)-like
angles. See also below Eq. (146).

We take the U(1), breaking scale, which corresponds to
the A, symmetry breaking scale, to be much above the
electroweak scale in our scenariols; that is,

(Hya) < (), (®r), (@5) < (¥), (V). (5)

Here we assume that the electroweak symmetry is broken
by some mechanism, such as radiative effects when SUSY
is broken. In supergravity, SUSY is broken by the non-
vanishing VEV of some auxiliary field. Setting to zero from
the beginning the matter fields {¢°,7, H,,, ...}, with the
almost vanishing cosmological constant for the remaining
fields the gravitino mass mj , is directly related to the scale
of supersymmetry breaking,

1
|F* =3m3 ,M} +§D§i ~0, (6)

implying that the F- and D-term potentials should vanish in
the limit ms;, = eK/?Mi|W|/M% [here K is a Kahler
potential in Eq. (47)] going to zero and some of them
should scale as mj3/, at the minimum. In the global SUSY
limit, ie., Mp — oo, the vacuum configurations are
obtained by the F and D terms of all the fields
being required to vanish. The relevant F-term potential
is written as

See the symmetry breaking scales from the astrophysical
constraints Eq. (116).

015022-5



Y. H. AHN

2
bal __ g
V%lo ¢ L (@5 Pgy — Py Ps3) + 9, @50
\/—
291 ~ |2
f (DPg3P53 — Dy Psp) + 9, P52 0O

+ g7 (¥ = i) + g7 Pl (P2 + [¥7) +

where g; are dimensionless couplings. The model contains
two Fayet-Iliopolos (FI) D terms, Lg = =& [d?0Vy =
—&'gy, Dx,, giving rise to the D-term potential. The D-term
potential is given by

lobal X\ g% gl =5\2
e U
%ok, [ &8 2
S (5w + o 0

with Dy, = gy (&' = 22, X,|®;[*), where @, = {®g, 0}
and @, = {¥, ¥}, and &M = 2E,/z; are constant parame-
ters with dimensions of mass squared, and here E; are
measures of the strength of the fluxes for the gauge fields

living on the D7-branes [28]. In V5™ the flavon fields are
charged under the U(1)y gauge group for which the fluxes
provide FI factors. Since SUSY is preserved after the
spontaneous symmetry breaking of U(1)y X Ay, the scalar
potential in the limit M p — oo vanishes at its ground states,
i.e., (V&) = 0 and (V&) = 0 vanishing F terms must
have also vanishing D terms. Consequently, the VEVs of
the flavon fields are from the minimization conditions of
the F-term scalar potential: from Appendix B 1, the
phenomenologically nontrivial solutions [2]

(Dg) = T(US’US’US) <¢T>:\}§(UT7070)’
_Ye T
<®>—\/§, <‘P>—<‘P>—ﬁ, )

with v@:vs,/—SZ—i and vy =—(1/9)\/3/2 where

g is a dimensionless coupling, as well as a set of trivial
solutions
®;) = (0,0,0),

(©) =0, m=®=%, (10)

in which the undetermined VEVs indicate that in the SUSY
limit there exist flat directions in the flavon potential along

29, 5
— (DD, — Dy Dg3) + PO
'\/§( 52952 S1 s3) G29Ps3

+ |g3(@g1 Dy + 2P, DPg3) + 9,07 + 9500 + gO*
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2

ow, |2
c’)zi

D

i=the others

: (7)

which the scalar fields ®g, ® and ¥, ¥ do not feel the
potential. Even these VEVs could be slightly perturbed by
higher-dimensional operators contributing to the driving
superpotential, their corrections to the lepton and quark
mass matrices are absorbed into the leading-order terms
and redefined due to the same VEV directions, or can be
kept small enough and negligible, as shown in Ref. [2].
The above two supersymmetric solutions are taken by the
D-flatness conditions, respectively, for (i) phenomenologi-
cally viable case

= Xi|((los?) + (|©)).
g'=0.  (¥)=(¥), (11)

and (ii) phenomenologically trivial case

&' = (@5) = (©) =0,
=0 (W)=, (12)

both of which indicate that the VEVs of the flavon fields
strictly depend on the moduli stabilization, particularly on
the VEVs of the fluxes E; in the FI terms [28]. So it seems
hard for the first case (i) to stabilize |®;| at large VEVs
~O(10°19) GeV. And there is a tension between (®;) = 0
and (&) # 0 which are possible as long as E; are below the
string scale. Therefore it is imperative that, in order for the
D terms to act as uplifting potential, the F' terms have to
necessarily break SUSY.

In order for the solution in Eq. (10) to be phenomeno-
logically nontrivial, by taking mg, , mg, mg, mé <0, d,
and @, roll down toward its true minimum from a large
scale, which we assume to be stabilized far away from the
origin by Planck-suppressed higher-dimensional correc-
tions in the SUSY broken phase. And by adding a soft
SUSY breaking mass term to the scalar potential one can

execute (@) = 0 for the scalar field © with m(Z:) > 0. Then,

the vacuum alignment is taken as the absolute minimum.
The phenomenologically viable VEVs of the flavon fields
can be determined by considering both the SUSY breaking
effect which lift up the flat directions and supersymmetric
next-to-leading-order Planck-suppressed terms [29,30]
invariant under A, x U(1)y. The supersymmetric next-to-
leading-order terms are given by
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A i p

> (©5P7);00
P

1
+M_{}’1 (@sDs)1 (Pr D)y +72(PsDPs)y (Pr DY)y
P
+73(PsDs) 1 (PrDF )y} (13)

where a, f, and y,; are real-valued constants being of
order O(0.1) = O(1)/+/8x. Note that here we have

neglected irrelevant operators including ©, (®g®g)s,.
(DgD7 )5, and (PsD7r)s, in AW, since we are considering
the phenomenologically nontrivial solutions as in Eq. (9).
Since soft SUSY-breaking terms are already present at the
scale relevant to flavor dynamics, the scalar potentials for

¥(¥) and @4(®) at leading order read

V31O + y@3[°
2M?3

BIPP NP
2M?3

V(®@s,0) = fym3 | @[> + frm3 ), |OF +

’

3

V(P,¥) = aym3 | ¥ + a2m§/2|‘i’|2 +af?
(14)

leading to the PQ breaking scales

2 ’U\yl)\i, 2\/0102 m3/2 2
= = M , 15
== () )
26,k% [m 2
U§:A< 3/ZMP> = k%03, (16)
y(B+v)\ vr

where y =3(y) +72+73), B1f = vPa, and k = (~3g3/94) .
It indicates that the gravitino mass (or soft SUSY breaking
mass, mg = msz,, see Ref. [1]) strongly depends on the
scales of PQ fields and @7 as well as the ratios \/a;ay/ |a|*
and S, /(B + y); for example, for py ~ 10'° GeV and vy ~
10° GeV satisfying the SM fermion mass hierarchies [2]
one can obtain ms,, ~O(10) TeV, and/or subsequently
vg~vg~10° GeV  with Jayay/|al> ~Bi/y(B+7y)~
O(107%) which is comparable with the axion decay con-
stants [for example, as in Eqgs. (89) and (115)]. With the soft
SUSY-breaking potential, the radial components of the
fields W and W are stabilized at

)\ 1/4 a )\ 1/4
Dy :Mw\@(—z) ) Vs :/“P\/i<_1) . (17)
aj a

respectively. The saxion field Ay is defined in Eq. (27)
which is the deviation of |¥| from the VEV Eq. (17) along
the flat direction. And in the SUSY limit the driving fields
@f, @3, O, and ¥, develop VEVs along the directions

(@5) =(0.0,0).  (@g) = (0.0.0),
(@) =0, (¥y) =0, (18)
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in which the vacuum structures are corrected being of
order mg when the SUSY breaking effect lifts up the flat
directions.

As mentioned before, the model has two U(1) sym-
metries which are generated by the charges X; = —2p and
X, = —q. The A, flavor symmetry along with the flavored
PQ symmetry U(1)y, is spontaneously broken by two Ay-
triplets @7, ®¢ and by a singlet ® in Table I. And the
U(1)y, symmetry is spontaneously broken by ¥, ¥, whose
scales are denoted as vy and vy, respectively, and the VEV
of W (scaled by the cutoff A) is assumed as

Here the parameter A= 0.225 stands for the Cabbibo
parameter [31]. After getting VEVs (©), (®g) # 0 [which
generates the heavy neutrino masses given by Eq. (34)] and
(¥) # 0, the flavored PQ symmetry U(1)y is spontane-
ously broken at a scale much higher than the electroweak
scale and is realized by the existence of the NG modes A ,
that couples to ordinary quarks and leptons at the tree level
through the Yukawa couplings as in Eq. (30) (see also
Eqgs. (84), (85), and (125), and one of the linear combi-
nations of NG bosons becomes the QCD axion'® Through
triangle anomalies, the axion mixes with mesons (leading
to a nonzero mass), and thus couples to photons, and
nucleons. The explicit breaking of the U(1)y by the chiral
anomaly effect further breaks it down to Zy_ discrete
symmetry, where Npyw is the domain-wall number. At the
QCD phase transition, the Zy,_  symmetry is spontaneously
broken, and which gives rise to a domain wall problem
[32]. Such domain wall problem can be overcome because
the model has two anomalous axial U(1) symmetries
which are generated by the charges X, and X,
Uy =U(l)y, x U(l)y,.

B. Quarks, leptons, and axions

Under A4 x U(1)y, the matter fields are assigned as in
Table II. Because of the chiral structure of weak inter-
actions, bare fermion masses are not allowed in the
SM. Fermion masses arise through Yukawa interactions.'’

'®The VEV configurations in Eq. (9) break the U(1)y
spontaneously and the superpotential dependent on the
driving field ©, in Eq. (3) becomes, for simplicity, if
we let Dy =@ =g, We, = 0y(9:PsPs + 9,00 +
6Kg3{’l}®q)sl' - 'Us®} =+ gs (@ —+ 2%)@ + g6® @) after Shlftlng
by vg,vs. This shows clearly that the linear combination
(’Uq? + vS(IJS,«)'/\/vé +v3isa massless superfield.

Since the right-handed neutrinos N¢ ($¢) having a mass scale
much above (below) the weak interaction scale are complete
singlets of the SM gauge symmetry, they can possess bare SM
invariant mass terms. However, the flavored-PQ symmetry U(1)y
guarantees the absence of bare mass terms MN¢N¢ and p,S°S°.
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TABLE II. Representations of the matter fields under Ay x U(1)y.

Field 01, 05, O De u, ¢, 1 L, L, L, e, ul, 1 Ne o Sg, Se, S
Ay 1,11 3 1,1, 17 1,1, 17 1,1, 1 3 1,1, 1
U(l)y (=3¢g—-r,-2q—r,-r) 2p+r r—3q,r,r —-9g-p p+15¢,p+13q,p+ 11g p p+25¢q
U(1)x 1 1 1 1 1 1 1

Recalling that vy /A = vy/A = 1in Eq. (19) is used when
the U(1)y quantum numbers of the SM charged fermions
are assigned. The superpotential for Yukawa interactions
in the quark sector, which are invariant under
SU(3).xSU22), x U(1)y x U(1)y x Ay, is given at lead-
ing order by

Wq = yquuCHu + chZCCHu + th3tCHuv

X H , H
+ 401 (D), Kd + 3,02 (D D)y Xd

+ ¥, Q3(D D)y % . (20)
In the above superpotential, W ,, each quark sector has three
independent Yukawa terms at the leading: apart from the
Yukawa couplings, each up-type quark sector does not
involve flavon fields, while the down-type quark sector
involves'® the Ay-triplet flavon fields @7 and ®@g. The left-
handed quark doublets Q;, Q,, Q3 transform as 1,1”, and

|

1’, respectively; the right-handed quarks u¢~1, ¢“ ~ 1/,
t“~1" and D¢ = {d*, s, b} ~ 3. Since the right-handed
down-type quark transforms as 3, in contrast with the up-
type quark sector, the down-type quark sector can have
nontrivial next-to-leading-order terms as shown in Ref. [2],
and which in turn explains the CKM matrix. The up-type
quark superpotential in (20) does not contribute to the
CKM matrix due to the diagonal form of mass matrix,
while the down-type quark superpotential does contribute
the CKM matrix. Naively speaking, since the leading-order
operators in the down-type quark superpotential has six
physical parameters, they could not explain the four CKM
parameters and three down-type quark masses. Thus, one
can consider the next-to-leading-order corrections as in
footnote 17 to account for the correct CKM matrix.

In the lepton sector, based on the field contents in
Tables I and II the superpotential for Yukawa interactions
under SU(3), x SU(2), x U(1)y x U(1)y x A4 reads at
leading order

1 ~ H
W, = YiLeSeH, + y3L,SpH, + Y3LSTH, + o (Vi°SeSe + y3° S8t + y3'SeSu) W + VL (N ®r), Ku

2
H

H,
+ 5L, (N°®r) A + V5L (N“®7p)y

A
+ yeLeeCHd + y,uL;uuCHd + yTLfTCHd'

In the above leptonic Yukawa superpotential, W, charged
lepton sector has three independent Yukawa terms at the
leading: apart from the Yukawa couplings, each term does
not involve flavon fields. The left-handed lepton doublets
L,,L,, L, transformas 1,1’, and 1”, respectively; the right-
handed leptons e ~ 1, u¢ ~1”, and 7¢ ~ 1. In the neutrino
sector, two right-handed Majorana neutrinos S and N are
introduced to make light neutrinos pseudo-Dirac particles
and to realize TBM pattern,19 respectively; Sg, S;, S7
and N transform as 1, 1”7, 1/, and 3 under A, symmetry,

"®The operators including the field ®; appear in the next-to-
leading-order superpotential, i.e., AW ,;=x,0; (D"@T)I%H at
%,Q5(DD@7) -5 H g+, Q3 (D @) -3 H g +x5 Q) (D Dy D)y
By %050, (D Br®g)y it x0 04 (DD Dg) 4 where x5
and xg’ , are Yukawa coupling constants, which plays crucial
roles for the CKM mixing angles to be correctly fitted. See also
Ref. [2].

YSee Eq. (146) for the exact TBM mixing [33].

[\)|'\<>

u 1 3 e cNJC cNC
—+§(y@®+y@®)(N Ny + 22 (NN )3, @

(1)

[
respectively. They compose two Majorana mass terms; one

is associated with an A, singlet ¥, while the other one is
associated with an A, singlet ® and an A, triplet @y,
in which all flavon fields associated with the Majorana
mass terms are the SM gauge singlets. The two different
assignments of A, quantum number to Majorana
neutrinos guarantee the absence of the Yukawa terms
S¢N¢ x flavon fields. Correspondingly, two Dirac neutrino
mass terms are generated; one is associated with S¢, and the
other is N¢. Imposing the continuous global U(1)y sym-
metry in Table II explains the absence of the Yukawa terms
LN‘®g and N°N°®D; as well as does not allow the
interchange between ®@; and ®g, both of which transform
differently under U(1)y, so that bilarge 6,,, 6,3 mixings
with a nonzero 6,3 mixing for the leptonic mixing matrix
could be obtained after seesawing [34] (as will be shown
later, the effective mass matrix achieved by seesawing
contributes to TBM mixing pattern and pseudo-Dirac
mass splittings, except for active neutrino masses. Such
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pseudo-Dirac mass splittings are responsible for very long
wavelength, which in turn connect to an axion decay
constant; see Eqgs. (74) and (148).).

Since the U(1)y quantum numbers are assigned appro-
priately to the matter fields content as in Table II, it is
expected that the SM gauge singlet flavon fields derives
higher-dimensional operators, which are eventually visu-
alized into the Yukawa couplings of charged fermions

as a function of flavon fields ¥(¥), i.e., y, . = yuvc(‘i‘),

Ydas = yd,x(lp)’ Yeur = ye.ﬂ,T(lP)’ except for the top and
bottom Yukawa couplings:

. (P° - (PN’ A
Yu=Yu K s Ye=Ye\l %) > Ye=Wt

. (P’ (P )
Yda =Ya K > Vs = Vs X ) Yb=Yb-

R P 6 R P 4 R P 2
ye_ye<K> ’ yﬂ—yﬂ<x> s yT_yl'(X) : (22)

From the top Yukawa coupling and pole mass (y, and m,)
and the neutral Higgs VEV ratio (tanf = v,/v,), by
requiring 9, to be order of unity, 1/ V10 < 19, < V10,
we have the allowed range for tanf: 1.7 <tanf < 10,
where®® we have used m, = 173.07 £ 0.52 £ 0.72 GeV
[31]. In particular, the value of tanf = 2 with the above
Yukawa couplings is preferred because of the mixed
U(1)y — [gravity]? anomaly free condition together with
the observed mass hierarchies of the SM charged fermions.
On the other hand, the neutrino Yukawa couplings in terms

>

of the flavons W(¥) and © are given as

[P\ 16 [P\ O
yi—yi<K> ) Yit = Vi (X) X’
(I) 9
n=3(5) . SemSemsemOM). (23

Here the hat Yukawa couplings y are complex numbers and

of order unity, ie., 1/v10<[9| <+v10. The above
Yukawa superpotentials (20) and (21) with Egs. (22) and
(23) indicate that, since the flavon fields charged under
U(1l)y are the SM gauge singlets, a direct NG mode
coupling to ordinary quarks and leptons is possible through
Yukawa interactions. Since the fields associated with the
superpotentials (20) and (21) are charged under U(1)y, it is
expected that the top quark and hat neutrino Yukawa
couplings appearing in the superpotentials are of order
unity and complex numbers. We note that the flavon fields

“We take a lower bound of tan f§ preferred in the minimal
supersymmetric standard model (MSSM). For tanf < 1.7, the
top quark Yukawa coupling blows up before the momentum scale
ur2x10'% Gev.

PHYSICAL REVIEW D 96, 015022 (2017)

O and @5 derive dimension-five operators in the down-
type quark sector and Dirac neutrino sector, respectively,
apart from the Yukawa couplings, while the flavon fields ¥

and ¥ derives higher-dimensional operators through the
Yukawa couplings with the U(1)y flavor symmetry respon-
sible for the hierarchical charged lepton masses as shown
by Egs. (22) and (23). The model is assumed to be broken
by all possible holomorphic soft terms, where the soft
breaking terms are already present at the scale relevant to
flavor dynamics.

The model incorporates the SM gauge singlet flavon
fields F, = @y, O, ¥, ¥ with the following interactions
invariant under the U(1)y x A, and the resulting chiral
symmetry, i.e., the kinetic and Yukawa terms, and the scalar
potential Vgygy in SUSY limit*" are of the form

L0, FL"Fa+ Ly —Vsusy + Lo+ Widy

1. 1.
+ 5 NidN + 3 Sids. (24)

Here the Vqygy term is written in terms of Egs. (7) and (8),
which is replaced by V., including soft SUSY breaking
term when SUSY breaking effects are considered,
and y stands for all Dirac fermions. The kinetic terms

52 + . . 7
aégﬂ 0,F 0" F, with Kahler potential K D |F4|* +

higher-order terms [cf. Eq. (51)] for canonically normal-
ized fields are written as

9, D50' s + 0,07040 + 9,97 + 9,¥ P, (25)

The scalar fields ®g, © and ¥(¥) have X-charges X; =
—2p and X, = —q(q), respectively, that is

¢Si - eif]xlq)si,

Y - eiXoyp,

0 — %10,
Y - iy (26)

where &, (k = 1, 2) are constants. So, the potential Vgygy
has U(1)y global symmetry. In order to extract NG bosons
resulting from spontaneous breaking of U(1)y symmetry,
we set the decomposition of complex scalar fields as
follows™

2n our superpotential, the superfields ®g, ©, and V(¥) are
gauge singlets and have —2p and —¢(q) X-charges, respectively.
Given soft SUSY-breaking potential, the radial components of the
X-fields | @], |®] |¥| and || are stabilized. The X-fields contain
the axion, saxion (the scalar partner of the axion), and axino (the
fermionic superpartner of the axion).
Note that the massless modes are not contained in the fields
0, 7, Of, OF, 6, ¥,.
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,"/’_S im
Og = (g +hg), O =22 (vo+ ho)
Si NG s s > Ve 0)
Dy l‘/’ ( h\y) ~ U\i, _14"I‘< h\y
YV=—ew|l+—], YV=—¢ % 1+—
V2 Vg V2 Vg
(27)
in which we have set @y = Oy = Dg3 = Pg; in the

SUSY limit, and v, = /03, + ”\zp- And the NG modes
A; and A, are expressed as

A = vshs + vy
Vg

with the angular fields ¢g, ¢y, and ¢y. With Egs. (25) and
(27), the derivative couplings of A, arise from the kinetic
terms,

1 h 1 hy\2
814.7:28"}_1(:5(3”141)2 <1+ ]:) E(aﬂA2)2 <1+_\P)

a Vg

+5(aﬂhw)2+..., (29)

A2 = ¢‘P (28)

1
+§(5uhf)2

where vy =vg(1+x*)"/?2 and  hr = (khg+ hg)/
(14 x%)'/2, and the dots stand for the orthogonal compo-
nents hx and Af. Recalling that k = vg/ve. Clearly, the
derivative interactions of A, (k = 1, 2) are suppressed by
the VEVs v and vy. From Eq. (29), performing v,
vy — oo, the NG modes A;,, whose interactions are
determined by symmetry, are invariant under the symmetry
and distinguished from the radial modes, 4z and hy.

In Eq. (24), the Yukawa Lagranglan is glven as follows.
Once the scalar fields ®@g, ©, ® ¥ and ¥ get VEVs, the
flavor symmetry U(1)y X A4 is spontaneously broken®
And at energies below the electroweak scale, all quarks
and leptons obtain masses. The relevant Yukawa interaction
terms with chiral fermions y charged under the flavored
U(1), symmetry is given by

—Ly = qxM,qf + e Lf(]RMdCIL + CxMet,

1
+—

— =
2 ( I‘/L SR NR )
A A
l6i72 T —9[72 T
0 e impe e vy vy
16152 052 c
X1 e um e ”ﬁlf)MS 0 Sk
A A [
—9;22 21 NR
e 'vmp 0 e FMpy
+H.c., (30)

Z1f the symmetry U(1)y is broken spontaneously, the massless

modes A; of the scalar ®g (or ®) and A, of the scalar ‘P(‘i‘)
appear as phases.

PHYSICAL REVIEW D 96, 015022 (2017)

where ¢* = (u,c,t) and ¢ = (d, s, b). And in the above
Lagrangian (30) the Dirac and Majorana neutrino mass
terms read

yi 00 16
- Uy
m = 0 s 0 ULH 31
ps e (ﬂA) 0
0 0 335
w0 0 51
ve [ v v
Mg=| 0 o sy _‘P<T) ° . (32
S . Y2 \/5 \/Z/\ \/ZA ( )
0 »
i 0 0 9
N vy Uy
m = 0 O H UM
D . ﬁA(ﬁA)
0 3 O
10 0 .
R Ur Uy
=90 o0 v,, (33
Vi 0 y; ﬁA(ﬁA) 9
3
R i
R R Y It e
—ike'? 1 - §K€l¢ ke
where
5 _# o Bl
=5 BEL KENPRY)

(35)

= ar yR) with M = |y¢—|.
¢ g(y@ Yo \/§

Recalling that the hat Yukawa couplings in Egs. (36)—(35)
are all of order unity and complex numbers. We will discuss
the neutrino physics in detail in Sec. IV. Now, we move to
discussion on the charged-fermion sector, in which the
physical mass hierarchies are directly responsible for the
assignment of U(1), quantum numbers. The axion cou-
pling matrices to the up-type quarks, charged leptons,
and down-type quarks, respectively, are diagonalized

through  biunitary transformations: VM, = //\ZV,
(dlagonal form), and the mass eigenstates yk = Viwg
and v, = V¥y . These transformation include, in particu-
lar, the chiral transformation necessary to make M, and
M, real and positive. This induces a contribution to the
QCD vacuum angle as in Eq. (69). Note here that under
the chiral rotation of the quark field given by Eq. (91) the
effective QCD angle 3. is invariant. In the above
Lagrangian (30), the mass matrices M,, M, and M,
for up-, down-type quarks and charged leptons, respec-
tively, are expressed as
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_6i2
y.e v 0 0
_ As
Ma=1 0 ye o |tw (9
0 0 Vv,
- _3i%2
Ya Vs Vb e 0 0 ”
M, = NY —21?—(2 —SU S
d Ya Y %h 0 e 0 V2A d
Ya Vs Vb 0 0 1
(37)
yeemb_; 0 0
M, = 0 yﬂemﬁ 0 Va, (38)
0 0 y,eZ%

where v, = (H,) = vcosf/v/2, and v,=(H,) =
vsin/v2 with v =246 GeV, §; =y, +x;L with
S =d, s, b (in which the Yukawa couplings x; come from
higher-dimensional operators driven by the flavon field ®7
in Ref. [2]), and the corresponding Yukawa terms for

charged leptons and up-type quarks are given by

A\2, A\ A\,
Ve = <\/§) Vo y}t - <\/§) y/n Ye = (\/E) Yes
A2 A\°
= P s ¢ = E— AC’ u = — Au. 39
ye=9. (ﬁ) ¥ y <\/§) Ju- (39)

The physical structure of the charged-fermion Lagrangian
given by Eqgs. (84) and (85) may be examined, and these
results are in a good agreement with the empirical charged
lepton and up-type quarks mass ratios calculated from the
measured values [31]:

Me—29x10%, ™ =59%x102  (40)
mT mT
Tu1ax10,  Te=74x107.  (41)
m; my

On the other hand, M in Eq. (37) generates the down-type
quark masses:

My = VMV = diag(mg.mymy), — (42)

where V¢ and V4 can be determined by diagonalizing the
matrices for MZMd and M de,, respectively. In particu-
lar, the mixing matrix V§ becomes one of the matrices
composing the CKM mixing matrix. The Hermitian matrix
MLMd is diagonalized by the mixing matrix V¢:

PHYSICAL REVIEW D 96, 015022 (2017)

(43)

Due to the strong hierarchal structure of the Hermitian
matrix, one can fit the results calculated from the measured
values [31]:

Ma_12x10, s=24x102 (44
my, myp,

Naively speaking, since the leading matrix M, has six
physical parameters, while observables are seven (CKM
parameters: four, down-type quark masses: three), it alone
may not generate the correct CKM matrix in the standard
parametrization in Ref. [31]. Therefore, in order to achieve
the correct CKM mixing matrix, we should include non-
trivial next-to-leading-order corrections which are driven
by the field ®; neutral under SU(2), x U(1), x U(1)y;
see more details in Ref. [2].

C. The mixed U(1)y anomalies and a bridge
between string theory and flavor physics

It is well known that any discrete or continuous global
symmetry is not protected from violations by quantum
gravity effects [22]. Here we discuss that the global U(1)y
is the remnant of the broken U(1)y gauge symmetry by the
GS mechanism, and so it can be protected from quantum-
gravitational effects, similar to Ref. [1]. String theory when
compactified to four dimensions generically contains an
anomalous U(1) with anomaly cancellation. The model
group SU(3)-xSU2), xU(1)y xU(1)g x U(1)y we
are interested may be realized in a four-stack model
UB)xU(2)xU(1)xU(1) on D branes where the
gauged U(l)s are generically anomalous [35].
Hypercharge U(1), is the unique anomaly-free linear
combination of the four U(1)s. The other combinations
contribute to U(l)y and a gauged U(1), [36] which
contains an R-symmetry as a subgroup. In addition, a
non-Abelian discrete flavor symmetry, A4, has been intro-
duced to describe flavor mixing pattern, which can be
realized in field theories on orbifolds [20]. Here if we
assume that the non-Abelian discrete symmetry A, is a
subgroup of a gauge symmetry, it can be protected from
quantum-gravitational effects. Moreover, in the model
since such non-Abelian discrete symmetry is broken
completely by higher-order effects, there is no residual
symmetry; so there is no room for a spontaneously broken
discrete symmetry to give rise to domain-wall problem.
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We assume throughout that the model can be derived as
consistent type IIB string vacuum. In such a vacuum, as
will be shown later, the U(1)y-mixed anomalies such as
U)x[UM)y]?, UM)x[SU2),]°. U1)x[SU3)c]*, and
U(1)y[U(1)4]? should be cancelled by appropriate shifts
of Ramond-Ramond axions in the bulk [37]. On the other
hand, nonperturbative quantum gravitational anomaly
effects [38,39] lead to a nonconservation of the correspond-
ing current,

9,J% x RR, (45)

where R is the Riemann tensor and R is its dual, which
spoils the axion solution to the strong CP problem.
Therefore, in order to eliminate the breaking effects of
the axionic shift symmetry by gravity we impose an
U(1)y-[gravity]> anomaly cancellation condition. Since
the U(1)y charges in Table II are flavor-dependent, the
U(1)y symmetry serves as a natural flavor symmetry, and
helps explanation of the pattern of quark and lepton
mixings as seen in Sec. II B. Thus the choices of U(1)y
charges for ordinary quarks and leptons are strongly
restricted by the U(1)y-[gravity]? anomaly cancellation
condition:

0=1{3-2(=5¢—3r) +3(6p +3r) +3(=3q +37) } quark
+{-2(27¢+3p) + (Bp+399) +3p +3p +75¢ }1epton-
(46)

This indicates that the U(1)y symmetry could be inter-
preted as a fundamental symmetry of nature when p = —gq.
Clearly, the U(1)y quantum numbers of quark flavors in
Eq. (46) are arranged in a way that no axionic domain-wall
problem occurs, which plays a crucial role in cosmology
when the X-symmetry breaking occurs after inflation. With
the quantum numbers of SM quarks and charged leptons
satisfying the observed mass spectra based on the frame-
work of Ay x U(1)y, if the SM quark quantum numbers are
arranged in a way that no domain-wall problem occurs, one
can find an available arrangement of quantum numbers to
satisfy the neutrino phenomenology (see Sec. IV).

We work in a supergravity framework based on type 1IB
string theory, and assume that the dilaton and complex
structure moduli are fixed at semi-classical level by turning
on background fluxes [40]. Below the scale where the
complex structure and the axio-dilaton moduli are stabi-
lized through fluxes as in Refs. [41,42], the low-energy
Kahler potential K and superpotential W for the Kahler
moduli and matter superfields, invariant under U(1)y
gauged symmetry, are given in type IIB string theory by [1]

_ _§Cs
K =-M> 1n{(T+ T) H(T,- +Ti =1 VX,_) }
i=1

+K+ ... (47)
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2
Wlth k = Zziq)j.e_xivqu)i + sz|g0k
i=1 k

W=Wy+W,+ W,+ W(T), (48)

2

’

in which ®, = {®;,0,0}, ®, = {¥. ¥}, ¢, = {¥,. D} .},
dots represent higher-order terms, and Mp = (82G)™!/? =
2.436 x 10'"® GeV is the reduced Planck mass with the
Newton’s gravitational constant G. W stands for the
constant value of the flux superpotential at its minimum.
Since the Kahler moduli do not appear in the superpotential
W at leading order, they are not fixed by the fluxes. So a
nonperturbative superpotential W(T) is introduced to
stabilize the Kahler moduli. Although W(T) in Eq. (48)
is absent at tree level, the source of this nonperturbative
term could be either D3-brane instantons or gaugino
condensation from the non-Abelian gauge sector of the
N-wrapped D7-branes [43]. The Kahler moduli in K of
Eq. (47) control the overall size of the compact space,

T
T=—-+1i0,
2—|-l

T, :%+ i, with i=12 (49)
where 7/2(z;/2) are the size moduli of the internal
manifold and 0(0;) are the axionic parts. As can be seen
from the Kahler potential above, the relevant fields par-
ticipating in the four-dimensional GS mechanism are the
U(1)y, charged chiral matter superfields ®;, the vector
superfields V. of the gauged U(1)y, which is anomalous,
and the Kahler moduli 7;. The matter superfields in K
consist of all the scalar fields ®; that are not moduli and do
not have Planck sized VEVs, and the chiral matter fields ¢,
are neutral under the U(1)y symmetry. We take, for
simplicity, the normalization factors Z; = Z; =1, and
the holomorphic gauge kinetic function on the Kahler
moduli in the four-dimensional effective SUGRA

1 ar.
T =— +i—% 50
i 9§i+l8”2 (50)

where gy, are the four-dimensional gauge couplings of
U(l) x,- Actually, gaugino masses require a nontrivial
dependence of the holomorphic gauge kinetic function
on the Kahler moduli. This dependence is generic in most
of the models of N/ =1 SUGRA derived from extended
supergravity and string theory [44]. And vector multiplets
Vy, in Eq. (47) are the U(1)y_ gauge superfields including
gauge bosons A%. The GS parameter 5?’5 characterizes the
coupling of the anomalous gauge boson to the axion. The
kinetic terms of the Kahler moduli and scalar sectors in
the flat space limit of the four-dimensional N' = 1 super-
gravity are expressed as
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Lyinetic = KTTayTaﬂT + KT’.TiaﬂTiaﬂTi
+ Kg.6,0,®,0'D]. (51)

Here we set K¢, 4, = 1 for canonically normalized scalar
fields, as Eq. (25). In addition to the superpotential in
Eq. (48), the Kahler potential in Eq. (47) deviates from the
canonical form due to the contributions of nonrenormaliz-
able terms scaled by an ultra violate cutoff Mp, invariant
under the both gauge and the flavor symmetries. Here the
kinetic terms for the axionic and size moduli do not mix in
perturbation theory, due to the axionic shift symmetry,
where any nonperturbative violations are small enough to
be irrelevant.

The theory is invariant under the U(1)y gauge trans-
formation Vy — Vy + i(A; — A;), together with the mat-
ter and Kahler moduli superfields transform as [1]

GS

. 0;

®i g elXiAiq)l', Ti g Ti —+ ll—zAl (52)
16

where A(A;) are (anti)chiral superfields parametrizing

U(1)y, transformations on the superspace. Recalling that

the scalar fields ®g, © and W(V¥) have X-charges X, =
—2p and X, = —¢(q), respectively. So the axionic moduli
0, and matter axions A; have shift symmetries,

GS GS

i 5i
ei_’ei_@éiv Ai_)Ai"i‘fa,-ggi’ (53)

where the decay constants f, are defined in Eq. (74), 5? is
anomaly coefficient defined in Eq. (55), and &, =

A
—ReA;ly_p—o and q’i|9=é=0:%€l'ﬁ(vi+hi) (here v
and h; being the VEVs and Higgs bosons of scalar

components, respectively, and the subscripts  and 6 are
the Grasmann variables.), with the gauge transformation

A oAM= org,. (54)

As discussed in Ref. [1], by introducing two gauged
U(1) symmetries author has stabilized the three size moduli
(z/2, t;/2) and one axionic direction 6* with large masses,
while the two axionic directions (6 =6—-0; and
05 = 0 — 0,) remain massless. The two massless axion
directions are gauged by the U(1) gauge interactions
associated with D-branes, and the gauged flat directions
of the F-term potential are removed through the
Stuckelberg mechanism. Now we discuss how the corre-
sponding massless NG modes could survive in the phase of
scalars charged under the global continuous symmetry
U(1)y, as shown in Ref. [1]. Since we have two gauged
anomalous U(1) currents, there are two axions linear
combinations of A; and 6 (i =1, 2) that couple to the
(non)-Abelian Chern-Pontryagin densities with coefficients
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by anomalies. And the two gauged anomalous U(1)

symmetries, U(1)y, x U(1)y,, have the corresponding
coefficients,

= 2Tr[X, T3 5. = 2Tr[X, T3, ).
St = 2Tr[X; Y7, (55)

respectively, which stand for the coefficients of the mixed
U1y, [SUB) . U(1)x -[SU(2),J?. and U(1)x -[U(1)]?
anomalies which are canceled by the GS mechanism. Here
U(n) generators (n > 2) are normalized according to
Tr[T¢T?] = 5% /2, and for convenience, 6 = 2Tr[X,Y?]
is defined for hypercharge. Then the anomaly generated by
the triangle graph is cancelled by diagram in which the
gauged anomalous U(1), mixes with the axionic moduli,
which in turn couples to the Chern-Pontryagin density
Tr(Q”’“QW) for the corresponding gauge group in the
compactification. And so the axion decay constant depends
on the Kahler metric, and in particular on where the moduli
are stabilized, as shown in Ref. [1]. Consider the four-
dimensional effective action of the axions, 65' and A;, and
their corresponding gauge fields, A, which contains the
following,

Krz | 0'603 — il —L Al ’ ! F'F 129))
T,T; T lom2 —@ i iuu_gX,-é:i X,
Q
+ D, @i + 6/ Tr(0" 0,,) + Tr(Q" Q).
fa 16
(56)
where O = e’“’/’”Q with the gauge field strengths Q =

{G,W,H} for SU(3)C, SU(2),, and U(1)y, respectively.
F{* are the U(l)y gauge field strengths F}" =
HAY — 9"Af, and the SU(3)., SU(2),, U(1), gauge
couplings are absorbed into their corresponding gauge field
strengths. In |D,®; |,
U(1)x, gauge bosons, where the gauge couplings gy, are

absorbed into the gauge bosons A% in the U(1)y gauge
covariant derivative D* = 0" + iX;A!. As mentioned
before, the introduction of FI terms leads to the D-term
potentials in Eq. (8) where the FI factors ! depend on the
closed string moduli z; /2. The first, third, and fourth terms of
Eq. (56) stem from expanding the Kahler potential of
Eq. (47). Under the anomalous U(1) gauge transformation
in Egs. (52) and (53), the first and fifth terms together, and
similarly the fourth and sixth terms in Eq. (56), are gauge
invariant, that is, the interaction Lagrangians,

A 5? .
Eglteb‘ - AMJ/z f 16 (QIWQ#U)
- A’:Jz' + QIS,tTr(QﬂVQlw)’ (57)
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o X; 0;
are invariant. There are anomalous currents J,,' and J)/

coupling to the gauge bosons A, that is, 9,J4 =
598 -
12 Tr(0"0,,) = =0,Jp :
0 > X 1o,
koo B -maiie. o

leading to aﬂ(J’éi + Jl;(,-) = 0. Expanding Lagrangian (56)

and using 6 = ar /(87 ') with f3' = | /2K 7 /(87%)* it
reads
Lo z Lonay
5( ar,)? +F— Tr(Q Q;w) 5( i)
A; 5 ) )
+f_ 1672 Tr(QﬂyQ;w) Jl)l(lA/zl - Jz'Af
1 u 1 "
EmXA A 4 2 F Flﬂl/

—% (fiFI - ZXi|q)i|2>2 (59)

where ar, is the canonically normalized Kahler axions.
Clearly it indicates that the values of f3' depend on the
Kahler metric and on where the moduli are stabilized. And
the gauge boson masses obtained by the super-Higgs
mechanism are given by

545\ 2
my, = gx,\| 2Kr.7, <ﬁ> +2f3.. (60)

Then the open string axions A; are linearly mixed with the
closed string axions ar, with decay constants f;' and f,.

O st 5 st
~ Ai 2 fi _aT,»fa,» ar, = fi +Aifai
Aj=——F— G =————

2

a;

Since the U(1), is gauged, two linear combinations G, of the
A; and ar, fields are eaten by the U(1)y gauge bosons and
obtain string scale masses, while the other combinations A,
survive to low energies and contribute to the QCD axion

A, ~ A, (62)

For f3' > f,., the axions ;\i as would-be QCD axion are
approximated to A;. Below the scale my, the gauge bosons
decouple, leaving behind low-energy symmetries which are
anomalous global U(1)y with the low-energy effective
Lagrangian

PHYSICAL REVIEW D 96, 015022 (2017)

52 A;
LD Lsv+5 (3 A+ 5T (0" 0,)
1677 f,,
HA; 5GS
+ iX,®] 8 D, 0 (63)
fa,- i
The gauged U(1)y, symmetries are broken, and only the SM

gauge group remains. Since the gauge fields &; are absorbed
into gauge transformation, i.e., into the longitudinal mode of
the U(1)y, gauge bosons to make them massive, the gauge
fields ¢; in the axionic shift symmetry defined in Eq. (53)
become constant, £&. Under the axionic shift symmetry

A A +5GS
fa, o 62

£(constant), (64)

the operator 565 8 J” 0i T "‘ [the third term in the right-hand side
in Eq. (63)] transforms

GS
S5Q A R Ai+fa,~55i_(_)§
J A — = 0,0, ————
o ey, T e ey,
5 g A ‘-
= 5 JQ'a”fa + &0, 0. (65)

Since, in a U(1) gauge theory, the resulting surface term in
the action would vanish for finite energy configurations, the
last term 0,J%;; in Eq. (65) does not lead to parity or time-
reversal violation. And the coupling 9,J%,, the last term in
Eq. (65) corresponding to the SU(2) weak vacuum structure,
can be removed from the Lagrangian through a B+ L
Nfz Tr[W,, W*] (where
J% and J/; are baryon-and lepton number currents, and N is
the number of generations). Thus, the last term in Eq. (65)
&0,y and £0,J%;; for the SU(2) and U(1), gauge groups
are not physical; it means the third term for 0 = {W, H} on
the right-hand side in Eq. (63) are just axion-derivative
couplings. Below the weak scale the third terms on the right
side of Eq. (63) for Q = {W,H} merge to give the
electromagnetic anomaly coefficient of Uy — [U(1)gy]%:
see Eq. (94). On the other hand, in the case of SU(3) gauge
group the Chern-Pontryagin density 9,J; has physical
effects leading to CP violation due to the existence of
instantonic configurations in the QCD Lagrangian. So the

transformation i.e., 0,(J% + J;) =

operator G“"”Gﬁl,A,» /fa, is not invariant under the axionic
shift symmetry. The fourth term in the right-hand side in
Eq. (63) can be traded by Eq. (86). As will be discussed
below Eq. (70), one linear combination of the global U(1)y,
in Eq. (62) [see also Eq. (73)] is broken explicitly by QCD
instantons.

A crucial property of the above GS anomaly cancellation
mechanism is that the two U(1) gauge bosons acquire
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masses leaving behind the corresponding global sym-
metries. These global symmetries U(1)y, are remain exact
to all orders in type IIB string perturbations theory around
the orientifold vacuum. On the other hand, we expects
nonperturbative violation of global symmetries and con-
sequently exponentially small in the string coupling, as
long as the vacuum stays at the orientifold point. This GS
mechanism can be applied to show the cancellation of the
other mixed U(1) anomalies, such as U(1)y-[U(1)y, ]%,
U(1)y-[U(1)y,]?, and U(1)y-U(1)x,-U(1)y,, by including
Chern-Simons terms in the effective Lagrangian. The
anomalies coefficients of the mixed U(1)y-[U(1)x ]* and
U(1)y-U(1)x,-U(1)y, with j # i =1, 2 are given by

5% = 2Tr[Y(X;)?], éfi =2Tr[YX;X;].  (66)
Actually, in order for the hypercharge gauge invariance of
the SM not to be violated without giving mass to the
hypercharge gauge field, these anomalies should be
removed. Thus we include the following Chern-Simons
terms to the effective action Eq. (56)

o¥ - 5{5 (552 A, .
3272 ALy + 3272 AﬂAyFY”D B (iTQﬂzlfa; " Fru
X X\ 2
R
327° \ 69° fo, 555 fa, -

with j#i=1, 2, where Fy,, is the hypercharge field
strength and its dual Fy,,. Under the U(1)y gauge trans-
formation in Egs. (52) and (53), the first and third terms
together, and similarly the second and fourth terms in
Eq. (67), are gauge invariant.

[Hereafter, without loss of generality, at low energies we
absorb 6% into &; in Eq. (70).]

III. QCD AXION AND AXIONS
IN ASTROPARTICLE PHYSICS

The would-be axions play crucial role in evolution of
stars and solving the strong CP problem, which will be
discussed in detail here. In Eq. (24), the CP-violating term
appearing in the QCD Lagrangian is expressed as

9 -
GG, (68)

Lo =
Y7 302

where —7 < I, < 7 is the effective 9 parameter defined
and the color gauge coupling is absorbed into the gauge
field, in the basis where quark masses are real and positive,
diagonal, and ys-free, as

degr = 9 + arg {det(M,,) det(M,)}. (69)
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Here the angle J is given above the electroweak scale,
which is the coefficient of 19G""”(~;Z,, /327° where G“ is the

color field strength tensor and its dual G“ = /wsza i
(here a is an SU(3)-adjoint index), coming from the strong
interaction. And, the second term comes from a chiral
transformation of weak interaction for diagonalization of
the quark mass matrices by y, —> e7'7s arg[detm,}/ v,
directly indicating the CKM CP phase in Ref. [31], which
is of order unity. However, experimental bounds on CP
violation in strong interactions are very tight, the strongest
ones coming from the limits on the electric dipole moment
of the neutron d, < 0.29 x 107> e [45] which implies
|8¢¢] < 0.56 x 1071°, 9.4 should be very small to make a
theory consistent with experimental bounds. A huge
cancellation between & and arg {det(M,,) det(M,)} sug-
gests that there should be a physical process.

The model has two anomalous U(1) symmetries,
U(1)y, x U(1)x,, with respective anomalies 5§ and &5,
both of which are the coefficients of the U(1)y, -
SU(3)-SU(3)- anomaly, so there are two would-be
axions A; and A,, with the transformation of the phase
fields

1}]:X1

A=A +—5¢, Ay = Ay + 52’ (70)

respectively [2]. Their charges X; and X, are linearly
independent. And the color anomaly coefficients are
obtained by letting 23, X, Tr(11") = 5¢56”, where
the ¢ are the generators of the representation of SU(3)
to which y belongs and the sum runs over all Dirac fermion
y with X-charge. Since the two U(1)s are broken by two
types of field attaining VEVs, a new PQ symmetry U(1)y
which is a linear combination of the two U(l)s has
anomaly, while another U(1) is anomaly-free (it is the
broken U(1), symmetry by (®), (®g) # 0 responsible for
lepton number violation). Under U(1)z x U(1), the fields
are transformed as

Al
vre'F h ; .
Fi= iﬁ (lﬂi); Fi—eMaF,, with & =8a
2
ve't h . .
Fr= i/i (l-l-y:); Fr—e™aF, with &=-a.
(71)

One linear combination of the phase fields A; and A,
becomes the axion (= A), and the other orthogonal
combination corresponds to the Goldstone boson (= G):

A cosd sind Ay
=\ . (72)
G —sind cosd A,
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Here, the G is the “true” Goldstone boson>* of the
spontaneously broken U(1) s And since the Goldstone
boson interactions arise only through the derivative cou-
plings as Eq. (29), we can have the nonlinearly realized
global symmetry below the symmetry breaking scale,
U(1);:G - G + Y(constant). Then, the angle is obtained

X0
ascosd = — 2 ¢

R A Y andsin 9 = %
_ (X1v5) t(_XZUg) (X1v7)"+(=Xp0y)"
with X = 69X, and X, = —59X,. Therefore, the axion A

and the Goldstone boson G can be expressed as

Ai87 fa, + A5

A=
NCIAEACTA
G o A0~ A (73)
V6 Fa)? + (85 f)?
where the decay constants are given by
a — X |vg, a — |X2|Ug- (74)

Meanwhile, the X-current for U(1); with the condition
(71) is given by

X S ot S ot 1 5
Jy =X, F0,F, —iX,F,0,F, + EZXy,y/yﬂysl//
"

with X, =X, — X,, (75)

where y = all X-charged Dirac fermions, which is con-
served, B”JX 0, up to the triangle anomaly. This current

creates a massless particle, the axion. The X-current in
Eq. (75) is now decoupled in the limit vz, v, — oo as

L - l—s -
Jif = Xl’U]:aﬂAl + (—X21}y)a”A2 + EZXU/WYﬂ}/SW
v

0,A 1 -
= ) += ZXVIWYnyWv (76)

1 2 1 2 2
\/(Zfalég) + (2fa25?) v

which corresponds to the charge flow satisfying the current
conservation equation if the symmetry is exact. Since the

J{f does not couple to the Goldstone boson G in Eq. (73),

requiring Jf;( not to create G from the vacuum
(0]J%]G) = 0, it follows that
()?1”?)2 = (5(2%)2' (77)

This indicates that if one of the symmetry breaking scales is
determined, the other one is automatically fixed. The NG

It could be a massless Majoron-like particle.
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boson A (which will be the QCD axion) possess the decay
constant, f,, defined by (0J)(x)|A(p)) = ip,fae™P™.
Then, from Eq. (76) we obtain the spontaneous symmetry
breaking scale

1 2 1 2\ -3
/ A:{<2fa15§> +<2f025?> } 78

which is more reduced to f, = V255, = v26¥f,, by
using Eq. (77). Under the U(1)5 transformation, the axion
field A translates with the axion decay constant F4

A—>A+F,a with Fy=f,/N and N =265
(79)

where @ = > _,a;. Note here that if N were large, then F,
can be lowered significantly compared to the symmetry
breaking scale.

However, the current JX is anomalous, that is, it is
violated at one loop by the triangle anomaly [2,46]

MK = —Tr(G,,G"). (80)

1672

Then, after chiral rotation as in Eq. (91) the corresponding
Lagrangian has the form

A auv
(s ot + 2208 )0

1 A ~
=—— 13 — |G4,G™. 81
e ( eff + FA) 1% ( )

Since 9. is an angle of mod 2z, after chiral rotations
on Dirac fermion charged under U(1)y x U(1l)y,, the

Lagrangian should be invariant under

Al A1 27[ A2 A2 2
Tt gm. (82
fa2 fa2 " )

- — 4 —=n <

fal fal

where n; , are non-negative integers. So, it is clear to see
the following by replacing n; with Npwd¥: if 6§ and 6§ are
relative prime (so, the domain wall number Npw = 1),
there can be no Zy_ discrete symmetry and therefore no
axionic domain wall problem. Our model [§§ = 3X| = 6,
89 =—-13X, =13 for g=—-p =1 in Eq. (46)] corre-
25
sponds to the case.

*Note that these color anomaly coefficients, 5§ = 6, 6 = 13,
coming from the mixed U(1)y — [gravity]? anomaly free con-
dition are different from those (¢ = 3, 6 = 17) in Ref. [2].
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A. Quarks and charged leptons
and their interactions with axions

In order to obtain the axion interactions with the SM
fermions, let us remove the NG modes A; and A, from
the mass matrices in Eq. (30) by chiral-rotation of the
charged fermion and neutrino fields as in Eq. (91). The
Yukawa Lagrangian of the charged fermions in Eq. (30)
have the X -symmetry with the transformation parameter p
under

o L
2iX23P¢,  t=invariant
b—et13Ph,

eiXa5rg, (83)

—6iX,53,
U(l)g:u—e 530y c—e
d_)e Xl 3XZ zpd S_)e( 2X2)2/)S

.~}’_S . rs
€—>€61X22/)€, ﬂ—>€4lX22pﬂ, T—

After diagonalization of the mass matrices for charged
fermions, between 1 GeV and 246 GeV the axion-charged
fermion Lagrangian are expressed as

a— 8MA1 - T
[0 ~ 2f vsd + X1,57"yss + X1, by*ysb}

vsC

2fa
+ Xpqdyysd + X 57"yss }
+ my, i + m.cc + mit + mydd + m,53s

+ my,bb — gidg, (84)
—Let =2 7 %2 5 eptyse + X LAY Ysp A X Tytyst)
a2
+ myée + mjiy + mzt — Cidt, (85)

inwhich g = u, ¢, t,d, s, b and £ = e, p, 7 represent mass
eigenstates. And the derivative interactions can also be
simplified, and in turn which can be expressed in terms of
the hadronic axion A, see Eq. (95), as

9,4, a A, ) 9,A
E X 2 :—E X H
- (fal 1w+ f 2y wytysy I WYY sy

(86)

The axion couplings are model dependent with the ele-
ments of the matrices, so the X-charges of the fermions are
given as X, = —6X,, X, = =2X,, X, = 6X,, X, = 4X,,
XT:2X2, X]d:XI‘Y:XIb:XU X2d2—3X2 and
X,, = —2X,. Recalling that X; = —2p and X, = —¢ with
p = —q. The above axion-SM fermion interactions are
applicable above 1 GeV such as in J/W¥ and Y decays. It is
clear that the hadronic axion, A, does not couple to charged-
leptons at tree level, whereas the new NG bosons, A; and/or
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A,, interact with both quarks and leptons.26 Such couplings,
however, are suppressed by factors v/f, or v/f.
Consequently, both the hadronic axion and the new NG
modes are invisible. Below the QCD scale (1 GeV ~4xf ),
the axion-hadron interactions are meaningful rather than
the axion-quark interactions in Eq. (84) [see below
Eq. (109)]. The chiral symmetry is broken and z, K,
and 5 are produced as pseudo-Goldstone bosons. Since the
weakly coupled NG bosons and the hadronic axion could
carry away a large amount of energy from the interior of
stars, according to the standard stellar evolution scenario
their couplings should be bounded with electrons (because
second and third generation particles are absent in almost
all astrophysical objects) and nucleons,”’ respectively.

As seen in superpotential (21) since the SM charged
lepton fields which are nontrivially X-charged Dirac
fermions have U(1)gy charges, the axion A, coupling to
electrons are added to the Lagrangian through a chiral
rotation, as shown in Eq. (85). And the axion A, couples
directly to electrons, thereby the axion can be emitted by
Compton scattering, atomic axio-recombination and axio-
deexcitation, and axio-bremsstrahlung in electron-ion or
electron-electron collisions [47]. The axion A, coupling to
electron in the model reads

Xeme
= 7

GAee fa2 ’ (8 )
where m, = 0.511 MeV, and without loss of generality we
set X, = —6 for the given X-charges X, = —g = —1. On
top of the FA model, in the two conventional models the
hadronic axion coupling to electron has a very small model-
independent coupling induced at one-loop via photon
coupling for KSVZ, and a model-dependent contribution
proportional to an O(1) coefficient for DFSZ,

Lo 3aem E fK
gAee

m{’
Etan b,

Hifilog ). KsvZ

DFSZ
(88)

where z = m,/mg, w=m,/m, tanf = v, /vy, fxp) are
their corresponding decay constants, the electromagnetic
anomaly coefficient £ vanishes for KSVZ, and Aqcp is an
energy scale close to the QCD confinement scale. There are
several restrictive astrophysical limits [31] on the axion
models that couples to electrons, which arise from the
above-mentioned processes: among them, (i) from stars in

*The A as a linear combination of A, and A, could play a role
as a QCD axion to give a natural solution to the strong CP
problem, while A, alone does not. However, since the A, is an
admixture of the QCD axion, its coupling also is controlled by the
QCD axion quantities. In addition, the A, coupling to electron is
constrained by astrophysical constraints.

Axion interaction with nucleons will be discussed in
Sec. III B 2.
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the red giant branch of the color-magnitude diagram of
globular clusters [47], a4,, < 1.5 x 1072° (95% CL) [48],
(i1) from white dwarfs (WDs) where bremsstrahlung is
mainly efficient [49], a4,, < 6 x 10727 [50], and recently
(iii) from the Sun the XENON100 experiment provides the
upper bound, g4,, < 7.7 x 10712 (90% CL) [51]. Here a
fine-structure constant, ay,, = g3,./4%, is related to the
axion-electron coupling constant g4,.. Then, the astro-
physical lower bound of the PQ breaking scale is derived
from the above-mentioned upper limits:

fa, 2 (3.98x105-1.23%10'%) GeV, FA
fr 2 (1.02x 104 =3.15% 105) GeV, KSVZ
fp 2 (6.64x107—2.04%x 10°) tanfGeV, DFSZ. (89)

Such weakly coupled axions have a wealth of interesting
phenomenological implications in the context of astrophys-
ics, like the formation of a cosmic diffuse background of
axions from core collapse supernova explosions [52] or
neutron star cooling [53]. Indeed, the longstanding anomaly
in the cooling of WDs might be explained by axions
with ay,, = (0.29-2.30) x 10727 [54], which is recently
improved in Refs. [50,55], implying axion decay constants

41x10°28 <ay,, $3.7x 1077
fo,=(14-43)x101GeV,  FA
& fK_(3 7-11.0)x10°GeV,  KSVZ (90)
=(24-7.1)x10° tanfGeV, DFSZ

As will be seen later, with the lower bounds of decay
constants in Eq. (120) derived from the upper limits of the
axion-photon couplings, the KSVZ model could be
excluded by the anomaly Eq. (90) with Eq. (114). In
addition, it may indicate that direct searches for axions
and calculations of their effects on the cooling of stars and
on the supernova SN1987A [56] exclude most values of
P 10° GeV. Note that here, if the constraint from WDs
cooling as in Eq. (90) is not considered, the prototype
KSVZ model is allowed; in addition, the model (FA)
prediction for axion decay constants could have a little
bit wider ranges constrained by the extra cooling from the
neutron star as seen in Eq. (115).

B. Strong CP problem and QCD axion

Through a chiral rotation on y as in Eq. (83), we can
dispose of the J.¢ angle in Eq. (68). Let us chiral-rotate the
fth y in the Fujikawa measure of the path integral

agy - ~
Wy = exp IT vy with af _va,f —ﬂ(xn,/f —Xz,/,f)

(1)
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on Dirac spinors, which contributes

2
9 > X, Go, G Tr(14t)

2 vy T
16z - f
g -
= L+ 55 pNGLG™ (92)

to the Lagrangian, where the N is the axion color
anomaly of the U(1); symmetry. (Here we resurrect the
color gauge coupling g,.) And the second term in the
right-hand side of Eq. (92) is obtained by letting
257, Xy, Te(t") =230, Xy, Tr(141%) = N6,

the sum runs over all y with X-charge. Through a rotation

where

Eq. O1), ie., y; — exp{zﬁ%%}yff, we obtain the van-

ishing anomaly terms by adding the QCD vacuum given in
Lagrangian (68) to the above Lagrangian

A A
Ly=(9 L G,
9 ( off T F, ) Py
= (90 +2) % guage (93)
eff FA ’r uv*
Here F, = f,./ 5? with i = 1, 2. Atlow energies A will get
a VEV, (A) = —F 8., eliminating the constant J.¢ term.

The axion then is the excitation of the A field, a = A — (A).
Since the SM fields y have U(1)g, charges, the axion
coupling to photon will be added to the Lagrangian through
a rotation Eq. (91), which survive to the QCD scale:

203, X, (05™)? -
2 vy ! v
L d E + e TFIWF’M
e (E\ A ~
=L+— =] =—F,F" 94
+3277:2<N)FA e (94)
with the axion electromagnetic anomaly FE =

257, X1y, (O)? =23, Xy, (Q5™)? for here y = all X-
charged Dirac fermions, where F,, is the electromagnetic
field strength and its dual F*. Note that since the field A is
not a constant, this term is not a total derivative, and so can
not be neglected.

At energies far below f,, after integrating out the X-
charge carrying heavy degree of freedoms, in terms of the
physical axion field “a” (which is the excitation with the
vacuum expectation removed) we can obtain the following
effective Lagrangian £ including the SM Lagrangian Lqy:

1 0,a - g2
LD=(0,a)* == X, py* ——G“ G
2( .a) 2fAzy/: y Y7 7/51//+32 o F,
e (E\ a -
— | = | =—F,  F". 95
+327T2 (N) FA s ( )
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Below the SU(2) x U(1) breaking scale where all quarks
and leptons obtain masses, the X-current given in Eq. (76) is
constructed from the axion, quark and lepton transforma-
tions under the X-symmetry. The reason that the axion gets a
mass is that the X-current has the color anomaly. Then, we
neglect the lepton current for the axion mass.

We integrate out the heavy quarks (c, b, f) to obtain the
effective couplings just above QCD scale. Now there are
three light quarks (u, d, s). In order to obtain the axion mass
and derive the axion coupling to photons, we eliminate the
coupling of axions to gluons through rotation of the light
quark fields

q — exp (—iaq }/25>q with g=u,d,s. (96)

With the above chiral-rotation, such that a/F,—) 4% =0,
the quark-axion sector of the Lagrangian (95) reads

. l 8"a~ _
La=iqr"D,g+5 L@y - > ( s )qy”rsq
q u,d,s fA
—( Z mque‘i“qu+H.c.>
q=u,d,s
e em ouv
+3907 ( Za 0 )F,,DF". (97)

E 2 (X, +X,+X,)(-1)2+3(X, +X.)(3)?+3(X, + X, + X,)(-1)?]

PHYSICAL REVIEW D 96, 015022 (2017)

As can be seen here, the CP violating d.; term at the
minimum is canceled out, which provides a dynamical
solution to the CP problem [5], but there is a phase in

m,. Clearly, we have some freedom in choosing the
phasezsz since the QCD vacuum is a flavor singlet, i.e.,
(iu) = (dd) = (5s), the a, is determined by the flavor

singlet condition, that is, a,m, = a;m,; = a;m,. From

a/Fy =3 _,a, =0, we obtain

a 1 a Z
au:——, ad:_77

Fal+z+w Fal+z+w

a w

_a_ v 98

ST Fdtztw %)
where 7 = m,(au)/my(dd) = m,/m,; and w=

m,(au)/my(ss) = m,/m; in the SU(3)p,o Symmetric
vacuum. Considering u, d, and s quarks, the chiral
symmetry breaking effect due to the mixing between axion
and light mesons is

Za Qem

And the value of E/N is determined by the X-charge
carrying quarks and leptons

d+z+w

a
=17 - 99
I +z+w)Fy (99)

N 2(X g+ Xi5 4+ X1p) (X, + X 4 Xoy + Xoy)

which corresponds to 14/39, where ¢ = 6, 6§ = 13 for the given X-charges X; =2, X, =

(100)

—1 [withg=—-p=1in

Eq. (46)]. Here the axion color anomaly N and electromagnetic anomaly E are given below Eq. (92) and Eq. (94),

respectively.

1. Axion mass

Now, at below the QCD scale where the quarks have hadronized into mesons, which will result in mixing between axions
and NG mesons of the broken chiral SU(3); x SU(3)g, the kinetic terms vanish

=Ly = < Z myqre~"%qp + H.c.

2
P 32

+8"a 5'( N _ + 5'( ZN
b =\ aytysu I
2fa l+z+w 7 Tt z+w

From the effective Lagrangian (84), the interaction for the
light quarks preserves the X-symmetry, while it does not
preserve the chiral symmetry. So, we may include the effects
of the Yukawa interactions in the effective Lagrangian by

**In the case that m,, my, and mg are equal, it is natural to
choose these phases to be the same, ie., a, = a; = a, = a/3
[57].

2 (E 24 .
_ @ (E 244z4w)a gy,
N 31+z+w

Fy ™

_ - oN
dytysd + (X, —— " \sptyss b (101
> Y'rs +< s 1+Z+w)sy Vss} (101)

adding a term which explicitly breaks the symmetry. Let us
consider the form of the chiral Lagrangian,

2
2 1 .
—Lor = ZTr[DMZTD/‘Z] + E,uf,err[ZAMq + (ZAM,)],
(102)

where X = exp [2iz°T*/f,] (a=1,...,8) is the meson
field, 7¢ are the generators of SU(3), D,, is the appropriate
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covariant derivatives which introduce the electroweak inter-
actions, f, =92 MeV, pu is an undetermined constant,
which is related to explicit chiral symmetry breaking, M, =
diag(m,, my, m,) is the light quark mass matrix, and A =
diag(e'®, e ¢i% ) is the axion phase rotation. The first term
in the above Lagrangian (102) is invariant under global
transformation ¥ — gLZlgje where g; = I (unit matrix) and
gr = diag(e®, ei®, ), while the second term is not
invariant. Thus, the axion and mesons acquire masses from
the second term in the Lagrangian (102). Note that the
invariance of the above Lagrangian (102) under U(1)s
requires that X transform as

e 00
I=Z 0 e 0 |
0 0 e—iaf(x

Even the axion A field is generated at the high energy, it
develops a VEV below QCD scale. Expanding X and
considering the constant term corresponding to ground state
energy, the A potential is given as

1 A
V(A) = —uf? —— (£+9
( ) ﬂf”{mMCOSI+Z+W<FA+ eff)

Z <A Lo )
T+z+w\F,

T " (A i )}
mg; cos —— | — N ,
l+z+w\F,

which is minimized when (A) = —9.4F 4. Then, the QCD
axion mass is proportional to the curvature of the effective
potential induced by the anomaly. Expanding V(A) at the
minimum gives the axion mass

+ my cos

(104)

2 — <82V(A)> :f_,z, um,
N 0@ [ wesgr, FRlETztw

The physical axion/meson states and the mixing param-
eters may be determined from the axion/meson mass matrix
which can be obtained by expanding the symmetry break-
ing part in Lagrangian (102) and taking the terms quadratic
in the fields [see Eq. (C1)]. The axion mass in terms of the
pion mass is obtained as

(105)

mFS = ml f2F (2, W), (106)
where m?2, is the z%z° entry of M? in Eq. (C3), and

z
1+2)(1+z+w)’

= {E) @)

F(z,w) =

(107)
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It is clear that the axion mass vanishes in the limit m, or
my — 0. The QCD axion mass derived in Eq. (106) is
equivalent to Eq. (105). In order to estimate the QCD axion
mass, first we determine the parameters um, and w as a
function of z from the physical masses of the mesons. In
Eq. (C1), they can be extracted as um, = (108.3 MeV)?z,
w = 0.315z. Then, we can estimate the axion mass,

(108)

1. 10°
m, = 4.34 meV (M)

Fy

where the Weinberg value for z = m, /m,; = 0.56 [58] and
Eq. (77) are used.

2. Axion interactions with nucleon

Below the chiral symmetry breaking scale, the axion-
hadron interactions are meaningful for the axion production
rate in the core of a star where the temperature is not as high
as 1 GeV, which is given by

0,a
—LON = L X Ny YN (109)

2F,

where yy is the nucleon doublet (p,n)? (here p and n
correspond to the proton field and neutron field, respec-
tively). The couplings of the axion to the nucleon can be
derived from the last part in Lagrangian (101)

r Da”a X, 1 _
- — | —=——— )uy'ysu
AR \\N 11z+w)T
)?d Z -
2d__ C Vakyed
+<N 1+Z+0)> s

(5 e N\,
——— 5 S P,
N 1+z+o Vs

Then nucleon couplings, X, ,, are related to axial-vector
current matrix elements by Goldberger-Treiman relations
[31], which are applied in the FA model as

(110)

Xu )?d 5(5
X, = <W—n>Au+ (W—nz>Ad+ (W—nw>As,

X X X
<W“—;7>Ad+ (ﬁ—nz)Au—l— (ﬁ—nw)As.

(111)

X

Here, n=(1+z+w)! with z=m,/m; and ©=
m,/mg; < z and the Ag are given by the axial vector
current matrix element AgS, = (p|gy,r q|p). From
Egs. (109)—(111), the QCD axion coupling to the neutron
can be obtained as
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Xnmn
Fy

9ann = ( 1 12)

Here the neutron mass m, = 939.6 MeV, and the decay
constant F, = f4/N 1is replaced by Fg = fx/N and
Fp = fp/N for KSVZ and DFSZ model, respectively,
in which the color anomaly coefficients are model depen-
dent, N = 1, N (tan + 1/ tan ), respectively. Now, for
numerical estimations on Eq. (112) we adopt the central
values of Au =0.844+0.02, Ad=-0.434+0.02 and
As = —0.09 £ 0.02, and taken the Weinberg value for
038 <z<0.58 [31]. We obtain the axion-neutron
coupling

4 1
X”:<5G )Ad+<250 2510—77z>Au
1 1
+ ()
which gives a restrictive bound, whose value lies in ranges
0.174 =z X,, 2 0.070. Combining the measurement of
axion-neutron coupling in Ref. [59] with that of axion-
electron coupling in Eq. (90), the decay constants for the
FA model are fixed as in Eq. (116), while the decay
constant for DFSZ model has a wide range once the
unknown parameter tan /8 is determined, ¥ and the decay
constant for the KSVZ is not so tlghtly constrained. The

reason is that for KSVZ axions X =X 4= X = 0 leads to
0.081 =z X,, 2 —0.023 including X, =0, and for DFSZ

axions X, =tanf, X, = X, = 1/tan$ leading to X, =
2 G2 ) .
(%—n)Ad%—(%—ﬂz)Au—l—(%j—na))As with N, =3
depends on the value of tan f. Interestingly enough, there is
a hint for extra cooling from the neutron star in the
supernova remnant “Cassiopeia A” by axion neutron

bremsstrahlung, requiring a coupling to the neutron of size
[59], which is translated into

(113)

Gann = (3.8 £3) x 10710

& 7.66 x 107 S F,/GeV S 1.95x 10°,  (114)

which is compatible with the state-of-the-art upper limit on
this coupling, g4,, < 8 x 1071°, from neutron star cooling
[60]. From Eq. (114), the coupling g,,, can be translated in
terms of the scales of X-symmetry breakdown, f,, into

fa, = (0.65-16.54) x 10° GeV,

fap = (0.14-3.58) x 10'° GeV (115)

PFor example, if one takes tan # = 10, one obtains 0.022 <
X, £0.327 and 9.34 x 10° < fp/GeV < 1.16 x 10! from the
axion-neutron coupling. Combining this result with that of
Eq. (90) one gets a PQ symmetry breaking scale fp =
(2.4-7.1) x 10'° GeV in DFSZ.

PHYSICAL REVIEW D 96, 015022 (2017)

where we have used f,, = \/EélGF 4 1n Eq. (79). Combining
the above result in Eq. (115) with the axion-electron
coupling in Eq. (90), we obtain a more restrictive bound
on the scale of U(1)y symmetry breakdown by using

Eq. (107)
fa, = 11508 x 1010 GeV,
fa, = 24715 x 101 GeV, (116)
which corresponds to
Fp= 130108 x 10° GeV. (117)

3. Axion interactions with photon

After integrating out the heavy z° and 7 at low energies,
there is an effective low-energy Lagrangian with an axion-
photon coupling g,,,:

‘Ca}’]’ = Zga}’}’aPhYSFﬂbFﬂl/ = _gayyaphysE - B, (118)

where E and B are the electromagnetic field components.
And the axion-photon coupling can be expressed in terms
of the axion mass, pion mass, pion decay constant, z and w:

Oem My, 1 E 24+4+z7+4w
Gayy = — |\ =57 |- (119)
2r f,,m”o F(Z, W) N 31 +z+w

The upper bound on the axion-photon coupling is derived
from the recent analysis of the horizontal branch (HB)
stars in galactic globular clusters (GCs) [61], which trans-
lates into the lower bound of decay constant through
Eq. (106), as

|ay,| < 6.6 x 10711 GeV~! (95% CL)
2.57 x 10" GeV  FA

3.20 x 107 GeV, KSVZ
1.50 x 10’7 GeV, DFSZ

N (120)

where in the right side z=0.56, @ = 0.315z, and
E/N =14/39,0, 8/3, FA, KSVZ, and DFSZ, respectively,
are used. Subsequently, the bounden Eq. (119) translates
into the upper bound of axion mass through Eq. (119) as
m, < 0.22 eV, < 0.18 eV, and < 0.38 eV for FA, KSVZ,
and DFSZ, respectively. From Eq. (108) and Eq. (116), we
predict the axion mass and its corresponding axion-photon
coupling

m, = 4.34737 meV

& |Gayy| = 1307595 x 10712 GeV-L.  (121)
The corresponding Compton wavelength of axion oscil-
lations is A, = (2zh/m,)c with ¢ =2.997 x 108 m/s and
h=1.055%x10"3*7].s:

015022-21



Y. H. AHN

%107

L

q

> —21

@ 10

- The model

~ -23

S el

RS

| —

10—25“““““““““‘
0 1 2 3 4
E/N

FIG. 1. Plot of (g,,,/m,)* versus E/N for z = 0.56. The gray-
band represents the experimentally excluded bound (g,,, / my)? <
1.44 x 1072 GeV~2eV~? from ADMX [62]. Here the dotted-
black, dashed-blue, and solid-red lines stand for (g,,,/m,)*=
1.435x1071°GeV~?eV~2 for E/N=0,2.120x 1072°GeV2eV~2
for E/N=8/3, and 9.010x1072*GeV~2eV~2 for E/N = 14/39,
respectively. See more various supersymmetric and no-
supersymmetric KSVZ and DFSZ-type models varying the
parameter E/N in Ref. [64].

da = 2861139 x 1072 cm. (122)
The axion to two-photon decay width is
2 3
Fa—;y}/ _ gay}/ma
647
= 1.66 x 10385~ Jary ’
' 1.30 x 1071 GeV~!
m 3
— . 123
% (4.34 meV) (123)

So the axions decay much slower than the age of the
Universe of 4.35 x 10'7 s. The axion coupling to photon
Jayy divided by the axion mass m, is dependent on E/N.
Fig. 1 shows the E/N dependence of (g,,,/m,)* so that the
experimental limit is independent of the axion mass m,, [2]:
the value of (gaw/ma)2 of our model is located just
a bit lower than that of the conventional axion model,
i.e., KSVZ model. For the Weinberg value z = 0.56, the
anomaly value E/N =14/39 predicts (g,,/m,)* =
9.010 x 1072 GeV—2eV~2 which is lower than the
ADMX (Axion Dark Matter eXperiment) bound [62],
(Gayy/Ma)apmx < 1.44 x 1071 GeV~2eV~2. Fig. 2 shows
the plot for the axion-photon coupling |g,,, | as a function of

the axion mass m, in terms of anomaly values E/N = 0,
|
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10710k Massive Stars SN1987A |
n
2 10712}
9/ KSVZ DFSz
5 ~14
=20 10 The model
10716 €2 ‘ ‘ ‘ ‘
10°° 1075 1074 0.001 0.01
Axion Mass m,(eV)

FIG. 2. Plot of | gaw| versus m, for KSVZ (black dotted line),
DFSZ (blue dashed line) and our model (red solid line) in terms of
E/N = 0,8/3 and 14/39, respectively. Here the horizontal dotted
line stands for the upper bound |g,,,,| < 6.6 x 107! GeV~! which
is from globular-cluster stars [31]. And the black bar correspond-
ing to m, < 16 meV is the constraint derived from the measured
duration of the neutrino signal of the supernova SN1987A [31]. In
particular, in the model, for F, = 1.30f8"§f x 10° GeV, we obtain
m, =43457 meV  and |g,,| = 1307391 x 10712 GeV~!,
which corresponds to the yellow band.

8/3, 14/39 which correspond to the KSVZ, DFSZ and FA
model, respectively. The model will be tested in the very
near future through the experiment such as CAPP (Center
for Axion and Precision Physics research) [63].

IV. NEUTRINOS IN FLAVOR AND
ASTROPARTICLE PHYSICS

Let us investigate how neutrino oscillations at low
energies could be connected to new oscillations available
on high-energy neutrinos. Similar to the quark sector, in
order to eliminate the NG modes A;, from the Yukawa
Lagrangian of the neutrinos in Eq. (30) we transform the
neutrino fields by chiral rotations

i(—x AL Axyrs
i( X]fal+50X2faz) 2,

. A
U(l)y: N — e X7, S—e

(=X, AL Ay \7s
v - X ISRT, (124)

Since the masses of Majorana neutrino Ny are much larger
than those of Dirac and light Majorana ones, after integrat-
ing out the heavy Majorana neutrinos, we obtain the
following effective Lagrangian for neutrinos

1 v o _ X, A
—Li =5 (1 SR)MU( L) +—NRMRN;+iW;fLyﬂuL+H.c.——1—‘MiNizy5N;

i V2

2 f

al

A

X A A - X A 1_ 1- 1
— {—1—1 — 25X2—2}mSiS,~iy5S,- - {—1—1 — 9X2 —2}m,,i17,~i751/,~ — EN,lﬁN, - ES,laS, - Eﬂiigyi’ (125)

2fa1 faZ 2fal

faZ
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T a7-1 T
—mpMp mp  mpg

with My=< > (126)

Mmpg M

where the mass matrices My, mp, mpg and Mg have off-
diagonal components, and M; (m,) and m, are mass
eigenvalues of the heavy (very light) Majorana neutrinos
and active neutrinos, respectively. Here we used four-
component Majorana spinors, (N =N, S$° =S, and
£ =v).

According to the simple basis rotation by Lim and
Kobayashi [65], we perform basis rotations from weak
to mass eigenstates in the leptonic sector,

128 ¥ 128
- W, =& .
<S§e> (S%) 2

Here the transformation matrix W, is unitary, which is
given by

U, 0\/V, iV,
W, = z
0 Ux/\V, —iv,

e'icosf —e'isinf
e icosf

where the 3 x 3 matrix U, participates in the leptonic
mixing matrix, the 3 x 3 matrix Uy is an unknown unitary

(127)

with Z = ( (128)

—T .
e asing

matrix and V; and V, are the diagonal matrices, V| =
diag(1,1,1)/v/2 and V, = diag(e?1, €2, ¢'%3)/+/2 with
¢; being arbitrary phases. Then the 6 x 6 light neutrino
mass matrix in Eq. (126) is diagonalized as

M, M
WIMW, = ZT< NN )Z
Moo
= diag(m,,,m,,, my,,mg ,mg,, mx3) (129)
with
Ml/l/ = U{MIJI/UL’ MS = U£MSUR7
M = UkmpsU, = diag(m,, m,, m3). (130)

As can be seen in Egs. (31)-(34), it is important to
notice that the low-energy effective light neutrinos become
pseudo-Dirac particles since M (or mpg) is dominant
over M,, and My, that is, |M|> |M,,|,|Ms| due to
Egs. (31)—-(34) and (126). This is an important point
because the masses of the low-energy active neutrinos
are determined by the Dirac neutrino mass term g (or M)
which is from the operators y{L,S5H, in Eq. (21). After

]
some algebra if we name 6 “pseudo-Dirac mass splitting,”

PHYSICAL REVIEW D 96, 015022 (2017)

L M, = M2
§=M,,+M;, with tan20:M, (131)
2M 5|
due to |M,,| > | M| one obtains
5=M,, (132)

leading to tan26 = |§|/2M < 1. Keeping terms up to the
first order in heavy Majorana mass, in the mass eigenstates
vy, Vs, 13, S, S5, S§ basis the Hermitian matrix MDMI can
be diagonalized as a real and positive 6 x 6 squared mass
matrix by the unitary transformation W, in Eq. (128)

. M+ |M||s 0
WZMVMLWz:C |*+[M]|s| 0 >
0 |M|” —|M]|6|

— 2 .2 2 .2 2 9
= diag(my, .my,.m; . m5 ,mg,mg, ).

(133)

As is well-known, because of the observed hierarchy
| AR | = |, = (m3, +m7,) /2] Amg = m3, —mj, >0,
and the requirement of a Mikheyev-Smirnov-Wolfenstein
resonance for solar neutrinos, there are two possible
neutrino mass spectra: (i) the normal mass ordering
(NO) m?, <m?, <m?, m? <m? <m?, and (ii) the inverted

V32 $2
: 2 2 20 2 2 2
mass ordering (I0) my, < my, < my,, my, < m; < mg,,in

which the mass-squared differences in the k-th pair Am; =
m;_—m?, are enough small that the same mass ordering

applies for the both eigenmasses, that is,

Amy = 2my|6y| < m}, (134)

for all k=1, 2, 3. It is anticipated that Am? < Am3,
|Am3,,,|, otherwise the effects of the pseudo-Dirac neu-
trinos should have been detected. But in the limit that
Am% =0, it is hard to discern the pseudo-Dirac nature of
neutrinos. The pseudo-Dirac mass splittings will manifest
themselves through very long wavelength oscillations
characterized by the Am%. (Hereafter, shortly, we call
Am? mass splitting.) The pseudo-Dirac mass splittings
could be limited by the following four constraints (i) the
active neutrino mass hierarchy: for NO, m} > Am3,,, =
2.5 x 107 eV? and m3 2 Am3, = 7.5 x 107 eV?2, while
for 10 m3 > m? 2 2.5 x 1073 eV2, which gives the upper
bounds for the values of §;

6] < 3.8 x 1075 eV?/m,, 16,] < 4.3 x 1073 eV,
63] < 7.5x 107 eV, for NO [§;,] <7.5%x 107 eV,
|65] < 3.8 x 1075 eV?/m5, for 10, (135)
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(i1) the BBN constraints on the effective number of species
of light particles during nucleosynthesis30 by requiring
sterile neutrinos do not equilibrium at that time through
large angle oscillations to active one [17], which implies

Am? <1070 eV2, (136)

(iii) the solar neutrino oscillations; such Am7 , can modify
the LMA (large mixing angle) solution and detailed fits in
case of pseudo-Dirac neutrinos imply a bound [16]

Am?, <18x1072eV? at 36. (137)

And (iv) the inflationary and leptogenesis scenarios in
Ref. [19] in the context of our model gives a lower bound
on the values of

5 2295 x 10714 eV, (138)

when the Hubble scale during inflation is H; = 10'" GeV.
From the above constraints (i)—(iv), we roughly estimate a
bound for tiny mass splittings

6 x 10719 < Am3/eV? < 1.8 x 10712, (139)

where m, ~0.01 eV is assumed”' in the lower bound.
From the basis rotations of weak to mass eigenstates,

one of the Majorana neutrino mass matrices, M,, =

—mEMg'mp, in Eq. (126), can be diagonalized as

MUD = U{MDUUL = _U{mgMI_leDUL’ (140)
as noticed in Eq. (129). The three neutrino active states
emitted by weak interactions are described in terms of the
Six mass eigenstates as

C13C12

_ is
Upmns = | —C23812 — $23C12813€"°7

i6
§23812 — €23C12813€ "

where s;; = sin6;;, ¢;; = cos 6;; and P, is a diagonal phase

matrix what is that particles are Majorana ones.

3If the effective number of neutrinos N¢ is larger than the SM
prediction of N¢ff = 3.046 [31] at the BBN era, the relativistic
degree of freedom, and, consequently, the Hubble expansion rate,
will also be larger, causing weak interactions to become in-
effective earlier. This will lead to a larger neutron-to-proton ratio
and will change the standard BBN predictions for light element
abundances. However, the latest number combining Planck and
BAO is N°ff = 3.04 + 0.18, spot on 3.046 expected from the SM
neutrinos [18].

In the present model, the lightest effective neutrino mass
could not be extremely small because the values of J; through the
relation Eq. (134), are constrained by the y — v powered mass
matrix in Eq. (144).

i6
—$23C12 — C23812813€ 7"
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with & = ——(1 i)(”"), (141)

a — Ua
v Sk \/§ s¢

in which the redefinition of the fields v, — ey, and N
eS¢ is used. Since the active neutrinos are massive and
mixed, the weak eigenstates v, (with flavor a = e, u, 7)
produced in a weak gauge interaction are linear combina-
tions of the mass eigenstates with definite masses, given by
lvg) = ZQ/ W |&) where W, are the matrix elements of
the explicit form of the matrix W,. Note that even the
number N, of massive neutrinos can be larger than three, in
the present model the light fermions S, do not take part in
the standard weak interaction and thus are not excluded by
LEP results according to which the number of active
neutrinos are coupled with the W* and Z bosons is N, =
2.984 +0.008 [45]. The charged gauge interaction in
Eq. (126) for the neutrino flavor production and detection
is written in the charged lepton basis as

I+ys
2

g _ =
L w2,
N/

_‘Cc.c. = }/ﬂ Uakék + H.C., (142)

where g is the SU(2) coupling constant, and U = U is the
3 x 3 Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing
matrix Upyns. Thus, in the mass eigenstate basis, the
PMNS leptonic mixing matrix [31] at low energies is
visualized in the charged weak interaction, which is
expressed in terms of three mixing angles, 6;,, 63, 653,
and three CP-odd phases (one dcp for the Dirac neutrino
and two ¢, for the Majorana neutrino) as

—is
C13512 Syze CP

i6
€23C 2 — 8$238128513€ 77 spcis | Py (143)

€23C13

|
A. A bridge between low- and high-energy neutrinos

Now there are four interesting features in the neutrino
sector.

1. The active neutrino mixing angles and the
pseudo-Dirac mass splittings responsible for new
wavelength oscillations come from seesaw

The first one is that the active neutrino mixing angles
(612,013,053, 5¢p) and the pseudo-Dirac mass splittings &;,
responsible for new wavelength oscillations characterized
by the Am3 could be obtained from the mass matrix M,,
formed by seesawing. Recalling that the 3 x 3 mixing
matrix U; = Upyns diagonalizing the mass matrix M,
participates in the charged weak interaction. From Egs. (30)
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TABLE 1II. The global fit of three-flavor

2 = 2 2
Amy, = my, —my, for 10.

oscillation parameters at the
NO = normal neutrino mass ordering; 10 = inverted mass ordering. And Am}, = m

PHYSICAL REVIEW D 96, 015022 (2017)

best-fit (BF)
- m,%], AmzAlm =m

and 30 level [67].
2 2 for NO, and

2
vy T My,

vy

015 Scpl] 012[] 053] Amg,[107 eV?] Am3,[107% eV?]
NO 8.50 306 42.3 2.457
BF 10 8.51 254 34.63 49.5 7.50 2.449
NO 7.85 - 9.10 38.2 - 53.3 2.317 = 2.607
3 o 787911 07360 3129=3591 500 533 7.02 > 8.09 2307 = 2.590
and (142), by redefining the light neutrino field v; as P v, 161] = |8,| = |83] = O(my). (147)

and transforming ¢; — P,¢;, € = P,Cr, Sg = P Sk,
one can always make the Yukawa couplings 3/, y,, y3 in
Eq. (33) and §7, 93, 95 in Eq. (31) real and positive. Then,
from Eqs. (33) and (34) we obtain the y — 7 powered mass
matrix as in Refs. [2,60]

142F  (1-F)y,  (1-F)y;
My, =myer| A=F)y2 (14559)33 (1+559) 2y

(1=F)ys (14559) yayy (14559)33

= U;MNSMDDU;MNS’ (144)
where
"= 3m |\van) \Van)
F = (ke +1)71, G = (ke'” —1)7'.  (145)

In the limit y{ = y4 = y4 (¥, y3 — 1), the mass matrix
(144) gives the TBM angles [33] and their corresponding
mass eigenvalues |5;| which are equivalent to |(M,,),| =
Am2/2my

1

1
sin2912 = 5 s Sil’l2923 = 5, sin 913 - 0,

|61] = 3mg|F

. 18| =3mg, 65| =3m,|G[.  (146)
These pseudo-Dirac mass splittings |5, which is closely
correlated with an axion decay constant (see Eq. (78), the
U(1)x, symmetry breaking scale), are disconnected from
the TBM mixing angles. It is in general expected that
deviations of y,, y; from unity, leading to the nonzero
reactor mixing angle, i.e., 813 # 0, and in turn opening a
possibility to search for CP violation in neutrino oscillation
experiments. These deviations generate relations between
mixing angles and eigenvalues |5;|. Therefore Eq. (144)
directly indicates that there could be deviations from the
exact TBM if the Dirac neutrino Yukawa couplings in mp,
of Eq. (33) do not have the same magnitude, and the
pseudo-Dirac mass splittings are all of the same order

The large values of the solar (6,) and atmospheric (6,3)
mixings as well as the nonzero but relatively large reactor
mixing angle (6,3), as indicated in Table III, are conse-
quences of a nontrivial structure of the y — 7 powered mass
matrix M,, in Eq. (144) in the charged lepton basis. Let us
consider the constraints on the X-symmetry (or PQ sym-
metry) breaking scale implied by the fermion mass scales in
the model as well as the interactions between SM fermions
and axions. In turn, this astroparticle constraint plays a
crucial role in cosmology, as shown in the leptogenesis
scenario of Ref. [19]. From the overall scale of the mass
matrix in Eq. (145), the pseudo-Dirac mass splitting, o,, is
expected to be

o U

yl\/j/\

2
sin’f eV,

424 10°
|52|zz.94x10—“( 10 Gev)

M

(148)

in which the scale of M can be estimated from Egs. (35) and
(116) through the astrophysical constraints as

M = || x 2.757139 x 10° GeV. (149)
Note that the scale of the heavy neutrino, M, is connected to
the PQ symmetry breaking scale via the axion decay
constant in Eq. (78). As shown in Eq. (9), the scale of
M is expected as O(vg) ~ O(vg) ~ O(M). And Eq. (148)
shows that the value of 0, depends on the magnitude
yivr/A since M is constrained by the astrophysical
constraints in Eq. (116): the smaller the ratio v;/A, the
smaller becomes |5 | responsible for the pseudo-Dirac mass
splittings.** However, the value of |6,| is constrained from
Egs. (138) and (139); for example, using tanf = 2 and
vr/A = 22/+/2, we obtain

|6, = 1.50 x 10714[$¥]? eV, (150)

32Moreover, the overall scale of the heavy neutrino mass M is
closely related with a successful leptogenesis in Ref. [19],
constraints of the mass splittings in Eq. (134), and the CKM
mixing parameters, therefore it is very important to fit the
parameters vy/A and M.
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The value of vy/A is also related to the u term in Eq. (4):
when soft SUSY breaking terms are included into the
flavon potential, the driving fields attain VEVs, and in turn
the magnitude of the u term is expected to be 200 GeV <
terp S 1 TeV for mg ~ O(10) TeV and vy/A ~ 0.04. Since
the values of v/ A and vg/A are closely associated with the
CKM mixing matrix and the down-type quark masses,
respectively, their values should lie in the ranges

Ur

—_—~

v v v
B<O 2 ¥,

(01,  F<5 (151)

Here the first term is derived from the requirement that the
term should fit its size down to generate the correct CKM
matrix in Ref. [2] as well as the p term in Eq. (4), and the
second one comes from Eq. (19) and vg =55 /65V 1 +«*
with 6§ = 6, 6§ = 13 and k = vg/ve [see also its related
parameter k in Eq. (35)], as shown in Eq. (77).

Naively speaking, the charged-lepton superpotential in
(21) does not contribute to the PMNS matrix due to the
diagonal form of mass matrix. However, the neutrino
superpotential in (21) has totally 22 parameters (except
for $¢), which means the mass matrix in Eq. (126) has 22
parameters. Since the transform matrix W, in Eq. (128) has
16 parameters—U contains 6, Uy contains 6, V, contains
3, and Z contains 1—instead of using Eq. (129) due to
ambiguity of phases, if we look at Eq. (133), we see that
there are six real mass squared eigenvalues. From
Eqgs. (133) and (144), we see that there are eight physical
degree of freedoms, i.e., mg, y5, 3, K, ¢, and Am? with
k =1, 2, 3. One can reduce the physical degree of freedoms
more: once the three pseudo-Dirac mass splittings Am7 are
fixed by high-energy very long wave experiments, such as
IceCube, there are only five physical degree of freedoms
left in the neutrino sector; among nine observables, the five
measured quantities (05, 6,3, 03, Am3,,, and Am3,,,) are
used as constraints, and four quantities could be predicted;
see Sec. IV B.

2. The sum of active neutrino masses constrained
Jrom cosmology

The second interesting feature is that the masses of the
active neutrinos m, are determined in a completely
independent way that the neutrino mixing angles are
obtained through the seesaw formula in Eq. (144); but
they are tied to each other by the tiny mass splittings in
Eq. (133). Thus the sum of light neutrino masses given by

3 1 (Am? N Am3 N Am3
m, = — >
— 2\ 5 5 53

could be controlled by the y — 7 powered mass matrix in
Eq. (144). And a bound on the sum of the light neutrino
masses can be extracted as

(152)

PHYSICAL REVIEW D 96, 015022 (2017)
0.06 <Y m,, [eV < 0.194; (153)

a lower limit for the sum of the neutrino masses,
o m,, 2 0.06 eV could be provided by the neutrino
oscillation measurements; an upper limit> is given by the
Planck Collaboration [18] which is subject to the cosmo-
logical bounds } 7;m, < 0.194 eV at 95% CL (the CMB
temperature and polarization power spectrum from Planck
2015 in combination with the baryon acoustic oscillations
(BAO) data, assuming a standard ACDM cosmological
model). And another interesting quantity related to our
leptogenesis scenario in Ref. [19] could be extracted as

m, 1/1 1 1
b= [ —4+—4+— ] <05x 10" eVl (154
ZAm% 2 (51 +52+53> NP AR E (154)

i

where the upper limit is derived from a lower bound on §; in
Eq. (138); see the leptogenesis scenario in Ref. [19]. It is
expected that, once the tiny mass splittings Am? are fixed
through new oscillation experiments, the above quantities
in Egs. (152) and (154) has a dependence on 6,5 along with
the y — 7 powered mass matrix in Eq. (144). Also remark
that the tritium beta decay experiment KATRIN [69] will be

sensitive to an effective electron neutrino mass my =

\/ 2ilUei|*m?Z [70] down to about 0.2 eV.

3. The active neutrino mixing parameters constrained
Jfrom astronomical-scale baseline neutrino oscillations

The third interesting feature is that once very tiny mass
splittings are determined by performing astronomical-scale
baseline experiments to uncover the oscillation effects of
very tiny mass splitting Am3, the active neutrino mixing
parameters (0,5, 0,3, 013, 6cp and m,, m,,, m,) are
predicted in the model due to Eqs. (134) and (140).
Thus we can possibly connect the pseudo-Dirac neutrino
oscillations with the low-energy neutrino properties as well
as a successful leptogenesis in Ref. [19]. With the help of
the mixing matrix Eq. (128), the flavor conversion prob-
ability between the active neutrinos follows from the time
evolution of the state &, as

i@
Py (Wy LE) = }(Wje—i?—ELWw

af

3 _msz mi,kL 2

55— i~ *
) U,,k{e %y e }Uak
k=1

s

1
4
(155)

3Massive neutrinos could leave distinct signatures on the
CMB and large-scale structure (LSS) at different epochs of the
Universe’s evolution [68]. To a large extent, these signatures
could be extracted from the available cosmological observations,
from which the total neutrino mass could be constrained.
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in which L = flight length, E = neutrino energy, and
/\A/l,,E WIM,W,; see Eq. (129). For the baseline,
47E/Am3 ; o < L, the probability of neutrino flavor
conversion reads

3 2
Am; L
Pva—wﬂ = Paﬂ = E Uak|2|Uﬂk|2COS2< 4Ek~
k=1

), (156)

where the oscillatory terms involving the atmospheric and
solar mass-squared differences are averaged out over these
long distances. Such new oscillation lengths far beyond the
earth-sun distance will be provided by astrophysical neu-
trinos, which fly galactic and extra galactic distances with
very high-energy neutrinos. It has been shown [71] that
inside the Gamma Ray Burst (GRB) sources f Vendt <1
where the effective potentials due to the matter effects are
Ve = V2Grn, with n, being the electron number density
in matter and Vy = —/2Gn,,/2 with n,, being the neutron
number density in matter, so the matter effects inside the
source are not relevant for neutrino oscillation, while inside
the earth for V¢ > Am?2/2E again the matter effect will
not be significant because of the very tiny effective mixing
angle. So, we only consider neutrino oscillation in vacuum
for astrophysical neutrinos. Neutrinos arriving at neutrino
telescopes from astrophysical sources such as GRBs [72],
active galactic nuclei [73], and type Ib/c supernova [74]
travel large distances over ~100 Mpc. Neutrino telescope,
such as IceCube,34 observes neutrinos from extragalactic
sources located far away from the earth and with neutrino
energy 10° GeV < E <107 GeV. Given neutrino trajec-
tory L and energy E, the oscillation effects become
prominent when Am?} ~ E/4zL, where L =L(z) is a
distance-measure with redshift z, which is different from
comoving or luminosity distance, given by

Lz)=D /z d7
)= s
"o (14220, (0 +7) +Qn

(157)

where the Hubble length Dy = ¢/H = 4.42 Gpc with the
results of the Planck Collaboration [75]:

Q, =0.6911 + 0.0062,
Hy = 67.74 +0.46 kms~! Mpc™!,

Q,, = 0.3089 £ 0.0062,
(158)

in which Q,, Q,,, and H, stand for the dark energy density
of the Universe, the matter density of the Universe, and the
present Hubble expansion rate, respectively. The asymp-
totic value of L(z) is about 2.1 Gpc achieved by large value

HceCube [15] is a powerful neutrino telescope but also a huge
muon detector that registers more than 100 billion muons per
year, produced by the interaction of cosmic rays in the Earths
atmosphere.

PHYSICAL REVIEW D 96, 015022 (2017)

of z, which means that the smallest Am% that can be probed
with astrophysical neutrinos with E is 107!7 eV?(E/PeV)
[76]. If this is case, in order to observe the oscillation
effects the oscillation lengths should not be much larger
than the flight length before arriving at neutrino telescopes
in earth for given tiny mass splittings, that is,

5x 1071 ev?2 E
Lk, = 8 Mpc <8 M
( Am’ ) (5 x 105 GeV) pe~ & pe

(159)

which means that astrophysical neutrinos with L = 8 Mpc
(the flight length) and energy E = 0.5 PeV would be useful
to probe the pseudo-Dirac property of neutrinos with the
very tiny mass splitting Am? =35 x 1071 eV2. From
Eq. (159), we see that given the tiny mass splittings Am% =
10~14-15 eV? with the energies around 100 TeV-1 PeV, a
new oscillation curve at neutrino trajectory <O(10) Mpc is
naively expected to occur. In Refs. [77,78] the track-to-
shower ratio for the number of shower Ny and track events
N7 in the IceCube detector is expressed in terms of tiny
mass splittings Am3, flight length L, neutrino mixing
angles and CP phase (615, 0,3, 013, 5¢cp), and initial flavor
composition ¢

&: aﬂpTFﬂ
NS aeFe—i_a/t(l_pT)F/t—’—a'rFr7

(160)

where

Fo =) |UalP|Un ¢},
Pk

Am?L
a, = 4n / dEcos’ <%)E‘“’AG(E), (161)

with a spectral index w. Here py is the probability that an
observed event produced by a muon neutrino is a track
event, which is mildly dependent on energy and approx-
imately equals to 0.8 [79]. Then above equation can be
simplified to

Nr _ 7

C e (G _ _a l-py _ _a._
Ns au;T + (au;T a}l;’T)¢T + ( PT[ ay;)T)¢'u

. (162)

where ¢p, = 1 — ¢, — ¢, with ¢, = F,/(F, + F, + F,) is
assumed.

4. No observable Ovfp-decay rate

The fourth important feature is that, since the two mass
eigenstates in each pseudo-Dirac pair have opposite CP
parity, no observable Ovpf-decay rate is expected. In the
model, the Ovpp-decay rate effectively measures the
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absolute value of the ee-component of the effective neutrino
mass matrix M, in Eq. (126) in the basis where the charged
lepton mass matrix is real and diagonal, which can
be expressed as [my.| = | 32} (Ue/V2)*(my —m),
which in turn is roughly re-expressed in terms of the
pseudo-Dirac mass splittings as

3 2
Z (Uek) 5k
= \V2
where the last equality is deduced from the numerical
analysis in Sec. IV B. This clearly indicates that the
Ovpp-decay would be highly suppressed due to the con-
straints in Egs. (135)—(139). The pseudo-Dirac neutrinos
(Majorana neutrinos) are almost Dirac particles and the
lepton number is only slightly violated by their Majorana
masses and M,,, Mg << mpg. Therefore, the discovery of
Ovpp-decay in the on-gong or future Oyff experiments [80],
with sensitivities 0.01 < |m,,|/eV < 0.1, will rule out the
present model. Current Oyffp-decay experimental upper
limits and the reach of near-future experiments are collected
for example in Ref. [81].

~0(107415) eV, (163)

|| =

B. Numerical analysis

After the relatively large reactor angle 6;; measured in
Daya Bay [13] and RENO [14] including Double Chooz,
T2K and MINOS experiments [82], the recent analysis
based on global fits [67,83] of the neutrino oscillations
enters into a new phase of precise determination of mixing
angles and mass squared differences, indicating that the
TBM [33] for three flavors should be corrected in the lepton
sector: in particular, in the most recent analysis [67], their
allowed ranges at 1o best-fit (30) from global fits are given
by Table III. In addition, recently the high-energy neutrino
events observed by IceCube [79] are analyzed in Refs. [77],
aiming to probe the initial flavor of cosmic neutrinos; the
bound on the track-to-shower ratio of a cosmic neutrino>” is
extracted as

NT 0.13
N_S - 0.18J_r0.05 .

(164)

First, in order to obtain low-energy neutrino data we
perform a numerical analysis using the linear algebra tools
of Ref. [84]. The seesaw formula in Eq. (144) for obtaining
neutrino mixing angles and pseudo-Dirac mass splittings

contains seven parameters: y (=3 \}]ETA (\;%‘/\)9), v, M, v,

v3, K, ¢». The first three (y,, M, and v,) lead to the overall
scale parameter m, which is closely related to the U(1)y,
breaking scale; see Eq. (116). The next four (y,, y3, &, ¢)

#We note that much larger detectors than the present IceCube
would be required to get fully meaningful result for the test of our
model in detail.
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give rise to the deviations from TBM as well as the CP
phases and corrections to the pseudo-Dirac mass splittings
[see Eq. (146)]. In our numerical analysis, we take
M =424 x 10° GeV and™ tan = 2 [see Eq. (149) and
below Eq. (22)], for simplicity, as inputs. Recalling that
all the hat Yukawa couplings are of order unity, i.e.,
1/V/10 < 19 < V/10. Then the effective mass matrix in
Eq. (144) contains only the five parameters m, y,, y3, K, ¢,
which can be determined from the experimental results of
three mixing angles, 6),, 6,3, 0,3, and the three tiny mass
splittings, Am? = 2m,|5;], if they are fixed by high-energy
very long wavelength experiments, such as IceCube. In
addition, the individual neutrino masses m, = m; and the
CP phases d¢cp, @, can be predicted after determining the
model parameters. Scanning all the parameter spaces by
putting the experimental constraints in Table III with the
above input parameters, we obtain for the normal mass
ordering (NO) with Am? = Am3 =2.7x10"1 eV?,
Am? =5x 1071 eV?

% €[0.15,0.66].
% €[1.28,1.98],

$ € [92°, 1127 U [248°,2687,
v, €[0.81,1.29],  y,€[0.82,1.31],
(165)

leading to 3} €[0.93,2.10], 35 €[0.98,2.12], and
95 € [2.11,2.89]; for the inverted mass ordering (I0) with
Am? = Am3 =107 eV2, Am}=55x10""eV?, we
obtain

% €[0.10,0.66),
$ €2.15,2.48),

¢ €[90°,112°] U [248°,269°],
v, €[0.82,1.22],  y;€[0.80,1.22],
(166)

leading to 3} € [2.07,2.86], 5 € [2.10,2.88], and 3} €
[0.85,2.12].

On the other hand, in case of degenerate mass splittings
Am? =5x 1071 eV2 (i = 1, 2, 3), we obtain for the NO

k €[0.37,0.62],
$¢ € [1.48,1.88),

¢ €[99°, 1057 U [255°,2627,
¥, €[0.79,1.14],  y,€[0.84,1.18],
(167)

leading to 3} € [1.92,3.01], $5 € [1.95,3.02], and 3 €
[2.72,3.33]; for the IO we obtain

From Egs. (35) and (116), we simply square the axion decay
constant f, with the scale M. As noticed in Eq. (22), in our
model small values of tanf = v, /v, are preferred.
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FIG. 3. For NO, the left plot shows predictions of 5 as a function of 6,3, while the right plot shows predictions of ) ;m,. in terms of
0. Here, the red crosses and blue dots correspond to Am? = Am3 =2.7x 107" eV? < Am3 =5x 107" eV? and
Am% = Am% = Am% =5x 1071 eV2, respectively. In both plots, the vertical dotted lines indicate the best-fit value for NO, and
in the right plot the horizontal dotted line shows the cosmological bounds » ;m, < 0.194 eV at 95% CL [18].

% €[0.41,0.68].
% €[1.35,1.54],

¢ € [102°, 1129 U [249°,256°),
v, €[1.08,1.20],  y;€[0.80,1.20],
(168)

leading to 3} € [2.75,3.32], §5 € [2.77,3.33], and 35 €
[2.03,2.74]. The active neutrino oscillation experiments are
now on a new step to confirm the CP violation in the lepton

350 -
300 |
T W % o kx XX
250 [ * HHAE
N KX
g 200 - X
- L ¥
B N *
s L
w150 [~
100 - * .l
- l?gg *
Dk x K o K kK
50—
0 L 1 I 1 1 1 l 1 1 1 l 1 1 kl 1 1 l 1 1 l 1 1 1 I 1 1
40 42 44 46 48 50 52
923 [Deg.]

sector. Actually, the T2K and NOvA experiments indicate a
finite CP phase [85]. As can be seen in the left side figures
of Figs. 3 and 4, there is a remarkable behavior correlated
between d-p and 6,3. Thus, accurate measurements of 6,3
are crucial for a test of our model.

Figs. 3 and 4 show predictions of dcp (left plot) and
>_im,, (right plot) as a function of the atmospheric mixing
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FIG. 4. For IO, the left plot shows predictions of §¢p as a function of 6,3, while the right plot shows predictions of »;m,, in terms of

6,;. Here,

the red asters and black stars correspond to Am? = Am3 =107 eV? > Am3 =55x%x 107" eV? and

Am? = Am3 = Am} =5 x 10715 eV?2, respectively. In both plots, the vertical dotted lines indicate the best-fit value for 10, and in
the right plot the horizontal dotted line shows the cosmological bounds »;m, < 0.194 eV at 95% CL [18].
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FIG. 5. Plots of the track-to-shower ratio N;/Ng as a function of L(logo[path length/10 kpc]) for NO with

Am? = Am3 =27 x 10713 eV? < Am3 = 5.0 x 10715 eV?, and for 10 with Am} =5.5x 10715 eV? < Am} = Am3 = 107!* eV2.
Each panel corresponds to the specific initial flavor composition (¢° :qbg :¢?) at the source. For three neutrino mixing angles and Dirac-
type CP phase, we take the global fit results at 16 [67]. Red and blue curved lines correspond to normal and inverted neutrino mass
orderings, respectively, for @ = 2.2, whereas light red and light blue regions represent the corresponding results for @ = 1.8—2.6. Gray

shaded regions represent the forbidden bound from N;/Ng = 0.18f8;(§§ in Ref. [77].

angle 0,3. For the hierarchical mass splittings Am? =
Am3 =27 x1071% eV2 < Am3 =5 x 1071% eV? for NO
(red crosses in Fig. 3) and Am}=5.5x 1071 eV? <
Am? = Am3 = 107'* eV? for 10 (red asters in Fig. 4),
the value of 6,3 would lie on |63 — 45°| ~ 1°-8°, while the
values of Dirac CP phase have predictive but wide ranges
for both NO and IO. The left plots in Fig. 3 and Fig. 4 on
6cp as a function of 6,; predict 6.p = 220°-240°,
120°-140° on the global best-fit 8,3 = 42.3° for NO, and
dcp = 283°, 250°, 100° 70° on 6,3 =49.5° for IO.
For the degenerate mass splittings Am? = Amj =
Am3 =5x 10715 eV2, the value of 6p; would lie on
|03 — 45° ~ 1° for 10 (black stars in Fig. 4), while
|0,3 — 45°) ~ 7°-8° for NO (blue dots in Fig. 3). Due to
the relation Am3 = 2m;|5;|, as the value of Am} decreases
up to the bound in Eq. (139) the sum of the light neutrino
masses could become lower than the bounds from Planck
Collaboration [18]. Hence, future precise measurement on
the atmospheric mixing angle 6,5 is of importance in order

to distinguish between hierarchy and degeneracy of the
mass splittings Am? in the model. The magnitude of the
CP-violating effects is determined by the invariant Jcp
associated with the Dirac CP-violating phase

JCP = —Im[Ule€3UTI U%}

1
= gsin 2912 sin 29]3 sin 2923 CcoS 913 Sinécp. (169)

Here U,; is an element of the PMNS matrix in Eq. (143),
with a = e, u, t corresponding to the lepton flavors and
j=1, 2, 3 corresponding to the light neutrino mass
eigenstates. Due to the precise measurement of @5, which
is relatively large, it may now be possible to put constraints
on the Dirac phase dcp which will be obtained in the long
baseline neutrino oscillation experiments T2K, NOvA, etc.
(see Ref. [31]). However, the current large uncertainty on
0,3 is at present limiting the information that can be
extracted from the v, appearance measurements. Precise
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measurements of all the mixing angles, especially 6,3, are
needed to maximize the sensitivity to the leptonic CP
violation.

Second, to investigate how large the value of N/ Ng can
be deviated by the oscillatory terms as in Ref. [78], we
perform numerical analysis by taking the values of the
neutrino mixing angles and CP phase from the above low-
energy neutrino oscillation data consistent with the global
fit results at 1o level [67] as shown in Table III. Since we
are interested in the data consistent with the global fit
results at 1o level [67], we take the hierarchical mass
splittings in Egs. (165) and (166) for NO and IO,
respectively. Future precise measurement on the atmos-
pheric mixing angle 6,3 is of importance in order to
distinguish between hierarchy and degeneracy of the mass
splittings Am? in the model. In the limit of large or null
mass splitting Am%, there are no oscillation effects, and thus
it is expected that the value of N;-/N¢ becomes constant for
a given data set of neutrino mixing angles and CP phase.
By using the high-energy neutrino events in the IceCube
detector which lie in energies between 60 TeV and 3 PeV
[77], Eq. (162) shows directly that track-to-shower ratio
N;/Ng can give a new oscillation curve as a signal
dependent on neutrino flight length if the neutrino mixing
angles and CP phase, initial flavor composition, and tiny
mass splittings are given as inputs. Our numerical results
depend on the initial flavor composition ¢?:¢:¢? at the
source which are relevant for the interpretation of obser-
vational data. We consider the four well-known production
mechanisms for high-energy neutrinos from which the
flavor compositions are given as (i) (% : % :0) for z decay,
(i) (3 : 4 :0) for charmed mesons decay, (iii) (1:0:0) for $
decay of neutrons, and (iv) (0:1:0) for z decay with
damped muons. The tiny mass splittings Am? can be
searched for, looking at high-energy cosmic neutrinos by
measuring the track-to-shower ratio N/ N as the function
of L(logg[path length/10 kpc]) in Eq. (162). In the
numerical analysis shown by Fig. 5, we use the spectral
index given by @ = 2.2 + 0.4 [79] and the best-fit values
for NO (IO) in Table IIl. Fig. 5 shows plots of the
track-to-shower ratio Ny/Ng as a function of
L(logo[path length/10 kpc]) with the neutrino energy
60 TeV S E, < 3 PeV studied in Ref. [77]. According to
four specific assumptions at each panel for the flavor
compositions at the source (¢2:¢9:¢?), for o = 2.2 the
normal mass ordering is presented as the red curved line
(for Am}=Am3=2.7x10"5eV> <Am}=5x10"eV?),
and the inverted one as the blue curved line (for Am} =
5.5x 10715 eV2 < Am? = Am3 = 1074 eV?), respectively,
whereas light red and light blue regions represent the
corresponding results for @ = 1.8—2.6. Clearly, Fig. 5
shows the oscillation peaks occur at distances of
0.65 Mpc and 0.18 Mpc for NO and 10, respectively. In
order for the track-to-shower ratio Ny/Ng to have the
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ability to distinguish between NO and IO, much larger
detectors than the present IceCube would be required [86].
See also a similar study in Ref. [78].

V. CONCLUSION

We have constructed an explicit model for rather recent
but fast growing issues of astroparticle physics, encom-
passing several main issues which are connected to each
other: leptonic mixings and CP violation in neutrino
oscillation, high-energy neutrinos, QCD axion, and axion
cooling of stars. The model based on the SM x U(1)y x Ay
symmetry has effective physical degree of freedoms:
(i) The up-type quark and charged-lepton superpotentials
in (20) and (21), respectively, does not contribute to the
CKM and PMNS mixing matrices due to their diagonal
form of mass matrices. While (ii) the down-type quark
superpotential (20) having six physical parameters includ-
ing next-to-leading-order corrections could explain the four
CKM parameters and three down-type quark masses. And
(iii) in neutrino sector there are eight physical degree of
freedoms, i.e., mg, y,, y3, K, ¢, and Am3 with k = 1, 2, 3.
One can reduce the physical degree of freedoms more: once
the three pseudo-Dirac mass splittings Am; are fixed by
high-energy very long wave experiments, such as IceCube,
there are only five physical degree of freedoms left in
neutrino sector; among nine observables the five measured
quantities (012, 053, 013, Am};, and Am3,,) are used as
constraints, and four quantities could be predicted; see
Sec. IV B. Finally, (iv) in string moduli sector there are
eight physical degree of freedoms, i.e., three moduli plus
two gauge bosons. In the context of supersymmetric moduli
stabilization, three size moduli and one axionic partner with
positive masses are stabilized while leaving two axions
massless. Two massive gauge bosons corresponding to
gauged U(1)y with i = 1,2 eat the gauged flat two axionic
degree of freedoms, leaving behind low-energy global
U(1)x, symmetries so that the two axionic directions
survive to low energies as the flavored PQ axions.

The model has the following desirable features, in that
such flavored-PQ supersymmetric model can be testable in
the very near future through on-going experiments for
neutrino oscillation, Ovpf decay, axion, and IceCube
searches for neutrinos:

(i) The anomalous global U(1)y, which originates from
the broken gauged U(1)y symmetry (see Sec. II C),
is introduced as a fundamental symmetry in nature in
a way that the mixed U(1)y — [gravity]> anomaly is
free. In particular, such anomaly-free conditions
together with the observed mass hierarchies of the
SM charged fermions demand additional sterile
neutrinos; the U(1), quantum numbers of the SM
quarks are assigned in a way that no axionic domain-
wall problem occurs, implying that flavor structure
of the SM may be correlated to axionic domain-wall.

015022-31



Y. H. AHN

(i)

Such additional sterile neutrinos play the role of a
realization of baryogenesis via a new Affleck-Dine
leptogenesis [19]. The spontaneous breakdown of
the automatic flavored U(1)y symmetry together
with the GS mechanism produces’ NG modes,
Ay, (and QCD axion A) whose decay constants
are fixed by several astrophysical constraints
[47-50,52-55,59-61]. Then the flavored PQ sym-
metry U(1)y embedded in the non-Abelian A, finite
group could economically explain the mass hierar-
chies of quarks and leptons including their peculiar
mixing patterns as well as provide a neat solution to
the strong CP problem and its resulting axion. Such
flavored PQ symmetry breakdown leads to two
Majorana neutrino mass scales of order much larger
and smaller than the electroweak symmetry breaking
scale according to the A4 x U(1)y symmetry. And
the NG modes couple very weakly to both active and
sterile neutrinos, so that they are not in thermal
equilibrium with the neutrinos during nucleosynthe-
sis. Interestingly enough, since the NG mode A,
interacts with electrons at tree level, indeed, the NG
mode A, emitted from the dense interior of WDs play
a crucial role in direct searches as fundamental
particles [see Eq. (90)]; the bound of the QCD axion
mass could be inferred from such astrophysical
considerations on star coolings since the QCD axion
emission causes energy loss ~1/F 4 affecting crucial
stellar evolution; see Eq. (114). Interestingly, we
found that the QCD axion decay constant is shown
to be located at F, = 1.3010%¢ x 10° GeV. Conse-
quently, we have shown model predictions on the
axion mass m,=4.34"3meV and the axion cou-
pling to photon |g,,,|=1.30%19:x10712GeV~!. In
turn, the square of the ratio between them is shown to
be located just a bit lower than that of the conven-
tional KSVZ model as shown in Fig. 1.

We have shown that, after the symmetry breakdown,
the active neutrino masses are achieved by pseudo-
Dirac mass scheme, and which are determined in a
completely independent way that the active neutrino
mixing angles are obtained through the seesaw
framework. But they are linked each other through
astronomical mass splittings responsible for new
wavelength oscillations characterized by the mass
squared differences of the light neutrino pairs, Am?.
So in this framework which leads to pairs of almost
degenerate neutrinos, the pseudo-Dirac mass split-
tings |5;| as eigenvalues of the seesaw formula are
much smaller than the active neutrino masses. Such

"Here “automatic” means that the quantum number assign-
ment of U(1)y is determined by hierarchies of the SM fermions in
a way that no axionic domain-wall problem occurs if the
X-symmetry breakdown occurs after inflation.
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mass splittings Am? are well constrained by the low-
energy neutrino oscillation data, the BBN con-
straints on the effective number of species of light
particles during nucleosynthesis, and a leptogenesis
scenario Ref. [19]. Since the mass eigenstates in
each pseudo-Dirac pair have opposite CP parity,
Ovpf-decay rate is expected to be <SO(G;) eV,
which might not be observable in the near future.
Once the mass splittings Am? are fixed by astro-
nomical-scale baseline experiments, such as Ice-
Cube [15], the active neutrino mixing angles
(012, 013, 023, 6¢cp) [31] and the pseudo-Dirac mass
splittings |&,| are well constrained since stars are
employed to place constraints on the decay constant
of the NG mode A, (QCD axion A) through the A,
interaction to electron (the A interaction to photon
and neutron). We have investigated how neutrino
oscillations at low energies could be connected to
new oscillations available on high-energy neutrinos,
connected by a new Affleck-Dine leptogenesis
scenario in Ref. [19].

On phenomenological examples, taking specific
but realistic mass splittings Am? for normal mass
ordering (NO) and inverted one (IO), we have
examined leptonic CP violation and the sum of
the light neutrino masses as a function of the
atmospheric mixing angle 6,5: Figs. 3 and 4 show
the main results. Future precise measurement on the
atmospheric mixing angle 6,5 is of importance in
order to distinguish between hierarchy and degen-
eracy of the mass splittings Am7 in the model. For
the hierarchical mass splittings Am?=Am3=2.7x
1075 eVZ<Am3=5x10"'%eV? for NO (red crosses
in Fig. 3) and Am3 =5.5x 1071 eV? < Am} =
Am3 = 107" eV? for 1O (red asters in Fig. 4), the
value of 0,3 would lie on |0y; — 45°| ~ 1°-8°, while
the values of Dirac CP phase have predictive but
wide ranges for both NO and IO. In particular, the
left plots in Figs. 3 and 4 on §.p as a function of 93
predict 5-p = 220°-240°, 120°-140° on the global
best-fit 6,3 = 42.3° for NO, and 6-p = 283°, 250°,
100°, 70° on 0,3 = 49.5° for 10. For the degenerate
mass splittings Am?=Am3=Am3=5x10"12eV?,
the value of 6,; would lie on |63 —45°| ~ 1° for
IO (black stars in Fig. 4), while |6,3 — 45°| ~ 7°-8°
for NO (blue dots in Fig. 3). Due to the relation
Am? = 2m;|5;|, as the value of Am? decreases up to
the bound in Eq. (139) the sum of the light neutrino
masses could become lower than the bounds from
Planck Collaboration [18]. Hence, future precise
measurement on the atmospheric mixing angle
0,3 is of importance in order to distinguish between
hierarchy and degeneracy of the mass splittings Am?
in the model. Moreover, by using the high-energy
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neutrino events in the IceCube detector which lie in
energies between 60 TeV and 3 PeV, we have plotted
the track-to-shower ratio Ny/Ng as a function of
flight length L(logo[path length/10 kpc]) and
found the new oscillation peaks as signals at dis-
tances of 0.65 Mpc and 0.18 Mpc for NO and IO,
respectively, when the best-fit values for NO(IO) in
Table III and the given hierarchical mass splittings
for NO(IO) are given as inputs. In order for the track-
to-shower ratio N;/Ng to have the ability to dis-
tinguish between NO and 10, much larger detectors
than the present IceCube would be required [86].
Although it is a little bit hard to confirm the tiny
pseudo-Dirac mass splittings, it can be tested indi-
rectly. A crucial observation here is that such tiny
mass splittings together with the sum of neutrino
masses obtained from cosmological constraints
suggest a high predictability of very long wave-
length oscillations as well as the nonobservational
Ovpp decay rate.

Under the gauged U(1)y = U(1)y, x U(1)y, sym-
metry, the string theoretic axions, vector fields,
and Kahler moduli participate in the four-
dimensional GS mechanism. The string theoretic
QCD axions originate from antisymmetric tensor
gauge fields in compactified string theory, with the
string theoretic axion decay constants depending on
the Kahler metric. Since the three moduli all
appear in the Kahler potential, the three size moduli
and one axionic partner with positive masses are
stabilized, while leaving two axions massless,
through nonperturbative superpotentials [1]. The
two gauged anomalous U(1) symmetries have
the mixed U(1)y-[SUQB)c? U(1)y-[SU2)J%,
U(1)x-[U(1)y]%, and U(1),-[U(1)y]* anomalies
which are cancelled by the GS mechanism, where
the gauged anomalous U(1)y mixes with the axionic
moduli and which in turn couples to a multiple of the
QCD instanton density. The two axionic directions
are gauged by the U(1) gauge interactions associ-
ated with D-branes, and the gauged flat directions of
the F-term potential are removed through the Stuck-
elberg mechanism. Below the mass scale of heavy
gauge boson the gauge bosons decouple, leaving
behind low-energy symmetries which are anomalous
global U(1)y. In such a way, the QCD axion decay
constant could be much lower than the scale of
moduli stabilization when the matter fields charged
under the global anomalous U(1)y get VEVs
induced by tachyonic SUSY breaking masses.
One linear combination of the global U(1)y is
broken explicitly by instantons, and such would-
be QCD axions play crucial role in evolution of stars
and solving the strong CP problem.
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APPENDIX A: THE A; GROUP

The group A, is the symmetry group of the tetrahedron,
isomorphic to the finite group of the even permutations of
four objects. The group A, has two generators, denoted S
and T, satisfying the relations $> = T° = (ST)? = 1. In the
three-dimensional complex representation, S and 7 are
given by

(22 10 0
s=5l2 -1 2| T=[0w 0 (A1)
2 2 -1 00

A, has four irreducible representations: one triplet 3 and
three singlets 1, 1/, 1”. An A, singlet a is invariant under the
action of S (Sa = a), while the action of T produces
Ta = afor1, Ta = wafor1',and Ta = w*a for 1”, where
w = "3 = _1/2 4 i\/3/2 is a complex cubic-root of
unity. Products of two A, representations decompose into
irreducible representations according to the following
multiplication rules: 3®3=3, 03,101 &1,
'®1"=1,17®1 =1" and 1”7 ® 1" = 1'. Explicitly,
if (ay,as,a3) and (b, by, b3) denote two Ay triplets, then
we have Eq. (2).

To make the presentation of our model physically more
transparent, we define the T-flavor quantum number 7',
through the eigenvalues of the operator 7', for which
T3 = 1. In detail, we say that a field f has T-flavor
Tf =0, +1, or —1 when it is an eigenfield of the T
operator with eigenvalue 1, w, »?, respectively (in short,
with eigenvalue '/ for T-flavor Ty, considering the
cyclical properties of the cubic root of unity w). The T-
flavor is an additive quantum number modulo 3. We also
define the S-flavor-parity through the eigenvalues of the
operator S, which are 41 and —1 since S> = 1, and we
speak of S-flavor-even and S-flavor-odd fields. For Ay-
singlets, which are all S-flavor-even, the 1 representation
has no T-flavor (T; = 0), the 1’ representation has T-flavor
T; = +1, and the 1” representation has T-flavor T, = —1.
Since for A,-triplets, the operators S and 7" do not commute,
Ay-triplet fields cannot simultaneously have a definite 7-
flavor and a definite S-flavor-parity.

The real representation, in which § is diagonal, is
obtained through the unitary transformation

A - A =U,AU,, (A2)

where A is any A, matrix in the real representation
and
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| 1 1 1
U,=—=|1 o o A3
7 : (A3)
1 o W
We have
1 0 O 01 0
S=10 -1 0 |, T"=10 0 1]. (A4)
0o 0 -1 1 0 0

For reference, an A, triplet field with T-flavor eigenfields
(ay, ay, az) in the complex representation can be expressed
in terms of components (ag;, dg, dg3) as

" aytay+as 0 _a; + wa, + w'a;
R — = > R — )
V3 V3
a, + w*a, + wa
asgr = : \/g : (AS)
Inversely,

. ag + 255 + asg ag + (UzazR + wdasp

Cl]—T, a, = \/§ N
2
a3:a1R+wa\2/R§+a) a3R‘ (A6)

Now, in the S diagonal basis the product rules of two
triplets (agy, gy, ags) and (bgy, bgro, bgs) according to
33=3, 03,11 & 1” are as follows:

(ag ® bg)s, = (arrbag + asgbag, asgbig + airbag,
airbog + azgbir),

(agr ® br)s, = (asrbsr — asrbog, asgbig — aigbsg,
airbog — azgbir),

(ag ® br)y = aigbig + axrbog + asgbsg,

(ag ® br)y = airbig + @*axpbog + wazgbsg,

(ag @ br)y = ajrbig + wasrbyg + W*azpbsg. (A7)

APPENDIX B: VACUUM CONFIGURATION

1. Vacuum configuration for the flavon fields

We review the vacuum configuration shown in Ref. [2].
Indeed, the VEV pattern of the flavons is determined
dynamically, in which the vacuum alignment problem
can be solved by the supersymmetric driving field method
in Ref. [24].38 In order to make a nontrivial scalar potential

38 . . .
There is another generic way for the vacuum alignment
problem by extending the model with a spatial extra dimension
[24].
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in the SUSY breaking sector, we introduce driving fields
®f, @5, ©), ¥, whose have the representation of
A4 x U(1)y as in Table 1. The leading-order superpotential
dependent on the driving fields, which is invariant under the
flavor symmetry A4 x U(1)y, is given by the superpotential
(3). In the SUSY Ilimit, the vacuum configuration is
obtained by the F terms of all fields being required to
vanish. The vacuum alignment of the flavon ®; is
determined by

ow, 2g

o7 = u®yg; + \/g(q)%l O, ®p3) =0,
01

ow, 2g

00T = udr; + \@(q’%z O Pr3) =0,

ow,, 29

Br) = u®p, + \/g(‘b%g ®7 Pry) = 0. (B1)
03

From this set of three equations, we can obtain the
supersymmetric vacuum for @,

i 3
T (1,0,0) with vy =-24/2

V2 gV

where g is a dimensionless coupling. And the minimization

(®7) (B2)

equations for the vacuum configuration of ®g and (O, @)
are given by

(9W 291
Oy DG —Dyy Do)+ g, D 0= 0,
5% \/37( S1¥51 ¥ s3> 92Ps1
6W 291 ~
DDy —DgDy3) + 6o PO =0,
3q>§2 \/§( 529P 52 — Py 53) 92953
8W 2g1
= Oy Dg3 — DDy, )+ 9, D 0= 0,
8@33 \/5( 5353 Sz) 9P
ow

8@00 = g3(@g51 Pg) +2P5, Ds3) + 9407 + 9500+ g40° =0.

(B3)

From the above four equations, we can get the super-
symmetric vacua for the fields ®g, O, O,

v

s e
<q’s>—\/§(1,1,1), <®>_\/§,
<(:)>: . with Vg = Vg 3%, (B4)

where vg is undetermined, and the VEVs vg and vy are
naturally of the same order of magnitude (here, the
dimensionless parameters g3 and g, are the same order
of magnitude.). Finally, the minimization equation for the

vacuum configuration of ¥ (‘i’) is given by

015022-34



AXION AND NEUTRINO PHYSICS IN A U(1)- ...

aw,
9%,

= g;(P¥ — p3y) = 0. (B5)

where gy is the U(1)y breaking scale and g, is a
dimensionless coupling. From the above equation, we

obtain the supersymmetric vacua for the fields ¥ and v

with vy = uyv2.  (B6)
2. Vacuum configuration for the driving fields

From the vanishing of the F terms associated with the
flavons, the vacuum configuration of the driving fields @7,
@5, O, ¥, is determined by

ow, 2g

20, O — @ DL, — D D) + bl =0,
90 \/§< T1%01 7203 T3 oz) KDL
ow, 2g
20, DL — Opy®F — Op DL + 4Pl = 0,
9D, \/§( 72%02 7301 T1 03) HP03
ow 2g
Y = 20,0 — OpdI — DpDL) + 5 PL, = 0,
D, \/§( 73903 72901 T1 02) KL
(B7)
3W 291
20,05, — Do, DS, — Do, DS
dDy, \/§( 5101 52903 53 oz)
+572‘1331(:)+293‘1351®0 =0,
v 20,05, — P DS, — O DS
20y, \/§( 52Ppp — P3Py — Py i)
+ P30 + 20;0,0) = 0,
8W 291
Y 20,03, — D DS, — O, DS
20y, \/§( 53903 — Py Ppp — P2 @)
+ gZCDgzé + 293@32@0 = O, (BS)
ow,
! =0,(2¢,0 0 =0,
90 0(2940 + g50)
ow,
!' =@ ®+2 0
90 0(95 J6 )
+ 92 (D51 DF; + P D + P53 PF,) = 0,
ow,
3‘}1 —g7TOlP O
ow,
= ¢;¥,¥ = 0. B9
8‘P =9g1¥o ( )
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From this set of ten equations, we obtain
(@) = (0.0.0). (@) =
<®0> - O, <\P0> = 0,

(0,0,0),
(B10)

which are valid to all orders.

APPENDIX C: MIXING BETWEEN AXION
AND MESON

The mass terms reads
f2

Lo = ” 2

mass ”mu{z(l—l—Z—FW)Fia 2Z

4 1—
s Z+ZW’12_ Z”O’H’(ij )KOKO

1
+zﬂ%

6zw 2V3z
| 1
Py S +Zn+n—}. (C1)
w Z

As for the axion-photon coupling, both the z° and # couple
to photons through triangle anomalies. However, from
Eq. (C1), we see that there are no mixings with the axion
and the heavy 7° and 5. We explicitly show the mass
squared terms in Eq. (C1) and the boson-photon-photon

couplings G, G, and G,,, for the axion, 7° and 7,
respectively:
| a | Gayy
E(a ) M| 2 Jrz(a 2 )| Gy |FF

n Gy

(€2)
where
Iz
= 0
M2 = 0 pm, B pm, L (C3)
0 pm

Diagonalization of the mass squared matrix M? in a basis
a — n° — 5 basis, one can find the physical masses for the
axion a, 7°, and 5. And, the physical masses for 7° and K°
mesons as well as the electromagnetic contributions to the
physical 7z and K* mesons are expressed as

z+wHzw—/(z+w+zw)?

(m,zt())phys = 2/’lmu<
I 1
(mio)phys = pmy <E + ;) ) (m

1 1
- mizri)phys = pm, <; - Z) .

k)

—3zw(l +z+w)
3zw
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