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may arise solely due to the proximity of the modulus 7 to a point of residual symmetry.
This mechanism does not require flavon fields, and modular weights are not analogous to
Froggatt-Nielsen charges. Instead, we show that hierarchies depend on the decomposition
of field representations under the residual symmetry group. We systematically go through
the possible fermion field representation choices which may yield hierarchical structures in
the vicinity of symmetric points, for the four smallest finite modular groups, isomorphic to
Ss3, A4, Sy, and As, as well as for their double covers. We find a restricted set of pairs of
representations for which the discussed mechanism may produce viable fermion (charged-
lepton and quark) mass hierarchies. We present two lepton flavour models in which the
charged-lepton mass hierarchies are naturally obtained, while lepton mixing is somewhat
fine-tuned. After formulating the conditions for obtaining a viable lepton mixing matrix in
the symmetric limit, we construct a model in which both the charged-lepton and neutrino

sectors are free from fine-tuning.
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1 Introduction

Understanding the origins of flavour in both the quark and lepton sectors, i.e., the origins
of the patterns of quark masses and mixing, of the charged-lepton and neutrino masses, of
neutrino mixing and of the CP violation in the two sectors is one of the most challenging
unresolved fundamental problems in particle physics [1].}

Within the reference three neutrino mixing scheme, the lepton flavour problem consists

of three basic elements or sub-problems, namely, understanding:

1« Asked what single mystery, if he could choose, he would like to see solved in his lifetime, Weinberg
doesn’t have to think for long: he wants to be able to explain the observed pattern of quark and lepton
masses.” From Model Physicist, CERN Courier, 13 October 2017.



i) the origin of the hierarchical pattern of charged-lepton masses: m. < m, < mg,
me/my, ~ 1/200, my/m, ~ 1/17;

ii) why neutrino masses m,; are much smaller than the masses of charged leptons and
quarks, m,,; << my 4, ¢ = u,c,t,d,s,b and £ = e, pu, 7, with m,,, < 0.5 eV, my > 0.511
MeV, my 2 2 MeV;

iii) the origins of the patterns of neutrino mixing of 2 large and 1 small angles, and
of the two independent neutrino mass squared differences, Am3, < |Am3,| with

Am3,/|Am3;| ~ 1/30, where Am?j =m? — m]2

Each of these three sub-problems is by itself a formidable problem. As a consequence,
individual solutions to each of them have been proposed. The hierarchical pattern of
charged-lepton masses can most naturally be understood within the Froggatt-Nielsen mech-
anism based on the U(1)px flavour symmetry [2] and its extensions. The enormous dis-
parity between the neutrino masses and the masses of the charged leptons and quarks can
be understood within the seesaw or radiative models of neutrino mass generation or else
employing the Weinberg effective operator idea [3] (for a concise review see, e.g., [4]). All
these approaches lead naturally to massive Majorana neutrinos. Arguably the most ele-
gant and natural explanation of the observed pattern of neutrino (or lepton) mixing of two
large and one small mixing angles is obtained within the non-Abelian discrete symmetry
approach to the problem (see, e.g., [5-9]).

In the case of the quark sector, the flavour problem similarly has two basic sub-
problems, namely, understanding;:

i) the origins of the hierarchies of the masses of the charge 2/3 and of the charge (—1/3)
quarks;

ii) the origins of the relatively small values of the three quark mixing angles.

The most natural qualitative solution of these two problems is arguably provided by the
Froggatt-Nielsen approach [2], although the approach based on non-Abelian discrete sym-
metries has been applied to the quark flavour problem as well. Solutions to the two flavour
problems within the theories with extra dimensions have also been proposed.?

The specific solutions to the individual lepton flavour sub-problems listed above be-
come problematic when applied to the sub-problems they were not intended to solve. The
seesaw and the radiative neutrino mass models do not lead to understanding of the origin
of the pattern of neutrino mixing without additional input, consisting typically of impos-
ing specific additional symmetries (of GUT or flavour type) on the relevant constructions.
Within the Froggatt-Nielsen approach one most naturally obtains small values of the three
neutrino mixing angles and while the charged-lepton and quark mass hierarchies can be
qualitatively understood within this approach, the specific predictions suffer from rela-
tively large uncertainties. The symmetry breaking in the lepton and quark flavour models

2A rather comprehensive discussion of the past proposed approaches to the lepton and quark flavour
problems can be found in the review article [1].



based on non-Abelian discrete symmetries is impressively cumbersome: it requires the in-
troduction of a plethora of ‘flavon’ scalar fields having elaborate potentials, which in turn
require the introduction of large shaping symmetries to ensure the requisite breaking of
the symmetry leading to correct mass and mixing patterns.

There have been also attempts to make progress, e.g., on the lepton flavour problem by
combining the proposed ‘solutions’ of the three related sub-problems. In these combined
approaches it is difficult, if not impossible, to avoid the drawbacks of each of the ‘ingredient’
sub-problem ‘solutions’. In some cases this can be achieved at the cost of severe fine-
tuning. Thus, a universal, elegant, natural and viable theory of flavour that is free from
undesired drawback features is still lacking. Constructing such a theory would be a major
breakthrough in particle physics.

The unsatisfactory status of the flavour problem and the remarkable progress made
in the studies of neutrino oscillations (see, e.g., [10]), which began 22 years ago with the
discovery of oscillations of the atmospheric v, and v, by the Super-Kamiokande experi-
ment [11] and lead, in particular, to the determination of the pattern of neutrino mixing,
stimulated renewed attempts to seek alternative viable approaches to the lepton as well as
to the quark flavour problems. A step in this direction was made in [12] where the idea
of using modular invariance as a flavour symmetry was put forward. This new original
approach based on modular invariance opened up a new promising direction in the studies
of the flavour problem and correspondingly in flavour model building.

The main feature of the approach proposed in [12] is that the elements of the Yukawa
coupling and fermion mass matrices in the Lagrangian of the theory are modular forms of a
certain level N which are functions of a single complex scalar field 7 — the modulus — and
have specific transformation properties under the action of the modular group. In addition,
both the couplings and the matter fields (supermultiplets) are assumed to transform in rep-
resentations of an inhomogeneous (homogeneous) finite modular group I‘XQ. For N <5,
the finite modular groups 'y are isomorphic to the permutation groups S3, A4, Sy and As
(see, e.g., [13]), while the groups I’y are isomorphic to the double covers of the indicated
permutation groups, S5 = S, A} = T", S} and Aj. These discrete groups are widely used in
flavour model building. The theory is assumed to possess the modular symmetry described
by the finite modular group Fg\l,), which plays the role of a flavour symmetry. In the simplest
class of such models, the VEV of the modulus 7 is the only source of flavour symmetry
breaking, such that no flavons are needed. Another appealing feature of the proposed
framework is that the VEV of 7 can also be the only source of breaking of the CP symme-
try [14]. When the flavour symmetry is broken, the elements of the Yukawa coupling and
fermion mass matrices get fixed, and a certain flavour structure arises. As a consequence of
the modular symmetry, in the lepton sector, for example, the charged-lepton and neutrino
masses, neutrino mixing and the leptonic CPV phases are simultaneously determined in
terms of a limited number of coupling constant parameters. This together with the fact that
they are also functions of a single complex VEV — that of the modulus 7 — leads to ex-
perimentally testable correlations between, e.g., the neutrino mass and mixing observables.
Models of flavour based on modular invariance have then an increased predictive power.



The modular symmetry approach to the flavour problem has been widely implemented
so far primarily in theories with global (rigid) supersymmetry. Within the SUSY frame-
work, modular invariance is assumed to be a feature of the Kéhler potential and the
superpotential of the theory.®> Bottom-up modular invariance approaches to the lepton
flavour problem have been exploited first using the groups I's ~ Ay [12, 16], T'y ~ S5 [17],
'y ~ Sy [18]. After the first studies, the interest in the approach grew significantly and
models based on the groups I'y ~ Sy [19-26], I's ~ A5 [26-28], I's ~ Ay [23, 29-50],
I’y ~ S5 [51, 52] and I'; ~ PSL(2,Z;) [53] have been constructed and extensively studied.
Similarly, attempts have been made to construct viable models of quark flavour [54] and
of quark-lepton unification [55-63]. The formalism of the interplay of modular and gCP
symmetries has been developed and first applications made in [14]. It was explored further
in [64-67], as was the possibility of coexistence of multiple moduli [68-71], considered first
phenomenologically in [19, 30]. Such bottom-up analyses are expected to eventually connect
with top-down results [72-93] based on ultraviolet-complete theories. While the aforemen-
tioned finite quotients I'y of the modular group have been widely used in the literature to
construct modular-invariant models of flavour from the bottom-up perspective, top-down
constructions typically lead to their double covers I'y (see, e.g., [75, 77, 78, 94]). The
formalism of such double covers has been developed and viable flavour models constructed
in refs. [95-97] and [98, 99] for the cases of Iy ~ 1", I} ~ S} and I'; ~ AL, respectively.

In almost all phenomenologically viable flavour models based on modular invariance
constructed so far the hierarchy of the charged-lepton and quark masses is obtained by fine-
tuning some of the constant parameters present in the models.* Perhaps, the only notable
exceptions are refs. [100, 101], in which modular weights are used as Froggatt-Nielsen
charges, and additional scalar fields of non-zero modular weights play the role of flavons.

In the present article we develop the formalism that allows to construct models in
which the fermion (e.g. charged-lepton and quark) mass hierarchies follow solely from the
properties of the modular forms present in the fermion mass matrices, thus avoiding the
fine-tuning without the need to introduce extra fields. We consider theories described by
a modular group Iy, with N < 5 (which encompasses the unprimed I'y). It was noticed
in [19] and further exploited in [27, 30, 65] that for the three fixed points of the VEV of 7 in
the modular group fundamental domain, Tsym = i, Teym = w = exp(i 27/3) = — 1/2+i/3/2
(the ‘left cusp’), and 7yym = 900, the theories based on the I'y invariance have respectively
qu , ZgT, and Z% residual symmetries. In the case of the double cover groups I'y, the Z§
residual symmetry is replaced by the Zf and there is an additional Z£ symmetry that is
unbroken for any value of 7 (see [96] for further details). The indicated residual symmetries
play a crucial role in our analysis.

The fermion mass matrices are strongly constrained in the points of residual symme-
tries. This suggests that fine-tuning could be avoided in the vicinity of these points if
the charged-lepton and quark mass hierarchies follow from the properties of the modular

3Possible non-minimal additions to the Kéhler potential, compatible with the modular symmetry, may
jeopardise the predictive power of the approach [15]. This problem is the subject of ongoing research.

4By fine-tuning we refer to either i) high sensitivity of observables to model parameters or ii) unjustified
hierarchies between parameters which are introduced in the model on an equal footing.



forms present in the corresponding fermion mass matrices® rather than being determined
by the values of the accompanying constants also present in the matrices. Relatively small
deviations of the modulus VEV from the symmetric point might also be needed to ensure
the breaking of the CP symmetry [14].

We note that in [108] flavour models in the vicinity of the residual symmetry fixed
points, Teym = @, w, 100, have been investigated within the modular invariant A4 framework
(N = 3). The authors find viable lepton (quark) flavour models in the vicinity of each of
three residual symmetry values of Tgym (of 7eym = 7), in which the mixing arises seemingly
without fine-tuning. At the same time, the charged-lepton and quark mass hierarchies are
obtained by fine-tuning the values of the constants present in the respective mass matrices.

The aim of this study is to investigate the possibility of obtaining fermion mass hierar-
chies — and, in models of lepton flavour, large mixing — without fine-tuning. The article
is structured as follows. After introducing the necessary tools in section 2, we describe how
one can naturally generate hierarchical mass patterns in the vicinity of symmetric points
in section 3.1. In section 3.2, the role of decompositions under the residual symmetry
groups is highlighted. We perform a systematic scan of attainable hierarchical patterns
for N < 5, the results of which are reported in section 3.3. The analysis of two promising
lepton flavour models in section 3.4 motivates the discussion, in section 4.1, of necessary
conditions to avoid fine-tuned leptonic mixing. We are then driven to a subset of viable
models, the most promising of which is explored in section 4.2. We summarise our results
and conclude in section 5.

2 Framework

2.1 Modular symmetries as flavour symmetries

We start by briefly reviewing the modular invariance approach to flavour. In this supersym-
metric (SUSY) framework, one introduces a chiral superfield, the modulus 7, transforming
non-trivially under the modular group I' = SL(2,Z). The group I' is generated by the
matrices

01 11 -1 0
S: s T = 5 R= ) (21)
—10 01 0 —1

obeying S? = R, (ST)® = R?> = 1, and RT = TR. Elements 7 of the modular group act
on T via fractional linear transformations,

v = el: 7oy = , (2.2)

cd ct+d

5In the case of Tsym = 100 this idea is related to the fact that Yukawa couplings may become suppressed
in the limit of large Im 7, which was originally noticed in the context of string theory. More specifically, the
Yukawa couplings of twisted fields in heterotic orbifold models were shown to be exponentially suppressed
by d* o Im7 (cf. eq. (3.5)), where d is the distance between the fixed points to which the fields are
attached [102, 103] (see also [104, 105]). This mechanism was suggested as a possible origin of the observed
hierarchies of quark and lepton masses (see, e.g., [106, 107]).



N 2 3 4 5

FN 55 A4 S4 A5

FIN 53 il =7 Sfl = SL(Q,Z4) A/5 = SL(Q, Z5)
dim M,(D(N)) k/24+1  k+1 2%k +1 5k +1

Table 1. Finite modular groups and dimensionality of the corresponding spaces of modular forms,
for N < 5. Note that for V = 2 only even-weighted modular forms exist.

while matter superfields transform as ‘weighted” multiplets [12, 94, 109],

by = (er +d)™F pig () ¥y, (2.3)

where k € Z is the so-called modular weight® and p is a unitary representation of T
In using modular symmetry as a flavour symmetry, an integer level N > 2 is fixed and
one assumes that p(vy) = 1 for elements v of the principal congruence subgroup

I(N) = { (Z Z) € SL(2,Z), (Z 2) (é (1)) (mod N)} . (2.4)

Hence, p is effectively a representation of the (homogeneous) finite modular group I'y =
I' /T(N) ~ SL(2,Zy). For N <5, this group admits the presentation

N=(S T, R| S =R, (ST)* =1, R®* =1, RT = TR, TV =1 . (2.5)

The (lowest component of the) modulus 7 acquires a VEV which is restricted to
the upper half-plane and plays the role of a spurion, parameterising the breaking of
modular invariance. Additional flavon fields are not required, and we do not consider
them here. Since 7 does not transform under the R generator, a Z& symmetry is pre-
served in such scenarios. If also matter fields transform trivially under R, one may iden-
tify the matrices v and —-y, thereby restricting oneself to the inhomogeneous modular
group I' = PSL(2,7Z) = SL(2,Z) / Z&. In such a case, p is effectively a representation of a
smaller (inhomogeneous) finite modular group I'y =T/ < I'(N)UZE > For N < 5, this
group admits the presentation

Ty = (8, T|82=1,(ST)* =1, TV =1) . (2.6)

In general, however, R-odd fields may be present in the theory and I' and I"y are then
the relevant symmetry groups. As shown in table 1, the finite modular groups I'y and
I’y are isomorphic to permutation groups and to their double covers for small N. Group-
theoretical results for the I'y groups are collected in appendix B of [14], while for the
double cover groups I'y they can be found in refs. [95, 96, 98].

Finally, to understand how modular symmetry may constrain the Yukawa couplings
and mass structures of a model in a predictive way, we turn to the Lagrangian — which

5While we restrict ourselves to integer k, it is also possible for weights to be fractional [78, 110-112].



for an AV = 1 global supersymmetric theory is given by

L= /d26d2§K(T, 7 ab1, 1) + [/dze W (T, 1) —i—h.c.] . (2.7)

Here K is the Kéhler potential, while the superpotential W can be expanded in powers of
matter superfields vy,

W(r,gr) =) (Yh...ln (7)1, - .¢1n)1 , (2.8)

where one has summed over all possible field combinations and independent singlets of the
finite modular group. By requiring the invariance of the superpotential under modular
transformations,” one finds that the field couplings Y7, 1, (7) have to be modular forms of
level N. These are severely constrained holomorphic functions of 7, which under modular
transformations obey

Y11, (1) 5 Vi1, (v7) = (er + d)F py (1) V1,1, (7) - (2.9)

Modular forms carry weights k = k7, + ...+ kj,, and furnish unitary representations py of
the finite modular group such that py ® p;;, ®...® pr, D 1. Non-trivial modular forms of
a given level exist only for £ € N, span finite-dimensional linear spaces My (I'(IV)), and can
be arranged into multiplets of Fg\/f). The fact that these spaces have low dimensionalities
for small values of k¥ and N (as shown in table 1) is at the root of the predictive power of
the described setup, since only a restricted number of 7-dependent Yukawa textures are
allowed in the superpotential.

Note that modular forms are functions of 7 and are thus invariant under R. In order to
compensate the (—1)¥ factor in eq. (2.9), odd-weighted forms must furnish representations
with py (R) = —1 (we use hats to denote such representations). For even-weighted modular
forms, one has instead py (R) = 1.

2.2 Residual symmetries

The breakdown of modular symmetry is parameterised by the VEV of the modulus and
there is no value of 7 which preserves the full symmetry. Nevertheless, at certain so-called
symmetric points 7 = Tgyy, the modular group is only partially broken, with the unbroken
generators giving rise to residual symmetries. Recall that the R generator is unbroken for
any value of 7, so that a Z£ symmetry is always preserved.

The fundamental domain D of the modular group is shown in figure 1, along with its
symmetric points. There are only three inequivalent symmetric points, namely [19]:

* Tgym = 100, invariant under 7", preserving Z}C, X Z2R;
e Tsym = %, invariant under S, preserving 73 (recall that S? = R); and

o Toym = w = exp(2mi/3), ‘the left cusp’, invariant under ST, preserving ZgT x 7.

Finally, it is worth noting that these symmetric values preserve the CP symmetry of
a CP- and modular-invariant theory (e.g. a modular theory where the couplings satisfy a
reality condition) [14, 96]. A ZST symmetry is preserved for Re 7 = 0 or for 7 lying on the
border of D, but is broken at generic values of 7.

"In theories of supergravity W transforms under the modular symmetry with a certain weight [94, 109],
shifting the required weights k of the modular forms.
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Figure 1. The fundamental domain D of the modular group I' and its three symmetric points
Teym = © 00, %, w. The value of 7 can always be restricted to D by a suitable modular transformation.
Figure from ref. [96].

3 Mass hierarchies without fine-tuning

3.1 Mass matrices close to symmetric points

In theories where modular invariance is broken only by the modulus, the flavour structure
of mass matrices in the limit of unbroken supersymmetry is determined by the value of
7 and by the couplings in the superpotential. At a symmetric point 7 = 7gym, flavour
textures can be severely constrained by the residual symmetry group, which may enforce
the presence of multiple zero entries in the mass matrices. As 7 moves away from its
symmetric value, these entries will generically become non-zero. The magnitudes of such
(residual-)symmetry-breaking entries will be controlled by the size of the departure € from
Tsym and by the field transformation properties under the residual symmetry group (which
may depend on the modular weights). This is shown in what follows.
Consider a modular-invariant bilinear

Vi M(7)ij 5, (3.1)
where the superfields v and ¥¢ transform under the modular group as®

b B (er+d) ()¢,

Ye 2 (e +d) M () ¥,
so that each M(7);; is a modular form of level N and weight K = k + k°. Modular
invariance requires M (1) to transform as

(3.2)

M(r) = M(yr) = (er +d)*p*(7)"M(7)p(7)" . (3-3)

8Note that in the case of a Dirac bilinear ¢ and ¥° are independent fields, so in general k° # k and
peFE PPt



Taking 7 to be close to the symmetric point, and setting v to the residual symmetry
generator, one can use this transformation rule to constrain the form of the mass matrix
M (7). We consider each of the three symmetric points in turn.

3.1.1  Tgym = 100

The representation basis for the group generators S and T typically found in the literature
(c)

is the T-diagonal basis, in which p(?)(T) = diag(p;”’). This basis is particularly useful for
the analysis of models where 7 is ‘close’ to 7gym = 400, i.e. models with large Im 7. By

setting v = T in eq. (3.3), one finds
Mii(Tr) = (pip;)" Mij(7). (3.4)
It is convenient to treat the M;; as functions of ¢ = exp (2mit/N), so that
€= |q| = e 2 mT/N (3.5)

parameterises the deviation of 7 from the symmetric point. Note that the entries M;;(q)
depend analytically on ¢ and that ¢ EiN ¢q, with ¢ = exp(2mi/N). Thus, in terms of g,
eq. (3.4) reads

M;i;(Ca) = (pip;)*Mij(q) - (3.6)

Expanding both sides in powers of ¢, one finds

¢"MP(0) = (p5p;)* MU (0), (3.7)
where Mi(]n) denotes the n-th derivative of M;; with respect to ¢q. This means that Mi(;l)(())
can only be non-zero for values of n such that (p§p;)* = (™.

It is clear that in the symmetric limit ¢ — 0 the entry M;; = Mi(]Q) is only allowed to
be non-zero if p$p; = 1. More generally, if (p$p;)* = ¢! with 0 <1 < N,

Mij(q) = aoq' + a1 ¢V +ag N 4L (3.8)

in the vicinity of the symmetric point. It crucially follows that the entry M;; is expected
to be O(€!) whenever Im 7 is large. The power [ only depends on how the representations
of ¥ and ¥° decompose under the residual symmetry group Z%. This point will be made
explicit in section 3.2.

3.1.2  Tegm =i

For the analysis of models where 7 is in the vicinity of 74y = 4, it is convenient to switch
to the basis where the S generator is represented by a diagonal matrix. In this S-diagonal
basis, one has p(9)(S) = diag(p(c)).9 It is useful to define and work with

)

R

70, (3.9)

9 Although we make use of the same notation, the pic) depend on the basis under consideration.



which not only simplify the algebra, but also correspond to representations of the residual
symmetry group, see eq. (3.23). By setting v = S in eq. (3.3), one finds

M;;(ST) = (—im)® (5¢p;)" M (7). (3.10)
We now treat the M;; as functions of

T —1
T+’

(3.11)

so that, in this context, € = |s| parameterises the deviation of 7 from the symmetric point.

Note that the entries M;;(s) depend analytically on s and that s EN Thus, in terms of
s, eq. (3.10) reads

s\ K ~ ~
Mij(=s) = (T22) G Mils) = y(os) = (5" Why(s), (312)

where we have introduced M;;(s) = (1 — s) "% M;;(s). Expanding both sides in powers of
s, one obtains

(="M (0) = (7577) M (0), (3.13)

v

where Mi(f) denotes the n-th derivative of M;; with respect to s.

It should be clear from eq. (3.13) that for 7 ~ i the mass matrix entry M;; ~ M;;
is only allowed to be O(1) when p§p; = 1. If instead p§p; = —1, the entry M;; ~ ~ij is
expected to be O(e), with € = |s|. Note that, unlike in the previous section, the relevant
factors ,52(-6) depend on the weights k(©) via eq. (3.9).

3.1.3 Tsym = w

Finally, for the analysis of models where 7 is in the vicinity of 7yym = w, we consider the
basis where the product ST is represented by a diagonal matrix. In this ST-diagonal basis
where p(©)(ST) = diag(p(c) ), it is useful to define

%

Al = Wk plo) (3.14)

(2

which are representations under the residual symmetry group, see eq. (3.24). By setting
v = ST in eq. (3.3), one finds

M;;(STT) = [~w(r + DI (6575)" Mij(7). (3.15)

It is now convenient to treat the M;; as functions of

T —W

(3.16)

u= ——
T—w?’

so that, in this context, € = |u| parameterises the deviation of 7 from the symmetric point.

Note that the entries M;;(u) depend analytically on u and that u STy 2, Thus, in terms
of u, eq. (3.15) reads

— w3 K ~ -
Mz‘j(wzu)=<1 ) (P595) Mig(u) = Mij(w*u) = (p5p;) Mij(u), — (3.17)

~10 -



where M;;(u) = (1 —u) ™% M;;(u). Expanding both sides in powers of u, one obtains

WML (0) = (55)" M (0), (3.18)
where Mi(f) denotes the n-th derivative of ]\Zfij with respect to u.

It follows that for 7 ~ w the mass matrix entry M;; ~ M;; is only allowed to be O(1)
when pfp; = 1. More generally, if p5p; = w! with I = 0,1,2, then the entry M;; ~ Mij is
expected to be O(€') in the vicinity of 7 = w, with ¢ = |u|. Like in the previous section,
the factors ,57(;0) depend on the weights k(%) see eq. (3.14).

3.2 Decomposition under residual symmetries

We have just shown that, as 7 departs from a symmetric value 7y, the entries of fermion
mass matrices are of O(e!), where e parameterises the deviation of T from Tuym. The powers
[ are extracted from products of factors which, in this section, are shown to correspond
to representations of the residual symmetry group. One can systematically identify these
residual symmetry representations for the different possible choices of I"y representations
of matter fields. This knowledge will later be exploited to construct hierarchical mass
matrices via controlled corrections to entries which are zero in the symmetric limit.

We start by noting that matter fields ¢ furnish ‘weighted’ representations (r,k) of
the finite modular group I"y,. Whenever a residual symmetry is preserved by the value of
7, matter fields decompose into unitary representations of the residual symmetry group.
Modulo a possible Z§ factor,'? these groups are the cyclic groups Z%, Zf , and ZgT (cf. sec-
tion 2.2). A cyclic group Z, = (a|a™ = 1) has n inequivalent 1-dimensional irreducible
representations (irreps) 1x, where k = 0,...,n — 1 is sometimes referred to as a charge.
The group generator a is represented by one of the n-th roots of unity,

Lo pla) = exp <2mi> . (3.19)

For odd n, the only real irrep of Z,, is the trivial one, 1y (the reality of an irrep is indicated
by removing the boldface). For even n, there is one more real irrep, 1,, /2. All other irreps
are complex, and split into pairs of conjugated irreps: (1x)* = 1,_.

To illustrate the aforementioned decomposition of representations at symmetric points,
we take as an example a (3, k) triplet ¢ of Sj. It transforms under the unbroken v = ST
at T =w as

i (—w = 1)7F ps(ST)ij by = wFps(ST)ij 15 (3.20)
One can check that the eigenvalues of p3(ST) are 1, w and w?, and so in a suitable (ST-
diagonal) basis the transformation rule explicitly reads

100 wko0 0
v W low o [v=0 W 0o |u, (3.21)
00 w? 0 0 wkt?

which means that ¢ decomposes as ¥ ~» 1 & 1541 @ 112 under the residual ZgT.

10See the discussion in appendix A.
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One can find the residual symmetry representations for any other ‘weighted’” multiplet
of a finite modular group in a similar fashion. For a given level N, the decompositions of
fields under a certain residual symmetry group only depend on the pair (r, k). In general:

o At 7 =100, ¢ ~ (r, k) transforms under the unbroken v =T as

AN pe(T)ij Vi = pi i, (3.22)

where for the last equality we have assumed to be in a T-diagonal basis (no sum over
i). The phase factors p; correspond to the Z% irreps into which v decomposes. It
follows that each p; is a power of ( = exp(27i/N), depending on r but not on k.

o At 7 =1, ~ (r,k) transforms under the unbroken v = S as

v S (=) Fpe(9)ij 5 = " pi s , (3.23)

where for the last equality we have assumed to be in an S-diagonal basis (no sum over
i). The phase factors p; = i*p; correspond to the Zf irreps into which 1 decomposes.
It follows that each p; is a power of i which depends both on r and on &k (mod 4).

o At T =w, ¢ ~ (r, k) transforms under the unbroken v = ST as
Ui S5 (—w = 1) Fpe(ST)ig 0y = ot (3.24)

where for the last equality we have assumed to be in an ST-diagonal basis (no sum
over i), as in the explicit example of eq. (3.21). The phase factors p; = w”p; corre-
spond to the ZgT irreps into which ¢ decomposes. It follows that each p; is a power
of w which depends both on r and on & (mod 3).

After identifying the p; and ¢ factors for the fields ¢ and ¢ entering a bilinear
(equivalently, their irrep decompositions), one can apply the results of the previous section
to determine the structure of a mass matrix in the vicinity of a symmetric point in terms
of powers of €, in the appropriate basis. It follows from the above that, in the analysis
with large Im 7, the product (p§p;)* matches some power ¢! with 0 < I < N, while in
the analysis corresponding to 7 ~ w one necessarily has p§p; = w! with I = 0,1,2. These
were tacitly taken as the most general possibilities in sections 3.1.1 and 3.1.3. The same
reasoning implies that, in the 7 ~ i context, p§p; is some integer power i, with 1 =0,1,2,3.
It turns out that only two out of the four possibilities are viable, namely [ = 0,2 so that
p5p; = %1, as considered in section 3.1.2. This is due to the fact that M (7);; is R-even
and thus the fields ¢{ and 1; need to carry the same R-parity (see also appendix A).

We list in tables 6-9 of appendix A the decompositions of the weighted representations
of Ty (N < 5) under the three residual symmetry groups, i.e. the residual decompositions
of the irreps of Iy ~ S5, Iy ~ A} =T Ty ~ S} = SL(2,Z4), and 'y ~ AL = SL(2,Z5).
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3.3 Hierarchical structures
3.3.1 From entries to masses

We are in a position to use the results found so far and construct hierarchical mass matrices
in the vicinity of a symmetric point. We have seen that in an appropriate basis M (7(€));; ~
O(é€). For each (i,7) pair, the power | can be obtained from the residual symmetry group
decompositions of tables 6-9.

Note that a modular-symmetric mass matrix M (7(€)) depends analytically on the
small real parameter ¢, defined in section 3.1 for each symmetric point. Physical masses
are the singular values of M(7) and are also analytic functions of e.!' After the modular
symmetry breaking, the leading superpotential contribution to each fermion mass is thus
expected to be proportional to a power of € which depends on the hierarchical structure
of the entries of M. To find out which, one can make use of the following set of relations,
valid for any n x n complex matrix M [114]:

Z mzz1 - 'm?p = Z |det ]Mp><p|2 ) (3.25)
i1<...<ip
where p = 1,...,n is fixed, m; are the singular values of M, and the sum on the right-hand

side goes over all possible p x p submatrices My, of M. In the particular case of n = 3, we
denote the masses by (m1, mg, mg) such that their leading terms are respectively of order
(eh1, €%, ¢d3) with dy > dy > d3 > 0. Then,

m3 ~ > |M|*=Tr MM,
2%

det Moy o|?
mimd ~ Y |detMaoft > m ~ ELETEEL (320
) |det M|?

2,,2,,,2 2
mimoms = \detM] = mj ~ W’
X

where ~ refers to power counting in € and not necessarily to a reliable approximation.
Note that so far the considered mass spectrum is generic. This is to be contrasted with
the special case of a hierarchical 3 x 3 mass matrix, for which d; > ds > d3 > 0 and thus
mi < mg < ma. In this case, egs. (3.26) turn into useful approximations,

mi o~ Zm? =TrM'M,
i

1 (3.27)
mam3 ~ Zm?m? =3 ((Tr MTM)? - Tr(MTM)2) ,
1<j

and lead to reliable expressions for mg, ma and my = | det M|/(mams).

3.3.2 Example and results

As an example of application of our results, consider a model at level N = 5 with 7 having
a large imaginary part and with matter fields in weighted representations ¢ ~ (3, k) and

1)\ ore precisely, the elements of the unordered tuple of non-zero singular values are absolute values of
analytic functions of €, see Theorem 4.3.17 in ref. [113].
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¢ ~ (8, k). From table 9 one sees that 1) ~ 1o @11 D14 and )¢ ~» 19 P 12 B 13 under the
residual group at the symmetric point 74ym = i00. One can then identify p; = diag(1, ¢, ¢h
and pf = diag(1, (2, ¢3), with ¢ = exp(27i/5), which allows for the structure

1 e e
M(r(e) ~ | 3 2 et |, withe=e 27M7/5, (3.28)

Resorting to (3.26), one finds that the spectrum is hierarchical, with (ms, ma,my) ~
(1,6, €h).

Note that to have a non-zero mass matrix one needs the sum K = k+k° to be even (in
this case), since matter fields furnish unhatted representations of the finite modular group
and should carry the same R-parity (see appendix A). Furthermore, in order to obtain
the full structure of eq. (3.28) and the expected hierarchical spectrum, K must be large
enough that sufficient modular forms contribute to M (7). For instance, for K = 2 the
superpotential may turn out to include a unique contribution:

VA Y, Y
Wazas( ), = ME)=a| vi V2 -V . (3.29)
Yy —V2Ys —V2Vi) o)

5

where the ay are coupling constants, the sum is taken over all possible singlets s and
N,K)
Y( )

r(,m)

possibly labelling linearly independent multiplets of the same type. The rightmost matrix

denotes the modular form multiplet of level N, weight K and irrep r, with p

subscript indicates the multiplet to which the Y; components belong. We have considered
the T-diagonal basis for AL. One can explicitly check that, at leading order in € = |q],
the components of Y5(5’2) (1) read (Y1,Y2,Ys,Yy,Y;) ~ N (—1/\/6, q, 3¢2, 4¢°, 7q4), with
q = exp (2miT/5) and a common normalisation N. The power structure matches that
of eq. (3.28) and naively this corresponds to the desired (1,¢,¢*) spectrum. Upon closer
inspection, however, one realises that the determinant of M vanishes identically for any
value of T,

det M o< V6Y1Y3Yy — Y2V, + Yo (YE — V6 Y1Y3) + Y5 (Y2 — Y3Y5) =0, (3.30)

meaning that at least one fermion is massless. In the vicinity of 74y, = 400, we have
(msg,ma,mq1) ~ (1,¢,0). This issue is resolved already at weight K = 4, for which the
modular multiplets Y4( e Y(5 4), and YE,(ZA) are available. In this case the spectrum follows
a (1, €*) pattern, Without a massless fermion (see section 3.4.1).

Let us pause and describe our philosophy going forward. We are interested in iden-
tifying 3 x 3 hierarchical mass matrices where the hierarchical pattern is a result of the
proximity of the modulus to a point of residual symmetry and no massless fermions are
present in the spectrum. We assume to effectively be dealing with bilinears of the type (3.1)
and consider all possible 3-dimensional representations for the fields 4 and ¥°¢. While the

representations r and r¢ are in general reducible, we focus on the case where the same
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N Ty Pattern Sym. point Viable r ® r°

2 Ss (g€ Tr~w 2e10e1e1") o1
T~w 1,091,011, &1, ® 1Y
3 Al (1, €%) [Le ¢ Al @ o)
T o~ 400 1, 91,91,]®[1,® 1, ® 1}] with 1, # (1)*
(1,6,€%) T~w [84, 0r 2@ 1) or ﬁ@i(/)]@)[lb@lb@lg]

4 8 302el,ol1®l1al],30261, 0011 &1,
(1,6,€3) T ~ioco o o L o
3R2al,orl®lal],3 201, orldl ©1]

5 AL (Lee') T~ioo 33

Table 2. Hierarchical mass patterns which can be realised in the vicinity of symmetric points.
These patterns are unaffected by the exchange r <+ r® and may only be viable for certain weights
(see appendix B). Subscripts run over irreps of a certain dimension, and 17" =1, for N = 3, while
1”7 =1, for N = 4. Primes in parenthesis are uncorrelated.

weight is shared between the irreps into which they decompose.'? Thus, in our search, we
take r(®) to be either irreducible or a direct sum of irreps sharing the same p(R). While it is
possible for (9 to be a direct sum of hatted and unhatted representations, the requirement
of a common weight k(°) would result in the co-existence of R-odd and R-even fields within
(9. The fact that M (1) is R-even would then imply the isolation of these sectors by the
ZE symmetry and the vanishing of some mixing angles.

Finally, it is straightforward to recognise that if all mass matrix entries are either O(1)
or O(e), then leading contributions to the masses themselves are not expected to be smaller
than O(e), unless one resorts to cancellations. Therefore, for 7 =~ i one cannot produce the
desired hierarchical patterns solely as a consequence of the smallness of e.

The result of our analysis is given in tables 10-13 of appendix B. These tables sum-
marise, for each of the levels N < 5, the patterns which may arise in the vicinity of the two
potentially viable symmetric points, Tgym = w and ioco, for all (r,r®) pairs of 3-dimensional
representations and all weights k(). One finds that it is only possible to obtain hierarchical
spectra for a small list of representation pairs, the most promising of which are collected
here, in table 2.

We have excluded from this summary table reducible representations made up of three
copies of the same singlet, since in those cases at least three independent modular multiplets
of the same type must contribute to the mass matrix to avoid a massless fermion, and the
number of superpotential parameters is unappealingly high. Still, such cases may result in
other interesting hierarchical patterns such as (1,¢2,¢3) and (e, €2, €3) and can be found in
the tables of appendix B.

12The freedoms in choosing i) the normalisations of modular multiplets and ii) the normalisations of
Clebsch-Gordan coefficients introduce ambiguities in the identification of hierarchies. In the interest of
minimizing their impact, when possible we make use of modular form multiplets obtained from tensor
products of a single £ = 1 multiplet with itself, via canonically normalised Clebsch-Gordan coefficients,
as in [96]. Using this procedure, one expects that relative normalisations of modular multiplets cannot be
responsible for hierarchies, at least within the same weight k.
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Observable Best-fit value and 1o range
me/m, 0.0048 4 0.0002
My m. 0.0565 4 0.0045

NO 10
om?/(107° eV?) 7.347011
|Am2|/(1073 eV?) | 2.48570:929 2.4657393%0
r=0m?/|Am?| | 0.0295+0.0008 0.0298 + 0.0008
sin? 0} 0.30570013 0.30370013
sin 613 0.022270-3006 0.022370-090¢
sin? fo3 0.54570-920 0.55110.93¢
§/m 1.2810-98 1.5210-32

Table 3. Best-fit values and 1o ranges for neutrino oscillation parameters obtained from the global
analysis [115], and for charged-lepton mass ratios, given at the scale 2 x 10'6 GeV with the tan 3

averaging described in [12], obtained from ref. [116]. The parameters entering the definition of r

are 6m? = m3 —m? and Am? =m3 — (m? +m3)/2.

Inspired by these results, we now turn to the construction of realistic models of lepton
flavour where mass hierarchies are a consequence of the described mechanism.

3.4 Promising models

To ascertain the viability of modular-invariant models of lepton flavour one must confront
their predictions with experimental data on ratios of charged-lepton masses, neutrino mass-
squared differences and leptonic mixing angles, see table 3 (the constraints on the Dirac
CPV phase § are ignored in our fit). The reader is referred to [19] for details on our
numerical procedure.

The minimal-form Kéhler potential is here considered,

_ N 2 . . WI ‘2
K(7,7,¢1,¢1) = —Aglog(—it +iT) + ; (it + i) (3.31)
with Ag of mass dimension one. We further take Higgs doublets H, and Hy to be sin-
glets under the modular group. Charged-lepton masses are obtained from their Yukawa

interactions,

W o Zas (v () B L)l Ha, (3.32)

where L and E° denote lepton doublet and charged-lepton singlet superfields with weights
kr, and kg, respectively. Neutrino masses are generated either by the Weinberg operator,

WD £ Z (v )LQ)LSHg, (3.33)
or within a type-I seesaw UV completion,
W2 N (WO NL), B+ A (T W), (3.34)
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where at least 2 neutrino gauge-singlet superfields N¢ of weight kx are present in the model.
To compensate the modular weights of field monomials, the modular forms entering the
Weinberg and Majorana terms need to have weights ky = 2ky, and kj; = 2k, while those
in Yukawa terms need instead ky = k1 + kg and ky =k, + k.

The relevant superpotentials can be cast in the form

1
—cijL; L; H? (Weinberg)

W= \gEfLyHy+42 7 7" . (3.35)
yz'j Nic Lj H, + 5 (MN)ij NZ-C NJC (Seesaw)

After electroweak symmetry breaking, with (H,) = (0,v,)” and (Hy) = (vg,0)7, these
result in the Lagrangian mass terms for leptons

1 __
LD —(Me)ijﬁej}%— 5 (My)ij I/,L-CRV]‘L—l-h.C.7 (336)
which have been written in terms of four-spinors. Here, M, = vg\T, while
v2e Weinber
M, = 1 ( 8 (3.37)
—v2 yT My'Y  (Seesaw)

Finally, aiming at minimal and predictive examples, we impose a generalised CP symmetry
on the models, enforcing the reality of coupling constants [14].

3.4.1 Af models with L ~ 3, E¢ ~ 3’

We start by considering the most ‘structured’ series of hierarchical models, i.e. the case
with both fields L, E furnishing complete irreducible representations of the finite modular
group. According to table 2, the only such possibility arises at level N =5 in the vicinity
of 7 = ico when L and E° are different triplets of the finite modular group Af. For
definiteness, we choose L ~ (3,kr), E¢ ~ (3',kg). The predicted charged-lepton mass
pattern is (mr,my, me) ~ (1,¢,€t).

We have performed a systematic scan restricting ourselves to models requiring modular
forms of weight not higher than k¥ = 6, and involving at most 8 effective parameters
(including Re 7 and Im 7). Models producing a massless electron are rejected. For neutrino
masses generated via a type I seesaw, we have considered gauge-singlet superfields N¢
furnishing a complete irrep of dimension 2 or 3. Out of the 36 models thus identified, we
have selected the only one which i) is viable in the regime of interest, ii) produces a charged-
lepton spectrum which is not fine-tuned,'® and iii) is consistent with the experimental

bound on the Dirac CPV phase §. For this model, k;, = 3, kg = 1 and N¢ ~ (2,, 2). The
corresponding superpotential reads:

W= |an (Vi E°L) +as (YaTVEL) + a5 (vs5" E°L), | Ha
[ (4750) o (457°8) 0 (07
+ A (v (ve?).

J H, (3.38)

13Note that fitting simultaneously mass ratio and mixing angle data may drive the model parameters to
tuned values, even if no tuning is expected at the level of charged-lepton masses.
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The modular forms entering W are obtained from the lowest weight (k = 1) sextet [99],
T
vl = (2 405,205 — 5 5204, 5v2:20%, —5v2e362, 564 9) : (3.39)

where 0 and ¢ are functions of the modulus, 6(7) = 1+3¢°/5+2¢'°/25—28¢"/125+. .. and
e(t) = q(1—2¢°/5+12¢'°/25 + 37¢' /125 + ...), with ¢ = exp (27i7/5). In our regime
of interest, |g| is small and the sextet modular multiplet approximately reads Yé(“r”l) ~
(1,2,5q,0,0,0), which motivates an alternative definition of expansion parameter, |e| with
€ = 5e/0 ~ 5q, used only in the context of this section. The charged-lepton mass matrix is
then approximated by

W 9 (Gp — Waz) 2 (—M 485, ay)é L (4+an)e
MgﬁﬁdeZlaZl %ﬁ(—%ﬁ- ~2—0~43) €3 —(%+C~Y2_20~43) €2 _% (%4—%5&2—&3) €t 3
%(_%+6{2_26€3) €2 (2—5(2)6 —% (1104-652—0&3) €3

(3.40)
with &g = %ag/al, ag = %ag/al, matching the pattern in eq. (3.28). It follows that
the charged-lepton mass ratios are given by

Me - E (4 + G — 55[3) (10 + 7oy — 5d3) (2 —4dag + 5d3) ’6|3

my 125 (2 — a2)* (9d2 — 10d3) 7 (3.41)
My ‘2_5‘2 le]

m;  |9as — 104z |’

at leading order in |e|]. These expressions alone isolate viable (e-independent) regions
in the plane of &y and as. Taking the 1o ranges for charged-lepton mass ratios from
table 3, we plot these regions in figure 2. The superimposed contours refer to the Barbieri-
Giudice measure of fine-tuning [117] in the charged-lepton sector, max(BG), corresponding
to the largest of four quantities |0 In(mass ratio)/d1lndg3|. An observable O is typically
considered fine-tuned with respect to some parameter p if BG = [0InO/d1Inp| 2 10 [117].

Expansions similar to (3.40) for the neutrino Yukawa and mass matrices are not useful
since |¢| is not the only small parameter in the neutrino sector. In particular, some entries
of M,, are proportional to 1+(5/12)g2/g1—+/3 g3/g1 which is forced by the fit to be O(102)
in the viable region. Fine-tuning in the neutrino sector is expected (see section 4.1) and
is related to the fact that the residual symmetry constrains not only the charged-lepton
masses, but also the lepton mixing pattern. By sending Im7 — oo while keeping the
couplings fixed to their best-fit values, one can check that the (13), (23), (31) and (32)
entries of the PMNS matrix become zero. In particular, sin®#s3 — 0, and therefore the
symmetric limit does not provide an approximate description of leptonic mixing.

The result of the fit of this A5 model is summarised in the first column of table 5,
which includes best-fit values and the corresponding 30 ranges. The viable region in the
7 plane is shown on the left side of figure 5 and corresponds to a neutrino spectrum with
inverted ordering (10).

3.4.2 S, models with L ~ 2@ 1, E° ~ 3’

In the second most ‘structured’ case, one of the fields L, E¢ is an irreducible triplet,
while the other decomposes into a doublet and a singlet of the finite modular group. This
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4.0 7

azfay

as/aq

Figure 2. Values of the charged-lepton Yukawa couplings of the Af model with large Im 7 which,
when eq. (3.41) is applicable, allow to reproduce charged-lepton mass ratios at 1o (green). The red
regions are not accessible due to an upper limit on |e| within the fundamental domain. Contours
refer to a Barbieri-Giudice measure of fine-tuning (see text). The yellow star shows the location of
the best-fit point for this model.

possibility is realised at level N = 4 in the vicinity of 7 = o0, see table 2. For definiteness,
we take L = Lio @ L3 with Lip ~ (ﬁ,kL), L3 ~ (i,kL), and E¢ ~ (3’,]{:}3). The charged-
lepton mass pattern in this regime is predicted to be (mr,my, me) ~ (1,€,€3).

We have performed a systematic scan restricting ourselves to models involving at most
8 effective parameters (including Re 7 and Im 7; no limit on modular form weights). Once
again, models predicting a massless electron are rejected, while the N¢ (when present)
furnish a complete irrep of dimension 2 or 3. Out of the 60 models thus identified, we
have selected the only one which i) is viable in the regime of interest and ii) produces a
charged-lepton spectrum which is not fine-tuned. This model turns out to be consistent
with the experimental bound on the Dirac CPV phase. It corresponds to k;, = kp = 2 and
N¢ ~ (3,1) and the superpotential reads:

4.4 44 44
W= |an (Vs " ELis) | +az (Vg E°Lio) +as (V3" ELs) | Hy
n [g1 (Y§4’3)N0L12)1 + g9 (Y:;f,‘“”.ixfCLu)1 +gs (Y§?73)N0L3)J H, (3.42)
(4,2) c\2
+A (Y32 (V) )1
The modular forms entering W are obtained from the lowest weight (k = 1) triplet [96],

T
vt = (ﬂge, e2, —92) , (3.43)
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where 0(7) = 1+ 2¢* +2¢*° + ... and &(7) = 2¢ + 2¢° +2¢* + ..., with ¢ = exp (in7/2).
Using in the context of this section the expansion parameter obtained from the ratio of
these functions, |e| with € = £/0 ~ 2q, the charged-lepton mass matrix is approximately

given by
2 (@vE)  (18) 4
V3 Ar9) 5 (vhseo
d362 — %6 %63

with &e = a/aq and &3 = ag/aq. It matches the expected power structure in |g|, as one
can check.' One can also find approximate expressions for the charged-lepton mass ratios,

which read oy
Me ~ 18\/§ ’043(012 — 3)| ‘6‘2
my da| ( (@2 + v/3)2 + 1243 )
m, \[\/aﬁf +1207§’€.
ms |aa|

The expressions (3.45) isolate viable (e-independent) regions in the plane of coupling con-
stants, say d;l = «ai/ag and ag/de = ag/ag. We plot these regions in figure 3, in-
cluding contours quantifying the degree of fine-tuning involved in the relation between
charged-lepton mass ratios and superpotential parameters (as described in the previous
section). Note that the model best-fit point in particular corresponds to a small value of
max(BG) ~ 0.74.

Regarding the neutrino sector, one can check that close to the symmetric limit the
neutrino masses follow the pattern (ale|®, by — bale|?,bo + bale|?), which naturally leads
to 10. However, we were unable to find viable regions with IO and, instead, the model
predicts a neutrino spectrum with normal ordering (NO). Within the viable region, the
approximate pattern (ale|®, bo—ba|e|?, bo+b2|e|?) is not accurate since |e| is not the only small
parameter in the neutrino sector. In particular, some of the entries of M, are proportional
to (14 v/6g2/g3) which is forced to be O(1073) in our fit. As in the previous section, the
fine-tuning in the neutrino sector is explained by the necessity to introduce large corrections
to the symmetric-limit PMNS matrix, which has a zero either in the (31) or (33) entry in
the case of NO or 10, respectively.

The result of the fit of this S} model is summarised in the second column of table 5.
The viable region in the 7 plane is located near the point 7 = 2.7 and is shown on the left
side of figure 5.

4 Large mixing angles without fine-tuning

4.1 Viable PMNS matrix in the symmetric limit

We have seen in the previous sections that a slightly broken residual modular symmetry
allows to accommodate hierarchical charged-lepton masses without fine-tuning of the cor-

14 Aside from consulting the third column of table 8, one must keep in mind the ordering of the p( °)

which depends on the representation basis for the group generators (we are using that of [96]).
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ai/as

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
as/ag

Figure 3. Values of the charged-lepton Yukawa couplings of the Sj model with large Im 7 which,
when eq. (3.45) is applicable, allow to reproduce charged-lepton mass ratios at 1o (green). The red
regions are not accessible due to an upper limit on |¢| within the fundamental domain. Contours
refer to the Barbieri-Giudice measure of fine-tuning (see text). The yellow star shows the location
of the best-fit point for this model.

responding couplings. However, the resulting models are still subject to fine-tuning in the
neutrino sector, since residual symmetries typically constrain not only the charged-lepton
masses, but also the form of the PMNS matrix by forcing some of its entries to be zeros.
This raises the question of whether it is possible to have a PMNS matrix which is close
to the observed one even in the symmetric limit, i.e. such that either none of its entries
vanish, or only the (13) entry vanishes as ¢ — 0.

This possibility has been investigated in ref. [118] for arbitrary flavour symmetry
groups. In particular, this analysis directly applies to the case of the flavour symme-
try being a residual modular symmetry. One of the main conclusions of ref. [118] is that
only a limited number of flavour symmetry representation choices for L and E€ give rise to
a PMNS matrix which is viable in the symmetric limit (as defined above). Most notably,
there are only two such cases consistent with hierarchical charged-lepton masses:

1. L~19161, B¢~ 1@, where 1 is some real singlet of the flavour symmetry, and
r is some (possibly reducible) representation such that r 5 1;

2. L ~ 1916 1% E° ~~ 1" @ r, where 1 is some complex singlet of the flavour
symmetry, 1* is its conjugate, and 7 is some (possibly reducible) representation such
that » 2 1,1%.
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N T’ Pattern Sym. point Viable rge®ry Case

2 S5 (lLeg€e?) To~w 2e1Ve1e1" a1/ lor4
T~W 1,81,91,|0[1L,®1,®1;] 2
3 A (Lee) lelellel"®1"el’]
T ™~ 100 2
[1@1@111]®[1/@1/@1II]
108 (Lee) row 3o, or 2010, or 201" |0 [L,01,01)] lord
5 Al = = = =

Table 4. Hierarchical charged-lepton mass patterns which may be realised in the vicinity of
symmetric points without fine-tuned mixing (PMNS close to the observed one in the symmetric
limit). The property which is satisfied (from 1-4, see text) is given in the last column and may
depend on the weights k and k€. The case N = 3 with 7 ~ w is the only one in the table for which
rpe <+ r7, may be required, and for which not all k(¢) choices are viable. For other notation, see
the caption of table 2.

The above original result makes use of the assumption that one charged-lepton mass
and at least one neutrino mass does not vanish in the symmetric limit. However, one
can also deduce from the analysis performed in [118] that the PMNS matrix is generically
unconstrained in the symmetric limit when the opposite is true. Therefore, we extend the
list of viable cases with the following two:

3. all charged-lepton masses vanish in the symmetric limit, i.e. the corresponding hier-

archical pattern involves only positive powers of ¢, e.g. (e, €2, €3);

4. all light neutrino masses vanish in the symmetric limit, i.e. L decomposes into three
(possibly identical) complex singlets none of which are conjugated to each other.

It follows that a modular-symmetric model of lepton flavour with hierarchical charged-
lepton masses may be free of fine-tuning if it satisfies any of the properties 1-4. Applying
this filter to the promising hierarchical cases of table 2, one is left with the representation
pairs listed here, in table 4. In this summary table, we have once again disregarded reducible
representations made up of three copies of the same singlet.

We now proceed by constructing such a model in the following section (clearly, the
models described in section 3.4 do not satisfy any of the properties 1-4). As a final re-
mark, we note that the argument of ref. [118] is only valid in the case when the flavour
symmetry analysis can be applied directly to the light neutrino mass matrix. In our setup,
this corresponds to the situation when light neutrino masses arise either directly from a
modular-invariant Weinberg operator, or via a type-I seesaw UV completion such that none
of the gauge-singlet neutrinos N¢ becomes massless in the symmetric limit (so that they
can be integrated out). This is the case in the two models considered so far and in the
model described in the following section.
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4.2 S} models with 7 ~ w

We finally turn to the most ‘structured’ cases within the surviving lepton flavour models
of table 4. These arise at level N = 4 in the vicinity of 7 = w and correspond to E°
and L being a triplet and the direct sum of three singlets of the finite modular group S},
respectively. The expected charged-lepton mass pattern is (m.,m,,m.) ~ (1,¢€,€%).

We have performed a systematic scan restricting ourselves to promising models involv-
ing the minimal number of effective parameters (9, including Re7 and Im 7). Once again,
models predicting a massless electron are rejected, while the N¢ furnish a complete irrep
of dimension 2 or 3 (IN¢ are present since Weinberg models require more parameters). Out
of 48 models, we have identified the only one which i) is viable in the regime of interest, ii)
is not fine-tuned in this regime, and iii) is consistent with the 20 range for the Dirac CPV
phase, predicting § ~ 7 while other models lead to § ~ 0. For this model, L = L1 ® La® L3
with Ly, Ly ~ (1,2), Lz ~ (1/,2), and E® ~ (3,4) and N¢ ~ (8’,1). The corresponding
superpotential reads:

W = |an (Yar E°Ly) | +as (Ya'y B°L1)
+ g (Yo B L)+ au (Vs E°Ly) + a5 (Vg B°Ls) | Ha

, (4.1)
(4,3) nrc (4,3) arc (4,3) arc
+ o0 (V3" INLy) 49 (Yy "IN“Ls) + g5 (Y I N°Ls) | H,
4,2) / rre
+A (V3N )2)1 :
Since L1 and Lo are indistinguishable, one of the constants oy, with ¢ = 1,...,4, is effec-

tively not an independent parameter and can be set to zero by a suitable rotation without

loss of generality. We choose to set as = 0.

At leading order in the small parameter |e|, with e = 1 — 11"‘{52 and |e| ~

in the context of this section,'® the charged-lepton mass matrix reads

B 1w Pa o
tf 2Wo— 1) 12 s VI3~ /13 ~
Me ~ \/ﬁ Uqu@ \/ge \/g (063 D) 064) € 2 Qs € s (4.2)

3 1 (1065 + V13a4) & —2V135 2

while the charged-lepton mass ratios are given by

2
m. |Gads]\/4+ (265 + V13d4) + 3942 y

My 362 + {1+(a3—\ﬁa4) } A2

2
\/ 3a2 + {1 + (a5 — V13 } a2
—= ~ 4413

2
My 4+ (263 + V134 + 3942

(4.3)

=

el

5The definition of e is motivated by the fact that /0 = (1—4)/(14++/3) at T = w, see eq. (3.5) in ref. [96]
(note the wrong sign in front of ¢ in the published version of [96]).
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with &; = «; /a1, i = 3,4,5. With respect to charged-lepton mass ratios, the model best-fit
point is found to correspond to max(BG) =~ 0.85.
Up to an overall normalisation IC, the light neutrino mass matrix is instead given by:

0 O Js
M,, ~Ke|l 0O O §2§73 (4.4)
3 523 20233
at leading order in |e|, where §; = gi/g1, ¢ = 2,3. Note that the smallness of |e| does not
constrain the M, contribution to the mixing matrix, which depends only on the couplings
g;, and large mixing angles are allowed.
From the form of M, it is clear that, in the limit of unbroken SUSY, there is a massless
neutrino, even though N€ is a triplet. This follows from the modular-symmetric superpo-

tential, which implies the proportionality of the first two columns of Y, reducing its rank
and therefore the rank of M,,. The neutrino masses thus read

m1 =0, mg3=~ \/>’C ( 3(12;392) > lel (4.5)

and imply the e-independent prediction

m2 — m? 6+ 633 + 833 — 4,/6(1 + 33) + 473 |s| wo)
r = 5 5 5 ~ ) .
ma = (mI+m3)/2 34352 + 453 +6,/6(1 + 53) + 433 |G|

which, by taking into account the lo range for r in table 3, isolates a viable region in
the plane of coupling constants. We show this region in the plane of g2/g3 and g1/g3
in figure 4. Contours refer to a Barbieri-Giudice measure of fine-tuning for the ratio of
neutrino mass-squared differences, given by max{|0Inr/01n gs|, |0Inr/01In gs|}. At the
model best-fit point, it has an acceptable value of 2.9. Additionally, the 30 ranges for go 3
are not especially narrow.

The result of the fit of this S} model is summarised in the last column of table 5. The
viable region in the 7 plane corresponds to a neutrino spectrum with NO and is located
very close to Tqym = w, as can be seen from the magnified plot on the right side of figure 5.
The annular form of the region is explained by the fact that the phase of (7 — w) has no
effect on the observables, as it enters only through e and its effects are suppressed by the
smallness of |e|. Therefore, in the regime 7 ~ w this model is effectively described by 8
rather than 9 parameters.

In summary, in the vicinity of the symmetric point, i.e. for small |e[, this model can
naturally lead to the observed charged-lepton mass hierarchies, see eq. (4.3). The neutrino
mass-squared difference ratio r is, in this region, insensitive to € and depends only on the
two ratios g 3 of neutrino couplings, see eq. (4.6). Furthermore, it is not especially sensitive
to these couplings. Finally, since light neutrino masses vanish in the symmetric point, the
symmetric limit allows for a generic mixing matrix (case 4 of section 4.1). Therefore, the
fit is not expected to be tuned in a way that compensates some ‘wrong PMNS’ symmetric
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Figure 4. Values of the neutrino Yukawa couplings of the S} model with 7 ~ w which, when
eq. (4.6) is applicable, allow to reproduce the ratio r at 1o (green). Contours refer to a Barbieri-
Giudice measure of fine-tuning (see text). The yellow star shows the location of the best-fit point
for this model.

prediction. In fact, we have numerically verified that sending 7 — w (¢ — 0) has almost no
effect on the values of mixing angles. This can be understood by considering, in turn, each of
the contributions to the mixing matrix. The rotation to the mass basis in the neutrino sec-
tor, on the one hand, is independent of € in the region of interest, see eq. (4.4), and thus has
a well-defined limit as e — 0 (it is unchanged) even though light neutrinos become massless.
This rotation depends only on the ratios gz 3 of neutrino couplings. On the other hand, one
can check that the charged-lepton rotation arising from the diagonalisation of M,M], with
M given in eq. (4.2), also has a well-defined limit as e — 0 even though two of the three
charged leptons become massless. This limiting form closely matches the rotation obtained
for finite, non-zero €, and depends only on the ratios &3 45 of charged-lepton couplings.
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Model Section 3.4.1 (Af) Section 3.4.2 (S)) Section 4.2 (S})
ReT 04715037 0.023570 5057 —0.49670-592
Im 7 3.11+5:2¢ 2.6510-00 0.87710:093°
/o 1334920 ~7.43%%7§ —
az/a; 3.07103% 2.765-27 2.4510-41
014/011 — — 7237t8§6
as/a; — — 1.01%598
92/91 —0.0781%5356 0407755063 157014
93/91 0.5745 0017 0.32150l 2.224517
vg oy, GeV 0.40470-303 17318, 4.611152
v2 gy /A, &V 0.7787 413, 42.57358 0.26870 007
e(7) 0.099810-4267 0.0313+9-5021 0.01861) 505
CL mass pattern (1,6, €?) (1,¢6,€®) (1,¢,€%)
max(BG) 5.579 0.738 0.848
Me/m,, 0.0047470-90062 0.0047979:90058 0.00475:95062
my/m, 0.057370 6111 0.05740 5117 0.055610 5136
r 0.020710 6021 0.02980-60%2 0.029810 50396
sm?, 1075 eV? 7.337039 7.3870% 7.38703
|Am2|, 1073 V2 2477504 2.4870:08 2.4870:05
sin? 01 0.30610 s 0.30179:544 0.30470-938
sin? 013 0.022270 5034 0.0223706037 0.022170 5039
sin? a3 0.5570-084 0.548 10045 0.53975-0522
my, &V 0.049370900%% 0.0204 7990042 0

ma, &V 0.055:00045 0.0221%50005s  0-00865 5056
ms, eV 0 0.054275-000%4 0.050210:00045
Simg, eV 0.099375-0908 0.096775-001 0.058810 0005
[(m)], eV 0.0197+9-502, 0.0181+9-5003 0.0014475-00055
6/ 1.88103% 1447001 1+ 0(107°)
Qo1 /7 0.9119-28 L7750 0
a1/ 0 1.861503 14 0(1077%)
No 0.431 0.649 0.563

Table 5. Best-fit values and 3o ranges of the parameters and observables for the models discussed
in sections 3.4 and 4.2.
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Figure 5. Allowed regions in the 7 plane for the models discussed in sections 3.4 and 4.2 (left).
The region corresponding to the model of section 4.2 is magnified (right). The green, yellow and
red colours correspond to different confidence levels (see legend). Points outside the fundamental
domain, while redundant, are kept for illustrative purposes.

5 Summary and conclusions

We have investigated the possibility to obtain fermion mass hierarchies without fine-tuning
in modular-invariant theories of flavour, which do not include flavons. In these theories,
hierarchical fermion mass matrices may arise solely due to the proximity of the VEV of the
modulus 7 to a point of residual symmetry. In our analysis we have considered theories with
flavour symmetry described by a finite inhomogeneous or homogeneous modular group,
I'y or Iy, with N < 5. For N < 5, the finite modular groups I'y are isomorphic to the
permutation groups I'y o~ S3, I's ~ Ay, I'y ~ Sy and I's ~ As, while the groups I'y are
isomorphic to their double covers S5 = S3, A} =T’, S} and Af.

In the simplest class of such models considered by us, the VEV of the modulus 7 is
the only source of flavour symmetry breaking, such that no flavons are needed. Another
appealing feature of the proposed framework is that the VEV of 7 can also be the only
source of CP symmetry breaking in the theory [14]. There is no value of 7 which preserves
the full modular symmetry. Nevertheless, at certain so-called symmetric points 7 = 7yym
the modular group is only partially broken, with the unbroken generators giving rise to
residual symmetries. There are only three inequivalent symmetric points in the fundamen-
tal domain of the modular group [19]: Tsym = i, Teym = w = exp(i27/3) = —1/2 + i\/3/2
(the ‘left cusp’), and 7gym = ico. In these three points, the theories based on I'y invariance
have respectively Zg , ZgT and Z% residual symmetries. In the case of the double cover
groups Iy, there is an additional Z& symmetry that is unbroken for any value of 7 [96],
thus enlarging the residual symmetries ZgT and Z% by the factor Z%, while the Z3 sym-
metry is enlarged to a Z7 one. In each of the three symmetric points the standard ZS"
symmetry may also be conserved [14].
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The indicated residual symmetries play a crucial role in our analysis. In Fg\/,) modular
invariant theories of flavour the fermion mass matrices are modular forms of a given level
N. As we show, the mass matrices can be strongly constrained in the vicinity of points
of residual symmetries by the properties of the respective modular forms. For each of the
three symmetric points, we have developed the formalism which allows to determine the
degree of suppression of the elements of the fermion mass matrices, and correspondingly,
of their singular values — the fermion masses — in the vicinity of a given symmetric point.
More specifically, our analysis showed that, if € parameterises the deviation of 7 from a
given symmetric point, |e|] < 1, the degree of suppression is given by |e|l, where [ is an
integer and can take values

i) 1=0,1,...,N — 1 in the case of Tyym, = 00,
ii) 1 =0,1,2 if 7qym = w, and
iii) 1 =0,1 when 7gym = 1.

These results show, in particular, that it is impossible to obtain the charged-lepton and
quark mass hierarchies in the vicinity of the symmetric point 74y, = % as a consequence
only of the smallness of |¢|. As we have proven, the specific value of the power [ depends
only on how the representations of the fermion fields in the mass term bilinear, denoted for
brevity as v; and ¢, decompose under the considered residual symmetry group. We have
derived the decompositions of the weighted irreducible representations of Iy, (N < 5) under
the three residual symmetry groups, i.e., the residual decompositions of the irreducible
representations (irreps) of I'y ~ S5, T'h ~ Al =T’ Ty ~ S} = SL(2,Z,4), and Ty ~ Al =
SL(2,Zs5) (they are listed in tables 6-9 in appendix A). The results include also the case of
irreps of I'y, since they represent a subset of the irreps of I'y.

Having these results we proceeded to identify 3 x 3 hierarchical fermion mass matrices
where the hierarchical pattern is a result of the proximity of the modulus to a point of
residual symmetry and no massless fermions are present in the spectrum. We analysed
bilinears of the type 1§ M (7);; ¢j, M being the mass matrix, and considered all possible 3-
dimensional representations for the fields v; and chw 1,7 = 1,2,3. While the representations
of these fields r and r¢ are in general reducible, we focused on the case where the same
weight is shared between the irreps into which they decompose. The results of this analysis
are given in tables 10-13 of appendix B. These tables summarise, for each of the levels
N <5, the patterns of the three fermion masses which may arise in the vicinity of the two
potentially viable symmetric points, 7sym = w and ioco, for all (r,r¢) pairs of 3-dimensional
representations and all weights k(©). We have found that it is only possible to obtain
hierarchical spectra for a small list of representation pairs, the most promising of which
are collected in table 2 and correspond to the patterns (1,¢,¢€2), (1,¢,€3) and (1,¢,€?).

Using the developed formalism and the aforementioned results we have performed a
scan searching for phenomenologically viable models of lepton flavour where the charged-
lepton mass hierarchies are a consequence of the described mechanism. The charged-lepton
masses are obtained from their Yukawa interactions, while neutrino masses are generated
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either by the Weinberg operator or within a type-I seesaw UV completion. Aiming at
minimal and predictive models, we have imposed a generalised CP symmetry on the models,
enforcing the reality of coupling constants [14] and restricted the scan to models involving
at most 8 constant parameters (including Re7 and Im 7). Models producing a massless
electron were rejected. Out of the many models thus identified, we have selected only
those which i) are phenomenologically viable in the regime of interest, and ii) produce a
charged-lepton spectrum which is not fine-tuned.

We have found two viable models and both are in the vicinity of 7 = ico. The first
is an AL model where the lepton doublets L and charged-lepton singlets E¢ are different
triplets of Af. For this model, the charged-lepton, Dirac-neutrino and N¢ Majorana mass
terms involve modular forms of weights 4, 5 and 4, respectively. The neutrino masses are
generated by the seesaw mechanism with the gauge-singlet neutrino fields N¢ furnishing a
doublet of A5. The predicted charged-lepton mass pattern is (m,, my,, me) ~ (1€, ). The
best description of the input data on the charged-lepton and neutrino masses and mixing
(No = 0.43) was found to be obtained for Re7 = —0.47, Im 7 = 3.11.

The second viable model found by us is based on S} modular symmetry. In this model
the charged-lepton, Dirac-neutrino and N¢ Majorana mass terms involve modular forms
of weights 4, 3 and 2, respectively. The charged-lepton mass pattern is predicted to be
(mr,myu,me) ~ (1,€,€3). The viable region in the 7 plane is centred around 7 = 2.65 .

Both the Af and S} viable models were found to require a certain amount of fine-
tuning when describing the neutrino masses and mixing. The presence of fine-tuning in
the neutrino sector is explained by the necessity to introduce large corrections to the
symmetric-limit PMNS matrix. Addressing the problem of fine-tuning in the neutrino
sector, we have found that a modular-symmetric model of lepton flavour with hierarchical
charged-lepton masses is expected to be free of fine-tuning'® if it satisfies at least one of
four conditions (see section 4.1). Two of the conditions were formulated earlier in ref. [118]
for arbitrary flavour symmetry groups.

We have constructed a viable model based on S} modular symmetry in the vicinity
of 7 = w, which is free of fine-tuning in both the charged-lepton and neutrino sectors. It has
altogether nine parameters. The neutrino masses are generated via the seesaw mechanism.
The charged-lepton mass pattern is predicted to be (m,,m,, me) ~ (1,¢,€2). The model
predicts, in particular, § >~ 7 and m; >~ 0. We have found also other viable non-fine-tuned
S models which, however, predict ¢ ~ 0.

For the three lepton flavour models constructed, we collect in table 5 the best-fit values
and 3o allowed ranges of i) Re 7, Im 7 and the superpotential parameters, of ii) the charged-
lepton masses and neutrino mass and mixing observables used as input in the statistical
analysis of the models, and of iii) the predicted lightest neutrino mass, the Dirac and
Majorana CPV phases, the sum of the neutrino masses and effective neutrinoless double
beta decay Majorana mass.

18Tn other words, it is possible to have a PMNS matrix which is close to the observed one even in the
symmetric limit, i.e., such that either none of its entries vanish, or only the (13) entry vanishes as € — 0.
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The results obtained in the present article show, in particular, that the requirement
of absence of fine-tuning in both the charged lepton and neutrino sectors in lepton flavour
models based on modular invariance is remarkably restrictive. It is hoped that using this
requirement it might be possible to identify not more than a few, if not just one, modular-
invariant models providing a simultaneous, viable and appealing solution to both the lepton
and quark flavour problems.

Note added. While this work was in its conclusion, ref. [119] appeared on the arXiv in
which the authors investigated the possibility to generate the charged-lepton mass hierarchy
in the vicinity of the symmetric point 7y, = i. The two models presented in ref. [119]
are restricted to level N = 3. In these scenarios, the electron is massless by construction,
me = 0, and m, # 0 is expected to arise either through SUSY breaking or from a dim-6
operator. The ratios m./m, and m,/m, are then associated to independent parameters
and not to different powers of the same expansion parameter, as is the case of our work.
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A Residual group decompositions

The multiplets of Ty, are ‘weighted’, i.e. are described by a pair (r,k).!7 At a symmetric
point these multiplets decompose into 1-dimensional representations of the corresponding
residual symmetry group. In this appendix we present the decompositions of I'y, multiplets
(N < 5) under the three residual groups of interest (tables 6-9). As seen in section 2.2,
these are Z3, Z3T x Z& and Z%; x Z5.

Before proceeding, let us comment on the Z& factors in Z§7 x Z& and in Z% x Z&. While
kept as part of the residual symmetry group definition in this appendix, they have been
omitted in the main text of section 3.2. To understand why they can be ignored without
loss of generality, note that a direct product Z,, x Zs = (a,b|a™ = =1, ab= ba) has 2n

irreps lf, k=0,...,n— 1, which are simply given as products of the Z, and Zs irreps:
+ Kk
1; : pla) =exp 27725 , pb)==£1. (A.1)
17As in [96], we denote with a hat representations r for which p.(R) = —1.
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r Z3 (1 =1) Z5T x ZE (1 = w) 7Y x 78 (1 = ic0)
1 1% 17 15

1 § P 1f 15

2 1y © le+2 Ly © 13 Iy @17

Table 6. Decompositions of ‘weighted’ (r, k) multiplets of I';, ~ S3 under the residual symmetry
groups. Irrep subscripts should be understood modulo n, where n = 4,3 in the first and second
columns, respectively. Upper (lower) signs correspond to even (odd) values of k.

r Z5 (1 =1) 25T x 28 (1 = w) 7Y x 728 (1 = ic0)
1 14 1 1F

v 17, 1

T 1%, 1f

2 1pi1 © 1pgs G 1§ @17

2 lpp1 @ Liys L, @1, 17 &13

P 11 ® Ligs 1Fo1f, 1If @13

3 L@ Lo ® Lo 1 @15, @15, 5ol @1y

Table 7. Decompositions of ‘weighted’ (r,%k) multiplets of Iy ~ A} = T’ under the residual
symmetry groups. Irrep subscripts should be understood modulo n, where n = 4,3 in the first and
second columns, respectively. Upper (lower) signs correspond to even (odd) values of k.

In this notation, 13 is the trivial irrep. The representation under Zs is just a sign and
does not affect the reality/complexity of a representation. Hence real irreps are lg , 1o
and, for even n, 1:{/2, 1 (one also has (lf)* = lf_k,). Since M (7) in the bilinear of
eq. (3.1) is a function of 7 alone, it is R-even. The fields ¢ and ¢ are then constrained to
carry the same R-parity, i.e. transform with the same sign under Z&. Fields in unhatted
representations r — for which p.(R) = 1 — are even (odd) under Z& if k is even (odd),
while the opposite happens for hatted representations. Keeping this in mind, one can omit
the ZL factor and ignore the superscript signs in the following tables.

Finally, notice that a Z&¥ factor is hidden in the residual ZF, as S? = R. Fields
transforming under Zf as 1p or 19 are R-even while fields transforming as 1; or 13 are
R-odd. Requiring that 1 and ¢ carry the same R-parity implies that one effectively works
with Zf /78 ~ 7, which is why it is generic to consider pipj = =1 in section 3.1.2.
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r 73 (1 =1) 75T x ZE (1 = w) 71 x 78 (1 = ioco)
1 1 1f 15

1 | P 17 1

1 Tpio 17 15

i’ Lits 17 17

2 Lo @ 1g L ® 1y, 1y &1y

2 L1 @ Liys 15, 1, 17 @17

3 Lito ® 1 @ 1y, 1 @15, @15, 1Felyely
3 Lot @ Lpn @ Lz 17 @17, @17, 1§ ®17 @13
3’ Lo @l ®1, 1701, @15, 15 @ 1F @13
3 Lo @ Lz @ Lz 1 @17, 017, 1§ ®13 @ 1

Table 8. Decompositions of ‘weighted’ (r, k) multiplets of Iy ~ S} = SL(2,Z4) under the residual
symmetry groups. Irrep subscripts should be understood modulo n, where n = 4,3 in the first and
second columns, respectively. Upper (lower) signs correspond to even (odd) values of k.
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B Possible hierarchical patterns

In this appendix we list the hierarchical patterns which may arise in the vicinities of the
two symmetric points of interest (see main text). We consider in turn the finite modular
~ S} = SL(2,Z4), and Ty ~ AL = SL(2,Z5) (tables 10—
13). We have focused on 3-dimensional (possibly reducible) representations (r,r¢) entering

groups Iy ~ S3, Ty ~ Al =

the bilinear (3.1). Dependence on the weights k(®) may only arise for 7 ~ w and through
the combination K = k + k¢, modulo 3. One can see from tables 6-9 that if one of the 3d
multiplets (say ) entering the bilinear is not a sum of 3 singlets, then its decomposition
under the ZgT residual symmetry includes all possible singlets, 1p, 11, and 1s, indepen-
dently of the weight k. In such cases, hierarchies are independent of weights since a change
in k¢ can be absorbed by a change in k in their sum.

Note that for N = 2 the residual symmetry group at 7gym = @00 is 7} Mass matrix
entries are then expected to be either O(1) or O(e) and, as was the case for 7 >~ i, one
cannot obtain the sought-after hierarchical patterns from the smallness of € alone. As such,

only 7 ~ w is considered in table 10.

v L T~ W
k+ k=0 k+k¢=1 k+ k=2
201 201 (1,1,1) (1,1,1) (1,1,1)
201 201 (1,1,1) (1,1,1) (1,1,1)
201 201 (1,1,1) (1,1,1) (1,1,1)
261 ¢pl1ae1 (1,¢,€%) (1,¢,€%) (1,¢,€2)
201 gl ol (1,¢,€?) (1,€,¢€?) (1,¢,€%)
201 'p1e1 (1,¢,€2) (1,¢,€%) (1,¢,€2)
291 g1 ao1 (1, €?) (1,€,¢€?) (1,¢,€?)
231 1911 (1,¢,€2) (1,¢,€%) (1,¢,€2)
2d1 171 a1 (1,¢€?) (1,€,€%) (1,¢,€?)
201 191e1 (1,¢,€%) (1,¢,€%) (1,¢,€2)
2d1 171 a1 (1,¢€?) (1,€,€%) (1,¢,€?)
11 1161 (1,1,1) (€2, €%, €%) (€,€,€)
11 1l o1 (1,1,1) (€2,€%,€%) (€, €,€)
1ol 111 (1,1,1) (€2, €%, €%) (€,€,€)
19191 1191 (1,1,1) (€2,€%,€%) (€,€,¢€)
1101 1Taolael (1,1,1) (€2, €%, €%) (€,€,€)
p1e1 1ol el (1,1,1) (€2, €%, €%) (€,€,€)
g1e1 1ol ol (1,1,1) (€2,€%,€%) (€,€,€)
1o1e1 111 (1,1,1) (€2, €%, €%) (€,€,€)
Table 10. (cont.)
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T =W
r r¢
k+Ekc=0 k+kc=1 k+k°=2
19191 1Tolael (1,1,1) (€2,€%,€%) (€,€,€)
g1l 1910l (1,1,1) (€2, €%, €%) (€,€,€)

Table 10. Leading-order mass spectra patterns of bilinears ¢ in the vicinity of the symmetric
point w, for 3d multiplets ¢ ~ (r, k) and ¢° ~ (r¢, k) of the finite modular group I';, ~ S3. Spectra
are insensitive to transposition, i.e. to the exchange ¥ <> 1°. Congruence relations for k + k¢ are

modulo 3.

r r¢ Te T 2 400
E+k=0 k+k°=1 k+k=2
3 3 (1,1,1) (1,1,1) (1,1,1) (1,1,1)
3 1”731 a1 (1,1,1) (1,1,1) (1,1,1) (1,1,1)
3 d1a1 (1,1,€%) (1,1,€2) (1,1,€%) (1,1,¢€%)
3 1”11 (1,1,¢) (1,1,¢) (1,1,¢) (1,1,¢)
3 el o1 (1,1,¢) (1,1,¢) (1,1,¢) (1,1,¢)
3 1"91"®1 (1,1,¢€%) (1,1,€2) (1,1,€%) (1,1,€%)
3 1”1 a1 (1,1,€) (1,1,¢€%) (1,1,€) (1,1,€)
3 1"91"a 1 (1,1,€) (1,1,¢) (1,1,¢) (1,1,¢)
3 19101 (1,6, €2) (1,¢,€?) (1,6, €2) (1,¢,€%)
3 gl e1’ (1,¢,€%) (1,¢,€%) (1,¢,€%) (1,¢,€%)
3 1”91 1” (1,¢,€2) (1,¢,€?) (1,6, €2) (1,¢,€%)
1”191 1"ol o1 (1,1,1) (1,1,1) (1,1,1) (1,1,1)
1dp1e1 1”1 @1 (1,1,€2) (1,1,€%) (1,1,€2) (1,1,€)
1"®1a1 1"e1 o1 (1,1,¢) (1,1,¢) (1,1,¢) (1,1,¢)
rele1 1"ol o1 (1,1,¢€) (1,1,¢) (1,1,¢) (1,1,¢)
1”101 1"e1"e1 (1,1,€%) (1,1,€%) (1,1,€?) (1,1,€%)
1”"e1¢1 1"l el (1,1,€2) (1,1,€%) (1,1,€2) (1,1,€2)
17191 1”91”01 (1,1,¢) (1,1,¢) (1,1,¢) (1,1,¢)
1911 1”131 (1,¢,€2) (1,¢,€%) (1,¢,€%) (1,¢,€2)
1do1o1 1o1o1 (1,1,¢) (1,€%,€%) (1,1,¢) (1,1,¢)
1911 179141 (1,1,1) (1,¢,€?) (1,6, €2) (1,1,1)
1e1e1 11 @1 (1,¢,€2) (1,¢,€%) (1,1,1) (1,¢,€2)
o191 17901791 (1,1,¢) (1,1,¢) (1,62, €2) (1,1,¢)
1’101 1"e1 el (1,62, €%) (1,1,¢) (1,1,¢) (1,62, €%)
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T=W

r r T ~ 100
k+k=0 k+k°=1 k+k=2

1’101 101”01/ (1,¢,€2) (1,1,1) (1,¢,€2) (1,¢,€2)
179101 1"9l1e1 (1,1,¢€%) (1,1,€2) (1,€,€) (1,1,€2)
111 1"®1a1 (1,1,€%) (1,¢,€) (1,1,€2) (1,1,€)
179101 1"91"01 (1,¢,€2) (1,1,1) (1,¢,€%) (1,¢,€2)
1”191 1"¢1 el (1,¢,€2) (1,¢,€%) (1,1,1) (1,¢,€2)
179101 1"¢1"a1 (1,¢,€) (1,1,€%) (1,1,€2) (1,¢,€)
a1 e1 11 @1 (1,¢,¢) (1,1,€%) (1,1,€2) (1,¢,¢)
r'eolel 1791791 (1,1,1) (1,¢,€?) (1,¢,€2) (1,1,1)
111 1"l el (1,¢,€2) (1,1,1) (1,¢,€%) (1,¢,€%)
ele1l 1"ol1"el  (1,1,6) (1,1,€2) (1,¢,¢€) (1,1,€%)
a1l 1alas1l (1,6, €2) (1,6, €?) (1,6, €2) (1,¢,€2)
17¢o1e1 1"01"31” (166 (1,¢,€%) (1,¢,€%) (1,¢, €
1”91”91 1”91”31 (1,62, €%) (1,1,¢) (1,1,¢) (1,€2,€%)
1"91e1l 191”91 (1,1,¢) (1,62, ¢€?) (1,1,¢) (1,1,¢)
1”911 1"e1"¢1 (1,¢,€2) (1,¢,€%) (1,1,1) (1,¢,€%)
1”101l 17901l (1,1,¢) (1,1,¢) (1,62, €%) (1,1,€)
1”911 1"01"¢1 (1,1,1) (1,¢,€%) (1,¢,€2) (1,1,1)
1791”1 1791”91 (1,1,€2) (1,¢,€) (1,1,€2) (1,1,€2)
19191 1'e1e1 (1,1,€2) €, €2, €%) (1,¢,¢) (1,1,€2)
10131 1"®191 (1,1,¢) (1,€%,€%) (€,¢€,€?) (1,1,¢)
1911 a1l a1 (1,€2,€%) (€,¢€,€%) (1,1,¢) (1,€2,€%)
19101 1731”91 (1,¢,¢) (1,1,€%) (€,€%,€%) (1,¢,¢)
1911 1”101 (€,€%,€%) (1,e,€) (1,1,€2) (€,€%,€2)
19191 1”91”91’ (€,€,€%) (1,1,¢) (1,62, €?) (e,€,€%)
'p1a1 g1l (€,€%,€%) (L,e,€) (1,1,€2) (€,€%,€2)
1ol 1el"e1” (1,¢,¢) (1,1,€%) (€,€%,€%) (1,¢,¢)
g1l 1911 (1,€2,€%) (€,¢€,€%) (1,1,¢) (1,€2,€%)
1”191 191”0 1” (€,€,€2) (1,1,¢) (1,€%,€%) (€,€,€2)
191 1aelel (€,€,€%) (1,1,¢) (1,€2,€%) (€,€,€%)
9101 1"el1"e1” (1,1,¢€) (1,62, €?) (€,€,€2) (1,1,¢)
'g1el 1791”91 (1,1,€2) (€, €2, €%) (1,¢,¢ (1,1,€2)
1791”1 1"01”731” (¢, %) (1,€,€) (1,1,€) (€,€2,€2)
gp1el 17010l (1,€,€) (1,1,€%) (€,€2,€2) (1,¢,¢)
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r re TE T o~ 100
E+ke=0 k+k= k+ke=2

191e1l 1"01"a1 (1,1,¢) (1,€%,€%) (€,€,€?) (1,1,¢)
1”791l 1791"91" (1,1,€%) (€, €2, €%) (1,€,€) (1,1,€2)
1"91"el 1"701"01” (1,6,6%) (€,€,€%) (1,1,¢) (1,62, €%)
1101 1101 (1,1,1) (€2, €2, €%) (€,€,€) (1,1,1)
1911 a1 a1 (€2, €%, €%) (€,¢,€ (1,1,1) (€2, €%, €%)
19191 1Uas1"s1” (€,€,¢€) (1,1,1) (€2,€2,€%) (€,€,¢€)
111 1Telal (€,€,€) (1,1,1) (€2, €%, €%) (€,€,€)
'plel 1"01"91” (1,1,1) (€2,€2,€?) (€,€,€) (1,1,1)
1791”01 1"91"a1” (2,66 (€,€,€) (1,1,1) (€2, €%, €2)

Table 11. Leading-order mass spectra patterns of bilinears 1 in the vicinity of the symmetric
points w and ioco, for 3d multiplets b ~ (r,k) and ¢ ~ (r¢ k°) of the finite modular group
I'; ~ A} = T'. Spectra are insensitive to transposition, i.e. to the exchange ¢ «+» ¥°. Congruence
relations for k + k¢ are modulo 3.

r re TEw ~ 300
k+ k= k+ k¢ = k+ k=2
3 3 (1,1,1) (1,1,1) (1,1,1) (1,1,1)
3 3’ (1,1,1) (1,1,1) (1,1,1) (1,1,€?)
3 3 (1,1,1) (1,1,1) (1,1,1) (1,1,€%)
3 3 (1,1,1) (1,1,1) (1,1,1) (1,1,€)
3 3 (1,1,1) (1,1,1) (1,1,1) (1,1,1)
3/ 3 (1,1,1) (1,1,1) (1,1,1) (1,1,€%)
3 3 (1,1,1) (1,1,1) (1,1,1) (1,1,€)
3 3 (1,1,1) (1,1,1) (1,1,1) (1,1,€2)
3 3 (1,1,1) (1,1,1) (1,1,1) (1,1,1)
3 3 (1,1,1) (1,1,1) (1,1,1) (1,1,€2)
3 241 (1,1,1) (1,1,1) (1,1,1) (1,¢,€%)
3 201 (1,1,1) (1,1,1) (1,1,1) (1,€,¢€)
3 21 (1,1,1) (1,1,1) (1,1,1) (1,1,€%)
3 201 (1,1,1) (1,1,1) (1,1,1) (1,1,€)
3/ 231 (1,1,1) (1,1,1) (1,1,1) (1,€,€)
3’ 201 (1,1,1) (1,1,1) (1,1,1) (1,¢,€%)
3/ 201 (1,1,1) (1,1,1) (1,1,1) (1,1,€)
3/ 2¢1/ (1,1,1) (1,1,1) (1,1,1) (1,1,€)
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T~ W

: ’ E4ke=0 k+ko=1 keke=2
3 2@1 (1,1,1) (1,1,1) (1,1,1) (1,1,€%)
3 261 (1,1,1) (1,1,1) (1,1,1) (1,1,¢€)
3 201 (1,1,1) (1,1,1) (1,1,1) (1,¢,¢)

3 21 (1,1,1) (1,1,1) (1,1,1) (1,€,€®)
3 201 (1,1,1) (1,1,1) (1,1,1) (1,1,€)
3 2@ 1 (1,1,1) (1,1,1) (1,1,1) (1,1,€%)
3 201 (1,1,1) (1,1,1) (1,1,1) (1,€,€%)
3 201 (1,1,1) (1,1,1) (1,1,1) (1,€,¢)
201 201 (1,1,1) (1,1,1) (1,1,1) (1,1,1)
201 201 (1,1,1) (1,1,1) (1,1,1) (1,1,€2)
2®1 201 (1,1,1) (1,1,1) (1,1,1) (€, €,€)
231 2¢1/ (1,1,1) (1,1,1) (1,1,1) (e,€,€)
291 201 (1,1,1) (1,1,1) (1,1,1) (1,1,1)
291 201 (1,1,1) (1,1,1) (1,1,1) (e,6,€)
2@ 1/ 201 (1,1,1) (1,1,1) (1,1,1) (€,€,¢€)
3 1141 (1,€,¢€?) (1,¢,€%) (1,€,¢€?) (1,€,€”)

3 el o1 (1,6, €2) (1,¢,€2) (1,¢,€2) (1,¢,€)

3 ieiel (1,¢,€%) (1,¢,€%) (1,¢,€%) (1,1,€%)

3 iTelel (1,¢,€%) (1,¢,€2) (1,¢,€%) (1,1,¢)
3 141 (1,¢,€%) (1,¢,€%) (1,¢,€%) (1,¢,¢)
3 11 a1 (1,€,¢€?) (1,¢,€%) (1,¢,€%) (1,¢e,€%)
3 i'eieid (1,¢,€2) (1,€,€%) (1,¢,€2) (1,1,¢€)
3 el e1l (1,¢,€%) (1,¢,€%) (1,¢,€%) (1,1,€%)

3 1e1a1 (1,6, €?) (1,¢,€2) (1,6, €?) (6,62, €%)
11 a1 (1,¢,€%) (1,¢,€2) (1,¢,€%) (1,¢,€3)

ioioi (1,¢,€2) (1,¢,€%) (1,¢,€%) (1,€%,€%)

3 el el (1,¢,€%) (1,¢,€%) (1,¢,€%) (1,¢,€%)
3 19131 (1,¢,€?) (1,¢,€%) (1,€,¢€?) (1,¢,€%)
3 el a1 (1,6, €?) (1,¢,€2) (1,¢,€?) (6,2, €%)
3 igieid (1,¢,€%) (1,¢,€%) (1,¢,€%) (1,¢,€%)
3 ol el (1,¢,€%) (1,¢,€2) (1,¢,€2) (1,€%,€%)
2¢1 2:1 (1,1,1) (1,1,1) (1,1,1) (1,1,€2)
21 291 (1,1,1) (1,1,1) (1,1,1) (1,1,1)
21 2¢1/ (1,1,1) (1,1,1) (1,1,1) (1,1,€?)
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C

T
w

r
_ r
3
4 1’ k
:f 1/@1@1 th°=0
3 1691/@1 (1,€,€2) k+ke=1
A PR —
J 1/@1@1 Lee) (&) k=
Py i ei Le e (1 (1 —y T
4 1/ o1 €, €) 66 6¢)
?/ 1,@1@1 L€ €) (1,¢,¢?) (1,e,€ (1,1,
A s e P ‘)
3 o1 1 € €) 1)
. :/[, 1 @i ' 6 62) (1767 62) (1 6762) (1’6 €
3 @ ll@i 1’6762) (176 62 (1 € 2 (1 7 3)
3 10 1 €) €) €, €°)
191 ,6’62) (17662 (1,¢ 2 (1,1
3 releol Le € (1 e’ 2) (1 ) (17 >
3 ioi ) 6€) &) L)
R ioi L€, €2) (1,¢, € (1,¢, € (1
5 1/@ - 9 ) , € ) ’6763>
3 i 1,¢,é2) (1€, (1,¢, €2 (1
3/ 19 1 ) ,E> ’6’6)
> 1/ 1@1 ’6762) (1’6;62) (]- 662 (1,62 3
/ @1 1 (1 <) )
R a1 ,6762) 76762 (15 2 (16 2
3/ ie1l 1 ) <) o)
N ioi 76762) (1€, 62) (1 €, € (1,€,€
¥ deted o PO S
2 o 1 ) <) )
D1 N 191 , €, 62) (176, 62) (1 e,€2> (1,6 62
2@1 " 69]_/691 1’6762) (176 62 (1 € 2 (1 2’ )
0 1/@A ) 5 ) 76) 76763)
D1 . 1 @i , €, 62) (176 62 (1 € 2 (6 62
291 1ol ol 1,€, € (1 e’ 2) (1 ) (1’ ’63)
2 Ve i (e ) 6€) &) 6 €%)
@1/ 1, 1@1 ’6762) (176762) (1’6762) (1,1 1
2GB]_/ A/GB 1’@1 176762) (1’6a€2) (1 € 62 (1 172)
291 }@i@i 1’6762) (1’5 €2 (1 67 2) (6 76)
a0y Yol 1 ) R
o1 i1 y €, 62) (1,6, 62) (1 6762 (€,¢€ €3
201 1e1 1, ¢, €2 (1 ) <)
2 o1 1 €) € L,€%)
o1 A a1 €, €2) (1,¢,€2 (1,¢, €2 (1,1
2 io1i 1 : ) b
D1 . 1@1 76762) (1,¢ €2 (1€ 2 (€
2 "ol ) €) 6 )
&) 1/ 1’@ i’ 1,67 62) (l,e’ 62 (1 € 2 (6
ot 1 1 ) &) )
1/ . 191 ’6,62) (176,62) (1 e,€2> (1,1 €2
241 A@l’@ll 176762) (1’662 (1,e 2 (1 62’ )
29 iei 1 € ) €% e)
A v i/ ioi  €,€%) (1€¢) (1,6 € (€€, €
2@1 @i/@i/ 1’6762) (1’662 (16 2) (6 376)
201 relel 1e e Le )G “ (1762’63)
, €, € , €, € €, 2 , € 2
919 Le,é (1e )G <) a 5
1 ,€7) L€, €) € €?) 1,6
1,e, 2 (1 ( )
L€, €) €, €%) INNS (€,€%,€)
(176762) (1 6762) (6’6763)
(1’6762) (6’€7€>
(6’6763)
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C

T~ W

r r T ™ 100
k+kc=0 k+k=1 k+ k=2
2¢1 Teiel (1,¢,€%) (1,¢,€%) (1,¢,€%) (1,1,€2)
21 10l a1 1,e €?) (1,¢,€2) (1,¢,€2) (1,1,1)
2a 1 141 1,e €?) (1,¢,€2) (1,¢,€%) (€,¢,€%)
201 a1 e1 1,e,€%) (1,¢,€%) (1,¢€,¢€?) (€,€,€)
201 i'eieid 1€ €?) (1,€,€?) (1,¢,€2) (1,1,1)
291 Teileil 1€ €%) (1,6, €2) (1,¢,€?) (1,1,€%)
2¢1 1o1a1 1,e €?) (1,¢,€2) (1,¢,€%) (€,€,€)
2¢1 11 a1 1,e €?) (1,¢,€%) (1,¢,€2) (6,63, €%)
201 ioioid 1,e €?) (1,¢,€%) (1,¢,€%) (1,62, €%)
21 el el 1,e €?) (1,¢,€%) (1,¢,€%) (1,1,€)
201 19131 1€ €?) (1,¢,€%) (1,¢,€%) (6,63, €3)
201 111 1,e €?) (1,¢,€%) (1,¢,€2) (€,¢€,€%)
2a 1 igieid 1€ €?) (1,¢,€%) (1,¢,€%) (1,1,€2)
201 el el 1,6 €?) (1,¢,€%) (1,¢,€2) (1,€%,€%)
1’11 1191 1,1,1) (€2,€%,€%) (€, €,€) (1,1,1)
1191 1ol ol 1,1,1) (€2, €2, €?) (€,¢€,¢€) (1,1,€?)
1ol Telol 1,1,1) (€2,€%,€%) (€,€,€) (€,€,€)
101 T'elei 1,1,1) (€2, €%, €%) (e, €,€) (€,¢€,€)
Vaplel 1'slol 1,1,1) (€2,€2,€?) (€,€,€) (1,1,1)
elre1 Telel 1,1,1) (€2,€%,€%) (€,€,€) (€,¢,€%)
11 1'eil'eil 1,1,1) (€2, €%, €%) (€,€,€) (€,€,€)
11¢1 1141 1,1,1) (€2,€%,€%) (€,¢€,¢€) (1,1,¢€%)
1e1e01 1Taolol 1,1,1) (€2,€%,€%) (€,€,€) (1,€%,€%)
19101 1Teliei 1,1,1) (€2,€%,€%) (€, €,€) (€,¢€,€%)
19191 el el 1,1,1) (€2,€%,€%) (€,€,¢€) (6,63, €3)
o191 1ol ol 1,1,1) (€2, €%, €%) (€,€,€) (1,€%,€%)
191 el sl 1,1,1) (€2,€%,€%) (€,€,€) (6,63, €%)
191o1 19l gl 1,1,1) (€2, €2, €?) (€,¢€,¢€) (1,1,€?)
1ol 'l ol 1,1,1) (€2,€%,€%) (€,€,€) (€,¢€,€%)
a1l 1Toiel 1,1,1) (€2,€%,€%) (€, €,€) (€,€3,€3)
a1al 1Teloel 1,1,1) (€2, €%, €%) (e, €,€) (€,€,€%)
1e1e1 19191 1,1,1) (€2,€%,€%) (€,€,€) (1,1,1)
10191 1Toelal 1,1,1) (€2, €%, €%) (€, €,€) (€2,€%,€%)
111 ieoiol 1,1,1) (€2, €%, €%) (€, €,€) (€, €,€)
Table 12. (cont.)
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r re TEw T ™ 400
k+ k= kE+kt=1 kE+k¢=

19191 1'eiel (1,1,1) (€2,€%,€%) (€, €,€) (3,63, ¢%)
1olel 1ol ol (1,1,1) (€2,€%,€%) (€,¢€,¢€) (1,1,1)
e1al el el (1,1,1) (€2,€%,€%) (€,€,€) (€,€,€)
eiel 1Telel (1,1,1) (€2, €2, €?) (€, €,€) (1,1,€)
Teiel 1Teiei (1,1,1) (2,62, €?) (€,¢€,€) (1,1,1)
Teolel Teiei (1,1,1) (€2,62,¢?) (€,€,€) (1,1,€%)
iepiel 1Te1e1 (1,1,1) (€2, €%, €%) (€, €,€) (€,€,€)
igliel 1e1e1 (1,1,1) (€2,€%,€%) (€,€,€) (6,63, €%)
ioiel 1Teieil (1,1,1) (€2, €%, €%) (€,€,€) (1,€%,€%)
igliel 1Teleil (1,1,1) (€2,€%,€%) (€,€,€) (1,1,€)
iepliel 1ol el (1,1,1) (€2,€2,¢?) (€,€,€) (1,1,€%)
ielel elael (1,1,1) (€2,62,€?) (€,€,€) (1,62, €%)
igiel 1vVeler (1,1,1) (€2,€%,€%) (€, €,¢€) (3,63, ¢%)
ioieil ioiei (1,1,1) (€2, €%, €%) (€, €,€) (€2,€%,€%)
igliel 1eiel (1,1,1) (€2,€%,€%) (€, €,€) (1,1,1)
17010l 1Telael (1,1,1) (€2, €2, €?) (€, €,€) (€2,€%,€%)

Table 12. Leading-order mass spectra patterns of bilinears 1y in the vicinity of the symmetric
points w and ico, for 3d multiplets ¢ ~ (r,k) and ¢ ~ (rk°) of the finite modular group

I, ~ S} = SL(2,Z4).
Congruence relations for k 4 k¢ are modulo 3.

Spectra are insensitive to transposition, i.e. to the exchange v <+ °.

r r¢ TEY ~ 500
k+ k€= k+ k€= k+ k€=
3 3 (1,1,1) (1,1,1) (1,1,1) (1,1,1)
3 3 (1,1,1) (1,1,1) (1,1,1) (1,€,€h)
3 3 (1,1,1) (1,1,1) (1,1,1) (1,1,1)
3 19101 (1,6, €2) (1,¢,€2) (1,6, €?) (1,¢,€*)
3 1911 (1,¢,€%) (1,¢,€%) (1,¢,€%) (1,€%,€%)
1101 19191 (1,1,1) (€2, €%, €%) (€,¢€,¢€) (1,1,1)

Table 13. Leading-order mass spectra patterns of bilinears %) in the vicinity of the symmetric
points w and ‘oo, for 3d multiplets ¢ ~ (r,k) and ¢ ~ (r¢ k°) of the finite modular group
't ~ AL = SL(2,Z5). Spectra are insensitive to transposition, i.e. to the exchange ¢ <« ¥°.

Congruence relations for k 4 k¢ are modulo 3.
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