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Abstract

We analyze a modular invariant model of lepton masses, with neutrino masses origi-
nating either from the Weinberg operator or from the seesaw. The constraint provided
by modular invariance is so strong that neutrino mass ratios, lepton mixing angles and
Dirac/Majorana phases do not depend on any Lagrangian parameter. They only de-
pend on the vacuum of the theory, parametrized in terms of a complex modulus and a
real field. Thus eight measurable quantities are described by the three vacuum param-
eters, whose optimization provides an excellent fit to data for the Weinberg operator
and a good fit for the seesaw case. Neutrino masses from the Weinberg operator (see-
saw) have inverted (normal) ordering. Several sources of potential corrections, such
as higher dimensional operators, renormalization group evolution and supersymmetry
breaking effects, are carefully discussed and shown not to affect the predictions under
reasonable conditions.
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1 Introduction

In the last few years neutrino physics has entered the era of precision, a goal that could not
even be conceived when neutrino oscillations were discovered twenty years ago. The well-
established three-neutrino framework and its general parametrization works very well for al-
most all experimental results. Squared mass differences and mixing angles are known to a
few percent precision, while global fits [1-5] are cornering both the Dirac phase and the type
of mass ordering. Despite this tremendous progress there is not yet a clear indication about
a unique guiding principle providing an explanation of the present pattern of lepton masses
and mixing angles in terms of few underlying parameters. A similar state of affairs can be
recognized in the quark sector, which grand unification suggests to be strictly related to the
leptonic one. Adequate theoretical tools supplying predictions matching the present level of
accuracy could represent a significant step towards the solution of the flavour puzzle.

To date one of the few available frameworks where quantitative statements about lepton
mass parameters can be formulated is the one of flavour symmetries [6-14]. Yet the variety
of the offered possibilities is so wide that a sharp selection should be done to met the desired
predicability requirements. As a matter of fact there is no hint of an exact flavour symmetry
neither in the quark sector nor in the lepton one. Only broken symmetries have the chance
of being realistic and this poses several technical problems. The breaking sector typically in-
troduces many independent parameters. Models are often formulated in terms of effective
field theories valid below a certain energy scale, and several independent higher-dimensional
operators can significantly contribute to the same physical parameters. A complicated vac-
uum alignment is frequently required, with many flavons whose vacuum expectation values
(VEV) should be conveniently oriented in generation space. All this, beyond being rather
tricky from the technical viewpoint, goes to the detriment of predictability, to the point that
anarchy [15-19] or its variants have often being invoked as an interpretation of the elusive
neutrino features.

Supersymmetric models with modular invariance as flavour symmetry, recently proposed
in ref. [20] and briefly summarized here, have a chance to provide the desired framework,
alleviating some of the above mentioned difficulties. They are characterized by a small num-
ber of Lagrangian parameters. Moreover, a truly remarkable feature of these models is that
all higher-dimensional operators in the superpotential are unambiguously determined in the
limit of unbroken supersymmetry. Modular invariance arises in compactifications of the het-
erotic string on orbifolds [21-25], in D-brane compactifications [26-32], in magnetized extra-
dimensions [33-35]. It has been investigated in connection with the flavour problem in
ref. [36-46] and, more recently, in ref. [47,48]. The formalism of modular invariant supersym-
metric field theories has been described in [49,50]. In this work we analyse one supersymmet-
ric modular invariant model describing the lepton sector. Actually we consider two variants
of the model where neutrino masses originate either from the Weinberg operator or from the
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seesaw mechanism. At low-energy and in both variants, the superpotential depends only on
one overall mass scale and 3 dimensionless parameters. The latter are adjusted to reproduce
the charged lepton masses, which are not predicted, but just fitted as in the Standard Model.
All the remaining 8 dimensionless parameters, neutrino mass ratios, lepton mixing angles,
Dirac and Majorana phases, do not depend on any Lagrangian parameter. They do depend on
the vacuum structure of the model, controlled by the VEVs of a modulus field and a flavon,
minimally described by a total of 3 real parameters. The mechanism selecting the vacuum of
the world we live in is still largely unknown, and we do not look for a solution of the vacuum
problem in our models. We rather scan the VEVs treating them as free parameters. Therefore
our models attempt to predict the 8 dimensionless neutrino parameters in terms of 3 effective
real parameters, the symmetry breaking VEVs. This represents a change of perspective with
respect to most of the existing models, where the vacuum is obtained through the solution
of a dynamical problem such as the minimization of the energy density of the theory, while a
remaining set of Lagrangian parameters is used to fit masses and mixing angles. As we will
see, for both models, the attempt is successful and all the presently known mass combinations
and mixing angles are correctly reproduced, which we consider a highly non-trivial result.

The two models are indeed very similar: in the first one neutrino masses come from the
Weinberg operator. In the second one they come from the see-saw mechanism. The symmetry
setup is the same and the difference is in the ordering of neutrino masses: inverted ordering
for the Weinberg operator and normal ordering for the see-saw. In ref. [20] these models were
studied in the limit where the charged lepton sector gives no contribution to the lepton mixing
and the results were encouraging. With only 2 effective real parameters, the complex VEV
of the modulus field, only the reactor angle 6,5 was outside its allowed experimental range.
In the present note we account for a possible contribution to the mixing from the charged
lepton mass matrix, turning on a single additional real parameter, bringing all predictions in
agreement with the data. Moreover we quantitatively discuss the effects due to the running of
the mass/mixing parameters from the high scale, where they are presumably defined, down
to the low energy scale where they are observed. Finally, we estimate the impact of supersym-
metry breaking terms, required in any realistic framework accounting for the existing bounds
on supersymmetric particles.

2 The Models

Here we are mainly interested in the Yukawa interactions, described by the following action:
S=fd4xd29d29_ K(t1>,<i>)+f d*xd?6 w(®) +h.c. , D

where K(®, ®), the Kéhler potential, is a real gauge-invariant function of the chiral superfields
® and their conjugates and w(®), the superpotential, is a holomorphic gauge-invariant function
of the chiral superfields ®. The chiral superfields ® = (7, ¢'?) include the modulus ! 7 and
the remaining chiral supermultiplets, (), transforming under the modular group I" as

at+b
cT+d

T > yT=
s 2)
e = (et +d) N pD(y)p")

1 Also the notation T = —i~ is used in the literature. The modulus 7 describes a dimensionless chiral supermul-
tiplet, depending on both space-time and Grassmann coordinates.
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with a, b, ¢ and d integers satisfying ad — bc = 1 and p!) a representation of the quotient
group Iy = I'/T(3) 2. The real number k; is called the weight * of the multiplet D,

We discuss two specific realizations of this framework #, whose main difference is the origin
of the Majorana masses for light neutrinos, either the Weinberg operator for Model 1, or the
seesaw mechanism in Model 2. Their field content and its transformation properties are listed
in table 1. Beyond the modulus 7, Model 1 contains the SU(2),, lepton singlets E{ (i = 1,2, 3),
three generations of SU(2), doublets L, the Higgses H, 4, a gauge invariant flavon ¢. Model
2 has in addition three generations of gauge singlets N. In our conventions both the modulus
7 and the flavon ¢ are dimensionless fields. The correct dimensions can be recovered by an
appropriate rescaling. Weights are specified in table 2.

Table 1: Chiral supermultiplets, transformation properties and weights. Model 1 has
no gauge singlets N°¢.

(ES,E5, E3) N¢ L Hy H, Y

SU(2), xU(l)y (1,+1) (1,0) | (2,—1/2) | (2,—-1/2) | (2,+1/2) || (1,0)

T, =A, (1,17,1) 3 3 1 1 3

k[ (kEl ) kEZ ) kEg) kN kL kd ku k

Table 2: Weights of chiral multiplets. Model 1 has no gauge singlets N°.

ky | kp | ke | ke | Ky

Model 1| —2| — |—=1] O 0| +3

Model 2 | —4|—-1|+1| 0 | O | +3

We ask invariance of the action S under the transformations (2), which implies the in-
variance of the superpotential w(®) and the invariance of the Kéhler potential up to a Kahler
transformation [49, 50]:

K(®,8) — K(®,8) + f(®) + f(®) €))

{ w(®) — w(P)

The modular invariance of the superpotential w(®) is guaranteed by two simple rules:

1. w(®) should be invariant under the group I3, as in the usual setup of discrete flavour
symmetries.

2. The superpotential w(®) should have vanishing total weight.

To enforce these rules it is convenient to observe that there are holomorphic functions f;(7) of
the modulus 7, called modular forms [51], with simple transformation properties under the

2Any principal congruence subgroup I'(N) of T can be used in this formalism, the integer N being called the
level. In our work we choose N = 3. T} is isomorphic to A,.

®Notice the different sign convention with respect to ref. [20].

*They correspond to Examples 1 and 2 of ref. [20].
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modular group, characterized by a unitary representation p¢(y) of Iy = I'/T(N), and a weight
ke:
f

filyr)=(cT+ d)kfpf(Y)ijfj(T) . 4

The integer N is called the level of f;(7). For each level and for each even non-negative weight,
there is only a finite number of linearly independent modular forms. For instance, for level 3
and weight 2, there are three linearly independent modular forms, which we will denote by
Y;(7), transforming in the 3 representation of I3 [20]. They are given in Appendix A.

By using these rules the superpotential of our models can be easily constructed and reads:

w=w,+w,+w, (5)

where wy,, w,, w, describe the Higgs sector, the charged lepton sector and the neutrino sector,
respectively. For both models the superpotential w, for the charged lepton sector reads:

we=—a ESHy(L ¢); —b ESHy(L @)y —c ESHy(L )10 =—ETY,HyL (6)

where (...), denotes the r representation of I5. In the last equality we use a vector notation
and
ay; aps ays
Ve=| bya by b3 . (7)
Cy3 CPy €

As a consequence of supersymmetry and modular invariance, this superpotential is completely
determined. The dependence on the flavon supermultiplet ¢ is linear, as required by the weight
assignment. There is no dependence on the modulus 7, since (E; HyL) has weight +3 while
the only combinations of T with the required transformation properties under I'; are modular
forms with even non-vanishing weights. For both models the charged lepton mass matrix m,

reads
V

m, =yeﬁ cosfp . (8)

In the neutrino sector w, depends on the model. In Model 1 neutrino masses originate
from the Weinberg operator for which we have a unique possibility:

1
w, = _X(HuHu LL Y)l 5 (9)

where A stands for the scale associated to lepton number violation. In this case no dependence
on the flavon ¢ is allowed, whereas the invariance under the modular group requires Y (7)
to be the modular forms of level 3 and weight 2, collected in the Appendix A. Also w,, is
completely determined by supersymmetry and modular invariance. Apart for an overall scale,
w,, does not depend on any Lagrangian parameter.

In Model 2 light neutrinos get their masses from the see-saw mechanism and the terms of
w,, bilinear in the matter multiplets L and N° read

w, =—yo(N°H,L); + A(NNY); +... (10)

Dots denote terms containing three or more powers of the matter fields, such as for instance
(N©)3¢p, which have no impact on our analysis. At energies below the mass scale A for both
models we have:

wv:—%(HuL)TW(HuL)+... , (11)
with
C Model 1
W= %(y{c—lyv) Model 2 (12)

5
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Here ), stand for the constant matrix®

Yy =Yo ) (13)

S O
=]
o = O

whereas C denotes a matrix in generation space depending on the three independent level 3
and weight +2 modular forms Y;(7) (i =1, ...,3):

2vi(t) —Y5(7r) —Yy(7)
C=| —Y3(1) 2Yy(1r) —Yi(7) . (14)
—Y(r) —1(7) 2Y5(7)

The light neutrino mass matrix m,, is

vz . 2
mVZWX sin“f3 . (15)

The parameters of the superpotential w controlling lepton masses and mixing angles are the
overall scale A/ sin® p and the three dimensionless constants a, b and c. They can all be made
real, without loss of generality, by a phase transformation of the matter supermultiplets. As it
is already evident from the structure of w,, the three parameters a, b and c are in a one-to-one
correspondence with the charged lepton masses. Electron, muon and tau masses cannot be
predicted by the models, but just accommodated, exactly as in the Standard Model. All the
remaining physical quantities, neutrino masses and lepton mixing angles, depend on a single
Lagrangian parameter, the overall scale A/sin? 8, and on the vacuum structure of the theory.

Modular invariance of the kinetic terms can be easily achieved. A minimal choice for the
Kihler potential K(®, ®) of Model 1 is

K(®,8)= — hAZlog(—it+i%)+AZ(—iT +i%)|pl> + D (—it +iF)?|ES[?
i

+ (=it +iD)|L* +|H, >+ |Hg)* (16)
where h is a positive constant, Ag is a mass parameter. For Model 2 we take
K(®,8)= — hAZlog(—it+i%)+AZ(—iT +i%)|pl> + D (—it +iE)*E[?
i
+ (=T 4iT)NP + (=it +iT) L2+ |H, >+ |Hy? . (17)

With such minimal choices, the transformations needed to put kinetic terms of matter super-
fields in the canonical form can all be absorbed in a redefinition of the superpotential param-
eters and have no physical implications. Non-minimal Kéhler potentials are allowed by the
formalism, but they would in general introduce new input parameters affecting our predic-
tions and reducing predictability. There are cases where non-minimal Kihler potentials have
no consequences on our predictions. This occurs, for example, if the VEV of ¢ and Y (7) are
sufficiently small. All our predictions do not depend on the absolute overall scale of such VEVs.
In any case we consider the choice of minimal Kihler potential as part of the definition of our
framework.

5At low energies the overall factor y, can be absorbed by a redefinition of A.
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3 Fit to Leptonic Data

As shown in the previous section, all dimensionless quantities in the neutrino sector depend
uniquely on the vacuum structure of the theory. To date there is no evidence for a specific
mechanism choosing the vacuum of our world within the landscape of a hypothetical funda-
mental theory. Several key quantities related to the vacuum choice, such as the cosmological
constant or the electroweak scale, have not yet found a convincing explanation. Thus we pro-
ceed by treating the modulus 7 and the flavon VEVs as independent parameters, to be freely
varied in order to adjust the agreement with the data. In this way we give up a possible dy-
namical justification of the adopted vacuum and we rely on some unspecified vacuum selection
mechanism.

Having completely specified the models in the previous section, here we could simply quote
the results of our fit to the experimental data, which we collect for convenience in table 3.
However we find more instructive to illustrate the idea that has guided us in searching for the
most promising region of the parameter space. We start by using the results of ref. [20] where
the same models considered here were analyzed in a particular limit. Such a limit refers to
the case where the charged lepton sector does not contribute to the lepton mixing matrix and
corresponds to the special choice ¢ = (1,0,0) of the present discussion. These results are
shown in appendix B, from which we see that this limiting case can be considered as a fair first
order approximation. Indeed, by a convenient choice of the complex modulus 7, it leads to a
reasonable agreement between theory and data as far as the neutrino squared mass differences
and the mixing angles 6;, and 6,3 are concerned. When ¢ = (1,0,0) only the reactor angle
deviates significantly from its experimental range. Even though in terms of standard deviations
the disagreement is sharp, 6,5 is predicted to be the smallest angle, between 12° and 13°, not
very far from the measured value. This partial result suggests that a better agreement with
data can be obtained by exploring values of the flavon ¢ close, but not identical, to (1,0, 0).
We stress that this possibility is fully allowed by the considered models. As apparent from eq.
(7), these values give rise to a non-diagonal mass matrix for the charged leptons, which can
contribute to the lepton mixing and improve the first approximation. Thus here we perturb
the pattern ¢ = (1,0, 0), by replacing the vanishing entries with small quantities. Aiming to
a minimal amount of free parameters, here we turn on the real part of 5, which we simply
denote by 5. This choice is motivated by the fact that in both models the reactor angle
determined by assuming a diagonal charged lepton mass matrix remains essentially unchanged
when turning on small imaginary parts of ¢, 3 and is mostly sensitive to the real part of 3, as
shown in detail in Appendix B. Since the overall scale of ¢ is a redundant parameter, without
loss of generality we can set the flavon VEV to be ¢ = (1,0, ¢3). The induced non-diagonal
charged lepton mass matrix contributes to the lepton mixing with the unitary transformation

1 (P3 O
U, = 0 —p3 1 + ... (18)
—@3 1 ¥3

where dots stand for terms of order @%, (mg / mi)ap3 and (mi/ m%)cpg. It results from the

combination of a small rotation and a permutation in the (2, 3) sector.

The correct identification of the mass and mixing parameters requires also a transforma-
tion to put kinetic terms in the canonical form. It is easily seen from eqs. (16,17) that such
transformations do not introduce any additional parameters beyond those already mentioned.
In summary, our models have six dimensionless parameters: a, b, c, the complex modulus T
and 5. By varying them we would like to describe eleven physical quantities: the charged
lepton Yukawa couplings, the neutrino mass ratios, the lepton mixing angles and the Dirac and
Majorana phases. In this section we show the results of a scan of the parameter space where,
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for each model, we look for the minimum of a y2-function built with the data listed in table 3.
In this first step of the analysis, the predictions of the two models do not include any further
correction, such as running and supersymmetry breaking effects. The latter will be discussed
separately in Sections 4 and 5.

Table 3: Left panel: charged lepton Yukawa couplings renormalized at the m scale,
from ref. [52]. Right panel: neutrino oscillation data, from ref. [2]. The squared

mass differences are defined as Am? 2

= mz—m% and IAmitmI = |m§—(m%+m§)/2|.
Errors are shown in brackets.

IO NO

r=|Am?, /Am? 0.0301(8) | 0.0299(8)

v.(my) | 2.794745(16) x 10~ an
sin? 0, 0.303(13) | 0.304(13)
yu(my) | 5.899863(19) x 10~*
sin? 0,5 0.0218(8) | 0.0214(8)
y-(mz) | 1.002950(91) x 102
sin? O3 0.56(3) 0.55(3)
5/m 1.52(14) | 1.32(19)

The results for Model 1 are displayed in table 4. The fit is excellent. All neutrino dimen-
sionless observables fall in the 10 experimental range. The minimum y?2, devided by two, the
number of degrees of freedom, is less than 0.2. In parenthesis we show our error estimate. The
errors do not correspond exactly to one standard deviation. For the input parameters, they
have been computed by individually varying Re(t), Im(7) and ¢; until the 2. increases
by one unit. For the observables, they have been computed by approximating the ellipsoid
x%= Xr%u' . 11 by the corresponding parallelepiped. For each observable, the error is defined
as the difference between the maximum and the minimum values attained at the vertices, di-
vided by two. The mass ordering is inverted. The atmospheric angle lies in the second octant.
The Dirac phase is very close to 37t/2. The model predicts three quantities that have not yet
been measured: the ratio ms/m,, and the Majorana phases a,; and as;.

Also the absolute neutrino masses are determined, since their overall scale can be found
by requiring that the individual square mass differences are reproduced. We find:

m; =4.90(3)x 1072V , m,=4.98(2)x10%V , my=7.53)x10"%V , (19)

where errors are displayed in parenthesis. By using these values and the predicted Majorana
phases, we get
|m,,| = 4.73(4) x 10 2eV (20)

for the mass combination entering neutrino-less double-beta decay. The parameter 7 is close
to the self-dual point 7 = i, the point where invariance under the S transformation v — —1/7
is preserved. The VEV of ¢ is of order 0.1 and the charged lepton mass matrix is nearly
diagonal, up to a permutation of the second and third generations. The parameters a, b, ¢ are
tuned to reproduce the charged lepton Yukawa couplings.

The results for Model 2 are shown in table 5. The mass ordering is normal. There is a
reasonable agreement with the data. The minimum y?2 is close to 10, dominated by the pull
of sin? 6,5. Indeed the atmospheric angle is the largest one and close to maximal, but it lies
in the first octant. Such a relatively high value of the y?2 is probably overestimated. In our
fit we are treating all the errors as Gaussian and the central value of sin? 6,5 at the best fit

8
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Table 4: Fit to data in Model 1, no RGE effects included. The neutrino mass spectrum
has Inverted Ordering. Parameter values at the minimum of the y2 and errors (in
brackets) on the left panel. Best fit values, errors (in brackets) and pulls on the right
panel. Pulls are defined as (best value—experimental value) /1o0. y rzn in = 0.4. For the
definition of errors, see the text.

best value pull
r=lAam2 /AmZ, || 0.0302(11) | +0.13
ms/m, 0.0150(5) —
sin? 0, 0.304(17) +0.08
T 0.0117(4) +1i 0.9948(4)
sin? 0,5 0.0217(8) —0.13
©3 —0.086(4)
sin? Oyq 0.577(4) +0.67
acosf 2.806923 x 107°
5/m 1.529(3) +0.07
bcos 3 9.992488 x 1072
ccosf 5.899778 x 107*
as,/m 1.728(18) —
¥.(my) 2.794745 x 107% | 0.0
yu(mz) 5.899864 x 10™* | +0.05
y.(my) 1.002950 x 1072 | 0.0

point, sin? 6,3 = 0.46, has a nominal deviation of 3¢. In reality the error on sin? 6,5 is not
Gaussian, as can be seen for instance in fig. 8 of ref. [2], top-left panel. The error on sin? 0,
is asymmetrical and sin? 0,3 = 0.46 is still within the 1o range. Our y2? minimisation does
not account for this important feature. The fit is better than what indicated by the nominal
minimum y2 and probably as good as the one in Model 1. As before the ratio ms/m,, and the
Majorana phases a,; and a3, are predictions of the model. Fitting also the overall scale, for
neutrino masses and |m,,| we find:

m; =1.09(3)x102eV , my=1.39(2)x102%eV , m3=5.11(4)x 102V , (21)

Im,,| = 1.04(2) x 102eV . (22)

Quite interestingly, the lightest neutrino has a mass close to 0.01 eV, resulting in a relatively
large |m,,| for a normally ordered mass spectrum. The VEV of 5 is of order 0.1 also in this
case. Once again the parameters a, b, c are tuned to reproduce the charged lepton Yukawa
couplings.

The results of our fits are completely dominated by r, sin? 0;, and sin? 6;5. This can be
verified by using as inputs only these data. In this case sin® 6,3 and 6.p become predictions
of the model. We have collected the corresponding outcome in Appendix C, for both models.
All physical quantities do not appreciably vary by moving from the enlarged to the restricted
set of input data.
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Table 5: Fit to data in Model 2, no RGE effect included. The neutrino mass spectrum
has Normal Ordering. Parameter values at the minimum of the y2 and errors (in
brackets) on the left panel. Best fit values, errors (in brackets) and pulls on the right
panel. Pulls are defined as (best value—experimental value) /1o0. y rzm.n = 9.9. For the
definition of errors, see the text.

best value pull
r=|Am? /Am?, | 0.0299(12) 0.0
mg/my 3.68(5) —
sin? 0, 0.306(11) +0.15
T —0.2005(18) +i 1.0578(56)
sin? 0,5 0.0211(12) —0.42
©3 0.117(4)
sin? 05 0.459(5) —3.04
acosf3 2.809569 x 107°
S/m 1.438(8) +0.62
bcos 3 9.961316 x 1073
Ay /T 1.704(5) -
ccosf 5.899455 x 107*
as/m 1.201(16) —
Ye(mz) 2.794745x107° | 0.0
Yu(lmz) 5.899863 x 107* | 0.0
Yz(myz) 1.002950 x 1072 | 0.0

We conclude this Section with a comment on the quark sector. From the above results, it
is quite apparent that a unique modulus 7 is inadequate to describe both the lepton and the
quark sectors. Indeed, already the charged lepton sector seems to prefer a description in terms
of a conventional flavon, rather then in terms of the same modulus describing neutrino masses.
This can be understood looking at the dependence on 7 of the modular forms involved in the
present construction. Such a dependence is approximately exponential, when the imaginary
part of 7 is large. The hierarchy between the neutrino mass squared differences is mild and
requires a modulus T with an imaginary part close to one. To reproduce the large hierarchy
observed in the quark sector or in the charged lepton sector, one or more moduli with larger
imaginary parts are probably needed. To explore a more realistic model for both quark and
lepton masses and mixing angles, we should conceivably introduce several independent mod-
uli and analyze the modular properties of holomorphic functions of several variables. Such a
possibility is also suggested by the low energy description of string compactifications.

4 Corrections from Supersymmetry Breaking
So far we have discussed our model in the unrealistic limit of exact supersymmetry. Supersym-

metry can be acceptable only as a broken symmetry and our results should include corrections
from supersymmetry breaking terms. There is no established theory of supersymmetry break-

10
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ing. Even focussing on the case of supersymmetry broken by soft terms, the most general
framework introduces plenty of new parameters. Our predictions can be trusted only if the
corrections induced by the breaking terms are negligibly small. In this section we will show
that a sizeable region of the parameter space where this is the case exists.

We assume that supersymmetry breaking can be parametrised by the F-component of a
chiral superfield X, singlet under gauge and I'; transformations and having a vanishing weight
with respect to the modular group:

X =6%F . (23)

We denote by M the characteristic scale with which the supersymmetry breaking sector com-
municates with the visible sector. By treating X as a spurion and by using dimensional analy-
sis, we can write down the supersymmetry breaking terms of our model. Soft supersymmetry
breaking masses are generated at lowest order in the 1/M expansion and, for the supersym-
metry breaking scale mg;5y, We expect

F
Msusy ™ 3r - 24

At order 1/M we have no corrections to either Yukawa couplings or to the Weinberg operator
(or to right-handed neutrino masses in the seesaw case), because dimensions do not match.
We regard A as a spurion chiral superfield carrying two units of the total lepton number and we
include suitable powers of A to ensure vanishing total lepton number. All terms contributing
to Yukawa interactions or to light neutrino masses (right-handed neutrino mass terms in the
seesaw case) have dimension three, as a consequence of lepton number conservation and
gauge invariance®. Therefore, at lowest order in 1/M, corrections to such terms are of the

type:
58 = %f d*xd?6d?0 X' f(®,®) + h.c. (25)

The function f(®,®) is gauge and modular invariant and has mass dimension three. It is
bilinear in the lepton superfields, it includes appropriate powers of the Higgs and A superfields
and can contain an arbitrary number of ¢ and 7 superfields. We will give the explicit form of
f(®,®) below, but already from eq. (25) we see that lepton masses get corrected by terms of
relative order F/M? ~ mgygy/M. A sufficiently large hierarchy between mgysy and M can
deplete such corrections to a negligible level. For example, if M ~ 10'® GeV] even by taking
mgysy as large as 108 GeV we get a correction to ) and W of order 1071°. Our predictions of
neutrino mass ratios, mixing angles and phases are totally unaffected.

Focussing on Model 1, a first example of a contribution of the type (25) arises from holo-
morphic combination of the chiral supermultiplets ® of the theory. Consider an holomorphic
function Aw(®) of vanishing weight, invariant under gauge and I3 transformations. Since
we are only interested in lepton bilinear terms, Aw(®) should necessarily be of the same
form as the superpotential w(®), eqs. (6-9), with new parameters a’, b’, ¢’. By choosing
f(®,®) = Aw(®), from eq. (25) we have

1 —
5S = Wfd4xd29d29X'Aw(<I>)+h.c.

_ F 4. 12
= mjd xd®6 Aw(®) + h.c. (26)

Yukawa interactions require two lepton and a Higgs superfield. Interactions contributing to neutrino masses
require two lepton plus two Higgs superfields and a 1/A insertion. Right-handed neutrino mass terms are bilinear
in the lepton superfields and proportional to A.
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Such a correction has no observable consequences, since it can be completely absorbed by
redefining the parameters of the superpotential w(®). This example is a particular case of a
more general choice:

£(@,®) = (=it +i7)* wi(@)w,(®) . (27)

Here w, ,(®) are holomorphic functions of equal weight k. The combination w;(®)w,(®)
should be gauge and I'; invariant, while this is not required for the individual functions w; 5(®).
Since we are looking for corrections to fermion masses, the function w4 (®) contains the bilin-
ears E{L or LL, while the function w,(®) depends only on H, 4, ¢ and 7. The function in eq.
(27) involving the minimum number of fields’ is:

f(@,8)= f (ESL @) H] + fo (ESL @) H] + f3 (ESL @) H)+

- . 28
%(LL Y)H H} + %(LL YH,)H} (28)
After integration over the Grassmann variables, we get:

fa
A

fs

ot
(L Y)H;H, + n

(e YH,),Hy|

where here H, 4, ¢ and Y denote the physical scalar components of the chiral multiplets,
whereas e; and { stand for the corresponding fermions. Also this terms gives rise to correc-
tions that, as far as fermion masses are concerned, can be absorbed in a redefinition of the
input parameters. Non-minimal choices of f(®,®) give rise to corrections that cannot be in-
corporated in the initial input parameters, but their contribution to the ) and W couplings
is of order mgygy /M. A similar discussion applies to Model 2. We conclude that these cor-
rections can be safely neglected provided the separation between the two scales mgysy and
M is sufficiently large. This requirement allows a wide possible range for the effective SUSY
breaking scale mgygy, in particular not excluding the possibility of mgygy much higher than
the TeV scale.

Supersymmetry breaking can also affect our predictions through threshold corrections to
lepton masses and mixing angles, when the theories above and below the mgy¢y scale are
matched. We comment such effect in the next section.

5 Corrections from Renormalization Flow

An important source of corrections is represented by radiative corrections, which can be en-
hanced by the gap between the scale A, here assumed to be very large, and the electroweak
scale, which we identify with the Z mass m. The large logarithms arising in these corrections
can be efficiently resummed through well-known renormalization group (RGE) techniques,
which we summarize in Appendix D. Here we describe the main steps of the analysis and we
collect our final results. RGE corrections are expected to be relevant when a degeneracy be-
tween neutrino masses occur, which in our case mainly applies to the inverted ordering case
of Model 1.

“The most general correction involve combinations w,(®)w,(®) such as [E°L @PY(p")P~1+27(Y)47%"] and
[LL ¢™Y" (o)™ 2(YT)*"1*3], where p, q, m, n are non-negative integers, r and s are relative integers and the
combinations p —1+2r, ¢ —3r, m—2s, n— 1+ 3s are non-negative. The functions w, ,($®) have weights equal to
(3p +2g—3) and (3m + 2n —2), respectively. The dependence of H, 4, which have vanishing weight, can be easily
included. The terms in eq. (29) refer to the choice r=s=q=m=0,p=n=1.
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In Model 1 charged lepton Yukawa couplings ),, eq. (6), and the matrix WV character-
ising the Weinberg operator, eq. (12), are predicted at the scale A as functions of our input
parameters a, b, ¢, T, 3. It is convenient to work in the basis where the charge lepton Yukawa
couplings are diagonal, since this basis is preserved by the running. Quantities in this basis will
be denoted by a hat. Thus )A)e(A) and W(A) provide the boundary conditions for the RGE flow.
By solving the RGE equations in the unbroken supersymmetric case we get (,)yssy (Msusy)
and W) yssm(Msysy). They depend on gauge and Yukawa couplings, on A and tan . By
requiring the continuity of the physical quantities, i.e. the charged lepton masses and the neu-
trino masses, we get the analogous quantities referred to the SM, where all supersymmetric
particles have been integrated out. At lowest order, that is by neglecting threshold corrections
8 at the scale mgygy, the matching conditions are given by:

(j}e)SM(mSUSY) = (j\}e)MSSM(mSUSY)COSﬂ >
Msu(msusy) = OMyssu(msysy)sin? B . (30)

The final values of ,(m) and W (m,) at the scale m; depend on the input parameters and on
A, mgysy and tan . We work in the one-loop approximation for beta functions and anomalous
dimensions.

Table 6: Minimum y?2 and best fit values of (r,sin? 6;,) as a function of tan 8 and
mgysy for Model 1. The mass ordering is inverted. We set A = 10'° GeV. Full results
are collected in Appendix E.

mgysy  Quantity tanf =2.5 tanf =10 tanf =15

r 0.0302 0.0292 0.0288
10*GeV  sin? 0, 0.304 0.345 0.418
o 0.4 12.2 82.0
r 0.0302 0.0294 0.0286
108 Gev  sin? 0, 0.303 0.335 0.389
X2 0.4 7.0 47.7

In Model 1 the RGE flows mainly affects r, through its dependence on Am%l, and sin? 6, ,.
In table 6 we show the results of a fit to our input parameters a, b, ¢, T, @3, for several val-
ues of tan 8 and mgygy. We set A = 10> GeV. We have reported only the best fit values of
(r,sin? 6;,) and the minimum y2, while full results are given in Appendix E. Model 1 keeps
providing a good fit for relatively small values of tan 8 and for high values of mg sy, but the
agreement with data degrades for large tan 3, especially when mg;sy is relatively small. When
tan 8 and mggy are varied, the best fit values of (7, 3) remain relatively stable, while r and
sin? 0;, deviate from the experimentally allowed region. This can be qualitatively understood
by inspecting the RGE equations for r and sin? 0;, in the one-loop approximation [53]. Their
approximate analytical expressions read:

dr J’? . 9 m%(COSZ 012 — sin’ 612)
— = 1 sin” 055 5 3
dt 4m2 m5 —my
d sin 0 y2 . . m; + moe %12
d—lz = - ZT 5 Sln2 2912 Sln2 923 | ! P 2 3 | +... (31)
t 327 ms5 —my

8We comment on threshold effects at the and of this section.
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where dots stand for sub-leading contributions. From high to low energies sin? 0;, increases,
while r decreases as long as sin® 6;, < 0.5. In fig. 1 we show contour lines of )(3“. , in the
plane (tan f3, mgysy)-

This establishes that a non-negligible region in parameter space exists where the agreement
between prediction and data is excellent. Low values of tan 3 and, to less extent, large values
of mgygy are preferred. The fit to neutrino data is not good when tan 3 exceeds 10.

10

log ( Msysy )
"\ Gev
[o0]

N

4 6 8 10 12 14
tan 8

Figure 1: Contours of equal minimum y?2 in the plane (tan 8, mgysy).

In the above analysis we have enforced the lowest-order matching condition at the scale
Mmgysy, €q. (30), neglecting threshold corrections. These depend on the details of the SUSY
mass spectrum, which is not entirely under our control, given the ignorance on the SUSY
breaking mechanism. To estimate threshold effects, we consider the simple case of degen-
erate left-handed sleptons and negligible mixing both between left and right sectors and in
each individual sector. Such a spectrum is consistent with our flavour symmetry. Indeed, for
sufficiently large mgygy the mixing between left-handed and right-handed sleptons, roughly
proportional to (m, tan 8 /mgysy) (£ = e, u, T), can be made very small. Moreover, degenerate
left-handed sleptons originate by insertion of the spurion XX into the minimal form of the
Kahler potential, eqs. (16) and (17). Nearly diagonal right-handed sleptons are expected if
the E; superfields carry an additional charge to the purpose of explaining the hierarchy of the
parameters a, b and c. More general SUSY spectra are also allowed in our framework.

The matching equations between MSSM and SM charged lepton Yukawa couplings JA}e
are corrected by terms of order (1 + e;tanf3) ({ = e,u,7), with ¢, ~ 1072 [54]. In our
case the flavour-diagonal corrections €, are almost universal. The breaking of universality is
sourced by the right-handed slepton sector, that typically gives a subdominant contribution to
€, proportional to gf,. Such corrections can be compensated by varying the input parameters
a, b, ¢, without affecting the neutrino data. Similarly, the correction to the matching equation
for the neutrino coupling W& depends mainly on left-handed slepton masses [55]. Even though
such correction can be of relative order 1072, for degenerate left-handed sleptons it is almost
universal and mostly affects the overall scale of W, with no appreciable modifications of our
predictions.

In Model 2 the corrections from RGE are very small. As an example, in table 7 we show the
comparison between the values of neutrino parameters obtained with and without including
running effects. Data at A = 10! GeV refer to the best fit values of table 5 and do not account
for the RGE flow. Data at the scale m, have been obtained by solving the RGE in the one-
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Table 7: RGE evolution for Model 2. Data at A = 10'° GeV are from the best fit
values of table 5. Data at the scale m, are from the RGE flow for tan 3 = 25 and
mSUSY = 104 GeV.

A=10"GeV | my,

r=|Am2 /Am’, | 0.0299 0.0299
ms/my 3.68 3.67

sin? 0,5 0.306 0.305

sin® 0,5 0.0211 0.0212
sin® Oy 0.46 0.46
5/m 1.44 1.44
g1/ 1.70 1.70
as/m 1.20 1.19

loop approximation for tan 3 = 25 and mgysy = 10* GeV. We have not included the running
from the UV scale Ay, and the right-handed mass threshold M; = A since, as explained in
Appendix D, its effect amounts to an overall rescaling of W, to a good approximation. We have
performed a new optimization of our input parameters, by minimizing the new y2-function
that now incorporates the RGE effects. We see that the predictions are very stable. For smaller
values of tan f§ and higher values of mg;;5y We expect an even smaller effect. We conclude that
the results for Model 2 are not appreciably modified by the running from the UV scale down
to low energy, for a wide range of (tan f3, mgygy)-

6 Conclusion

The very good experimental accuracy recently achieved in neutrino oscillation data calls for
theoretical frameworks with an adequate level of predictability. As a step forward in the re-
alization of this program, an important ingredient can be represented by modular invariance.
Such a symmetry is so strong that in some cases the Yukawa interactions are completely deter-
mined in terms of a complex scalar field, the modulus. A concrete modular invariant frame-
work for lepton masses has been recently proposed in ref. [20], with two specific realizations.
In Model 1 neutrinos get their masses from the Weinberg operator, while in Model 2 neutrino
masses come from the seesaw mechanism. Apart from charged lepton Yukawa couplings, that
requires three ad-hoc parameters to be correctly reproduced, all the remaining dimensionless
quantities of the lepton sector do not depend on any Lagrangian parameter, but only on the
vacuum structure of the model. In these models the vacuum can be minimally parametrized by
a complex modulus, the building block of modular transformations, and a real VEV describing
the small departure of the charged lepton mass matrix from the diagonal pattern. Thus eight
independent physical quantities, such as the neutrino mass ratios, the three mixing angles,
the Dirac and Majorana phases, are completely determined in terms of three real parameters.
While this framework presents a close conceptual similarity with the Froggatt-Nielsen pro-
posal [68], we stress that in the models analyzed here there are no adjustable parameters for
the neutrino mass matrix, apart from an overall constant. On the contrary in the Froggatt-
Nielsen scenario there is an independent parameter for each entry of the mass matrix, thus
preventing predictions beyond the order-of-magnitude level.

To date we have little clue on how to chose the vacuum of our world within the possible
landscape of a fundamental theory. The cosmological constant and the electroweak scale are
two examples of vacuum-related quantities that have not yet found a convincing explanation.
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Therefore in our work we have reversed the paradigm that requires the flavon VEVs to be
determined by the minimum of the energy density and we have simply scanned the possible
vacua in search of a configuration that maximizes the agreement between data and theory. For
both realizations we have been able to find a vacuum that leads to a very good fit to neutrino
data. Model 1 predicts an inverted mass ordering and has the best xiin, while Model 2 has a
normal mass ordering and a reasonable szni 0

Though we have not attempted to select the vacuum through some dynamical mechanism,
it is very intriguing that, for both models, data prefer vacua supporting specific residual sym-
metries. The modulus 7, relevant to the neutrino sector, is in the vicinity of the self-dual point
i where the S transformation T — —1/7 is preserved. The alignment of the flavon ¢, which
controls charged leptons, is not far from (1, 0, 0), where the group generated by T is unbroken.

Supersymmetry and its breaking lead to a possible dependence of our results on several
additional parameters such as the supersymmetry breaking scale mg;5y, the messenger scale
M, the cutoff scale A (or Ayy) and tan 3. We have carefully studied such dependence. We have
shown that supersymmetry breaking contributions to Yukawa couplings and neutrino masses
scale as mgy sy /M and thus they can be safely neglected if there is a large gap between mgygy
and M. This represents a mild condition, that can be satisfied for a very wide range of mgygy.
Moreover, by analyzing the RGE dependence of our results, we found that for Model 2 this
is essentially negligible in a wide portion of the (mgysy,tan ) plane, while for Model 1 the
dependence is stronger and the agreement between theory and data is spoiled for large tan 3.
Nevertheless there is a finite region of the plane (mgygy,tan f3), roughly given by tan 8 < 10,
where Model 1 still provides a good description of the data.

We stress that, once the right vacuum has been chosen, neutrino masses and lepton mixing
parameters are all determined. All measured parameters are well reproduced. Moreover the
Majorana phases are predicted, the absolute value of neutrino masses can be determined by
reproducing the individual squared mass differences and the mass combination relevant to
neutrinoless double-beta decay is fixed. We consider these properties as significant hints in
favour of modular invariance as a guiding principle towards the solution of the flavour puzzle.
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Appendices

A Modular Forms of Level 3 and Weight 2

Modular forms of level 3 form a ring generated by three linearly independent forms of weight
2. These are given by [20]:

re) = n'() (), (%) 276
1 2n [ 0() (G (@) neo)
Iz /(41 /(T2
YZ(T) = __l|:n (f)-i-wzn(ffl)—i-a)n T-SZ):| (32)
™ L n(3) (=) (%Y
—1 1”/ z n/ I+l 'r]/ T+2
¥y(7) Fl[ (j)+w (le)mz (sz) ,
n(3) (%) n(=2)
where n(7) is the Dedekind eta-function, defined in the upper complex plane:
= .
T’I(T)=q1/24l_[(1—q”) qulzm’— . (33)
n=1

They transform in the three-dimensional representation of I';. By defining YT = (Y;,Y,,Y3)
we have
Y(-1/7)=7%p(8)Y(7) , Y(r+1)=p(TY(7) ,

with unitary matrices p(S) and p(T)

-1 2 2 1 0 O
1 1 3
p(S)=§ 2 -1 2 , p(M=]1 0 w O , a)=—5+§i
2 2 -1 0 0 w?
The g-expansion of Y;(7) is given by:
Yi(t) = 1+12¢+36¢%+12¢°+...
Yo(7r) = —6q3(1+7q+8¢>+...)
Ys(r) = —18¢*°(1+29+5¢*+..) .
Moreover Y;(7) satisfy the constraint:
Y7 +2Y,Y3=0 . (34)
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B Dependence on ¢ = (1, ¢,, ©3)

A fit to the data assuming the pattern ¢ = (1,0, 0), was carried out in ref. [20]. Such a pattern
preserves the subgroup generated by T and produces a diagonal charged lepton mass matrix.
In this case, for Model 1 the value of T that maximizes the agreement with the data, see table
3,1is T = 0.0116 + 0.9946i. This value is very close to the self-dual point T = i, where the S
generator of the modular group is unbroken. The choice T = 0.0116 + 0.9946i gives rise to
the results collected in table 8.

Table 8: Fit to data in Model 1, with ¢ = (1,0,0) and no RGE effects included.
The neutrino mass spectrum has Inverted Ordering. Pulls are defined as (best
value—experimental value) /10.

best value | pull best value | pull
r=lam2 /am2, | 0.0302 +0.13 sin® 0,3 0.65 +3.0
ms/my 0.0150 - 5/m 1.55 +0.07

sin? 0, 0.302 —0.08 Ay /T 0.22 -

sin? 6,4 0.0447 +28.6 o,/ 1.79 -

We see that the major source of disagreement is represented by the value of sin? 6,5 and,
to a less extent, that of sin? 6,5. If we keep 7 fix and, at the same time, we allow for a small
correction originating from the general VEV ¢ = (1, ¢, ¢3), r does not change and, to first
order in the complex parameters ¢, and @5, we find:

sin?0;, = 0.302+40.55 Im(¢,)+0.75 Im(p3) +0.08 Re(p,) + 0.11 Re(p3) + ...
sin@;3 = 0.0447 +0.33 Re(yp,) —0.24 Re(3) + ...
sin6,; = 0.65—0.12Re(yp,)—1.12 Re(ip3) +...
6/m = 1.55+1.2 Im(p,)—1.5 Im(p3) + 0.2 Re(p,) + 0.2 Re(ps) + ... (35)
ax/m = 0.22—0.1 Im(p,)—0.2 Im(p3) + 0.8 Re(yp,) + 1.1 Re(p3) + ...
as;/m = 1.79—0.1 Im(p,) — 1.3 Im(p3) + 0.6 Re(yp,) + 0.8 Re(p3) + ...

where dots stand either for very small terms or higher-order contributions. It is interesting to
see that, to first order in ¢, 3, sin? 0,5 is corrected only by the real parts. Moreover Re(y3)
provides the good correlation to adjust also sin? 0,5. Similar considerations can be done also
for Model 2: for ¢ = (1,0, 0) the best fit value of sin? 8,5 is too large. Moreover there is a very
small dependence of 6,5 on Im(y, 3), which is mostly sensitive to Re(y3).
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C Fit to Reduced Data Set

We collect here the results of a fit to Model 1 and Model 2, where we use as input data only
r, sin? 0;, and sin® 0,5.

Table 9: Fit to r, sin?6;, and sin? 8,5 in Model 1, no RGE effects included. The
neutrino mass spectrum has Inverted Ordering. Parameter values at the minimum of
the y2 on the left panel. Best fit values and pulls on the right panel.

best value pull
r=|Am? /Am?, | 0.0302 +0.13
ms/my 0.0150 —
sin? 0, 0.304 +0.08
T 0.0117 +1i 0.9948
sin® 015 0.0219 +0.13
©3 —0.085
sin? 0,5 0.578 +0.67
acosf | 2.806619 x 107°
5/m 1.529 +0.07
bcosf | 9.993340 x 1073
ax/m 0.136 —
ccosf3 | 5.899783 x 10™*
asy/m 1.729 —
Ye(my) 2.794745x107% | 0.0
yu(mz) 5.899863 x 107* | 0.0
y-(my) 1.002950 x 1072 | 0.0
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Table 10: Fit to r, sin? 6, and sin? 6,5 in Model 2, no RGE effect included. The
neutrino mass spectrum has Normal Ordering. Parameter values at the minimum of
the y2 on the left panel. Best fit values and pulls on the right panel.

best value pull
r=lam2 /am?, | 0.0299 0.0
ms/my 3.68 —
sin® 0, 0.304 0.0
T —0.2003 +i 1.0589
sin? 6,4 0.0214 0.0
¥3 0.115
sin? O3 0.457 -3.0
acosff | 2.809135x 107°
5/m 1.437 +0.62
bcosf | 9.963605 x 1073
as/m 1.706 —
ccosf3 | 5.899487 x 1074
as /T 1.199 —
Ye(myz) 2.794745 x 107° | 0.0
Yu(mz) 5.899863 x 107* | 0.0
Y-(mz) 1.002950 x 102 | 0.0

D RGE Equations

We collect here formulas relevant for the analysis of the scale dependence of lepton mass and
mixing parameters.

Neutrino masses from the Weinberg operator

In this case the lepton sector is defined by the Lagrangian:
— gy + Y
Lyepy =—EVH'L + X(H LYH'L)+hc. , (36)

with the replacement H' — H,; and H' — H, going from SM to MSSM. The lepton mass
matrices are given by

m, =ye%(cosﬁ)f’ , mv=—¥v2(sin2ﬁ)f’ , (37)

where p =0 in the SM and p =1 in the MSSM.
Working in the one-loop approximation, the RGE equations for neutrinos [56-60] and
charged lepton mass parameters [61-65] read

d),

16722t = 3, [a Y]y + eV +u] 8
16#%\) = kW+b(W I+ W) (39)
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where

. [ +3/2 s

‘= { +3  MSSM (40)

_ [ —Fey -3 43tV +VVe) M )

—3(g7 +83) +3 tr(V V) MSSM

. [ =3/2 sm

b= { +1  MSSM (42)

o [ 386tV + Y Vi +3VIV)+44 M 43)

—2g7 —6g5 +6 tr(V] V) MSSM

Here A is the Higgs self-coupling as defined by the quartic term in the scalar potential —A(H"H)?.
Note that here we are using gy, the SM gauge coupling, related to g;, used in the GUT con-
text, by gf =5/3 g%. It is not restrictive to use a basis, preserved by the RGE flow, where the
Yukawa couplings ), are diagonal: ), = diag(y,,y,,.). We get simple analytical solutions
of these equations within the following approximations:

e We neglect the u dependence of the combinations u and k in the LHS of eq. (38,39).

e In the equations for y; (i = e, u, T) we neglect the terms proportional to y; yez u compared

to those proportional to y; yf.

The analytical solutions read:

¥2(uo) +u
) = v (L) 10 (i=e,m) (44)
i) = y2(uo) 1u - (45)
| () ()
Wiiw) = Wi(uo)Ik LI (46)

where we have defined

t t 2(4+/
k(t") . yi(t) ,
_ / _ 17 _
Ix —exp[Jo dt 16n2] , I; —exp[bjo dt Ton2 (i=eu,1) . 47)

To a good approximation we have:
k

1K:(ﬂ)16n2 I,=I,=1 . (48)
Uo

We evaluate I by using eq. (45) and we get:

u

0 [CESO PN PRETS ) B . @
u Yo

We can glue these solutions at the supersymmetry breaking scale mgy sy and cover the whole
energy interval between the large scale A and the electroweak scale, which for definiteness
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we take as the Z boson mass my. The boundary values of (V,)yssy and (W;j)ussu at the
scale A are functions of our input parameters a, b, ¢, T, ¢;. Their boundary values at the scale
mgygy are obtained by requiring the continuity of the physical quantities, i.e. the charged
lepton masses and the neutrino masses, see eq. (37):

Yedussm(msysy)cosp = (Ve)sm(msysy)
Wipussu(msysy)sin® = Wisu(msysy) (50)

The final values of (), )sy and (W;;)sy at the scale m; depend on the input parameters and
on A, mgygsy and tan . We used as inputs: gy = 0.34, g, = 0.64, A = 0.13. We kept as only
non-vanishing quark couplings

Jam,

v2m
(Yedsm = " s (Yedmssm = :

v sin 8

\/Emb

v cosf3

, (Yodussm = , (51
taking v = 246 GeV, m, = 163 GeV, m;, = 4.2 GeV. From m; down to lower energies the
charged lepton masses still run through the electromagnetic interactions [63]. We account
for this effect by directly fitting the values of the charged lepton Yukawa couplings at m,, as
derived from [52, 66].

Neutrino masses from the seesaw mechanism

When the theory includes right-handed neutrinos we should also include running effects form
the cut-off scale A, down to the lightest heavy neutrino mass M;, which we identify with the
scale A of our previous discussion [67]. At the scale Ay, the leptonic sector is described by:

1
Liept =_ECyeHdL—NCvauL—ENCMNC +h.c. (52)

At the scale A = M; we integrate out the heavy neutrinos and we go back to eq. (36), SUSY
case, with W = W(A), where we defined:
W) 1

W) = —==

Lo Ta—1
=S OTMTYW) (53)

We are interested in the running of the quantities ),, ), and W. In the one-loop approximation
and neglecting threshold effects from Ay down to M;, we have:

o2 = 3, [3 919,430 + 6209 +v) 59
16n2dd_’/t" = (k+2txVIVN W+ (W DIV, + V) + QI + VIV W)
where
k = —2g2—6g2+6tr(V,)

In order to have analytical solutions to these equations we exploit the fact that at the boundary
scale Ay the model under discussion predicts:

Viy,)=y1 , (56)

and we discuss two representative cases.
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Case 1: A =10'° GeV

In this case the eigenvalues of )}, are of order one, in order to have neutrino masses

at least of order 4/Am?2,, . The largest charged lepton Yukawa coupling, yf, is of order
1072(tan 3/10)?, much smaller than one for tan8 < 30. To a good approximation we
can drop all terms proportional to yg"ye in the right-hand side of eqs. (54). The solution

of these equations is a simple rescaling of the matrices )/, yiyv and W:

T — 1 — 2 1
V) () 632 +w (M)ﬁ i =y=(w)
ygw u w

t 2041

Ye(w) = ye(Auv)EXPU dt’%] (57)
0 TT

— — LByt +k

W) = W(Aw)epr dt’%} t =logu/Ayy . (58)
0

The goodness of this approximation also relies on the fact that the interval from Ayy
down to A is too short for the neglected effects to become relevant.

Case 2: A = 10! Gev

In this case the eigenvalues of y;fyv are of order 10™*, smaller than yf. To a good
approximation we can drop all terms proportional to yiyv in the right-hand side of egs.

(54). The equations for ), and W become identical to the ones discussed before in the
range of energies below A and the solutions (44-47) apply with @ =3 and b = 1.

When A is well inside the range (10! + 10'>) GeV, we should solve the equations numer-

ically.

E Fit to Model 2 with RGE Effects

23


https://scipost.org
https://scipost.org/SciPostPhys.5.5.042

SciPost Phys. 5, 042 (2018)

Scil

028 Tl ¥'0 X
20T X 6¥6200°'T = A 20T X 0S6200°T = “A 20T X 0S6200°T = A
‘,_0T X £98668'S = "A ‘,_0T X £98668°G = "A ‘,_0T X £98668'G = "A
‘< 01 X Sh/Lv6LC=""A ‘< 01 X ShLv6LT="A ‘<01 X Sh/Lb6LC ="K
< Ph (1 u-h < E [ PN\ < Ph [3 Ph ml
80L'T = Ttp SCro= Top YL 1T = Top IeT0= oy €L = T LET'0= Tep @
¢ L 13 €T ¢ L 13 [ 13 L ¢ €T W
€IS T=— v.S°0="%s €S T =— LLS0="¢s 05T =— 8450 ="°cs 5
9 9Q 9 3
TITO0="s  ‘BIH'0="5s ‘L1200="s  ‘She0="5s ‘LIT00="%S  Y0E0="5s
w cw cu
‘ST00=7— ‘88200 = ‘S100=7— T6TO'0 = ‘ST00=7— ‘TOL0'0 =
Sw Sw S 2
&
=
e 0L X TYeESy9'L =7 "« 0T X $28926 = 2 "¢ OT X I8EYBT'T =2 I
‘0T X 8S€80E'T =¢q . 0T X 208T8E'8 = q ‘.01 X TLO9LT'T=1q g 2
Qo
‘60T X L178€9'E =D ‘< 0T X §Z0VbET =D ‘9-01 X 0L9011°9 =D 2 <
880°0— =19 ‘980'0— = ¢ ‘980°0— = € %
‘19%66°0 + 02100 = 2 19%66°0 + L1100 = 2 ‘UY66'0+ L1100 =2
GI = ¢ue 0T = ¢duey Gz=¢gue

‘1 [9POIA 0] 4511Sw pue ¢/ uel jJo uomdUNJ © SB I Y3 JO SIMNsaI [N 1T 9[qBL

24


https://scipost.org
https://scipost.org/SciPostPhys.5.5.042

SciPost Phys. 5, 042 (2018)

Scil

L'Ly 0L ¥0 X
201 X 6¥6200°'T = *A 20T X 0S6200°'T = *A 20T X 0S6200°T = “A
‘,_0T X £98668°S = "A ‘,_0T X £98668°S = "A ‘,_0T X £98668'S = "A
‘<01 X Sh/Lb6LC=""A ‘< 01 X SbLv6LT="A ‘01 X Sb/Lv6LC="A
[ Ph < Hh [3 HN\ [1 Ph < Ph [ PN\ %
SIL'T= Ty LC1°0= Ty 9Ll = Top cero= Ty ceL' T = Top LET' 0= Ty m
3 o L ¢ o €T 13 . L 13 . €T 13 o L ¢ o €T =
LIST=— SLS0="gS STST=— LLS0="%S 0eS'T=— 8450 =";S =3
Q Q Q o
YIZO0="s  ‘6860="5S ‘L1200="s  ‘See0="5s ‘L1200="%s  ‘€0£0="S
cu cw (817,
‘ST00=¢—- 9820°0=1 ‘SI00= 5~ ‘¥6T0°0= ‘SI00= 5~ ‘C0L00 =
w w w
" 0T X TLBOT8'8 =2 "¢ 0T X LE68SL'S =2 "¢ 0T X LP6SIS'T =2
‘1-0T X TS090S'T=¢ ‘2-0T X £2888L°6 = q 2—0T X 05289S'C = ¢ M
o
‘0T X OSTL6T ¥ =D ‘s 0T X 9T66ELT =D ‘o_0T X €8ETITL =D =
£80°0— = ¢ ‘980'0— = ¢4 ‘980°0— = ¢ 2
‘19%66'0+ 81100 = 2 19660+ L1100 =2 UY66°0+ L1100 =2

A9DE0T = 45w

Gl =¢ue

01l = Qﬁﬂu

Ggz=¢due

[PPOIA 10j 4515w pue

T

¢ ue) Jo uomdUNJ B SE S1J 93 JO SINSAI [[N,] :panunuo) 11 d[qeL,

25


https://scipost.org
https://scipost.org/SciPostPhys.5.5.042

Scil SciPost Phys. 5, 042 (2018)

References

[1] PE de Salas, S. Gariazzo, O. Mena, C. A. Ternes and M. Tértola, Neutrino mass ordering
from oscillations and beyond: 2018 status and future prospects, Front. Astron. Space Sci.
5, 36 (2018), doi:10.3389/fspas.2018.00036.

[2] E Capozzi, E. Lisi, A. Marrone and A. Palazzo, Current unknowns in the three-neutrino
framework, Prog. Part. Nucl. Phys. 102, 48 (2018), do0i:10.1016/j.ppnp.2018.05.005.

[3] S. Gariazzo, M. Archidiacono, P E de Salas, O. Mena, C. A. Ternes and M. Toértola, Neu-
trino masses and their ordering: global data, priors and models, J. Cosmol. Astropart. Phys.
011 (2018), doi:10.1088/1475-7516/2018/03/011.

[4] P E de Salas, D. V. Forero, C. A. Ternes, M. Tértola and J. W. E Valle, Status of neutrino
oscillations 2018: 30 hint for normal mass ordering and improved CP sensitivity, Phys.
Lett. B 782, 633 (2018), doi:10.1016/j.physletb.2018.06.019.

[5] I Esteban, M. C. Gonzalez-Garcia, M. Maltoni, I. Martinez-Soler and T. Schwetz, Updated
fit to three neutrino mixing: exploring the accelerator-reactor complementarity, J. High
Energ. Phys. 01, 087 (2017), doi:10.1007/JHEP01(2017)087.

[6] G. Altarelli and E Feruglio, Discrete flavor symmetries and models of neutrino mixing, Rev.
Mod. Phys. 82, 2701 (2010), doi:10.1103/RevModPhys.82.2701.

[7] H. Ishimori, T. Kobayashi, H. Ohki, Y. Shimizu, H. Okada and M. Tanimoto, Non-
abelian discrete symmetries in particle physics, Prog. Theor. Phys. Suppl. 183, 1 (2010),
doi:10.1143/PTPS.183.1.

[8] D. Hernandez and A. Yu. Smirnov, Lepton mixing and discrete symmetries, Phys. Rev. D
86, 053014 (2012), doi:10.1103/PhysRevD.86.053014.

[9] S.E King and C. Luhn, Neutrino mass and mixing with discrete symmetry, Rep. Prog. Phys.
76, 056201 (2013), doi:10.1088/0034-4885/76/5/056201.

[10] S. E King, A. Merle, S. Morisi, Y. Shimizu and M. Tanimoto, Neutrino mass and mix-
ing: from theory to experiment, New J. Phys. 16, 045018 (2014), doi:10.1088/1367-
2630/16/4/045018.

[11] E TFeruglio, Pieces of the flavour pusggle, Eur. Phys. J. C 75, 373 (2015),
doi:10.1140/epjc/s10052-015-3576-5.

[12] S. E King, Unified models of neutrinos, flavour and CP violation, Prog. Part. Nucl. Phys.
94, 217 (2017), doi:10.1016/j.ppnp.2017.01.003.

[13] C. Hagedorn, Theories of leptonic flavor (2017), arXiv:1705.00684.

[14] Y. Reyimuaji and A. Romanino, Can an unbroken flavour symmetry provide an approx-
imate description of lepton masses and mixing?, J. High Energ. Phys. 03, 067 (2018),
doi:10.1007/JHEP03(2018)067.

[15] L. Hall, H. Murayama and N. Weiner, Neutrino mass anarchy, Phys. Rev. Lett. 84, 2572
(2000), do0i:10.1103/PhysRevLett.84.2572.

[16] N. Haba and H. Murayama, Anarchy and hierarchy: An approach to study
models of fermion masses and mixings, Phys. Rev. D 63, 053010 (2001),
doi:10.1103/PhysRevD.63.053010.

26


https://scipost.org
https://scipost.org/SciPostPhys.5.5.042
http://dx.doi.org/10.3389/fspas.2018.00036
http://dx.doi.org/10.1016/j.ppnp.2018.05.005
http://dx.doi.org/10.1088/1475-7516/2018/03/011
http://dx.doi.org/10.1016/j.physletb.2018.06.019
http://dx.doi.org/10.1007/JHEP01(2017)087
http://dx.doi.org/10.1103/RevModPhys.82.2701
http://dx.doi.org/10.1143/PTPS.183.1
http://dx.doi.org/10.1103/PhysRevD.86.053014
http://dx.doi.org/10.1088/0034-4885/76/5/056201
http://dx.doi.org/10.1088/1367-2630/16/4/045018
http://dx.doi.org/10.1088/1367-2630/16/4/045018
http://dx.doi.org/10.1140/epjc/s10052-015-3576-5
http://dx.doi.org/10.1016/j.ppnp.2017.01.003
https://arxiv.org/abs/1705.00684
http://dx.doi.org/10.1007/JHEP03(2018)067
http://dx.doi.org/10.1103/PhysRevLett.84.2572
http://dx.doi.org/10.1103/PhysRevD.63.053010

Scil SciPost Phys. 5, 042 (2018)

[17] A. de Gouvéa and H. Murayama, Statistical test of anarchy, Phys. Lett. B 573, 94 (2003),
doi:10.1016/j.physletb.2003.08.045.

[18] J. R. Espinosa, Anarchy in the neutrino sector? (2003), arXiv:hep-ph/0306019.

[19] A. de Gouvéa and H. Murayama, Neutrino mixing anarchy: Alive and kicking, Phys. Lett.
B 747, 479 (2015), doi:10.1016/j.physletb.2015.06.028.

[20] E Feruglio, Are neutrino masses modular forms? (2017), arXiv:1706.08749.

[21] S. Hamidi and C. Vafa, Interactions on orbifolds, Nucl. Phys. B 279, 465 (1987),
doi:10.1016/0550-3213(87)90006-X.

[22] L. Dixon, D. Friedan, E. Martinec and S. Shenker, The conformal field theory of orbifolds,
Nucl. Phys. B 282, 13 (1987), doi:10.1016/0550-3213(87)90676-6.

[23] J. Lauer, J. Mas and H. P Nilles, Duality and the role of nonperturbative effects on the
world-sheet, Phys. Lett. B 226, 251 (1989), doi:10.1016/0370-2693(89)91190-8.

[24] J. Lauer, J. Mas and H. P, Nilles, Twisted sector representations of discrete background sym-
metries for two-dimensional orbifolds, Nucl. Phys. B 351, 353 (1991), doi:10.1016/0550-
3213(91)90095-F.

[25] J. Erler, D. Jungnickel and J. Lauer, Dependence of Yukawa couplings on the
axionic background moduli of Zy orbifolds, Phys. Rev. D 45, 3651 (1992),
doi:10.1103/PhysRevD.45.3651.

[26] D. Cremades, L. E. Ibanez and E Marchesano, Yukawa couplings in intersecting D-brane
models, J. High Energ. Phys. 07, 038 (2003), do0i:10.1088/1126-6708/2003/07/038.

[27] R. Blumenhagen, M. Cveti¢, P Langacker and G. Shiu, Toward realis-
tic intersecting D-brane models, Annu. Rev. Nucl. Part. Sci. 55, 71 (2005),
doi:10.1146/annurev.nucl.55.090704.151541.

[28] S. A. Abel and M. D. Goodsell, Realistic Yukawa couplings through instantons in in-
tersecting brane worlds, J. High Energ. Phys. 10, 034 (2007), doi:10.1088/1126-
6708/2007/10/034.

[29] R. Blumenhagen, B. Kors, D. Liist and S. Stieberger, Four-dimensional string com-
pactifications with D-branes, orientifolds and fluxes, Phys. Rep. 445, 1 (2007),
doi:10.1016/j.physrep.2007.04.003.

[30] E Marchesano, Progress in D-brane model building, Fortschr. Phys. 55, 491 (2007),
doi:10.1002/prop.200610381.

[31] I. Antoniadis, A. Kumar and B. Panda, Fermion wavefunctions in magnetized
branes: Theta identities and Yukawa couplings, Nucl. Phys. B 823, 116 (2009),
doi:10.1016/j.nuclphysb.2009.08.002.

[32] T. Kobayashi, S. Nagamoto and S. Uemura, Modular symmetry in magnetized /intersecting
D-brane models, Prog. Exp. Theor. Phys. 023B02 (2017), doi:10.1093/ptep/ptw184.

[33] D. Cremades, L. E. Ibanez and E Marchesano, Computing Yukawa couplings from mag-
netized extra dimensions, J. High Energ. Phys. 05, 079 (2004), doi:10.1088/1126-
6708/2004/05/079.

27


https://scipost.org
https://scipost.org/SciPostPhys.5.5.042
http://dx.doi.org/10.1016/j.physletb.2003.08.045
https://arxiv.org/abs/hep-ph/0306019
http://dx.doi.org/10.1016/j.physletb.2015.06.028
https://arxiv.org/abs/1706.08749
http://dx.doi.org/10.1016/0550-3213(87)90006-X
http://dx.doi.org/10.1016/0550-3213(87)90676-6
http://dx.doi.org/10.1016/0370-2693(89)91190-8
http://dx.doi.org/10.1016/0550-3213(91)90095-F
http://dx.doi.org/10.1016/0550-3213(91)90095-F
http://dx.doi.org/10.1103/PhysRevD.45.3651
http://dx.doi.org/10.1088/1126-6708/2003/07/038
http://dx.doi.org/10.1146/annurev.nucl.55.090704.151541
http://dx.doi.org/10.1088/1126-6708/2007/10/034
http://dx.doi.org/10.1088/1126-6708/2007/10/034
http://dx.doi.org/10.1016/j.physrep.2007.04.003
http://dx.doi.org/10.1002/prop.200610381
http://dx.doi.org/10.1016/j.nuclphysb.2009.08.002
http://dx.doi.org/10.1093/ptep/ptw184
http://dx.doi.org/10.1088/1126-6708/2004/05/079
http://dx.doi.org/10.1088/1126-6708/2004/05/079

Scil SciPost Phys. 5, 042 (2018)

[34] H. Abe, K.-S. Choi, T. Kobayashi and H. Ohki, Non-Abelian discrete flavor symme-
tries from magnetized /intersecting brane models, Nucl. Phys. B 820, 317 (2009),
doi:10.1016/j.nuclphysb.2009.05.024.

[35] T. Kobayashi, S. Nagamoto, S. Takada, S. Tamba and T. H. Tatsuishi, Modular symmetry
and non-Abelian discrete flavor symmetries in string compactification, Phys. Rev. D 97,
116002 (2018), doi:10.1103/PhysRevD.97.116002.

[36] L. E. Ibafiez, Hierarchy of quark-lepton masses in orbifold superstring compactification,
Phys. Lett. B 181, 269 (1986), d0i:10.1016/0370-2693(86)90044-4.

[37] J. A. Casas, E Gomez and C. Mufioz, Complete structure of Z, Yukawa couplings, Int. J.
Mod. Phys. A 08, 455 (1993), doi:10.1142/S0217751X93000187.

[38] O. Lebedev, The CKM phase in heterotic orbifold models, Phys. Lett. B 521, 71 (2001),
doi:10.1016/50370-2693(01)01180-7.

[39] T. Kobayashi and O. Lebedev, Heterotic Yukawa couplings and continuous Wilson lines,
Phys. Lett. B 566, 164 (2003), d0i:10.1016/S0370-2693(03)00560-4.

[40] P Brax and M. Chemtob, Flavor-changing neutral current constraints on standardlike orb-
ifold models, Phys. Rev. D 51, 6550 (1995), doi:10.1103/PhysRevD.51.6550.

[41] P Binetruy and E. Dudas, Dynamical mass matrices from effective superstring theories, Nucl.
Phys. B 451, 31 (1995), d0i:10.1016/0550-3213(95)00345-S.

[42] E. Dudas, S. Pokorski and C. A. Savoy, Soft scalar masses in supergravity with hor-
izontal U(1), gauge symmetry, Phys. Lett. B 369, 255 (1996), doi:10.1016/0370-
2693(95)01536-1.

[43] E. Dudas, Dynamical mass matrices from moduli fields (1996), arXiv:hep-ph/9602231.

[44] G. K. Leontaris and N. D. Tracas, Modular weights, U(1)’s and mass matrices, Phys. Lett.
B 419, 206 (1998), doi:10.1016/S0370-2693(97)01412-3.

[45] T. Dent, CP violation and modular symmetries, Phys. Rev. D 64, 056005 (2001),
doi:10.1103/PhysRevD.64.056005.

[46] T. Dent, On the modular invariance of mass eigenstates and CP violation, J. High Energ.
Phys. 12, 028 (2001), doi:10.1088/1126-6708/2001/12/028.

[47] T. Kobayashi, K. Tanaka and T. H. Tatsuishi, Neutrino mixing from finite modular groups,
Phys. Rev. D 98, 016004 (2018), doi:10.1103/PhysRevD.98.016004.

[48] J.T. Penedo and S. T. Petcov, Lepton masses and mixing from modular S, symmetry (2018),
arXiv:1806.11040.

[49] S. Ferrara, D. Liist, A. Shapere and S. Theisen, Modular invariance in supersymmetric field
theories, Phys. Lett. B 225, 363 (1989), doi:10.1016/0370-2693(89)90583-2.

[50] S. Ferrara, D. Liist and S. Theisen, Target space modular invariance and low-energy cou-
plings in orbifold compacifications, Phys. Lett. B 233, 147 (1989), doi:10.1016/0370-
2693(89)90631-X.

[51] R. C. Gunning, Lectures on modular forms, University Press , Princeton, New Jersey, USA
(1962).

28


https://scipost.org
https://scipost.org/SciPostPhys.5.5.042
http://dx.doi.org/10.1016/j.nuclphysb.2009.05.024
http://dx.doi.org/10.1103/PhysRevD.97.116002
http://dx.doi.org/10.1016/0370-2693(86)90044-4
http://dx.doi.org/10.1142/S0217751X93000187
http://dx.doi.org/10.1016/S0370-2693(01)01180-7
http://dx.doi.org/10.1016/S0370-2693(03)00560-4
http://dx.doi.org/10.1103/PhysRevD.51.6550
http://dx.doi.org/10.1016/0550-3213(95)00345-S
http://dx.doi.org/10.1016/0370-2693(95)01536-1
http://dx.doi.org/10.1016/0370-2693(95)01536-1
https://arxiv.org/abs/hep-ph/9602231
http://dx.doi.org/10.1016/S0370-2693(97)01412-3
http://dx.doi.org/10.1103/PhysRevD.64.056005
http://dx.doi.org/10.1088/1126-6708/2001/12/028
http://dx.doi.org/10.1103/PhysRevD.98.016004
https://arxiv.org/abs/1806.11040
http://dx.doi.org/10.1016/0370-2693(89)90583-2
http://dx.doi.org/10.1016/0370-2693(89)90631-X
http://dx.doi.org/10.1016/0370-2693(89)90631-X

Scil SciPost Phys. 5, 042 (2018)

[52] S. Antusch and V. Maurer, Running quark and lepton parameters at various scales, J. High
Energ. Phys. 11, 115 (2013), doi:10.1007/JHEP11(2013)115.

[53] S. Antusch, J. Kersten, M. Lindner and M. Ratz, Running neutrino masses, mixings and
CP phases: analytical results and phenomenological consequences, Nucl. Phys. B 674, 401
(2003), doi:10.1016/j.nuclphysb.2003.09.050.

[54] S. Antusch and M. Spinrath, Quark and lepton masses at the GUT scale in-
cluding supersymmetric threshold corrections, Phys. Rev. D 78, 075020 (2008),
doi:10.1103/PhysRevD.78.075020.

[55] P H. Chankowski and P Wasowicz, Low energy threshold corrections to neutrino masses
and mixing angles, Eur. Phys. J. C 23, 249 (2002), doi:10.1007/s100520100867.

[56] C. Wetterich, Neutrino masses and the scale of B-L violation, Nucl. Phys. B 187, 343
(1981), d0i:10.1016/0550-3213(81)90279-0.

[57] G. M. Asatrian and A. N. Ioannisian, Neutrino masses In left-right symmetric models, Sov.
J. Nucl. Phys. 51, 115 (1990).

[58] P H. Chankowski and Z. Ptuciennik, Renormalization group equations for seesaw neutrino
masses, Phys. Lett. B 316, 312 (1993), do0i:10.1016/0370-2693(93)90330-K.

[59] K. S.Babu, C. N. Leung and J. Pantaleone, Renormalization of the neutrino mass operator,
Phys. Lett. B 319, 191 (1993), d0i:10.1016/0370-2693(93)90801-N.

[60] S. Antusch, M. Drees, J. Kersten, M. Lindner and M. Ratz, Neutrino mass operator renor-
maligation revisited, Phys. Lett. B 519, 238 (2001), d0i:10.1016/S0370-2693(01)01127-
3.

[61] M. E. Machacek and M. T. Vaughn, Two-loop renormalization group equations in a
general quantum field theory (II). Yukawa couplings, Nucl. Phys. B 236, 221 (1984),
doi:10.1016/0550-3213(84)90533-9.

[62] N. K. Falck, Renormalization group equations for softly broken supersymmetry: The most
general case, Z. Phys. C 30, 247 (1986), doi:10.1007/BF01575432.

[63] H. Arason, D. J. Castafio, B. Kesthelyi, S. Mikaelian, E. J. Piard, P Ramond and B. D.
Wright, Renormalization-group study of the standard model and its extensions: The stan-
dard model, Phys. Rev. D 46, 3945 (1992), doi:10.1103/PhysRevD.46.3945.

[64] D. J. Castafio, E. J. Piard and P Ramond, Renormalization group study of the standard
model and its extensions: The minimal supersymmetric standard model, Phys. Rev. D 49,
4882 (1994), doi:10.1103/PhysRevD.49.4882.

[65] C. R. Das and M. K. Parida, New formulas and predictions for running fermion
masses at higher scales in SM, 2HDM, and MSSM, Eur. Phys. J. C 20, 121 (2001),
doi:10.1007/s100520100628.

[66] Z.-z. Xing, H. Zhang and S. Zhou, Updated values of running quark and lepton masses,
Phys. Rev. D 77, 113016 (2008), d0i:10.1103/PhysRevD.77.113016.

[67] S. Antusch, J. Kersten, M. Lindner, M. Ratz and M. Andreas Schmidt, Running neu-
trino mass parameters in see-saw scenarios, J. High Energ. Phys. 03, 024 (2005),
doi:10.1088/1126-6708/2005/03/024.

[68] C.D. Froggatt and H. B. Nielsen, Hierarchy of quark masses, cabibbo angles and CP viola-
tion, Nucl. Phys. B 147, 277 (1979), doi:10.1016/0550-3213(79)90316-X.

29


https://scipost.org
https://scipost.org/SciPostPhys.5.5.042
http://dx.doi.org/10.1007/JHEP11(2013)115
http://dx.doi.org/10.1016/j.nuclphysb.2003.09.050
http://dx.doi.org/10.1103/PhysRevD.78.075020
http://dx.doi.org/10.1007/s100520100867
http://dx.doi.org/10.1016/0550-3213(81)90279-0
http://dx.doi.org/10.1016/0370-2693(93)90330-K
http://dx.doi.org/10.1016/0370-2693(93)90801-N
http://dx.doi.org/10.1016/S0370-2693(01)01127-3
http://dx.doi.org/10.1016/S0370-2693(01)01127-3
http://dx.doi.org/10.1016/0550-3213(84)90533-9
http://dx.doi.org/10.1007/BF01575432
http://dx.doi.org/10.1103/PhysRevD.46.3945
http://dx.doi.org/10.1103/PhysRevD.49.4882
http://dx.doi.org/10.1007/s100520100628
http://dx.doi.org/10.1103/PhysRevD.77.113016
http://dx.doi.org/10.1088/1126-6708/2005/03/024
http://dx.doi.org/10.1016/0550-3213(79)90316-X

	Introduction
	The Models
	Fit to Leptonic Data
	Corrections from Supersymmetry Breaking
	Corrections from Renormalization Flow
	Conclusion
	Appendices
	Modular Forms of Level 3 and Weight 2
	Dependence on =(1,2,3)
	Fit to Reduced Data Set
	RGE Equations
	Fit to Model 2 with RGE Effects
	References

