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Abstract

We study renormalization group running effects on neutrino mixing patterns when a (type I) seesaw
model is implemented by suitable flavour symmetries. We are particularly interested in mass-independent
mixing patterns to which the widely studied tribimaximal mixing pattern belongs. In this class of flavour
models, the running contribution from neutrino Yukawa coupling, which is generally dominant at energies
above the seesaw threshold, can be absorbed by a small shift on neutrino mass eigenvalues leaving mixing
angles unchanged. Consequently, in the whole running energy range, the change in mixing angles is due
to the contribution coming from charged lepton sector. Subsequently, we analyze in detail these effects
in an explicit flavour model for tribimaximal neutrino mixing based on an A4 discrete symmetry group.
We find that for normally ordered light neutrinos, the tribimaximal prediction is essentially stable under
renormalization group evolution. On the other hand, in the case of inverted hierarchy, the deviation of the
solar angle from its TB value can be large depending on mass degeneracy, putting strong constraints on the
flavour model.
© 2010 Elsevier B.V. All rights reserved.
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1. Introduction

The seesaw mechanism [1] explains the lightness of left-handed (LH) neutrinos in a simple
and elegant way. However, the seesaw models usually contain many more parameters than low
energy observables. In order to economically describe the neutrino oscillations, new ingredients
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are needed: the introduction of a horizontal symmetry could improve the situation and indeed
many examples of this kind are present in literature. A common feature of these models is to pro-
vide a description of neutrino masses and mixings only at a very high energy scale. On the other
hand, for a comparison of experimental results with the high energy predictions from flavour
symmetries, it is important to evolve the observables to low energies through renormalization
group (RG) running. In general, the deviations from high energy values due to the RG running
consist in minor corrections, but the future improvements of neutrino experiments could hope-
fully bring the precision down to these small quantities.

In the MSSM context, the RG effect on the light neutrino mass operator m, in the leading
Log approximation can approximately be parametrized as

T ;T
Ny (lower energy) — Iy Je Jv My (higher energy) JvJe

where Iy is a universal contribution, J,, that is proportional to Y; Y, with Y, the charged Yukawa
coupling, is always flavour-dependent and, J,, may depend on flavour or not. The running con-
tributions to m, from J, are similar to those below the lightest right-handed (RH) neutrino mass
and it is as known well under control. In fact, large RG effects can be expected only in the case
of a degenerate light neutrino spectrum or for large values of tan 8 [2]. The running contribu-
tion from J,,, however, is generally more complicated depending non-trivially on the neutrino
Yukawa coupling Y,,. Moreover, the last contribution can even be the dominant one since Y, is
expected to be of order one [3]. Similar conclusions can be driven in the SM context, when as-
suming a flavour origin of the neutrino mass term m,,. In seesaw models implemented by flavour
symmetries, Y), is usually subject to constraints in order to efficiently describe the observed neu-
trino mixing structure. We should expect that these constraints have also some important impacts
on running effects. In this paper, we will show that, under quite general assumptions, flavour
symmetries imply a J,, contribution which has not effects on mixing angles. As a consequence
even including energy ranges above and between the RH neutrino scales, the contribution from
the charged lepton Yukawa coupling J, on mixing patterns dominates.

In the first part of the paper, we will focus on a general class of flavour models in which
the mixing textures are independent from the mass eigenstates. These mass-independent pat-
terns usually exhibit a underlying discrete symmetry nature. A very well known example is the
tribimaximal (TB) mixing scheme [4], defined by

V273 1430
Ut = —1/\/6 1/\/3 —1/\/5 , (D
—1/V6 1/V/3 +1/42

which provides a very simple first order description of the existing oscillation data [5-7]. It has
been widely studied in the last years, naturally arising in the context of non-Abelian discrete
flavour symmetries, such as A4 [8—11], T’ [12] and S4 [13,14]. Another important historical
example of mass-independent mixing scheme is the bimaximal (BM) mixing (see [15] for a
recent revival of BM in the context of the discrete symmetry S4 and for an up-to-date list of
references). The running effects on BM [16] and TB [17] mixing patterns have already been
studied in literature without, however, consider an explicit realization based on flavour symmetry.

As an explicit example, in the second part of the paper, we describe in detail the RG effects
on the TB mixing texture in the lepton flavour model proposed by Altarelli and Feruglio (AF)
[8]. At leading order, this model contains less parameters than the case of a general TB pattern
considered in [17]. Then our result may not a priori reproduce the same results obtain in [17]. In
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our analysis, the RG corrections to mixing angles and the phases are discussed as functions of
the lightest neutrino mass and the type of spectrum. The analysis has been performed both in the
Standard Model (SM) framework and the its minimal SUSY extension (MSSM).

The outline of the paper is organized as follows. In Section 2, we analytically discuss the RG
effects on the neutrino mass operator m, in a type I seesaw model. In Section 3, we characterize
the general class of flavour models in which J, has no effects on mixing angles. Then we turn
to RG effects from J, on TB mixing pattern. In Section 4 we introduce the AF model and show
its main features including also the next-to-leading (NLO) contributions coming from higher-
dimensional operators. In Section 5, a more detailed numerical analysis on the impact of RG
running in the AF model is given. The result has been compared also with the NLO contributions.
In the end in Section 6 we conclude summarizing our main results.

2. RG effects on neutrino mass operator m,

In this section we begin to analyze, in a general context, the RG equations for neutrino masses
below and above the seesaw threshold, both in the SM and in MSSM extended with three right-
handed neutrinos. For definiteness, we consider the following Lagrangian

L=e¢TY,H ¢ +vTY,H ¢ +vT Mgy +hec. (2)

where £ are the LH lepton doublets, ¢“ the RH charged lepton singlets and H (H=ioyH*) is
the Higgs doublet. In the supersymmetric case, this Lagrangian should be identified to a super-
potential where H (H) is replaced by hg(h,) and all the fields are instead supermultiplets. In
what follows we concentrate only on the SM particles, postponing the study of their supersym-
metric partners elsewhere: for this reason in our notation a chiral superfield and its R-parity even
component are denoted by the same letter.

Given the heavy Majorana and the Dirac neutrino mass matrices, Mg and mp = Y,v/ V2
respectively, the light neutrino one is obtained from block-diagonalizing the complete 6 x 6
neutrino mass matrix:

v
mv=—7YV Mg'Y,, 3)
where v refers to the VEV of the Higgs field, (H) = v/~/2 (v ~ 246 GeV). The equivalent
relation in the supersymmetric case is achieved by replacing v with v,,. In our notation the VEV

of the Higgs fields &, and hy are given by (h, 4) = vu,d/ﬁ, with ,/ v,% + ”31 = v. The matrix m,,
is modified by quantum corrections according to the renormalization group equations (RGEs)
widely studied in literature [3]. For completeness, in Appendix A, we report the full RGEs for
all the relevant quantities. From these RGEs, one can obtain the RG evolution for the running
composite operator m,, (1) defined in Eq. (3). In order to analytically study the change of m,, (1)
from high to low energy, it is useful to work in the basis in which the Majorana neutrino mass
is diagonal and real, M g = diag(Ms, My, M1). The mass eigenvalues can be ordered as Mg <
My, < M|.. Furthermore, we can divide the RG effects in three distinct energy ranges: from the
cutoff A of the theory down to M , the mass of the heaviest RH neutrino; from M, down to Mg,
the mass of the lightest RH neutrino; below Mg down to XA, which can be either m 7, considered
as the electroweak scale, or msysy, the average energy scale for the supersymmetric particles.
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Ay — M. Above the highest seesaw scale the three RH neutrinos are all active and the depen-
dence of the effective light neutrino mass matrix from the renormalization scale p is
given by mean of the -dependence of Y, and Mg:

2
mu(u)=—%YVT(M)M§1(M)YV(M)~ “4)

Then from the RGEs in Eqs. (64), (65), it is not difficult to see that the evolution of the
composite operator m,, is given by:

dm . . . _
1672 == = (C.Y]Ye + CY[ V) my + my(CYI Y, + CY V) +am,  (5)
with
3 I
Cez—z, CVZE in the SM,
C.=C,=1 inthe MSSM (6)
and
i d d 2 22
asm = 2Tr[3YY+3YYd+YY+YY] 081~ 582
& =2Tr[3Y, 17— g2 —6g2
mssm =2Tr[3Y, Y, + ¥, Y, ] 581 6g5. (7N

Mj; — Mg. The effective neutrino mass matrix m, below the highest seesaw scale can be ob-
tained by sequentially integrating out v; withn =L, M, S:

2
V7w W )
mU:—Z(K+2YVTMR1YV) (8)

n . . . . ~u o~
where ¥ is the coefficient of the effective neutrino mass operator H'¢H'¢. From the
(tree-level) matching condition, it is given by

ki =2(rT), My (Yo, 9)

L
which is imposed at © = M,,. At My, the 2 x 3 Yukawa matrix Y, is obtained by simply

(L)
removing the Lth row of Y), and the 2 x 2 mass matrix My is found from Mg by remov-
(M)
ing the Lth row and Lth column. Further decreasing the energy scale down to My, Y,
L) (M)
is a single-row matrix, obtained by removing the Mth row from Y v, and M R con51sts of

a single parameter, found by removing the Mth row and Mth column from M r. Finally
©) (5)
at Mg, Y, and M are vanishing.

In the SM, the two parts which define m, in Eq. (8) evolve in different ways. We can
summarize the corresponding RGEs as follows:

(n)
,dX Lo 3. Tw w(l e 3 ® o
167T E: EYUYV—EYeYe X+X 2Y Y —2Ye Ye +OlXX (10)

where

o i i a8 ty
a, =2Tr[3Y,Y, +3Y, Yd+YY+Y o] =383 +An,
(n)

9 , 9
Gyr -1y, = 2TI3Y, Y, VY4 VY VY] - —g? — 22, (11)
v R

10 2
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with Ay the Higgs self-coupling.'
n ), () ) .
In MSSM the running of (K) and of YUT My ! Y, is the same and therefore we can write

dm ), () ), m W
167T2d—tv = (YeTYe + JYu)Tmu +mv(Y:Ye + YJYv) +am,, (12)
where
Q] ), () 6
a:2Tr[3Y,qu+YJYU]—gglz—6g§. (13)

Mg — A. For energy range below the mass scale of the lightest RH neutrino, all the vy, are
©® )
integrated out and Y, and Mg vanish. In the right-hand side of Eq. (8) only the term i

is not vanishing and in this case the composite operator m, evolves as:

dm,

- - (]
16w — = (CYIY) ' my +m,(CY] V) +am, (14)

with

© ¥ + t 2
asm =2Tr[3Y, Y, +3Y,Yqa+ Y]Y.] =385 + A,

® ¥ 6 , 2
(XMSSM=6T1’[YM Yu] — ggl —6g5. (15)

2.1. Analytical approximation to RG evolution of m,,

Now we analytically solve the RG equations for m, in the leading Log approximation. All
the Yukawa couplings Yl.T Y; for i =v, e, u,d are valuated at their initial value at the cutoff A ;.
Furthermore, we will keep only the leading contributions from each YiTYi term, for i =e,u,d,
ie. |y|2, |y |? and |yp|? respectively. The RG corrections to these quantities would contribute to
the final result as subleading effects and we can safely neglect them in the analytical estimate.

In the MSSM context, the general solution to Egs. (5), (12) and (14) have all the same struc-
ture, which is approximately given by

My (lowerenergy) ~~ Iy JgT ]va v (higher energy) JvJe (16)

where Iy, J, and J, are all exponentials of integrals containing loop suppressing factors and as
a result they are close to 1. Note that /i is a universal contribution defined as

1 (n)

where the integral runs between two subsequent energy scales and we have extended the defi-
(n) (4)
nition of & by identifying & = « in order to include the range from A down to M. J, is the

contribution from charged lepton Yukawa couplings which is always flavour-dependent and is
: 2
given by

' We use the convention that the Higgs self-interaction term in the Lagrangian is —A g (H TH)? /4.

. (n)
2 n Eq. (18), the combination YJ Y, should enter with Y, instead of Y., as one can see from the RGEs in Appendix A.
In our approximation, however, they coincide.
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i 1
Je =exp —16n2/yjyed;]. (18)
Finally, J,, is the contribution from the neutrino Yukawa coupling
i 1 (), ()
JVICXP —W YVYUdt s (19)

(n) (A)
where also here we have extended the definition of Y, by identifying Y, with Y, in order to
include the range between A and M . Differently from J,, J,, can be flavour-dependent or not.

In the SM context, the RG effect does not factorize, due to the different RG evolution of (/?
)., (n) . (n)
and Y, M;l Y, between the seesaw mass thresholds. However, Eq. (16) applies also to the SM

context when m,, is a result of a flavour symmetry: in this case, by a suitable redefinition of the
. m W ) i
mass eigenvalues, the sum « + Y,,T My ! Y, after the RG evolution has exactly the same flavour

structure of 7y, (higherenergy)- FOr the purposes of the present discussion we simply assume that
Eq. (16) is valid also in the SM context and an explicit example will be proposed in Section 3.3.

Expanded J, and J, in Taylor series and summing up (16) on several energy ranges one can
approximately calculate the neutrino mass at low energy as

my() Iy (mv(A) + Aml()Je) + Am‘()J")), (20)

where the low energy scale A is mz in the case of SM and mgysy for MSSM. The explicit form
of the universal part Iy is not useful for the following analysis and we simply omit them. Am]()Je)

is the contribution from J, and can easily be calculated as:
Am{e) = my 4y diag(0,0, Ar) + diag(0,0, Ar)my(a) (21)

where the small parameter A, is given by

3m? A
—Lln— in the SM,
167‘[21)2 my

2
m
A, =—"(1+tan?B)In
i 87121)2( p) msusy

=

in the MSSM (22)

where tan 8 is the ratio between the VEVs of the neutral spin zero components of 4, and kg,
the two doublets responsible for electroweak symmetry breaking in the MSSM. On the other
hand, the contribution from J,,, Am,(,J”), non-trivially depends on the neutrino Yukawa coupling
Y, which cannot be determined by low energy observables without additional ingredients. In

Section 3, we will analyze strong impacts of the flavour symmetries on J,,.
3. Flavour symmetries and RGE effects

In the present section, we will apply the general results of the RG evolution of the neutrino
mass operator m, to models beyond the Standard Model, where a flavour symmetry is added to
the gauge group of the SM. The main aim is to track some interesting connections between the
running effects and how the flavour symmetry is realized in nature.

In a given basis, YJ Y, and m, can be diagonalized by unitary matrices, U, and U, respec-
tively. The lepton mixing matrix is given by Upmns = U: U,. The analysis of how Upwmns
changes with the RG running has already extensively performed [2] in the context of SM
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and MSSM. On the other hand, only few studies [3] are present in literature considering the
presence of additional RH neutrinos, which originate the type I seesaw mechanism. Here we
develop a general RG analysis for seesaw models in which the lepton mixing matrix Upmns 1S
dictated by a flavour symmetry G ¢. It is a common feature in flavour model building that G ¢
must be spontaneously broken in order to naturally describe fermion masses and mixings, as we
will see in Section 4. Here, we simply assume that G ; is spontaneously broken by a set of flavon
fields @ at a very high scale. The symmetry group can be discrete or continuous, global or local
(or even a combination of them). Suppose that, at leading order, the neutrino mixing matrix is
given by Uy which differs from Upmns by subleading contributions ~ (@) /A y where A f is the
cutoff scale of the flavour symmetry G y. We will begin with some general assumptions on U
without, however, specifying its form. Then we will move to specialize in a concrete case in
which Uy is given by the TB mixing pattern.

3.1. Running effects on neutrino mixing patterns

As described in Section 2 the relevant running effects on m,, are encoded in the combinations
YJ Y, and Y, J Y,. Furthermore, we observe that a relevant contribution to the running of Y; Y, is
encoded by Y, VT Y,. We perform the analysis in the basis in which the charged leptons are diagonal,
then at high energy we have

. 2
Yly, :dlag(mg,mi,m%)ﬁ. (23)

From now on, we will use v in the notation of the SM and in order to convert similar expressions
to the MSSM, it is sufficient to substitute v with v, 4, when dealing with neutrinos or charged
leptons, respectively. Naturally, this simple form should change when evolving down to low
energies. The running effect of YJYe on m, is of second order and we can safely forget it.
However, it can generate a non-trivial U, and consequently introduces additional corrections
to Upmns. We will return to this effect in Section 3.2.

Since flavour symmetries impose constraints on Y, they should have some impacts also on
running effects. It is interesting to first comment on Y, proportional to a unitary matrix. In this
case the study of RG evolutions becomes trivial, since m, does not receive any flavour violating
contribution from J,, and all the new effects are encoded in J,. This case is relevant in flavour
physics since YJ' Y,~1lorY, YJ ~ 1 is quite frequent in the presence of a flavour symmetry. It is,
for example, a consequence of the first Schur’s lemma when £ or v¢ transforms in a irreducible
representation of the group Gy [18].

A second relevant case is when m,, can be exactly diagonalized by Uy according to

iy, = Ud m,Uy (24)

where m, = diag(m, my, m3) with m; positive and Uy is a mass-independent mixing pattern
enforced by the flavour symmetry G ;. The TB mixing pattern, independently from what is the
underlying flavour symmetry, is one of the examples of this class of models. Other examples
are given by flavour symmetries which give rise, at leading order, to the bimaximal mixing
pattern [15], to the golden ratio mixing [19] and some (but not all) cases of the trimaximal
mixing [20].

Independently from the way G is broken, the neutrino Yukawa coupling in the basis of
diagonal RH Majorana neutrinos, which we indicate as Y., has the following simple form
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¥, =iDU] (25)

where D = diag(£~/2m M1, £/2myM;, +/2m3M3)/v [21-23]. Observe that ¥, becomes
unitary if D = 1. However, the present case is not strictly a generalization of the previous one
since a unitary Y, does not necessarily imply a mass-independent mixing pattern.

For energy larger than M the neutrino mass matrix is fully given by seesaw formula (8). The
initial condition for m,, is given by

myA)y = Uf)kl’f’lng. (26)
In the hatted basis J,, is proportional to
Yi¥, = Up DU, (27)

Since Uy is a mass-independent mixing matrix, we should expect that the effect of J, is only
to change slightly the mass eigenvalues m; but not the mixing angles. In fact, the running effect
from J,, is then proportional to

AN . 2 . +
(YJYV) my(A) + symmetrization = EUS dlag(m%Ml,m%Mg, m%M3)U0I (28)

which has exactly the same flavour structure of m ().

Now we can move to the energy range between M; and Mg in which the seesaw formula is
only partial as given in Eq. (8). We can exactly proceed in the same way as the previous case
considering first the running effect from J, on % in the hatted basis:

(n) [N
(Y Y, ) K + symmetrization.

Explicitly we have

ZZZ U3 im Dy, (U );nk(US)klml(UJ)lj =0

m#l k

where we have used the unitary condition for Up. As a result, this contribution is only global.
Now we move to analyze the second term in (8). Observing that in the hatted basis we can
write
(1'})T1(t"/1) 1y, = > (UG) i m (U,
v 0/im m mj’
m=#n
using the unitary condition for Uy, we obtain

Z Z UO ip .D ) k(Ug)km (f;l)m (UT)mJ = Z (U(ak)km Drz'l (I’;l)m (UT)mj’
m,p#n k m#n
and the same for the symmetrization part. As we can see, this term also is a global contribution.
Similarly as in the energy range higher than My, also here, the form of m, remains invariant
and only some of m; are slightly shifted. These shifts can be resorbed by redefinition of m; and
do not change anyway the mixing angles which are contained in Uy and independent from mass
eigenvalues.

Then we arrive to a very general conclusion, in any flavour symmetries with a mass-
independent mixing pattern, the running effects from J,, correct only the neutrino mass eigenval-
ues but not the mixing angles. As in the previous class of models the only flavour-dependent RG
contribution to m,, is encoded in J,.
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3.1.1. A special case Uy = iUt P* and D o diag(1, 1, —1)

In this section we consider a special case of f/v = iDUg in which the expression of Uy is
enforced by a flavour symmetry based on A4 group. The main feature of this model will be pre-
sented in the next section together with a more detailed analysis of the running effects. Here we
need only the constraint on the mixing matrix Uy = iUt P* and the neutrino Yukawa coupling
in the hatted basis:

V273 —1/J6 —1/v6
Y, =yPULOx=yP | 1//3 +1/V/3 +1//3 (29)
0 +1/4/2 —1/42

where y is a positive parameter of order O(1), P is a diagonal matrix of phases which corre-
sponds to the Majorana phases and can be written as

P = diag(e'®!/?, ¢/®2/2 ¢1*3/2) (30)

and O»3 is defined as

1 0 0
023=<0 0 l).
01 0

In order to confront (29) with the general expression Y, =i DUg we observe that

Yy = yPULg 023 Urg Uty = diag(y, y, —y) PULy.

Then we conclude that (29) corresponds to the special case in which D = diag(y, y, —y). Fur-
thermore, in the A4 model considered in this paper, there is a very simple relation between m;
and M; given by m; = v2y2/2M,-.

Now we explicitly calculate the RG running from Ay down to A for this special case using
the approximate analytical expressions given in Section 2.1. In the physical basis, the light neu-
trino mass matrix from Eq. (3) at the initial energy scale A s can be recovered by imposing the
condition in Eq. (26):

mIB = —Urg Priv, PUL,

v
.0 0 0 111N . /4 -2 -2
m3 ma mi
=—[7(0 1 —1>+—<1 | 1)+—<—2 1 1)} 31)
0 -1 1 3\1 1 6\2 1 1

where #; = m;e'® . It is obvious now the meaning of the matrix P as the matrix of the Majorana
phases of the light neutrinos. It is necessary to specify the kind of neutrino mass spectrum: in the
Normal Hierarchy (NH) case the light neutrinos are ordered as m| < my < m3 and the heavy ones
as M3 < M, < My; while in the Inverse Hierarchy (IH) case they are arranged as m3 < m < mp
and My < M < Ms.

The general result of the running effects on m,, is given by Eq. (20) which in our case becomes

myoy = Iy (mIB + Am‘(,Je) + Amy”)). (32)

The analytical result for both Iy and Am,(jje) (see Section 2.1) does not depend on the type of the
neutrino spectrum, it is sufficient to identify Mg, Mys, My with the correct hierarchy between
My, M>, M3. In particular, for the TB mixing pattern, the contribution from J, is given by



Y. Lin et al. / Nuclear Physics B 835 (2010) 238-261 247

Am{ =m1B diag(0, 0, A;) + diag(0,0, A,)m B

My np
0 0 3 3
=—| o 0 —i_ M f 4, (33)
Mmoo mp _’71___ _my_ 2mp
3 3 6 3 3 M3

Naturally, the contribution from J,, depends on the type of the neutrino spectrum, however, it can
be written in the same form for both the spectra:

- 4 -2 =2 -, /1 1 1 0 0 O
Am““)——|:m—/l(—2 11 )+21/2<1 1 1>+n~1’ (0 1 —1)] (34)
v - 6 3 3
-2 1 1 1 1 1 0 -1 1
where 7} are redefinitions of the light neutrino masses:

NH case:

'y =mi(p+q), Yy =ma(x +q), m’y =m3(x +z) inthe SM,
/
1 O

il =2ax, = 2f3(x+z) inthe MSSM (35)

R

with

Y (N +)\+9 +921nM1
P="Ten2\ 7752 1081282 ) My

| 9 , 9 My
=———(-3g2+2 2)In—=,
a4 16712( &+ +1og‘+2g2) M

2 M
-2 _mZL
3272 M,
2
y M
T T3 s (36)
IH case:
my =mi(x +q), nhy = ma(x + z), my=m3(p+¢q) inthe SM,
Wy =2x,  iith=2i(x+2), my=0 inthe MSSM 37)
with

1 9 , 9 Ms
= (-3g2+x 2) 122,
P 167r2< 8+ +10g1+2g2> M,

R (N +/\+9 +921nM1
1= " Jen2\ 7752 10517252 ) "y

2 M
x=——2In—,
3272 M,
2
M
z=—2 It (38)

In .
3272 M2
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Comparing mIB of Eq. (31) with the perturbations Am,, of Egs. (34), we note the presence of
the same flavour structure for several matrices and in particular, by redefining m; to absorb the
terms 72; it is possible to account for the seesaw contributions from the RG running into mIB.
As a consequence the LO predictions for the TB angles receive corrections only from the terms
proportional to A;. This result explicitly confirms what we outlined in the previous section.

3.2. RGE effects in the charged lepton sector

The presence of a term proportional to ?J Y, in the RG equation for Y, can switch on off-
diagonal entries in the charged lepton Yukawa matrix Y,. When rotated away, this additional
contribution introduces a non-trivial U, and consequently corrects the lepton mixing matrix
Upmns. For a unitary f/v, this correction appears only between the seesaw mass scales while,
in the general case discussed in Section 3.1, it appears already from the cutoff A ¢.

In close analogy with the running effects on neutrino mass matrix (32), the full result of the
running for charged lepton mass matrix can conventionally be written as

(YiYe) gy = LL(VIYe) ) + A (YY), (39)

»
where I, is an irrelevant global coefficient which can be absorbed by, for example, y,. Now we
move to the case of TB mixing pattern. In this case, the flavour-dependent corrections can be
explicitly calculated:

NH case:

IH case:

. 0 0 0 0 0 1 0 0 0
A(YJYe):yE[a;(O 0 1>+b;(o 0 1)+C;(o 0 o)
01 2 1 1 2 0 0 2

where the coefficients are

i| , (41)

c, y2 M C, y> M
a,=b,=——" S Ml be=——v Y 1q 2,
16723 M, 1672 2 M
3C) A c 2 M
ome = ey, A G M 42)
1672 msysy(mz) 1672 2 M,

and C|, = —3/2 (1), C, = 3/2 (3) in the SM (MSSM). Here we observe that the off-diagonal con-

tributions to YJ Y, are encoded in a, b., a, and b, which depend only on the seesaw scales M;.
As aresult, as we will show in the next section, ¢, and ¢, do not affect the lepton mixing angles.

3.3. Full RGE effects on the TB mixing pattern

In this section, we combine various contributions discussed in previous sections into the ob-
servable matrix Uppmns from which we extract angles and phases at low energy. Since we are
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interested in physical quantities, we eliminate one of the phases of P defined in (30) and in
particular we express each result in function of «;; = (o; — o;)/2, removing c3. The corrected
mixing angles can be written as

Gij(mk)=9$B+k,-j+... (43)
where 01T3B =0, 01T2B =arcsin,/1/3, GTB —m /4 and k;; are defined by

L (lm -i-ﬁlzl2
k12 = ( ‘L' _3ae )

32\ m5—m?
2 ~ 512
ks = L[ (PSS et mslT s ] for NH
6 2_ 2 2_ 2
m3 —my m3 —ny;
L[ iy sl g + sl
__[<|m12+m32| +2|m22+m32| )AT+3ae+3a;:| for IH,
6 m3—m1 m3_m2
1 misinayz  masinang 2
ki3 = —— 4m2A2< -
(g
TR S A VAP I
+ m2—m2 2 — 2 T
1 3 2 m3

and the dots stand for subleading corrections. In the previous expressions we can clearly dis-
tinguish the contributions coming from the diagonalization of the corrected TB neutrino mass
matrix (32) and those from the diagonalization of (39). As it is clear from (42), the corrections to
the TB mixing from the charged lepton sector is important only for hierarchical RH neutrinos and
will approach to zero as soon as the spectrum becomes degenerate. On the other hand, the cor-
rections from the neutrino sector should be enhanced if the light neutrinos are quasi-degenerate
and if the tan § is large, in the MSSM case.

The physical Majorana phases are also corrected due to the RG running and we found the
following results:

Qjj(my) = jj +0aij Ay + - - 44)
where ¢;; are the starting values at A ¢ and

2 mymysin(ay3 — a23)

Says = = , 45

a3 =3 " 45)
4 _

Sotns = mimy sin(e13 — o23) (46)

2 2
3 m5 —mj

At Ay, sin 91T3]3 is vanishing and as a result the Dirac CP violating phase is undetermined. An
alternative is to study the Jarlskog invariants [24] which are well-defined at each energy scale:

1
Jep = 3 |3'3{(UPMNS)?,-(UPMNs)ij(UPMNs)ji(UPMNS)jfj 4. 47)

where i, j € {1,2,3} and i # j. At Ay, Jcp is vanishing, while after the RG running it is given
by

1 mi sina13 my Sina23
18 mi —mj3 m5 —mj



250 Y. Lin et al. / Nuclear Physics B 835 (2010) 238-261

Two comments are worth. First of all, in the expression for k13, it is easy to recover the resulting
expression for Jcp as the first term under the square root, apart global coefficients. This means
that the RG procedure introduce a mixing between the expression of the reactor angle and of
the Dirac CP-phase. Moreover, we can recover the value of the Dirac CP-phase directly from
Eq. (48) and we get the following expression:

mi (m% — m%) cosa|3 — mz(m% — m%) CcoS o3 — m3(m% — m%)

cotdcp = — , ;
mi (m% — m%) sinoy3 — mz(mf — m%) sin o3

3a, (m% — m%)(m% — m%)

- 3 - . 49)
2m3[m1(m% — m%) sino3 — mz(m% — m%) sinwo3]|A¢

In the neutrino sector, the RG contributions from the seesaw terms are present only in the result-
ing mass eigenvalues:

mi(k):mi(l+8m,~)+~-- (50)

where m; are the starting values at Ay and dm;, in both the SM and the MSSM and in both the
NH and IH spectra, are given by

m’ A m) 2A m
Sml:—l——r, 5m2=2—2——r, 8m3=2_3_ATa (51)
mi 3 my 3 m3

with m} = ||, given as in Eqs. (35), (37).
4. The Altarelli-Feruglio (AF) model

We recall here the main features of the AF model [8], which is based on the flavour group
Gy = A4 x Z3 x U(1)pn: the spontaneous breaking of A4, the group of the even permutations
of 4 objects, is responsible for the TB mixing; the cyclic symmetry Z3 prevents the appearance of
dangerous couplings and helps keeping separated the charged lepton sector and the neutrino one;
the U (1)pn [25] provides a natural hierarchy among the charged lepton masses. The TB mixing
is achieved through a well-defined symmetry breaking mechanism: A4 is spontaneously broken
down to G, = Z, in the neutrino sector and to a different subgroup Gy = Z3 in the charged
lepton one. This breaking chain is fundamental in the model, because G, and G, represent the
low-energy flavour structures of neutrinos and charged leptons, respectively. This mechanism
is produced by a set of very heavy scalar fields, the flavons, which transform only under the
flavour group Gy and develop a specific vacuum expectation value alignment. The ratios of
these VEVs and the cutoff A ¢ of the theory are small numbers, in particular less than one, which
can parametrize by the parameter #, which can vary only inside this range:

0.003 <u <0.05 inthe SM,
0.007 <u <0.05  in the MSSM. (52)

Once defined the transformations of all the fields under G ¢, it is possible to write down the
Yukawa interactions as an expansion in terms of u. Stopping at the first non-trivial order, the
LO results consist in diagonal charged leptons and a neutrino mass matrix which is diagonalized
by the TB pattern. The light neutrino masses are directly linked to the heavy neutrino masses
through the following relations, which can be found in [18]: the RH neutrino eigenvalues are
given by
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M| =l|a+b|, My =|a|, Mz =|—a+b| (53)
and the corresponding light ones by
2,2
vty
| == 54
T M, oD

They can be expressed in terms of only three independent parameters. It is possible to choose
these parameters in order to simply the analysis: |a| = |[M3| = v2|y|2/(2|m2]) (in the MSSM we
replace v with v,), p and A, where p and A are defined as

b 4
b peia, (55)
a

where A is defined in the range [0, 27]. From the experimental side only the squared mass
differences have been measured: for the NH (IH) they are [5]

Amzol = m% - m%’ Amgtm = |m§ - m%(m%)| (56)

As a result the spectrum is not fully determined and indeed A is still a free parameter. We can
bound this parameter, requiring | cos A| < 1. In order to get analytical relations for p and cos A,
we calculate the following mass ratios:

2
my
2
my sy

=1+2pcos A+ p°. (57)

It is then easy to express p and cos A as a function of the neutrino masses:

m2 m2

1 /m% m? m_%_m_%
p=]-(2+=2)-1, cos A = ! ! . (58)

2\mi  m3 (mE L m

It is interesting to note that this expression holds for both the types of spectra. Using Egs. (56),
it is possible to express cos A in function of only the lightest neutrino mass and, imposing the
constraint |cos A| < 1, the following ranges can be derived: taking the central values of Am?ol
and Am2,

NH: 4.46 meV <mi <5.91 meV,
H: 17.1 meV < m3. (59)

For the NH, m spans in a narrow range of values, which corresponds to values of A close to
zero. On the other hand, for the IH, m3 is bounded only from below and the minimum is achieved
when A is close to £. Furthermore, cos A is restricted only to negative values (see [14,18] for
further details).

From Eq. (54) it is possible to describe the LO spectrum of the RH neutrinos in function of
a unique single parameter, which is the lightest LH neutrino mass. In all the allowed range for
m13), the order of magnitude of the RH neutrino masses is 10'415 GeV. In Fig. 1 we show
explicitly the ratios of the RH neutrino masses for NH and the IH cases, on the left and on the
right respectively. The ratios are well defined for the NH, thanks to the narrow allowed range
for my: M1/M3 ~ 11 and My/M3 ~ 5. In the case of the IH, the ratio M;/M; is fixed at 1
while M3/M; varies from about 3 to 1, going from the lower bound of m3 up to the KATRIN
sensitivity.
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Fig. 1. Plots of the ratios of the heavy RH neutrino masses as a function of the lightest LH neutrino masses. On the left
the NH case and on the right the TH one. The green opaque areas refer to the allowed range for m3) as in Eq. (59).
The vertical black lines correspond to the future sensitivity of 0.2 eV of KATRIN experiment. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

These results are valid only at LO and some deviations are expected with the introduction of
the higher order terms. The result of a direct computation shows that for the NH spectrum the
corrections leave approximatively unaffected Eqgs. (59); this is true for the IH case too, apart when
the neutrino masses reach values at about 0.1 eV for which the deviations become significant.

We only commented on the neutrino masses, both light and heavy, and we saw that it is
possible to express all of them in function of the lightest LH neutrino mass. The same is true
for the phases too: since in the TB mixing the reactor angle is vanishing, the Dirac CP phase
is undetermined at LO; on the contrary the Majorana phases are well defined and they can be
expressed through p and A. Since we are interested in physical observables, we report only
phases differences, o;; = (a; — o) /2:

in(2a3) psin A
SIn(zop3) = s
V1—=2pcos A+ p?
2psin A
sin(Qa13) = psm (60)

V(02— D2 +4p2sin A
It will be useful for the following discussion to show also sin(2«12), which enters in the RG
evolution of the physical Majorana phases:
psin A
V1+2pcos A+ p2
The NLO terms affect also these results for the Dirac and the Majorana phases. All the new
parameters which perturb the LO results are complex and therefore they introduce corrections to

the phases of the PMNS matrix. Due to the large amount of such a parameters, we expect large
deviations from the LO values.

sin(2a12) = —

(61)
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Before concluding, it is interesting to comment on the deviations on the mixing angles com-
ing from the NLO terms: it has already been found [8,18] that these corrections can be safely
parametrized as

1 1
sin’ 63 = 5+ O(u), sin? 05 = 3+ O), sinf13 = Ou). (62)
5. RG effects in the Altarelli-Feruglio model

In this section we will apply the analysis of RG running effects on the lepton mixing angles to
the AF model. In order to perform such a study, it is important to verify the initial assumptions
made in Section 3.3, in particular, we see that Eq. (29) exactly corresponds to the one implied
by the AF model, when moving to the physical basis. On the other side, the presence of flavon
fields has a relevant impact on the results of the analysis. In the unbroken phase, flavons are
active fields and should modify the RG equations. Although the study of the relevant Feynman
diagrams goes beyond the aim of this work, what follows can be easily proved. Since the only
source of the A4 breaking is the VEVs of the flavons, any flavour structure is preserved above
the corresponding energy scale, whatever interactions are present. We can deduce that (@) ~ M;
and as a result in the AF model A; must be proportional to In({¢)/A) and not to In(A s /1).

We will separately discuss the evolution of angles and phases for both type of hierarchy. In the
following, the results will be shown for the SM and for the MSSM with tan 8 = 15 apart where
explicitly indicated otherwise. Without loss of generality, we choose y = 1 for our numerical
analysis. We also set (@) = 10!, The spectrum spans the range obtained in (59).

5.1. Running of the angles

Since we are interested in deviations of the corrected mixing angles from the TB predictions
and in confronting them with experimental values, it is convenient to relate the coefficients k;;
defined in Section 3.3 with physical observables. Keeping in mind that |;;| < 1 and that we start
from a TB mixing matrix, it follows that

1 22

sin913 ~ k13, COS2923 ~ 2k23, Sin2 912 — 5 ~ Tklz. (63)

The corrections to the TB mixing angles as functions of m(m3) in the NH (IH) case are
shown in Fig. 2.

We begin with the case of NH. Since the dependence of the corrected mixing angles from A,
is the same, SM corrections are generally expected to be smaller than those in MSSM. However,
from Fig. 2 we see that, in NH, there is not a large split between the two curves for SM and
MSSM respectively. This fact suggests a dominant contribution coming from the charged lepton
sector. For the atmospheric and reactor angles, the deviation from the TB prediction lays roughly
one order of magnitude below the 1o limit. In particular, RG effects on sin0;3 are even smaller
than the NLO contributions which are of O(u), without cancellations. On the other hand, since
the experimental value of the solar angle is better measured than the other two, the running
effects become more important in this case. Indeed, RG correction to the TB solar angle evades
the 1o limit as it can be clearly seen in Fig. 2. Anyway, we observe that for both the atmospheric
and solar angles, the running contribution is of the same order as the contribution from NLO
operators.
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Fig. 2. Corrections to the TB mixing angles as functions of m{ (m3) for the NH (IH) are shown. On the left column the
plots refer to the NH spectrum, while on the right column the IH case is reported. The plots show the MSSM case with
tan 8 = 15 (solid blue) and the SM case (black dashed), compared to the current 1o and 3o limits (dashed red). For the
specific case of | sin? 612 — 1/3] for the IH, two values for tan 8 =2, 5, 9 are considered (solid blue, purple and green).
All the plots span in a range for m| (m3) which is given by Eq. (59) or by the KATRIN bound. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Now we move to analyze the case of IH. In this case, since the neutrino spectrum predicted by
the AF model is almost degenerate, the contribution from the charged lepton sector in Eqgs. (41)
is subdominant. As a consequence the information which distinguishes the SM case from the
MSSM one is mainly dictated by A, defined in Eq. (22). As a result the running effects in the
MSSM are always larger than in the SM and for large tan 8 they are potentially dangerous. The
curves corresponding to the atmospheric and reactor angles do not go above the 30 and lo
windows respectively. However, the deviation from HszB presents a more interesting situation.
For example, for tan 8 2 10, the RG effects push the value of the solar angle beyond the 3o limit
for entire spectrum. For lower values of tan §, the model is within the 3¢ limit only for apart of
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Fig. 3. Majorana phases «13 and a3 as functions of the lightest LH neutrino masses. For the NH (left panel) the
corresponding curves at low and high energies are undistinguishable. For the IH (right panel) the curves refers to low
energy values in MSSM with tan 8 = 15 (solid blue or red) and the AF prediction at Ay (dashed blue or red). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

the spectrum where the neutrinos are less degenerate. Confronting with the running effects, in
the IH case, the contribution from NLO operators in the AF model is under control.

5.2. Running of the phases

Majorana phases are affected by RG running effects too. Since there is not experimental in-
formation on Majorana phases available in this moment we will simply show their values at low
energy, eventually comparing them with the prediction in the AF model. We stress again that
they are completely determined by only one parameter, the mass of the lightest neutrino, m; for
NH and m3 for IH.

In the case of NH, Majorana phases are essentially not corrected by RG effects. This feature
is due to the fact that 613 and dansz of Eqs. (45), (46) are proportional to sin(c13 — «p3) which
is close to zero, as we can see looking at the left panel of Fig. 3. In the case of IH, MSSM RG
effects always increase the values of phases when moving from high energy to low energy and
they are maximized for tan 8 = 15, especially when the neutrino spectrum becomes degenerate.
On the contrary, in the SM context, the low energy curves cannot be distinguished from the high
energy ones.

As described in Section 3.3, a definite Dirac CP violating phase §cp arises from running effects
even if, in the presence of a TB mixing pattern, it is undetermined in the beginning. Although the
final Dirac phase can be large, Jarlskog invariant, which measures an observable CP violation,
remains small because of the smallness of 613 (see Fig. 4). We remember that these results are
valid both for the SM and for MSSM.

6. Conclusions and outlook

The flavour sector is poorly known within the SM or the MSSM and the masses and mixings
are considered as free parameters that can be adjusted to agree with experiments. This lack can
be improved by adding to the SM or the MSSM gauge group appropriate flavour symmetries
such that Yukawa couplings can be understood in a more fundamental way. Even though the
mechanism that generates the fermion masses is not yet completely understood, a great effort
has been made in the last years, especially after the discovery of neutrino masses which are sig-
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Fig. 4. Dirac CP phase dcp and Jarlskog invariant Jcp as functions of the lightest LH neutrino masses for the NH (left
column) and the IH (right column), in the MSSM with tan 8 = 15.

nificantly smaller than those of charged fermions. Furthermore, the leptonic mixing pattern is
also very different from Vckwm because it contains a nearly maximal atmospheric angle 6,3 and
a solar angle very approximate to the TB prediction. The flavour structure of the neutrino mass
matrix can be nicely explained by (type I) seesaw mechanism implemented with flavour symme-
tries. In order to naturally describe lepton masses and mixings, however, the flavour group must
be (spontaneously) broken. Then we can expect that the LO prediction of a flavour symmetry is
always subject by subleading corrections characterized by small symmetry breaking parameters.
Then, in a consistent flavour model building, these subleading corrections must be safely under
control.

In any flavour model, there is also an other independent correction to the LO predictions
which is due to the RG evolution of parameters. In this paper we have studied these running
effects on neutrino mixing patterns. In seesaw models, the running contribution from the neutrino
Yukawa coupling Y,,, encoded in J,, is generally dominant at energy above the seesaw threshold.
However, this effect, which in general introduces appreciable deviations from the LO mixing
patterns, does not affect the mixing angles, under specific conditions. This happens when Y, is
proportional to a unitary matrix, corresponding to the case in which the RH singlet neutrinos
or the charged leptons are in an irreducible representation of the flavour group. It also happens
when considering the so-called mass-independent mixing pattern, in which the effect of J, can
be absorbed by a small shift on neutrino mass eigenvalues leaving mixing angles unchanged. The
widely studied TB mixing pattern belongs, for example, to this class of models.

In the second part of the paper, we focused on a special realization of the general class of
flavour models studied in the first part. We were interested in the AF model for TB mixing where
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the flavour symmetry group is given by A4 x Z3 x U(1)pNn. The aim is to analyze the RG effects
on the TB mixing pattern in addition to the NLO corrections already present in this model and
to confront them with experimental values. The analysis has been performed both in the SM and
MSSM and for both neutrino spectra. We found that for NH light neutrinos, the dominant running
contribution comes from the charged lepton sector which weakly depends on both tan 8 and mass
degeneracy. As a result, for this type of spectrum, the tribimaximal prediction is stable under RG
evolution. Moreover, the running contribution is of the same order or smaller with respect to the
contribution from NLO operators. On the other hand, in the case of IH, the deviation of the solar
angle from its TB value can be larger than the NLO contribution and, in particular, for tan 8 2 10
an IH spectrum is strongly disfavored. In the end, observe that for both spectra, the reactor angle
013 does not receive appreciable deviations from zero (at a level < u).

The effects of RG running can be manifested also in other phenomena which are not directly
related to the neutrino properties, such as Lepton Flavour Violating (LFV) transitions, leptoge-
nesis, etc. For example, in [21,22,18,26], it has been pointed out that, in the limit of an exact
A4 symmetry, all CP violating asymmetries vanish. Then when the flavour symmetry is sponta-
neously broken, NLO corrections become important in generating the desired leptogenesis. On
the other hand, also the RG evolution can introduce symmetry breaking effects which can be in
principle dominant over NLO contributions. As a result, the estimate of generated leptogenesis
can be quite different from those obtained in [21,22,18,26] since they do not take into account
the RG effects. Another important consequence of RG running is the generation of off diagonal
terms in the soft SUSY breaking mass matrices, contributing to LFV rare processes. In a series
of papers [27-29] it has been studied the impact of using flavour symmetries in order to explain
the measured bounds on rare decays. In [27] it has already been shown that, below the seesaw
scales, the running effect is negligible with respect to that originated in the corresponding flavour
theory. However, between the seesaw scales the threshold effects are important and the two con-
tributions to LFVs can be comparable. All these issues are very interesting and are subject for a
further investigation.
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Appendix A. Renormalization group equations

In order to calculate the RG evolution of the light neutrino mass matrix, the RGEs for all
the parameters of the theory have to be solved simultaneously. We use the notation defined in
the text, where a superscript (n) denotes a quantity between the nth and the (n + 1)th mass
threshold. When all the RH neutrinos are integrated out, the RGEs can be recovered by setting
the neutrino Yukawa coupling Y, to zero, while in the full theory above the highest seesaw scale,

the superscript (n) has to be omitted.
W o
In the SM extended by singlet neutrinos, the RGEs for Y., ¥,,, M, (K), Y4, and Y, are given by

dm 3 3 m), (n) (n), (n)
16;1251@ = Ye{ EYJYE - EYJYU FT[3Y) Y, +3Y Y+ Y)Y, + Y]V, ]
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9 2 9 2
- Zgl - 182},
d m m [ 3w, m 3 (n), (n)
16n2a L, =Y, { EYJYV - EYJYe +T[3Y) Y, +3Y Y+ Y)Y, + Y] Y]
9 2 9 2
d (n) (n), (n) () ),
16;1251&4,? = (YY) ) Mg+ Mg(Y,Y,))",
dw 1 o), n » 1y ). () .
tom® K= [V, —37]¥.] Wt JW[¥)y, —3v]¥.]
(n), (n) . n n
F2TI[3Y Y, +3Y Y + Y, Y, + VY] = 363+ Apk,
d m 3 . 3 ; o), (n)
1671251@, =Yy 5ijd - EYJYM F T3V Y + 3V Y+ VY, + Y] Y]
1 2 9 2 2
- 181 - Zgz —8g3 ¢
d 3 3 + ), ()
16712a =Y, EYJYM - 5Y;Yd +T[3Y) Y, +3Y Y+ Y)Y, + Y)Y, ]
17 2 9 2 2
- 2_081 - Zgz — 883 (s

pd® 2 2,3 4.3(3 2, 2\
o7 A =060y —3hn (3 + 281 | +38 + 5| 8118
¥ + (n)T(n) +
+4rg Te[3Y, Y, +3Y,Ya + Y)Y, + Y, Y,]
+ ¥ + + (n)f (n) (n)j_ (n) + ¥
—8Tr[3Y, Y, Y, Y, +3Y, YV Yo+ YV, Y)Y, + Y, Y Y, Y], (64)
where ¢ := In(u/pnp). We use the convention that the Higgs self-interaction term in the La-
grangian is —Az (H " H)?/4 and the GUT normalization, such that g = g and g; = +/5/3¢’.
In the MSSM context the 1-loop RGEs for the same quantities are given by

d m ), (1) 9
1671251@ = Ye{3Y§Ye Y Y+ T3V Y + YY) - gg% - 3g§},

d o (n) (n), (n) B B (n), (n) 3
167125& = YU{3YJY., + Y)Y+ T3V, Y, + YV, ] - ggf - 3g§},

d m ) (n),  (n) (n)  (n) (n),
2 T
167° Mg =2(Y,Y)) Mg +2MR (1Y),

d(n) (n), (n) T (n) (n) (n), (n) . + (n), (n) (n)
167125;( =YY + VY] €+ [V Yy + Y Y]+ 2Te[3Y, ¥, + ¥, Y, ] &
6 L )
— gg% K — 6g§ K,

d (n) ¥ 7 16
16nzayd = Yd{syjyd + Y Y, +Te[3Y, Y+ YY) — —gf — 3¢5 — _gg},

15 3
d m . (), () 13 16
16;1251@, = YM{YJ Yy +3Y) Y, + Te[3Y Y, + YY,] - ng — 3¢5 — ?gf}- (65)



Y. Lin et al. / Nuclear Physics B 835 (2010) 238-261 259

References

[1] P. Minkowski, Phys. Lett. B 67 (1977) 421;
T. Yanagida, in: O. Sawada, A. Sugamoto (Eds.), Proc. of Workshop on Unified Theory and Baryon Number the
Universe, KEK, Tsukuba, 1979, p. 95;
M. Gell-Mann, P. Ramond, R. Slansky, in: P. van Niewenhuizen, D.Z. Freedman (Eds.), Supergravity, North Hol-
land, Amsterdam, 1980, p. 315;
P. Ramond, Sanibel talk, retroprinted as hep-ph/9809459;
S.L. Glashow, in: M. Lévy (Ed.), Quarks and Leptons, in: Cargese lectures, Plenum, New York, 1980, p. 707;
R.N. Mohapatra, G. Senjanovi¢, Phys. Rev. Lett. 44 (1980) 912;
J. Schechter, J.W.E. Valle, Phys. Rev. D 22 (1980) 2227;
J. Schechter, J.W.F. Valle, Phys. Rev. D 25 (1982) 774.
[2] S. Antusch, J. Kersten, M. Lindner, M. Ratz, Nucl. Phys. B 674 (2003) 401, arXiv:hep-ph/0305273;
A. Dighe, S. Goswami, P. Roy, Phys. Rev. D 76 (2007) 096005, arXiv:0704.3735 [hep-ph].
[3] S. Antusch, J. Kersten, M. Lindner, M. Ratz, M.A. Schmidt, JHEP 0503 (2005) 024, arXiv:hep-ph/0501272;
J.W. Mei, Phys. Rev. D 71 (2005) 073012, arXiv:hep-ph/0502015;
M. Lindner, M.A. Schmidt, A.Y. Smirnov, JHEP 0507 (2005) 048, arXiv:hep-ph/0505067;
J.R. Ellis, A. Hektor, M. Kadastik, K. Kannike, M. Raidal, Phys. Lett. B 631 (2005) 32, arXiv:hep-ph/0506122.
[4] PF. Harrison, D.H. Perkins, W.G. Scott, Phys. Lett. B 530 (2002) 167, arXiv:hep-ph/0202074;
P.F. Harrison, W.G. Scott, Phys. Lett. B 535 (2002) 163, arXiv:hep-ph/0203209;
Z.z. Xing, Phys. Lett. B 533 (2002) 85, arXiv:hep-ph/0204049;
P.F. Harrison, W.G. Scott, Phys. Lett. B 547 (2002) 219, arXiv:hep-ph/0210197;
P.F. Harrison, W.G. Scott, Phys. Lett. B 557 (2003) 76, arXiv:hep-ph/0302025;
P.F. Harrison, W.G. Scott, arXiv:hep-ph/0402006;
P.F. Harrison, W.G. Scott, Phys. Lett. B 594 (2004) 324, arXiv:hep-ph/0403278.
[5] A. Strumia, F. Vissani, arXiv:hep-ph/0606054;
G.L. Fogli, et al., Nucl. Phys. B (Proc. Suppl.) 168 (2007) 341;
M.C. Gonzalez-Garcia, M. Maltoni, Phys. Rep. 460 (2008) 1, arXiv:0704.1800 [hep-ph];
T. Schwetz, AIP Conf. Proc. 981 (2008) 8, arXiv:0710.5027 [hep-ph];
M.C. Gonzalez-Garcia, M. Maltoni, Phys. Lett. B 663 (2008) 405, arXiv:0802.3699 [hep-ph];
A. Bandyopadhyay, S. Choubey, S. Goswami, S.T. Petcov, D.P. Roy, arXiv:0804.4857 [hep-ph].
[6] G.L. Fogli, E. Lisi, A. Marrone, A. Palazzo, A.M. Rotunno, Phys. Rev. Lett. 101 (2008) 141801, arXiv:0806.2649
(hep-phl;
G.L. Fogli, E. Lisi, A. Marrone, A. Palazzo, A.M. Rotunno, arXiv:0809.2936 [hep-ph].
[7] T. Schwetz, M. Tortola, J.W.E. Valle, New J. Phys. 10 (2008) 113011, arXiv:0808.2016 [hep-ph];
M. Maltoni, T. Schwetz, arXiv:0812.3161 [hep-ph].
[8] G. Altarelli, F. Feruglio, Nucl. Phys. B 720 (2005) 64, arXiv:hep-ph/0504165;
G. Altarelli, F. Feruglio, Nucl. Phys. B 741 (2006) 215, arXiv:hep-ph/0512103;
G. Altarelli, F. Feruglio, Y. Lin, Nucl. Phys. B 775 (2007) 31, arXiv:hep-ph/0610165;
G. Altarelli, F. Feruglio, C. Hagedorn, JHEP 0803 (2008) 052, arXiv:0802.0090 [hep-ph].
[9] Y. Lin, Nucl. Phys. B 813 (2009) 91, arXiv:0804.2867 [hep-ph];
Y. Lin, Nucl. Phys. B 824 (2010) 95, arXiv:0905.3534 [hep-ph].
[10] E. Ma, G. Rajasekaran, Phys. Rev. D 64 (2001) 113012, arXiv:hep-ph/0106291;
E. Ma, Mod. Phys. Lett. A 17 (2002) 627, arXiv:hep-ph/0203238;
K.S. Babu, E. Ma, J.W.F. Valle, Phys. Lett. B 552 (2003) 207, arXiv:hep-ph/0206292;
M. Hirsch, J.C. Romao, S. Skadhauge, J.W.F. Valle, A. Villanova del Moral, arXiv:hep-ph/0312244;
M. Hirsch, J.C. Romao, S. Skadhauge, JJW.E. Valle, A. Villanova del Moral, Phys. Rev. D 69 (2004) 093006,
arXiv:hep-ph/0312265;
E. Ma, Phys. Rev. D 70 (2004) 031901(R);
E. Ma, Phys. Rev. D 70 (2004) 031901, arXiv:hep-ph/0404199;
E. Ma, New J. Phys. 6 (2004) 104, arXiv:hep-ph/0405152;
E. Ma, arXiv:hep-ph/0409075;
S.L. Chen, M. Frigerio, E. Ma, Nucl. Phys. B 724 (2005) 423, arXiv:hep-ph/0504181;
E. Ma, Phys. Rev. D 72 (2005) 037301, arXiv:hep-ph/0505209;
M. Hirsch, A. Villanova del Moral, JJW.F. Valle, E. Ma, Phys. Rev. D 72 (2005) 091301(R), arXiv:hep-ph/0507148;
M. Hirsch, A. Villanova del Moral, J.W.F. Valle, E. Ma, Phys. Rev. D 72 (2005) 119904, Erratum;



260

Y. Lin et al. / Nuclear Physics B 835 (2010) 238-261

K.S. Babu, X.G. He, arXiv:hep-ph/0507217;

E. Ma, Mod. Phys. Lett. A 20 (2005) 2601, arXiv:hep-ph/0508099;

A. Zee, Phys. Lett. B 630 (2005) 58, arXiv:hep-ph/0508278;

E. Ma, Phys. Rev. D 73 (2006) 057304, arXiv:hep-ph/0511133;

X.G. He, Y.Y. Keum, R.R. Volkas, JHEP 0604 (2006) 039, arXiv:hep-ph/0601001;

B. Adhikary, B. Brahmachari, A. Ghosal, E. Ma, M.K. Parida, Phys. Lett. B 638 (2006) 345, arXiv:hep-ph/0603059;
E. Ma, Mod. Phys. Lett. A 21 (2006) 2931, arXiv:hep-ph/0607190;

E. Ma, Mod. Phys. Lett. A 22 (2007) 101, arXiv:hep-ph/0610342;

L. Lavoura, H. Kuhbock, Mod. Phys. Lett. A 22 (2007) 181, arXiv:hep-ph/0610050;

S.F. King, M. Malinsky, Phys. Lett. B 645 (2007) 351, arXiv:hep-ph/0610250;

X.G. He, Nucl. Phys. B (Proc. Suppl.) 168 (2007) 350, arXiv:hep-ph/0612080;

Y. Koide, Eur. Phys. J. C 52 (2007) 617, arXiv:hep-ph/0701018;

S. Morisi, M. Picariello, E. Torrente-Lujan, Phys. Rev. D 75 (2007) 075015, arXiv:hep-ph/0702034;

M. Hirsch, A.S. Joshipura, S. Kaneko, J.W.F. Valle, Phys. Rev. Lett. 99 (2007) 151802, arXiv:hep-ph/0703046;
F. Yin, Phys. Rev. D 75 (2007) 073010, arXiv:0704.3827 [hep-ph];

F. Bazzocchi, S. Kaneko, S. Morisi, JHEP 0803 (2008) 063, arXiv:0707.3032 [hep-ph];

F. Bazzocchi, S. Morisi, M. Picariello, Phys. Lett. B 659 (2008) 628, arXiv:0710.2928 [hep-ph].

[11] G. Altarelli, arXiv:0711.0161 [hep-ph];

A.C.B. Machado, V. Pleitez, Phys. Lett. B 674 (2009) 223, arXiv:0712.0781 [hep-ph];

M. Honda, M. Tanimoto, Prog. Theor. Phys. 119 (2008) 583, arXiv:0801.0181 [hep-ph];

B. Brahmachari, S. Choubey, M. Mitra, Phys. Rev. D 77 (2008) 073008, arXiv:0801.3554 [hep-ph];
B. Brahmachari, S. Choubey, M. Mitra, Phys. Rev. D 77 (2008) 119901, Erratum;

F. Bazzocchi, S. Morisi, M. Picariello, E. Torrente-Lujan, J. Phys. G 36 (2009) 015002, arXiv:0802.1693 [hep-ph];
B. Adhikary, A. Ghosal, Phys. Rev. D 78 (2008) 073007, arXiv:0803.3582 [hep-ph];

M. Hirsch, S. Morisi, J.W.E. Valle, Phys. Rev. D 78 (2008) 093007, arXiv:0804.1521 [hep-ph];

C. Csaki, C. Delaunay, C. Grojean, Y. Grossman, JHEP 0810 (2008) 055, arXiv:0806.0356 [hep-ph];
P.H. Frampton, S. Matsuzaki, arXiv:0806.4592 [hep-ph];

E.E. Jenkins, A.V. Manohar, Phys. Lett. B 668 (2008) 210, arXiv:0807.4176 [hep-ph];

F. Bazzocchi, M. Frigerio, S. Morisi, Phys. Rev. D 78 (2008) 116018, arXiv:0809.3573 [hep-ph];
Riazuddin, arXiv:0809.3648 [hep-ph];

W. Grimus, L. Lavoura, JHEP 0904 (2009) 013, arXiv:0811.4766 [hep-ph];

S. Morisi, arXiv:0901.1080 [hep-ph];

P. Ciafaloni, M. Picariello, E. Torrente-Lujan, A. Urbano, Phys. Rev. D 79 (2009) 116010, arXiv:
0901.2236 [hep-ph];

M.C. Chen, S.F. King, JHEP 0906 (2009) 072, arXiv:0903.0125 [hep-ph];

G.C. Branco, R.G. Felipe, M.N. Rebelo, H. Serodio, arXiv:0904.3076 [hep-ph];

G. Altarelli, D. Meloni, J. Phys. G 36 (2009) 085005, arXiv:0905.0620 [hep-ph];

M. Hirsch, S. Morisi, J.W.F. Valle, arXiv:0905.3056 [hep-ph];

S. Morisi, E. Peinado, arXiv:0910.4389 [hep-ph].

[12] A. Aranda, C.D. Carone, R.F. Lebed, Phys. Rev. D 62 (2000) 016009, arXiv:hep-ph/0002044;

F. Feruglio, C. Hagedorn, Y. Lin, L. Merlo, Nucl. Phys. B 775 (2007) 120, arXiv:hep-ph/0702194;
M.C. Chen, K.T. Mahanthappa, Phys. Lett. B 652 (2007) 34, arXiv:0705.0714 [hep-ph];

P.H. Frampton, T.W. Kephart, JHEP 0709 (2007) 110, arXiv:0706.1186 [hep-ph];

A. Aranda, Phys. Rev. D 76 (2007) 111301(R), arXiv:0707.3661 [hep-ph];

G.J. Ding, arXiv:0803.2278 [hep-ph];

P.H. Frampton, S. Matsuzaki, arXiv:0902.1140 [hep-ph].

[13] F. Bazzocchi, S. Morisi, arXiv:0811.0345 [hep-ph];

H. Ishimori, Y. Shimizu, M. Tanimoto, arXiv:0812.5031 [hep-ph];
F. Bazzocchi, L. Merlo, S. Morisi, arXiv:0901.2086 [hep-ph];
G.J. Ding, arXiv:0909.2210 [hep-ph].

[14] F. Bazzocchi, L. Merlo, S. Morisi, Phys. Rev. D 80 (2009) 053003, arXiv:0902.2849 [hep-ph].
[15] G. Altarelli, F. Feruglio, L. Merlo, JHEP 0905 (2009) 020, arXiv:0903.1940 [hep-ph].
[16] S. Antusch, J. Kersten, M. Lindner, M. Ratz, Phys. Lett. B 544 (2002) 1, arXiv:hep-ph/0206078;

T. Miura, T. Shindou, E. Takasugi, Phys. Rev. D 68 (2003) 093009, arXiv:hep-ph/0308109;
S. Antusch, P. Huber, J. Kersten, T. Schwetz, W. Winter, Phys. Rev. D 70 (2004) 097302, arXiv:hep-ph/0404268;
A. Dighe, S. Goswami, P. Roy, Phys. Rev. D 73 (2006) 071301, arXiv:hep-ph/0602062.



Y. Lin et al. / Nuclear Physics B 835 (2010) 238-261 261

[17] A. Dighe, S. Goswami, W. Rodejohann, Phys. Rev. D 75 (2007) 073023, arXiv:hep-ph/0612328;
S. Boudjemaa, S.F. King, Phys. Rev. D 79 (2009) 033001, arXiv:0808.2782 [hep-ph].
[18] E. Bertuzzo, P. Di Bari, F. Feruglio, E. Nardi, arXiv:0908.0161 [hep-ph].
[19] Y. Kajiyama, M. Raidal, A. Strumia, Phys. Rev. D 76 (2007) 117301, arXiv:0705.4559 [hep-ph].
[20] P.F. Harrison, D.H. Perkins, W.G. Scott, Phys. Lett. B 458 (1999) 79, arXiv:hep-ph/9904297,
W. Grimus, L. Lavoura, JHEP 0809 (2008) 106, arXiv:0809.0226 [hep-ph].
[21] Y. Lin, Phys. Rev. D 80 (2009) 076011, arXiv:0903.0831 [hep-ph].
[22] D. Aristizabal Sierra, F. Bazzocchi, I. de Medeiros Varzielas, L. Merlo, S. Morisi, arXiv:0908.0907 [hep-ph].
[23] M. Chen, S.F. King, JHEP 0906 (2009) 072, arXiv:0903.0125 [hep-ph].
[24] C. Jarlskog, Phys. Rev. Lett. 55 (1985) 1039.
[25] C.D. Froggatt, H.B. Nielsen, Nucl. Phys. B 147 (1979) 277.
[26] B. Adhikary, A. Ghosal, Phys. Rev. D 78 (2008) 073007,
E.E. Jenkins, A.V. Manohar, Phys. Lett. B 668 (2008) 210;
G.C. Branco, R. Gonzalez Felipe, M.N. Rebelo, H. Serodio, arXiv:0904.3076 [hep-ph];
C. Hagedorn, E. Molinaro, S.T. Petcov, JHEP 0909 (2009) 115, arXiv:0908.0240 [hep-ph].
[27] F. Feruglio, C. Hagedorn, Y. Lin, L. Merlo, Nucl. Phys. B 809 (2009) 218, arXiv:0807.3160 [hep-ph];
F. Feruglio, C. Hagedorn, Y. Lin, L. Merlo, arXiv:0808.0812 [hep-ph].
[28] F. Feruglio, C. Hagedorn, L. Merlo, arXiv:0910.4058 [hep-ph];
F. Feruglio, C. Hagedorn, Y. Lin, L. Merlo, arXiv:0911.3874.
[29] K. Hamaguchi, M. Kakizaki, M. Yamaguchi, Phys. Rev. D 68 (2003) 056007, arXiv:hep-ph/0212172;
T. Kobayashi, J. Kubo, H. Terao, Phys. Lett. B 568 (2003) 83, arXiv:hep-ph/0303084;
W.F. Chang, J.N. Ng, Phys. Rev. D 71 (2005) 053003, arXiv:hep-ph/0501161;
Y. Kajiyama, E. Itou, J. Kubo, Nucl. Phys. B 743 (2006) 74, arXiv:hep-ph/0511268;
Y. Kajiyama, JHEP 0704 (2007) 007, arXiv:hep-ph/0702056;
A. Mondragon, M. Mondragon, E. Peinado, Phys. Rev. D 76 (2007) 076003, arXiv:0706.0354 [hep-ph];
S. Antusch, S.F. King, M. Malinsky, JHEP 0806 (2008) 068, arXiv:0708.1282 [hep-ph];
S. Antusch, S.F. King, Phys. Lett. B 659 (2008) 640, arXiv:0709.0666 [hep-ph];
H. Ishimori, T. Kobayashi, H. Ohki, Y. Omura, R. Takahashi, M. Tanimoto, Phys. Rev. D 77 (2008) 115005,
arXiv:0803.0796 [hep-ph];
L. Calibbi, J. Jones-Perez, O. Vives, arXiv:0804.4620 [hep-ph].



	Running effects on lepton mixing angles  in flavour models with type I seesaw
	Introduction
	RG effects on neutrino mass operator mnu
	Analytical approximation to RG evolution of  mnu

	Flavour symmetries and RGE effects
	Running effects on neutrino mixing patterns
	A special case  U0 = i UTB P* and D diag (1,1,-1)

	RGE effects in the charged lepton sector
	Full RGE effects on the TB mixing pattern

	The Altarelli-Feruglio (AF) model
	RG effects in the Altarelli-Feruglio model
	Running of the angles
	Running of the phases

	Conclusions and outlook
	Acknowledgements
	Renormalization group equations
	References


