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Summary. — The recent measurements of the neutrino reactor angle require a re-
examination of flavour models based on discrete groups. Indeed, when these models
deal with the Tri-Bimaximal, the Bimaximal and the Golden Ratio mixing patterns,
some tensions arise in order to accommodate the reactor angle. In particular, strong
constraints come from lepton-flavour—violating processes, like y — ey. We present
the analysis and the main results.

PACS 14.60.Pq — Neutrino mass and mixing.
PACS 11.30.Hv — Flavor symmetries.
PACS 12.60.Jv — Supersymmetric models.

1. — Neutrino data and predictive mass patterns

Solar- and atmospheric-neutrino experiments have established the appearance and
the disappearance of specific flavour neutrinos, that finds the best explanation in the
oscillation of active neutrinos. Even if the issue of the presence of one or more sterile
neutrinos must still be clarified, global fits with only three oscillating active neutrinos
well reproduce the data. Nowadays, the most recent results(!) on the oscillation data
can be summarized in table I.

More recently, T2K data [1] showed evidences for a non-vanishing reactor angle at the
30 level. Subsequently also MINOS [2] and Double Chooz [3] presented their results, in
agreement with T2K one. In the last months the Daya Bay [4] and RENO [5] experiments
have released their results on the observation of electron antineutrino disappearance,

(*) E-mail: 1uca.merlo@ph.tum.de

(*) Notice that the best-fit values for the reactor angle differ for a factor of 2 in the two fits,
due to the exclusion (Fogli et al. [7]) or the inclusion (Schwetz et al. [6]) of the data from SBL
neutrino experiments with a baseline < 100 m.
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TABLE 1. — Fits to neutrino oscillation data. For the fit of Schwetz et al. [6], different results
have been found for the two hierarchies: the IH is shown in the brackets. In both the fits, the
results correspond to the new reactor fluzes, accounting for the T2K [1] and MINOS [2] data on
the reactor angle.

Fogli et al. [7] Schwetz et al. [6]
Am2,, (107 eV?) 7.5810:22 7.5910:3%
Am2,, (1073 eV?) 2.3510-12 2.50%9:99 [2.40%9:98]
sin? 012 0.31279-917 0.31279:917
sin? a3 0.4215-%% 0.5275:95[0.52 + 0.06]
sin® 0,3 0.025 £ 0.007 0.01375-99%[0.01679-008]

providing at more than 50 and 60, respectively, the evidence for a non-vanishing reactor
angle:

(1) sin?613 = 0.024 £0.005  [Daya Bay], sin? 613 = 0.029 £0.006  [RENO].

The average of the results for the reactor angle from the cited experiments, for normal
(inverted) hierarchy, is given by

(2) sin? 013 = 0.022 4 0.004 (0.023 £ 0.004) .

From the theoretical side, a great effort has been put to construct flavour models that
are able to describe and explain the experimental results. Before the new data on the
reactor angle, the attention was focussed on a particular class of mixing patterns, for their
high predictive power. In the following we will concentrate of the Tri-Bimaximal [8, 9]
(TB), the Golden Ratio [10-14] (GR) and the Bimaximal [15-18] (BM) schemes. All these
mixing schemes predict a maximal atmospheric angle and a vanishing reactor angle,

1
(3) sin? Oy3 = 3 sin®f0153 =0,

while they differ for the prediction of the solar angle:

1

2 1 1
(4)  sin? 0L = 37 sin? 9557 =

— 2 9BM _
= — sin” 015 =3

5+vV5 V5o

Considering the predicted value of the solar angle for the three mixing schemes, while
the TB and the GR patterns agree well with the data, the BM one does not at more
than 50. The interest in the BM pattern is mainly due to its relation with the so-
called Quark-Lepton complementarity [19-21] (QLC): the QLC consists in a numerical
relation such that the sum of the experimental values of the lepton solar angle and of
the Cabibbo angle is roughly 7/4. From here the idea to revert this expression and write
075" ~ 0FM — 0o, where the BM prediction for the solar angle enters [22-24].
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Entering more into the details of the these predictive patterns, the unitary matrices
corresponding to the mixing angles listed in egs. (3) and (4) are the following:

2/V6  1/V3 0 1/vV2 —1/v2 0
(5) Urp=| -1/v6 1/V3 —-1/vV2 |, Upu= 1/2 /2 -1/v2 |,
—1/v/6 1/vV/3 1/V2 1/2 1/2 1/v2
cos O sin O35 0
Uor = | sindGF/vV2 —cosO0GR/V2  1/y/2
sin@GR/v2  —cos 0GR /N2 —1/v/2

In all the three mixing matrices the 13 entry is zero, corresponding to a vanishing reac-
tor angle and to an undetermined Dirac CP phase. Moreover, all the entries are pure
numbers and ensure the independence of the mixing angles from the specific neutrino
spectrum: this feature is commonly linked to neutrino mass matrices that are form-

diagonalizable [25] (FD).

2. — Neutrino flavour models and the reactor angle

The predictive patterns described in the previous section have been considered as a
starting point to reproduce the experimental data. To this aim discrete non-Abelian
flavour symmetries are extremely successful and have been implemented in different ap-
proaches. In the following we will concentrate on models where the flavour symmetry
is: global, in order to avoid the presence of a new force, the corresponding gauge bosons
and their flavour violating effects [26-28] (a gauged discrete symmetry should be consid-
ered as a remnant of a gauged continuous symmetry breaking); spontaneously broken
at the high-energy, in order to prevent strong flavour-violating effects common in the
low-energy flavour breaking mechanism [29-31]; broken by a set of scalar fields, called
flavons, that transform only under the flavour symmetry, for which a well-defined vac-
uum alignment mechanism can be constructed (this is one of the main advantages with
respect to continuous symmetries [32,33]). In models that fulfill the previous description,
the Yukawa Lagrangian is usually written in terms of non-renormalizable operators [34]
suppressed by suitable powers of the cut-off scale Ay =~ Ay, = Agyur, where Ay is the
scale of lepton-number—violation and Agyr the GUT scale:

(6) £y = oD ey, LoDy (G A TG).

A% Ay 21

Here the Weinberg operators describes the neutrinos, but a completely similar Yukawa
Lagrangian can be written for the See-Saw mechanisms. When the flavour and the
electroweak symmetries are broken, the charged lepton and neutrino mass matrices are
generated. In these models, considering only the lowest-dimensional operators, the TB,
GR and BM patterns could naturally arise as the lepton mixing matrix Uppsnyg. Con-
sidering also the higher-dimensional operators, new contributions correct the LO PMNS
matrix and are responsible for deviations from the TB, GR and BM predicted mixing
angles.

The main ingredient that allows to recover these mixing patterns and their correc-
tions is the flavour-breaking mechanism: the flavons develop vacuum expectation values
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(VEVs) in specific directions of the flavour space, such that the starting flavour symme-
try Gy is broken down to two distinct subgroup, G, and G in the neutrino and charged
lepton sectors, respectively. We will indicate the set of flavons that lead to G, (Gy) as
®, (Py). G, and Gy represent the low energy symmetries of the neutrino and charged
lepton mass matrices: some examples are G, = Zy x Z3(?) and Gy = Z,,, with n > 3.

Furthermore, the existence of such symmetry-breaking mechanism is usually enforced
in a supersymmetric context, even if other possibilities have been studied [39,40]: in the
following we will consider only supersymmetry flavour models.

Whether the final PMNS reproduces the experimental data depends on specific fea-
tures of the models: in the following we identify three major classes that well represent
the present situation in model building [43-45]. The GR models can be associate with
the TB ones for what concerns the results of the present analysis.

2'1. Typical A4 models for the TB mixing pattern. — For this class, we consider for
definiteness the model in refs. [39,41,42], but the analysis applies to a broader range of
models based on Ay (see ref. [43-45] for details) or on other symmetries (i.e. refs. [46-48]).
The neutrino and charged lepton mass matrices can be written as

(7) me =m® + omM my, =m ) +omH

where mgo) = diag(ye, Yu, yr) van, with vy the VEV of Hy and n = ($r)/As a small

parameter that breaks A4 down to Gy, and m is diagonalized by the TB mixing
matrix.

In a typical model, the NLO contributions to both the mass matrices correct all
the entries and are of the same order of magnitude, that we can parametrise with £ =
(Pe)/Af =~ (®,)/Af, a small parameter that breaks also the subgroups Gy and G,. In
this case, the mixing angles receive deviations from the initial TB values and we can
write

Sin? 03 = 5 + Re(eh) € + —= (Relehy) — VERe(chy)) &

V3
1 2 2v/2
(8) sin® 10 = - — gR@(CiZ +cf3) €+ T\[

3 Re(clll2) ga

1
sinfis = ¢ |3V (chy — ¢f;) +23 (Vaets + )| €,

where cf]’-'j, complex random number with absolute value of order 1, is the ij entry of
unitary matrices that diagonalize the charged lepton and neutrino mass matrices at the
NLO. Accordingly with these expressions, the success rate to reproduce all the three
mixing angles inside the corresponding 3¢ ranges is maximized for £ = 0.07 for both the
NH and TH. We analyze quantitatively the expressions in eq. (8) and their correlations in
fig. 1. The cfj” parameters are treated as complex complex numbers with absolute values
following a Gaussian distribution around 1 with variance 0.5. In the plots we show only

the NH case. The IH case is similar.

(2) In some cases, Gy it broken down to G, = Z2, but an additional accidental Z> symmetry
is also present in this sector [35-38].
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Fig. 1. — Typical A4 Models. sin? 013 as a function of sin? 012 (sin2 023) is plotted on the left
(right), following eq. (8). The vertical lines represent the 30 values for sin® 012 and sin® a3,
following the Fogli et al. [7] fit, in blue, and the Schwetz et al. [6] fit, in red. The horizontal
lines refers to the 3¢ values for sin? f;3 as in eq. (2).

As we can see, the plots are representing the general behaviour of this class of models:
sin? 0,3 increases with &, but correspondingly also the deviation of sin? 615 from 1 /3 does.
As a result, even for the value of £ that maximizes the success rate, the requirement for
having a reactor angle inside its 30 error range corresponds to a prediction for the solar
angle that is no more in good agreement with data.

2°2. Special Ay models for the TB mixing pattern. — There are some special models
based on the group A4 [49], in which the LO predictions for the mass matrices are the
same as in the previous section, but the corrections are not completely generic. In the
specific case of the model in ref. [49], the charged lepton mass matrix still receive generic
corrections proportional to & = (®,)/A, but the neutrino mass matrix is corrected
only in determined directions: the unitary matrix that digitalize the final neutrino mass
matrix is given by

a 0 ¢
9) U, =UrpV, with v=| o 1 0o |,
_fl* 0 o

where |a|? + |¢/|? = 1, where ¢ = (®,)/A;. In this specific model ¢ > &. The final
expressions for the neutrino mixing angles after the inclusion of all these corrections are
given by

(10) sinf; = ‘\fg 4 2 6135

0~ argf’,

(11) Sin2 012 = - + § |£l|2 - g Re(CTQ + CTS) fa
. 1 1 .
(12) sin? 023 = 5 + % |§/| cosd + Re(ng)é.

The success rate to reproduce all the three mixing angles inside their corresponding
30 error ranges is maximized by [¢'| = 0.166(0.171) for the NH (IH). The parameters
have been chosen such that § is a real number in [0.005, 0.06] and cf; are random complex
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Fig. 2. — Special A, Models. sin?#;3 as a function of sin® 62 (sin®f23) is plotted on the left
(right), following egs. (11) and (12). The vertical and the horizontal lines are as in fig. 1.
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Fig. 3. — Sy Models. Left: sin? 013 as a function of sin? 012 is plotted, following eq. (13); right:
Correlation with sin® f12 with ¢13 = 0.

numbers with absolute values following a Gaussian distribution around 1 with variance
0.5. We analyze quantitatively the deviations in egs. (11) and (12) and their correlations
in fig. 2: in the plots on the left (right) column, we show the correlations in eqgs. (11)
and (12) between sin A5 and sin® #y5 or sin® fas, respectively: £ is a complex number
with absolute values equal to 0.166. In the plots we show only the NH case. The IH case
is similar. For this choice of the parameters, the model can well describe all three angles
inside the corresponding 3¢ interval, and its success rate is much larger than that of the
typical TB models.

2°3. Sy models for the BM mizing pattern. — For the last class, we focus on a rep-

resentative model based on the Sy discrete group [22]. In this case, mgo) is still the
diagonal matrix with the charged lepton masses, but ml(,o) is diagonalized by the BM
mixing matrix. At the higher orders, the neutrino mass matrix preserves the same LO
flavour structure up to the NNLO level. On the contrary, the changed lepton mass ma-
trix is corrected at the NLO in all the entries, but not in the 23 and 32 ones. As a result,

the final neutrino mixing angles at the NLO are given by

1 1
—7 Re(c&—l—cfg) f, sin2 923 = 5 .

N |

. 1. . .
(13) sinby3 = 7 |5y — i3] €, sin? @15 =

[\)
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To properly correct the BM value of the solar angle to agree with the data, £ is expected
to be O(A¢). Studying the success rate to have all the three mixing angles inside the
corresponding 30 ranges, we find that it is maximized for both the NH and TH when
¢ = 0.163. We analyze quantitatively the expressions in eq. (13) and their predictions
in fig. 3, where c12,13 have been taken as random complex numbers with absolute value
following a Gaussian distribution around 1 with variance 0.5, while £ = 0.185(0.194). A
value close cos 6T close to —1 is favoured in order to maximize the success rate [43-45].
In fig. 3, only for the NH case is shown. The IH case is similar.

Considering the results for the success rates of all the three classes of models, these Sy
models are strongly disfavoured with respect to the special S4 ones, while are comparable
with respect to the typical A4 models.

3. — Conclusions

Discrete symmetries can well accommodate the neutrino mixing pattern, especially
considering an approach in which the PMNS matrix is given in first approximation by the
TB, the GR or the BM patterns. With the new results on the reactor angle, however, it
appears suspicious that one of these mixing schemes could be a fundamental structure of
nature, while it is getting stronger the feeling that they are simply numerical accidents.
Indeed, the type and the size of the corrections necessary to bring these mixing patterns
in agreement with the data put severe doubts on their naturalness.

Furthermore, as discussed in a series of papers [50-55] and updated in ref. [43-45],
the analysis of lepton flavour violating transitions is fundamental to test flavour models.
In particular, with the new results on the reactor angle and the large size of the NLO
corrections, the bounds on the supersymmetric parameters space coming from the ¢; —
¢j~y decays are strong, even for small tan 3, and if light supersymmetric particles are
found then these models are disfavoured. Moreover, it appears impossible to satisfy the
MEG bound and, at the same time, to reproduce the muon g — 2 discrepancy.

Even though the huge effort of these years in constructing flavour models to describe
masses and mixings for the neutrinos, and more in general for all the fermions, it is dis-
couraging that no illuminating strategy arise form this scenario. On the other hand, this
is partially related to the large uncertainties still present in the flavour sector. The hope
is that with a better determination of the lepton mixing angles and with the knowledge
of the CP phases, the neutrino mass scale, the type of the neutrino nature and spectrum,
it will be finally possible to shed light on the origin of the fermion masses and mixings.

X ok ok

I warmly thank G. ALTARELLI, F. FERUGLIO and E. STAMOU for the fruitful collab-
oration that leaded to the results presented in this talk. I recognise that this work has
been partly supported by the TUM-IAS, funded by the German Excellence Initiative.
Finally I thank the organizers of the La Thuile conference for the kind invitation and for
their efforts in organizing this enjoyable meeting.

REFERENCES

[1] ABE K. et al., Phys. Rev. Lett., 107 (2011) 041801.

[2] ADAMSON P. et al., Phys. Rev. Lett., 107 (2011) 181802.
[3] ABE Y. et al., arXiv:1112.6353.

[4] AN F. P. et al., Phys. Rev. Lett., 108 (2012) 171803.



\]
N

2.0, X0 N R T

= =

0~ O Ut s W N~ O

L. MERLO

AnN J. K. et al., arXiv:1204.0626.

ScaweTz T., TorTOLA M. and VALLE J. W. F., New J. Phys., 13 (2011) 109401.
FoaLul G. L. et al., Phys. Rev. D, 84 (2011) 053007.

HARRISON P. F., PERKINS D. H. and ScoTrT W. G., Phys. Lett. B, 530 (2002) 167.
XING Z.-Z., Phys. Lett. B, 533 (2002) 85.

KAJIYAMA Y., RAIDAL M. and STRUMIA A., Phys. Rev. D, 76 (2007) 117301.
RODEJOHANN W., Phys. Lett. B, 671 (2009) 267.

ADULPRAVITCHAI A., BLUM A. and RODEJOHANN W., New J. Phys., 11 (2009) 063026.
EVERETT L. L. and STUART A. J., Phys. Rev. D, 79 (2009) 085005.

FErRUGLIO F. and PARIS A., JHEP, 03 (2011) 101.

VissanI F.; arXiv: hep-ph/9708483.

BARGER V. D. et al., Phys. Lett. B, 437 (1998) 107.

NOMURA Y. and YANAGIDA T., Phys. Rev. D, 59 (1999) 017303.

ALTARELLI G. and FERUGLIO F., JHEP, 11 (1998) 021.

ALTARELLI G., FERUGLIO F. and MASINA 1., Nucl. Phys. B, 689 (2004) 157.

RAIDAL M., Phys. Rev. Lett., 93 (2004) 161801.

MiINAKATA H. and SMIRNOV A. Y., Phys. Rev. D, 70 (2004) 0730009.

AvrTaArReLLI G., FERUGLIO F. and MERLO L., JHEP, 05 (2009) 020.

DE ADELHART R., BazzoccHl F. and MERLO L., JHEP, 08 (2010) 001.

MEeLoNI D., JHEP, 10 (2011) 010.

Low C. I. and VoLkas R. R., Phys. Rev. D, 68 (2003) 033007.

GRINSTEIN B., REDI M. and VILLADORO G., JHEP, 11 (2010) 067.

Buras A. J., MERLO L. and StaMOU E.; JHEP, 08 (2011) 124.

Buras A. J., Carrucct M. V., MERLO L. and Stamou E., JHEP, 03 (2012) 088.
DE ADELHART R., BazzoccHl F., MERLO L. and Paris A., JHEP, 03 (2011) 035.
DE ADELHART R., BAazzoccHI F., MERLO L. and PARIS A., JHEP, 03 (2011) 040.
Branco G. C. et al., Phys. Rep., 516 (2012) 1.

FELDMANN T., JuNG M. and MANNEL T., Phys. Rev. D, 80 (2009) 033003.

ALONSO R., GAVELA M. B., MERLO L. and RiGOLIN S., JHEP, 07 (2011) 012.

DE MEDEIROS I. and MERLO L., JHEP, 02 (2011) 062.

DE ADELHART R., FERUGLIO F. and HAGEDORN C., Phys. Lett. B, 703 (2011) 447.
DE ADELHART R., FERUGLIO F. and HAGEDORN C., Nucl. Phys. B, 858 (2012) 437.
GE S. F., Dicus D. A. and REpkO W. W., Phys. Lett. B, 702 (2011) 220.
HERNANDEZ D. and SMIRNOV A. Y., Phys. Rev. D, 86 (2012) 053014.

ALTARELLI G. and FERUGLIO F., Nucl. Phys. B, 720 (2005) 64.

BazzoccHl F. and MoRIsI S., Phys. Rev. D, 80 (2009) 096005.

ALTARELLI G. and FERUGLIO F., Nucl. Phys. B, 741 (2006) 215.

ALTARELLI G. and MELONI D., J. Phys. G, 36 (2009) 085005.

ALTARELLI G., FERUGLIO F., MERLO L. and Stamou E., JHEP, 08 (2012) 021.
ALTARELLI G., FERUGLIO F. and MERLO L., arXiv:1205.5133, to be published in Fortschr.
Phys. (2012).

BazzoccHl F. and MERLO L., arXiv:1205.5135, to be published in Fortschr. Phys. (2012).
FERUGLIO F., HAGEDORN C., LIN Y. and MERLO L., Nucl. Phys. B, 775 (2007) 120.
BazzoccHl F.;, MERLO L. and MoRIsI S., Nucl. Phys. B, 816 (2009) 204.
BazzoccHl F., MERLO L. and MORISI S., Phys. Rev. D, 80 (2009) 053003.

LIN Y., Nucl. Phys. B, 824 (2010) 95.

FEruGLIO F., HAGEDORN C., LIN Y. and MERLO L., Nucl. Phys. B, 809 (2009) 218.
IsuiMORI H. et al., JHEP, 12 (2008) 082.

Isummort H. et al., JHEP, 12 (2009) 054.

FERUGLIO F., HAGEDORN C. and MERLO L., JHEP, 03 (2010) 084.

FERUGLIO F., HAGEDORN C., LIN Y. and MERLO L., Nucl. Phys. B, 832 (2010) 251.
MERLO L., RIGOLIN S. and ZALDIVAR B., JHEP, 11 (2011) 047.



