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1. Neutrino masses and Minimal Flavour Violation

Neutrino masses constitute the first evidence of physicerizbyhe Standard Model (SM).
An interesting question is to assess whether this new physia be tested through low-energy
observables beyond neutrino oscillations, such as diesntches for the new particles involved,
rare decays or precision electroweak measurements. Howbese effects are expected to be
undetectable if the new physics scale is orders of magnitlmeve the TeV, as it is generally
required for neutrino mass generation.

In the other hand, if in order to perform such tests we wantnéne physics scale to be not
too far beyond the electroweak scale, we need some symnmingipgbe to ensure the smallness
of neutrino masses. The simplest of these symmetrietlislaglobal lepton number (LN) which
forbids the appearance of the dimension fide=(5) Weinberg'’s effective operator, responsible
for light neutrino masses. Thus, it is conceivable a scenarivhich new flavour physics would
emerge at a scal&g_ at which LN is still an approximate symmetry. LN breaking Wwbuesult
from subtler effects at a still higher energy scélgy. The typical effective Lagrangian of this
theory would have the form

L =L +ﬁﬁdz5+ ﬂﬁd:‘w (1.1)
= Zout 5 .z 2 .
where the effective scales- and/Ay take care of the suppressions of each type of contribution
andApN > Ag_ is required to obtain tiny neutrino masses. In general hallgffective couplings
that break LN, such as thie= 5 operator, are more suppressed than those that presesuehtas
thed = 6 one. The latter are also responsible for the rare flavourgsses hopefully accessible to
near-future experiments.

A very general drawback of models leading to Eq.(1.1) is thate is no relation a priori be-
tween the flavour structure of tlie= 6 andd = 5 operator coeficcients. This lack of predictability
can be addressed by adding the so cdiliaimal Flavour Violationhypothesis into the game.

As it is well known, a large global flavour symmetry would begent in the SM were it
not for the presence of the Yukawa couplinds, Yg andYe. Minimal Flavour Violation is the
assumption that the Yukawas of the SM are in fact the couplthgt break the flavour symmetry
in the fundamental theory of the universe, and not just theisfiestation of that breaking at low
energies. The Yukawa couplings are then spurions and thiéiciests of any flavour charged
operator in the low energy theory, such@$> and a®=®, must be formed by a combination of
them. This in turn implies that relations must exist betweeuntrino masses and mixings and rare
flavour processes.

2. MFV in scalar mediated seesaw models

The type Il seesaw in its basic form only adds one scalaetrgfhypercharge 26+, 6%, 89),
to the SM field content. Writing this triplet a(%(él— i6,), 3, \%(614- i5,)), the most general
Lagrangian can be written in terms &= (41, &, d3):

Zn = (Dub) " (DH0) + (ZYA(r-A)zL + gt () T+ h.c.) —ATMa2A

— 22(a'a)% - 23 (') (0TA) - % (ATTI8)? = 25 (ATTA) @' T, (2.1)
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with @ = (¢*@°)7, T; being the three-dimensional representation of$hk2) generators and
the Pauli matrices. The coexistenceYafand ua explicitly breaks lepton number, inducing at low
energies the Weinberg operator:

029 = ¢35’ (€5, ") (9" tug) +hc., (2.2)
with u
A

o5 = Naap 13 V7 (2.3)

As for the generated = 6 operators, there is only one at tree level which involvesoles

5$d 6— Ca[gy(s (ELﬁVqucS) (Ku Vquy) 3 (2-4)
with
w=s _ 1

Notice that the flavour structure of tlle= 6 coefﬁuent in this model goes essentially as the square
of that of thed = 5. This possibility is the minimal MFV identified in [2]. Thgpe Il Seesaw is a
concrete model whose low-energy effective theory is suahiftwe know the flavour structure of
thed = 5 coefficient, then thd = 6 one is completely determined. This is well known.

The flavour breaking scalkg, is simply the mass of the triplet. The lepton number violgtin
scale/\y is a bit subtler since it doesn'’t correspond to the mass ohamyparticle. The\ \ scale
in eq. (1.1) would correspond instead to the combinatien ~ M2/ua. Furthermore, a small
value forup, is stable since setting it to zero restores the lepton nusyrametry.

Naive Type-ll seesaw presents therefore the two followaagures. First, there is a hierarchy
between the operators that break and preserve lepton nuiitbehierarchy corresponds to that of
the scaled\_n > ArL. Second, the model is predictable in the sense that thesteunf thed = 6
flavour coefficients is determined by that of tthe- 5 ones.

3. Thesimplest MFV type| seesaw model

In a typical setup of type | seesaw models, two or more sinmiggtt-handed neutrinos are
added to the SM field content. The mass eigenvalues of therdMeanass matrix of the latter are
taken to be at very high scale and the Yukawa couplings arsidemed of order one. These models
lead to an effective theory wherg ~ A n, EQ.(1.1), and are therefore incompatible with large
d = 6 coefficients if they are to explain the smallness of neatnrass.

Nevertheless, a slight modification of type | seesaw with ight-handed neutrinos succeeds
as we show below. Consider the mass Lagrangian

0 YJveyv) (/L&
ZLmass= — (LE NCRr N/CR> Wwv uA Ngr (3.1)
YW AN Ng

whereL{ stands for the three lepton families ané the vacuum expectation value of the Higgs
(vev). Yy andYy, are three dimensional vectors. Alsas a flavour blind constang, pu andu’ are
"small parameters", that is, the scaleguiru’ are much smaller than thoseAnandv, ande < 1.
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This ensures an approximat 1), y symmetry. The fact that the coupling betwéérand thel s
is assumed small changes the phenomenology radically asihse

Neglecting terms of second ordergrand /A we have that the coefficients for tie= 5, 6
operators in this mode are given by

d=5 _ Tl Tl Tl 1
C =€lYy —W+YyY — Yy U= 3.2
ap <N/\N‘|’N/\N>aﬁ (N/\“/\Naﬁa (3.2)
_ 1
0356 = (Y,\TI FYN> + 0(¢). (3.3)
ap
And with the redefinitior¥y = Y, — YN, We can writecgf;5 as
YWYy YoV
d=5 __ N 'N N N
Cap _s< A + A > (3.4)

The coefficients in Eq.(3.3) and (3.4) are precisely thost déippear in a type | seesaw with
the mass matrix
0 YJveYlv
My=] Yav. 0 AT |. (3.5)
eywv A0

S0, up tod = 6 ando(e, 1 /) the tree-level phenomenology of the lepton sectors of tihenwdels
Eq.(3.1) and (3.5) are equivalent.

In the simpler model, Eq.(3.5), lepton number is broken dueaé simultaneous presence of
all three types of terms and light neutrino masses are thpactad to depend oy, Yy andA.
The flavour breaking in this model stems from bdth Yy, and as a consequence there is flavour
violation even in the lepton-number conserviag— 0 limit, asYy remains active: non-trivial
leptonic flavour physics can thus affect processes otherribatrino masses.

The structure of the effective Lagrangian in eq. (1.1) ioveced if one identifiegd\p — A
and/A n — A/y/€. The separation of scales is achieved by having a seathich is technically
natural sincee = 0O restores the lepton number symmetry. Thg scale does not correspond to
any particle mass at this level, whilg-; corresponds to the Dirac heavy right-handed neutrino
mass scale, as expected.

As it turns out, thed = 5 coefficient in this case has also enough information torstroct
both Yukawa vectors up to a global renormalization, andefoee, also the flavour structure of
cip [1]. Let

W= W=w, (3.6)

wherey andyare real number&, u) = (v, v) = 1. Then, after choosing a particular hierarchy, nor-
mal or inverted, the Yukawa couplings can be reconstrucsdhear combinations of the columns
of the PMNS matrix. Taking the normal hierarchy for illustoa purposes we obtain

Yai = % (VItpUs+Vi-pUs), (3.7)
%= % (VItpUs—vi-pUs). (3.8)
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Figure 1: Normal hierarchy. Left: Ratid®e,/Ber for different values of the CP phage= 0 (solid) and
0 = 11/2 (dashed), witto = 0, 71/4 as denoted. Right: the same for the r&in /B, .

where

Vi4r \/_ |Am§olar| |Am%2|

p= . (3.9
VItr+r’ ’Amgtmosl |Amg|
Furthermore, the masses of the neutrinos are given by
.‘:yyv2 yflv2
and using the latter we can fix the combination
2
‘SW ‘NOOdeVH‘ W‘ ~49x 10 3Tev 1, (3.11)

From Eq.(3.7) we obtain predictions for the rare decays. Mggvsn Fig. 1 the result for the ratios
Beu/Ber andBey, /Byr as a function offy3. It is to note the strong dependence on the Majorana
phasea as well as on the CP phase for higher value8;gfl].

We can briefly review the main results of this work

e The hypothesis of Minimal Flavour Violation is compatibléttwthe standard seesaw model
picture of neutrino mass generation. It can be used as alogde search for models with
high predictability.

e In order to have new flavour physics accesible, another sqzdet from the scale of LN
violation is required in the fundamental theory, < A n. Type Il seesaw and the type |
seesaw examined above are examples of theories in wWiclis naturally embedded.

e Furthermore, the latter is interesting per se because mptelatesc®=> with =8 but, from
the few low-energy observables from neutrino oscillatimpeziments, it allows as well for
the determination of the Yukawas themselves, and therefioaitt the flavour physics.
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