OF SCIENCE

Effective Theories for Flavour Physics beyond the
Standard Model

Gino Isidori*'
INFN, Laboratori Nazionali di Frascati, Via E. Fermi 40 1-084 Frascati, Italy.
E-mail: G no.Isidori@nf.infn.it

We discuss the role of flavour physics in building effectiedries at the TeV scale. Particular
attention is devoted to the Minimal Flavour Violation hypesis, both in the quark and in the
lepton sector. Alternative flavour-protection mechanissush as the hierarchical fermion profiles
of models with a warped fifth dimension, are also briefly désad.

International Workshop on Effective Field Theories: frdm pion to the upsilon
February 2-6 2009
Valencia, Spain

*Speaker.
TWork supported by the EU under contract MTRN-CT-2006-02548

(© Copyright owned by the author(s) under the terms of the @e&ommons Attribution-NonCommercial-ShareAlike Licen http://pos.sissa.it/



EFT for Flavour Physics BSM Gino Isidori

1. Introduction: the SM as an Effective Field Theory

Most of this conference has been devoted to discuss Eféeteld Theories (EFT) describing
the low-energy limit of the Standard Model (SM); howeveg M itself should be considered as
the low-energy limit of a more fundamental theory. In thisgpective, three key issues need to be
addressed: (1) which is the cut-off, (2) which are the lighgres of freedom, and (3) which are
the symmetries of the SM viewed as an EFT.

The first two questions are intimately related to the bremkimthe SU(2). x U(1)y elec-
troweak gauge symmetry. Experiments provide a clear itidicaf a spontaneous breaking of
SU(2)L x U(1)y, characterised by the order paramatet (v/2Gg)~%/? ~ 246 GeV. If we do not
include a Higgs field among the light degrees of freedom oftltle®ry, assuming that the elec-
troweak symmetry breaking occurs because of some new sthamgmics at high energies, the
cut-off of the EFT cannot be larger thamv= 3 TeV, in close analogy to what happens in Chiral
Perturbation Theory. If we do assume that there is a Higgd, figith renormalisable potential
and non-trivial electroweak vacuum, the EFT becomes realisable and it is not obvious how
to determine its cut-off. However, also in this case ih&ural to assume that the EFT breaks
down around or below the TeV, because of the instability eftiggs mass term under quantum
corrections.

What | will try to address in this talk in the last of the thregegtions listed above: which are
the symmetries, and in particular which is the flavour symmynand the related symmetry-breaking
pattern, of the SM viewed as an effective theory with a few Tettoff. The assumption that the
cut-off of the theory is around a few TeV is consistent with theasurements of flavour-conserving
electroweak precision observables (EWPQO). More preciiedypbounds on gauge-invariant higher-
dimensional operators constructed in terms of light degoédreedom (with or without the Higgs
boson) are consistent with an effective cut-off in the Tekigel The situation is very different
if we look at operators contributing to flavour-changing extvables. Here the good agreement
between SM expectations and data leads to bounds on the Efoff evhich are orders of mag-
nitude higher, unless some protective flavour symmetryvisked to suppress the corresponding
couplings.

The need of additional global symmetries does not come ooiy the flavour sector: the most
stringent constrains on the EFT arise by barion- and leptonber violating processes. However,
sinceB andL are exact symmetries of the SM Lagrangian, in this case thklgmn can easily
be solved promoting@® andL to be exact symmetries of the new dynamics at the TeV scale. Th
peculiar aspects of flavour physics is that there is no exaebdr symmetry in the low-energy
theory. In this case it is not sufficient to invoke a flavour syetry for the EFT. We also need to
specify how this symmetry is broken in order to describe theeoved low-energy spectrum and, at
the same time, be in agreement with the precise experimiestal of flavour-changing processes.

2. The flavour problem

Assuming for simplicity that there is a single elementangd4 field, responsible for the

1In the Higgsless case this statement is true only if we impbseso-calledSU(2) custodial symmetrpn the
leading operators responsible for the electroweak synynbegaking.
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SU(2). xU(1)y — U(1)q spontaneous breaking, the Lagrangian of our EFT can beewris
follows
et j auge+ jnggs'i'g\%’\Ifawa"" ALy-a, (2-1)

whereA %y~ 4 denotes the series of higher-dimensional operators ecmistt in terms of SM fields
and invariant under the SM gauge group:

Ny C(d) @
ALya= dz4 Z /\d— n (2-2)

n=1
As discussed in the introduction, we should exptet O(few TeV) and ci(d) = O(1), if the cor-
responding operator is not suppressed by some protectmmeyry (such @8 or L conservation).
The observation that that this expectatioma fulfilled by several dimension-six operators con-
tributing to flavour-changing processes is often denotatiefavour problem
Let’s consider for instance the following set®f = 2 dimensions-six operators

o472 = (QLy*Q))?, QL=< i) , (2.3)

wherei, j = 1...3 are flavour indices and, for reasons that will become cle#ne following, we
work in mass-eigenstate basis of down-type quarks. Thesatmws contribute at the tree-level to
the meson-antimeson mlxmg amplltudes which in the SM areated only at the one-loop level.
The case 0K%—K?°, By—Bqy, Bs—Bs mixing is particularly interesting: here the SM contrilaurtiis
dominated by the short-distance contribution of top-quadps

i I (VP ()M M= KO, BBy 2.4)

(Vij denote the elements of the CKM matrix) and can be computeuiigh accuracy. Moreover,
both moduli and phases of these three mixing amplitudes hese determined with good accuracy
(with the exception of the CP-violating caseBg-Bs mixing) from experiments. In all cases the
magnitude of the new-physics amplitude (or the term geadrhy the dimension-six operators)
cannot exceed, in size, the SM short-distance contribufimnotingci; the couplings of the non-
standard operators in (2.3), the conditier{5 =2| < | =&\, =2| implies

9x 10 TeV x |cpg|¥2  from KO—KO
Ax10° TeVx [ca|Y?  from By —By (2.5)
7x10' TeVx |c32/Y?  from Bs—Bs

. 34Tev
IV5Va;l/|cij|2/2

The message of these bounds is quite clear: if we want to keaghe TeV range, the EFT
must have a highly non-generic flavour structure. In the ifipezase of theAF = 2 operators in
(2.3), we must find a symmetry argument such that < [V3Vz;j|. A similar problem is found also
in the case oAF = 1 operators contributing to flavour-changing neutral-entri(FCNC) processes.
In this case the bounds are different, but the main probletmeisame: FCNC anflF = 2 ampli-
tudes are suppressed in the SM not only by the typi¢édit)? of loop amplitudes, but also by the
GIM mechanisms and the hierarchy of the CKM matii;| < 1, fori # 3).

The most reasonable (but also mpsssimistig solution to the flavour problem is the so-called
Minimal Flavour Violation hypothesis that will be discudsieelow.
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3. Minimal Flavour Violation in the quark sector

The main idea of MFV is that flavour-violating interactiornre &inked to the known structure of
Yukawa couplings also beyond the SM. In a more quantitatiag, Whe MFV construction consists
in identifying the flavour symmetry and symmetry-breakitigisture of the SM and enforce it the
EFT.

The largest group of flavour-changing field transformatiooexmuting with the SM gauge
group is%; = %4 ® % ®U (1), where

Yo =SUB)o, ®SUB)u, ®SUB)pr, % = SU3)L, ® SUB3)e, (3.1)

and three of the five) (1) charges can be identified with baryon number, lepton numiehgiper-
charge [1F This large group and, particularly the 88) subgroups controlling flavour-changing
transitions, is explicitly broken by the Yukawa interaatio

A = QuA¢DRH 4+ QuAURH: + LiAcERH + h.c. (3.2)

Since¥; is broken already within the SM, it would not be consisteninpose it as an exact
symmetry of the additional degrees of freedom present in SFhsions: even if absent a the tree-
level, the breaking o#; would reappear at the quantum level because of the Yukaweautton.
The most restrictive hypothesis we can mak@natectthe breaking of4; in a consistent way, is
to assume thaty, A, andA¢ are the only source & -breaking also beyond the SM.

To derive the phenomenological consequences of this hgpisthit is convenient to tre&;
as an unbroken symmetry of the underlying theory, promadtireg; to be non-dynamical fields
(spurions) with non-trivial transformation propertieden¥;

AU ~ (3, 3, l)SU(?))g 5 )\d ~ (3, l, 3)SU(3)3 5 Ae ~ (3, 3)SU(3)2 . (33)

q

Employing the EFT language, we then define that an effectieery satisfies the criterion of
Minimal Flavour Violation if all higher-dimensional opecaas, constructed from SM fields aid
spurions, are invariant under the flavour grefi[2].

According to this criterion, one should in principle coreidperators with arbitrary powers
of the (adimensional) Yukawa spurions. However, a strongpbfication arises by the observation
that all the eigenvalues of the Yukawa matrices are smatlfdiuthe top one, and that the off-
diagonal elements of the CKM matri¥i() are very suppressed. In the mass-eigenstate basis of
down-type quarks, the two quark Yukawa coupling assumedth@ifing form:

. . V2
Ad = diag(yd, Ys, o) » Au = VT x diagyy, Ve, ) Vi = Vm . (3.4)

It is then easy to realize that, similarly to the pure SM cése leading coupling ruling all FCNC
transitions with external down-type quarks is [2]
(OFD)izi = AAD)ij W VaVaj . y=m/val. (3.5)

2Since hypercharge is gauged and involves also the Higgs fietday be more convenient not to include it in the
flavour group, which would then be defineddésy = ¢, ®U (1)* [3].
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Higher-order spurion combinations contributing to FCN@seither negligible or proportional to
A

The suppression of the off-diagonal entries&@[ implies that, within the MFV framework,
the bounds on the scale of dimension-six FCNC effectiveaipes are in the few TeV range (de-
tailed bounds foAF = 2 andAF = 1 operators can be found in [4] and [5], respectively). Muegp
the flavour structure cmﬂL implies a well-defined link among possible deviations frdma M in
FCNC transitions of the typs — d, b — d, andb — s (the only quark-level transitions where
observable deviations from the SM are expected).

3.1 General considerations

The idea that the CKM matrix rules the strength of FCNC trigmss also beyond the SM is
a concept that has been implemented and discussed in sewekal, especially after the first re-
sults of theB factories (see e.g. Ref. [6, 7]). However, it is worth stiggdhat the CKM matrix
represents only one part of the problem: a key role in deteéngithe structure of FCNCs is also
played by quark masses (via the GIM mechanism), or by the Walgigenvalues. In this respect,
the above MFV criterion provides the maximal protection GINCs (or the minimal violation of
flavour symmetry), since the full structure of Yukawa madsiés preserved. Moreover, contrary to
other approaches, the above MFV criterion is based on amalization-group-invariant symme-
try argument, which can easily be extended to TeV-scalefeetheories where new degrees of
freedoms, such as extra Higgs doublets or SUSY partnere@hthfields are included.

In particular, it is worth stressing that the MFV hypothes# be implemented also if the
EFT does not include a light Higgs boson in the spectrum. iBxdase Eq. (3.2) is replaced by an
effective interaction between fermion fields and the Galdstbosons associated to the spontaneous
breaking of the gauge symmetry. From the point of view of thedlir symmetry, this interaction is
identical to the one in (3.2), and this allows us to proceeid &g case with the explicit Higgs filed
(see e.g. Ref. [8]). The only difference between weakly- stndngly-interacting theories at the
TeV scale is that in the latter case the expansion in powedlsedfukawa spurions is not necessarily
a rapidly convergent series. If this is the case, then a regtian of the terms involving the top-
quark Yukawa coupling needs to be performed [9, 10].

As shown in Fig. 1, the MFV hypothesis provides a natural &giori) justification of why no
NP effects have been observed in the quark sector: by cotistiumost of the clean observables
measured aB factories are insensitive to NP effects in this frameworkowldver, it should be
stressed that we are still very far from having proved thélitglof this hypothesis from data. A
proof of the MFV hypothesis can be achieved only with a pesigvidence of physics beyond
the SM exhibiting the flavour pattern predicted by the MFVuaspgtion. This proof could come
from theBsg — ¢*¢~ or theK — mvv systems: in both cases there is still room for sizable non-
standard contributions (even within the MFV framework)dame can identify two observables
unambiguously correlated by the MFV hypothesis [5, 11]

This model-independent structure does not hold in mostehtternative definitions of MFV
models that can be found in the literature. For instanced#fmition of Ref. [7] (denoted con-
strained MFV, or CMFV) contains the additional requiremthdt the effective FCNC operators
playing a significant role within the SM are the only relevanges also beyond the SM. This condi-
tion is realized only in weakly coupled theories at the Teslaavith only one light Higgs doublet,
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Figure 1: Fit of the CKM unitarity triangle (in 2008) within the SM (i§fand in generic extensions of the
SM satisfying the MFV hypothesis (right) [4].

such as the MSSM with small t@h It does not hold in several other frameworks, such as Hazgsl
models, or the MSSM with large tgh

3.2 MFV at large tang.

If the Yukawa Lagrangian contains more than one Higgs fiele,can still assume that the
Yukawa couplings are the only irreducible breaking sounfe4;, but we can change their overall
normalization. A particularly interesting scenario is th®-Higgs-doublet model where the two
Higgses are coupled separately to up- and down-type quarks:

F2HOM _ 5 A4DrHp + QuAURHU + LiAeErHD + h.c. (3.6)

This Lagrangian is invariant under an extrg1) symmetry with respect to the one-Higgs La-
grangian in Eqg. (3.2): a symmetry under which the only chéfields areDg and Er (charge
+1) andHp (charge—1). This symmetry, denoteddd, prevents tree-level FCNCs and implies
that A g are the only sources & breaking appearing in the Yukawa interaction (similar te th
one-Higgs-doublet scenario). Coherently with the MFV Hingsis, we can then assume thgy
are the only relevant sources @ breaking appearing in all the low-energy effective opesato
This is sufficient to ensure that flavour-mixing is still gaved by the CKM matrix, and naturally
guarantees a good agreement with present data iskhe 2 sector. However, the extra symmetry
of the Yukawa interaction allows us to change the overalhradization ofA, 4 with interesting
phenomenological consequences in specific rare modes.

The normalization of the Yukawa couplings is controlled bg tatio of the vacuum expecta-
tion values of the two Higgs fields, or by the parameterftaa (Hy)/(Hp). For tan3 >> 1 the
smallness of thé quark andr lepton masses can be attributed to the smallnesg @i rather
than to the corresponding Yukawa couplings. As a resultteof >> 1 we cannot anymore ne-
glect the down-type Yukawa coupling. Moreover, théllpg Symmetry cannot be exact: it has to
be broken at least in the scalar potential in order to avaedptiesence of a massless pseudoscalar
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Higgs. Even if the breaking of (1)pq and %, are decoupled, the presence aflibq breaking
sources can have important implications on the structutbefyukawa interaction, especially if
tanpg is large [12, 13, 14, 15]. We can indeed consider new dimergior operators such as

& Q_L)\dDR(Hu)C or & Q_L)\UAJ)\dDR(Hu)C s (37)

where e denotes a generic MFV-invariant(lpg-breaking source. Even ¥ < 1, the product
€ x tanB can bed'(1), inducing large corrections to the down-type Yukawa sector

£ QuAGDR(HU)® ~= € QuAdDR(Hy) = (€ x tanB) QLA¢DR(Hp) - (3.8)

Since theb-quark Yukawa coupling becomeg(1), the large-tai8 regime is particularly in-
teresting for helicity-suppressed observableB physics.

One of the clearest phenomenological consequences is gesgm (typically in the 168 50%
range) of theB — /v decay rate with respect to its SM expectation [16, 17, 18]t tBa most
striking signature could arise from the rare decByg— ¢ ¢~ whose rates could be enhanced over
the SM expectations by more than one order of magnitude [1.914]. An enhancement of both
Bs — ¢+ ¢~ andBy — ¢¢~ respecting the MFV relatiofi(Bs — ¢¢7) /I (Bq — £107) ~ [Ms/Vea |2
would be an unambiguous signature of MFV at large34].

3.3 MFV in supersymmetry

One of the explicit new-physics framework where the MFV hyyesis could be more easily
be implemented is the minimal supersymmetric extensiomef3M (MSSM). Since the squark
fields have well-defined transformation properties underSN quark-flavour grouf, the MFV
hypothesis can easily be implemented in the MSSM framewatviing the general rules outlined
above.

We need to consider all possible interactions compatibile isoftly-broken supersymmetry;

ii) the breaking of4; via the spurion fielda 4. This allows to express the squark mass terms and
the trilinear quark-squark-Higgs couplings as follows,[2]t

8, = P (81 + DA +B220A] + DAL +DAAIAGA] +..) |
70, = M2 (al+bsAlAu+..) , Ay = A(a31|+b6/\dAg+...)Au, (3.9)

and similarly for the down-type terms. The dimensionfulgmaetersmandA, expected to be in the
range few 100 GeV — 1 TeV, set the overall scale of the softking terms. In Eq. (3.9) we have
explicitly shown all independent flavour structures whiaimigot be absorbed into a redefinition of
the leading terms (up to tiny contributions quadratic inYakawas of the first two families), when
tanf is not too large and the bottom Yukawa coupling is small, #vens quadratic ig can be
dropped.

In a bottom-up approach, the dimensionless coefficiarasdb; should be considered as free
parameters of the model. Note that this structure is ren@at@n-group invariant: the values of
a andb; change according to the Renormalization Group (RG) flowttheitgeneral structure of
Eqg. (3.9) is unchanged. This is not the case iflthare set to zero, corresponding to the so-called
hypothesis oflavour universality In several explicit mechanism of supersymmetry breakiing,
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condition of flavour universality holds at some high sddlesuch as the scale of Grand Unification
in the CMSSM (see below) or the mass-scale of the messeng@ligmin gauge mediation (see
Ref. [22]). In this case non-vanishirig ~ (1/4m)%InM?2 /¢ are generated by the RG evolution.
As recently pointed out in Ref. [23, 24], the RG flow in the MSSMFV framework exhibit quasi
infra-red fixed points: even if we start with all thie = ¢'(1) at some high scale, the only non-
negligible terms at the TeV scale are those associated m,frjestructures.

While MFV can easily be implemented in the MSSM, it is worthstoess that the flavour
problem could have a different solution in supersymmetkitemsions of the SM. For instance,
one interesting possibility is that there is no special ftasggmmetry symmetry, but the first two
generations of squarks are well above the TeV scale (sedZ%éfor a recent analysis). Keeping
only the third generation light is sufficient to stabilise tHiggs sector. On the other hand, with
heavy squarks for the first two generations the severe baondthe kaon system in (2.5) are less
problematic.

4. MFV in the lepton sector

Apart from arguments based on the analogy between quarkieptass, the introduction of a
MFV hypothesis for the lepton sector (MLFV) is demanded byeese fine-tuning problem also
in the lepton sector: within a generic EFT approach, the ologservation ofu — ey implies an
effective NP scale above 10eV unless the coupling of the corresponding effective afoeris
suppressed by some symmetry principle.

Since the observed neutrino mass parameters are not aebbgilihe SM Yukawa interaction
in Eq. (3.2), the formulation of a MLFV hypothesis is not gjtdforward, and some additional
hypothesis is needed. A first natural assumption is thatrbaking of the total lepton numbdr)(
and the lepton flavour —th&, group in (3.1)— are decoupled in the underlying theory. dvaihg
Ref. [26] we can then consider two main scenarios. They aaeackerized by the different sta-
tus assigned to the effective Majorana mass majyimppearing as coefficient of theviolating
dimension-five operator in the low energy effective the@¥]{

v _ Ly T (i oW
et = A~ Ov(LLTH)(H oby) + he —  my =2

LN LN
In the truly minimal scenario (dubbedinimal field content g, and the charged-lepton Yukawa
coupling @Qe) are assumed to be the only irreducible sources of breaKigg, dhe lepton-flavour
symmetry of the low-energy theory.

The irreducible character gf, does not hold in many realistic underlying theories withvyea
right-handed neutrinos. For this reason, a second sceftarimbedextended field contentwith
heavy right-handed neutrinos and a larger lepton-flavoomsgtry group4; x O(3).,, has also
been considered. In this extended scenario, a natural ambexcal choice about the symmetry-
breaking terms is the identification of the two Yukawa cougdi, A, andAe, as the only irreducible
symmetry-breaking structures. In this contegf,~ AJ A, and theL-violating mass term of the
heavy right-handed neutrinos is flavour-blind (up to Yukamd@uced corrections):

(4.1)

Lheay = —5MyVRVE + e MY =M,3"

L= R +iAJVRHTTL)) + he (4.2)
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In this scenario the flavour changing coupling relevarit te |}y decays reads

me M
7 V_ZVUPMNS(myZ)diagHZ(mi/z)diagUgMNs (4-3)

(Ol R)MLFY O AeAJAy —
whereH is an Hermitian-orthogonal matrix which can be parametrizeterms of three real pa-
rameters ) which control the amount of CP-violation in the right-haddsector [28]. In the
CP-conserving limitH — | and the phenomenological predictions for lepton FCNC detamns
out to be quite similar to the minimal field content scenai6][

Once the field content of model is extended, there are iniptenenany alternative options to
define the irreducible sources of lepton flavour symmetrakirg) (see Ref. [29, 30] for an exten-
sive discussion and alternative scenarios). The specificeldiscussed above has two important
advantages: it is predictive and closely resemble the MRbthesis in the quark sector. Thg's
are the counterpart of right-handed up quarks and, sipitarthe quark sector, the symmetry-
breaking sources are two Yukawa couplings.

The basic assumptions of the MLFV hypotheses are definigsly dlata-driven with respect to
the quark sector. Nonetheless, the formulation of an EF&das these assumptions is still very
useful. As I will briefly illustrate in the following, it allws us to address in a very general way the
following fundamental question: how can we detect the pres®f new irreducible (fundamental)
sources of LF symmetry breaking?

4.1 Phenomenological consequences

Using the MLFV-EFT approach, one can easily demonstrate-ineabsence of new sources
of LF violation— visible FCNC decays gi andt can occur only if there is a large hierarchy be-
tweenA (the scale of new degrees of freedoms carrying LF)/angd~ M, (the scale of total LN
violation) [26]. More interestingly, the EFT allows us tcagr unambiguous predictions about the
relative size of LF violating decays of charged leptons é@mts of neutrino masses and mixing
angles). At present, the uncertainty in the predictionssfarh ratios is limited from the poorly
constrained value of the 1-3 mixing angle in the neutrinogmaatrix 6;3) and, to a lesser extent,
from the neutrino spectrum ordering and the CP violatingspléa One of the clearest conse-
guences from the phenomenological point of view is the alagiem that ifs;3 2 0.1 there is no
hope to observe — uy at future accelerators (see Fig. 2). This happens becaasstrthgent
constraints fromu — ey already forbid too low values for the effective scale of LBlation. In
other words, in absence of new sources of LF violation thet s@ssitive FCNC probe in the lepton
sector isu — ey. This process should indeed be observed at MEG [31] for vealystic values of
the new-physics scalésand/A\_y. Interestingly enough, this conclusion holds both in theimal-
and in the extended-field-content formulation of the MLF&nfrework.

The expectation of a higher NP sensitivity jof— Ly with respect tar — uy (taking into ac-
count the corresponding experimental resolutions) is ooefil in several realistic NP frameworks.
This happens for instance in the MSSM scenarios analyse@fif®, 33, 34] with the exception
of specific corners of the parameter space [32].

In the MLFV scenario with extended field content we can gdeethe observed matter-
antimatter asymmetry of the Universe by means of leptogefigs]. The viability of leptogenesis
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Figure 2: Br_puy =T (1 — uy)/I'(t — pvv) compared to theg — ey constraint within MLFV (minimal
field content), as a function of the neutrino mixing anglg [26]. The shading corresponds to different
values of the phasé and the normal/inverted spectrum. The NP scales have béem Agy /A = 10'9;
their variation affects only the overall vertical scale.

within the MLFV framework, which has been demonstrated if. &6, 37, 38], is an interest-
ing conceptual point: it implies that there are no phenortogjical motivations to introduce new
sources of flavour symmetry breaking in addition to the fdufthe three SM Yukawa couplings
andA,). A necessary condition for leptogenesis to occur is a regederate heavy-neutrino spec-
trum. Within the MLFV framework, the tree-level degeneradfyheavy neutrinos is lifted only
by radiative corrections, which implies a rather preditbonstrained scenario. From the phe-
nomenological point of view, an important difference wigispect to the CP-conserving case is the
fact that non-vanishings change the predictions of the LFV decays, typically prodga further
enhancement of theg(u — ey)/%(1 — uy) ratio [37].

5. Beyond Minimal Flavour Violation

Despite its phenomenological success, there are vari@soms to expect some deviations
from the MFV hypothesis. In the following we illustrate twael+motivated examples where such
deviations are indeed expected.

Interestingly, in both cases the phenomenological sigaataf such deviations are expected
in the kaon system rather than in tBesystem. This is not surprising given the strong suppression
of short-distances — d FCNC transitions in the SM.

5.1 Grand Unified Theories

Once we accept the idea that flavour dynamics obeys a MFVipkndoth in the quark and
in the lepton sector, it is interesting to ask if and how thisampatible with a grand-unified theory
(GUT), where quarks and leptons sit in the same represensatif a unified gauge group. This
question has been addressed in Ref. [39], considering tra@ifying case of S(b)gauge

Within SU(5)4auge the down-type singlet quarksig) and the lepton doubletd () belong
to thegrepresentation; the quark doubl€¥(), the up-type (%) and lepton singletsef;) belong

10
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to the 10 representation, and finally the right-handed neutrings) (@re singlet. In this frame-
work the largest group of flavour transformation commutinighwhe gauge group i¥sut =
SU(3)5 x SU(3)10 x SU(3)1, which is smaller than the direct product of the quark andolep
groups discussed beforg(x 4). We should therefore expect some violations of the MFV+MLF
predictions, either in the quark sector, or in the leptorigeor in both.

A phenomenologically acceptable description of the lowrgp fermion mass matrices re-
quires the introduction of at least four irreducible sosroé¥syr breaking. From this point of
view the situation is apparently similar to the non-unifiese: the foutssyrt spurions can be
put in one-to-one correspondence with the low-energy epani,Aq, Ae, andA,. However, the
smaller flavour group does not allow the diagonalizatioAp@ndAe (which transform in the same
way underégyr) in the same basis. As a result, two additional mixing magrican appear in the
expressions for flavour changing rates [39]. The hieraath@xture of the new mixing matrices is
known since they reduce to the identity matrix in the lichlt = A4. Taking into account this fact,
and analysing the structure of the allowed higher-dimeraioperators, a number of reasonably
firm phenomenological consequences can be deduced [39]:

e There is a well defined limit in which the standard MFV sceméor the quark sector is fully
recovered:M,, < 10'? GeV and small tap (in a two-Higgs doublet case). Fi, ~ 102
GeV and small taf3, deviations from the standard MFV pattern can be expectedrak
decays but not irB physics. Ignoring fine-tuned scenaridd, > 102 GeV is excluded
by the present constraints on quark FCNC transitions. lexégntly from the value d¥,,
deviations from the standard MFV pattern can appear bothand inB physics for taf8 =
m/my (see the next section).

e Contrary to the non-GUT MFV framework, the rate for— ey (and other LFV decays)
cannot be arbitrarily suppressed by lowering the averagesiia of the heavyvg. This
fact can easily be understood by looking at the flavour atrecof the relevant effective
couplings, which now assume the following form:

(ALRIMEV-_GUT = C1 AAJAY + C2 AA[Ae + C3 AATA] + ... (5.1)

In addition to the terms involving, ~ /M, already present in the non-unified case, the
GUT group allows alsd/, -independent terms involving the quark Yukawa couplingse T
latter become competitive favl, < 10'? GeV and their contribution is such that fars 10
TeV theu — ey rate is above 10" (i.e. within the reach of MEG [31]).

¢ Improved experimental information an— py andt — ey are a now a key tool: the best ob-
servables to discriminate the relative size of the MLFV dbntions with respect to the
GUT-MFV ones. In patrticular, if the quark-induced termsntwut to be dominant, the
B(T — uy)/%(u — ey) ratio could reach values a@f(10~%), allowing T — uy to be just
below the present exclusion bounds.

5.2 Flavour protection from hierarchical fermion profiles

So far we have assumed that the suppression of flavour-ci@iginsitions beyond the SM
can be attributed to a flavour symmetry, and a specific fornm@fslymmetry-breaking terms. An
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interesting alternative is the possibility of a genedignamical suppressionf flavour-changing
interactions, related to the weak mixing of the light SM fens with the new dynamics at the
TeV scale. A mechanism of this type is the so-called RS-GIMmaism occurring in models
with a warped extra dimension. In this framework the hidmarof fermion masses, which is
attributed to the different localization of the fermiongtlie bulk [40, 41], implies that the lightest
fermions are those localised far from the infra-red (SMraAs a result, the suppression of
FCNCs involving light quarks is a consequence of the smadtlap of the light fermions with the
lightest Kaluza-Klein excitations [42, 44].

As pointed out in [45], also the general features of thissclalsmodels can be described by
means of a general EFT approach. The two ingredients of t#iisgEe the following: i) there exists
a (non-canonical) basis for the SM fermions where theirticnierms exhibit a rather hierarchical
form:

L= EU Bz,pw, z,=diagz).2).7)), 7)) <z <751,
W=Q,Ur,Dr

i) in such basis there is no flavour symmetry and all the flawxgolating interactions, including
the Yukawa couplings, ar€¢’(1). Once the fields are transformed into the canonical basgs, th
hierarchical kinetic terms act as a distorting lens, thiowich all interactions are seen as approx-
imately aligned on the magnification axes of the lens. Ascguated, this construction provide an
effective four-dimensional description of a wide class afdels with a with a warped extra spacial
dimension. However, it should be stresses that this mesimaisi not a general feature of models
with extra dimensions: as discussed in [46, 47], also inaedimensional models is possible to
postulate the existence of additional symmetries andniiance, recover a MFV structure. On he
other hand, hierarchical fermion profiles can be generdsedim different theoretical frameworks:
they could arise from Renormalisation Group running, wattyé, positive, and distinct anomalous
dimensions for the different generations of fermions [48].

This dynamical mechanism is quite effective in suppresBi@§lCs beyond the SM. In partic-
ular, it can be shown that all the dimensions-six FCNC lefit-operators (such as ti¢ = 2 terms
in (2.3)), have the same suppression as in MFV [45]. Howevegsidual problem is present in the
left-right operators contributing to CP-violating obsables in the kaon systersi [4, 49, 50] (see
also [51]) ance’/ek [45, 52] (with potentially visible effects also in raBeandK decays [53]). To
suppress the latter, either the effective scale of newipbys push up te- 10 TeV, or some form
of alignment (of MFV type) must be invoked (see e.g. Ref. [, for a possible implementation
of the alignment in the context of models with warped extraetisions).

6. Conclusions

The absence of significant deviations from the SM in quarloflaphysics is a key information
about any extension of the SM. Only models with a highly nonegie flavour structure can both
stabilise the electroweak sector and, at the same time,rhpatible with flavour observables.

A useful tool to identify the flavour structure of physics bay the SM is provided by the con-
struction of effective theories at the TeV scale, based eniip flavour symmetries and symmetry-
breaking hypotheses, and compare them with data. As we kave the MFV hypothesis emerges
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as a natural candidate pootectflavour physics in extensions of the SM at the TeV scale. Hawev
as discussed in the last chapter, MFV is not the only allowessipility and is unlikely to be an
exact symmetry principle.

The identification of the flavour structure of physics beydimel SM remains an open issue.
Shedding more light on this problem require a twofold eff@h the one hand, we need to identify
the TeV scale dynamics responsible for the breaking of teetrelweak symmetry. On the other
hand, we need more accurate measurements of clean FCNQOs endogies (sucBsqy — A/

K — nvv, and the CP-violating phase Bf mixing) to probe the favour symmetry-breaking pattern
of the new degrees of freedom.
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