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9.7 MuongS2 . ... ... 165 elds or in extended Higgs sectors. In all cases, the ob-
Acknowledgements . . ... ... .......... 167 servables discussed in this chapter provide essential ex-
References . ... ... ... ... ... .. ...... 167 perimental input for the understanding of the origin of CP

violation.

— The excellent agreement of all avor observables in the
guark sector with the CKM picture of avor and CP vio-
lation has recently led to the concept of minimal avor vi-
olation (MFV). In scenarios beyond the SM (BSM) with
MFV, the smallness of possible deviations from the SM

] o is naturally built into the theory. While these schemes
The understanding of the avor structure and CP violation provide a natural setting for the observed lack of new

(CPV) of fundamental interactions has so far been domi- physics (NP) signals, their consequence is often a re-
nated by the phenomenology of the quark sector of the stan- §,,cqq sensitivity to the underlying avor dynamics of
dard model (SM). More recently, the observation of neutrino ., o<t observables accessible by the next generation of
masses and mixing has begun extending this phenomenol- 56 experiments. Lepton avor violation (LFV) and
ogy to the lepton sector. While no experimental data avail- £pnms could therefore provide our only probe into this
able today link avor and CP violation in the quark and dynamics.

in the neutrino sectors, theoretical prejudice strongly sup- | ast but not least, with the exception of the magnetic di-
ports the expectation that a complete understanding should pole moments, where the SM predicts non-zero values
ultimately expose their common origin. Most attempts 10 54 deviations due to new physics compete with the ef-
identify the common origin, whether through grand uni ed  fect of higher order SM corrections, the observation of
(GUT) scenarios, supersymmetry (SUSY), or more exotic 3 npon-zero value for any of the observables discussed

electroweak symmetry breaking mechanisms predict in ad- i, this chapter would be unequivocal indication of new

olation observables in the quark and neutrino sector on the megiate lepton avor violating transitions, as well as in-

one side, and new phenomena involving charged leptons and quce CP-odd effects, their size is such that all these effects
avor conserving CP-odd effects on the other. This chapter zre by many orders of magnitude smaller than anything
of the “Flavor in the era of the LHC” report focuses pre- measurable in the foreseeable future. This implies that,
cisely on the phenomenology arising from these ideas, dis- contrary to many of the observables considered in other
cussing avor phenomena in the charged lepton sector and chapters of this report, and although the signal interpre-

1 Charged leptons and fundamental dipole moments:
alternative probes of the origin of avor and CP
violation

avor conserving CP-violating processes. o tation may be plagued by theoretical ambiguities or sys-
~ Several theoretical arguments make the studies discussediematics, there is nevertheless no theoretical systematic
in this chapter particularly interesting. uncertainty to claim a discovery once a positive signal is

— The charged lepton sector provides unique opportunities detected.

to test scenarios tailored to explain avor in the quark andThe observables discussed here are also very interesting
neutrino sectors, for example by testing correlations befrom the experimental point of view. They call for a very
tween neutrino mixing and the rate for e decays, as broad approach, based not only on the most visible tools of
predicted by speci c SUSY/GUT scenarios. Charged lep-igh energy physics, namely the high energy colliders, but
tons are therefore an indispensable element of the avoalso on a large set of smaller-scale experiments that draw
puzzle, without which its clari cation could be impossi- from a wide variety of techniques. The emphasis of these
ble. experiments is by and large on high rates and high preci-

— The only observed source of CP violation is so far thesion, a crucial role being played by the control of very large
Cabibbo—Kobayashi-Maskawa (CKM) mixing matrix. backgrounds and subtle systematics. A new generation of
On the other hand, it is by now well established that this issuch experiments is ready to start or will start during the rst
not enough to explain the observed baryon asymmetry gart of the LHC operations. More experiments have been on
the universe (BAU). The existence of other sources of CRhe drawing board for some time, and could become reality
violation is therefore required. CP-odd phases in neutrinauring the LHC era if the necessary resources were made
mixing, directly generating the BAU through leptogene-available. The synergy between the techniques and potential
sis, are a possibility, directly affecting the charged leptorresults provided by both the large- and small-scale exper-
sector via, e.g., the appearance of electric dipole momeniments makes this eld of research very rich and exciting
(EDMs). Likewise, EDMs could arise via CP violation in and gives it a strong potential to play a key role in exploring
avor conserving couplings, like phases of the gauginothe physics landscape in the era of the LHC.
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The purpose of this document is to provide a compre€constraints leave room for interesting signals coupled to the
hensive overview of the eld, from both the theoretical andnew physics at the TeV scale that can be directly discov-
the experimental perspective. While we cover many modetred at the LHC. For example, a mixing of order 1 between
building aspects of neutrino physics that are directly relatethe supersymmetric scalar partners of the charged leptons
to the phenomenology of the quark and charged lepton seend a mass splitting among them of the order of the lepton
tors, for the status of the determinations of the mixing pamasses is consistent with the current limits if the scalar lep-
rameters and for the review of the future prospects we refabn masses are just above 100 GeV, and it could lead both to
the reader to the vast existing literature, as documented faheir discovery at the LHC, and to observable signals at the
example in 1-4]. next generation of experiments.

Several of the results presented are already well known, Most of this report will be devoted to the discussion of
but they are nevertheless documented here to provide a seffie phenomenological consequences of limits such as those
contained review, accessible to physicists whose expertida Tablel, setting constraints on explicit BSM models, pre-
covers only some of the many diverse aspects of this sulsenting benchmarks for the discovery potential of forthcom-
ject. Many results emerged during the workshop, includingng measurements both at the LHC and at low energy, and
ideas on possible new experiments, further enrich this reexploring options for future experiments aimed at increasing
port. We present here a short outline and some highlights afe reach even further.
the contents. Section3 also introduces the phenomenological parame-

Section2 provides the general theoretical framework thatterizations of the quark and lepton mixing matrices that are
allows us to discuss avor from a symmetry point of view. found in the literature, emphasizing with concrete exam-
It outlines the origin of the avor puzzles and lists the math-ples the correlations among the neutrino and charged lep-
ematical settings that have been advocated to justify or preen sectors that arise in various proposed models of neutrino
dict the hierarchies of the mixing angles in both the quarkmasses. The section is completed by a discussion of the pos-
and neutrino sectors. Secti@introduces the observables sible role played by leptogenesis and cosmological observ-
that are sensitive to avor in the charged lepton sector ancbles in constraining the neutrino sector.
to avor conserving CP violation, providing a unied de-  Section4 reviews the organizing principles for avor
scription in terms of effective operators and effective scalephysics. With a favorite dynamical theory of avor still
for the new physics that should be responsible for them. Theissing, the extended symmetries of BSM theories can pro-
existing data already provide rather stringent limits on thajide some insight in the nature of the avor structures of
size of these operators, as shown in several tables. We c@juarks and leptons, and give phenomenologically relevant
lect here in Tabld some of the most signi cant benchmark constraints on low energy correlations between them. In
results (for details, we refer to the discussion in S&édt.9.  GUT theories, for example, leptons and quarks belong to
We constrain the dimensionless coef cientsof effective  the same irreducible representations of the gauge group,
operator<O; describing avor or CP-violating interactions. and their mass matrices and mixing angles are consequently
Examples of these effective operators include tightly related. Extra dimensional theories provide a possible
dynamical origin for avor, linking avor to the geometry of
the extra dimensions. This section also discusses the impli-
cations of models adopting for the lepton sector the same
concept of MFV already explored in the case of quarks.

Sectionb discusses at length the phenomenological con-
sequences of the many existing models, and represents the

72T ad, Tk al (1.2) main body of this document. We cover models based on

- = TS Sl (1.1)
which describe a CP-violating electric dipole moment
(EDM) of lepton ; or the avor violating decay i

or the four-fermion operators:

where the , represent the various possible Lorentz struc-Table 1 Bounds on CP- or avor violating effective operators, ex-
tures. The overall normalization of the operators is chofressed as upper limits on their dimensionless coef cientscaled
sen to reproduce the strength of transitions mediated b the strength of 'We_ak |nteract|o_ns. For more de_talls, in particular

. .. e overall normalization convention for the effective operators, see
weak gauge bosons, assuming avor mixing angles and CRs. 131 »

violating phases of order unity. The smallness of the con

straints on therefore re ects either the large mass scale ofoPservable Operator Limit on
vor phenomen r the weakn f the relative interac- &
ti):s phenomena, or the weakness of the relative inte aC & M senFy 2 1x 16812
N . B e oM eF 3.4x 10512
Itis clear from this table that current data are already sen-(u ) E " F“ 8.4x 1058
sitive to mass scales much larger than the electroweak scafe;, = " )+ Hru '

T s S7
or to very small couplings. On the other hand, many ofthesg(KL We ) (T "Pie)s "PuLd) 29x 10°
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SUSY, as well as on alternative descriptions of electroweat052—10°L, Furthermore, in SUSY GUT models with see-
symmetry breaking, such as little Higgs or extended Higgsaw mechanism correlations exist between the values of the
sectors. In this section we discuss the predictions and the deeutron and deuteron EDMs and the heavy neutrino masses.
tection prospects of standard observables, such as Section6 discusses studies of lepton universality. The
decays or EDMs, and connect the discovery potential fobranching ratios ( W) ( e) and (K
these observables with the prospects for direct detection @f )/ (K e ), for example, are very well known theo-
the new massive particles at the LHC or at a future Linearetically within the SM. Ongoing experiments (at PSI and
Collider. TRIUMF for the pion, and at CERN and Frascati for the
This section underlines, as is well known that the exkaon) test the existence of avor-dependent charged Higgs
ploration of these processes has great discovery potentiapuplings, by improving the existing accuracies by factors
since most BSM models anticipate rates that are within thef order 10.
reach of the forthcoming experiments. From the point of In Sect.7 we consider CP-violating charged lepton de-
view of the synergy with collider physics, the remarkablecays, which offer interesting prospects as alternative probes
outcome of these studies is that the sensitivities reachesf BSM phenomena. SM-allowed decays, such as
in the searches for rare lepton decays and dipole moment& , can be sensitive to new CP-violating effects. The
are often quite similar to those reached in direct searchedecays being allowed by the SM, the CP-odd asymme-
at high energy. We give here some explicit examples. Irries are proportional to the interference of a SM amplitude
SQ(10) SUSY GUT models, where the charged lepton mix-with the BSM, CP-violating one. As a result, the small CP-
ing is induced via renormalization-group evolution of theviolating amplitude contributes linearly to the rate, rather
heavy neutrinos of different generations, the observation ahan quadratically, enhancing the sensitivity. In the speci ¢
B(u e ) at the level of 1813, within the range of the case of K, and for some models, a CP asymmetry at
just-starting MEG experiment, is suggestive of the existencéhe level of 182 would correspond t@( | ) around
of squarks and gluinos with a mass of about 1 TeV, welll0°8. Another example is the CP-odd transverse polariza-
within the discovery reach of the LHC. Squarks and gluinogion of the muon,Pt, in K M decays. The current
in the range of 2-2.5 TeV, at the limit of detectability for the sensitivity of the KEK experiment E246, which resulted in
LHC, would pushB(u e ) down to the level of 186. Py < 5x 10°3 at 90% C.L., can be improved to the level of
While this is well beyond the MEG sensitivity, it would 10°4, by TREK proposed at J-PARC, probing models such
well t the ambitious goals of the next-generatipn e  as multi-Higgs or R-parity-violating SUSY.
conversion experiments, strongly endorsing their plans. The Section8 discusses experimental searches for charged
decayp e induced by the mixing of the scalar part- LFV processes. Transitions betweeny, and might be
ners of muon and electron, and withBfu e ) atthe found in the decay of almost any weakly decaying parti-
level of 10°13, could give a g fg’—'e signal at the cle and searches have been performegijn, , K, B,
LHC, with up to 100 events after 3009b. Higher statistics D, W andZ decay. Whereas the highest experimental sen-
and a cleaner signal would arise at a Linear Collider. Modsitivities were reached in dedicatgdandK experiments,
els where neutrino masses arise not from a see-saw mech-decay starts to become competitive as well. In Sgthe
anism at the GUT scale but from triplet Higgs elds at the experimental limitations to the sensitivities for the various
TeV scale can be tested at the LHC, where processes likdecay modes are discussed in some detail, in particular for
pp  H*™ HSS can be detected fany++ upto 700 GeV, and decays, and some key experiments are presented. The
using the remarkable signatures dugtel ** ) sensitivities reached in searches for  e" are limited
BH* u*u*) BH*™ pu* *) V3. by accidentat* coincidences and muon beam intensities
Should signals of new physics be observed, alternativhave to be reduced now already. Searchesufex conver-
interpretations can be tested by exploiting different patsion, on the other hand, are limited by the available beam in-
terns of correlations that they predict among the various obtensities, and large improvements in sensitivity may still be
servables. For example, while typical SUSY scenarios preachieved. Similarly, in rare decays some decay modes are
dictB(u 3e) 10°2B(u e ), these branching ratios already background limited at the pres@wactories and
are of the same order in the case of little Higgs modelduture sensitivities may not scale with the accumulated lu-
with T parity. Important correlations also exist in see-sawminosities. Prospects of LFV decays at the LHC are limited
SUSY GUT models betweeB(u e ) andB( M) to nal states with charged leptons, such as 3u and
or B( e ). Furthermore, SUSY models with CP vio- Bgs et , which are discussed in detail. This section
lation in the Higgs or gaugino mass matrix, be they super-niéhes with the preliminary results of a feasibility study
gravity (SUGRA) inspired or of the split-SUSY type, predict for in- ight p conversions using a wide beam of high
the ratio of electron and neutron EDM to be in the range oimomentum muons. No working scheme emerged yet.
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Section9 covers electric and magnetic dipole moments.2 Theoretical framework and avor symmetries

The muon magnetic moment has been much discussed re-
cently, so we limit ourselves to a short review of the theo2.1 The avor puzzle
retical background and of the current and foreseeable ex-
perimental developments. In the case of EDMs, we proThe presence of three fermion families with identical gauge
vide an extensive description of the various theoretical apgquantum numbers is a puzzle. The very origin of this repli-
proaches and experimental techniques applied to test elegation of families constitutes the rst element of the SM a-
tron and quark moments, as well as other possible sourcggr puzzle. The second element has to do with the Yukawa
of avor diagonal CP-violating effects, such as the gluonicinteractions of those three families of fermions. While the

FF coupling, or CP-odd four-fermion interactions. While gauge principle allows us to determine all SM gauge inter-
the experimental technique may differ considerably, the varsions in terms of three gauge couplings only (once the SM
ious systems provide independgnt and complementary "Ejauge group and the matter gauge quantum numbers have
fc_)r_mat|on. EDMS_ of paramagneUc atoms such as Tlare S€5een speci ed), we do not have clear evidence of a guiding
sitive to a combmatlo.n of the fupdamental electron EDMprincipIe underlying the form of the 8 3 matrices describ-
and CP-odd four-fermion interactions between nucleons anﬁilg the SM Yukawa interactions. Finally, a third element of

electrons. EDMs of diamagnetic atoms such as Hg are sefy- . . .
L i S the puzzle is represented by the peculiar pattern of fermion
sitive, in addition, to the intrinsic EDM of quarks, as well o S i
masses and mixing originating from those couplings.

as to a non-zero QCD coupling. The neutron EDM more o ; L
zero Q upling " The replication of SM fermion families can be rephrased

directly probes intrinsic quark EDMs, and possible higher . )
dimension CP-odd quark couplings. EDMs of the electron!n terms of the symmetries of the gauge part of the SM La-

without contamination from hadronic EDM contributions, granglan._The latter is in f_act_ symmetric undes ¢3)° sym—_
can be tested with heavy diatomic molecules with unpaire €ty acting on the family indexes of each of the ve in-
electrons, such as YbF. In case of a positive signal the confgduivalent SM representations forming a single SM family
bination of measurements would help to disentangle the vafd, U, d®, 1, €€ in Weyl notation). In other words, the gauge
ious contributions. couplings and interactions do not depend on the (canonical)

The experimental situation looks particularly promising,0asis we choose in the avor space of each of the ve sets of
with several new experiments about to start or under con€lds g, uf,df I, ef,i= 1,23,
struction. For example, new ultracold-neutron setups at ILL, This U (3)° symmetry is explicitly broken in the Yukawa
PSI and Oak Ridge will increase the sensitivity to a neutrorsector by the fermion Yukawa matrices. It is because of
EDM by more than two orders of magnitude, to a level ofthis breaking that the degeneracy of the three families is
about 1628 ecm in 5-10 years. This sensitivity probes e.g.broken and the elds corresponding to the physical mass
CP-violating SUSY phases of the order of°f0or smaller.  eigenstates, as well as their mixing, are de ned. An addi-
Similar improvements are expected for the electron EDMtional source of breaking is provided by neutrino masses.
One of the main new ideas developed in the course of th€he smallness of neutrino masses is presumably due to the
workshop is the use of a storage ring to measure the deuter@neaking of the accidental lepton symmetry of the SM at a
EDM. The technical issues related to the design and corscale much larger than the electroweak, in which case neu-
struction of such an experiment, which could have a statistrino masses and mixing can be accounted for in the SM
tical sensitivity of about 18?° ecm, are discussed here in effective Lagrangian in terms of a dimension ve operator
some detail. breaking theJ (3)°> symmetry in the lepton doublet sector.

All the results presented in this document prove the great aAs mentioned, the special pattern of masses and mixing
potential pf this area of particle physics to shed light on ON&yriginating from theU (3)5 breaking is an important element
of the main puzzles of the standard model, namely the origiy¢ ihe avor puzzle. This pattern is quite peculiar. It suf ces
and properties of avor. Low energy experiments are sensigy mention the smallness of neutrino masses: the hierarchy

tive to scales of new phy_su_:s that in several cases extend be charged fermion masses relative to that of the two heavier
yond several TeV. The similarity with the scales directly ac'neutrinos; the smallness of Cabibbo—Kobayashi—Maskawa

cessible at the LHC supports the expectation of an importanr%ixing in the quark sector and the two large mixing angles

synergy with the LHC collider programme, a synergy tha, Pontecorvo—Maki—Nakagawa—Sakata (PMNS) matrix in

clearly extends to future studies of the neutrino and quar!ﬁ: . :
. . the lepton sector; the mass hierarchy in the up quark sector,

sectors. The room for improvement, shown by the projecFnore ronounced than in the down quark and charged le

tions suggested by the proposed experiments, nally under- P q 9 P

scores the importance of keeping these lines of research teﬂn sectors; the presence of a large CP-violating phase in the

the forefront of the experimental high energy physics pro_quark sector and the need of additional CP violation to ac-

gramme, providing the appropriate infrastructure, suppor‘foum for baryogenesis; the approximate equality of bottom
and funding. and tau masses at the scale at which the gauge couplings
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unify® and the approximate factor of 3 between the strang@.2 Flavor symmetries
and muon masses, both pointing at a grand uni ed picture at
high energy. The SM Lagrangian i8) (3)° invariant in the limit in which

The origin of family replication and of the peculiar pat- the Yukawa couplings vanish. This might suggest that the
tern of fermion masses and mixing are among the most infukawa couplings, or at least some of them, arise from
teresting open questions in the SM, which a theory of avor,the spontaneous breaking of a subgroupJgB)°®. Need-
discussed in Sec?, should address. As seen in S&tex-  less to say, the use of (spontaneously broken) symmetries
periment is ahead of theory in this eld. All the physical @S organizing principles to understand physical phenomena
parameters describing the SM avor structure in the quardas been largely demonstrated in the past (chiral symmetry
sector have been measured with good accuracy. In the |eBreaking, electroweak, etc.). In the following, we discuss the
ton sector crucial information on lepton mixing and neutrinoP0Ssibility of using such an approach to address the origin

masses is being gathered and a rich experimental program%the pattern of fermion masses anld mixing, the constraints

under way to complete the picture. on the avor structure of new physics, and to put forward
Several tools are used to attack the avor problem. Gran@XPectations for avor Observab‘lles. o

uni ed theories allow one to relate quark and lepton masses '€ spontaneously broken “avour” or “family” sym-

at the GUT scale and provide an appealing framework t&"€try can be local or global. Many (most) of the conse-

study neutrino masses, leptogenesis, avor models, etc. Nofg/ences Of_ avor symmetries are_indepe_nde_nt of this. The
that in a grand uni ed context the) (3)5 symmetry of the avor breaking scale must be suf ciently high in such a way

gauge sector is reduced ((3) in the case in which all to suppress pqtentlally dangeroug effects.assomated with the
fermions in a family are uni ed in a single representation,new elds and interactions, in particular with the new gauge

as inSQ(10)). Extra dimensions introduce new ways to ac./nteractions (in the local case) or the unavoidable pseudo-

count for the hierarchy of charged fermion masses (and ig-oldst_ong bosons (in the global case). In the_ contex_t of an
%réalyys in terms of effective operators of higher dimen-

some cases for the smallness of neutrino masses) through t :
. o . . sions, a generic bound of about®1DeV on the avor scale
mechanism of localization in extra dimensions and by pros )

. .~ from avor changing neutral currents (FCNC) processes
viding a new framework for the study of avor symmetries. . : .

. o . would be obtained. Nevertheless, a certain evidencb-for
The concept of minimal avor violation may also providea =~ .~ " .
. : uni cation and the appeal of the see-saw mechanism for
framework for addressing avor. The impact of those orga- :

. L N . .2 neutrino masses seem to suggest that these Yukawa cou-
nizing principles on avor physics is discussed in detail in_ . o
Sectd plings are already present near the GUT scale. This is indeed

o : . . . what most avor models assume, and we shall also assume
From experimental point of view, however, additional in the following
handles are needed to gain more insight in the origin of a The SM matter elds belong to speci ¢ representations of

vor. Essentially this requires a discovery of new physics befhe avor group, such that in the unbroken limit the Yukawa

yond t_he SM'_ New phygi_cs at the TeV scale may in fac.t t_)ecouplings have a particularly simple form. Typically some
associated with an additional avor structure, whose origin

) e : or all Yukawa couplings (with the possible exception of
might well be related to the origin of the Yukawa couphngs.third generation ones) are not allowed. The spontaneous
Some of the present attempts to understand the pattern Qf/mmetry breaking of the avor symmetry is provided by
fermion masses and mixing do link the avor structure ofyne \acyum expectation value (VEV) of elds often called
the SM and that of the new physics sectors. In which case,,ons» As the breaking presumably arises at a scale much
the search for indirect effects at low energy and for direchigher than the electroweak scale, such avons are SM sin-
effects at colliders may play a primary role in clarifying our gjets (or contain a SM singlet in the case of SM extensions)
understanding of avor. And conversely, the attempts to unyng typically they are only charged under the avor sym-
derstand the pattern of fermion masses and mixing mightetry. Flavor breaking is communicated dynamically to the
lead to the prediction of new avor physics effects. Thosegn elds by some interactions (possibly renormalizable,
issues are addressed in Séct. often not speci ed) living at a scale  not smaller than

Finally, lepton avor physics is not just related to the Iep- the scale of the avor symmetry breaking. A typical exam-
ton avor violation or CP violation in the lepton sector but pje for these interactions that communicate the breaking is
also to understanding the unitarity and universality in thehe exchange of heavy fermions whose mass terms respect
lepton sector. Possible deviations from those are discussggle avor symmetry. In that case the scale would cor-
in Sect.5.6. respond to this fermion madd; . Many consequences of

the avor symmetry are actually independent of the media-
INeedless to say, precise uni cation requires an extension of the SMiON mechanism. It is therefore useful to consider an effec-
with supersymmetry doing best from this point of view. tive eld theory approach below the scalg in which the
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Table 2 Transformation of the matter super elds under the family symmetries.ifthgeneration SM fermion elds are grouped into the repre-
sentatior; = (D¢, L), 10 = (Q,U % E®);, 3, = (N©);

Field 1Q 10, 100 53 5 51 13 1 11

u(1) 0 2 3 0 0 1 ng ng n$ S1

avor messengers have been integrated out. Once the avolvriFj = cﬁ’ qi+dic, etc. Hence, this mechanism explains the hi-
elds have acquired their VEVs, the structure of the Yukawaerarchy of fermion masses and mixing angles through a con-
matrices (and other avor parameters) can be obtained fromenient choice of charges. The value of these charges and
an expansion in non-renormalizable operators involving thehe expansion parameterare constrained by the observed
avon elds and respecting the different symmetries ( avor masses and angles. A convenient set of charges for example
and other symmetries) of the theory. is given in Table2. It turns out that this set of charges is the
There are several possibilities for the avor symmetry,only one compatible with minim&U(5) uni cation. By in-
local, global, accidental, continuous or discrete, Abelian otroducing three right handed neutrinos with positive charges
non-Abelian. Many examples are available in the literaturet is also possible to successfully realize the see-saw mecha-
for each of those possibilities. Some of them will be dis-pism.

cussed in next subsections in relation to the implications These charges give rise to the following Dirac Yukawa

considered in this study. couplings for charged fermions at the GUT scale
2.2.1 Continuous Ravor symmetries 6 5 3 3

Y, = 5 4 2 3 2 2 (2_2)
In order to provide an explicit example, we shortly discuss 3 2 1 1 1

here one of the simplest possibilities, which goes back to

the pioneering work of Froggatt—NielseB][In this model  whereO(1) coef cients in each entry are understood here
we have &J (1) avor symmetry under which the three gen- and in the following. With = O( ¢) (the Cabibbo angle),
eration of SM elds have different charges. In the simplestthe observed features of charged fermion masses and mixing
version we assign positive integer charges to the SM fermiare qualitatively well reproduced. It is known that the high
onic elds, the Higgs eld is neutral, and we have a single energy relationYy = Yy is not satisfactory for the lighter
avon eld of chargeS1. The VEV of the avon eld families and should be relaxed by means of some mecha-
is somewhat smaller than the mass of the heavy mediat@iism [6-8]. The Dirac neutrino Yukawa couplings and the
elds Mt , so that the ratio = v/M 1. In this way the  Majorana mass matrix of right handed neutrinos are

various entries in the Yukawa matrices are determined by ep-

silon to the power of the sum of the fermion charges with an nf+l g+l ng+l
undetermined order 1 coef cient. This mechanism explainsy = ng n3 g
nicely the hierarchy of fermion masses and mixing angles. ni n3 ng
This idea is the basis for most avor symmetries. It can 2n¢ RSHRS S+ ng (2.3)

be implemented in a great variety of different models. For G4 e onc ngeng N

. . . = 1712 2 273 .
the sake of de niteness, we show here how it works using" * I cac c

ng+ng ns+ng 2n3

as a concrete example a supersymmetric GUT model. Its su-

perpotentialis of the form Applying the see-saw mechanism to obtain the effective

light neutrino mass matriM in the basis of diagonal
charged lepton Yukawa couplingst is well known [9, 10]

+ce |i+echi ECH, + TR L H2_H2, that if all right hanfjed neutrino masses gre positive the de-
J d M pendence on the right handed charges disappears:

_ d g+d° i+ uf
Wygkawa= ¢f 479 QiDPH1+ ¢ff 4" QiUH

i
(2.1)
_ i v32
where thec's areO(1) coef cients andM is the scale asso- UpMNsmd'ag UgMNSZ m = 11 Mg (2.4)
ciated toB S L breaking. The last term in this equation is 11
an effective operator, giving Majorana masses to neutrinos,
which can be generated, e.g., through a see-saw mechanismm—————

Notice that the power of in each Yukawa coupling is pro- 2Notice that going to the basis of diagonal charged leptons will only

. . g+ e change theD (1) coef cients, but not the power in of the different
portional to the sum of the fermion chargds: = ¢’ ™",  entries.
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Experiments requireM 5 x 104 GeV. The features objects, which was rst used in 2001 in a model of lepton
of neutrino masses and mixing are quite satisfactorilymass matrices3p, 41]. It is also the symmetry group of the
reproduced—the weak point being the tuning in the 23tetrahedron, one of ve perfect geometric solids, identi ed
determinant 9, 10] that has to be imposed. For later ap- by Plato with the element “ re” §9]. In general, the groups
plication, it is useful to introduce the unitary matrices whichgenerated by2.6) have 31> elements and may be denoted
diagonalizeY in the basis where botle andMg are di-  as ( 3n?) [70]. They are in fact subgroups 8(3). In par-
agonal:V_ Y Vg = ydiag diag ", ", "3). Notice that, ticular, (' 27) has also been use87, 71]. Generalizing to

: e kS1
as a consequence of the equal charges of the lepton doublt& K matrices, we then have the seri¢n 7). How-
L, andL 3, the model predicts that, has a large mixing, ©Ver since there are presumably only three famikes,3

although not necessarily maximal, in the 2—3 sector as offS Probably not of much interest. _

served inUpyns. ang back td = 2, but using instead the following two
The literature is very rich of models based on avor matrices:

symmetries. Some references abe $-40]; for more re- 0 1 0

cent attempts the interested reader is referred for instanéoéz 1 0 B = 0 1 ° (2.7)

to [41-64].

Now againAZ = 1 andB" = 1, but the group generated will

have 2?2 elements. Call it( 2n2). Forn= 1, it is justZ».

Forn= 2, it is Dg4, i.e. the symmetry group of the square,

which was rst used in 200347, 72]. Fork = 3, consider

2.2.2 Discrete Bavor symmetries

2.2.2.1 Finite groups Discrete avor symmetries have

gained popularity because they seem to be appropriate to 0 10 00
address the large mixing angles observed in neutrinoosciA= 0 0 1 , B= 0 1 0, (2.8)
lations. To obtain a non-Abelian discrete symmetry, a simple 1 00 0 0 1

heuristic way is to choose two speci ¢ non-commuting ma-

trices and form all possible products. As a rst example,then the groups generated have® 2lements and may be
consider the two X 2 matrices denoted as( 3n%). They are in fact subgroups b(3). For

n=1,itisjustZs. Forn= 2,itisAg x Z,. Forn= 3, the

A= 01 B = 0 (2.5) group ( 81) has been used§] to understand the Koide for-
1 0" o St ' mula [74] as well as lepton mass matrice&]. In general,
we have the seriegkn K).
where "= 1,ie. = exp2i/n) . SinceA?= 1 and

B" = 1, this group contain, andZ,. Forn= 1,2, we 2.2.2.2 Model recipe

obtainZ, andZ, x Z» respectively, which are Abglign. For 1. choose a group, e.8s or A4, and write down its possi-
n= 3, the group generated has six elements and is in fact the g representations. For examgighas 11, 2; A4 has 1
smallest non-Abelian nite groufss, the permutation group 1,1 ,3 Work outall product decompositions. For exam-
of three objects. This particular representation is not the one ple2x 2= 1+1+2inS3,and*x 3= 1+1+1 +3+3
found in text books, but it is related to it by a unitary trans-  jn A,.
formation [65], and was rst used in 1990 for a model of 2. Assign (,l) 123 and li2,3 to the representations of
quark mass matrice§§, 67]. Forn = 4, the group generated  choice. To have only renormalizable interactions, it
has eight elements which are in faetl, i 323, where is necessary to add Higgs doublets (and perhaps also
1,2,3 are the usual Pauli spin matrices. This is the group of triplets and singlets) and, if so desired, neutrino singlets.
guaternion®), which has also been usegf] for quark and 3. The Yukawa structure of the model is restricted by the
lepton mass matrices. In general, the groups generated by choice of particle content and their representations. As
(2.5 have 2 elements and may be denoted @n). the Higgs bosons acquire vacuum expectation values
Consider next the two 8 3 matrices: (which may be related by some extra or residual symme-
try), the lepton mass matrices will have certain particular

010 0 O forms, consistent with the known valuesro§, m,, m ,
A= 0 0 1 , B= 0 2 0 (2.6) etc. If the number of parameters involved is less than the
1 00 0 O S3 number of observables, there will be one or more predic-

tions.

SinceA3 = 1 andB" = 1, this group contain3 andZ,. 4. In models with more than one Higgs doublet, avor non-

Forn= 1, we obtainZs. Forn = 2, the group generated
has 12 elements and Ay, the even permutation group of 4

conservation will appear at some level. Its phenomeno-
logical consequences need to be worked out, to ensure
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the consistency with present experimental constraints. 1 1 1 1 0 1 § 0
The implications for phenomena at the TeV scale can =—= 1 2 v g 0 Si/ _2 ,
then be explored. 3 1 2 Y 2 0 il 2

5. Insisting on using only the single SM Higgs doublet re- (2.11)
quires effective non-renormalizable interactions to sup-
port the discrete avor symmetry. In such models, therewhere Upyns is the observed neutrino mixing matrix and
are no predictions beyond the forms of the mass matrices = exp(2 i/ 3)=S 1/2+ i 3/2. The matrix involving
themselves. has equal moduli for all its entries and was conjectured al-
6. Quarks can be considered in the same way. The twgeady in 197891, 92] to be a possible candidate for the 3
quark mass matricesy andmg must be nearly aligned neutrino mixing matrix.
so that their mixing matrix involves only small angles. SinceUpyins = VeTV , whereVe, V diagonalize the ma-

Ir? contrast, the mass matrices and me should ha\{e tricesmem‘é, m mt respectively, 2.11) may be obtained if
different structures so that large angles can be obtainedyq have

Some explicit examples will now be outlined.

1 1 1 1

2.2.2.3S3 Being the simplest, the non-Abelian discreteVeT: 3 1 2 ? (2.12)
symmetry S3 was used already7p] in the early days of 1

strong interactions. There are many recent applications

[55, 77-86], some of which are discussed &7. Typically, and

such models often require extra symmetries beySgdo

reduce the number of parameters, or assumptions of how _ a+02b g b 8

Sz is spontaneously and softly broken. For illustration, con- 0 a d ashb

sider the model of Kubo et al7}] which has recently been

updated by Felix et al88]. The symmetry used is actually 0 1 0

S3 X Zo, with the assignments = 1 2 0 Si/l 2

Y 2 0 il 2
GOSN, *, 0 142 (2.9) i
aSb+d 0 0

and equal vacuum expectation values for the two Higgs dou- X 0 a+ 2b 0

blets transforming as @nderSz. TheZ, symmetry serves 0 0 Sa+b+d
to eliminate four Yukawa couplings, otherwise allowed by _ _

Ss, resulting in an inverted ordering of neutrino masses with 0 vV 2 ¥V 2

1 0 o . (2.13)

23 | 4, 13 0.0034 Mee 0.05eV, (2.10) 0 Sil 2 il 2

wheremeeis the effective Majorana neutrino mass measured It was discovered in Ref3f] that (2.12) is naturally ob-
in neutrinoless double beta decay. This model relaig$o  tained withA4 if
the ratiome/m ;.
(,|) 1,2,3 §, Iizyg l+l+l!
2.2.2.4A4 To understand why quarks and leptons have + o 3 (2.14)
very different mixing matricesi4 turns out to be very use- b 123 =
ful. It allows the two different quark mass matrices to be o_ o_- o ) )
diagonalized by the same unitary transformations, implyind®® 1 = 2 = 3 - This assignment also allowse,
thus no mixing as a rst approximation, but because of thdMu, M 10 take on arbitrary values, because there are here
assumed Majorana nature of the neutrinos, a large mismat&¥actly three independent Yukawa couplings mvanant un-
may occur in the lepton sector, thus offering the possibilderAs. If we use this also for quarkg], thenV, andV,
ity of obtaining the so-called tri-bi-maximal mixing matrix are also given byA.12), resulting inUckm = 1, i.e. no mix-
[89, 90], which is a good approximation to the present dataing. This should be considered as a good rst approximation
One way of doing this is to consider the decomposition ~ because the observed mixing angles are all small. In the gen-
eral case without any symmetry, we would have expedted

R 3 0 andVyq to be very different.
Upmns= SV 6 UV 3 SU 2 It was later discovered in Re®§] that (2.13 may also be
SV 6 ¥V 3 VU 2 obtained withA4, using two further assumptions. Consider
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the most general 8 3 Majorana mass matrix in the form

a+b+c f e
m = f a+b +c¢? d .
e d atb 2+¢

Fig. 1 Contributions to the up- and down-type quark Yukawa mass
(2.15)  matrices, from the exchange of heavy messengers

wherea comes from 1b from1, cfrom1, and(d.e,f) 5 pe at work in models with avor symmetries. Here, how-
from 3 of A4. To get @.13, we neede=f = 0, i..  gyer, the couplings of the heavy messengers to the SM elds
the effective scalarA4 triplet responsible for neutrino  5re not constrained by any symmetrn hierarchy among
masses should have its vacuum expectation value along tRgkawa couplings still arises because a single set of left
(1,0, 0) direction, whereas that responsible for charged leppanded messenger elds (heavy quark doub@ts Q in
ton masses should i§&, 1, 1) as remarked earlier. This mis- the quark sector and heavy lepton doublets L in the lep-
alignment is a technical challenge to all such modBB; [ ton sector) dominates the exchange at the heavy scale. For
94-104. The other requirement is th&t= c. Since they example, the diagrams below represents the dominant con-
come from different representations Af, this is rather ad  ripution to the quark Yukawa matrices. As only one eld
hoc. A very clever solution§0, 94] is to eliminate both, s exchanged, the Yukawa matrices have rank one. There-
i.e.b=c= 0. This results in a normal ordering of neutrino fore, whatever are th®(1) couplings in the diagram, the
masses with the predictio8 top and bottom Yukawa couplings are generated (a9
level, giving large tan), but the rst two families’ ones
are not, which is a good starting point to obtain a hierar-
chy of quark masses. This mechanism is similar to a the
single right handed neutrino dominance mechanism, used
in neutrino model building to obtain a hierarchical spectrum
of light neutrinos 140-143. Note that the diagonalization
of the quark Yukawa matrices involves large rotations, as
all the couplings are supposed to B€1). However, the
rotations of the up and down left handed quarks turn out
to be the same (because they have same couplings to the
left handed doublet messenger). Therefore, the two rotations
cancel when combined in the CKM matrix, which ends up
] ) vanishing at this level.
2.2.3 Accidental Ravor symmetries The Yukawa couplings of the second family, and a non-
vanishingVcp angle, are generated by the subdominant ex-
While avor symmetries certainly represent one of the |ead'change of heavier right handed messenggfs UC, E,
ing approaches to understanding the pattern of fermiogc Altogether, the messengers form a heavy (vector-like)
masses and mixing, it was recently found that the hierarchireplica of a SM family, with the left handed elds lighter
cal structure of charged fermion masses and many other pghan the right handed ones. The (inter-family) hierarchy be-
culiar features of the fermion spectrum in the SM (neutrinoSween the masses of the second and the third SM family
included) do not require a avor symmetry to be understoodmasses arises from the (intra-family) hierarchy between left
nor any other special “horizontal” dynamics involving the and right handed elds in the single family of messengers.
family indices of the SM fermions6B, 139. Surprisingly In turn, in a Pati-Salam 08Q(10) uni ed model, the hi-
enough, those features can in fact be recovered in a modetarchy between right handed and left handed elds can be
in which the couplings of the three SM families not only areeasily obtained by giving mass to the messengers through a
not governed by any symmetry, but are essentially anarchpreaking of the gauge group along tfigz direction. This
cal (uncorrelated (1) numbers) at a very high scale. way, the hierarchy among different families is explained in
The idea is based on the hypothesis that the SM Yukawterms of the breaking of a gauge group acting on single fam-
couplings all arise from the exchange of heavy degrees dfies, with no need of avor symmetries or other dynamics
freedom (messengers) at a scale not far from the uni caacting on the family indexes of the SM fermions.
tion scale. Examples of diagrams contributing to the up and
down quark Yukawa matrices are shown below, whetie 3A discreteZ, symmetry, under whichll the three SM families (and

a SM singlet eld getting a VEV. As discussed in Se@2  the eld ) are odd, is used for the sole purpose of distinguishing the
and2.2.1, the same exchange mechanism is often assumeight SM elds from the heavy messengers.

Im % | med®+ m 2,/9. (2.16)

Other applicationsd0, 105-120 of A4 have also been con-
sidered. A natural (spinorial) extension A&f; is the binary
tetrahedral group30, 34] which is under active current dis-
cussion 4, 121-123.

Other recent applications of non-Abelian discrete avor
symmetries include those &f4 [47, 72, 124, Q4 [68], D5
[125 12€], Ds [127, Q6 [128-130, D7 [131], S4 [61, 132-
1359, ( 27)[57, 71, ( 75 [15,13€, ( 81) [73 75], and
Bs x Z3[137, 13§ which has 384 elements.
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It is also possible to describe the mechanism outline@xperimental bounds by up to two orders of magnitude—
above in terms of accidental avor symmetries. In the effec-the so-called supersymmetric avor and CP problem. The
tive theory below the scale of the right handed messengersoplution of the latter problem can lie in the supersymmetry
in fact, the Yukawa couplings of the two lighter families are breaking and mediation mechanism (this is the case for ex-
“protected” by an accidentd) (2) symmetry. One can also ample of gauge mediated supersymmetry breaking) or in the
consider the effective theory below the cut-off of the model,constraints on the soft terms provided by avor symmetries.
which is supposed to lie one or two orders of magnitude In turn, the implications of avor symmetries on the
above the mass of the right handed messengers. In the effegtructure of the soft terms depends on the interplay between
tive theory below the cut-off, the second family gets a non-avor and supersymmetry breaking. Without entering the
vanishing Yukawa coupling, but the Yukawa of the lightestdetails of speci ¢ models, we can distinguish two opposite
family is still “protected” by an accident&) (1) symmetry.  sijtuations.

Surprisingly enough, a number of important features of ) .
the fermion spectrum can be obtained in this simple and The soft terms are avor universal, or at least symmetric
economical model. The relatidVey] mMs/Mmy is a direct under the avor symmgtry, atthe tree level, and
consequence of the principles of this approach. The strongar aVor Symmetry breaking enters the soft terms (as for
mass hierarchy observed in the up quark sector is accountedthe Yukawa |n.teract|0ns) glready atthe tree level, through
for without introducing a new scale (besides the left handed "On-renormalizable couplings to the avon elds.
and right handed messenger ones) or making the up quafket us consider them in greater detail.

SeCtOfI somehow dlﬁerent In Spite of the absence of small The rst poss|b|||ty is that the Supersymmetry breaking
coef cients, the CKM mixing angles turn out to be small. At mechanism takes care of the FCNC and CPV problems. In
the same time, a large atmospheric mixing can be generatege simplest case, the new sfermion massestaterms do

in a natural way in the neutrino sector, together with normahot introduce new avor structure at all. This is the case if
hierarchical neutrino masses. In fact, a see-saw mechanism

dominated by the single right handed (messenger) neutrimmﬁ = m% i s Aj =Ao i,

N¢ is at work. The bottom and tau mass unify at the high

scale, while 8B S L factor 3 enters the ratios of the muon wherei,j are family indexes and the universal valuega

and strange masses. For a detailed illustration of the modelg can be different in the different sfermion sectbrghe

we refer the reader t&B]. breaking of the avor symmetry is felt at the tree level only
The study of FCNC and CPV effects in a supersymmetby the Yukawa matrices. Needless to say, the tree level uni-

ric context is still under way. Such effects might represent/ersality of the soft terms will be spoiled bgnormaliza-

the distinctive signature of the model, due to the sizable ration effectsassociated to interactions sensitive to Yukawa

diative effects one obtains in the (23) block of the “right couplings [L44, 145. These effects can be enhanced by

handed” sfermion mass matrices in both the squark and slefarge logarithms if the scale at which the soft terms and the

ton sector. Yukawa interactions appear in the observable sector is suf-
ciently high. The radiative contributions of Yukawa cou-

2.2.4 Flavor/CP symmetries and their violation from plings associated with neutrino masses (or Yukawa cou-
supersymmetry breaking plings occurring in the context of grand uni cation) are par-

i i . ticularly interesting in this context, because they offer new
While the vast literature on avor symmetries covers a NUM-ossibilities to test avor physics by opening a window for

ber of interesting aspects of the theory and phenomenologa(l,lysiCS at very large scales. For example, in the minimal
of avor, we are interested here in a (non-exhaustive) reviews jgy see-saw model only the off-diagonal elements for
of only those aspgcts relevant to new physics. The relevan‘fgft-slepton soft supersymmetry breaking mass terms are
of avor symme_tnes to new thSICS follows from the fac_;t generated, while in supersymmetric GUTs also the right
that S.M extensions oftgn contain new avor dependent "Nhanded slepton masses get renormalization induced avor
teractions. In the following we shall consider the case of Suhon—diagonal contributions. In any case, all the avor effects

pe_rsyr_nmetry,_ in which new avor violating_ gaugino or hig- induced by the soft terms can be traced back to the Yukawa
gsino interactions can be induced by possible new sources @ uplings, which remain the only source of avor breaking.

SU(5)° breaking in the soft supersymmetry breaking terms.
While in the SM the Yukawa matrices provide the only

source of avor U(3)5) breaking, the supersymmetric ex- 4This is the case for example of gauge mediation. In supergravity, su-

tensions of the SM are characterized by a potentially mucRersymmetry breaking can be fully avor blind in the case of dila-

ich truct iated to th ft t ton domination. In this case, we expect the diagonal elements of the
richer avor structure associated 1o the Soit SUpersymmetry ¢ nass matrices to be exactly universal. However, this is not always

breaking Lagrangian. Unfortunately, a generic avor struc-the case. Moduli domination is often encountered, in which case elds
ture leads to FCNC and CPV processes that can exceed thvh different modular weights receive different soft masses.
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Such unavoidable effects of avor breaking on the soft termssources of avor breaking in the soft terms on top of the
will be discussed in Sect5.2and5.3 effects radiatively induced by the Yukawa couplings.

As we have just seen, the radiative contributions to soft On the other hand, if sysy ¢ , the soft terms are not
masses represent an unavoidable but indirect effect of theresent at the scale of avor breaking. The prototypical ex-
physics at the origin of fermion masses and mixing. On theample in this case is gauge mediated supersymmetry break-
other hand, the mechanism generating the soft terms migiig (GMSB) (see 152 and references therein). At; the
not be blind to avor symmetry breaking, in which case we avor interactions are integrated and supersymmetry is still
might also expect avor breaking to enter the soft terms inunbroken. The only renormalizable remnant of the avor
a more direct way. If this is the case, the soft term providephysics below ¢ are the Yukawa couplings. At the scale
a new independent source of avor violation. Such model- gysy soft breaking terms feel avor breaking only through
dependenOtree level@ffects of avor breaking on the soft the Yukawa couplings. Strictly speaking, there could also
terms add to the radiative effects and will be discussed iive non-renormalizable operators involving avon elds sup-
Sect.2.2.4.1 The actual presence in the soft terms of avor pressed by the heavier; . The contributions of these terms
violating effects directly induced by the physics accountto soft masses would be proportional tasysy/ ¢ and
ing for Yukawa couplings depends on the interplay of thetherefore negligible 152. We are then only left with the
supersymmetry breaking and the avor generation mecharadiatively induced effects of Yukawa couplings. The quali-
nisms. tative arguments above show that avor physics can provide

Theoretical and phenomenologica#-151] constraints  relevant information on the interplay between the origin of
on supersymmetry breaking parameters essentially force ssupersymmetry and avor breaking in the observable sector.
persymmetry breaking to take place in a hidden sector with  As we just saw, the family symmetry that accounts for
no renormalizable coupling to observable efihe soft the structure of the Yukawa couplings also constrains the
terms are therefore often characterized by the scalgsy  structure of sfermion masses. In the limit of exact avor
at which supersymmetry breaking is communicated to thgymmetry, this implies family universal, or at least diago-
observable sector by some mediation mechanism. The saitl, sfermion mass matrices. After the breaking of the avor

terms arise in fact from non-renormalizable operators in thgymmetry giving rise to the Yukawa couplings, we can have
effective theory below sysy obtained by integrating out two cases.

the supersymmetry breaking messenger elds. Analogously,
in the context of a theory addressing the origin of avor, we™
can de ne a scale ¢ at which the avor structure arises.

Let us consider for de niteness the case of avor symme- -
tries. The analogy with supersymmetry breaking is in this try breaking accounts for both the structure of the Yukawa

case even more pronounced. Above, the theory is a- couplings and the deviations of the soft breaking terms
vor symmetric. By this we mean that we can at least de ne rom universality. This is the general expectation in grav-
conserved family numbers, perhaps part of a larger avor Ity mediation of the supersymmetry breaking from the
symmetry. The family numbers are then spontaneously bro- hidden sector. _ o _
ken by the VEV of avons that couple to observable elds ~ The supersymmetry breaking mediation mechanism takes
through non-renormalizable interactions suppressed by the Place at a scale much smaller than the avor symmetry
scale f. breaking scale. In this case the avor mediation mech-
We are now in the position to discuss the presence anism, which is avor-blind, guarantees the universality
of “tree-level” avor violating effects in the soft terms. ~ ©Of the soft breaking terms. The avor symmetry breaking
A rst possibility is to have susy, as for in- generates the Yukawa couplings but avor breaking cor-
stance in the case of gravity mediation, in which we ex- rections in the soft mass matrices are suppressed by the
pect f Mpianck= susy. The soft breaking terms are ratio of the two scales. This is the case of gauge-mediation
already present beloWlpjanck However, the avor sym- models of supersymmetry breakinth.
metry is still exact at scales Iarger than . Therefore, the We begin discussing the rst case.
soft terms must respect the family symmetries. At the lower

scale f the effective Yukawa couplings are generated as, ; 4 1 OTree levelO effects of Bavor symmetries in super-

functions of the avon VEVs, /¢, and analogously the gy, ety hreaking termsAfter the breaking of the a-

soft breaking terms will also be functions of /. In 5 oummetry responsible for the structure of the Yukawa

the susy case, we therefore expect new “tree-level” couplings, we can expect to have non-universal contribu-
tions to the soft breaking terms &iee level Under cer-

SThe elds of the minimal supersymmetric standard model (MSSM)tain conditions, mainly related to the SUSY-breaking me-

or its relevant extension. diation mechanism, these tree-level contributions can be

The SUSY breaking mediation mechanism takes place at
a scale higher or equal to the avor symmetry breaking
scale and is usually sensitive to avor. The avor symme-
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sizable and have important phenomenological effects. The We turn now to the structure of the scalar mass ma-
main example among these models where the tree level notrices concentrating mainly on the slepton mass matrix
universality in the soft breaking terms is relevant is provided 13, 14, 16, 43]. In this case, even before the breaking of the
by models of supergravity mediatioh43-157] (for a nice  avor symmetry, we have three different elds with differ-
introduction see the appendix ih4g). ent charges corresponding to each of the three generations.
The structure of the scalar mass matrices when SUSYs we have seen, diagonal scalar masses are allowed by the
breaking is mediated by supergravity interactions is detersymmetry, but being different elds, there is no reason a pri-
mined by the Ké&hler potential. We are not going to dis-ori for these diagonal masses to be the same, and in general
cuss here the supergravity Lagrangian; we refer the intewe have
ested reader to Refs1$3-156 158. For our purposes,  smm
we only need to know that the K&hler potential is a non--m?2

renormalizable, real, and obviously gauge-invariant, funCgice however, that this situation is very dangerous, es-
tion of the chiral superelds with dimensions of mass e ja|ly in the case of squarks, given that the rotation to the
squared: This n.on—renormallzable function includes coupqig of diagonal Yukawa couplings frod®) will generate
plings with the hidden sector elds suppressed by different, large off-diagonal entriegtg]. In some cases, like dila-

2 .
powers ofMpianck (1f XX MM Bianer* ++) .W'th. ton domination, these allowed masses can be equal avoid-
visible sector elds anX hidden sector elds. This K&hler ing this problem. In the following we assunma% = m=

potential gives rise to SUSY breaking scalar masses onqﬁg - mé. However, even in this case, after the breaking of
a certain eld of the hidden sector gets a non-vanishing Fyne  avor symmetry we obtain new contributions propor-
term. The important point here is that these couplings withiona| to the avon VEVs that break this universality. All

hidden sector elds that will eventually give rise to the soft\ye have to do is to write all possible combinations of two

masses are present in the theory at any scale bélehck  MSSM scalar elds ; and an arbitrary number of avon
Below this scale, we can basically consider the hidden sectqjgvs invariant under the symmetry:

as frozen and renormalize these couplings only with visible

— m2 2 2

sector interactions. L= N N . RS
Therefore, in the following, to simplify the discussion, ~™*~ "0 1 17 227 337 |y 12

we concentrate only on the soft masses and treat them as BSa BSg

couplings present at all energies belbWp|anck The struc- + — 1 3% — 5 3+ hc.

ture of the soft mass matrices is easily understood in terms M M

of the present symmetries. At high energies, our avor sym- (2.18)

metry is still an exact symmetry of the Lagrangian and there- )
fore the soft breaking terms have to respect this Symme'[herefore, the §truc_ture of the charged slepton mass matrix
try [46]. At some stage, this symmetry is broken generat-We unld have in this model f?lt the scale Qf avor symmetry
ing the Yukawa couplings in the superpotential. In the sam&€aking would be (suppressia(1) coef cients):
way, the scalar masses will also receive new contributions 1
after avor symmetry breaking from the avon eld VEVs 2 1 1 m%. (2.19)
suppressed by mediator masses. L 1 1

First we must notice that a mass terriﬁ i is clearly in-
variant under gauge, avor and global symmetries and hence&his structure has serious problems with the phenomeno-
gives rise to a avor diagonal contribution to the soft massedogical bounds coming fromu e , etc. There are other
even before the family symmetry breakif@hen, after a- U(1) examples that manage to alleviate, in part, these prob-
vor symmetry breaking, any invariant combination of avon lems §3]. However, large LFV effects are a generic prob-
elds (VEVs) with a pair of sfermion elds, iT j,canalso lem of these models due to the required charge assignments
contribute to the sfermion mass matrix and will break theto reproduce the observed masses and mixing angles.
universality of the soft masses. These FCNC problems in the sfermion mass matrices of

An explicit example with a continuous Abelidh(1) a- Abelian symmetries were one of the main reasons for the
vor symmetry b, 11, 13, 16, 19, 21, 44, 48, 54] was given introduction of non-Abelian avor symmetried 8, 20]. The
above in Seci2.2.1 mechanism used in non-Abelian avor models to generate

the Yukawa couplings is again a variation of the Froggatt—

e _ _ _— Nielsen mechanism, very similar to the mechanism we have
As we shall discuss in the following, these allowed contributions may. . . . . .
be universal, the same for the different generations, as in the case B‘fSt seen for Abelian symmetries. The main difference is
non-Abelian avor symmetries, or they can be different for the threethat in this case the left handed fermions are grouped in
generations in some cases with Abelian avor symmetries. larger representations of the symmetry group. For instance,
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in a SU(3) symmetry all three generations are uni ed in awith the choice of fermion charges in the casesUifl)
triplet. In aSQ(3) avor symmetry we can assign the three symmetries. The Yukawa interactions transfornf as 3),
generations to a triplet or to three singlets. I &) avor (3 a),( a b (@hb,c,...=12). Hence the only rele-
symmetry the third generation is a singlet and the two lighvantU (2) representations for the fermion mass matrices are
generations are grouped in a doublet. Then we do not havg 2, $2P andA2P, whereS andA are symmetric and an-
to assign different charges to the various generations, but ifisymmetric tensors, and the upper indices denoté(h)
exchange, we need several stages of symmetry breaking byiarge opposite to that of,. While 2 and A2 are both
different avon elds with specially aligned VEVs. necessary, models wit@(, 26] or without [24] S2° are both
We begin analyzing a non-Abeliabl (2) avor sym-  possible.
metry. As stressed above, if the sfermions mass matrices Let us rst consider the case witB°. At leading order,
are only constrained by & (1) avor symmetry there is the avons couple to SM fermions through = 5 opera-
no reason whym? should be close tan3 in (2.17. Un-  tors suppressed by a avor scale Normalizing the avons
less an alignment mechanism between fermions and sfermip | it is convenient to choose a basis in which= O()
ons is available, the family symmetry should then suppresgnd 1= 0, while A12=$ A%2l= O( ). If Sis present, it
(m? $ m3)/ m2. At the same time, in the fermion sector, turns out to be automatically aligned with[27], in such a
the family symmetry must suppress the Yukawa couplingyay that in the limit 0 aU(1) subgroup is unbroken.
of the rst two families, m1, m» ma. If the small break- More precise|y1822 = O() and all other components es-

ing of a avor symmetry is responsible for the smaliness ofsentially vanish. We are then led to Yukawa matrices of the
(m2 § m3)/ m? on one hand and afiy/ms, my/ms on the  form

other, the symmetric limit should correspondrtg = m3

and tom; = mp = 0. Interestingly enough, the largest fam- VO 0
ily symmetry compatible witt5Q(10) uni cation that forces S . (2.21)
m; = mp = 0 automatically also forcesi2 = m3. This is a 0 1

U (2) symmetry under which the rst two families transform o . .
as a doublet and the third one, as well as the Higgs, as asiﬁ‘—" non-vanishing entries have unknown coef cients of or-

glet [16, 18, 20, 24, 26]. der unity, while still keeping 12=S 1. In the context of
T SU(5) or SO(10) uni cation, the mass relations1  my,
= ., 3. my  3ms, 3me  mgy are accounted for by the choice of

the transformations a2, S under the uni ed group. The
The same conclusion can be obtained by using discrete sutronger mass hierarchy in the up quark sector, a peculiar
groups B0, 64]. In the limit of unbrokerlJ (2), only the third  feature of the fermion spectrum, is then predicted, due to
generation of fermions can acquire a mass, whereas the rshe interplay of thdJ (2) and the uni ed gauge symmetry.
two generations of scalars are exactly degenerate. While the The texture in 2.21) leads to the predictions
rst property is not a bad approximation of the fermion spec-
trum, the second one is what is needed to keep FCNC andﬁ _ @ Vb _ @
CP-violating effects under control. This observation can ac-Vis ~~ mg’ Veb me
tually be considered as a hint that the avor structure of the . o
mass matrices of the fermions and of the scalars are relatéfnie the experimental determination|ta/V 5| based on
to each other by a symmetry principle. The same physicgn€ 100p observables might be affected by new physics, the
responsible for the peculiar pattern of fermion masses als$ee-level determination diuo/V cp| is less likely to be af-
accounts for the structure of sfermion masses. fected and at present is signi cantly away from the predic-

The rank 2 ofJ (2) allows for a two step breaking pattern: tion in (2.22 [29, 39. A better agreement can be obtained

by (i) relaxing the condition 12=S 1, (ii) allowing for
U@ U@ o, (2.20) small contributions to the 11, 13, 31 entries ;1) or by

(i) allowing for asymmetric textures3[]. The latter pos-
controlled by two small parameterand < ,tobe atthe sibility is realized in models in which th&*° avon is not
origin of the generation mass hierarchiezg m, myin  present20].
the fermion spectrum. Although it is natural to view(2) While the model building degrees of freedom in the quark
as a subgroup dfi (3), the maximal avor group in the case and charged lepton sector are limited, a virtue of th)
of full intra-family gauge uni cation,U (3) will be anyhow symmetry, the neutrino sector is less constrained. This is
strongly broken tdJ (2) by the large top Yukawa coupling. due, in the see-saw context, to the several possible choices

A nice aspect of theJ(2) setting is that there is little involved in the modelization of the singlet neutrino mass

arbitrariness in the way the symmetry breaking elds cou-matrix. This is re ected for example in the possibility to get
ple to the SM fermions. This is unlike what happens e.gboth small and large mixing angle2q, 28, 31, 34, 35].

(2.22)
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In the case of aBU(3) avor symmetry, all three gener- triplet. After the breaking o8U(3) symmetry the scalar soft
ations are grouped in a single triplet representatign,in  masses deviate from exact universalid,[160-162. Any
addition we have several new scalar elds (. avons) whichinvariant combination of avon elds can also contribute to
are either triplets, 3, 23 and », or antitriplets, 3 and 23.  the sfermion masses, although avor symmetry indices can
SU(3) is broken in two steps: the rst step occurs whenbe contracted with fermion elds. Including these correc-

s and 3 get a large VEV breakinU(3) to SU(2), and  tions the leading contributions to the sfermion mass matrices
de ning the direction of the third generation. Subsequentlyare given by
a smaller VEV of >3 and 23 breaks the remaining sym-

metry and de nes the second generation direction. To repro- , ji " 1 i
20 -2 iy = T4 it
duce the Yukawa textures the large third generation Yukawa "t 0 f2 3 3 2323
couplings require ag (and 3) VEV of the order of the me- L
d|ator7scale,M , While 23/M (andlgglM ).have smal! T, ik|—3’k—23,I t jmn—&m—zg‘n . (2.25)
VEVs' of order . After this breaking chain we obtain M;¢

the effective Yukawa couplings at low energies through
the Froggatt—Nielsen mechanisi [ntegrating out heavy Notice that each term inside the parentheses is trivially neu-
elds. The resulting superpotential invariant undg8t(3)  tral under the symmetry because it contains always a eld

would be together with its own complex conjugate eld. However, as
¢ i . W= = i . the avor indices of the avon elds are contracted with the
Wy=H i | 33% 2323% 23k 31 23( 23 3) external matter elds this gives a non-trivial contribution to

the sfermion mass matrices. Therefore in this model, sup-

+ Kk 23302+ 5k 23 3)( 23 23
K ) K ) ) pressing factors of order 1 we have,

+ooee (2.23)
. : . 1 2.0 0
In this equation we can see that each of 8i43) indices
: : : 1 2.+ 22 a%md  (2.26
of the external MSSM particles (triplets) are either satu!T Mg 0 2 = aMg (2.26)
rated individually with an antitriplet avon index (a “me- 1 0 a_i 1

son” in QCD notation) or in an antisymmetric couplings

with other two triplet indices (a “baryon”). The presencewitha= 3 /M which is still O(1). In the model 7, 45,

of other singlets in the different term is due to the pres-46], the expansion parameter for right handed down quarks
ence of additional global symmetries necessaries to ermnd charged leptons is= 0.15. Using @.24) and @.26) we
sure the correct hierarchy in the different Yukawa elementgan obtain the slepton mass matrix in the basis of diagonal

[37, 45, 46]. This structure is quite general for the dif- charged lepton Yukawa couplings:
ferent SU(3) models we can build. Here we are not spe-

cially concerned with additional details and we refer to 1+ 2 §3 §—

[37, 45, 46] for more complete examples. The Yukawa m?2 §3 1+72 2 m(z)' (2.27)
texture we obtain with this superpotential is the follow- S 2 1

ing:

where we have useds O(M ). Therefore that gener-

3 3
0 ) 5 ates the order? entry in the(1, 2) element. The modulo
Y = 3 = 2 @ (2.24)  of this entry is order % 102 at Mgyt. These estimates at
3 2 1 M lightly reduced through lizati
2 cur are slightly reduced through renormalization group
evolution to the electroweak scale and is order 10°2 at
with a = -, and , , unknown coef cients of or- M. This value implies that supersymmetric contribution to
derO(1). M e isverybigand can even exceed the present bounds

Let us now analyze the structure of scalar soft masses. lfor light slepton masses and large taif we are not in the
analogy with the Abelian case, in the unbroken limit diago-cancellation regiori[63-165. This makes this process per-
nal soft masses are allowed. However, the three generationgps the most promising one to nd deviations from uni-
belong to the same representation of the avor symmetrysersality in avor models. The presence of tB&X(3) avor
and now this implies the mass is the same for the wholgymmetry controls the structure of the sfermion mass ma-

trices and the supersymmetric avor problem can be nicely
7in fact, in realistic models reproducing the CKM mixing matrix, there SOIved. However, interesting signals of the supersymmetric

are two different mediator scales and expansion parametirthe up avor structure can be found in the near future LFV experi-
quark and " in the down quark sectoBf, 45, 46]. ments.
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3 Observables and their parameterization expansion in Imyp as,
, SM _ 1 1
3.1 Effective operators and low scale observables Lefg = Lot —Li+ ——Lat+ ——Ls+---, (3.1)
MNP MNP Myp

In spite of the clear success of the SM in reproducing aliwhere Lo is the renormalizable SM Lagrangian contain-
the known phenomenology up to energies of the order oing the kinetic terms of th&J (1), SU(2) and SU(3) gauge
the electroweak scale, nobody would doubt the need of BOSONsA, the gauge interactions and kinetic terms of the
more complete theory beyond it. There remain many fundaSM fermions {f }, and Higgs, and the Yukawa couplings of
mental problems such as the experimental evidence for datRe Higgs and SM fermions. In order to x the notation, we
matter (DM) and neutrino masses, as well as the theoreticift the SM fermions as

puzzles posed by the origin of avor, the three generations, T
etc., that a complete theory should address. Therefore, W&~ g, ° T (3.2)
can consider the SM as the low energy effective theory oﬁRi, dri, eri,

some more complete model that explains all these puzzles.

Furthermore, we have strong reasons (gauge hierarchy propherei is a avor/family/generation index. Note that in the
lem, uni cation of couplings, dark matter candidate, etc.)following we use always four-component Dirac spinors in
to expect the appearance of new physics close to the elet1e different Lagrangians. Explicit expressions, faf in
troweak scale. Suppose that these new particles from trimilar notation, can be found ing7. _

more complete theory are to be found at the LHC. Exper- e differentL , are Lagrangians of dimensiaf= 4+ n
iments at lower energie& < m yp are also sensitivelpg ~ nvarantundeSU(3) x SU(2) x U(1) and can be schemat-

to this new physics (NP). Indeed the exchange of new partically written

cles can induce: Ln=  Ca-Oa H,{f},{A)} +hc. (3.3)
— corrections to the SM observables (such as S, T and U), a
and The local operator®, are gauge invariant combinations of
— the appearance okwobservables or newd(> 4) opera- SM elds of dimension 4+ n. Their coef cient, which in
tors, (e.g. the avor violating dipole operators). the full Lagrangian has mass dimensi®n, is unknown in

bottom-up effective eld theory, but calculable in NP mod-
els. We write this coef cient as a dimensionleSg divided

SU(2) x U(1)-invariant operators of mass dimensiber 4. ;
Wi (r)f rt( Zh 0 n-rpn malizabl ratore fctiv by thenth power of the mass scale of the NP mediat,
€ reter (o these non-renormalizable operatore € which for new physics relevant at LHC energies would be

operators. Any NP proposed to explain new phenomena %NP Shc. We shall later normalize t6r (see 8.21).
the LHC must satisfy the experimental constraints on the ef- \ye are mainly interested in dimension ve and di-

Note that both effects can be parameterizedSb¥3) x

fective operators it generates. mension six operators. We assume that any particles cre-
ated at the LHC could generate dimension six operators,
3.1.1 Effective Lagrangian approachgg and then we can neglect higher dimension operators con-

tributing to the same physical processes. Operators of di-
Considering the SM as an effective theory below the scal@ension 7 include the lepton number violating opera-
of NP, mnp, where the heavy elds have been integratedtor ab caH? i * H® &,F, which gives neutrino transi-
out, we can describe the physics through an effective Lalion moments (.avor-changing dipole moments) after elec-
grangian,L ¢¢. This effective Lagrangian contains all pos- troweak symmetry breaking (EWSB). At dimension 8 are
sible terms invariant under the SM gauge group and builfvo-Higgs-four-fermion operators, which can give four-
with the SM elds. Besides the usual SM elds, we could fermion operators after EWSB, with a different avor struc-
introduce new light singlet fermions with renormalizable Uré from the dimension six terms. We shall not analyze
Yukawa couplings to the lepton doublets (and possibly smaﬁhese operators here, *?”t they. are studied in the pontext of
Majorana masses) to accommodate the observed neutri 8n-standard neutrino interactiort6H. Therefore, in the

masses. In this case we would have more operators aIIowealI_(F‘r’]vén%’n\ilvigeztrga?g: Zﬂing’ gv)i%[hartlr?é_ Ztan dard model
in the effective Lagrangian of the SM extra light sterile q P i

: . . . elds and symmetries at dimension ve Q! =
states. On the assumption that the light sterile particles are b y o
ac/Hm J“ (a,b,n,mareSUY(2) indices). Thus we

weakly interacting, if present, and therefore not relevant toab mnH
the LHC, we focus on the effective Lagrangian that can b&'ave,
constructed only from the known SM elds. Then, the effec-

_ 1 a—ePym n
tive Lagrangian at energids  myp can be written as an L1= 4 *ab mnH® SHT 4 h.c., (3.4)
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where ¢ is the charge conjugate of the lepton doublet. Af-Therefore the Lagrangidn, for leptons onlyis

ter electroweak symmetry breaking, this gives rise to a Ma- . . . .

jorana mass matri3 ' H® 275 | + hc. Inthe neutrino  L2= Clg-Ogg+ Cly - Opwy

mass eigenstate basis, the masses 4ré1° 2/2. The co- 1 i ) i} i}
+ = C] -O”kl + Cukl _Oljkl

efcient ! = 2YkiMk§1ij is generated for instance after 1+ (€Y 1) ©) (3
integrating out heavy right handed neutrinos of migsin ikl ~ijkl ikl ikl
a see-saw mechanism with Yukawa couplihg * Cee "Oce + 2C -O . + hoc, (3-8)

L » is constructed with dimension-six operators built out h introd th teto | ible f
of SM elds. An exhaustive list is given in167], includ- where we introduce the parameteto cancel possible fac-
tors of 2 that can arise from theh.c.: itis 1 forOY =

ing operators with Higgs* andZ® external legs. Here I--1T: otherwise it is 0. The sums ovélj,k,| run over

we list operators which give interactions among leptons anéo--- valent ¢ taki tor to be i valent
photons, and leptons and quarks. We can classify the pos equivalent operalors, taxing an operator 1o be inequivaien

. ) s#_neither it, nor its h.c., are already in the list. The factor of
ble operators according to the external legs as follows: ) . o
2 in the de nition of O ¢ is included to compensate thé2l

— operators with a pair of leptons and an (on-shell) photonin the Fierz rearrangement below (second line31.9).8
The effective operators whose coef cients we constrain in

OEB =; K erjHB the next section are related to those &8 through an ex-
i (3.5) pansion in terms of th8U(2) components of the elds and
ng =5+ erj H Wlﬂ , taking into account the electroweak symmetry breaking. For

example, for the lepton operators:
— four-lepton operators, with Lorenz structutd LL , A
RRRR or LRRL, singlet or tripletSU(2) gauge contrac- Ogg= i " erjHBy =cosw H & " PrgFS™, (3.9)

tions (described in the operator subscript), and all possiblgij STl e MW
inequivalent avor index combinations (see Segtl.?). ew™ | R H
TheSU(2) x U (1) invariant operators, with avor indices =SsinwH & " PrgFS™ (3.10)
in the superscript, are ] _ _
O = i *j(kun)
ik _ - =
Om = i " Chwn = 5 MPLj+@& HPLg
ikl _ - - _ _
Ol(la) = 50 e, 3.6) X (Tk pPL 1+ & pPLa), (3.11)
ik _ - _ . ) 3 B
Ode = & HPrg (& pPra), O?g)l = ;' H ik ! wol
ikl _ _
0% = (ig)(& 1), =27 "PLg (& uPL 1)
— two lepton two-quark operators, with Lorentz structure +28 "PLj (Tk uPLe)
LLLL, RRRR or LRRL, singlet or tripletSU(2) gauge + 7 MPL (k wPL )
contractions (described in the operator subscript), and o 3
all possible inequivalent avor index combinations (see * & "PLg (& uPLe)

Sect.3.1.2. TheS@) x SU(2) x U(1) invariant opera- S & Hp. i (& uPLe)
tors, with color indices implicit and avor indices in the &g Hp - b 312
subscript, are & "Prg (Tk pPL 1), (3.12)
ijkl - =
" _ 0% = 2(ig)(& 1)
Olyg = i " (@ na) _ _ _ _
N =2 (7iPrg )(&PL 1) + (eiPrg )(&PLa)
okl — =1 G ' ua .
@a = b e W =S i "PL 1 (& uPr§)
ik _ = —
Ogq = & MPrg (dk pPrA), a7 + & M"PLe (& uPrY) - (3.13)
Ol = & Prg (Uk uPru), o _
o o - _ All these operators, together witBee , induce dipole
O = (iu)(Tx ), O = (id)(dx ), moments and four-charged-lepton (4CL) vertices, as appear

oM = Cig)a@u).,  oM.= Cig)@a).

8Note there will sometimes be other 2 s for identical fermions.
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to the right-hand side (RHS) in the above equations. ConeratorO ( 1), but since it is induced by singlet scalar ex-

straints on the coef cients of the 4CL operators change, there is no four-charged-lepton operator (compare
to (3.11). This illustrates that the bounds obtained here, by
ol = 1 & "Pqg (& .Pa) assuming tha€™ =0 for one choice ofjkl at a time, are
1+ (3.14) not generic. Each process receives contributions from a sum
ik _ 1 u of operators, and that sum could contain cancellations in a
RL= 77 8 Prg (& uPLa), particular model.
Many models of new physics introduce new TeV-scale
whereP = Pg or P, are listed in Tabled, 5, 6 and7. particles carrying a conserved quantum number (e.g. R-

After electroweak symmetry breaking, the opera®lg  parity, T-parity. ..).Such particles appear in pairs at ver-
and ng become the chirality- ipping dipole moments as tices, so they contribute via boxes and penguins to the
written in (3.9), (3.10 (where we did not include thé—  four-fermion and dipole moment operators considered here.
lepton—lepton operatord$9)). These dipoles can be avor Generic formulae for the one loop contribution to a dipole
conserving or transition dipole moments. The avor diag-moment can be found irif 2, and for boxes in173. Extra
onal operators are specially interesting because they correliggses 174 175 would contribute to the same operators
spond to the anomalous magnetic moments and the electigonstructed from SM elds, so they are constrained by the

dipole moments of the different fermions. TakiBg (q?) = experimental limits on the coef cients of such operators.
Cla(@® cos w S Cl(a?) sin w as the Wilson coef cient
with momentum transfer equal t%, we have forg? = 0, 3.1.2 Constraints on low scale observables
C“ (9% = 0) . om In this section we present the low energy constraints on
2 H@& " PreF "+ he the different Wilson coef cients introduced before. Any NP
NP ) found at LHC will necessarily respect the bounds presented
i —
_ Re{Ce (9°= 0)} He ¥ gEem here.
m2 H
NP . g
2 3.1.2.1 Dipole transitions After electroweak symmetry
.\ Im{C (q 0)} ig M sgFem breaking, the operators 08.9), (3.10 generate magnetic
m,%,p H and electric dipole moments for the charged leptons. Flavor-
e R em diagonal operators give rise to anomalous magnetic mo-
= e 8 HeaF M+ Pk ol (3.15)  ments and electric dipole moments as shown 3riL%.

a The anomalous magnetic moment of the electere

with ag = (gg S 2)/ 2 the anomalous magnetic moment and(g S 2)e/ 2 is used to determineem. The current measure-
dg the electric dipole moment of the lepten that can be  ment of the muon anomalous momeqt= (g S 2)u/ 2 de-
found in [L70. viates from the (uncertain) SM expectation by 3.@sing

In a given model, the coef cients of the effective op- €* €>-data [L76], and can be taken as a constraint, o indica-
erators can be obtained by matching the effective theor{jon on the presence of new physics. Currently there is only
of (3.1) onto the model, at some matching scale (for in-an upper bound on the magnet|c moment of teom the
stance, the mass scale of new particles). However, in parti@nalysis ofe” e * 5170 177. Electric dipole mo-
ular models there can appear various pitfalls in constrainin§€nts have not yet been observed, although we have very
the generic coef cient€ ¥ . This is illustrated, for example, Cconstraining bounds specially on the electron dipole mo-
in the model of 171 which corresponds to adding a singlet Ment. In Table8 we present the bounds of avor diagonal di-
sleptonE ¢ of avor k, in R-parity violating (RPV) SUSY. In pole moments. The EDMs are discussed in detail in Sect.

this case, after integrating out the heavy slepton we obtain Th€ bounds on off-diagonal dipole transitions are pre-
the following effective operator: sented in Tabl&. It is convenient to normalize these coef-

cients, CJ Cg cosw S Céwsm w, to the Fermi in-
U ] [mn] . teractions given our ignorance on the scale of new physics
( )C (eL)n( L)ﬁw mMnp:
ij
_ i g & Hp Ce _ 4Gk j
= Lg (Cm pPL i), 816) ——=—e¢. 3.17
2M2 q m p i mﬁp > e ( )

where ﬁj ] is antisymmetric ini,j because th&U(2) con-  In the literature, it is customary to use the left and right form
traction of ; ; is antisymmetric. This is an example of op- factors for lepton avor violating transitions de ned by
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Table 3 Bounds on the different dipole coef cients. Flavor diagonal (de ned in (3.17)) from the bounds on the branching ratios given in

dipole coef cients are given in terms of the corresponding anomaloushe last column. These bounds apply also both o] and| & |. See
magnetic momenty, , and the dipole momentl, . Bounds on transi-  gect 3.1.2for details

tion moments are given in terms of the dimensionless coef cipdtg

(i) a = 952 edm (ecm) Ref.
ge 0.0011596521859(38) de 16x 10527 PDG [170, 186
A 116592080(5.4)(3.3) x 10510 dy 2.8x 10519 Muon g-2 Coll. [187, 189
- §0.052<a < 0.013 (52.2<d < 4.5)x 10517 LEP2 [189, Belle [190
(i) i M oeg Fem expt. limit Ref.
= 3.4x 10511 1.2x 10511 MEGA Coll. [180]
e 1.2x 1057 1.1x 1057 BaBar [L87]
[ 8.4x 1058 45x 1058 Belle, BaBar .81, 191]
Lo=emAuf; i ¥q AE PL+ AE{ Pr fi+ hc coef cients in (3.14, we normalize them to the Fermi inter-
actions:
(3.18)
ijkl ijkl
< 4GF jj Cle _« 4GF i

wheref is a Dirac (4-component) fermion. The radiative ) _goF

5 M 7 =S 5 ee;
decayf; fj;+ proceeds atthe rate = mPe?/(16) x Myp 2 Myp 2 301
(IAl 12+ ALI?) [178. QED corrections to those decays M 4Gk - (3.21)
are unusually large and may reach as much as 1594 [ s = = UK
Bounds on the dimensionless coefcier@ and ! can ™\p 2
be obtained by translating from andAg: The current low energy constraints on the dimensionless

's are shown in Tabled, 5, 6 and7. The rows of the ta-
H = eﬂAij (3.19) bles are labeled by the avor combination, and the column
2 - R 2 - L- : . L
mp 2 mp 2 by the Lorentz structure. The numbers given in this tables

correspond to the best current experimental bound on the

The experimental bounds on radiative lepton decays cagpef cient of each operator, assuming it is the only non-
be used to set bounds on these off-diagonal Wilson coef yerq coef cient present. The last column in the table lists

cients. Thlel current experimental bounds @gﬁ € )<  the experiment setting the bound. The compositeness search
12x 10511 [180, B( )< 45x 10°°[181, and |imits @ LEP are at 95% C.L., the decay rate bounds at

ji
e _ o mi Cle

B( e )< 11x 10°7[182. 90% C.L.
For the off-shell photong? =0, there exist additional Regarding the de nition of the different coef cients we
form factors, have to make some comments. First, note the avor index

L permutation betwee€@ . and ¢:
L=emA.g ou S :—2

+ hc, (3.20)

C i@ =S¢ i ") @ua). (322

L I . There are relations between the avor indices of the differ-
which induce contributions to the four-fermion operators _ _
ent operators. Fob . = (&8 *P_Le)E pPLe) andOgr =

to be discussed in the next subsections. These form fa & HPre)@ ,Pre)we have
tors may be enhanced by a large factor compared to th R HTR

on-shell photon form factorslB4, In(mnp/m;), depend- ik _ Kl ok = g ik ok — ok

ing on the nature of new physics. Therefore, those operators”? ~ ~ PP’ PP =PP PP = =PP"

become relevant for constraining new physics in R-parity vi- (3.23)
olating SUSY [185 and in low-scale type-ll see-saw mod- . _ _ _

els [184. by symmetry, Hermitian conjugation and Fierz rearrange-

ment, respectively. Therefore, the constraintggm in the

rst two columns of Tables4 to 7 apply to (o , F>°°

3.1.2.2 Four-charged-lepton operatordAs before, to pres- (Mxx?  (N)xx*
pee e pe pee eepl ey e

ent the bounds on the dimensionless four-charged-fermionmee + (mpx * (ot (e (poe » @G ex. With (N)xx
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Table 4 Bounds on coef cients of avor four-lepton operators, from two columns apply also when the avor indices are permutefllto

four-charged-lepton processes. The number is the upper bound on ta@dilkj . The fourth columniis the bound off! (which does not apply
dimensionless operator coef ciert” (de nedin (3.21), arising from 4, 4ha avor permutatiorilkj , so this is listed with a line of its own).

the measurement in the last column. The bound applies als8ito o
The constraints in [brackets] apply to the two charged lepton—two

The second column is the bounds q'g , and E‘f)' [except in the ) .
neutrino operator of the same avor structure, and arise from lepton
universality in decays. See Se@.1.2for details

case of the bracketed limits, which are the upper bound}j In and
2 E"l‘)' ]. The third column is the bound orﬂ;'ee. The bounds in these

(ijkl ) (8 "PLe)( uPLe) (e "Pre)E pPre) (@ uPLe)(® "Pre) expt. limit Ref.
e@e G1.85+28) x 1053 (51.85+ 2.8) x 1053 (5245 +4.9)x 1053 @LEP2 94
eqi (87.25+52) x 1053 (57.85+5.8) x 1053 (59.05+9.6) x 1053 @LEP2 [L93 195
supe (57.25+5,2) x 1053 (57.85+5.8) x 1053 1.3x 1052 ,RPV @LEP2 f.93 195
Be (57.35+ 13 x 1053 (58.05+ 15 x 103 (51.25+ 1.8) x 1052 @LEP2 [.93 195
8 ($7.35+ 13) x 1053 (58.05+ 15 x 103 1.3x 1052 ,RPV @LEP2 [.93 195
P p 1 1 1 B(Z up

Tk 1[0.0014 1 1[0.01] B@Z up

T 1[0.0014 1 B@Z up

- - 1 1 1 BZ )

Table 5 Bounds on coef cients of four-lepton operators with =
SL =1.Theyapplyalsoto avorindex permutatiokkj andilkj ,
except in the case ofep , where the bound orpe  in the fourth col-

umn is fromp decay and is listed separately. See the caption of Hable
and Sect3.1.2for further details

(ijkI) (8 "PLe)(® uPLe) (e HPre)E Pre) ® uPLe)E® "Pre) expt. limit

(et 7.1x 1057 7.1x 1057 7.1x 1057 B( eee)<10°12

e 7.8x 1054 7.8x 1054 7.8x 1054 B( eee)<2x 1057
eqr 1.1x 1053 1.1x 103 1.1x 1053 B( eep)< 1.9x 1057
e 1 1 1 B(Z em< 17x 106
e 1.1x 1053 1.1x 1053 1.1x 1053 B( pep)< 2.0x 1057
T 7.8x 1054 7.8x 1054 7.8x 1054 B( 3w< 1.9x 1057
~ B 1 [0.05] 1 1 [0.05] B(Z el< 17x 1056
e 1 [0.05] 1 [0.05] B(Z eI< 17x 1056
~e 3 [0.05] 3 3[0.09] BZ e)< 9.8x 1056
- 3[0.05] 3 3[0.05] B(Z )< 1.2x 1055
Table 6 Bounds on coef cients of four-lepton operators with = L = 2. See the caption of Tab#kand Sect3.1.2for details

(ijkI) (8 "PLe)(e yPLe) (e HPre)E Pre) @ uPLe)E® "Pre) expt. limit
BUEN 3.0x 1053 3.0x 1053 2.0x 1053 (1e)  (ep)
RS [0.05] [0.05]

[T [0.09] [0.05]

Table 7 Bounds on coef cients of four-lepton operators with = L =S % L . See the caption of Tablkand Sect3.1.2for details
(ijkl ) (8 "PLe)(E uPLe) (e HPre)E pPre) (€ HPLe)(e "Pre) expt. limit

sue 2.3x 1054 2.3x 1054 2.3x 1054 B( pee)< L1x 1057
fe 2.6x 1054 2.6x 1054 2.6x 1054 B( euw< 1.3x 1057
e [0.05] [0.05]
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equal to(3) ,( 1) , or(1)ee Note, however that itis cal- measurements ohy. Rough bounds on thées can there-
culated assuming only one of thes&s non-zero. Similarly, fore be obtained by requiring the new physics contribution
the operator0} = (& ,PLg)(e& "Pra), with coef-  tothe decay rates to be lessthanthe erdgr§ e ) =

cient ™ is related by Hermitian conjugation: 0.05/17.84, &~ B 7) = 0.0517.36. These are listed
in the tables in [brackets]. The bracketed limit in the sec-
oﬂ';' =0, "'k , (3.24) ond column applies toyf)' : the bound on(?'f)| is 1/ 2 the

) N quoted number. The limit ong °H is from its contribution
so again the bounds off' apply to /™ . We can usually 1o Loe

apply also these bounds tQ'“ because the chirality of the Finally, we would like to remind the reader the various
fermion legs does not affect the matrix element squared, butaveats to these four-fermion vertex bounds.

'eJ is bounded separately in the tables.

The bounds fron¥Z decays in Tablegd and5 are esti-
mated from the one loop penguin diagram obtained closing
two of the legs of the four-fermion operator and coupling
it with the Z [192. These bounds would be more correctly
included by renormalization group mixing between the four-
fermion operators and the Z—fermion—fermion operators dis-

cu_ssed in169. They are listed in the tables to md_rcaite the of few, because they are induced by the exchange of dif-
existence of a constraint. The bound can be appllede'tb

ijkk ki ferent members of a multiplet, whose masses diff&i].

and ;™ butit does not apply to'g — The list of operators is incomplete. Perhaps some of
Contact interaction bounds are usually quoted on the {he neglected operators give relevant constraints on new

scale , where physics. For instance, bounds from lepton universality on

— The constraints are calculated “one operator at a time”.
This is unrealistic; new physics is likely to induce many
non-renormalizable operators. In some cases, 34€)(

a symmetry in the new physics can cause cancellations
such that it does not contribute to certain observables.
The coef cients of the 4CL operators, and twetwo
charged lepton (2CL) operators may differ by a factor

iji 4GF . 14 (3.25) tne H _) HuH) _operator 199 are relevant to extra
ab™ 5 TT 1y 2 : dimensional scenario499.

— Operators of dimensior 6 are neglected. If the mass
and = 1 for the operator®p**andOg °of (3.14), 0 oth- scale of the new physics isTeV, then higher dimension
erwise. Since our normalization does not have this factor operators with Higgs VEVs20(Q such asHH
of 2, we have a Feynman rul8Gg/ 2 for these oper- are not signi cantly suppressed.

ators, and correspondingly stricter bounds on tise The
bounds are the same folk! and k. However, contact 3.1.2.3 Two leptonBtwo quark operator&nce more, we
interaction bounds are not quoted on operators of the forrormalize the coef cients of the two lepton—two quark op-

(& "PLg)(§ uPra), corresponding to'e . Such oper- erators in 8.6) to the Fermi interactions:
ators are generated by sneutrino exchange in R-parity violat- _

ing SUSY, so we estimate the boun&m?2 < 4/(9 Te\?) CEJ:)Iq _ g 45 ik cM _ g 45¢ i
from the plotted constraints i193, andrmpose|4”k'|G|:/ me 2 ™ m, = 2 e
2

2< ?/(2m?). - ' ke ci 1Ge -

Many of the 4CL operators involving two's are poorly d - 7°F ”dkl, eu _g “F glal
constrained. In some cases, s8dl (), (3.12, new physics mﬁp 2 m[2\|p
that generates 4CL operators also indu¢es Pg)x " (3.27)
(Cx L. The coef cients of operators of the form C”kI _& 4Gk i CJqS _& 4GF i
(m Pe)(k L), (@ P)x L) or (&8 P)x mﬁp 2 v’ mp 2 as’
("k L ), are constrained from lepton universality mea- i
surements irn and decays 196. The decay rate Céde - 4GF ki
& k | inthe presence of the operators 8f14), divided by mﬁ,p - 3 ade
the SM predictionfor g 7, is

The main bounds on the dimensionlessare given in Ta-
182« iRe (1) +2 (3) + % kil Re eii bles 8 and.9. These numbers correspond to the best cur-
rent experimental bound on the coef cient of each opera-
k2 k2 K2 tor, assuming it is the only non-zero coef cient present. The
o tAp t e : (3:26)  pounds on q in Table 8 apply both to (1) and (3q-
These bounds have been obtained from the corresponding

Within the experimental accuracy, the weakand i de-  pounds on leptoquark couplings in Ref80], 20 that can
cays verify lepton universality and agree with LEP precisionye checked for further details.
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Table 8 Bounds on coef cients of the left handed two quark—two lep- termination of the observable in the next column. Bounds witheee
ton operators. Bound is the upper bound on the dimensionless operataiso valid under the exchange of the lepton indices
coefcient K (de ned in (3.28), arising from the experimental de-

(8 *PLe)@ uPLQ)

(ijk!) Bound on T Observable ikl ) Bound on ”qk' Observable
1111 51x 1053 R 2211 51x 1053 R
1211 85x 1057 p—e conversion on Ti 1212 2.9x 1057 B(K? pe)
ij 12 45x 10?6 Bﬂ(KK—De)—) ij 22 0 Vs
ij 13 36x 10°3 Vub ij 23 42x 10°2 Veb
1123 66x 1055 B(B* e"eSK*) 1113 93x 1054 B(B* e'eS *)
2223 54x 1055 BB* p*uSK*) 2213 14x 1053 BB* ptus *)
2123 45x 1053 BB* e uSK*) 2113 3.9x 10°5 BB* e'us *)
1223 1.2x 1052 BBY pu*ed) 3312 66x 1052 K-K

52 BO: M ) 52 BD: k' )
2222 60 x 10? TG L ) 3322 60 x 10? o )
3223 1.2x 10°3 B(B* p* SX*) 3323 93x 10°3 B(B* *SX)

Table 9 Bounds on coef cients of the right handed vector and scalar 2perimental determination of the observable in the next column. Bounds
quark-2 lepton operators. Bound is the upper bound on the dimensionvith a are also valid under the exchange of the lepton indices
less operator coef cient’ (de ned in (3.28), arising from the ex-

(8 *Pre)@ uPrQ)

KT KT

(ijkl) Bound on gy Observable ikl ) Bound on ¢y Observable
112 17x 1052 B0 5 2112 13x 1052 BO e
33 BD*  *u*pd) 0& =0
2212 90x 10° ) 3312 0.19 B(D°SD")
(Pre)dPLq)
ikl ) Bound on Jg, Observable ikl ) Bound on J, Observable
1111 15x 1057 R 2211 30x 1054 R
1211 51x 1053 B(* p* o 1212 2.1x 1058 B(K? p*ed)
1112 27x 1058 BK? e'ed) 2212 84x 1057 B(K? p*pS)
2221 13x 1052 BD* p* ) 2222 12x 1052 %
3322 0.2 % 3313 25% 1053 BB* * )
1113 90x 1055 BB? e'ed) 1213 1.2x 1054 B(B? p*eS)
1313 25x 1053 BB? *e5) 2313 3.3x 1053 BB? *uS)
2213 75x 1055 BB® p*uS) 1123 60x 1054 BBY e'ed)
1223 2.1x 1054 BBY put*ed) 2223 12x 1054 BBY utpS)

3.2 Phenomenological parameterizations of quark and  wherei,j = 1,2, 3 are generation indice®; = (d_j,u.j)

lepton Yukawa couplings are the left handed quark doublets, anddg are the right
handed up and down quark singlets respectively, ldnis
3.2.1 Quark sector the Higgs eld. On the other han&," andY¢ are complex

3 x 3 matrices, which can be cast by means of a singular

value decomposition as
The quark Yukawa sector is described by the following La-

grangian: YU = VEDYVHT,
_ (3.29)
L quark= u(F:{iYiquj H + df::;iYidej H + h.c., (3.28) Yd= VIngVLdT.
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Here,Dy = diagy;,y3,Y3) is a diagonal matrix whose en- Lagrangian would contain in general a Majorana mass term
tries can be chosen real and positive with<y ¥ <y §,and  for the right handed neutrinos, which has to be forbidden by
similarly for DY. VF‘;'d and Vt*»d are 3x 3 unitary matri- imposing exact lepton number conservation. Then the lep-
ces that depend on three real parameters and six phases. t@gic Lagrangian reads

unitary matrices\/FL;'d can be absorbed in the de nition of
the right handed elds without any physical effect. In neu-
tral currents the left rotations cancel out via the GlashowhereL; = ( | ;,e.;) are the left handed lepton doublets
lliopoulos-Maiani (GIM) mechanism2D3. On the other  ande€, and § are respectively the right handed charged lep-
hand, the rede nition of the left handed elds produces a- ton and neutrino singlets. Analogously to the quark sector,

vor miXing in the Charged currents. In the phySical baSi&he Yukawa Coup“ngs can be decomposed as
where both the up and down Yukawa couplings are simul-

Liep = e%iYijeLjﬁ+ I%iYij LiH + hc, (3.33)

taneously diagonal, the charged current reads Y®= VReD$V,_ET, (3.34)
NGRS Y = VgDV, T, 3.35
=258 > 9 ity . (3.30) REVTE (3.39)

WhereVS' do not have any physical effect, whereas the

The matrixVL“TVLd can be generically written a,SLuTVLd = V2 have an effect in the charged current, that in the ba-
1Uckm 2, Where 1 5 are diagonal unitary matrices (thus, sis where the charged lepton and neutrino Yukawa couplings

containing only phases) that can be absorbed by approp@€ simultaneously diagonal reads

ate rede nitions of the left handed elds. Finalldckm de- H(1S o)

pends on three angles and one phase that cannot be removidg= € 5

by eld rede nitions and accounts for the physical mixing

between quark generations and the CP violatRG¥W[205.  As in the case of the quark sector, the maMf(TVL de-

VeV L. (3.36)

It is usually parameterized thus: pends on three angles and six phases and can be expressed
. as VLeJrVL = 1Upmns 2. The matrices 1 and » can
5 G132 Gsn2 size”! be absorbed by appropriate rede nitions of the left handed
Uckm = SCps5125 39130126 CoaC12 S 939138128 Sp3tas elds, yielding a physical mixing matrixJpmns [208 209
S238125 C23%13C12€ S$23C12S C23S1aS12€ C23Cs that depends on three angles and one phase, and that can

(3.31) be parameterized by the same structure as for the quark
sector, 8.31). However, the values for the angles differ
wheresj = sin j, ¢j = cos j and is the CP-violating substantially from the quark sector. The experimental val-
phase. Experiments show a hierarchical structure in the offyes that result from the global t are $in, = 0.26-0.36,
diagonal entries of the CKM matri¥Vu|  Veb  Vus,  sii® ,3= 0.38-0.63 and st 13 0.025 at 2 [210, 211
that can be well described by the following phenomenoOn the other hand, the CP-violating phasis completely
logical parameterization of the CKM matrix, proposed byunconstrained by present experiments.

Wolfenstein pP0g. It reads In the theory under discussion the total lepton number
L . L=Le+ Ly + L is conserved, but the individual lep-
1S - A 3 Si) ton avorsLy,|=e,l, ,arenot, and LFV processes like
Uckm = IS 18 72 A 2 uS e decay are allowed. For the neutrino masses
34 E & a2 i = 1,2,3, satisfying the existing upper limits obtained in
ACAS Si) SA 1 3H -decay experimentsy; < 2.3 eV, thep® €5 de-
+0 4, (3.32)  cay branching ratio is given b2
2
where is determined with a very good precision in semi- _ 3 PMNS; (PMNS T 2
. . ! B e)= — Ug UG — (3.37)
leptonicK decays, giving  0.23, andA is measured in 32 j 1 H g

semileptonidB decays, givingA  0.82. The parameters ) )
and are more poorly measured, although a rough estimat&@here Myy is the W* -boson mass. Thus, the>  e°

is 0.1, 0.3 [207. decay rate is suppressed by the fagtof /M w)* < 6.7 x
10>43, which renders it unobservable. The same conclusion
3.2.2 Leptonic sector with Dirac neutrinos is valid for all other LFV decays and reactions in the min-

imal extension of the standard theory with light neutrino
A Dirac mass term for the neutrinos requires the existenceasses we are considering. The only observable manifes-
of three right handed neutrinos, which are singlets under thiation of the non-conservation of the lepton chargesn
standard model gauge group. In consequence, the leptortiais theory is the oscillations of neutrinos.
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3.2.3 Leptonic sector with Majorana neutrinos effective Lagrangian for Majorana neutrino8.38, with
[216-22Q

Neutrino masses can also be accommodated in the standard 5

model without extending the particle content, just by adding = 2Y 'M>1Y . (3.41)

a dimension ve operator to the leptonic Lagrangi2i §: o _
Working in the basis where the charged lepton Yukawa ma-

trix and the right handed mass matrix are simultaneously

diagonal, it can be checked that the complete Lagrangian,
«. (3.40, contains fteen independent real parameters and six
complex phases2p9. Of these, three correspond to the
gharged lepton masses, three to the right handed masses,
and the remaining nine real parameters and six phases, to
the neutrino Yukawa coupling. The independent parameters
of the neutrino Yukawa coupling can be expressed in several
ways. The most straightforward parameterization uses the
singular value decomposition of the neutrino Yukawa ma-
trix:

1
Liep= € Yy LiH + 7 i (LiH)(LjH) + he. (3.38)

with a 3x 3 complex symmetric matrix that breaks e
plicitly lepton number and that has dimensions of niass
Then, after the electroweak symmetry breaking, a Majoran
mass term for neutrinos is generated:

m =1 o2 (3.39)
2
This term can be diagonalized as = V| Dm V, T, so
that the charged current reads as 3r3@), with VLeTVL =
1U 2, where the matrby has the form of the CKM ma- v = v,DV, T (3.42)
trix, (3.31). The matrix 1 containing three phases can be
removed by a rede nition of the left handed charged leptorwhereD, = diady,.Y,,Y3), withy, 0 andy; v,
elds. However, due to the Majorana nature of the neutri-y;. On the other handy, andVy are 3x 3 unitary matri-
nos, the matrix » cannot be removed and is physical, yield- ces, that depend in general on three real parameters and six
ing a leptonic mixing matrbUpyns= U 2 thatis de ned  phases. Both can be generically written a8/  », whereV
by three angles and three phas2$4 215, one associated has the form of the CKM matrix and1 > are diagonal uni-
to U, the “Dirac phase”, and two associated tg, the “Ma-  tary matrices (thus, containing only phases). One can check
jorana phases”. that forVy the » matrix can be absorbed into the de nition
In the leptonic Lagrangian given b.89 the origin of  of V| , so that
the dimension ve operator remains open. In the rest of this

section, we shall review the heavy Majorana singlet (right g1

handed) neutrino mass mechanism (type | see-satg-{ Vi = d 5

220 and the triplet Higgs mass mechanism (type |l see-saw) 1

[215 221-224 as the possible origins of this effective op- )

erator. The third 225 tree level realization of the opera- c5 g c5s§ S

tor (3.39 via triplet fermion (type Ill see-sawPp§ is dis- X SAREBSNRRNR " RESNKRe " Rk

cussed in Sectt.1 SRR E RRRe " SRR S RsBsRe ¥ cReR
(3.43)

3.2.3.1 Type | see-sawin the presence of singlet right

handed neutrinos, the most general Lagrangian compatibgm”a”y, for V| the 1 matrix can be absorbed into the

with the standard model gauge symmetry reads de nition of L ander, while keepingYe diagonal and real.
In consequence,

— 1
Liep= €& YFLiH + &Y LiHS S &Tmy & + hc.,

2 R e g% g
(3.40) V| = ScisiSsishcte - cict Sshshshé - skch
Lol Scbgteld & Sobct Sclstsld t L AL
where lepton number is explicitly broken by the Majorana %S %% 16> %S £
mass term for the singlet right handed neutrifde see- e
saw mechanism is implemented when(#g HO . If X g 5 . (3.44)
this is the case, at low energies the right handed neutrinos 1

are decoupled and the theory can be well described by the
Therefore, in this parameterization the independent para-
9Here we explicitly assume three generations of singlet neutrinos. deeters in the Yukawa coupling can be identi ed with the

the phenomenology of a large number of singlets as predicted by strindirée Yukawa eigenvaluey;, the three angles and three
theories, seeR7, 22§. phases inV,, and the three angles and three phases in
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Vg [229-231]. The requirement that the low energy phe-holds, with the substitution® §; = diag{Mfl, Mzgl) and
nomenology is successfully reproduced imposes constrainf236-239
among these parameters. To be precise, the low energy lep-

tonic Lagrangian depends just on the three charged leptgg = 0 Cos sin (normal hierarchy, (3.48)
masses and the six real parameters and three complex phases 0 S sin cos
of the effective neutrino mass matrix. In consequence, there :
o cos sin . .
are still six real parameters and three complex phases thRt= & sin oS (inverted hierarchy (3.49)

are not determined by low energy neutrino data; this infor-

mation about the high energy Lagrangian is “lost” in the de'with a complex parameter ance + 1 a discrete parame-

coupling of the three right handed neutrinos and cannot bf‘er that accounts for a discrete indeterminacRin
recor\:ered Ju_St from niutrlno experlmentsf. he high A third possible parameterization of the neutrino Yukawa
The ambiguity in the determination of the hig energycoupling uses the Gram—-Schmidt decomposition, in order to

pgrameters can be encoded in the three rlght.handed Nelist the Yukawa coupling as a product of a unitary matrix
trino masses and an orthogonal complex maRixle ned and a lower triangular matrix24Q:

as 37
& & yin O O
_ RSt $1 40
R=D VY UpmnsD 72 H ™, 845 y -uvy =uU yor Y22 O (3.50)

. : . 31 Y32 Ya33
so that the most general Yukawa coupling compatible with yar Yaz ¥

the low energy data is given by: where the diagonal elements %f are real. Three of the
+ 0 six phases i can be absorbed into the de nition of the
Y =D yRD mUpynsH™- (3.46)  charged leptons. Therefore, the nine real parameters and the

. iohtf q heck that thi ion indeed six phases of the neutrino Yukawa coupling are identi ed
Itis straightiorward to check that this equation indee Satyith the three angles and three phased inand the six real

is es the seesaw formula3(41). In this expressionD r; parameters and three phase¥’in

andD s are c_ilagonal matnces Whosg entries are the sqgare In the SM extended with right handed neutrinos, the
roots of the light neutrino and the right handed neutrin

masses, respectively, akiyns is the leptonic mixing ma-
trix. It is customary to parameterifin terms of three com-

ocharged lepton masses and the effective neutrino mass ma-
trix are the only source of information about the leptonic
sector. However, if supersymmetry is discovered, the struc-

plex angles, : ture of the low energy slepton mass matrices would provide
o < o additional information about the leptonic sector, provided
C2C3 SC13S 91903 $1%6 S 19203 the mechanism of supersymmetry breaking is speci ed. As-
R= s ci3Ssimss SsicsScasss » (347)  suming that the slepton mass matrices are proportional to the
S S1Co C1Co identity at the high energy scale, quantum effects induced by
the right handed neutrinos would yield at low energies a left
up to re ections, where; cos i,s  sin i. handed slepton mass matrix with a complicated structure,

Whereas the physical interpretation of the right handedVhose measurement would provide additional information
masses is very transparent, the meaningRdé more ob- about the seesaw parametet#4, 145. To be more spe-

scure.R can be interpreted as a dominance matrix in thef ¢ in the minimal supersymmetric seesaw model the off-
sense thatd33 diagonal elements of the low energy left handed and right

handed slepton mass matrices @nterms read, in the lead-
— R is an orthogonal transformation from the basis of theing log approximation7§

left handed leptons mass eigenstates to the one of the right

handed nelutrmo.mass e|genstate_s, _ . mf ; S 3m5+ Ag YikTij Iog—x , (3.51)
— ifand only if an eigenvalum; of m is dominated—in the 8 My
sgnse already given before - by one right handed neutrinqngR ) (3.52)
eigenstateN; , then|R;i |  1; )
— i -Di ir i i < 3 M
if a light _pseudo_ Dirac pair is domlnatfad by a heavy(Ae)ij S —onYeYikTYN- Iog—x, (3.53)
pseudo-Dirac pair, then the corresponding 2 sector 8 My

in R is a boost. .
where mg and Ag are the universal soft supersymmetry

An interesting limit of this dominance behavior is the breaking parameters at high scéie;. Note that the diag-
seesaw model with two right handed neutrinos (2RHN)nal elements of those mass matrices include the tree level
[234, 235. In this limit, the parameterization3(46 still  soft mass matrix, the radiative corrections from gauge and
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charged lepton Yukawa interactions, and the mass contribu- This procedure is particularly powerful in the case of the
tions from F- and D-terms (which are different for chargedtwo right handed neutrino model, as the number of inde-
sleptons and sneutrinos). Therefore, the measurement at Iggendent parameters involved (either at high energies or at
energies of rare lepton decays, electric dipole moments arldw energies) is drastically reduced. The mattixde ned
slepton mass splittings would provide information about then (3.54) depends in general on six moduli and three phases.
combination However, since the Yukawa coupling depends in the 2RHN
model on only three unknown moduli and one phase, so does

Cij YikTij Iog& YTLY i (3.54) C, and consequently it is possible to obtain predictions on
k M the moduli of threeC-matrix elements and the phases of
two C-matrix elements. Namely, fron3(46) one obtains
whereLj = Iog'\,\’/'l—f i -

Interestingly enoughC encodes precisely the additional UTcu = UTY Ty u=D LR'DMRD &/ H? 2 (3.59)
information needed to reconstruct the complete seesaw La-
grangian from low energy observatior®4fl, 247 (note in ~ Where we have writtetd ~ Upmns. Sincem; = 0 in the
particular thaiC is a Hermitian matrix that depends on six 2RHN model! it follows that (UTCU)y = 0, for i =
real parameters and three phases, which together with tHe2, 3, leading to three relations among the elementS.in
nine real parameters and three phases of the neutrino mdser instance, one could derive the diagonal elemengsim
matrix sum up to the independent fteen real parameters anterms of the off-diagonal elements:
six complex phases i andM). CoUo. + C.U

To determine’ andM from the low energy observables C;; =8 Z12-21  ~13731

C andm , itis convenient to de ne Uy
C»=S5 M (3.60)
) Mx Mx Mx 22 U ) .
Y =diag log——, log——, log— Y , 21
Mi M2 Ms Ci3U,, + Cp3U
(3.55) (Cgg=8 2311 281
Mx Usy

Mk = Mglog
M The observation of these correlations would be non-trivial
so that the effective neutrino mass matrix &dow read tests of the 2RHN model.
3 3 3 The relations for the phases arise from the hermiticity
m =Y 'diagM?t, M3, M:fl Y HY 2 of C, since the diagonal elements@have to be real. Tak-
(3.56) ing as the independent phase the argumenitiof one can

— T
C=Y'Y, derive from 8.60) the arguments of the remaining elements:

whereHl? is the neutral component of the up-type Higgseiargc13 _
doublet. Using the singular value decompositi¥n =

VRDYVLT, one nds thatVLJr andD,, could be straight-

forwardly determined fron€, since

é iIm C12U21U11

- 2
+  |C13?|U11/?|U31|? S Im C12U21U,

S1
c vy =v/pév. (3.57) x |C13lUs1Uyy 7, 6

Onthe other hand, from = Y!DS1Y HO 2andthesin- €¥%% = ilm Ci2Uz1Uy,
gular value decomposition of ,

2

I+

. . . |C23]2|U21|2|U31|2 S Im C1U21U
D3V mV, D81 = v DSV, (3.58) U,
23|Y31Y521 y

X

where the left hand side of this equation is known §s one

of our inputs, and/, andD,, were obtained from3.57)).  where thet sign has to be chosen so that the eigenvalues
Therefore,Vg andDy can also be determined. This sim- of C are positive. We conclude then that ematrix para-

ple procedure shows that starting from the low energy obMetersCiz, |Cas| and|Cas| can be regarded as independent
servablesn andC it is possible to determine uniquely the and can be used as an alternative parameterization of the
matricesDy andY = VRDYVLT. Finally, inverting 8.56),

the actual parameters of the LagrangMp andY can be  104ere we are assuming a neutrino spectrum with normal hierarchy. In
computed. the case with inverted hierarchy, the analysis is similar, usigg 0.
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2RHN model pP43. Together with the ve moduli and the implies introducing the triplets in a vector-likeU(2)w x
two phases of the neutrino mass matrix, we sum up to th&(1)y representation, a§ (3,1) andT (3,S1). The
eight moduli and the three phases necessary to reconstruefevant superpotential terms are
the high energy Lagrangian of the 2RHN model.

1
3.2.3.2 Type Il seesawThe type Il seesaw mechanism 2
[215 221224 consists on adding to the SM particle con- + =
tent a Higgs triplet MrTT+ uH2H, (3.67)

1 1
=Yl + = 1H1iTHy + = 2H2T Hy

TO SLT+ whereL; are theSU(2)\y lepton doublets andHy(H?2) is

2 (3.62)  the Higgs doublet with hyperchargé= S 1/2(1/ 2). De-
coupling the triplet at high scale at the electroweak scale the
e[\/Iajorana neutrino mass matrix is given by & Hs )

T= gaip+ grw
2

Then, the leptonic potential compatible with the SM gaug
symmetry reads

_ iV 3.68
Liep= €% Y LiH + Y{LiTLj + hc. (3.63) T My~ (368)

From this Lagrangian, it is apparent that the trifletarries ~ Note that in the supersymmetric case there is only one mass
lepton numberS 2. If the neutral component of the triplet parameterMt, while the mass parametgr of the non-
acquires a VEV and breaks lepton number spontaneously asipersymmetric version is absent.

happens in the Gelmini—-Roncadelli mod22f], the associ- The couplingsyt also induce LFV in the slepton mass
ated massless majoron rules out the model. Therefore phgratrix m? through renormalization group (RG) running
nomenology suggests to break lepton number explicitly vigrom My to the decoupling scalélt [249. In the leading-

the triplet coupling to the SM Higgs boso244. The most  |ogarithm approximation those are given by ):
general scalar potential involving one Higgs doublet and one

Higgs triplet reads S1 M
ggs trip m2 om2+ 3A2 YivYr . log >,
Li g2 I M~
V:mZHTH+}1HTH 2+M2T*T+32TTT2 2
2 S 2 5 m., 0 (3.69)
+ gH™H TIT + pHITHT, (3.64) S9 Mx
(Ae)ij —Ao YeY Yr ; log

_ 16 2 Mt

where the term proportional tp breaks lepton number

explicitly. The type Il seesaw mechanism is implemented>henomenological implications of those relations will be
whenM+t HO . Then the minimization of the scalar po- presented in Sech.

tential yields

02 Sm? o Sup HOZ2 3.2.3.3 Renormalization of the neutrino mass matribo
: 1S 2u M 5 2’ M2 (3.65)  make a connection between high scale parameters and low
T scale observables one needs to consider renormalization ef-

which produce Majorana masses for the neutrinos given byfects on neutrino masses and mixing. Below the scale where
the dimension ve operator is generated, the running of the

Sp H°2 neutrino mass matrix is governed by the renormalization
Mz group (RG) equation of the coupling matrix, given by
[250-253
The Yukawa matrixYT has the same avor structure as the
non-renormalizable operatorde ned in (3.38 for the ef- d

fective Lagrangian of Majorana neutrinos. Therefore, the pag4 ) 2 =(4) ZAg + Ce YJYe T+ Y,;rYe ,

rameterization of the type Il seesaw model is completely dinu

identical to that case. (3.70)
Supersymmetric models with low scale triplet Higgses 5

have been extensively considered in studies of collider phewhereCe = S 3/ 2 for the SM andCe = 1 for the MSSM.

nomenology 245-247]. The model P44 was rst super- The rst term does not affect the running of the neutrino

symmetrized in Ref.448 as a possible scenario for lepto- mixing angles and CP violation phases; however, it affects

genesis. The requirement of a holomorphic superpotentiaf course the running of the neutrino mass eigenvalues. The
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avor universal factorAg is given by of the Dirac CP-violating phase, observable in neutrino
oscillation experiments, is given by
S3,4) + + 2tr(3YJYu+ SYJYd+ nge) d cyv2 B) 2
Aq=  SM = =Y 04 0o 19). (3.75)
[¢] ' dlnu 32 2 13 8 2
82 1(4) $6 2(4) +tr(Y]Y,) MSSM,

The coef cients D and © are omitted here and can be
found in [254], where also formulae for the running of the
Majorana CP phases and for the neutrino mass eigenvalues
2 (mass squared differences) can be found. Fridrg, it can
g7/(4) , whereg; andgp are theU (1)y andSU(2) gauge be seen that the Dirac CP phase generically becomes more

coupling constants, respectively. :
Due 1o th I f the tau—Yuk ling in th unstable under RG corrections for smallgs.
ue to the smafiness ot the tau—rukawa coupling N e ., 0 seesaw scenario (type 1), the SM or MSSM are

SM, the 'T”'X'.“g angles are qot affected signi Ca”“Y by theextended by heavy right handed neutrinos and their super-
renormalization group running below the generation ScaI%artners which are SM gauge singlets. Integrating them out
of the d|m.en3|on vezopejrator. 'How<.aver, If the neutrino o1y their mass scalddr yields the dimension ve oper-
mass matrixm = —- s realized in the seesaw sce- 4ior for neutrino masses in the SM or MSSM. Abdvig,

nario (type 1), running effects above and between the segne neutrino Yukawa couplings are active, and the RGEs in
saw scales can also lead to relevant running effects in thge MSSM above the scalég are

SM. Note that in the MSSM case the running of the mixing |

angles and CP violation phases. can be large even below tI{J > d _ ' S§ 14) §6 5(4) + 2t vy

seesaw scales due to the possible enhancement of the tau- dinp 5

Yukawa coupling by the factqil + tan 2)V2,
In order to understand generic properties of the RG evo- + 61 Y]y + YT o+ YiYe

lution and to estimate the typical size of the RG effects, it

is useful to consider RGEs for the leptonic mixing angles, + Yy T+ vy , (3.76)

CP phases and neutrino masses themselves, which can be dMg 1

derived from the RGE in3.70. For example, below the (4) 2 ]

seesaw scales, up O( 13) corrections, the evolution of

the mixing angles in the MSSM is given b244] (see also (4)2

(3.71)

where denotes the Higgs self-coupling constant and

YY Mg+ MrYYT T, 377)

=SY 2 a4) +324)

[255 256]) dinp
_ S t t
di _ Sy? _ o [mi€ M+ my)? S SYur VY
et (3.72) ) ]
H m 5 Sar’y Sylve . (3.78)
diz _ y? : m3
dinp ~ 32 7 SIN2125IN2 23 m 2,(1+ ) For non-degenerate seesaw scales, a method for dealing with

the effective theories, where the heavy singlets are partly

integrated out, can be found i257. Analytical formulae

M 2 for the running of the neutrino parameters above the seesaw
scales are derived i258 259. The two loop beta functions
can be found in Ref.260.

(3.74) The running correction to the neutrino mass matrix and
its effects on the related issue have been widely analyzed
(see e.g.250-279). We shall summarize below some of the
features of RG running of the neutrino mixing parameters in
the MSSM (cf. 8.72—(3.74).

xI(m1,mz, m, ™, ) (3.73)

d 23 _ éyz sin223 2

= Ci2
dinp 322 m 3

mpe M + mgé

+ 2 Imge M+ mg|?
2 1+ '

wherel(mg,mz, m, m,) mcod mS )S(1+ )x
meco{ v S m+ ) S mscos, s =sinj, ¢ =
cosj,and = m 2/m 3. Herey denotes the tau-
Yukawa coupling, and one can safely neglect the contri~ The RG effects are enhanced for relatively large tan
butions coming from the electron— and muon—Yukawa cou- because the tau—Yukawa coupling becomes large.
plings. For the matri® containing the Majorana phases, we— The mixing angles are comparatively stable with respect
use the conventioR = diag(1,e' M/2 el m/2) |n addition to the RG running in the case nbrmal hierarchicaheu-

to the above formulae, formulae for the running of the CP trino mass spectrumm; my  ms even when tan
phases have been deriveZbf]. For example, the running is large P61-267]. Nevertheless, the running effects can
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have important implications facing the high precision 0f3.2.4 Quarkblepton complementarity
future neutrino oscillation experiments.

— Form; 0.05 eV and the case of tan 10, the RG 3.2.4.1 Golden complementarityQuark—lepton comple-
running effects can be rather large and the leptonic mixingnentarity p80-287 is based on the observation thap +
angles can run signi cantly. Particularly, the RGE effects . is numerically close td 4. Here 1, is the solar neutrino
can be very large for the solar neutrino mixing angleé  mixing angle and ¢ is the Cabibbo angle. For hierarchical

[261-267, 274, 275. light neutrino masses this result is relatively stable against
— The solar neutrino mixing anglei;> at Mr depends the renormalization effect24. To illustrate the idea we

strongly on the Majorana phase [254 267, 268 275, (st review the model of exact golden complementarity.

which is the relative phase between andmg, and plays Consider the following texture83 for the light neu-

very important role in the predictions of the effective {/ino Majorana mass matrisn and for the charged lepton
Majorana mass irf ) o -decay. The effect of RG run- vy xawa couplingse:

ning for 12 is smallest for the CP-conserving odd case

m =% , while it is signi cant for the CP-conserving Om O
evencasey = 0. For y =0andtan 50,forin- m= m m o0
stance, we have tdnia(Mg) 0.5 x tar? 15(Mz) for 0 0 Mam
m; 0.02 eV. (3.79)

— The RG running effect on;2 due to the —Yukawa cou- e 0
pling always makes1o(Mz) larger than 12(MR) [267.  Y.= O u/ 2 /| 2
This constrains the models which predict the value of so- o § u/ 2 /] 2

lar neutrino mixing angle aMr, 12(MR) > 12(Mz2).
For example, the bi-maximal models are strongly re-lt just assumes some texture zeroes and some strict equal-
stricted. However, the running effects due to the neutringties among different entries. The mass eigenstates of the
Yukawa couplings are free from this featug5[]. Thus, neutrino mass matrix are given by, =Sm/, m = m ,
bi-maximal models can predict the correct value of neums = mam, where = (1+ 5)/2=1+ 1/ 162 is
trino mixing angles with the neutrino Yukawa contribu- known as the golden rati@g4. Thanks to its peculiar math-
tions [269-277. ematical properties this constant appears in various natural
— The RG corrections to neutrino mixing angles depenghenomena, possibly including solar neutrinos. The three
strongly on the deviation of the seesaw parameter matrikeutrino mixing angles obtained fro®.{9 are am= / 4,
R (3.49 from identity [274. For hierarchical light neu- ;3= 0 and, more importantly,
trinos,m; 0.01 eV, tan 30 andR non-trivial, the
correction to 23 and 13 can be beyond their likely future tar? 1,= 1/ 2= 0.382 ie. sirf2 o= 4/5  (3.80)
experimental errors while1, is quite stable against the
RG corrections274]. in terms of the parameter il 1, directly measured by vac-
— The correction to 23 can be large whem; and/or tan uum oscillation experiments, such as KamLAND. This pre-
arelis relatively large, e.g., (i) whem; 0.2 eV if dictionfor 12is 1.4 below the experimental best tvalue.
tan 10, and (ii) for anymy and y if tan 40274, A positive measurement ofi3 might imply that the predic-

2758. tion for 12 suffers an uncertainty up tqs.

— The RG corrections to sins can be relatively small, even Those properties follow from the,Z Z, symmetry of
for the large tan if my 0.05 eV, and for anymy the neutrino mass matrix. Explicitkm RT = m , where
0.30eV,if 13(Mz)=0and m = 0 (with p»y = = 0).

For y = andtan 50 one can have sin3(MR) & = =
0.10 form; 0.08 eV even if sin13(Mz) = 0 [274, R = 82/1/ —5 2 ? 0 _ 100

= 5 ¥ 5 0, R= 01 0 |,
279. 0 0 1 0 0 81

— Fortan 30, the value ofm gl(M r) depends strongly
onmy in the intervalm; 0.05eV,and on v, wm, . (3.81)

andsi;z formp 0.1 eV. The dependence ah gl(M R) B
onm; and the CP phases is rather weak, unless tan and the rotations satisfy det=S1, R-RT = 1 and
40,m; 0.10eV, ands;3  0.05 [275. R-R=1. The rst Z;, is a re ection along the diagonal
— Some products of the neutrino mixing parameters, suchf the golden rectangle in thie, 2) plane, see Fig2. The
as s12C12C3(My/m2 S g M) are practically stable with second Z is theLs S L3 symmetry. Those symmetries
respect to RG running if one neglects the rst and sec-allow contributions proportional to the identity matrix to be
ond generation charged lepton Yukawa couplingssgd added tom . This property allows one to extend this type
[268 273 275. symmetries to the quark sector.
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A seesaw model with singlet neutrinos satisfying theof avor presented here follow by construction from the

Z, Z,symmetry and giving rise to the mass mat@x19
is presented inZ83.

2 x 2 submatrices, one naturally expects that the golden
prediction forVys has an uncertainty at least comparable
few x 10°3. Thus the numerical accu-

Noticing that the golden predictior880 satis es with  to [Vyp| | Vigl
high accuracy the quark—lepton complementarity motivategacy is amazing. Should the4l discrepancy between the
one to give a golden geometric explanation also to thgyolden prediction3.80 and the experimental measurement
Cabibbo angleSU(5) uni cation relates the down-quark hold after nal SNO and KamLAND results, analogy with
Yukawa matrixYq to Ye and suggests that the up-quark the quark sector would allow one to predict the order of mag-
Yukawa matrixYy is symmetric, likem . One can there- pitude of neutrino mixing anglers.
fore assume tha¥q is diagonal in the two rst genera-  |nterestingly, similar predictions on the mixing angles
tions and thaly is invariant under & re ection described  are optained if some suitably chosen assumptions are made

by a matrix analogous (& in (3.81), but with the factors o the properties of neutral currents of quarks and lep-
1 2exchanged. Figut2illustrates the geometrical mean- ;< pss.

ing of two re ection axis (dashed lines): the up-quark re-

ection is along the diagonal of the golden rectangle tilted

by / 4; note also the connection with the decomposition 0T3'2'4'2 Correlation matrix fronss Bgvor symmetry in GUT
C ; On more general phenomenological ground the quark—
the golden rectangle as an in nite sum of squares (‘golde

n . .
spiral’). Similarly to the neutrino case, this symmetry al_lepton complementarityB1, 282 can be described by the
lows for two independent terms that can be tuned such th

actorrelation matrixVM between the CKM and the PMNS
] mixing matrices,
my me:

éz VM - UCKM U PMNS’ (3.84)

Yu

(3.82)

[N e
o O
= O O
ol
oON P
O oo

where = diagle' 1) is a diagonal matrix. In the singlet
seesaw mechanism the correlation mau diagonalizes
the symmetric matrix

1
0
The second term xes cot = 3, as can be geometrically

seen from Fig2. We therefore have

_ diag, t+ 1., 1 _diag
sif2c=15 ie. ie. C= mp™*Vg RGEHCEE (3.85)

1+ 85Y2- 0209

12+ c=14
(3.83)

Vus = sin ¢ whereM is the heavy neutrino Majorana mass matrix and
Vg diagonalizes the neutrino Dirac matrirp from the
right. In GUT models such aSQ(10) or Eg we have in-
triguing relations between the Yukawa coupling of the quark
sector and the one of the lepton sector. For instance, in min-
imal renormalizablé&sQ(10) with Higgs in thel0, 126, and

120, we haveYe YdT . In fact the avor symmetry implies
the structure of the Yukawa matrices: the equivalent entries
of Ye andYy are usually of the same order of magnitude. In

such a case one gets

This prediction is 19 above the present best-t value,
sin ¢ = 0.2258+ 0.0021. However, as the basic elements

UPMNS_  jCKM Ty,M

As a consequence, & avor permutation symmetry, softly
broken intoS,, gives us the prediction 0!1'\4 = 0[28¢ and

the correlations between CP-violating phases and the mixing
angle 12 [287].

The six generators of thgs avor symmetry are the el-
ements of the permutation group of three objects. The ac-
tion of S3 on the elds is to permute the family label of
the elds. In the following we shall introduce th& sym-

metry with respect the second and third generations. The
Fig. 2 Geometrical illustration of the connection between the predic-

tions for 12 and ¢ and the golden rectangle. The twashed lines Sz group is an Abelian one and swap the second fam-

are the re ection axis of th&, symmetry for the neutrino mass matrix ity {pe, ( U)L +SLyCL, MR, ( H)R' SR, Cr} with the third one
and for the up quark mass matrix {o,C ,bL,tL, r,( )Rr,bR,tR}
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Let us assume that there is &n avor symmetry at high 3.3 Leptogenesis and cosmological observables
energy, which is softly broken int, [84]. In this case, be-
fore theS; breaking all the Yukawa matrices have the fol-3.3.1 Basic concepts and results
lowing structure:

CP violation in the leptonic sector can have profound cos-

_ a b b mological implications, playing a crucial role in the genera-
Y= b a b, (3.86) .. : :
b b a tion, via leptogenesis, of the observed baryon number asym-

metry of the universe89:
wherea andb independent. Th& symmetry implies that
(Y 3,4 3,1 3)is an eigenvector of our matrix in
(3.86. Moreover these kind of matrices have two equal

eigenvalues. This gives us an undetermined mixing angle ify the original framework a CP asymmetry is generated

>

n—B= 6.1593 x 10510, (3.89)

the diagonalizing mixing matrices. through out-of-equilibriuni. -violating decays of heavy Ma-
Whens; is softly broken intdS,, one gets jorana neutrinos49q leading to a lepton asymmetty =0.
a b b In the presence of sprlaleron process2s1], which are
Y= b c d . (3.87) (B + L) -violating and(B S L) -conserving, the lepton asym-
b d ¢ metry is partially transformed to a baryon asymmetry.

The lepton number asymmetry resulting from the decay
withc aandd b. WhenS; is broken the degener- of heavy Majorana neutrinosy; , was computed by several
acy is r_errv10ved_. In general ti® symmetry implies that authors P92-294. The evaluation of N; » Involves the com-
(0,1 2,SVT 2) is an exact eigenvector of our matrix putation of the interference between the tree level diagram
(3.87). The fact thatSz is only softly broken intoS; al-  and one loop diagrams for the decay of the heavy Majorana
lows us to say thatl/ 3,1/ 3,1/ 3)isstillina good neutrinoN; into charged leptoné ( = e,p, ). Summing

approximation an eigenvector ¥fin (3.87). Then the mix-  the asymmetries,, over charged lepton avor, one obtains
ing matrix that diagonalize from the right the Yukawa mix- :

ing matrix in 3.87) is given in good approximation by the g2 + +
tri-bi-maximal mixing matrix 2.11). Ulalv Im mg ; (Mp)k MpMp
Let us now investigate theéM in this model. The mass Wk 4
matrix mp will have the general structure i3.87). To be 1 Xk 1
more de ned, let us assumed that there is an extra softly x 16 I (xk) + 138 xg (mT o) ' (3.90)
D

brokenZ, symmetry under which the 1st and the 2nd fam-
ikl)ieskare even, while the 3rd famirl]y is Odhd- ;’his eXtrahSOft:}f/whereMk denote the heavy neutrino masses, the variable
rokenZ, symmetry gives us a hierarchy between the off-_ . _ M2 —
Xk IS de ned asxg = and I[(xx) = Xk(1+ (1+
diagonal and the diagonal elementsnaf, i.e.b,d a,c. K K= w72 (k) K (
In fact if Z is exact bottb andd are zero. For simplicity, we  Xk) 109(z%;)). From @.90 it can be seen that, when one
assume also a quasi-degenerate spectrum for the eigenvalgns over all charged leptons, the lepton number asymme-

of the Dirac neutrino matrix as ir2Bg. try is only sensitive to the CP-violating phases appearing in
The right handed neutrino Majorana mass matrix is of thdlp Mp in the basis whertg is diagonal. Note that this
form combination is insensitive to rotations of the left-hand neu-
trinos.
a b b If the lepton avors are distinguishable in the nal state,
M= S g : (3.88) it is the avored asymmetries that are releva@9$-29§.

Below T 102 GeV, the Yukawa interactions are fast

BecauseS; is only softly broken intaS, we have thag compared to the Hubble rate, so at least one avor may
¢ eandb b d.In this approximation th& matrix be distinguishable. The asymmetry in family generated

is diagonalized by & of the form in .11). In this case we from the decay of th&th heavy Majorana neutrino depends
have thatm is near to beS; andS, symmetric, then itis ©On the combinationZ99 Im((M%Mp )kk (Mp) k (Mp) & )
diagonalized by a mixing matrid near the tri-bi-maximal as well as on Ir((mEmD)k k(Mp) k (Mp) k ). Summing
one given in2.11). TheCmatrix is diagonalized by the mix- over all leptonic avors the second term becomes real so
ing matrixViy = U U. We obtain thatVy, is a rotation in  that its imaginary part vanishes and the rst term gives rise
the (1, 2) plane, i.e. it contains a zero in tij&, 3) entry. As  to the combination |f((mEmD)jk (mJ[r) mp)jk ) that appears
shown in P8¢, it is possible to tthe CKM and the PMNS in (3.90. Clearly, when one works with separate avors the
mixing matrix within this model. matrix Upyns does not cancel out and one is lead to the
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interesting possibility of having viable leptogenesis even irin the simplest case, th¢; are hierarchical, andl; decays

the case oR being a real matrix300-303. into a combination of avors which are indistinguishaBle.
The simplest leptogenesis scenario corresponds to tHa this case, the baryon asymmetry only depends on four pa-

case of heavy hierarchical neutrinos whévla is much rameters 306, 308 318 319: the massM; of the lightest

smaller tharM andMs. In this limit, the asymmetries gen- heavy neutrino, together with the corresponding CP asym-

erated byN, andN3 are frequently ignored, because the pro-metry y, in its decay, as well as the rescaleg decay rate,

duction ofN, andN3 can be suppressed by kinematics (foror effective neutrino mass; de ned as

instance, they are not produced thermally, if the re-heat tem-

perature after in ation is<M 2, M3), and the asymmetries mi = my 1 (Mp) 1/M 1, (3.95)

from their decays are partially washed o295 304, 305.

In this hierarchical limit, the,,, can be simpli ed into in the weak basis wherlR is diagonal, real and positive.

5 3 My M1 Finally, the baryon asymmetry depends also on the sum of
N, S TovZ 12y, + |13M—3 , (3.91)  alllight neutrino masses squar@i = m2+ m2+ m3, since

it has been shown that this sum controls an important class

where of washout processes. If lepton avors are distinguishable,
¥ ¥ the nal baryon asymmetry depends on partial decay rates

Iy Im[(mp)1 (TD)| (MpMp )1i] . (3.92) M, and CP asymmetries .
(mpMp)aa The N; decays in the early universe at temperatures

T My, producing asymmetries in the distinguishable nal

states. A particular asymmetry will survive once washout

by inverse decays go out of equilibrium. In the una-
. 3 Ml# i m2Im(R%) vored calculation (where lepton avors are .indis.tinguish-

NS BT T MR (3.93)  able), the fraction of the asymmetry that survives is of order

min{1,H/ }, where the Hubble ratd and theN; total de-

In this case, obviously, leptogenesis demands non-zercay rate are evaluated & = Mj. This is usually written

imaginary parts in theR matrix. It has an upper bound H/ = m /mj, where B20-327

| Nyl < ,El"l where B0g|

The avor-summed CP asymmetryy, can be written in
terms of the parameterization equati@/© as

16 5/2 2 N
m=— _g¥2_"Y 1053 eV, (3.96)
, (3.94) 35 Mpianck

ol _ 3 (m3Sm)M;
Nt T g y2

which is proportional taV;. So the requirement of generat-

ing a suf cient baryon asymmetry gives a lower bound on . L .
|M§11 [30% 3:071 Degendiné on th)e/ ?:osmological scenario effective number of relativistic degrees of freedom in the

the range for minimaM; varies from order 10 GeV to plasma and equals 106.75 in the SM case. In a avored cal-

10° GeV [308 309. This bound does not move much with culation, the fraction of a avor asymmetry that survives can
the inclusion of avor effects 296, 310, 311]. In a super- be estimated in the same way, replacingdpy the partial de-

symmetric world there is an upper boufigy < 10 GeV cay rate.
on the re-heating temperature of the universe from the pos- o
sible overproduction of gravitinos, the so called gravitino3-3-2 Implications of avor effects
problem B12-315. Together with the lower bound ol 1 . ]
the gravitino problem puts severe constraints on supersynfo’ & long time the avor effects in thermal leptogene-
metric thermal leptogenesis scenarios. sis were known 295 but their phenomenological implica-
However, the upper boun®©4) is based on the (nat- tions were considered only in speci ¢ neutrino avor mod-
ural) assumption that higher order corrections suppressed &S [239. As discussed, in the single- avor calculation, the
M1/M 2, M1/M 3 in (3.90 are negligible. This may not be most important parameters for thermal leptogenesis fiam
true as explicitly demonstrated 816 in which neutrino ~ decays aréMy, my, n, and the light neutrino mass scale.
mass model is presented realizing ,E‘)Il .Insuchacase Including avor effects gives this parameter space more di-
low scale standard thermal leptogenesis consistent with tHeensionsi¥1, , m,), butit can still be projected ontd 1,
gravitino bound is possible also for hierarchical heavy neum space. For the readers convenience we summarize here
trinos.
Thermal leptogenesis is a rather involved thermodynamiiyis can occur above 1012 GeV, before the Yukawa interaction

cal non-equilibrium process and depends on additional pargwecomes fast compared to the Hubble rate, or in the case whexa the
meters and on the proper treatment of thermal effe83§][  decay rate is faster than the charged lepton Yukawa interac8dn

andMpianckis the Planck masspianck= 1.2x 10'9 GeV),
v= 0/ 2 174 GeV is the weak scale amy is the
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some general results on the implications of avored lepto-occur inSQ(10) models B40Q, 342 343. In that case there
genesis. are twelve independent CP-violating phases.
In the un avored calculation, leptogenesis does not work “Soft leptogenesis’344, 345 can work in a one genera-

for degenerate light neutrinos with a mass scale aboveonal SUSY seesaw model because CP violation in this sce-

0.1 eV [323-32€]. This bound does not survive in the a- nario comes from complex supersymmetry breaking terms.
vored calculation, where modgels with a neutrino mass scalk the soft SUSY-breaking terms are of suitable size, there is
up to the cosmological bound, m < 0.68 eV [327], can  enough CP violation iN—N mixing to imply the observed
be tuned to workZ96, 317). asymmetry. Unlike non-supersymmetric triplet Higgs lepto-

Considering the scale of leptogenesis, avored leptogegenesis, soft leptogenesis with a triplet scabarl] 346] can
nesis works forM a factor of 3 smaller in the “inter- also work in the minimal supersymmetric model of type I
esting” region ofm < mygm. But the lower bound o1, seesaw mechanism.

in the optimizedm region, remains 10° GeV [310, 311]. A very predictive supersymmetric leptogenesis scenario
A smallerM; could be possible for very degenerate lightis obtained if the sneutrino is playing the role of in aton
neutrinos 296|. [307, 347-350. In this scenario the universe is dominated

An important, but disappointing, observation in single-by N. RelatingN properties to neutrino masses via the see-
avor leptogenesis was the lack of a model-independensaw mechanism implies a lower boufigy > 10° GeV on
connection between CP violation for leptogenesis andhe re-heating temperature of the univer349. A connec-
PMNS phases. It was showB48 329 that thermal lep- tion of this scenario with LFV is discussed in SesR
togenesis can work with no CP violation loppmns, and Dirac leptogenesis is another possibility considered in the
conversely, that leptogenesis can fail in spite of phases iliterature. In this case neutrinos are of Dirac type rather than
Upmns. In the “avoured” leptogenesis case, it is still true Majorana. In the original papeBp]] two Higgs doublets
that the baryon asymmetry is not sensitive to PMNS phasesere required and their decays create the leptonic asym-
[330, 331 (leptogenesis can work for any value of the metry. Recently some authors have studied the connection
PMNS phases). However, interesting observations can Heetween leptogenesis and low energy data with two Higgs

made in classes of moded7, 300, 302, 331]. doublets B52.
Finally, let us mention that right handed neutrinos could
3.3.3 Other scenarios have been produced non-thermally in the early universe, by

direct couplings to the in ation eld. If this is the case,

We have presented a brief discussion of minimal thermathe constraints on neutrino parameters from leptogenesis de-
leptogenesis in the context of type | seesaw with hierarchicgiend on the details of the in ationary mod&43-355.
heavy neutrinos. This scenario is the most popular one be- For a recent overview of the present knowledge of
cause it is generic, supported by neutrino mass mechanisheutrino masses and mixing and what can be learned
and, most importantly, it has predictions for the allowed seeabout physics beyond the standard model from the vari-
saw parameter space, as described above. There are mag proposed neutrino experiments, séleahd references
other scenarios in which leptogenesis may also be viable. therein.

Resonant leptogenesi®g3 332 may occur when two
or more heavy neutrinos are nearly degenerate in mass and
in this scenario the scale of the heavy neutrino masses cdn Organizing principles for avor physics
be lowered whilst still being compatible with thermal lepto-
genesis $32-335. Heavy neutrinos of TeV scale or below 4.1 Grand uni ed theories
could in principle be detected at large collide38§. In the
seesaw context low scale heavy neutrinos may follow fronGrand uni cation is an attempt to unify all known inter-
extra symmetry principlesSB4, 337-339. Also, the SM ex- actions but gravity in a single simple gauge group. It is
tensions with heavy neutrinos at TeV scale or below includenotivated in part by the arbitrariness of electromagnetic
Kaluza—Klein modes in models with extra dimensions or excharge in the standard model. One has charge quantiza-
tra matter content of little Higgs models. tion in a purely non-Abelian theory, without d#(1) fac-

Leptogenesis from the out-of-equilibrium decays of ator, as in Schwinger’s original ide8%€ of a SU(2) the-
Higgs triplet P44, 340, 341] is another viable scenario but ory of electroweak interactions. The minimal gauge group
requires the presence of at least two triplets for non-zeravhich uni es weak and strong interactionS|J(5) [357],
CP asymmetry. Despite the presence of gauge interactiorsitomatically implies a quantized (1) piece too. While
the washout effects in this scenario are not drastically largebirac needed a monopole to achieve charge quantization
than those in the singlet leptogenesis scen&4d][ Hybrid  [358, grand uni cation in turn predicts the existence of
leptogenesis from type | and type Il seesaw can for instanceagnetic monopoles8p9, 36(. Since it uni es quarks and
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leptons B61], it also predicts another remarkable phenom-superheavymr 102 GeV. The enormous split between
enon: the decay of the proton. Here we are mostly interestetit andmp  my can be achieved through the large scale
in GUT implications on the avor structure of Yukawa ma- of the breaking oSU(5),
trices. L.

244 = vx diag2,2,2,S3,S3), (4.4)

4.1.1 SUY5): the minimal theory 2 _ 252

with mg = mg = Tgsv)z(. This ne-tuning is known as the
doublet—triplet problem. Whatever solution one may adopt,
YRe huge hierarchy can be preserved in perturbation theory
only by supersymmetry with low scale breaking of order
TeV.

The 24 gauge bosons reduce to the 12 ones of the SM pl
a SU(2) doublet, color triplet pai(X,, Yy) (vector lepto-
quarks), withY = 5/6 (chargest+ 4/ 3, + 1/ 3) and their an-
tiparticles. The 15 fermions of a single family in the SM t The consistency of grand uni cation requires that the
in the 5 and 1@ anomaly-free representations $tJ(5), gauge couplings of the SM unify at a single scale, in a
and the new super-weak interactions of leptoquarks Wmﬂiny window 1055 Mgyt 108 GeV (lower limit from

fermions are (, and are color indices): proton decay, upper limit from perturbativity, i.e. to stay
below Mp)). Here the minimal ordinangU(5) theory de-
scribed above fails badly, while the version with low en-
ergy supersymmetry does gre&6p-368. Actually, one

L(X,Y) = g—zxf‘”@

x e Hd°+d HefS uc Hu needed a heavy top quarBdg, with m; 200 GeV in

« 05 &3 order f_or the the_ory to work. The same is needed in order

S _EY“ to achieve a radiative symmetry breaking of the SM gauge
symmetry, where only the Higgs doublet becomes tachy-

x T HQC+ U Mel+ ut Hd onic [369 370. One can then de ne the minimal supersym-
metric SUY(5) GUT with the three families of fermions 0

+ h.c, (4.1)  and5g, and with 24y and % and5y supermultiplets. It

h w; ) b licitlv left handed dpredictsmd: mg at MguT, which works well for the third
chreCa_T ermions above are explicitly left handed an generation; the rst two can be corrected by higher dimen-

sional operators. Although this theory typically has a very
The exchange of the heavy gauge bosons leads to the %’std = 5 [150, 371-374 proton decay375, the higher di-

fective interactions suppressed by two powers of their masg, e sional operators can easily make it in accord with exper-
mx (Mx  my due toSU2). symmetry), which preserves oo ntq B76-378. The main problem are massless neutri-
B S L, but breaks botl andL symmetries and Iegds ' nos, unless one breaks R-parity (whose approximate or ex-
(d = 6) proton gsecayz{la 362. From p 6% 10 Y1 4 conservation must be assumed in supersymnsiti(s),
[363, mx 101%° GeV. _ . contrary to some supersymmetf€)10)). Other ways out
The Higgs sector consists of an adjoint,2and a fun-  j,cjyde adding singlets, right handed neutrinos (type | see-
damental f, the rst breaksSU(5)  SM, the latter com- o, P16-220), or a 1% multiplet (type Il see-sawZ[15
pletes the symmetry breaking & la Weinberg-Salam. Nows51 253 1 hoth cases their Yukawa are not connected to
5+ = (T, D), whereT is a color triplet andD the usual e charged sector, so it is much more appealing to go to
Higgs SU(2). doublet of the SM and so the Yukawa inter- 5 10) theory, which uni es all fermions (of a single fam-
actions in the matrix form ily) too, besides the interactions.
Before we move td&5Q(10), what about ordinary non-

Ly = 10ryy10r5H + SrYd10r5, (4.2) supersymmetricSU(5)? In order to havem =0 and to

give the quark and lepton mass matrices achieve the u_ni cation_ of gauge couplings one can add ei-
ther (a) 1% Higgs multiplet B79 or (b) 24 fermionic mul-

mu=Yyu D, mg = mg =yqD . (4.3) tiplet[380. The latter one is particularly interesting, since it

leads to the mixing of the type | and type Ill see-s&25
Note the correlation between down quarks and charge@26], with the remarkable prediction of a lightJ(2) fermi-
leptons B64], valid at the GUT scale, and impossible to onic triplet below TeV andMgur 10*® GeV, which of-
be true for all three generations. Actually, in the SM it isfers hope both for the observable see-saw at LHC and de-
wrong for all of them. It can be corrected by an extra Higgstectable proton decay in a future generation of experiments
45, [6], or higher dimensional non-renormalizable interac-now planned381].
tion [7]. These fermionic triplet3 would be produced in pairs
From (4.2), one gets also the interactions of the triplet,through a Drell-Yan process. The production cross section
which lead to proton decay and thus the trigflemust be  for the sum of all three possible nal stateg: T2, T T2
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anoIT,:S TFO, can be read from Fig. 42 0882: it is approxi-  the ve-index antisymmetric and anti-self-dual representa-

mately 20 pb for 100 GeV triplet mass, and around 40 fb fotion. 126 is necessarily complex, supersymmetric or not;

500 GeV triplets. The triplets then decay it or Z and 104 and126y Yukawa matrices are symmetric in genera-

a light lepton through the same Yukawa couplings that enteion space, while the 120one is antisymmetric.

into the seesaw. The decomposition of the relevant representations under
The clearest signature would be the three charged leptaBps gives

decay of the charged triplet, but it has only a 3% branching

ratio. A more promising situation is the decay into two jets16= (2.1,4)+ (1,2,4),

with SM gauge boson invariant mass plus a charged Ieptor10 (2,2,1) + (1, 1,6),

this happens in approximately 23% of all decays. The signa-

tures in this case is two same charge leptons plus two paIIJSZO (22,1)+(316)+(136)+ (2219 (4.6)

of jets having théV or Z mass and peaks in the lepton-dijet +(1,1,10) + (1, 1, 10),

mass. From the above estimates the cross section for such_

events is around 1 pb (2fb) for 100 (500) GeV triplet mass126= (3,1, 10+ (1,3,10) + (2,219 + (1,1,6).

Such signatures were suggested originalliz #R symmet-

ric theories B83 but are quite generic of the seesaw mech-—

anism.

The see-saw mechanism, whether type | or I, requires
126: it contains botlt1, 3, 10) whose VEV gives a mass to
R (type 1), and(3, 1, 10), which contains a color singlet,
BSL=2eld _,thatcan give directly a small mass to
L (type II). In SU(5) language this is seen from the decom-
position

4.1.2 S@10): the minimal theory of matter and gauge
coupling unibcation

There are a number of features that m&k&10) special: 156= 1+ 5+ 15+ 45+ 50 @.7)

— afamily of fermions is uni ed in a 16 dimensional spino-
rial representation; this in turn predicts the existence offhe 1 ofSU(5) belongs to th€1, 3, 10) of Gps and gives a
right handed neutrinos, making the implementation of thenass for g, while 15 corresponds to ti8, 1, 10) and gives
see-saw mechanism almost automatic; the direct mass to, .

— L-R symmetry B61, 384-386] is a nite gauge transfor- 126 can be a fundamental eld, or a composite of two
mation in the form of charge conjugation. This is a consed6+ elds (for some realistic examples see for example
quence of both left handed fermiohs and its charged [400-407), or can even be induced as a two-loop effective
conjugated counterpar§ ) Cf_; residing in the Tepresentation built out of a {0and two gauge 45 dimen-
same representation 6 sional representa.tloné(]).?,—405'i.

— in the supersymmetric version, the matter paiy= Normally.the light Higgs is cho§en to be the_ smallest
(gl)s(BéL) equivalent to the R-paritR = M($1)%,is  one, 1Q. Since 104 = (2,2,1) is aSU@)c singlet,

a gauge transformatio887-389, a part of the centrg,  Md = Me follows immediately, independently of the num-
of SQ(10). In the renormalizable version of the theory it Der of 1G:. Thus we must add either 120or 1264 or
remains exact at all energie39g0-397. The lightest su- Pothin order to correct the bad mass relations. Both of these
persymmetric partner (LSP) is then stable and is a natura®!ds contain(2, 2, 15), which VEV alone gives the relation
candidate for the dark matter of the universe; me=S 3m].

— its other maximal subgroup, besid&§(5) x U (1), is As 1264 is needed anyway for the see-saw, it is natural
Gps= SU(2)L x SU(2)r x SU@)c quark—lepton sym- 10 take this rst. The crucial point here is that in general
metry of Pati and Salam, which plays an important role in(2: 2, 1) and(2, 2, 15) mix through (1,3,10) [222 406
relating quark and lepton masses and mixings; and thus the light Higgs is a mixture of the two. In other

— the uni cation of gauge couplings can be achieved evedVords, (2,2,15) in 1264 is in general non-vanishing (in
without supersymmetry (for a recent and complete workéUpersymmetry this is not automatic, but depends on the

and references therein, s&98, 394)). Higgs super elds needed to bre&(10) at Mgyt or on
the presence of higher dimensional operators).

Fermions belong to the spinor representatior {ier If one considers all the operators allowed $§(10) for

useful reviews on spinors argQ(2N) group theory ingen- 0 yykawa couplings, there are too many model parame-

eral see $§95-399). From ters, and so no prediction is really possible. One option
16x 16= 10+ 120+ 126 (4.5) is to assume that the minimal number of parameters must
be employed. It has been shown that 4 (3 of them non-
the most general Yukawa sector in general containg,10 renormalizable) operators are enough in models with 10 and
1204 and1264, respectively the fundamental vector repre-45 Higgs representations onl§j[ Although this is an impor-
sentation, the three-index antisymmetric representation artdnt piece of information and it has been the starting point of
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a lot of model building, it is dif cult to see a reason for some which follows directly from 4.8), (4.10 and @.14), if only
operators (of different dimensions) to be present and othéghe second term (type 1) ind(11) is considered. Consid-
not, without using some sort of avor symmetry, so theseering only the heaviest two generations as an example and
type of models will not be considered in this subsection. Oriaking the usually good approximation of small second gen-
the other hand, a self consistent way of truncating the largeration masses and small mixing angles, one nds all the
number ofSQ(10) allowed operators without relying on ex- elements of the right-hand side small except the 22 element,
tra symmetries is to consider only the renormalizable onesvhich is proportional to the difference of two big numbers,
This is exactly what we shall assume. my S m . Thus, a large neutrino atmospheric mixing angle

In this case there are just two ways of giving massgo is linked to the smallness of this 22 matrix element, and so to
by a nonzero VEV of the Higg&26, or generate an effec- b— uni cation. Note that in these types of moddis uni-

tive non-renormalizable operator radiativeA0. We shall ~ cation is no more automatic due to the presence of1ta,
consider in turn both of them. which breaksSU(4)¢. Itis, however, quite a good prediction

of the RGE running in the case of low energy supersymme-

4.1.2.1 Elementaryt264 It is rather appealing that 10 ty.

and1264 may be suf cient for all the fermion masses, with The numerical tting was able to reproduce also a large

only two sets of symmetric Yukawa coupling matrices. TheSOIar mixing angle both in case of type W17, 41§ or

mass matrices M gt are mixed ;Qesaw4[1q, predicting also a qwte largfJes|
0.16 mixing element, close to the experimental upper bound.

Mg = V(onlo+ Vg%le& 4.8) The dif culty in tting the CKM CP-vioIatipg phase inthe
rst quadrant was overcome by new solutions found4adq,

My = VigY10+ ViseY126, (4.9)  421], maintaining the prediction of larg&les| 0.1 matrix

—\d & a,d element.

Me = VioY10 SV V1267126 (4.10) All these ttings were done assuming no constraints com-

m =SmpM3'mp + m, (4.11)  ing from the Higgs sector. Regarding it, it was found that
the minimal supersymmetric model32-424] has only 26

where model parametergipy, on top of the usual supersymmetry

_ breaking soft terms, as in the MSSM. When one considers

Mp = ViY10'S 3Vi56Y126, (4.12)  this minimal model, the VEVs in the mass formulaegj—

MR = VR Y126, (4.13) (4.14) are not comp!etely arbitrary,.but are connected_by tr_\e
restrictions of the Higgs sector. This has been rst noticed in

m = v Yize. (4.14)  [426-428 showing a possible clash with the positive results

of the unconstrained Yukawa sector studied4a(q, 421].

These relations are valid Mgy, so it is there that their  The jssue has been pursued42§, showing that in the re-
Valldlty must be tested. The anaIySiS done so far used tl”@on of parameter space where the fermion mass tt|ng is
results of renormalization group running frdvty to Mgut  successful, there are necessarily intermediate scale thresh-
from [407, 408. olds which spoil perturbativity of the RGE evolution of the

The rstattemptsin tting the mass matrices assumed thegauge couplings.
domination of the type | seesaw. It was pioneered by treating To de nitely settle the issue, two further checks should
CP violation perturbatively in a non-supersymmetric framebe done. (a) The 2 analysis used in the tting procedure
work [40€], and later improved with a more detailed treat- should be implemented &z, not atMgyT. The point is
ment of complex parameters and supersymmetric low erin fact that while the errors a¥lz are uncorrelated, they
ergy effective theory409-411]. Nevertheless, these ts had become strongly correlated after runningMg;yT, due to
problems to reproduce correctly the PMNS matrix paramethe large Yukawa coupling of top and possibly also of bot-
ters. tom, tau and neutrino. (b) Another issue is to consider also

A new impetus to the whole program was given by thethe effect of the possible increased gauge couplings on the
observation that in case type Il seesaw dominates (a wayukawas. Only after these two checks will be done, this min-
to enforce it is to use a 54 dimensional Higgs representatioimal model could be ruled out.
[417)) the neutrino mass, an interesting relation in these type A further important point is that in the case of VEVs
of models betweet— uni cation and large atmospheric constrained by the Higgs sector one nds from the charged
mixing angle can be foundl3-415. The argument is very fermion masses that the model predicts large tan40,

simple and it can be traced to the relatidi § as con rmed by the last ts in429. In this regime there
may be sizable corrections to the “down” fermion mass ma-
m mgS me, (4.15) trices from the soft SUSY breaking paramete48(j; this
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brings into the game also the soft SUSY breaking sectogeneration case gives three interesting predictions-relations
lowering somewhat the predictivity but relaxing the dif - [405 459: (1) almost exacb— uni cation; (2) large at-
culty in tting the experimental data. In this scenario pre- mospheric mixing angle related to the small quagk mix-
dictions on masses would become predictions on the sofihg angle; (3) somewhat degenerate neutrinos. For a serious
sector. numerical analysis one needs to use the RGE for the case
Some topics have to be still mentioned in connection withof split supersymmetry, taking a very small tan 1 to get
the above: the important calculation of the mass spectruran approximaté— uni cation [458. One needs also some
and Clebsch-Gordan coef cients80(10) [399 431439,  ne-tuning of the parameters to account for the small ra-
the doublet-triplet splitting problerdf0, 441], the Higgs  tio Msysy/M gutr  10°G4 required in realistic models
doublet mass matrix3P9, 433, the running of the gauge to have gluinos decay fast enougt6f.
couplings at two loops together with threshold corrections

[434), and the study of proton deca®35, 442, 443. 4.2 Higher dimensional approaches
What if this model turns out to be wrong? There are other

mode_ls on th_e market. The easiest idea is to add a 120_d1!2'ecently, in the context of theories with extra spatial di-
mensional Higgs, that may also appear as a natural ChOICﬁ1ensions, some new approaches toward the question of

being the last of the three allowed representations that COUsM 1 fermion mass hierarchy and avor structure have arisen

ple with fermions. There are three different ways of doing[461_46a_ For instance, the SM fermion mass spectrum

it considered in the literature: (a) take 120 as a small, non- -
. S ) . can be generated naturally by permitting the quark/lepton
leading, contribution, i.e. a perturbation to the previous for-

mulae B44-446; (b) consider 120 on an equal footing as masses to evolve with a power-law dependence on the mass

10 and126, but assume some extra discrete symmetry or re%f:ale #65 46§. The most studied and probably most at-

. . . active idea for generating a non-trivial avor structure is
parameters in the superpotential, breaking CP spontaneouih . : . .

o e displacement of various SM fermions along extra dimen-
[447-45( (and suppressing in the rst two references the ", . : . )

_ ) -——= sion(s). This approach is totally different from the one dis-
dangerousl = 5 proton decay modes); (c) assume srhab din Secp i | trical and thus d
contributions to the charged fermion mass&sif-454]. Cufsel n tﬁc ’?‘j' IS pl;reygeomle rica atn . ijhs ohest

Another limit is to forget the 19 altogether, as has been gptre y otr;] € e)_(lff] egf:elo any nci\(g symmlg rytmth € shor
proposed for non-supersymmetric theorié§4. The two . IS ap(;]el eory. 66 'SP acelrlnen : Za pr es Od' € scenar-
generation study predicts a too small ratig/m 0.3,in- '0S with large at [467) or small warped464 extra dimen-

stead of the value.8 that one gets by straight running. The sion(s), as we develop in the following subsections.

idea is that this could get large corrections due to Dirac neu-

trino Yukawas 56 and the effect of nite second genera- 4-2.1 Large extra dimensions

tion masses, as well as the inclusion of the rst generation

and CP-violating phases. This is worth pursuing for it pro-In order to address the gauge hierarchy problem, a sce-

vides an alternative minimal version®8€Y10), and afterall, ~nario with large at extra dimensions has been proposed by

supersymmetry may not be there. Arkani-Hamed, Dimopoulos and Dvali (ADD®§9-471],
based on a reduction of the fundamental gravity scale down

4.1.2.2 Radiativel264 The original idea 403 is that to the TeV scale. In this scenario, gravity propagates in the

there is nol26, representation in the theory, but the samebulk whereas SM elds live on a 3-brane. One could as-

operator is generated by loop corrections. The representaume that this 3-brane has a certain thicknesslong an

tion that breaks the rank &Q(10) is now 164, which VEV  extra dimension (as for example iA42). Then SM elds

we callM . Generically there is a contribution to the right- would feel an extra dimension of side, exactly as in a

handed neutrino mass at two loops: universal extra dimension (UED) modeltq3 (where SM
elds propagate in the bulk) with one extra dimension of
2 M2 Msusy izel 12
Mr  — Y10, (4.16) Siz€L. . .
4 Mgut Meur In such a framework, the SM fermions can be localized

which is too small in low energy supersymmetry (low break-at dlffere_nt p93|t|ons along this extra dimensibn Then _
ing scaleMsusy) as well as non-supersymmetric theoriesthe relative displacements of quark/lepton wave function

(Msusy = Maur, but low intermediate scalél  required p_eaks produce suppressiqn factors in the effegtive four-
by gauge coupling uni cation). The only exception, pro- dimensional Yukawa couplings. These suppression factors

posed in #04], could be split supersymmetrd$7, 458.
In the absence df264, the charged fermion masses musti2the constraint from electroweak precision measuremer®Sis

be given by only 1Q and 12¢; [404], together with radia-  2-5 TeV, the one from direct search at LEP collidet ! 5 TeV
tive corrections. The simplest analysis of the tree order twand the expected LHC sensitivity is abdut! 10 TeV.
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being determined by the overlaps of fermion wave func- This mechanism can effectively accommodate all the
tions (getting smaller as the distance between wave fun@ata on quark and charged lepton masses and mix#&gs [

tion peaks increases), they can vary with the fermion avors488§|. In case that right handed neutrinos are added to the SM
and thus induce a mass hierarchy. This mechanism was rsfo that neutrinos acquire Dirac masses (as those originating
suggested in467 and its variations have been studied in from Yukawa couplings4.17), neutrino oscillation experi-
[474-484. ment results can also be reproducéd?. The ne-tuning,

Let us describe this mechanism more precisely. Therising there on relative? parameters, turns out to be im-
fermion localization can be achieved through either nonproved when neutrinos get Majorana masses instéag [
perturbative effects in string/M theory or eld-theoretical (see also235, 490).
methods. One eld-theoretical possibility is to couple the
SM fermion elds" i(xu,Xs) [i = 1,..., 3 being the fam- 4 5 5 gmall extra dimensions
ily index andu = 1,..., 4 the usual coordinate indexes] to
ve dimensional scalar elds with VEV (xs) depending
on the extra dimension (parameterizeddgy.'® Indeed, chi-
ral fermions are con ned in solitonic backgrounds8p|. If
the scalar eld pro le behaves as a linear function of the
form  i(xs) = 2u?xs S m; around its zero-crossing point
x0 = mi/2u?, the zero-mode of ve dimensional fermion
acquires a Gaussian wave function of typical wigth?!
and centered atio along thexs direction:" i(O)(Xu,X5) =

Another type of higher-dimensional scenario solving the
gauge hierarchy problem was suggested by Randall and
Sundrum (RS) 491, 497. There, the unique extra dimen-
sion is warped and has a size of ordtef,ll (Mp being the
reduced Planck mashtp = 2.44x 108 GeV) leading to an
effective gravity scale around the TeV. In the initial version,
gravity propagates in the bulk and SM particles are all stuck
Su2(xs3x0)2 ' ] L ] on the TeV-brane. An extension of the original RS model
Ae , i), '(Xg) bﬁTg the foqr dllmenS|onaI was progressively proposedd3-497], motivated by its in-
fermion eld a”‘?‘A = (2“ I a normqhzauon factor. teresting features with respect to the gauge coupling uni -
Theq the fgur-d|mens!onal Yukawa couplings between. th%ation 498503 and dark matter problensp4 505. This
ve d|men_S|onaI S_M H|gg_s bosohl and zero—m(_Jde felr‘[m- new set-up is characterized by the presence of SM elds,
ons, obtained by integration og over the wall widtL, except the Higgs boson (to ensure that the gauge hierarchy

_ $ 5 — —0) . ) problem does not re-emerge), in the bulk.
Svukawa= "X L H(X i, X5)" 7 (X, X5)" [ (X, Xs) In this RS scenario with bulk matter, a displacement
$ of SM fermions along the extra dimension is also possi-
= d% Yij h(xp) _i(xu) i (Xp), (4.17) ble [468: the effect is that the effective four-dimensional

Yukawa couplings are affected by exponential suppression
are modulated by the following effective coupling constantsfactors, originating from the wave function overlaps be-
$ tween bulk fermions and Higgs boson (con ned on our TeV-
Yj = dxg A 2eSHASK)7gSHA0sSK)? brane). If the fermion localization depends on the avor and
nature of fermions, then the whole structure in avor space
can be generated by these wave function overlaps. In partic-
ular, if the top quark is located closer to the TeV-brane than

It can be considered as natural to have a ve dimensionatfqe up quark, then its overlap with the Higgs boson, and thus
Yukawa coupling constant equal tol , where the dimen- its mass after electroweak symmetry breaking, is larger rela-

sionless parameter is universal (in avor and nature of tively to the up quark (for identical ve dimensional Yukawa

fermions) and of order unity, so that the avor structure COUPliNg constants). _ o

is mainly generated by the eld localization effect through ~ More precisely, the fermions can acquire different local-
the exponential suppression factor#nXg. The remarkable 12ations if each eld” g, xg) is coupled to a distinct ve
feature is that, due to this exponential factor, large hierardimensional massn;: d*x dxs G m"i"i, G being
chies can be created among the physical fermion massd§€ determinant of the RS metric. To modify the location

even for all fundamental parametens of order of the same  Of fermions, the masses; must have a non-trivial depen-
energy scalg!. dence onxs, like mj = sign(xs)cik, wherec; are dimen-

sionless parameters antklis the curvature radius of anti-

P ) _ rge Sitter space. Then the elds decompose'aésH, xs) =
_Althoughwe_cpncentrate here_on the casev_vlth only one extra dimerit o .(n)(x“)f r|1(x5) [n labeling the tower of Kaluza—
sion, for simplicity, the mechanism can be directly extended to more - ' L . . .
extra dimensions. Klein (KK) excitations], admitting the follg\éwr;gl slolutlon
— i | — G )K|X |
14Here, the factor L compensates with the Higgs component for the zero-mode wave funCt'Oho(X5) = e =aElN 0

alongxs, since the Higgs boson is not localized. Wh(—:‘l’eN('J is a normalization factor.

A -
. @.18)
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The Yukawa interactions with the Higgs bosdnread modes which couple (KK level by level), e.g. to leptons in
$ the four-dimensional theory, via an effective mixing matrix
Svhkawa= d°% G YD H",i"g + he of type Ve = U!'c™ U, being non-unitary due to the
$ non-universality of
- 4,0 () (0)
= dxXMj | R T he+--- . (4.19) Cﬁn) diag C%‘(n),cr%(n)’cr?q(n) ) (4.22)

The Yij(5) are the ve dimensional Yukawa coupling con- In this diagonal matrix,Cﬁn(”) quanti es the wave func-
stants and the dots stand for KK mass terms. The fermiotion overlap along the extra dimension between \fe(™

mass matrix is obtained after integrating: [n 1] and exchangednfth level KK) fermion f,in(X5)
$ _ [i ={1,2,3} being the generation index] (see below for
Mj = dxs GYVHf [(xs)f § (xs). (4.20)  more details).

The GIM mechanism for leptons can be clearly restored

. . i(n) .
The Yij(S) can be chosen almost universal so that the quark'; the threit(am(goef cientLr © as well as the three Kl.( ferm|oq
massesny,’ are equal to each other, i.e. are universal with

lepton mass hierarchies are mainly governed by the over, . 5" 1 5 5 (k< level by level) [515. Within the
lap mechanism. Large fermion mass hierarchies can be pro-

duced for fundamental mass parameteysall of order of quark sector, on the other hand, the top quark mass cannot

the unique scale of the theoky Mpy. be totally neglected relatively to the KK up-type quark ex-

With this mechanism, the quark masses and CKM miX_citation scales, leading to a mass shift of the KK top quark

ing angles can be effectively accommodat&@g-508, as mod_e from the rest of the KK up-type qugrk modes and re-
well as the lepton masses and PMNS mixing angles in botf'°V'"NY thg dggeneracy among three.famlly masses of the up
cases where neutrinos acquire Majorana masses (via eith%llJark excnat.lons at xed KK level (with r.egard m""i (”).)'
dimension ve operatorsg0d or the see-saw mechanism M.oreover, th|§ means that the Yt_Jkawglmteractlon with the
[510)) and Dirac masses (se&1[1], and [p12, 513 for order Higgs boson induces a substantial mixing of the top quark
unity Yukawa couplings leading to mass hierarchies esserK—K tower members among themselveg], 518,

tially generated by the geometrical mechanism). , For example, the data d]f s (receiving a contribu-
tion from the exchange of&* ™ [n= 0, 1,...] gauge eld

and an up quark, or its KK excitations, at one loop-level) can
be accommodated in the RS model witiiw* () 1 TeV,
as shown in$15 using numerical methods for the diagonal-

ization of a large dimensional mass matrix and taking into
account the top quark mass effects described previously.

4.2.3 Sources of FCNC in extra dimension scenarios

GIM-violating FCNC effects in extra dimension scenarios
may appear both from tree level and from loop effects.

At tree level FCNC processes can be induced by ex
changes of KK excitations of neutral gauge bosons. The ) o
neutral current action of the effective four-dimensional cou-2-4 Mass bounds on KaluzabKlein excitations
pling, between SM fermions i(o)(x“) and KK excitations

of any neutral gauge bosdhfln) (xH), reads in the interac- In this subsection we develop constraints on the KK gauge

boson masses derived from the tree level FCNC effect de-

tion basis . . .
scribed above. Our purpose is to determine whether these
$ constraints still allow the KK gauge bosons to be suf ciently
Sve= g™ dx O Hc{’i}) EJ.O)AH‘) +{L R} light to imply potentially visible signatures at LHC.
n=1

(4.21) 4.2.4.1 Large extra dimensiond.et us consider the gener-
ic framework of a at extra dimension, with a large sike

Therefore, FCNC interactions can be induced by the nonalong which gravity as well as gauge bosons propagate. The
universality of the effective coupling COHSI&@@A x C(')(”) SM fermions are located at different points of the fth di-
between KK modes of the gauge elds and the three SMmension, so that their mass hierarchy can be interpreted in
fermion families (which have different locations aloxg). term of the geometrical mechanism described in details in

At the loop level, KK fermion excitations may invali- Sect.4.2.1 In such a framework the exchange of the KK
date the GIM cancellation, as discussed e.g5Mh1] 514  excitations of the gluon can bring important contributions
for * * _ Indeed, these excitations have KK massego the K %K © mixing (F = 2) at tree level. Indeed, the
which are not negligible (and thus not quasi-degenerate iKK gluon can couple the quark with thes quark, if these
family space) compared toyy: . The GIM mechanism is light down-quarks are displaced along the extra dimension.
also invalidated by the loop contributions of the K&t (W The obtained KK contribution to the mass splittimy k in
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the kaon system depends on the KK gluon coupling betweefamily, associated to heavy avors, cannot be localized ex-
thes andd quarks (which is xed by quark locations) and tremely close to the Planck-brane since their wave function
mainly on the mass of the rst KK gluom }21}2 Assuming overlap with the Higgs boson [con ned on the TeV-brane]
that thes, d quark locations are such that thg, mg mass must be large in order to generate high effective Yukawa
values are reproduced, the obtained k. and alsg k| are  couplings. Nevertheless, this is compensated by the fact that
smaller than the associated experimental values for, respeghenomenological FCNC constraints are usually less severe

tively, in the third generation sector.
0 ) As a result, the order of lower limits oM,%z com-
Mgk 25TeV, and Mgy 300TeV, (4.23)  ing from the considerations on both fermion mass data and

. FCNC processes can be as low as TeV. From the purely the-
as found boy the authors 05.1.ﬂ. The same bound coming , oficy point of view, the favored order of magnitude for
from theD ™ meson system is Wea_lker. - M}%z is O(1) TeV which corresponds to a satisfactory solu-

In th.e Ieptqn sector the e>.<per|menta| u_pper limit on thetion for the gauge hierarchy problem. From the model build-
branchlng ratioB eee)imposes typically the con- ing point of view one has to rely on an appropriate extension
straint 517 of the RS model insuring that, for light KK masses, the devi-
Mf(l}g 30 TeV, (4.24) gtion; of the electr.oweak precision obseryaples do not con-

ict with the experimental results. The existing RS exten-

since the exchange of the KK excitations of the electroweaRions, like the scenarios with brane-localized kinetic terms
neutral gauge bosons contributes to the dgcay eee for fermions p27 and gauge boson$2§ (see p29 530

To conclude, we stress that if the extra dimensions treder the localized gauge boson kinetic terms abi8ll] for the
families in a non-universal way (which could explain the fermion ones), or the scenarios with an extended gauge sym-
fermion mass hierarchy), the indirect bounds from FCNOMetry (see $32-534 for different fermion charges under
physics like the ones ind(23—(4.24 force the mass of the this broken symmetry), allow! & to be as low as 3 TeV.
KK gauge bosons to be far from the collider reach. As dn such a case, one can expect a direct detection of the KK
matter of fact, the LHC will be able to probe the KK excita- €xcited gauge bosons at LHC.

tions of gauge bosons only up to 6—7 TEMB-521] in the o S
present context. 4.3 Minimal avor violation in the lepton sector

4.2.4.2 Small extra dimensiondn the context of the RS 4-3:1 Motivations and basic idea

model with SM elds in the bulk, described in Sedt2.2 ithin th h , ¢ handi "

the exchange of KK excitations of neutral gauge bosons (Iiké(vIt in the SM the dynamics o avor-changing tran§|t|ons

e.g. the rstz0 excitation:z(®) also contributes to FCNC 'S controlled by the structure of fermion mass matrices. In

processes at tree leveldg 507, 522-526 since these KK the quark .sector, up and dlown guarks have mass eigen-
.values which are up to P0times smaller than the elec-

states possess FC couplings if the different families of fermi- K | q ) hich . |
ons are displaced along the warped extra dimension. TheH?owea scale, and mass matrices which are approximately

exist some con gurations of fermion locations, pointed out®'9ned. This results in the effective CKM and GIM suppres-
in [513, which simultaneously reproduce all quark/leptonS'ons_Of chargeq and _neutral avprwolatmg interactions, re-
masses and mixing angles via the wave function effect pectively. Forcing this connection between the low energy

and lead to amplitudes of FCNC reactions [ | | | , ermion mass matrices and the avor-changing gouplmgs FO
70 || po&po mixing of a generic meso, i—e con- be valid also beyond the SM, leads to new-physics scenarios
versionK® |1 andK* + ] compatible with the Wltth alhlgh level .of prfedlct|V|t3r/1 (in 'Fhe tavor.'?ector_?_r?nldtzi
corresponding experimental constraints even for light neyaiural suppression ot avor-changing transitions. 1he latter
) achievement is a key ingredient to maintain a good agree-
tral KK gauge bosons: . . :
ment with experiments in models where avored degrees of
MDD 1 Tev (4.25) freedom are expected around the TeV scale.
KK : : o ) . : L .
This is precisely the idea behind the minimal avor vi-
The explanation of this result is the following. If the SM olation principle p35-537. It is a fairly general hypothe-
fermions with different locations are localized typically sis that can be implemented in strongly-interacting theories
close to the Planck-brane, they have quasi-universal coy535, low energy supersymmetnbB6, 537, multi-Higgs
plings C(')(”) [cf. (4.2D)] with the KK gauge bosons which [537, 53§ and GUT B39 models. In a model indepen-
have a wave function almost constant along the fth dimen-dent formulation, the MFV construction consists in iden-
sion near the Planck-brane. Therefore, small FC couplingsfying the avor symmetry and symmetry breaking struc-
are generated in the physical basis for these fermions leatlire of the SM and enforce it in a more general effec-
ing to the weak bound4(25. The fermions from the third tive theory (written in terms of SM elds and valid above
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the electroweak scale). In the quark sector this proceduteypothesis can be viewed as a general tool to exploit the ob-
is unambiguous: the largest group of avor changing eld servable consequences of a speci ¢ (minimalistic) hypothe-
transformations commuting with the gauge groupsis= sis about the irreducible sources of lepton- avor symmetry
SU(3)q, * SU(3)ug * SWU(3)dg, and this group is broken breaking.
only by the Yukawa couplings. The invariance of the SM La-
grangian und_eGq can be_ formally r_ecovered glevating the 4.3.2 MLEV with minimal beld content
Yukawa matrices to spurion elds with appropriate transfor-
mation properties unde®,. The hypothesis of MFV states .
that these are the only spurions breakiig also beyond The lepton eld contenlt is the SM one: three left hf.;mded
the SM. Within the effective theory formulation, this im- doubletsL; and three right handed charged lepton singlets
plies that all the higher dimensional operators constructefr- The avor symmetry group i§ = SU(3)., x SU{3)ex
from SM and Yukawa elds must be (formally) invariant @nd we assume the following avor symmetry breaking La-
underG,. The consequences of this hypothesis in the quarkfangtan
sector have been extensively analyzed in the literature (see o :

i ing i i L =S Yd e HL|
e.g. Refs. $40 541]). Without entering into the details, we “SymBr. e &R L

can state that the MFV hypothesis provides a plausible ex- .1 i i T i
planation of why no new-physics effects have been observed S 2 Ny Li2H H7 ol +he
so far in the quark sector. ) . ) .
Apart from arguments based on the analogy with quarks, S vyl érReJL §_ YV i _Ei L+ he (4.27)
and despite the scarce experimental information, the de ni- 2 Ny

tion of a minimal lepton avor violation (MLFV) principle
[547 is demanded by a severe ne-tuning problem in LFV
decays of charged leptons. Within a generic effective theor
approach, the radiative decdys |j proceed through the
following gauge-invariant operator

Here the two irreducible sources of LFV are the coef cient
of dimension ve LNV operator (! ) and the charged lepton
¥(ukawa coupling Ye), transforming respectively &%, 1)
and(ST, 3) underG. An explicit realization of this scenario is
provided by the so-called triplet see-saw mechanism (or see-

inL o j saw of type Il). This approach has the advantage of being
——H'eg  LiF (4.26)  highly predictive, but it differs in an essential way from the
LFV

MFV hypothesis in the quark sector since one of the basic

where iRL are the generic avor-changing couplings and spurion originates from a non-renormalizable coupling.
Lev denotes the cut-off of the effective theory. In the ab- Having identi ed the irreducible sources of avor sym-
sence of a specic avor structure, it is natural to expect Metry breaking and their transformation properties, we can

RL = O(1). In this case the experimental limit for e classify the non-renormalizable operators suppressed by in-

ij ) . e
implies Lrv > 10° TeV, in clear tension with the expec- verse powers of | ry which contribute to avor violating

tation of new degrees of freedom close to the TeV scale iRTOCESSES. These operators must be invariant combinations

order to stabilize the Higgs sector of the SM. of SM elds and the spurion¥. and . The complete list of
The implementation of a MFV principle in the lepton the leading operators contributing to LFV decays of charged

sector is not as simple as in the quark sector. The problefPtons is given in Refs5§2 543. The case of the radia-

is that the neutrino mass matrix itself cannot be accommdtive decaydi ;s particularly simple since there are

dated within the renormalizable part of the SM Lagrangianonly two dimension six operators (operators with a structure

The most natural way to describe neutrino masses, explai@s in 8.4, with F replaced by the stress tensors of the

ing their strong suppression, is to assume they are Majorana(1)y andSU(2),. gauge groups, respectively). The MLFV

mass terms suppressed by the heavy scale of lepton nuiypothesis forces the avor-changing couplings of these op-

ber violation (LNV). In other words, neutrino masses areerators to be a spurion combination transforming 3s)

described by a non-renormalizable interaction of the typeinderG:

equation 8.4) suppressed by the scalgny v =] H|.

This implies that we have to face a two scale problem (pre- i ;  Ye ' +-+- (4.28)

sumably with the hierarchy | nv Lrv) and that we

need some additional hypothesis to identify the irreduciblevhere the dots denote terms with higher powergo6r

avor-symmetry breaking structures. As we shall illustrate Up to the overall normalization, this combination can be

in the following, we can choose whether to extend or notompletely determined in terms of the neutrino mass eigen-

the eld content of the SM. The construction of the effec- values and the PMNS matrix. In the basis wh¥ges diag-

tive theory based on one of these realizations of the MLF\bnal we can write,
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2

v. t _ M iy U m2ut sible to disentangle the contributions of different opera-
e i T Ty T4 PMNSTEEPMNS - tors.
) — A de nite prediction of the MLFV hypothesis is that

m; ; TR 0
my; \I;ZN (UPMNS)i2(UPMNS)j ,m gol the rates for decays involving light hadrons®(  pe,

KL  pe, p O,...) are exceedingly small.

v
+ (Upmng)ia(Upmng)is M 2m . (4.29)
' J3 7 am 4.3.3 MLFV with extended Peld content

where m Z; and m 2, denote the squared mass differ-

ences deduced from atmospheric- and solar-neutrino dat! this scenario we assume three heavy right handed Ma-

and+/$ correspond to normalfinverted hierarchy, respeciorana neutrinos in addition to the SM elds. As a conse-
2, Iv2 implies that the absolute duence, the maximal avor group becomé&sx SU(3) .

tively. The overall factor
LNV In order to minimize the number of free parameters (or to

normalization of LFV rates suffers of a large uncertainty. e = 5
Nonetheless, a few interesting conclusions can still be dramzﬂ'a?('m'ze the predictivity of th? model), we assume that the
Majorana mass term for the right handed neutrinos is pro-

[542. portional to the identity matrix in avor spacéMR);j =

— The LFV decay rates are proportional tdy,/ {ryand Mg x ;. This mass term breal®J(3) , to O(3) , and is
could be detected only in presence of a large hierarchgssumed to be the only source of LNM§ LNV)-
between these two scales. In particuB(u e)> Once the eld content of model is extended, there are
10°3onlyif nv > 10° (py. in principle many alternative options to de ne the irre-

— Ratios of similar LFV decay rates, such Bgp ducible sources of lepton avor symmetry breaking (see e.g.
e )/B( i) , are free from the normalization am- Ref. [544 for an extensive discussion). However, this spe-

biguity and can be predicted in terms of neutrino massesi ¢ choice has two important advantages: it is predictive
and PMNS angles: violations of these predictions wouldand closely resemble the MFV hypothesis in the quark sec-
unambiguously signal the presence of additional source®r. The r are the counterpart of right handed up quarks
of lepton- avor symmetry breaking. One of these predic-and, similarly to the quark sector, the symmetry breaking
tion is the 162-10°3 enhancement dB( i) ver- sources are two Yukawa couplings &.40. An explicit
susB(u e ) shown in Fig.3. Given the present and example of MLFV with extended eld content is the min-
near-future experimental prospects on these modes, thigwal supersymmetric standard model with degenerate right
modest enhancement implies that fnhe e search is handed neutrinos.

much more promising within this framework. The classi cation of the higher dimensional operators in
— Ratios of LFV transitions among the same two fami-the effective theory proceeds as in the minimal eld con-
lies (such au e versusp  3e or U vs tentcase. The only difference is that the basic spurions are

3u and pe€) are determined by known phase nowY andYe, transforming a3, 1, 3) and(3, 3, 1) under
space factors and ratios of various Wilson coef cients.G x O(3) , respectively. The determination of the spurion
As data will become available on different lepton avor structures in terms of observable quantities is more involved
violating processes, if the avor patter is consistent withthan in the minimal eld content case. In general, invert-

the MLFV hypothesis, from these ratios it will be pos- ing the see-saw relation allows us to exprgssn terms of
neutrino masses, PMNS angles and an arbitrary complex-

orthogonal matrixR of (3.45 [232]. Exploiting theO(3) ,

1078 B symmetry of the MLFV Lagrangian, the real orthogonal part
of R can be rotated away. We are then left with a Hermitian-
10710 orthogonal matrixH [545 which can be parameterized in
. &8 exp limit terms of thrge rgal pargmetersXWhich control the amount
10 p—ey of CP violation in the right handed sector:
107+ MYz
_ VIR v2,,t
Y = TH( i)mdiagUPMNs- (4.30)
0 0.05 0.1 0.15 ) 0.2 With this parameterization for the avor changing cou-
513 pling relevanttd; I; decays reads
Fig. 3 By (i i) (i li i) for p e and RL +
W as afunction of sinyz in the MLFV framework with minimal ext Ye Y'Y
eld content [542. The normalization of the vertical axis corresponds me Mg Uo Vo
to nv/ Lrv = 10'0. Theshadingis due to different values of the —< Ry m22H2m>2U ) 4.31
phase and the normal/inverted spectrum v vz PMNSTdiagh diag-PMNS (4.31)
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In the CP-conserving limiH | and the phenomenolog- — The term proportional t@ does not generate a CPV
ical predictions turns out to be quite similar to the minimal asymmetry, but sets the scale for the mass splittings: these
eld content scenarioj47. In particular, all the general ob-  are of the order of magnitude of the decay widths, realiz-
servations listed in the previous section remain valid. In the ing in a natural way the condition of resonant leptogene-
general case, i.e. fdd =1, the predictivity of the model sis.

is substantially weakened. However, in principle some in— The right amount of leptogenesis can be generated even
formation about the matrix! can be extracted by study- with Ye = O, if all the ; are non-vanishing. However,

ing baryogenesis through leptogenesis in the MLFV frame- sinceY MR, for low values oMg (102 GeV) the

work [546]. asymmetry generated by tlig term dominates. In this
case g is typically too small to match the observed value

4.3.4 Leptogenesis and has a at dependence dfir. At Mg 10'2 GeV

the quadratic terme®) dominate, determining an approx-
On general grounds, we expect that the tree-level degener-imate linear growth of g with Mg. These two regimes
acy of heavy neutrinos is lifted by radiative corrections. This are illustrated in Fig4.

allows the generation of a lepton asymmetry in the interfer-

ence between tree-level and one loop decays of right hand Aus demonstrated in Ref5#§, baryogenesis through lep-

. . . . ?ogeness is viable in MLFV models. In particular, assum-
neutrinos. Following the standard leptogenesis scenario, we . .
. . . "Ing a loop hierarchy between tlee (as expected in a per-

assume that this lepton asymmetry is later communicated . i .
turbative scenario) and neglecting avor-dependent effects

to the baryon sector through sphaleron effects and that sat- . L
In the Boltzmann equations (one- avor approximation of

urates the observed value of the baryon asymmetry of thﬁef, B47), the right size of g is naturally reached for

universe. 5 : ;
I~ M 1 V. As di inR I
The most general form of thes mass splittings allowed R 02 GeV. As discussed €01 (s_ee a s_o:BO?J),
- . this lower bound can be weakened by the inclusion of avor-
within the MLFV framework has the following form: . .
dependent effects in the Boltzmann equations and/or by the

M tan -enhancement o¥. occurring in two-Higgs doublet
Tec vyle yyT models ) ° %
MR . ) ) ) )
n o ot fo ot T From the phenomenological point of view, an important
+CYYYIYY I+ YYIVY difference with respect to the CP-conserving case is the fact

that non-vanishing; change the predictions of the LFV de-
cays, typically producing an enhancement of Big
+c; Y ngey‘r + Y y(;ryeyT T e )/B( M) ratio or the both decays separatebd§.
For Mg  10'2 GeV their effect is moderate and the CP-
Even without specifying the value of tleg, this form allows  conserving predictions are recovered. The other important

+c@ Yy yytT +c® yyt Tyyt

us to derive a few general conclusioBgf]. information following from the leptogenesis analysis is the
F|g4 Baryonasymmetry(B) 10.6k\\H TTTT TTTT TTTT TTTT TTTT TTTT TTTT TTTT ‘ \\HA
as a function of the right handed Ny JF 3
neutrino mass scalér) for 107 %%
c| = 0 (dotg andc; =0 10%F X< éi
(crosse}in the MLFV E S5 X X *e
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content p4§ 1o é% 2 » B
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fact that the larg®r regime is favored. Assuming_ry to
be close to the TeV scale, tihdg regime favored by lepto-
genesis favors g e rate within the reach of the MEG
experiment $4§.

4.3.5 GUT implementation

Once we accept the idea that avor dynamics obeys a MFV
principle, both in the quark and in the lepton sector, it is in-
teresting to ask if and how this is compatible with a grand
uni ed theory (GUT), where quarks and leptons sit in the

same representations of a uni ed gauge group. This ques-

tion has recently been addressed 539, considering the
exemplifying case 08U(5)gauge

Within SU(5)gauge the down-type singlet quarkslf)
and the lepton doubletd (| ) belong to the5 representa-
tion; the quark doubletQ;. ), the up-type ;) and lepton

singlets &%) belong to thelOrepresentation, and nally the —

right handed neutrinos {}) are singlet. In this framework
the largest group of avor transformation commuting with
the 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 and
lepton groups discussed befo@(x G). We should there-

— Contrary to the non-GUT MFV framework, the rate for

Tl e (and other LFV decays) cannot be arbitrarily
suppressed by lowering the average mbgs of the
heavy r. This fact can easily be understood by looking
at the avor structure of the relevant effective couplings,
which now assume the following form:

ébT: ClYeYTY + CZYUYJYe"‘ CSYuYJYJ +n

(4.32)

In addition to the terms involvingy Mg already
present in the non-unied case, the GUT group al-
lows also Mr-independent terms involving the quark
Yukawa couplings. The latter become competitive for
Mg 102 GeV and their contribution is such that for
ey 10 TeV thep e rate is above 192 (i.e.
within the reach of MEG548).
Improved experimental informationon p  and
e would be a powerful tool in discriminating the rel-
ative size of the standard MFV contributions versus the
characteristic GUT-MFV contributions due to the differ-
ent hierarchy pattern among |, e, andy e
transitions.

fore expect some violations of the MFAWMLFV predictions
either in the quark or in the lepton sector or in both.
A phenomenologically acceptable description of the low5 Phenomenology of theories beyond the standard
energy fermion mass matrices requires the introduction of model
at least four irreducible sources @yt breaking. From
this point of view the situation is apparently similar to the5.1 Flavor violation in non-SUSY models directly testable
non-uni ed case: the fouGgyt Spurions can be put in one- at LHC
to-one correspondence with the low energy spurign/y,
Ye, andY . However, the smaller avor group does not al- 5.1.1 Multi-Higgs doublet models
low the diagonalization ofy andY, (which transform in the
same way undeGgur) in the same basis. As a result, two The arbitrariness of quark masses, mixing and CP violation

additional mixing matrices can appear in the expressions fdp the standard model stems from the fact that gauge invari-
avor changing ratesC = VeLVdL andG = VeTL Vgs. The — ance does not constrain the avor structure of Yukawa inter-

hierarchical texture of the new mixing matrices is known@ctions. In the SM neutrinos are strictly massless. No neu-
since they reduce to the identity matrix in the ”m@[ = Yy trino Dirac mass term can be introduced, due to the absence

Taking into account this fact, and analyzing the structuréf ight handed neutrinos and no Majorana mass terms can
of the allowed higher-dimensional operators, a number oP€ 9enerated, due to exdstS L conservation. Since neu-

reasonably rm phenomenological consequences can be din0s are massless, there is no leptonic mixing in the SM,
duced p39: which in turn leads to separate lepton avor conservation.

Therefore, the recent observation of neutrino oscillations is
— There is a well de ned limit in which the standard MFV evidence for physics beyond the SM. Fermion masses, mix-
scenario for the quark sector is fully recoverddi ing and CP violation are closely related to each other and
10'2 GeV and small tan (in a two-Higgs doublet case). also to the Higgs sector of the theory.
For Mg 10" GeV and small tan, deviations from It has been shown that gauge theories with fermions,
the standard MFV pattern can be expected in Karde-  but without scalar elds, do not break CP symmetB4§.
cays but not irB physics. Ignoring ne-tuned scenarios, A scalar (Higgs) doublet is used in the SM to break both
Mr  10% GeV is excluded by the present constraintsthe gauge symmetry and generate gauge boson masses as
on quark FCNC transitions. Independently from the valuewnell as fermion masses through Yukawa interactions. This
of MR, deviations from the standard MFV pattern can ap-s known as the Higgs mechanism, which was proposed by
pear both irK and inB physics fortan ~ my/my,. several authorsgb0-553. It predicts the existence of one

@ Springer



58 Eur. Phys. J. C (2008) 57: 13-182

neutral scalar Higgs particle—the Higgs boson. In the SMmodel CP is only softly broken. Such Higgs-basis transfor-
where a single Higgs doublet is introduced, it is not possimations leave the Higgs kinetic energy term invariant and
ble to have spontaneous CP violation since any phase in tlage of the form:

vacuum expectation value can be eliminated by rephasing ¢ + WBT : "

the Higgs eld. Furthermore, in the SM it is also not possi- ag a= Vai i, a g ( )a=Val )i, (54)

ble to violate CP explicitly in the Higgs sector since gauge . . ) o

invariance together with renormalizability restrict the HiggsWhereV is anng x ng unitary matrix acting in the space of

potential to have only quadratic and quartic terms and he']jiggs doublets. In§57 conditions for a given Higgs po-

miticity constrains both of these to be real. Thus, CP viola-tentlal to violate CP at the Lagrangian level, expressed in

tion in the SM requires the introduction of complex Yukawa©™S ,Of CP-odd nggs-bas'ls Invariants, were derived. These
couplings conditions are expressed in terms of couplings of the un-

The scenario of spontaneous CP and T violation has th%roken Lagrangian, therefore they are relevant even at high
energies, where th8U(2) x U(1) symmetry is restored.

ice feat f putting th k f di t tri
nice feature of puiting the breakdown of discrete symme rle%his feature renders them potentially useful for the study of

on the same footing as the breaking of the gauge symmetrK, . L .
. . . baryogenesis. The derivation of these conditions follows the
which is also spontaneous in order to preserve renormaliz-

ability. A simple extension of the Higgs sector that may givege:ﬁ;i':;itg?c?nzr?ﬁ;ijéﬁ% a::rcl)i:iI:sagi‘/ imer;Z?nne?nl?ari-
rise to spontaneous CP violation requires the presence of Bt s P 9
least two Higgs doublets, and was introduced by [55]] ance of the Lagrangian under the most general CP transfor-
. 99 . ©0 DY L8, mation of the Higgs doublets, which is a combination of a
If one introduces two Higgs doublets, it is possible to

. . . . imple CP transformation for each Higgs eld with a Higgs-
have either explicit or spontaneous CP breaking. Explicit C basips transformation: 99 99
violation in the Higgs sector arises due to the fact that in this '
. ) ) . . b b
case there are gauge invariant terms in the Lagrangian which § Wai i ; § A T (5.5)

can have complex coef cients. Note however that the pres- 2 b

ence of complex coef cients does not always lead to explicitere W is anng x ng unitary matrix operating in Higgs
CP breaking. doublets space.

Extensions of the SM with extra Higgs doublets are very A set of necessary and suf cient conditions for CP in-
natural since they keep theparameter at tree level equal to variance in the case of two Higgs doublets have been de-
one B59. In multi-Higgs systems there are in general, addi-rived [557):
tional sources of CP violation in the Higgs sectes§. The
most general renormalizable polynomial consistentwith thd1 ~ Tr{Y Zy #8S 27y Y]= 0,
SU(2) x U(1) x SU(3)c model withng Higgs doublets, ;, l, TrY Z,2SZZ,Y]=0,
may be written as

(5.6)

where all matrices inside the parenthesis are 2 matri-

L =Yab . b+Zabed 2 b o d. (5.1) ces. In the general case these mgec ng matrices, and are
de ned by:

where repeated indices are summed. Hermiticity ofim-

plies: (Zv)i  Zijmn Ymn; B Zjom; 5.7)
(Z2)i  ZipnmZmnp Zi  Zimmj

Yap = Yba; Z aped= Zbade (5.2)
CP-odd HBT invariants are also usefd@S]7] to nd out

Furthermore, by construction it is obvious that: whether, in a given model, there is hard or soft CP breaking.
One may also construct CP-odd weak basis invariants, in-

Zabed= Zcdab (5.3) volvingv; Q| i°|0 , i.e., after spontaneous gauge symme-

try breaking has occurre®$9, 56(. Further discussions on

In models with more than one Higgs doublet, one has thejiggs-hasis independent methods for the two-Higgs-doublet
freedom to make Higgs-basis transformations (HBT) that denodel can be found irb61-564.
not change the physical content of the model, but do change So far, we have considered CP violation at the La-
both the quadratic and the quartic coef cients. Coef cientsgrangian level in models with multi-Higgs doublets, i.e., ex-
that are complex in one Higgs basis may become real in arplicit CP violation. It is also possible to derive criter
other basis. Furthermore, a given model may have compleg verify whether CP and T in a given model are sponta-
quartic coef cients in one Higgs basis, while they may all neously broken. Under T the Higgs elds transform as
become real in another basis, with only the quadratic coef- 5
cients now complex, thus indicating that in that particular T TS1= Uik k» (5.8)
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whereU is a unitary matrix which may mix the scalar dou- wheredr (ur) denote the right handed down (up) quarks;
blets. If no extra symmetries beyor#8lJ(2) x U(1) are all other elds remain unchanged.
present in the Lagrangiat) reduces to a diagonal ma- It is clear from 6.10 that this symmetry eliminates ex-
trix possibly with phases. Invariance of the vacuum undeplicit CP violation in the Higgs sector, since the only term of
T leads to the following condition: the Higgs potential with a phase that survives is the one with
coef cient d, moreover a HBT of the form1 S €/2 4,
0l Plo= U o o . (590 28 5, eliminates the phase from the Higgs potential.
Furthermore, it can be shown that this symmetry also elimi-
Therefore, a set of vacua lead to spontaneous T, CP violarates the possibility of having spontaneous CP violation.
tion if there is no unitary matrikx) satisfying 6.8) and 6.9 In conclusion, models with two Higgs doublets and ex-
simultaneously. act NFC cannot give rise to spontaneous CP violation. Ex-
Most of the previous discussion dealt with the generaplicit CP violation in this case requires complex Yukawa
case ofn-Higgs doublets. We analyze now the case of twocouplings leading to the Kobayashi-Maskawa mechanism
Higgs doublets, where the most general gauge invariarwith no additional source of CP violation through neutral

Higgs potential can be explicitly written as scalar Higgs boson exchange. An interesting alternative sce-
_ N nario in the case of two Higgs doublets was considered in

Vip=my | 1+pe [ o+peS T iem ], [568 with no NFC. Here CP violating Higgs FCNC are nat-
. to2, to2,p 1 + urally suppressed through a permutation symmetry which is

4 11 *a& o2 11 22 softly broken, still allowing for spontaneous CP violation.

+b I 5 ;‘ 1 +get I 1 ;r 1 Three Higgs doublet models have been considered in an

- _ attempt to introduce CP violation in an extension of the SM

+eedtt Ty T vdz T, 1 with NFC [566] in the Higgs sector. It was shown that in-
. &Si 2 ;r I ,+dd 1 2 deed, in such models itis possible to violate CP in the Higgs

sector either at the Lagrangian levBlrg] or spontaneously
+dest 1,2 (5.10) [573-575.

It is also possible to generate spontaneous CP violation
wherem;, p, a , b, b, ¢, andd are real and all phases are with only one additional Higgs singlebf g, but in this case
explicitly displayed. It is clear that this potential contains anat least one isosinglet vectorial quark is required in order to
excess of parameters. With the appropriate choice of Higggenerate a non-trivial phase at low energies in the Cabibbo—
basis some of these may be eliminated, without loss of gefobayashi—-Maskawa matrix. Such models may provide a
erality, leaving eleven independent paramet&@9f571).  solution to the strong CP problem of the type proposed by
The Higgs sector contains ve spinless particles: three neuNelson b77, 578 and Barr 79 as well as a common ori-
tral and a pair of charged ones, usually denotetity (CP ~ 9in to all CP violations $80, 581] including the generation
even),A (CP odd) (or if CP is violatet; 2 3) andH * . of the observed baryon asymmetry of the Universe. The fact

In general, models with two Higgs doublets have tredhat the SM cannot provide the observed baryon asymmetry
level Higgs-mediated avor changing neutral currents[982-587], provides yet another reason to study an enlarged
(FCNC). This is a problem in view of the present strin- Higgs sector.
gent experimental limits on FCNC. In order to solve this A lotof work has been done by many authors on possible
problem the concept of natural avor conservation (NFC)extensions of _the Higgs sector_ and their implicatipqs both
was introduced by imposing extra symmetries on the L gfor the ha(_jronlc and the leptonic sectors a_t the eX|st|ng and
grangian. These symmetries constrain the Yukawa couplinﬂ_é‘{_ture colliders, see e.g58g. Among the simplest multi-
of the neutral scalars in such a way that the resulting neJ1199S models are the two Higgs Doublet Models (ZHDM)
tral currents are diagonal. Glashow and Weinb&gg] and yvhlf:h have been analyze_d in detgll in many different real-
Paschosg67] have shown that the only way to achieve NFC izations. The need to avoid potentially dangerous tree level

is to ensure that only one Higgs doublet gives mass to quarl@iggS FC_NC has qu to the co'nsiqleration of diﬁereqt vari-
of a given charge. ants of this model with a certain discrefe symmetry im-

In the case of two Higgs doublets the simplest solution t(posedh 2 h di , d
avoid FCNC is to require invariance of the Lagrangian under Inht ﬁ Type—ll HPM t izzh |schte symTe;ryﬁmposg
the following transformation of thg, type: on the Lagrangian s such that only one of the Higgs dou-

blets couples to quarks and leptons. A very well known

18 1 ,88 fermiophobic Higgs boson may arise in such mod&9-
' ' (5.11) 591]. Another example is the Inert Doublet Model, with an
dr S dr, UrRSS ug, unbroken discret&, symmetry which forbids one Higgs
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doublet to couple to fermions and to get a non-zero VEMhe threet# (1S,2S,3S) states. Agreement with expectations
[592 593. Physical particles related to such doublets ardrom lepton universality is found. The conclusion is that lep-
called “inert” particles, the lightest is stable and contributedon universality is respected within the current experimental
to the Dark Matter density. Ir6P4], the naturalness problem accuracy which is roughly 10%. However there is tendency
has been addressed in the framework of an Inert Doubldor the tauonic branching fraction to turn out systematically
Model with a heavy (SM-like) Higgs boson. In this con- larger than the muonic at a few per cent level.
text Dark Matter may be composed of neutral inert Higgs
bosons. Predictions are given for multilepton events with.1.2 Low scale singlet neutrino scenarios
missing transverse energy at the LHC, and for the direct de-
tection of dark matter. In the pre-LHC era neutrino oscillations have provided some
The Type-ll 2HDM allows one of the Higgs doublet to of the most robust evidence for physics beyond the SM.
couple only to the right-handed up quarks while the otherfhere are many open questions in this eld; why is the ab-
Higgs doublet can only couple to right handed down-typesolute mass scale for the neutrinos so small with respect to
quarks and charged leptons. This is achieved by the intrdhe other SM particles? what is this mass scale? why is the
duction of an appropriat&€, symmetry, analogous to the Pattern of mixing so different from the quark sector? If na-
one in 6.12. The Higgs sector of the MSSM model can beture has chosen the singlet seesaw scenati6-£2( as an
viewed as a particular realization of Type-1l models but withanswer to those questions we face the prospect of never be-
additional constraints required by supersymmetry. Variou§1d able to produce the heavy neutrinos at a collider. Never-
scenarios are possible for these models—with and withodheless, several extensions of this minimal see-saw scenario
decoupling of heavy Higgs particleS70, 571, 595. contain heavy neutrinos at or around the TeV scale, these
Type-IIl 2HDM are models where, unlike in models of include models based around the grdeg[605 606 and
Type-l and Il, NFC is not imposed on the Yukawa interac-2ls0 inSQ(10) models #03.
tions. This class of models has in general scalar mediated Furthermore, even within the usual see-saw scenario, the
FCNC at tree level. Various schemes have been proposé}!pserved nearly maximal mixing pattern of the light neutri-
to suppress these currents, including the ad-hoc assumpti®fS requires further explanation. Flavor symmetries are of-
that FCNC couplings are approximately given by the geo!€n invoked as possible reasons for the almost tri-bi-maximal
metric mean of the Yukawa couplings of the two generationstructure of the PMNS mixing matrix6p7. Itis also possi-
[596]. A very interesting alternativesp7] is to have an exact ble that the smalll magnitude of the IighF neutring masses is
symmetry of the Lagrangian which constrains FCNC coudUue t0 an approximate symmetry, allowing the right handed
plings to be related in an exact way to the elements of th@@ulrinos to be as light &(200 GeV) B37. o _
CKM matrix in such a way that FCNC are non-vanishing _ TeV scalg right handeq neutrinos can aIsp arise in r.adla-
but naturally suppressed by the smallness of CKM mixing._t'Ve mechanisms of neutrino mass generation. Generically,

Another example of Type 11l 2HDM is the Top Two Higgs " these models a tree-level neutrino mass is forbidden or
Doublet Model which was rst proposed ir59g, and re- suppressed by a symmetry but small neutrino masses may

cently analyzed in detail ir5pd. In this framework a dis- arise through loops sensitive to symmetry brealfing. effects
crete symmetry is imposed allowing only the top quark to[225 608. Indeed, several supersymmetric realizations of

have Yukawa couplings to one of the doublets while all othef@diative mechanisms contain TeV scale right handed neu-

quarks and leptons have Yukawa couplings to the other dodinos linked to the scale of supersymmetry breakiég9

blet. 6
Lepton avor violation is a feature common to many . .

possible extensions of the SM. It can occur both througﬁs'l'z'1 Heavy neutrinos accessible to the LH& low,

charged and neutral currents. The possibility of having Iep_electtr_oweak-slgatlje masds 1S r(;ot S(l;de'temtt(:j'”lFiE/ ttﬁge-?;]/y
ton avor violation in extensions of the SM, has been con-rleu rinos could be produced and detected at the - 'hey

sidered long before the discovery of neutrino masses, [ must have a large enough coupling (mixing) with other SM

601]. For example, in the case of multi-Higgs doublet mod- elds so that experiments will be able to distinguish their
. . ._production and decay from SM background processes. In
els, it has been pointed out that even for massless neutrings. .
. this review we concentrate on the case where heavy neu-
lepton avor can be violatedg02, 603. In the context of . . . .
. . trino production and decay occurs through mixing with SM
the minimal extension of the SM, necessary to accommo-

date neutrino masses, where only right handed neutrinos areIOIS only. Quantitatively, we can consider a generalization

included LFV effects are extremely small. It is well known 0? the Langacker—London parameters, , de ned as

that the effects of LFV can be large in supersymmetry. 3 (3+nR)
CLEO submitted recently a pap&d4 where the ratio of =S BiB; = BiiB;, (5.12)
the tauonic and muonic branching fractions is examined for i=1 i=4
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wherel,| = e,y, andBy; is the full 3x (3+ ng) neu- whereMr 250 GeV which has been shown to success-
trino mixing matrix taking into account all (3 light antk  fully explain the baryon asymmetry of the Univer@37].
heavy) neutrinos. The»8 3 matrixBj; wherei = 1,..., 3is Leptogenesis has been discussed in $e8tl Low scale

a good approximation to the usual PMNS matrix and es-  leptogenesis scenario would be possible with nearly degen-
sentially measures the deviation from unitarity of the PMNSerate heavy neutrinos, where self-energy effects on the lep-
matrix. tonic asymmetries become relevaf98, 294. In this case
The | are constrained by precision electroweak datghe CP asymmetry in the heavy neutrino decays can be
[611 and the following upper limits have been set at 90%resonantly enhance®32, to the extent that the observed

C.L. baryon asymmetry can be explained with heavy neutrinos as
light as the electroweak scalgds, 337).
ee 0012 w  0.0096 0.016 We shall consider a model with right handed neutrinos

(5.13)  which transform under aBQ(3) avor symmetry. Ignoring
effects from the neutrino Yukawa couplings this symmetry
In addition, the off-diagonal elements of; are con- s assumed to be exact at some high scale, e.g. the GUT
strained by limits on lepton avor violating processes suchscaleMgyr. This restricts the form of the heavy Majorana

as ,u e and ,u eeeandll e conversion in  neytrino mass matrix &l gut
nuclei 614, 612). These limits are rather model dependent

butforMg  Mw andmp  Mw (wheremp is the Dirac Mg = 1my + M, (5.15)

component of the neutrino mass matrix), the present upper

bounds are]87 where M s = 0 atMgyT. This form has also been consid-
ered in a class of “minimal avor violating” models of the

| eul 0.0001 | el 002 | wl 002 lepton sector$42 and naturally provides nearly degenerate

(5.14)  heavy neutrinos compatible with resonant leptogenesis.

) ) _ All other elds are singlets under thiSQ(3) avor sym-
It has been pointed out that a heavy Majorana neutringyeiry and so the neutrino Yukawa couplings will break

(N) may be produced via a DY type of mechanism at hadrors 3) explicitly. We can still choose heavy neutrino Yukawa

cgllidgrs 608613617, pp  W* N, whereN couplingsY so that a subgroup of tl8Q(3) x U (1), X
W , Ieadlng to lepton number violation by 2. Most (_)f the (L), x U(L)L  avor symmetry present without the neu-
previous studies were concentrated onéeenode, which  in, yikawa couplings remains unbroken. In this case

would result in a too week signal to beappreciabledqetothg particular avor direction can be singled out leaving

i 2 S8 1
recent very stringent bourjifen|/mn < 5x 10°° GeVet, SQ2) U(1) unbroken. This residual (1) symmetry acts
from the absence of the neutrinoless double beta decay.tlé prevent the light Majorana neutrinos from acquiring a

has been recently proposed to search for the unigue ar?'ﬂass. The form of the neutrino Yukawa couplings can be
clean signalp® p* + 2 jets at the LHC §17]. It was con- written

cluded that a search at the LHC with an integrated luminos-

ity of 100 fb°1 can be sensitive to a mass rangensf 10— 0 aedi/4 ad!4

400 GeV ata 2 level, and up to 250 GeV ata Sevel. If YT = 0 pesi/4 pd/4 + Y . (5.16)
this type of signal could be established, it would be even 0 ced/4 cd!*

feasible to consider the search for CP violation in the heavy

Majorana sectorg1§). The residual (1) symmetry is broken both by sma&i((3)

A recent analysisg19 studied more background proc- breaking effects in the heavy Majorana mass mathks,
esses including some fast detector simulations. In particiand by small effects parameterized by in the Yukawa
lar, the authors claimed a large background due to the fakegbuplings. Although we shall not consider the speci c origin
Ieptonst u* u* . The search sensitivity is thus reducedof these effects,M s could arise through renormalization
to 175 GeV at a 5 level. However, the background esti- group running for example.
mate for processes suchlas+ n-jet has large uncertainties In [337], a speci ¢ model was considered whemg =
due to QCD perturbative calculations and kinematical ac250 GeV and which successfully explained the baryon
ceptance. More studies remain to be done for a de nitiveasymmetry of the Universe. One of eitle or c was con-
conclusion. strained to be small to allow a single lepton avor asymme-

try (and subsequently a baryon asymmetry) to be generated

5.1.2.2 Low scale model with successful baryogenesis atT 250 GeV. The other two parameters could be as large
a more detailed example satisfying the constraint&df4  asO(10°2). This scenario has the features necessary for a
we consider a model potentially accessible to collidersmodel to be visible at the LHC; heavy neutrinos with masses
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aroundO(1 TeV) and suf cient mixing between these neu- most 1654, to be compared with the present experimental
trinos and the light neutrinos to allow them to be producedipper bound, 2 x 10°11[180, and with the one that will

from a vector boson. Speci cally be available within the next two years10°12 [634 635
Results close to the SM predictions are expected within the
|laj2v? |b|2v2 |c|2v2 LH model without T-parity, where the lepton sector is iden-

ee~ , MU = ' ' tical to the one of the SM and the additior@(v2f 2) cor-
rections have only minor impact on this result. Similarly the
(5.17)  new effects or{g S 2),, turn out to be smallg36, 637).

. . A very different situation is to be expected in the LHT
wherev = 246 GeV is the vacuum expectation value of themodel, where the presence of new avor violating interac-
Higgs eld. o _tions and of mirror leptons with masses of order 1 TeV can

It should be noted that in this model the heavy ”e“tr'”o%hange the SM expectations by up to 45 orders of magni-
produce_d at the_L_HC_wouId be_ Imkec_i indirectly with the tude, bringing the relevant branching ratios for lepton a-
mechanism providing light neutrinos with small masses. The - yig|ating (LFV) processes close to the bounds available
light neutrinos acquire masses directly through the meChabresentIy or in the near future.

nism responsible for breaking the avor symmetries. How-

ever, studying the properties of the heavy neutrinos acces;1.3.1 The model A detailed description of the LHT
sible to the LHC would allow us to better understand themodel can be found in6B8, where also a complete set
underlying symmetry protecting light neutrinos from largeof Feynman rules has been derived. Here we just want to
masses and may give us insight into the observed pattern gfate brie y the ingredients needed for the analysis of LFV
large mixing. In addition, further knowledge of heavy neu-decays.

trinos seen at the LHC, for example small couplings with  The T-odd gauge boson sector consists of three heavy
one or more lepton avors or large, resonantly enhancedpartners” of the SM gauge bosons

CP violation, would provide us with further information on

2 2 2
mN mN mN

possible explanations for the baryon asymmetry of the UniW , Zy, AH, (5.18)
verse. . . .
with masses given to lowest ordenifi by
5.1.3 Lepton Ravor violation from the mirror leptons in g
little Higgs models Mw, =df, Mz,=df, Ma,= = (5.19)

Little Higgs models $20-624 offer an alternative route to The T-even fermion sector contains, in addition to the
the solution of the little hierarchy problem. One of the mostSM fermions, the heavy top partn&r. On the other hand,
attractive models of this class is the littlest Higgs modeithe T-odd fermion secto6B1] consists of three generations
[625 with T-parity (LHT) [626-628, where the discrete of mirror quarks and leptons with vectorial couplings under
symmetry forbids tree-level corrections to electroweak obSU(2)L x U(1)y, that are denoted by

servables, thus weakening the electroweak precision con- i

straints p29. Under this new symmetry the particles have “H ’ H (=123 (5.20)
distinct transformation properties, that is, they are either dj, H

T-even or T-odd. The model is based on a two-stage sponta- . )
neous symmetry breaking occurring at the sdaland the To rstorderinvf the masses of up- and down-type mirror

electroweak scale. Here the scalé is taken to be larger €mions are equal. Naturally, their masses are of ofder

than about 500 GeV, which allows to expand expressions ifl! the anglysis of LFV decays, except féfLs e,
the small parametetf . The additionally introduced gauge L‘IS He, Bdis i j and v , only mir-
bosons, fermions and scalars are suf ciently light to be dis!Or eptqns are re gvant. . .

covered at LHC and there is a dark matter candida®€][ As discussed in detail in6B2, one of the important
Moreover. the avor structure of the LHT model is richer ingredients of the mirror sector is the existence of four
than the one of the SM, mainly due to the presence of thre KM-like unitary mixing .matrices, two for mirror quarks
doublets of mirror quarks and three doublets of mirror lep- VIHU’;/HF’) and two for mirror leptongVy , Vi ), that are
tons and their weak interactions with the ordinary quarksre ated via

and leptons, as discussed 68[-633. VARYAERY vi vy = vl 521
Hd = VcKM, H = . )

Now, it is well known that in the SM the FCNC processes " H PMNS (5:21)

in the lepton sector, like; j andp eegarevery An explicit parameterization olyg and Vy in terms

strongly suppressed due to tiny neutrino masses. In particwf three mixing angles and three complex (non-Majorana)
lar, the branching ratiofon e inthe SM amounts to at phases can be found i633.
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The mirror mixing matrices parameterize avor violating

i j have been considered. Further, the new contri-

interactions between SM fermions and mirror fermions thabutions to(g S 2)u in the LHT model have been calcu-

are mediated by the heavy gauge boswﬁ'g, Zy andAy.

lated by these authors. 1639, 640 the analysis of LFV

The matrix notation indicates which of the light fermions of in the LHT model has been considerably extended, and in-

a given electric charge participates in the interaction.

In the course of the analysis of charged LFV decays iteptonic decays °

is useful to introduce the following quantities£ 1, 2, 3)

[639:

_(Ue) =V ieViLl (e) _ V, ievi
|( \ Hiu H i H “H (5.22)
i = Ve Vi

that governp e, e and [ transitions, re-

cludes the decays é , L eee the six three body
p 1
i

k. the semileptonic decays

. and the decay| s  pe,Kis Oue

andBq s i j that are avor violating both in the quark
and lepton sector. Moreovai—e conversion in nuclei and
the avor conservinglg S 2)y have been studied. Further-
more, a detailed phenomenological analysis has been per-
formed in that paper, paying particular attention to various
ratios of LFV branching ratios that will be useful for a clear

spectively. Analogous quantities in the mirror quark sectodistinction of the LHT model from the MSSM.

(i = 1,2,3) [638 641],
O O
=iVt = vV, 523
i(S) = Vg Vi,

are needed for the analysis of the decdyss
Kis Oue andByg s o E

As an example, the branching ratio for fhe e decay
contains the *®) factors introduced in§,22 via the short
distance functiong39

Le,

T pe _ 1V2 (e) ~ 7
odd™ 772 | 9 Doi) S GEolyi)
.1

wherey; = (m,;/Mw,)?, y; = ay; with a= 5/ tar? w,
and explicit expressions for the functioly), E, can be
found in [642.

In contrast ta&k andB physics in the LHT model, where
the SM contributions constitute a sizable and often the dom-
inant part, the T-even contributions to LFV observables
are completely negligible due to the smallness of neutrino
masses and the LFV decays considered are entirely gov-
erned by mirror fermion contributions.

In order to see how large these contributions can pos-
sibly be, it is useful to consider rst those decays for
which the strongest constraints exist. Therefore Fghows
B(L eee)as afunction oB(u e ), obtained from a
general scan over the mirror lepton parameter space, with
f = 1 TeV. Itis found that in order to ful Il the present
bounds, either the mirror lepton spectrum has to be quasi-
degenerate or th&y matrix must be very hierarchical.
Moreover, as shown in Fid, even after imposing the con-
straintsony e andp  eee thep—e conversion rate
in Ti is very likely to be found close to its current bound,
and for some regions of the mirror lepton parameter space
even violates this bound.

The existing constraints on LFV decays are still rela-

The new parameters of the LHT model, relevant for the; e\ weak, so that they presently do not provide a useful

study of LFV decays, are

f, my,,

Myo Mysz 120 13 23

(5.25)
12! 13! 23

and the ones in the mirror quark sector that can be probed by

constraint on the LHT parameter space. However, as seen
in Table 10, most branching ratios in the LHT model can

FCNC processes ik andB meson systems, as discussed in 1ox10”

detail in [638 641]. Once the new heavy gauge bosons and .

mirror fermions will be discovered and their masses mea " **° oo

sured atthe LHC, the only free parameters of the LHT model . “3‘.

will be the mixing angles; and the complex phaseg of ~ - <10 L e

the matrixVy , that can be determined with the help of LFV °

processes. Analogous comments apply to the determinatioh * 10 " 55 55 L o0 g n1g 0 CF (K7
of Vg parameters in the quark sector (sé8§ 641] for

details onK andB physics in the LHT model). Fig. 5 Correlation betweeB(u e ) andB(u  eee)in the LHT

model (pper dot} [639. The lower dotsrepresent the dipole contri-
butiontop  eeeseparately, which, unli