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and the Flavour Puzzle
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Neutral LFV
IS observed!
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= also charged LFV exists ...
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LFV in the SM + neutrino masses

Example diagram
forl, — g +y

However, it is well known that the branching ratios are suppressed by (m /M,)*
for unitary U («—~ GIM mechanism) and thus unobservably small ...
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However, as soon as one extends the SM
by a mechanism to generate the neutrino
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Overview: Two examples ...

> Botton-up example: LFV & non-unitarity of the leptonic mixing matrix

> Top-down example: LFV in SUSY GUT models of flavour




Neutrino masses:
How to extend the SM?

... or something
completely different
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Effective theory:
d=5 operator

string theory
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A comparatively model-independent
consequence of new physics introduced to
~ generate the observed neutrino masses:
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Non-unitary leptonic mixing

(Effective) mixing matrix of light

> Typical situation, intuitively: / neutrinos is submatrix of a larger

unitary mixing matrix (mixing with
additional heavy particles)

= UF,,\,I,\.JS =Nis
non-unitary

Examples with possible large non-unitarity: 'inverse' seesaw or 'multiple' seesaw at TeV energies, SUSY with
R-parity violation, large extra dimensions, ...

Stefan Antusch 10 University of Basel & MPI of Physics (Munich)



Non-unitary leptonic mixing

» Lagrangian in the mass basis ...

charged :
: non-unitar
REUMINO current mixinu Ima}[/rix N
Kinetic term mass term interaction J

& \ Ny

1 , _
Ll = 5 (7 Jv; — ve;miv; + he) — — (W jla Y (1 ",’5)1/,; + h.c.)

2\/‘
g

— (ZH V; ")’“ (1 — ’“/5) (]\/T.[\lr)ij Vi =I= h.C.) +

2 cos b %%

+ modification in neutral current interaction in
minimal schemes (MUV), to be explained later ...
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Non-unitary leptonic mixing

> ... now when we change to the flavour basis:

non-canonical kinetic terms

Non-unitarity of the leptonic mixing matrix corresponds to
non-canonical kinetic terms in the flavour basis!

Stefan Antusch 12 University of Basel & MPI of Physics (Munich)



Non-unitary leptonic mixing

» There is a unique gauge invariant d=6 effective operator which
leads to non-canonical kinetic terms only for the neutrinos:

» After EW symmetry breaking it results in a non-unitary leptonic

MIXIiNg matrix with: De Gouvea, Giudice, Strumia, Tobe ('01),

Broncano, Gavela, Jenkins ('02)

S.A., Biggio, Fernandez-Martinez, Gavela, Lopez-Pavon ('06)
~ + modification of the NC interaction shown earlier ...
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Non-unitary leptonic mixing

> A minimal way to introduce neutrino masses and non-unitary leptonic
mixing thus consists in adding a d=5 and a d=6 operator to the SM:

MUV scheme: Minimal Unitarity Violation

S.A., Biggio, Fernandez-Martinez,
Gavela, Lopez-Pavon ('06)

Neutrino masses
(violates L)

Non-unitarity
(conserves L)

not necessarily suppressed by the smallness of the
neutrino masses
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Consequences of leptonic
non-unitarity

> In the SM as an effective theory, the data should in principle be
analyzed with a general, non-unitary leptonic mixing matrix N ...

> From neutrino oscillations alone, the general, non-unitary leptonic
mixing matrix is quite poorly determined!

> However Ieptonlc non- unltarlty gets constralned by varlous other




Constraints on leptonic non-unitarity

Example diagram
forl, —lg+vy

> Important part of the constraints
stems from LFV p and 1 decays
(and in the future maybe also
from y — 3e and/or from
U — e conversion in nuclei):

D(le = gy)  3a | Xk NawNigF (1)’
Dl — valsVs) 321 (NN oo NNT)gs

where:

_ 43x + 78x?

m,: light neutrinos’ masses
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Constraints on leptonic non-unitarity

> LFV bounds result in strong constraints on the off diagonal

elements
(N N)

» In summary (from a global fit to all data), the constraints are:

/

4.0-107311.2-107% 3.2-1073

2
NNMop = bap| = =[5 < [ 12-1074 16-10° 2.1-107°
8 — 0ag

c,
2 32.10-3 21-10~2 5.3.10-3

S.A., Biggio, Fernandez-Martinez, Gavela, Lopez-Pavon ('06)
S.A., Baumann, Fernandez-Martinez (‘08)

Stefan Antusch 17 University of Basel & MPI of Physics (Munich)



Now changing to a top-down motivated approach:

In (supersymmetric) GUTs, neutrino
masses are typically generated via the
seesaw mechanism at high energies.




For example: Scales in the type | seesaw scenario:

RH neutrino masses

Scale where the model is defined
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LFV processes in SUSY extensions

Remark: Typically close
relations between the Br’s
for these processes
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/) LFV from the model at high energies

> SUSY is broken: SUSY particles have their own flavour structure
— New souces of LFV!

Stefan Antusch

The Generations of Matter

|

Sleptons Squarks
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|

The Generations of Smatter

What can control the flavour structure of
the SUSY particles?
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Family symmetries are a poweful tool
to constrain/control both, the SM and
the SUSY flavour structures ...
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Family symmetries and the SUSY flavour structure

Particularly efficient: Non-Abelian family symmetries where all familie are in 3 of G._,,!

® Explain flavour structure in the SM, e.g.. Abel, Khalil, Lebedev ('01)

Ross, Vives (‘02),
> B 1 &9 Ross, Velasco-Sevilla, Vives ('04)
S.A., King, Malinsky (‘07)

® Generate flavour stucture of the SUSY particles: SO A elall S

can be resolved in SUGRA:
S.A., King, Ross,
4 Mallnsky ( 08)__» s s

SUSY flavour

structure related to
the one of the SM



FBMSSM

Altmanns-
hofer, Buras,
Gori, Paradisi,
Straub (‘09)

SoKs

Acp (B = X)
Ars(B = K*pp™)
Ag(B = K*ptp~)
B = K™y

Bs = prp
K'Y > v * *
K; — mvo * *
[ —> ey *okk | kok
T — Wy ok | dkok
p+N—>e+ N Yok k| kkk

d ook k| dhkok *
d. *okok | dkok | ok *
(9—2), *okok | dkok | ok | deokok *

Table 8: “DNA” of flavour physics effects for the most interesting observables in a selection of SUSY
and non-SUSY models % % % signals large effects, Yo visible but small effects and v implies that
the given model does not predict sizable effects in that observable.
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Recent analysis in a class of flavour models ...

® Model class: Gg 1 = SU(D); Gg,,, = SO(3), spontaneoulsy broken by flavour
Higgs fields (in representations 3 of SO(3)) with vacuum expectation values
pointing in the following flavour directions:
S.A., Calibbi, Maurer, Spinrath (“11)

CP violation in the quark
sector with a right angled
Licowiha s g0l i
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— Quark and lepton flavour structure (including CP violation)

GUT
relations
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Constraints on the SUSY spectrum

CMSSM-like (+ non-universalities)

S.A., Calibbi, Maurer, Spinrath (1) — Comparatively heavy SUSY preferred
— Higgs mass m, ~ 125 GeV can be accommodated
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Charged LFV in a SUSY GUT “toy model”

-10
S.A., Calibbi, 10
Maurer, 11
- ‘ 10

Spinrath (“11)
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Although flavour effects are suppressed by comparatively heavy SUSY:
Nevertheless, charged LFV provides one of the most promising signals ...
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Even in the presence of a mechanism
which enforces a universal flavour
structure at high energies, there is still
LFV induced by RG running




Example: Classes of neutrino mass models predict
very different ratios of Br’s ...

A: Heavy Sequential Dominance B: Intermediate Sequential Dominance

[a—

S.A., S.F. King (‘08)
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S.A., S.F. King (‘08)
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Note: has recently been measured!
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Also, when constraints are imposed on the SUSY
seesaw, e.g. from leptogenesis:

SPS 1a (not realistic anymore) ...
Myq = 10'° GeV, My = 10" Gev
m,, = 10" eV

0<104l =n/4
0 <10, = /4
= Figure from:
S.A., Arganda,
Herrero,

Teixeira (‘06)

— Correlations between observables = — Constraints on seesaw parameters
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b of the__leptonlc mlxmg matrl

Summary and concluding remarks

» Charged LFV processes provide important channels to search for
physics beyond the SM

> Many new physics scenarios receive strong constraints from/
predict observable rates for LFV processes

® Bottom-up example: Strong constraints on the possible non-unitarity
_from LFV g
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