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Lepton flavour violation: SM and beyond



v birth: “Rescue” conservation of energy in nucleus beta decay n —p+e + e

“I have hit upon a desperate remedy to save the "exchange theorem” of

n—-p e,

statistics and the law of conservation of energy. ... electrically neutral particles,

that | wish to call neutrons, which have spin 1/2 and obey the exclusion

principle... The continuous beta spectrum would then become understandable...”

A DEULIO Seays 10 & peoson, an cleetrom, and
i 00 via & virtoa) (madisty w

bosce, This i nostron £ desar. Pau/i, 1930

Enter the “neutrino”: following the discovery of the “neutron” in 1933 by Chadwick,
Pauli postulates the existence of a “massless neutrino”

Electron neutrino: detected in 1956 by Cowan and Reines
Muon neutrino: discovery in 1962 by Lederman, Schwartz and Steinberger
3 neutrino families: Z boson decay width, CERN 1983

Tau neutrino: direct evidence in 2000 by DONUT team

Lepton sector of the SM: although many pieces of the puzzle have been found,
we are far from understanding the “neutrino misteries”



Neutrino sources have been experimentally and observationally explored,

huge impact for particle & astroparticle physics and astronomy!
Laboratory: reactors, accelerators
Cosmic rays: atmospheric neutrinos (v@ ), ultra-high energy neutrinos

Astrophysical: solar neutrinos (v ), supernovae

A puzzling and surprising discovery: the solar v. and atmospheric v, fluxes...
Solar neutrino problem: detection of only 1/3 of expected flux of solar v.’s

Atmospheric neutrino problem: detection of ve ~ v, (expected ve ~ 2v,,)

Unsettling hypotheses:
“Unexpected” production of v,: do charged currents violate lepton flavours?

“Disappearance” of propagating v,: do neutrinos oscillate?



A simple solution to both problems! lllustrative 2-family example

Two massive states (Am, # 0) related to flavour eigenstates as vo = Ugi Vi

v\ [ cos 0 sin6 1)
Vs —sinf cosf V3

What is the story of a relativistic neutrino, produced (e.g.) in muon decay??

(i) Production of weak eigenstate at t = 0: |4=0) = |v.) = cos O |v2) +sin 0 |v3)
(ii) Travel distance L to the detector, during which it
lv(t)) = cosBe *F2|uy) + sin fe~*F3t|v3)
(ili) At the detector, it produces p in charged current scattering, with probability
P2 (L,t) = [{(vu|v(t))|? = 1 — sin? 20 sin? (ATgL) £ 1

> if and only if neutrinos are massive and mix!

» Huge breakthrough of SuperKamiokande in 1998 =



Quark sector:
The SM electroweak interactions preserve u, d, etc flavours
After EWSB, there is a misalighment of physical and interaction eigenstates
Quark flavour by charged current interactions W g q;

Observed in many oscillation/decay processes: very good agreement with SM!

[see Nazila's talk next week on beyond SM contributions...]

Lepton sector:
Original SM formulation only includes v,  (no vgr, no Higgs triplet)
- to all orders!  [accidental U(1)g.L symmetry]

Strict conservation of total lepton number (L) and lepton flavours (L;)



A new lepton sector: flavour violated in charged current interactions
Just as in the quark sector, misalighment of physical and interaction eigenstates
Misalignement of mass and SU(2) states parametrized by (3 la Vexm)

Pontecorvo-Maki-Nakagawa-Sakata matrix:

(Ve, U, Vr) e~ (11, Va2, U3)

lepton 7 +
va) = Ugi|vi)
C12 C13 S12 C13 s13 e %0 1 0 0
= | —s12co3 — c12823513e7 % ciaca3 — S12823813€ 0 sa3c13 X |0 e®1 0
S12 S23 — C12 CagS13 e 0 —cip 823 — S12c23813 €0 cagcis 0 0 €2
= : 3 angles Solar 012, 0o CPV phases Dirac )
Atmospheric 023, Oa Majorana ¢1,2

Reactor 013, Ochooz



A huge number of facilities devoted to determining v-datal

SuperK, K2K, MINOS, OPERA, KamLAND, SNO, MiniBoone,
Chooz, Double Chooz, Daya Bay, Reno,...

» Status of (Summer 2012):
0.795 — 0.846 0.513 — 0.585 0.126 — 0,178
U] = | 0.205 — 0.543 0.416 — 0.730 0.579 — 0.808 | .
0.215 — 0.548 0.409 — 0.725 0.567 — 0.800

023 ~ 7T/4:|:7!‘/40, 012 =~ 71‘/6, 013 ~ 0.15 (8.60)

Large mixing! ... quite different scenario from quark mixing! Recall that

923 o Vcb ~ 004, (912 ~ Vus ~ 0.225, (913 > Vub ~ 0004
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» What about neutrino masses??

Revisiting the SM lepton sector: oscillation data

NUFIT 1.0 (2012)

Free Fluxes + RSBL

Huber Fluxes, no RSBL

bip £1a 3o range bip £1o 3o range
sin” 012 0.30 + 0.013 0.27 — 0.34 0.31 +0.013 0.27 — 0.35
12" 333408 31— 36 33.9+0.8 31— 36
sin? f2a 0417007 505970931 034 — 0.67 04110030 5506020020 0.34 - 0.67
Baa/° 40.0%1 504712 36 — 55 40121 p50.711% 36 — 55
sin® 014 0.023 + 0.0023 0.016 — 0.030 0.025 + 0.0023 0.018 — 0.033
B1a/° g.athis 7.2—9.5 g.hds 7.7 — 10.
dcp/° 300+55; 0 — 360 20815%: 0 — 360
A3 5
ﬁ 7.50 £ 0.185 7.00 — 8.00 7.50+0:208 7.04 — 8.12
Am3 .
ﬁ (N) 9. 47+008 2.27 — 2.60 2.49+0-055 2,29 — 2.71
Amj - T
ﬁ i) —9,43+0.042 ~2.65— —2.24 —9.47+0478 ~2.68 ——2.95
ey

L2
sin” 8,

.2
sin” 8,4

[T T T[T T[T T[T T[T [TTT [ TT T[T T T [TTTT[TT]
& @
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.2 r N

sin” 6,, - ]
[rrrrprrrrprrrrprrrrr] : :
r 1 270 —
o 1 o[ -
C 1 o T 1
- 1 L ]
: | wf -
I N N SR e 0-\\ I ]
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Coovvo b b b b 3 B b b by g 1y
2 0.25 0.3 0.35 0.4 0 0.01 002 0.03 0.04

Global v fits: www.nu-fit.org

Oscillation data: typically 8;; «~ Am?j



Oscillation data: only two squared-mass differences ...

Am3i, = Am2 =~ 7.5 x 107° eV?
AmZ; = Am2 ~ +2.4 x 1073 eV?

What about the mass hierarchy?

Normal: m,;, < m,, < m,, or Inverted: m,, < m,, < m,,

Data from PINGU (lcecube upgrade)? large scale reactors? long baseline?

What about the absolute mass scale?

- Tritium decays (3H —3H +0, + e ) my, <2.2eV

- Cosmology: m, is a parameter in cosmological fits! (recombination, DM, ...)
CMB data ) m,, < 0.3 — 1 eV [WMAP, HST+LSS, Planck+EUCLID,...]
Formation of cosmic structures: > m,, < 0.65 eV
Z-bursts (UHE-peV cosmic rays) m!' > 0.25 eV

- ... other possibilities?? ...



Neutrinos are Dirac fermions (v # v):

—£l§§§§“ = Y£Z¢€R+ EQZBI/R-l—h.C.
After EWSB, Dirac mass term ~ m'’% = v my, SleV = <107

» Neutrino spectrum: 3 light mass eigenstates

Neutrinos are Majorana fermions (v° = v): u u .
n'd: d
. . . d — A ‘i
= Experimental confirmation: observation of 0v23 decay Wl e
W N
d—al
= Add new states to the SM content: usually 3 vgr n'd: : ('Zf_ P
u u
— (heutrino ZéuR + MgrUrvg +hec. ~ mporve+ MrUrVE + h.c.

Mg allowed by Lorentz & gauge invariance; renormalisable;
not related to SM dynamics; violates total lepton number L : AL = 2

» Neutrino spectrum: 6 Majorana mass eigenstates!



lept LT T I 1 = ia , i
> L P =Y " Loer + Lovr + §I/RMRI/§—|—h.C. vt = v and M = M9
» After EW symmetry breaking, an effective neutrino mass matrix [6% 6]

0 mp mp — Dirac mass matrix; mp =wv
m% Mg Mp — Heavy neutrino mass matrix - diag (mg,)
> miEt — _mp M~ tmE
mp <€ Mg
Mp ~ few TeV = YY" ~Y*
YY ~ 1= Mg ~ O(10*® GeV)
vy, R H VL ”," H v , H vy ”," H
e VR . YR
/ — A .
= Mp T Vi >----- < M + Mz
.. VR N Yk
VL, AN b v Tt o VL AN I vy, JRD T H
%LLHH VR (fermion singlet) A (scalar triplet) YR (fermion triplet)

Type |

Type Il Type Il



» Quark sector: flavour by charged current interactions W g q;

Observed in many oscillation/decay processes: very good agreement with SM!

» Lepton sector: neutral & charged lepton flavours strictly conserved

= Extend the SM to accommodate vy e~ vg [ “ad-hoc” my, Upmns]

¢
W:I:
0
Charged currents W< ° X my, 7
Vy Vo = Zz Ua,;l/ﬁ

v
W JJJQ
ﬁ 5 |2
- cLFV possible??  “. : 4 BR(p—er) x

My, 54
> U Uegi —52 ~ 10~
B M2
: A%
Uik VL Ui

Possible - yes... but not observable!!

» “Observable” cLFV = New Physics in the lepton sector - beyond SM,,



Lepton flavour violation: Observables and facilities



Many candidate observables! (No SM theoretical background!)
» Rare leptonic decays and transitions
Leptonic angular distributions ; P- and T-odd asymmetries

» Meson decays: violation of lepton flavour universality, LFV final states

lepton Number violating decays

» Rare (new) heavy particle decays (typically model-dependent):
H— T, ..

impact of LFV for new physics searches at colliders, ...

CP violation in the leptonic sector



90%-CL bound

A world-wide experimental commitment for more than 60 years!

&
M‘
LY Process |present bound future
BABf:,Be..e - uw—ey [2.4x10712 10714 MEG at PSI
o
Super-B?
® o AMEGA 1n—eee |1.0x1072] 107™ Mu3e at PSI
" MEG
sincum® A" pw—e (Au) | 7x 10713 - SINDRUM-I]
1w —e (Al - 107 |Mu2e/COMET
Year Mu2e / COMET
w—e (Ti) [4.3x 10712 10~'8 PRISM
T—ey |1.1x1077 1072 — 107 '%|super KEKB/B
T —ey [3.6x107% 1077 — 107 '°|super KEKB/B
T—uy | 4.5x107% (107 — 1079 [super KEKB/B
T — ppp | 3.2 x107% (1072 — 107 1% |super KEKB/B

(super)LHCb??




/ € » Event signature: E. = E, =m, /2 (~ 52.8 MeV)
‘ Back-to-back e - v (6 ~ 180°); Time coincidence

» Backgrounds = prompt physics & accidental
Prompt: radiative p decays p — evev,y (very low E,)
Accidental: positron from p — evev,;

photon from p — ev.v,y; photon from in flight e*e™ annihilation

MEG Experiment: 3 x 107/s at PSI (Switzerland)

2.7 ton liquid Xenon scintillation detector (good time, position and energy resolution)
2009 + 2010 data: 2.4 x 10~'? Upper Limit (90% CL)
2011 4 2012 data: (90% CL)

MEG Il (proposal to appear 2013): sensitivity ~ 10~



/ € » Event signature: S Ee=my,; S P.=0

> O > e common vertex; Time coincidence
Iz \\

» Backgrounds = physics & accidental

(&4

Physics: 1 — eevve decay (very low E,)
Accidental: positrons from pu — evv;

electrons from p — eeevv and/or y — evv7y; ...

Mu3e Experiment at PSI (Switzerland)
Stage | (2014 - 2017): 2 x 10%u/s at IIE5 muon source
Stage Il (2018 - ): 2 x 10°u/s at new muon source

Future sensitivity: =~



» Consider the fate of a 1s p-state in a muonic atom:
SM-like muon decay in orbit pu~ —e vv
SM-like nuclear muon capture pu~ +(A,2) - v, + (A, Z —1)

Beyond SM - neutrinoless muon nuclear capture

=+ (A Z)— e + (A 2)

@% ¢ @ o= » Event signature: single mono-energetic electron
Signal Background (A 2 [
» Backgrounds = e _éf,,
i : . " 2 :
Physics (e.g. muon decay in orbit); " -
beam-related; cosmic rays; false tracking, ... C)

Wuwcleans Wi clews

SINDRUM-II at PSI (max 103/s beam intensity): CR(u — e, Au) <

Improving the bound ~~ . increase beam intensity 10! /1/s (107 sec running)

improve background rejection...



Mu2e at Fermilab: CR(u — e, Al) < (90% CL)

Reincarnation of MECO at BNL;
Approved, CDO 2009, CD1 review 2012; data taking 2019

COMET (E21) at J-PARC: CR(p — e, Al) < (90% CL)

10*! muon stops/s for 56kW proton beam power

Stage-l approved in 2009

DeeMe at J-PARC/MLF: CR(u — e, Si) < (90% CL)

SiC target; 15 x 102 muon stopped for 2 x 107 s running

quick and not expensive... not yet stage-l approved...



B-factories are also 7-factories (excess of 10° in total ...)

Radiative tau decays (7 — £v) are background limited; sensitivity improved by 1/v N

» C »

g v P W i inh Ah fAERSSET
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E i \A / ¥ ¥ ¥ ik v |
= R A Y v v i & CLEO
= 107" Y T A =
() E va X AL v vy ¥
<3 Et A Lav,,Y L Y A A A4 a aVY, 7V BaBar
= [T STIM T T e 44 a4 Belle
— = Ia
O 10'8:— E
X B L]
8 22U EFEERAAD LY M!GGSS o'o'z's'0 :u:l:xg RRWNRARR ¥¥¥!<I<<I<

‘D:’-mi"’i@imiw%: o3 ‘o' ‘Diwmi:s_:x.m eﬁgg'&g&x!ﬁ!@xﬁmioiwiﬁ Ry ¢
wimimiwimimiwimiﬂh’ KF'KK
Super-B factories will produce O(10) times more taus!
—1
= BR(7 — uy) ~ ; BR(T — ppp) ~ at 50 ab

LHCb searching for LFV and LNV 7 decays;

data still a bit less restrictive; present limits expected to improve soon!



» Meson decays: excellent testing grounds for lepton flavour dynamics! Examples...

» Lepton Universality Violation in K and 7 decays

exp
Rp = % comparison with SM th predictions Arp = %}iﬁ -1

NA62 at CERN: Arg = Ar, =

Future sensitivity: Rk /Rx ~ 0.1% = measure Arg ~

» Majorana neutrinos and LNV in B meson decays

Allows to test Majorana v hypotesis; probe M, < 3 —5 TeV

LHCb at CERN: (also BaBar, Cleo, Belle)
BR(B- - Dt p~p~) <7x1077; BR(B~ = D%7tp—p~) <2x1076



Lepton flavour violation: New Physics contributions



» What is required of a SM extension to have “observable” cLFV?
7

li @ W BR(p— ey) = 1072 x (3 TeV/A)* x (0, /0.01)?

New Physics (beyond SMy,,,) +
» cLFV < A ~ O(TeV) non-negligible
(testable at colliders ?) (suggested by neutrino mixing ...)

Effective approach (model-independent)
» Pheno approaches:

Model dependent

» One method: Synergy of observables

peculiar patterns, dominances - id/exclude candidates...



New Physics can change SM in two ways:
(i) new sources of flavour violation (corrections to SM vertices, or new SM-NP vertices);

(ii) new Lorentz structure in the four-fermion interaction = new effective operators

Consider the following ratios of observables:
e 0

BR(u—e) / /
BR(T—uy) 7:—‘LDL 4;—‘% Probe NP flavour structure

Y Y

gggﬁ:;g ‘ . Probe NP operator at work

7 W(ZH%

€, q

Depending on underlying NP model, expect “peculiar ranges for correlation ratios”



» At higher scales (TeV? Mgyt? Mpna?) additional “heavy” degrees of freedom

» Integrate out “new heavy fields” (as those required to generate v masses)

> “vestigial”’ (new) interactions with SM fields at low-energies

L = £ higher order (non-renormalisable) terms

[e.g. to break SM B — L accidental symmetry, m, # 0]

1 n
ALdZS ~ Zn25 An—4 (g,Y, ) O (e) q, H, v )

A : mass scale of new physics

dimensionless couplings - coupling constants, Yukawas, loop factors ((47)™), ...
= C" : matrices in flavour space!

O™ : “external legs” of the diagrams - SM fields only!



. P er
d>5 5 1 “ay 1 1
AL - = CWeinberg K X /& —|_ A2 X n €L —|— A2
i v o
L L

» Dimension 5 AL® (Weinberg): neutrino masses (AL = 2)

Common to all models with Majorana neutrinos [seesaws, radiative (Zee, RpV), ...]

» Dimension 6 AL® : kinetic corrections, (dipole and 3-body), EW precision, t physics...

Differs from model to model - used to disentangle scenarios...

» Higher order AL”®" : 1 (transitional) magnetic moments, NSI, unitarity violation...
g g y



CS.
» Apply experimental bounds on to constrain ﬁ

1. hypothesis on size of “new couplings” 2. hypothesis on scale of “new physics”

» Natural values of the couplings CJ; ~ O(1)
BR(u — ey)|mec = A 2 50 TeV; BR(u — 3e) = A = 15 TeV

BR( — fv) = A >3 TeV; BR(T — 3() = A > 1 TeV
[Davidson, La Thuile '12]

» Natural scale? more delicate - well motivated: direct discovery, ...
Example: discovery of type Il seesaw (scalar triplet) mediator at LHC, Ma ~ 1 TeV

BR(1 — ey)lvec = [V Vie + YTV 2% 1077 [Abada et al, '07-'09]

» Can we reconstruct the New Physics Lagrangian? not likely...

We can identify operators (combining distinct observables) and

learn about flavour structure (same observable, different flavours)



» Model-independent approach is quite “hard" ...

Be prepared! - master “theoretical expectations” of N models to falsify them!

But “theoretical expectations” is an oxymoron:

different theorists expect different New Physics at the TeV scale because it is

motivated by the naturalness of the weak scale

motivated by precision unification of couplings

not motivated, but why not

to their personal

[Jager, NA62 Workshop, '09]

» Here: consider examples of (well motivated?) models of New Physics

~» with potentially observable cLFV implications!



» SM extensions introduce new particles, new couplings..

In the absence of (and other) signals:

=> constraints on parameter space (scale and couplings)

> compare with peculiar features of given model
=> predictions for cLFV observables

=> intrinsic patterns of correlations of observables

Generic cLFV extensions - general MSSM, LHT, RS, 4th generation, ...

» Examples: SM seesaw (TeV scale) - type Il & inverse seesaw
cLFV from m,

Extended frameworks - SUSY seesaw, GUTs, ...



Generic cLFV extensions



Higgs is a pseudo-Goldstone boson of spontaneously broken global symmetry

» SU(5) — SO(5) (@ TeV scale); augmented gauge group [SU(2)xU(1)]?

= new (heavy) gauge bosons - Ay, Zg, Wﬁ

» T parity = prevents contributions to EW observables (tree-level)

Lightest T-odd particle stable «~ dark matter candidate

» New scale as low as 500 GeV [ f ~ decay const of NL sigma model (NG)]

» Only 10 new parameters in flavour sector, only SM operators relevant

» Sources of couplings of leptons - mirror leptons - heavy gauge bosons
Vi ¢;
Wz, An, Zn Wz, Ag, Zy
f\/\/\/\\ x Vi f\/\/\/\\ x Ve V;IV Vi = UgMNS
@f, I/JH V}I, Ef

[Hubisz et al ’'05; Blanke et al '06-’09; Ray et al '07; Goto et al '09-'11, del Aguila et al '09-'10, ...
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[Blanke et al, 0906.5454]

» Strong correlation of some cLFV observables: . — ey and u — 3e

» Asymmetries for polarised 7 and p decays «~ chirality structure of LHT

[Goto et al, 1012.4385]

» Typically large contributions to cLFV ~+ some fine-tuning required

hierarchical mixing matrices (Vu¢, Vi, ), quasi degenerate states, ...



Geometric flavour violation: RS warped extra dimensions

Embed 4dim space-time into 5dim AdS space (extra dim compactified on orbifold)
» Two branes (UV, IR) and bulk between; My = Mpiancke ™ ™L5

» Localise fields:

interactions «~ overlap of wave functions

Gauge Boson

P
- — N

» Geometrical distribution of fermions in bulk:

hierarchy in 4dim Yukawas for “anarchic” O(1) couplings!

» Circumvent pheno issues: enlarge bulk symmetry (prevent violation of custodial SU(2));
additional “rescue” ingredients to avoid excessive FCNCs,

protect EW precision observables, ...

[Burdman '02; Agashe et al '04 -; Csaki et al '08; Blanke et al & Buras et al "08-'09]



10% g B S B R
E o MEG FMEG PDG =0
10 10 E
33 r 38 r ]
x  10% x 10% E
N - N - E
& - & g 3
S el 8 el ]
[0} 10 E . g_% 0} 10 E % B3
| - . | F S 3
3 C Sindrum 3 C :&ﬁ
ol = ¢ 10! —
100 I 10“_2 . 100 I i
BR(u-ey) x 10" BR(u~evy) x 10!
[Agashe et al, 0606021]
> mediated by KK-lepton excitations, new gauge fields

» Electroweak precision observables: Mg > 3 TeV ;

Mgk > 10 TeV (5 TeV only marginally compatible)

» Possible ways out... flavour structure (non-geometrical), increase gauge symmetry,

[Very recent... Vempati et al, 1206.4383]



» Supersymmetry is broken in Nature: different masses for SM particles and superpartners
Generic soft-SUSY breaking terms introduce new sources of flavour violation (¢ and ¢)

non-diagonal masses for sleptons and sneutrinos (M3):;# 0! (MZ):;# 0!

» Misalignement of flavour and physical eigenstates:  Rf1 Meg R = diag(m%) RE# 1!

{éL, ﬁL, TL, €R, ﬁRa ’T-R} X {Zlﬁ et 26}

i X, x*
. : l; .
manifest in neutral and S S o x jo
charged lepton-slepton interactions l;, v
y
[ (v i . . M2 ii
1/l/'/L ,(f) » Sizable contributions to x (Sfj = (Mﬁ) J
e ~ SUSY
’, )/ N ‘ “almost everything is possible - depending on the regime” ...
> ' \ P
X0 (X

BR o (2w ) 2
e.g. (b — ey) ~ 4ar (MSUSY) M&ysy



4th generation® - and beyond!

» Extend the SM via a fourth family of quarks® and leptons (Dirac or Majorana vs)
*LHC excluded...

» Additional and CP phases in the lepton sector
» Radiative and 3-body decays: all as large as current bounds (not simultaneously)

» Distinctive patterns for correlations of observables in SM4

[Babu, Ma, Hill, Kribbs et al, Soni et al, Eilam et al, Hou et al, Burdman,

Rajamaran et al, Lenz et al, Aparici et al, Buras et al, Schmidt et al, ...]

* Kk k Kk ok k &k k k%

And many other models ... LR symmetric, multiHiggs, Leptoquarks, ...



ratio LHT MSSM (dipole) | MSSM (Higgs) SM4

BR(u—eee) 0.02...1 ~ 6 X 1073 ~6x 1072 0.06...2.2
BR(pu—e)

—Bsie(@:ee? 0.04...0.4 ~1x 1072 ~1x107% | 0.07...2.2
BR(r—pup) | 004, .04 ~2x 1073 0.06...0.1 | 0.06...2.2
BR(T—p~)

BBR,?((TTf:;;) 0.04...0.3 ~2x 1073 0.02...0.04 | 0.03...1.3
BR(T—nee) | 004,03 ~1x 102 ~1x10"% | 0.04...1.4
BBRR((T—’MW))

R e 0.8...2 ~ 5 0.3...0.5 1.5...2.3
BR(T—ppp) 07.. .16 ~ 0.2 5...10 1.4...1.7
BR(T—.>;,L€€-)

RipTizelD| 19=3 102 | ~5x 1073 0.08...0.15 | 107'2...26
BR(p—e~y)

[Buras et al, 1006.5356]

» Most models predict/accommodate extensive ranges for observables

(no new physics yet discovered, only bounds on new scale!)

» But... Peculiar patterns to correlation of observables (model-specific)

0

Correlations might allow to disentagle models of cLFV in the absence of

discovery of new states! ...

or inability to identify mechanism of LFV!



cLFV from v mass generation mechanisms - seesaw



cLFV and the seesaw mechanism

. . . “ . . > <.,
Seesaw mechanism: explain small v masses with “natural” couplings .- BRs ete ™

via new dynamics at “heavy” scale : |

YX €-------- My =eeeen-- » My
. H . H
VL // H VL ”’, VL , H I/L ”’,
7 /7
’ VR L YR
’ = + 2L +
. Mg 7V YA »----- < M Ms
\ VR \\ ER
N\ N -
153 A 17 VL RSN I v, A 7 VL RIS I
%LLHH VR (fermion singlet) A (scalar triplet) YR (fermion triplet)

Type | Type Il Type Il



H . . 7] y” . > <.
Seesaw mechanism: explain small v masses with “natural” couplings .-~ BRs, etc

via new dynamics at “heavy” scale

YX <-------- my -------- » My
Seesaw C~5 New Physics scales C~6 cLFV obs
Fermionic singlet vT _1 vy YN ~O(1) = My = 10'°GeV Vi1 Ly
(type 1) N My N My ~ Mgut??? Nl My N 8
Fermionic triplet T 1 won T o1 1
Yy —— Y5 Y! — Y
(type ) 2 My > ( 2 pl Ms Z>a5
Scalar triplet 4YA TN YA ~y O(l) = MA ~ TeV 1 YA BYT |arge BRs !
(type 1) MR (pa € 1Y) MZ ~EePT Ay constrain model!
> rich phenomenology, predictive (correlations), observable cLFV!

» cLFV bounds = constraints on Ya and Ma; u — eee: Ya ~ O(1) = Ma > 300 TeV

[for a review: 0707.4058]
» If M A ~ TeV (smaller Ya), possible discovery at LHC

» “Inverse seesaw”: similar decorrelation between m, suppression and cLFV - large BRs (7)

[TeV-scale seesaws recent review: Dinh et al 1205.4671]



Inverse seesaw: flavour universality violation in kaon decays

NA62 expected to probe SM th predictions for up to
Models of new physics (2HDM, SUSY, etc) typically lead to Arx < O(107% %)

107 g T » Unconstrained MSSM: LFV corrections to H*4v vertex

[l ~ viable points]

100,

10—2,

X 1074
<

10°6L.

Deviation from “unitarity” of Upmns due to light singlets

10—8,

10710 10 10 107 107 101 107 Mg, € [0.1,200] MeV; Mg, € [1,106] GeV

n




cLFV from m, in extended frameworks



Embed seesaw in the framework of (otherwise) flavour-conserving SUSY models

(cMSSM, supergravity-inspired, etc)

Right-handed v ~~ g [Type ]
» In addition to  Scalar triplets ~>  "triplinos”  [Type Il
Fermion triplets ~> 7s-triplets” [Type Ill]

with same couplings, same interactions!

» MSUGRA-like SUSY seesaw: unique source of FV  (observables strongly related)

* low-energies: [; — l;y, [; — 3l;, p — e in Nuclei = large rates

x high-energies: study charged sleptons from x93 — ¢* ¢F + decays [LHC, LC]

=> sizable e — 1 , new edges in mys: x5 — — x4 £

» Even if correlations, etc... - difficult to disentangle from “generic’ MSSM cLFV...

On the other hand = some



Type | SUSY seesaw cLFV: low- and high-energies
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Type Il SUSY seesaw

» More predictive (up to overal scale) - (Am?%)i; oc my,UaiUj;

correlations between cLFV observables controled by v-parameters !

[Rossi et al, ...]
» Distinctive prospects for cLFV at colliders

101E‘ I e S S S SD e S
— 0fl — m,=300 GeV _ _ _ _ — i
oY1l modio VS R B RO o e 5
LU R VY I3 TN 1 SO SO SO SO ] ~
10} { < Type | SUSY seesaw o
x 10 X
- SBLAN N ] 5
g 10 Type Il SUSY seesaw — °3§
o) AL N T\ e ] o)
10 ¢
T L S N S SOUUUN SRS e S
200 200 600 800 [Esteves et al, 0903.1408] 10 200 600 800



Beyond the type | SUSY seesaw: examples ...

Supersymmetric Grand Unified Theories

» Reduce arbitrariness of Y” [SO(10) CKM- and Uppns-inspired patterns..]

107 BR(T - uy)
BRw—»éeﬁ) ; K
» SO(10) type Il example 0 e /
101t el
leptogenesis motivated
( F) 5; ) 102 ‘/”,/’/”' ‘ (;ii}“
highly correlated cLFV observables! - P ,/ , e f\“
[Calibbi et al, 0910.0377] / ,/
105 ”’,ﬂ§””””
» SU(5) + RH neutrinos SUSY GUTs TN it SRS SRS
BR(u—en) BR(U - eVY)
1071/: K w>0, tanﬂ=1

10—11

correlated CPV and FV observables

10-12 B

in lepton and hadron sectors!

05}

@ 3 [Buras et al, 1011.4853)]
10~ 14 L
}“}'\1 Ay < 1x10°9 «
‘ i Aa;i;gg%’:

1015 / 1 I !
-04 -0.3 -02 -0.1 0 0.1 02 03 04

SUSY. SM
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Lepton flavour violation: some final words ...



Lepton Flavour Violation - February 2013

» What is the role of flavour physics in the LHC era?

» Why Lepton flavour Violation?

We know that there is NP in the lepton sector!

. and that minimal SM deviations cannot account for cLFV!

Neutrino experiments and cLFV searches will offer a “clean”,

complementary avenue in our quest for New Physics

» Will the LPC join??



Find me in room 6210a ....

to discuss lepton flavour violation, neutrinos,

and share other not-so-leptonic flavours !




