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Open questions

© Which is the underlying mechanism regulating the EWSB?
® Which is the connection between EWSB and flavor physics?

© Are there new flavor symmetries beyind the puzzling fermion mass
spectrum?

O Are there new flavor violating interactions not governed by the SM
Yukawas? That is, to which extent the MFV hypothesis is valid?

© Do the new sources of CPV accounting for the BAU have an impact on
flavor physics and/or EDMs?

® Which is the role of flavor physics in the LHC era?

@ Do we expect to understand the (SM and NP) flavor puzzles through the
interplay of flavor physics and the LHC?
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The fermion mass puzzle

fermion masses
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The fermion mass puzzle

¢ Quark/charged-lepton mass hierarchy
Y, ~ 1,  Ye~107 Y,~10°
Yo ~ 1077 Yi~10° Yy~10*
Y, ~ 1072 Y,~10°% Y.~10°

¢ Quark mixing angles hierarchy

|Vis| ~ 0.2, |Vip| ~ 0.04, |Vip| ~0.004 (ki ~ 1)
¢ Neutrinos
Amey = (7.9+40.3) x 107°%eV?,  |AmE,| = (2.6 £0.2) x 107%V?,
sin®fs = 0.31+£0.02, sin®6m = 0.47 £0.07, sin®fe =079,
¢ Quark-Lepton complementarity: GUT + Flavor Symmetry? [raical 04]

™

Oso1 + 0c = Z’ Oatm + 023 = %
e SM gauge couplings

gs~1, g~06, g ~0.3, Auiggs~ 1
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NP search strategies

e High-energy frontier: A unique effort to determine the NP scale

o High-intensity frontier (flavor physics): A collective effort to determine the
flavor structure of NP

Where to look for New Physics at the low energy?

e Processes very suppressed or even forbidden in the SM

» FCNC processes (1 — ey, 7 — v, B , — ptp=, K — wvb)
» CPV effects in the electron/neutron EDMs, de ...
» FCNC & CPV in Bs 4 decay/mixing & D mixing amplitudes

e Processes predicted with high precision in the SM

» EWPO as Ap, (9 —2)u....
» LUin RY/M=T(K(r) — ev)/T(K(x) — )
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Experimental status

| Brief status of Lepton Flavor Violation searches I

‘
» pask CLEQ explored up 1o BRs ~107"
» present: B-factories are completing exploration up to BRs ~ 108
» future: Super Flavor Factories can explore up to BRs ~10- 1
> T - gy is the most sensitive channel for most mainstream NP models

+ @Y

> past: LAMPF, MEGA, BF(u — ey) < 1.2007 atao% CL

> past SINDAUM I, BF{g — ¢ in nutlecn field) < 7:107" at a9 CL

» present: MEG, BF(y = ey) < L5107 at 80% CL, (sensitivity 10713
» luture: MEG will soon reach sansitivity ~ Ly 1®
| 2

future: Mu2E and COMET/PRISM can much increase reach on BF(g — ¢ In nucleon liald)

Expecied 3 evidence
Pracess  gpay L upper limit reach
BE(T — p1¥) 24107 54107
BFiT =+ £3) 30-107 681077
BFiT = £ 2.3-82-10710 L2-4.0-107"

[Lusiani @ HQL10]
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The NP “scale”

o Gravity = Apjanck ~ 10'871° GeVv

) s 10 Gl - & = i
e Neutrino masses — Agee—saw < 10" GeV h

~

Hierarchy problem: — Ayxp < TeV

o Dark Matter — Anp < TeV
e BAU: evidence of CPV beyond SM
» Electroweak Baryogenesis = Anp < TeV

> Leptogenesis = Asee—saw < 101° GeV

~

p d2eay B iy
v atm ot N |

|
SM = effective theory at the EW scale |
Tel - IEI
> %7 oo =
Leg = Lsm + o 9 E==
=M =E5
; 2
L7 = it Likoo, &
1
e £%5% generates FCNC operators BR(4 — 67) ~ 4
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LFV frameworks

e Neutrino Oscillation = m,, # m,; = LFV

e see-saw: m, =

Dy2
("A’,;’; ~ eV, Mg~ 10" = m> ~ myy

e LFV transitions like 1 — ey @ 1 loop with exchange of

» W and v in the SM framework (GIM) with Ayp = Mg

mD4 50
Br(n — ey) ~ /\/74 <10~
R

» W and  in the MSSM framework (SUPER-GIM) with Ayp =

mP4 —11
Br(p — ey) ~ =3 <10

U
e LFV signals are undetectable (detectable) in the SM (MSSM)
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LFVin SUSY

Flavour universal SUSY breaking and yet large LFV from SUSY see-saw
e SUSY see-saw superpotential (MSSM + RN)
W = h®Le°H; +h" Lv° Ho+Mgv°u° + uHi Hs,
M, = —h"Mg"h" V&,

M? . mf(1 + 6ZL (A—Mtﬁ)mg + mLm,qéZR
¢ (A—pts)me + mLmH(sZ,:;Jr ma(1 + 0

o If h° = hZo; and Mg = (MR);d; = h” # hj/6; in general.

Mx

ol ~ =2 (h"h"");lIn Wi

3
gz

[Borzumati & Masiero, '86]
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LFVin SUSY

LFV interactions — leptons/sleptons/gauginos

£=7,(CluPa+ CiaPL) %at + & (NfxPa+ NiaPL) $37

v (I)

BR(ti — 41) ( miy )< ) vt
~ ) t o~ h"h
BR((; — (uiv) mtey ) )7 t
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LFVin SUSY

h” is unknown = No model independent predictions for LFV

1

h":UKANSDmRTD\/M—RVZ,

R'R = 1 = three angles and three phases

¢ v; & vg hierarchical (and R real)

B(p—ev) |Uea|?
B(r — wy)  B(r — pv-y)

¢ v, hierarchical and vz degenerate (and R real)

B(n — ey) _ [s12C12 (Msot/ Mam) + Ues|?
B(r — 1) B(r — pv-9,)
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uw— eyand r — uyin SUSY see-saw
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[Herrero et al., '06]
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LFVin SUSY

RG induced LFV interactions in SUSY GUTs

e SUSY SU(5) Barieri & Hall, '95)
(603 ~ h01j 1 Vi Viay — (0)i = (07,
e SUSY SU(5)+RN [vanagida et al., '95]
@i~ (0 & (Gaa)i~ (10

° SUSY SU(5)+RN [Moroi, '00] & SO(1 0) [Chang, Masiero & Murayama, '02]

. 2 g ;
sing,,, ~ % = (0L1)28 ~ 1= (0%g)2s ~ 1
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1012 bkt 10-31 b . ‘ .
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BR(u—ev) BR(u—ey)

[Hisano, Nagai, Paradisi & Shimizu, '09]
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BR(u — ey) in SU(5)gn and the LHC reach

BR(p—ey)x 10"
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[Hisano, Nagai, Paradisi & Shimizu, '09]
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SM vs. NP flavor puzzle
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Phenomenology of a SUSY SU(3) flavor models

1077 1071
1072 107 1072
= =
2 101 E o o o
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« Yellow points satisfy Aa,, > 10~°
e Scanranges: mp < 2 TeV, My, < 1TeV, |Ay| < 3mp, 5 < tanf < 55

[Altmannshofer, Buras, Gori, Paradisi and Straub, '09]
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[Isidori, Mescia, Paradisi & Temes, 07]




The P-odd asymmetry in u™ — et~

o After u™ — eT will be (hopefully!) observed...

BR(¢; — 4y)  487%aem
= Al & A i
BR(¢ — L)) GF (l | +1 | )
All? — |Ag]?
A — ey = 1AL —1As]

e SUSY see-saw

we _ 02 15 O e o, Me pue
AL 47 m? 15 A =~ m, 't

« SUSY SU(5)+RN

A“e:%ti% Are — &Y 28 T Tp
L = 4r 15 R 4x M m, 30
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[Hisano, Nagai, Paradisi & Shimizu, '09]
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Pattern of LFV in NP models

o Ratios like Br(i — ev)/Br(t — pv) probe the NP flavor structure

o Ratios like Br( — ev)/Br(i. — eee) probe the NP operator at work

[ ratio | LHT [ MSSM | SM4 ]

Br(u—eee) R —3

) 0.02...1 ~2-10 0.06...2.2

L) 0.04...0.4 ~1-1072 | 0.07...22
T—ey)

Sl 0.04...0.4 ~2-107° | 0.06...2.2
T )

el 0.04...0.3 ~2-107° ] 0.03...1.3
T—ey)

el 0.04...0.3 ~1-1072 ] 0.04...1.4

Br(;— e 0.8...2 5 15...2.3

ol 0.7...1.6 ~0.2 14...17

) 107°...107 ~5-107° [ 10" .26

Br(p—evy) NN .

[Buras et al., '07, ’10]
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“DNA-Flavour Test”

| SUSY model | GMSSM  AC  RW2 AKM 4L FBMSSM | |
Siks *hkk  Kkk oo dokok gk | g
Acp (B — Xs7) kK *kk  hkk Superd
B — K&up oo
Ty *hk  kkk  kkk *hkk  dokk
D° — D° *kk  kkk &
Ara(B— K*utu~) | *kk *kk  dkk | Vs
Ag(B — K*utp™) %k k —
Sue *kk  Kkk kkk kkk Eﬁ@
Bs — ptp~ *hkk  hkk  kkk  kkk  kkk  kkk
K *ok Kk *hk  hkok
KT — ntvw %k k
K, — v . 8. 6.
p— ey *hkk  Kkk kkk kkk  kkk  dkokk
p+N—e+N *kdk  kkk kkk kkk  kkk kokk
dh *xk  kkk  kkk  kkk e ok
de *xk  kkk  kkk  ee Fokx
(9-2), *hkk  kkk  kkk 00 kkk  kkk

[Altmannshofer et al., '09]
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wu — e universality in K — v

B — MNK—eve) +MK—ev,)+T(K—ev;)
T T(K = ) + T(K— pwe) + T(K— puv7)

« Violations of LU in CCI can be classified as (Rx/Rg" = 1+ Arg s

» i) Corrections to (V—A) x (V —A) interaction through W¢v, vertex correction
induced by a loop of NP particles

e\ R
Ar;ﬂébvNaz<~§ ,—,,: s — <107
dm \ M +mg ) Mgysy

> ii) New Lorentz Structures, i.e. scalar CCl with H/v ~ m, tan 3.

(R{")exp. [107°]

PDG 2006 2.45+£0.11
KLOE ’09. 2.477 +0.01
NA62 ’11. 2.487+0.013

SM prediction (Cirigliano & Rossel '07)  2.477 £+ 0.001
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RLFY in SUSY

LFV __ YK —ev -~ Fsm(K — eve) + T(K — ev;)

R - — ) i:ea I
K > K — v Fem(K — pvy) T
H+
o aF ~ 22 %
u 47
L

Vi
AY ~5.107* t; =40 M+ =500GeV

[
e—p mic m? A¥12tant3 ~ 102
Al susy ~ AN |AR["tan™5 ~
H

Argsley 1072 = Br"®®)(r — eX) <1077

[Masiero, Paradisi and Petronzio, '05]
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Slepton mass-splittings vs. LFV @ LHC

[Buras, Calibbi, Paradisi, '09]
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o For all points {3 — (7T — {007 (¢ = e, p) with m; < myg — the di-lepton
invariant mass spectrum has a prominent kinematic edge that may be
measured up to 0.1% precision.

o Left, right: tan 3 = 10, mo, My ;» < 1 TeV, Ay = 0, |635, gr| > 1072

e green (blue) points satisfy Aa, = % >1(2) x 107°
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Conclusions

The origin of flavour is still, to a large extent, a mystery. The most important
open questions can be summarized as follow:

« Which is the organizing principle behind the observed pattern of fermion
masses and mixing angles?

o Are there extra sources of flavour symmetry breaking beside the SM
Yukawa couplings which are relevant at the TeV scale?

Evidence for LFV in charged leptons could tell us a lot...
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