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Lepton Flavor Violation

Motivation

= There is no fundamental reason why lepton flavor should be conserved.

= Several SM extensions (GUT, technicolor, compositeness, SUSY),
indeed, exploit the LFV possibility.

= Signal of LFV in charged lepton sector would be a clear signal of
physics beyond the SM.




Experimental sensitivity to LFV

Present bounds and future sensitivities for LFV processes are

LFV process Present bound Future sensitivity

BR(u— € 7) 1.2 x 10-1 1.3 x 1013
BR(—> € ) 1.1 x 107 10°8
BR(t— u v) 6.8 x 108 108
BR(u— 3 e) 1.0 x 1012 1013
BR(r—> 3 €) 2.0 X 107 10°8

BR(r— 3 u) 1.9 x 107 108
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LFV in the SM

@ In standard model (neutrino are massless), lepton flavor is almost conserved.

@ Now neutrino oscillation is observed:
ex) atmospheric neutrino: v, — v,
solar neutrino: v, — v,

Tiny neutrino masses and large neutrino mixing angles

Am3; ~ 2 x 10 %eV* sin® 6,3 ~ 0.4
Am?, ~ 8 x 10 %eV*? sin® @2 ~ 0.3
@ In SM with massive neutrinos, W F,fr/fy
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— LFV in the charged sector is
forbidden in the Standard Model




LFV in MSSM

U Lepton flavor symmetry is accidental at low energy, and it may be violated
beyond the SM.

O Naturalness problem with Higgs sector in SM implies that new physics
will appear at TeV scale:

— Supersymmetry (SUSY)
— Extra Dimensions
— Little Higgs

O In these models New particles and new interactions introduced =
Source of flavor violation.

(J No reason for no LFV interaction at TeV scale.

O Flavor-violation studies constrain SUSY breaking



L MSSM Lagrangian:

W = hyQLUS Hy + hpQrDS Hy + hy L ES H, + pH, Hy.

O Explicit soft supersymmetry breaking:

L, . 1 1
_"C'SE = E (?H-z)i'j' (D:c{ﬂj — 5 ﬂ'fa AP+ 6 44i:j';ﬁ1/’l;jk @imjd}k + B,U, HlHQ + h.c.

L MSSM contains new sources of flavor and CP beyond the CKM.

O In Supe-CKM basis all sources of FC are in the off-diagonal terms of
sfermion mass matrix.
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0 The flavor mixing is parameterized by the mass insertions &, = A, /i



U The branching ratio for the process |, — |, ¥ is given by Amz,
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O u— e y impose stringent constraints on SUSY parameters
O Proposal for SUSY flavor problem: Universality, Alignment, Decoupling

O LFV may probe pattern of SUSY breaking & constrain its origin
S.K., M. Gomez , Carvalho (01)



Neutrino Masses and Seesaw Mechanism

Effective operator: £ = PP — (1) 7 () <(f5>
M M
v AN
If the seesaw scale M > v= my = v (ﬁ) L v ¢ )

v N
M )
iy )

Naturally, m;, ~ O(y &m%z) — O('\!Am§3) = 0.01 - 0.1eV

> M <10 GeV <« Mp;




Three kinds of Seesaw Mechanism

SM singlet fermion

Tvpe I Seesaw N7 .(}5

//M\

q_ﬁ. SM SU(2) triplet QJ)
e, “.‘ Tvpe II Seesaw 4 Sscalar A\ '_.*'
) ¢ > — .’ }\&ﬂf

/jg\ origin / "

¢ , / M2 ‘., &

SM SU(2) triplet

qb fermion q_f}
'*** : -

."*¢ .
Type III Seesaw g/ A

10



LFV in SUSY Seesaw Models

1 SUSY extension extensions of the SM + 3 v :
Seesaw mechanism
Stabilize the hierarchy between NP and EW scale.

1 One of the implications of SUSY seesaw models is the prediction of
sizable rates for LFV:

Ij—>|i

;, — 31,
M—e conversion in heavy nuclei.

U The leptonic superpotential of type-l SUSY seelsaw is given by
W = N°Y, LH, + E°Y,LH, + 3 N¢myy \"'

N¢ is the superfield 5 vz and their scalar partner.
Y,,, are the lepton Yukawa couplings & m,, is the Majorana mass.

l,v?

(J One can assume a basis where Y, and m,, are diagonal.
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O Neutrino flavor mixing radiatively induces slepton flavor mixing from
GUT to M ; scale.
/ \

d Slepton off-diagonal mass corrections K / S G

—1 M
(Am[ )% = Wﬁmé + A)(Y,Y,);(In—=2") Even under universal scalar mass

R hypothesis, SUSY breaking slepton
(Am ) =0 mass matrix is
(Am! )% = _—32A0Ye(Y Y,), (In Mur Meur (myg)ij ~ méﬁf.j +A(™;)i;
87 My Flavor-dependent
radiative correction

MPI MGUT MR MW
| | | | | ;

Low-energy SUSY has “memory” of all the multi-step RG occurring from
such superlarge scale down to M,, = potentially large LFV
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BR(p —+ ev)- 10V

Example : SUSY Seesaw mechanism
Neutrino Yukawa coupling is flavor-violating. -

1-Y, = VTem Y99 Veyy

2-Y, =Upyys Y29,
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TeV Scale Seesaw

origin of small neutrino mass?
a smart explanation: seesaw mechanism (Yanagida, Gell-Man etal., )

my ~ CUIDZ  ar o FOUGEY with ¢ ~ O(1)

too heavy “new particle”
o hopeless to test the seesaw mechanism directly

Alternative? (testable model)
o possible to lower the seesaw scale?

M ~O(1) TeV = m, ~O(10™*)GeV ,i.e.,m, ~m,
o Light-heavy neutrino mixing is given by 6=m/M~10-/
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TeV Scale B-L S.K. (06)

The tremendous success of gauge symmetry in describing the SM indicates that
any extension of the SM should be through the extension of its gauge symmetry.

The minimal extension is based on the gauge group

Gg-L =SU(3)c x SU(2), x U(1)y* U(1)p-,
This model accounts for the exp. results of the light neutrino masses
New particles are predicted:

— Three SM singlet fermions (right handed neutrinos) (cancellation of gauge
anomalies)

— Extra gauge boson corresponding to B—L gauge symmetry
— Extra SM singlet scalar (heavy Higgs)

These new particles have Interesting signatures at the LHC




SUSY and B-L radiative symmetry
breaking. S.K., A. Masiero, 2007
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+ (h-NJa'jNa'cNle + pH Hy + #-IXD‘{Q*
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LFV in TeV SUSY B-L

The superpotential
W ~ |D*H,|* + |D*Hy|* + | D" xa|* + | D*Xa|* + p(H Ha) + 1/ X1 X2,
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After Electroweak and U(1)g, symmetry breaking, the neutral gaugino-

higgsino mass matrix is given by

Mo
U.
—MzCasw
Mz CaCys
0
0
0

The LSP

0
M o
mzsg 3'1.1..- M,y
—MzSsSaCw
0
0
0

—MzCasW
mzCaCw
0
0
0
0

M zsasSw
—MzSzCw
— L
0
0
0
0

o o o o O

(—2)m,,

X0 = Vi1 B+ Vs W Vs HO4 Vi HO + VisX1 + VieXo+Vir Za_1.
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Sneutrino mass matrix

The 6x6 sneutrino mass matrix is given by

]_ ~ ~_ c I}
L = __(I-;;-I-L?J.;I\l':f T)J‘Mz “rLc'. y
2 N
Where
ﬂrf%-l- - ﬂ'fil' -
VUL Vi UR
M2 =
M?, M?
VRVL VRVR
-
m | R
V72 =2 Z o 2 2 o T
MFI}L o = mpT — €08 203 + ¥ sin BYY) ),
. . . 1 ., ..
N\ T2 a2 1 2 2 2 Aty
ﬂf{rﬂ i = My + ﬂ'ff_-""fr T at Sl 3(}1:[ };u)'.u
rRYH 24
2 U oy v
Mz = —sinfg(Y,) My,

U] VR \/E
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Neutralino vs. Chargino

In SUSY B-L, additional contributions can be obtained

-~

(0L1)ab (07 R)ab
.—"'—X_""-.. ,—"Fx_-h"-,
- * /‘J l\'\

Tfa . " ?E—b ‘ﬁLﬂ ,” \\\‘E;Rb
I 1 ! ]
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ZB—1L Tt

-
¥

Neutralino contribution is proportional to B-L gauge coupling squared ~ O(1)
and Ml (&' ,,),, ~ Y 2~ 1012

Chargino contribution is proportional to B-L gauge x Y, and (& | )., ~
vM,Y, /m?~10°5

LFV is very tiny in SUSY model with TeV scale seesaw.
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LFV at LHC

S.K., K. Huitu, et al (2008)

Lirae. — —ag CL[(Trliv" (vl + biilve )o, " (vl + fel]
+ T2 W U (00 )y by Wl (05)S + hec.],

w2
1 .
[~ _ Wi
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=
=
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g 2
_ _HV
L
- Xl AT T T T
100 200 300 400 500 600
M, (GeV)

The decay modes, which go through the Higgs H or H’ and Z boson, can
be neglected compared to the main mode vp— W .

These decays are very clean with four hard leptons: I j_|k+|n; in the
final states and large missing energy due to the associated neutrinos:




LFV at LHC (continue)

Sneutrino-pair production at LHC

~~ N+N_

_ ~ 1+
a9 —> Zg . > Ve Ve = il + 20 X,

—> u e +y 'y, > u e +4jet + mis.energy
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Right-handed sneutrino

The mixing in the right-handed sneutrino mass matrix is of order v'.

In the basis (i, v, Ne, Ne¥)

[ ™ + im? cos 25 0 v Yl My vy Ul g (VAT
VRS 0 mi 4+ tm% cos28  —vy Ul ye. (YiHT vV, My
o va Yo, My —va (Y U v s ma; + M3 —v) (Vi)Y + ohYau!

\  —0 (Y )Unns vV My —vf Y} + vh Yvp™ % + M3 /

The sneutrino mass matrix is diagonalized by: F;;MEFJ; _ -'"wiiag'
Therefore:  (Vphy)i = (I's)iv; . 4,5 =1,2...,12.
The lightest right-handed sneutrinos can be the LSP (DM candidate)

Pair-charginos produced via y and Z-boson, which decay to: y+ — /+Nj.
This leads to a signature: pp — €*€7; + missing energy.
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If lightest sneutrino is not LSP then

2 2
o 9| ZizI’'ms o, 5,
I'(r— Yv) = B(mzs/mz),
( GY) 327 cos? By ( X5 2
217712
- - o q 1-'11 My ‘ o
OR (0 — X)) = | 16’1{ B(miy/mg) .

Sneutrino-antisneutrino oscillation can be observed at the LHC by
studying a charge asymmetry of the leptons in the final states.

Am:
T -~ 2 1, a measurable same sign dilepton signal is expected.
i

If Iy =

The probability of a same sign dilepton signal is

Pl + P({—(~) = xz|BR(v — (* + X)]?,

Here \: =22/[2(1+22)] is the integrated oscillation probability.
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Conclusions

Signal of LFV in charged lepton sector would be a signal of SUSY
models with heavy right-handed neutrions.

In general the experimental limits of BR(u—ey) impose stringent
constraints on SUSY parameter space.

LFV is very tiny in SUSY model with TeV scale seesaw as in SUSY B-L
extension of the SM.

TeV Majorana neutrino masses imply the existence of AL =2 phenomena,
which leads to sneutrino-antisneutrino mixing.
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