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/ntroduction

® To accommodate the observation on neutrino masses,
the Standard Model must be extended.
=» Strong candidates: models with the “seesaw mechanism.”

® Three types of seesaw models
-- Type I: introduce singlet right-handed neutrinos vy, : (1,1,0)
-- Type Il: introduce triplet Higgs A : (1,3,1)
-- Type lll: introduce triplet fermions X : (1,3,0)

® Interesting features of Type lll seesaw model
-- can have low seesaw scale of ~ TeV to realize leptogenesis
-- may have detectable effects at LHC
-- new Flavor-Changing Neutral Current at “tree level”

® To present possible new FCNC interactions in a systematic way
(= Lepton flavor violating processes) in Type |l seesaw model,



Tvpe [l Seesaw Modae/

( Foot, Lew, He and Joshi (1989) )

In addition to the SM particles, Type Ill seesaw model consists of
SU(2) triplets of fermions with zero hypercharge.

The fermion triplet ¥ transforms under the SM gauge group
SU@B). x SU(2), x U(1), as (1, 3, 0).
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The renormalizable Lagrangian involving X
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The renormalizable Lagrangian involving X

L = Tr[Zipx] — %‘T-F[EMEEC +YeMeY) — H'SV2Ye Ly — L V2Ys 'S H

w3 /2 W
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Define FE = E}*+ Ej

In terms of the component fields, the Lagrangian becomes

— _ M.
L = EipE + N%ipN?, — EMyE — (w ENY + he )
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+ g (W; 99, PrE + W+N¥~,PLE + h.c-..) — gW*E,E

_ (%(L + h) \D}zl’f_ + (v + h.jE}’EiL + h.c-..)

with v = /2(¢°) = 246 GeV



One can easily identify the mass terms:
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After diagonalizing the mass matrices, one can obtain
the light neutrino mass matrix:



The relevant Lagrangian in the mass eigen-state basis
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Non-zero off diagonal elements in ¢ are the new sources of
tree level FCNC in the charged lepton sector.
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Classification of FCNC processes

(® t decays to a neutral meson & a charged lepton : + — Pj r — VI

(@ lepton > 3 leptons: I — ;i

e radiative decays of a lepton : i — Ly

(9 u to e conversion

Lepton flavor violation

\ « muonium-antimuonium oscillation

(. semileptonic 3 body decays of a meson : M — Ml
L dileptonic decays of a meson : P V =
e dileptonicdecaysof Z: 7 — I (|\/|OSt of them are)

Tree level processes



= 71— Pl & 7—VIl decays
EET / IU/_-'J e_
T >
q
ZU P = ’-’TD-_.'TL '3'?’
V= Pﬂaw:*ﬁ
q

The decay amplitude

M= 2\@0:@ > (Mpy)lgvalgl +9275)al0) - [1p) v (1 —75)7(p-)]

q=u.d,s

— %siﬂ2 Oy and g9 = —}I for up type of quarks

—i 4 %Sin2 Ow and g7 = 41 for down type of quarks

No Higgs contributions: < P (or V)|gql0 > =0
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Branching Ratio|Constraint on |e

< 8.0 x 1078 The most stringent

<1.1x1077
<92 %1078
< 6.5 x 10~
< 1.6 x 1077
<13 x10°7

l€or| < 1.2 x 103

leur| < 9.7 x 104
l€er| < 1.0 x 1073
€| < 1.0 x 1073

T — Wi

T — @e”

T — (__f:-l,r_.i,_

< 6.3 x 107"

D <68x10-8

<1.1x1077
<89 %108
<73 %1078

< 1.3 x1077

l€er| < 6.5 x 10~

.ur| < 6.8 x 104 )

€, < 2.5 %1073
€ur!
lr] < 7.5 x 104

leur| < 1.0 x 1073

constraint!
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= | —3l' decays

Abada et. al. (2008)

€
T_ >
e
Br(p~ — ete e™) ~ Ly cee )
1_[:;'.1_ — E_I";IHE}
. 4 o 2 1
— (3 sin” By — 2sin” Gy + E)
D(r— — 113

— € VrVe)

. 1
(3 sin® Oy — 2sin® Oy + 5) Br(t~
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= p— ey & 7— Iy decays Abada et. al. (2008)

Q.- g - 9T ¢ .-, W
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M S Le 2 e M A e

Br(u — ey) = 1.3 X 1073 - Br(u — ece)
Br(r — uy) = 1.3 X 1077 - Br(t — pup)

Br(t — ey) = 1.3 X 1077 - Br(7 — ece) 12



" uto e conversion Abada et. al. (2008)

The relevant diagram is similarto [ — 3/’

Lo = _\EGF(Ef’Y“PLgEEIj)(ﬁ%r[(1 - %ﬂiﬂzﬂuﬂ — ys]u

+ dy,[(—1 + 38in*6y) + ys]d)

Br(up — eee) = 2.4 X 10" 1 pr—e

Br(mw — ey) = 3.1 X 107 4R+

The conversion rate is rather large

=>» provide very strong constraint!
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Pro Ccess Conversion rate

D < 4.3 x 10-12

(@ —e CONVersion

Process Branching Ratio|Constraint on |€,, |

The most stringent

- s etee™ 1 x 1012 1.1 x 106 :
po—eee < e < 1.1 constraint !

|EE«,—| < 5.1 x10" 1

T— — e+e e” <36 x10%

D <32x10-8 < 4.9 % 10—

T —>|u,u£ < 4.1 x107®

| or] < T2 X 10~
T —eteuT | <27x107% ||eur| < 5.6 x 1074
p- — ey <1x10715  |leu| S1.1x 1074

T= — ey <B5x 1071 | e | $24x 1072

T — Wy <4x1071 e, S 1.5 x 1072
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" muonium-antimuonium oscillation

€ \W/ !
— \
H e
He.sr = V2Gregin(l —s)efn” (1 — s)e
Probability to observe a transition:
Py (0T) >~ [6]2/(2I2) where T, is the muon decay width

y = { 1I|H€ff| lif = BQCFEQ# f( -"'Efmf") 1:,.-'[]ere a —~ (r_}--‘,rn.e)_l
Py < 8.3 x 1071 (90% C.L.) in 0.1 T magnetic field
Pyrn(B) = SpPyp (0T) Sp =0.35

€| < 4 x 1072
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= M — M'lll decays

Semileptonic 3 body decays of B or K

SM effective couplings:

“Z penguins’
&
“Higgs penguins”

_ 9 5 7! _1 =2 . s 2 .
cosﬂwh (PL( 2 + sin” By @—I— Ppsin HW)) lZ,

g _
! (P (39— 1) + Pr (39— 1ymy) 1.
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* Z penguins ”

(g) (h)

Inami-Lim function
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“ Higgs penguins ”

(£} (=) (k)

W i [
: | |
(i) i (k) i
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M = M? + M"

4

M? = —— Ve Vig—o—— Cofy) @) M'(7)|7"7a(1 = 3)¢| M(p))

g’ teg 2
321?2 cos? Gy My

X (@ (k)Y (1 — vs)vp (ko))

9 mEmy
Mh — V*nﬂq 94 t

020 1 mwmﬁ

() (M/(P)I7"(1+5)q'| M (p))
x At (k1)[(mu +my) + (my — my)ysve (k2)

(i) for B — KWII', ¢ =band ¢" = s
(ii) for B — 7ll', ¢ = band ¢' = d

[ —

(iii) for K — =ll', ¢ = s and ¢

Inthe casesof B — KW' & K —xll
|[M"/MZ]is suppressed roughly by

O(z(mymy/m;)) and O(z(m.mu/m3)), respectively. 19



dr'(B — PJF) 1 G%.a? I )kajz(mgﬁj m2, ¢2)
dg? = 10275 s 0 cost g | Ves Vel Gl o

x(1=20)° [(1+ ) | £ +30 |fole®)]

AMa,b,c)=(a—b— 0)2 — 4be, p = m;/(qu) : fn(qz) = (mg —mp)fi(q )z—l_ q“f-(q%)

Al/’?(m%j mPa qﬂ)

dL(B — K*II) L Gra® w17 (2 2 3 Y1/2
ds — ?,68?1.5 Siﬂd ew_ CDS4 ew_ |I/;51/;b| Oﬂ(mt mB)\ /

A
+ }Al(qz)}g (mp + m}{*)z \; | 125)
mh X

B —|—m;{*)2 r

+ i}lg(qz) }2 (m

—2m% Re [A;(¢?)A5(¢?)] Al _: — 3)}

r=m./m%, s=q¢*/m%,  A=14+r2+52—2r—25—2rs 20



Process Branching Ratio|Constraint on |[e,, |
Bt — ntety~ < 6.4 x 1073 |ecu| ~ O(1)
Bt — nte put < 6.4x 1073 |€cu| ~ O(1)
Bt — qptet ¥ <1.7x 1077 |€ep| < 0.56
Bt — Ktetu~ < 9.1 x 1078 |€eu| < 0.18
Bt - Kte ut < 1.3 x 1077 |een| < 0.21
Bt — Kte*,T <9.1x107° |€en| < 0.12
Bt — Ktp*7 < 7.7% 1078 leur| ~ O(1)
B® — #le* T <14x 1077 |€eu| < 0.73
B — K%%*,F < 2.7x 1077 €| < 0.21
— I < 1.3 x 10— €en| < 7.1 x 107
K*(892)* 1.3 x 107° o < 7.1 % 1072
— K < 9.9 x 10~ €ey| < 6.2 x 10
K*(892)teput| <9.9x 1077 | < 6.2 x 1072
— K < 1.4 x 107 €e| < 1.7 % 107
K*®R92)TeFuF| <14x1077 ||e| < 1.7 x 1072
— K ~| «5b3x10" Een| < x 10~
K*(892)% %y 5.3 x 1077 | < 4.5 x 1072
— K <34x 1077 ||| < 3.6 x 10”
K*(892)0%put 3.4 x 1077 | < 3.6 x 1072
— K*(892)% <58 x 1077 | |eg]| < 3.4 x 1072
Kt - atety <13 x 1071 | e, | < 0.44 [0.8]
K+ = atep < 5.2 x 10710 |€cu| ~ O(1)
Kp — nve*pT < 6.2 x 107 |€eu| ~ O(1)




= V= [l'and P— Il decays

l
V. P >M/v</

V=J/porT,

L V=e p, 7(1#T)
P= Trua 1] or 'T?r

No Higgs contributions: < P|gq|0 > =0

M = 2\/§GF Z <0|"-ﬁ’cx(gf; + 91')"5)@|ﬂff(pm)> [w(P)y* (1 = v5)ve (p2)]

qg=u.d,s,c.b

g = 41 - %51112 Oy 94 = —i for up type of quarks
gl = -1+ 1 sin® Oy g% = 1 for down type of quarks "



Process

Branching Ratio

Constraint on |e

g |

— eTrT

T(35)
Y(38) — ptr¥
S

<5x 1076
< 4.1 x 107
< 1.1x107°
< 8.3 x 10
< 2.0 x 10—
<34 %1077
< 3.8 x 10710

<6x 1076

< 4.7x 104

€er| < 0.39
l€ur| < 0.35
eul ~ O(1)
|€er| ~ O(1)
eur| ~ O(1)
|€ep| < 0.80
|€ep| < 0.27
[€eu| ~ O(1)
[€enl ~ O(1)

provide rather weak constraints!




» Z—1lU decays (I, 0I'=e, p, T7and [ #£1')

€~

2 S

\ l’-f
The decay amplitude:
M= —L—(ew)ea(p) - [p1)7" (1 = 3)vr(p2)]

 2cos By

where €, is the polarization vector of Z.

The decay rate: o Gr ‘Ma
3 piﬁ @ z

Process |Branching Ratio|Constraint on |e

i |

Z —etuT| <1.7x107% ||e,| < 1.8 x1073
H /

Z —efrT| <98x107°% ||| <4.3x1073

Z — pErF <12x107° | leur]| < 4.8 x 1073




Summary

® In Type lll seesaw model, new FCNC interactions can cause
lepton flavor violating processes at tree level.

® The most stringent constraints on FCNC effects:
(T — TTGE' m—> |h~r| < 4.2 X 10_4 £ — TI;TJ_{;Q}”;E-‘Q /9

{ T = ppi ey €| < 4.9x 1074

. p —e conversion in atomic nuclei —p  |e,| < 1.7 x 1077

® Future experiments at LHCb, J-PARC, Super-B and ILC
can further improve constraints.
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Back Up
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Diagonalization of the mass matrices: (Abada et. al.)

! !
‘EL.?R 7T EL..R L"L - ML

— VLR I. ’ ] - Llﬂ T
E L'.R E L:‘ R i\'l c J.I-I‘\'I c

U ro: (3+3)-by-(3+3) matrices if 3 triplets are present.

] Ui Unig ] Uri Urip ] Unv Ung
.[,- L = 3 '[/ R . '[/

Urgt Urge Urpr Urege Uy User

Il
=
Il

To order v2Mg?,

ULEE =1 —@ ULEE = }/;rjfz_lt‘ . ULEI = —ﬂfi;'rz_l}fzt-‘ . ULEE =1- (_—J .

Urn=1, Urig = 'T?l-g}gﬂifz_zt-‘ , Ugpr = _ﬂ,fz_z]/jz-?nﬂa CUigp =1,
brﬂl" v = {]' o E/ Q)LFF_-“L-L“&"S ’ L'TUVE - }/:}_._1: foE_l?"!// \/E 3 '[/'TEIEV — _f'rfz_l}/jz [/'T'va'?-r"/ ‘\/E ’
Upss =1 — €2, e = YIMZYer?/2| ¢ = Ma'YaYiMz?/2 .
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The decay rate

fp = f, with ap = 1 for 7 — 7Y

fP — f,;(.-} with lp = ]./2 for 7 — I}'[’f)f

;| = /(m2 + m% —m})? — dm2m?% /(2m.)

_m‘%’+m—2(m3+mv my)(m? —my, — )]

Vv

fv = f, with ay = (1/2 —sin? )2 for 7= — p°1
fv = f. with ay = (sin® Oy /3)? for 7= — wl
fv = f» with ay = 2(1/4 — sin® By, /3)? for 7= — ¢l
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For K — I’ , one can normalize the branching ratioto B(K* — n’¢*uv,)

B(K*t — n%*v,) = (5.08+0.05)%

B(K* — m*il') 20 VitVia |*
_ ts 02(5‘3}3
B(K+ — w%*1,)  w2sin® 6y cost by | Vi ’ j

B(K, — n'l) _ 1, 202 tm (VY \[* 2 )
B(K+ — n%%v,)  7Tx+ w2 sin® Oy cos? Oy Vs o
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eFor V —=U (V=J/T7)

8GLf2 ) 11 |

gt = g; for V. = J/¥

gl =gt for V="T

eFor P—1l' (P=x"nn)

G2 f2

(ew ) 7] [} + iy, — (mf — )]

P

ap=1, fp = f, for P = 7"

ap=1/2, fp = f?‘:{,} for P = ﬁ[’}
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