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Leptonic sector

Lepton mass

and flavour

violation in
Randall
Sundrum
Models

Abichel M @ Leptonic sector in RS has been subject of intense study in

lyer the past Huber and Shafi '01-'04, Sundrum et al. '09,

@ Offers numerous possibilities corresponding to Dirac or
Majorana nature of neutrinos.

Randall-
Sundrum
Model

Mass Models e Flavour consideration places very strict constraints on the
Constraints

from Flavour mOde|

Minimal @ Minimal RS incapable of satisfying mixing data and

Flavour

Violation flavour constraints simulatneously. Mu-chun chen, Perez et al, Csaki



Goal of the study
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R @ Shed light on the finer details of two most important
Iyer quantities involved in fitting in leptonic sector:
a) ¢ parameters and
i b)O(1) Yukawa parameters, both of which are varied to
Mass Models arrive at the best fit region for the bulk mass parameters

Constraints | @ While the O(1) Yukawa are varied in the interval [.08, 4],
the ¢ parameters should ideally lie in the interval [—1,1]

Randall-

Minimal
Flavour

Violation @ Constrain the parameter space by flavour considerations.
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) @ Fit the bulk RS parameters to the leptonic masses and
Ve mixing angles

@ Results presented for normal hierarchy of neutrino masses.

Randall-
Sundrum

Model @ Perform the analysis for different models of neutrino

Mass Models masses

Constraints a) LHLH case
from Flavour .
__ b) Dirac Case
Minimal . ,
Flavour c) Bulk "Majorana’ mass terms

Violation
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LLHH case

No Right Handed neutrinos

9+4-64+6=21 parameters
The O(1) Yukawa parameters are defined as

Y

=2kYp ; K =2kk

and the mass matrices are given as
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Parameter space for bulk masses in LLHH case




Summary of LLHH case
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Sundrum Allowed range for the bulk parameters with minimum y?2.
odels

Abhishek M Neutrino masses have normal hierarchy. Range of first KK scale
s M@ corresponding to the bulk mass parameter is also given.

Randall-

i | parameter | range | range of M@ (TeV) |

Mass Models cr, 0.87-0.995 1.49-1.59

cL, 0.86-0.98 1.48-1.58

ok Majorana CLy 0.84-0.92 1.47-1.53

Constraints cE, —10.0 - —5.0 x 106 7.9-3.9 x 106

from Flavour CE, —1.0 x 10* - —=1.2 x 10® | 7.9 x 103-9.5 x 107

Minimal CE, —7.0 x10°%- =1 x10° | 5.5x10° 7.9 x 10

Violation



Implications of large negative ¢ parameters
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Abhishek M @ The bulk ¢ parameters have a dual 4D description by

lyer . .
means Of the h0|0graphlc duallty Contino,Pomarol

Sandram @ The doublets in the LLHH case are completely elementary

Mod! from the 4D point of view.
Mass Models
LLHH case @ However, the charged singlets are completely composite

Dirac Neutrinos

Bulk Majorana objects of the CFT.

case

Constraints @ Composite singlets has 'interesting’ flavour implications.

from Flavour

Minimal
Flavour
Violation
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Dirac Neutrinos
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Add three right Handed neutrinos

Abhishek M
lyer

A 9+9+9=27 parameters and the effective four dimensional
Model Yukawas for both the charged lepton and neutrinos read as
Mass Models

LLHH case ’
Dirac Neutrinos Y (5)

Bulk Majorana Y(4) _ i e(l_CiL_CiR)
" NorNor

Constraints
from Flavour

Minimal
Flavour
Violation



Parameter space for the bulk masses of doublets
and charged singlets.
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Parameter space for the bulk masses of neutral
singlets.
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Summary for Dirac Case

Table: Allowed ranges of bulk parameters with normal hierarchy of
neutrino masses. The range of first KK scale corresponding to the
range of c values is also given.

parameter range M® Tev
cr, 0.05-0.76 | 0.839-1.4
CLy 0.05-0.72 | 0.839-1.37
CLs 0.05-0.64 | 0.839-1.31
CE, 0.2-0.88 | 0.959-1.5
CE, 0.05-0.73 | 0.839-1.38
CEs 0.05-0.64 | 0.839-1.31
cN, 1.1-1.9 1.67-2.31
CN, 1.1-1.9 1.67-2.31
CN;y 1.1-1.9 1.67-2.31
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Bulk Majorana mass term
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Sundrum Analysis with UV localized Majorana mass term has been

R considered earlier Huber&shafi '04: Perez & Randall '09

lyer

Randall-

Sundrum Similar terms can be added in the bulk of RS but 'Majorana’

Model . . . .
e mass terms in 5D do not have the same interpretation as is 4D.
Mass Models
LLHH case
Dirac Neutrinos

Bulk Majorana
case

Constraints SN :/d4$/dy\/ _g(mMNNC+mDNN+5(y—7TR)YNEHN)

from Flavour

Minimal c T
Flavour where N¢ = Cs N*andmp = ek, my = cprk.

Violation



Eigenvalue Equations
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Models The eigenvalue equations for the left(right) profiles g1, (gr) of
Abhishek M N are

lyer

Sl @)+ mp)gy” (v) = maue” gl (v) — margly (v)
- (=0y + mp)gly (v) = mae” gy () = margy” ()
SOAOW Ve assume gr(y) to be Z, even. Zero mode solutions not consistent

Bulk Majorana

case with boundary conditions.

Constraints

from Flavour The decoupled second order equations are difficult to solve generally
Minimal and we solve them numerically.

Flavour
Violation
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cn = 0.58.The profile becomes oscillatory as ¢ becomes greater than cpy.



Sample Point

Lepton mass . . . .
and lavour Table: Sample points with corresponding fits of observables for

violation in

Randall Normal and Inverted Hierarchy schemes in Bulk Majorana case with
Sundrum O(1) Yukawas. The masses are in GeV
odels
Abhishek M
lyer [ Parameter | Normal [ Inverted |
Mgk 161.4 161.4
Randall- M, 0.55 0.55
Sundrum gg)(ﬂ'R) 3% 10— 13 1.2 x 10— 12
Madel oL 0.58 0.59
Mass Models CLy 0.56 0.57
LLHH case CLg 0.55 0.55
Dirac Neutrinos CE, 0.735 0.735
Bulk Majorana CEq 0.5755 0.575
case
Ccig 0.501 0.501
Constraints eN; 0.58 058
from Flavour me 5.09 x 10~ 2 | 5.08 x 107
Minimal my 0.1055 0.1055
Flavour mr 1.77 1.774
Violation 012 0.58 0.58
023 0.80 0.8
013 0.13 0.13
AmZ, 7.8x10-2% [ 7.8x 10~ 23
AmZ, 2.4 x10°2F [ 24 x10~ 7T
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Present Experimental Bounds on LFV Processes

Lepton mass
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Randall Process Experiment  Present upper bound

Sundrum

e BR(u — e7) MEG 2.4 x 10712

v BR(u — ece) MEG 1.0 x 10712
Sindm CR(j — einTi) SINDRUM-II 6.1 x 10713
Mass Models BR(T — uvy)  BABAR/Belle 4.4 %1078
o P BR(r —e7)  BABAR/Belle 3.3 x 1078
P BR(r — pjuy) BABAR/Belle 2.0 x 10-8

BR(r — ece) BABAR/Belle 2.6 x 1078
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Flavour Figure: Coupling of two zero mode fermions to Z; as a function of
Violati
osnen bulk mass parameter



Constraints on LHLH case
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Doublets and the charged singlets couple universally to the

Abhishek M KK gauge boson, thus leading order effects are highly
ver suppressed.

Sandall. @ The large effective Yukawa coupling of the zero mode

LT singlet to the KK mode x /0.5 — ¢

Mass Models . . . .
@ The dipole processes due to gauge boson contribution is

suppressed due to heavy KK scales.

Constraints
from Flavour

Minimal

r— @ The large universal shift in the gauge coupling can be
Viclation suppressed by either a very high KK gauge boson scale or
by invoking custodial symmetry.



Constraints on Dirac Case

Lepton mass NO Point survives the © — ey constraint-Requires fermionic

and flavour

violation in KK Scale O(lO)TeV

Randall
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Models 0 10
Abhishek M o ] 08 ]
lyer
0.6 ] 0.6 ]
Randall- 5 5 B
Sundrum 04 1 04 .0 1
Model .
0z . 1 0zf q
Mass Models .o R ..
0.0 0.0
Constraint 0.0 02 0.4 0.6 0.8 1.0 0 02 0.4 06 0.8 10
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o 1y
from Flavour ! z
10 L0
Minimal
Flavour 0.8 i 0.8 }
Violation
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Bulk Majorana case

Lepton mass

and flavour . .

vislkistem fix For the tree-level decays, constraints obtained on the bulk
Randall . .

Sundrum masses apply in this case as well.
Models

Abhishek M The dominant contribution to dipole decays in this case is due

- to Higgs exchange diagram.

Randall-
Sundrum
Model

Miace Modele Table: BR for dipole decays for the case with bulk Majorana mass

Constraints
from Flavour

Hierarchy ‘ BR(u — ev) ‘ BR(7 — wy) ‘ BR(T — ev) ‘
21;'32;_?' Inverted | 2.4 x 1077 1.9%x105 [ 7.6 x10°©
Violation Normal 1.4 x 107° 3.4 x107° 1.3 x107°

branching fractions are evaluated for Mg ~ 1250 GeV



Need for Flavour symmetries
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POy @ The constraints from dipole processes are far more severe.

Iyer No point survives the y — e~y constraint for low fermion
R KK scale.
Sundrum . . , ,
Model @ Large contributions to FCNC are due to the 'large
Mass Models misalignment between the flavor structure of the diagram
G and the zero mode mass matrix.

from Flavour

Minimal
Flavour
Violation

@ The mass square matrix in the charge lepton sector goes
as YEFEFEYg while the mixing is controlled by YEYJ?
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Flavour symmetries

@ The parameter space of Dirac and the bulk Majorana case
are not consistent with flavour constraints.

@ Turn to the ansatz of Minimal Flavour Violation
(MFV)Perez & Randall, Mu-chun Chen & Hai-Bo Yu

@ Dipole Constriaints can be satisfied for KK fermion scales
as low as 3 TeV

@ We are looking at various definitions of MFV applicable to
the bulk Majorana case.



Summary and Conclusions
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Vel @ The LLHH case is not very favourable in the RS scenario
e owing to the extreme choice of bulk mass parameters
required to fit the data.

Randall-

i @ The Dirac and the bulk Majorana cases offers a very viable
oael

Vase Modele alternative.

Camstiais @ The constraints from flavour considerations are severe and

from Flavour

one is forced to invoke flavour symmetries.

Minimal
Flavour
Violation

@ Future work involves exploring various schemes of MFV in
the Majorana case.



Minimal Flavour Violation in Dirac Case

Cirigliano et al. '08

Lepton mass
and flavour

vielation in In the presence of right handed neutrinos the flavour

Sundrum group is SU(3)r x SU(3)g x SU(3)n
Abhishek M e Yp— (3,3,1) Yy — (3,1,3)
lyer
’ @ The Yukawa couplings are aligned with the five
Randall dimensional bulk mass matrices
Model
Mass Models Cr = (7J1[<i>a25//E)/éT‘FH{“))/](/'}/IGr yCE = bYéTYé yEN = CY]GYJQ

Constraints
from Flavour

@ Owing to the flavor symmetry we work in a basis in which Y, is
diagonal. In this basis Y}, — VpansDiag(Yy)

Minimal
Flavour
Violation

@ Flavor violating part
+
A=Y, Y'Y

@ Lowering of fermion KK scale required to satisfy all constraints
from dipole processes to as low as 3 TeV.



MFV with bulk Majorana Neutrinos
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Aoiehek M @ We choose the flavour group SU(3)r x SU(3)g x O(3)n
er o Yr —(3,3,1) and Yy — (3,1,3)
Randall- @ The bulk Majorana term N°N transforms as (1,1, 6)

Sundrum
Model

@ The bulk mass parameters can be expressed as
Mass Models

Constraints / /-i- / 1T
from Flavour CL = (Il] + a,2Y EYE + a3YNYN
Minimal
Flavour
Violation

cr=14+bYYE en=1+YTYN ey =dhzgs
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