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Introduction

Goal

Neutrino oscillation — neutrino masses

e

Zee model: a 2-higgs doublets model

A.Zee. Physics Letters B, 93(4):389 — 393, 1980. FCNC problem

Extra-dimensions

mass hierarchy: wavefunction overlapping

FCNC problem: BC for higgs in extra Dim
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Introduction

Zee mOdeI A.Zee. Physics Letters B, 93(4):389 — 393, 1980.

neutrino masses through radiative correction.

Give the neutrino Majorana mass by introducing a new higgs
singlet ;, ™ and a new higgs doublet @5 in SM.

‘CZee = — ;b\IlaL¢1ebR = ffb\i/aLQerR = Mlgq)liTQ(I)Qh,* — félb\lfgL’l:Tg‘I’bLh + He

QEDcharge SU(2)L charge hyper charge

Q I3 z

new singlet h +1 0 +1
el ()
e () (3] (4
lepton doublet-L \Jy | ( l”f ) < _01 ) ( éf ) _%
charge lepton-R s ) -1 8 -1
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Introduction Zece model

Lzee = —fayVar®resr — f3VarPoesr — M1p®1ime®oh* — fR VS, iTa W, h + H.c.

(®2,1)
l
|
/_L\
Din @ s ih
[ \
T

Neutrino mass matrix (Majorana)

9+9+3

0O many parameters<2| complex Yukawa couplings...)

FCNC PI’OblemS(Two higgs doublets)

A.Zee. Physics Letters B, 93(4):389 — 393, 1980.
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Introduction

Extra dimensions

The 5th extra dimensions are compactified in a very small
regions, like circles with radii R, so the Lagrangian and fields are
modified.

0

© Lagrangian in (4+1) dimensions: ,

8: /d4$ dy£(4—|—1)D Q
thus

Lip = / dy La1)p g

8 Kaluza-Klein(KK) decomposition :
the extra dimensional part of a field can be expanded in a
complete set fn( )

B(x, y) = Zqﬁ (") fn (y

We can choose a orthonormal basis:

[ £:0) fmw)dy = bun
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Introduction

Extra dimensions

The 5th extra dimensions are compactified in a very small

regions, like circles with radii R, so the Lagrangian and fields are
modified.

Kaluza-Klein(KK) Particles:

example:

1 1 1

klk mass
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Introduction

Extra dimensions

The 5th extra dimensions are compactified in a very small

regions, like circles with radii R, so the Lagrangian and fields are
modified.

8 Kaluza-Klein(KK) Particles:

eX £4D Z a,u(/bna,u¢ _1(%)2(¢n)2_%m2(¢n)2
n m2

|
_|_
S[\J
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Introduction

[ J (]
S p I It F e rm I o n s Nima Arkani-Hamed* and Martin Schmaltz,

) PHYSICAL REVIEW D, VOLUME 61.
*Background field: ®(y) = £2u7y 033005 (2000)

KK zero mode, localized in 5th D

ezero mode chiral fermions, massless! in 4D
(separate L & R)

background field
(2", y)(iT"3y, +i0°0, — D(y)) ¥ (2", y)
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Introduction

Split Fermions

eBackground field: ®(y) = +21°y
: localized in 5th D

ezero mode chiral fermions, massless! in 4D
(separate L & R) T

Nima Arkani-Hamed* and Martin Schmaltz,
PHYSICAL REVIEW D, VOLUME 61, 033005 (2000)

identify as SM fermions in 4D

background field
(2", y)(iT"3y, +i0°0, — D(y)) ¥ (2", y)
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Introduction

Split Fermions

eBackground field: ®(y) = +21°y
: localized in 5th D
*zero mode chiral fermions, massless!in 4D

identify as SM fermions in 4D

Nima Arkani-Hamed* and Martin Schmaltz,
PHYSICAL REVIEW D, VOLUME 61, 033005 (2000)

background field
= (5)

Lsp =T (a",y)(iT"0, +iL°0, — ®(y)) ¥ (2*,y)
0 oH (1 0
ot 0 ’ 0 -1 Gamma matrices in 5D

5D Dirac equation (iTd,, + 150, — ®(y))T® (z*,y) = 0

/

KK expansion \If(5)(aj“,y) _ ( %Zi(()) ?;:éiz))?:((z)) )
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Introduction

Split Fermions

SOIUtIOnS back ground field & (y) = i2,u2y
H 1/2 .
Wo (") = ( i;g((iﬂ)) ) 90(y) = fo(y) = (W%)Me‘“ v m, = 2u/n
B(y) = 2,u2y Gaussian packet in 5th D

Lap = /dyﬁw D Whor Y Outbor

Left zero mode, massless in 4D!

D(y) = —2u%y |dentify as SM Left-handed leptons

Lap = /dyﬁw D WhorY*Outor

Right zero mode, massless in 4D!

|dentify as SM Right-handed leptons
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Introduction

Split Fermions

SOIUtIOnS back ground field & (y) = i2u2y
_( xo(z") i o pt/? —py? _
Uo(zH) = ( o () ) g90(y) = fo(y) = (/A My = 20N/

Gaussian packet in 5th D

different positions in y

Yukawa: mass hierarchy in 4D

I L L | L L L L L L |
-0.10 -0.05 CLL b 0.05 0.10
R
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Introduction Y
Zee model + Split Fermion in 5D Q

our model

TR(—7R)

mass hierarchy: wavefunction overlapping gl /74

FCNC problem: assign BC for Higgs in extra Dim.
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Introduction Y
Zee model + Split Fermion in 5D Q

*/Zee Model + Compactified-5D Split-fermion:

. . TR(—7R)
| | parameters and order | Yukawa couplings in 5D

Ls5pZee = —V QWRf ;b\ilaL(i)lébR — V2T Rf 3b\ijaL(i)2ébR

—/ QWRffb\ifng"rg\ilbLiL \/%z(i)li’rg(i)zil* + H.c.,
T
(@) vev

<R klkk contributions .
|
/ dy = F
—7TR & <

. Z oM . \\ p ()

effective 4-D

n - = - = -

Vi €ErRr €Lk Vi
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Introduction Y
Zee model + Split Fermion in 5D Q

*/Zee Model + Compactified-5D Split-fermion:

. . TR(—7R)
| | parameters and order | Yukawa couplings in 5D

3+3 Leptons in the 5th-dim 2+ | Higgs in the 5th-dim

near the origin

Gaussian Sin or Cos
h (1)2 (I)l

{017657037017627 }
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Introduction Y
Zee model + Split Fermion in 5D

Charge lepton masses

A

®, Even parity in 5th -> SM Higgs rR(—7R)

5th-dim 0 Effective 4D

|

TR
B
\ /—wR charge lepton

IS >
/j \\ mass hierarchy
mR(~7R) B AR

Split fermion & SM Higgs :
Gaussian distribution, constant & overlapping
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Introduction Y
Zee model + Split Fermion in 5D

Neutrino masses

NoVEV 1} (i)2 Odd parity in 5th ity

5th-dim 0 90 Effective 4D

astit small Yukawa coupling
fon®
—TR

> Small neutrino

| . B ‘0.0 | ‘O.‘IO masses
(@)

TR(—7R)

! . . (I)(n) ',‘ ‘,\ /I(n)
Split fermion & 2 Extra higgs : 2 e
Gaussian distribution, Sin(y) & overlapping R T VS —
I/LJ' ERk Lk Vri
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Introduction Y
Zee model + Split Fermion in 5D

Neutrino masses

NoVEV 1} (i)2 Odd parity in 5th ity

5th-dim 0 90 Effective 4D

astit small Yukawa coupling
fon®
—TR

> Small neutrino

| . B ‘0.0 | ‘O.‘IO masses
(@)

TR(—7R)

! . . (I)(n) ',‘ ‘,\ /I(n)
Split fermion & 2 Extra higgs : 2 e
Gaussian distribution, Sin(y) & overlapping NS TV S E—
I/LJ' ERk Lk Vri
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Introduction Y
Zee model + Split Fermion in 5D

Neutrino masses

NoVEV 1} (i)2 Odd parity in 5th ity

5th-dim 0 90 Effective 4D

astit small Yukawa coupling
fon®
—TR

> Small neutrino

| . B ‘0.0 | ‘O.‘IO masses
(@)

TR(—7R)

! . . (I)(n) ',‘ ‘,\ /I(n)
Split fermion & 2 Extra higgs : 2 e
Gaussian distribution, Sin(y) & overlapping NS TV S E—
I/LJ' ERk Lk Vri

2(n)
fab
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Introduction Y
Zee model + Split Fermion in 5D

Neutrino masses

NoVEV 1} (i)2 Odd parity in 5th ity

5th-dim 0 90 Effective 4D

astit small Yukawa coupling
fon®
—TR

> Small neutrino

| . B ‘0.0 | ‘O.‘IO masses
(@)

TR(—7R)

! . . (I)(n) ',‘ ‘,\ /I(n)
Split fermion & 2 Extra higgs : 2 e
Gaussian distribution, Sin(y) & overlapping (D))
I/LJ' ERk Lk Vri

2(n)
fab
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Introduction Y
Zee model + Split Fermion in 5D

Neutrino masses

NoVEV } ®, Odd parity in 5th jor”

5th-dim 90 Effective 4D
/ mh small Yukawa coupling
Lo

—TR

> Small neutrino

MaSSES
(@)

TR(—7R)

Split fermion & 2 Extra higgs : ' ;
Gaussian distribution, Sin(y) & overlapping (D))
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Model Setup 0

Zee model in 5 dimensions Q

TR(—7R)
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Model Setup ?

Zee model in 5 dimensions Q

Lspzee = —V2TRf ;bq/aL(I)lébR — V2mRf 3b‘I’aL‘I)2ébR TR(—mR)

—V2rRfALUC ir, Uy b i

» fab aL"!2*bL \/27r—_é
Leptons in 5D:

(i)l’iTQ(i)QiL* + H.c.,

Ya(@,y) D Paor () X L‘ﬂe—ﬂy—cﬁ)z

(3)7
SM L-lepton doublets in 4D 2

Za(x“,y) S laor(x") X VH o1 (y—cg)’

(3)3
SM R-charged-lepton singlets in 4D 2

O kk Higgs:
SM higgs in 4D
(I)(O) (x) +

®(x,y) = \/.2_17;_ \/__.. Z cos (D(” (x) (eveniny)

dy(xy) = mzsm Yo (), (oddiny)

h(x,y) = N Z sin'g h"(x). (odd in y)
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Model Setup

4D Effective

Effective 4D zee model with kk particles:

L

s Zlcsnm

n,m=—

=f% —eXP [_(

202

L

n - r _(Ca B CR)2 'I’L(Cg 7 CR)
i (VB)on flewp | 2B | cop Mea 1)
B L X2 L R
2(n) _(Ca — Gy ) . TL(Ca + G, )
fab T f abeXp i 20.2 SII 2R y
P L L 2" L L
h(n. —(cz —cp ) | . mle; )
fa” =~ V2 fhexp - 202 b _ “MTTOR &

<I) 1o <I>(n)h(m)* + H.c.,

higgs cubic term

charge lepton mass matrix
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Model Setup

Neutrino mass

U

(1)
(I)gn) "o " s“ h(n)

ki contributions

2(n) h(n)
my (f ) fk] M:‘IZ) n
167r2Y 2 ( )(%R) Mz, -z, P, TEOI)

n=1 k=e,u,r

Neutrino mass matrix
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Numerical Result
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Numerical Result

parameters:
R
/L,R,Mh’o M@z,o , K {C17627637617627C.3}

©® Choose the parameters:

1nw=2x10%TeV, R™' = 1TeV
M} o = 400 GeV and Mg, o = 200 GeV

(2] fab = pabewab (5D Yukawa couplings: no hierarchy) Pab
Let their components to have relative random coefficients in [0.5 ~ 1.5]

and random phases in[0 ~ 27] 4

@ Search {ci', ¢y, ci, cf' ey, c5} ,range:[ 0,20] (1/pM),and K
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Numerical Result

3-higgs coupling

4setsareall  Configuration r ¢f & cf cf cy cy
Inverted hierarchy. I 0.389 10.112 2.989 9.592 14.350 13.954 6.060
II 1.054 9.789 9.570 10.557 5.715 13.498 5.201

IT1 0.169 9.416 8.956 18.602 5.881 13.249 13.591

IV 0.974 1.371 8.159 17.663 12.595 12.106 4.346

TABLE I: The four viable configurations which can accommodate charge lepton and neutrino data

in the same time. The split fermion location ¢’s are in the unit of (=5 x 107*R).

Configuration m¢(MeV) m,(MeV) m.(GeV) sin?(26;2) sin?(2623) 613 ( rad)

I 3.1+15 120(22) 1.73(31) 0.79(24) 0.43(26) 0.11(8)
II 6.3+3.0 119(20) 2.49(48) 0.84(18) 0.72(24) 0.16(11)
111 0.64(12) 122(22) 1.70(31) 0.76(27) 0.56(27) 0.33(20)
\Y 0.49(10) 78(14) 2.25(43) 0.83(20) 0.93(08) 0.13(7)

TABLE II: Charged lepton masses and neutrino mixings in the 4 viable configurations

experiment: 051 105 1776 087 > 092 < 0.19 Particle Data Group
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Numerical Result

neutrinoless double beta decay

4setsareall SCLIGUHON: i 5 i T ™ | Y ‘ ~ 0.01leV
. . .
Inverted hierarchy. I 38+1346+141.4+1.314+7
IT 41+16 45+155.1+4.2 6+ 3

I11 401+16 4516 6.2 +5.0 84

IV 391+1649+15 57 9=x5

TABLE III: The absolute neutrino masses and the effective neutrino mass |m/,| (in meV ).

Decay mode Conf. I Conf. II Conf. III Conf. IV experiment:
Br(p~ s ete e”) 4(2)x10713 1.6(6) x 10713  2(1) x 10713  1.3(7) x 10713 < 10712
Br(t— —ete7e™) 1.9(9) x 10711 9(6) x 10714 1.5(1.5) x 1074 1.3(1.3) x 10718 <36x10°°
Br(r— = ptu—e) 1.0(5) x 10711 5(3) x 1071 1.0(9) x 10714 1.2(1.2) x 10~18 <3.7x10°°
Br(t— = etep™) 4(3) x 10713 3.0(2.8) x 10714 2.8(2.6) x 10713 3(2) x 10713 <2.7%x1078
Br(r— = ptp~p~) 7(6) x 10713 5.3(5.0) x 1074 7(6) x 10~13  1.1(6) x 10712 <3.2x1078
TABLE IV: Lepton flavor violating decays Particle DaciCictR

We-Fu Chang and John N. Ng,, Phys. Rev. D 71,053003 (2005)
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Phenomenology
FCNC suppressed
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Phenomenology

FCNC suppressed

ex: b — e

Original Zee Model

Y

M,
H

My,

Zee Model in 5D with kk modes

2
~ 104

4{ R[Sln ZUn/L}ue  (memyu/v?

" 47“*{ 1/x S Uy /rbue/ (1/R)?
{ L/R v UR/L},ue(m /U)/M2

~ 10—1

diag {m,, m,, m.} = Ul MU,
1

O — —

width of the split fermion
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Conclusions

eInstead of 2| complex parameters in Zee model, our model has | |
plus order | Yukawa couplings with random phases.

*In this model, the idea of split fermion transform the mass hierarchy
for leptons into the position-differences in the 5th dimension.

eSmallness of neutrino mass & FCNC suppressed: the wavefunction
overlap & BC for Higgs in Extra-Dim.

* Through roughly estimating, the ranges of the parameters cover the
experimental data of charge lepton masses, the three mixing angles in
PMNS matrix, and the differences of neutrino mass squares.

ewe found a inverted mass hierarchy solution for neutrinos.

*Predictions of nonzero 6,3, |m. | ~ 0.0leV
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End

Thank you for listening!
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Appendex

Split Fermions

SOIUtIOnS back ground field & (y) = i2,u2y
H 1/2 .
Wo (") = ( i;g((iﬂ)) ) 90(y) = fo(y) = (W%)Me‘“ v m, = 2u/n
B(y) = 2,u2y Gaussian packet in 5th D

Lip = /dyLE)D . Z'EVM%%L + Z i%/y'uau?ﬁn — mn%'@gn

n=1
Left zero mode, massless in 4D!

D(y) = —2u%y |dentify as SM Left-handed leptons

Lap = / dyLsp = iPorY"Outhor + ) Y0yl + mp il

n=1

Right zero mode, massless in 4D!

|dentify as SM Right-handed leptons
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