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Majorana neutrino decay

5D metric 

Introduction Leptogenesis [Fukugita,Yanagida 86]

Lepton asymmetry
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5D metric 

Alternative scenario:

M2,1 = M ± δmApproximately degenerate 
Majorana masses

Values: δeff ∼ 0.1

How can this be achieved?

δm ! M
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−7 δm/M ∼ 10

−9
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1

3
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−10

ε !
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32π
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[                  in Pilaftsis 99; 
Pilaftsis, Underwood 03]

Γ ∼ ∆M



5D metric : 

5D metric 

Explain hierarchiesWarped Extra Dimension

ds2
= e−2kydx2

+ dy2

UV IR

πR0 y

ΛUV e
−ky “Slice of AdS ’’5

k=AdS curvature scale

[Randall,Sundrum 99]



ψ(0)
∼ e( 1

2
−c)ky

c = bulk mass parameter
APPENDIX B: FERMION MASSES

fms

A bulk fermion in a slice of AdS5 is described by a four-component Dirac spinor Ψ(xµ, z)

whose action reads [20, 26]

SΨ =

∫
d4xdz

√
−g

(
Ψ̄eM

A γADMΨ + MΨΨ̄Ψ
)
, (B1)

where eA
M is the fünfbein, and the covariant derivative DM = ∂M + ωM , with ωM the spin

connection. The bulk mass must be odd and is given by MΨ ≡ cksgn(z) where c is a

dimensionless parameter.

Performing the following KK decompositions ψL,R(xµ, z) =
∑∞

n=0 ψn
L,R(xµ)f̃n

L,R(z). For

ε = 0, the zero mode solution with m = 0 is given by

fL,R =
1

NL,R
(kz)

1
2∓cL,R , (B2) fermprofile

where the normalization constants are:

N2
L,R =

e2(1/2∓cL,R)πkR − 1

k(1/2∓ cL,R)
. (B3) eq:NLR

Again the wavefunction (B2) is written with respect to a flat metric (fL,R = e
1
2 cL,Rkyf̃L,R)

to make the localization properties manifest. We conclude that a left-handed fermion zero

mode is UV-localized for cL > 1/2 and IR-localized for cL < 1/2, while a right-handed one

is UV-localized for cR < −1/2 and IR-localized for cR > −1/2. Note that the corresponding

chiral partner of the zero mode fR,L = 0 since the Z2 symmetry requires these fields to

vanish.

One can also check that in the deformed AdS5 background the fermions do not receive a

mass. Again expanding the wavefunction and mass parameter to first order in ε:

fL,R = f (0)
L,R + εf (1)

L,R +O(ε2), (B4)

m = m(0) + εm(1) +O(ε2). (B5)

Choosing f (0)
L to be even and f (0)

R to be odd one finds that to first order in ε

fL,R = f (0)
L,R +

ε

(kz1)4

[
1 + (1± cL,R/8)(kz)4

]
f (0)

L,R +O(ε2), (B6)

fR,L = 0 +O(ε2), (B7)

m = 0 +O(ε2), (B8)

24

[Grossman, Neubert 99;   TG 03]

{
c ksgn(z)

Neutrino mass hierarchy

X

UV IR

Aµ

NνL

H



Embed 4D fermions into 5D:
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4D:

5D: ΨL(x, y) ΨR(x, y)

ν+L ν
−L N+R N

−R

} Degenerate 
Kaluza-Klein 

(Dirac) masses

ψν(x) =

(

ν+L

N+R
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Neutrino mass spectrum
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0,±D1,±D2, . . .

Kaluza-Klein Dirac mass: 

{
TeV

Becomes massive Dirac neutrino after EWSB
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5D Yukawa interaction

4D Yukawa 
couplings:

dimensionless 
parameter O(1)

Yν ! (Y 5D
ν

√
k)

√

(cL − 1
2 )( 1

2 − cR)(b − 1)

(b − cL − cR)
e
( 1

2
−cL)πkR

{
[For b > 1, cL > 1/2, cR < 1/2, b > cL + cR]

H(0)(y) ∼ ebky

1.3 ≤ cL ≤ 1.6For obtain

b=Higgs bulk 
mass parameter

∫
d4x dy

√

−g Y 5D
ν Ψ̄L(x, y)ΨR(x, y)H(x, y)

10
−5

eV ≤ mν ≤ 0.25 eV



[TG 03]Add lepton number violation

Boundary 
Majorana mass

X

UV IR

X

νL

Aµ

N

HmM (NN + h.c.)

Introduces tiny mass splitting in Dirac states

(mM = dMk)



Neutrino mass spectrum with UV Majorana mass:

Kaluza-Klein mass: 
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Anm =
dM

2πR
f

(m)
N+ (0)f (n)

N+(0)

m0 ∼

dM

2
(1 − 2cR)ke

−(1−2cR)πkR

Neutrinos are still predominantly Dirac

Obtain

with

δmn

Dn

∼ dMe
−2(cR+1)πkR

Tiny mass splitting in Kaluza-Klein states!

(cR ≤ −1/2)

(cR ≤ −1/2)



Model predictions
Inputs πkR = 34.5 ke

−πkR
∼ TeV

dM ∼ 0.1 Y
5D

ν

√

k ∼ 0.1

Bulk masses: (cN , cL, ceR, b) = (−0.8, 1.75, 1.2, 1.39)

Output YB ∼ 10
−10

λe ∼ 10
−6

λνe
∼ 10

−19

Baryon asymmetry

electron Yukawa coupling

electron neutrino Yukawa coupling

massive Kaluza-Klein coupling

mνe
∼ 10

−8
eV

Kaluza-Klein mass splitting

λ1,2 ∼ 10
−7

δm

M1,2

∼ 10
−9

(∆mM ∼ 10−11 eV)



Sakharov conditions

L violation UV Majorana mass term

CP violation have different phasesλ
(1)
1 , λ

(1)
2

Out of equilibrium decay

Γ ≤ H λ1,2 ≤

√

8π
√

g∗
M2,1

MP

# 3 × 10
−7

λ1,2 ≥ 10
−8

TD ≥ 10
2
GeVfor

[Pilaftsis 99]



AdS/CFT correspondence

AdS/CFT dictionary

5D AdS Large N, strongly 
coupled 4D CFT

UV

IR

4D energy scale

UV IR

y

5th coordinate

Type IIB string theory 
on AdS5 x S5

N =4 SYM in 4D
DUAL

E

4D Dual Interpretation:
[Maldacena, 97 ;Gubser, Klebanov, Polyakov, 98;  Witten 98]

 [Arkani-Hamed, Randall, Porrati 00;  Rattazzi, Zaffaroni 00]



UV localized 
field

UV(IR) 
localized field

CFT bound state

Kaluza-Klein tower
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Bulk masses

Source of CFT operator O Boundary value of bulk field

dimension of O 

elementary “source” state

IR localized 
field

e.g Φ(x, z)
∣

∣

∣
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= φ(x) L = φ(x)O

e.g. m
2

Φ
e.g. dimO = 2 +

√
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Φ
/k2
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Warped leptogenesis

X

compositeelementary

UV IR

NνL

L violation X H

Elementary sector: 
Lepton number 

violated

CFT sector: 
Preserves global 
lepton number

L violation by 
irrelevant operators

RH Neutrino: 
Large anomalous 

dimensions

AdS/CFT:
[Ψ] =

3

2
+ γΨ ↔ ckΨ̄Ψ



Conclusion

• Neutrino Dirac mass hierarchy is natural in a 
warped extra dimension

• Lepton number violation leads to tiny mass 
splittings

• Leptogenesis can occur at the TeV scale!


