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What we know about neutrinos

The best fit of neutrino mass and mixing parameters:

Quantity Value

∆m2
21(eV

2) (7.59± 0.21)× 10−5

(2.53+0.13
−0.08)× 10−3 (NH)

∆m2
31(eV

2) −(2.4+0.1
−0.07)× 10−3 (IH)

sin2 θ12 0.320+0.015
−0.017

0.49+0.08
−0.05

sin2 θ23 0.53+0.08
−0.07

0.026+0.003
−0.004

sin2 θ13 0.027+0.003
−0.004

Forero, Tórtola, Valle (2012)

The origin of neutrino mass, type of hierarchy, the CP-violating parameter,
and whether neutrinos are Dirac or Majorana are still unknown.



The origin of neutrino mass (seesaw mechanism)

Adding right-handed neutrino Nc which
transforms as singlet under SU(2)L,

L = fν (L ·H)Nc + 1
2
MRN

cNc

Integrating out the Nc, ∆L = 2 operator is
induced:

Leff = −f2
ν

2

(L ·H) (L ·H)

MR

Once H acquires VEV, neutrino mass is
induced:

mν ≃ f2
ν

v2

MR

For fνv ≃ 100 GeV, MR ≃ 1014 GeV.

L

H H

L

N Nc c

Minkowski (1977)
Yanagida (1979)
Gell-Mann, Ramond, Slansky (1980)
Mohapatra & Senjanovic (1980)



Radiative neutrino mass generation

An alternative to seesaw is radiative neutrino mass generation,
where neutrino mass is absent at tree level but arises at loop level.

The smallness of neutrino mass is explained by loop and chiral
suppressions.

New physics scale typically near TeV and thus accessible to LHC.

Further tests in observable LFV processes.



Zee model
Introducing a singly charged scalar and extra scalar doublet,

L = fijL
a
iL

b
jh

+ϵab + µHaΦbh−ϵab + h.c.

Zee (1980)

Neutrino mass arises at one-loop.

h

c

+ −H

e e

The minimal version of this model in which only one Higgs doublet
couples to fermions yields

mν =

 0 meµ meτ

meµ 0 mµτ

meτ mµτ 0

 , mij ≃ fij
16π2

(m2
i −m2

j )

Λ

It requires θ12 ≃ π/4 → ruled out by neutrino data.

Koide (2001)
Frampton et al. (2002)
He (2004)



∆L = 2 operators

O1 = LiLjHkHlϵikϵjl

O2 = LiLjLkecHlϵijϵkl

O3 = LiLjQkdcHlϵijϵkl, LiLjQkdcHlϵikϵjl}
O4 = {LiLjQ̄iūcHkϵjk, LiLjQ̄kūcHkϵij}
O5 = LiLjQkdcHlHmH̄iϵjlϵkm

O6 = LiLjQ̄kūcHlHkH̄iϵjl

O7 = LiQj ēcQ̄kH
kHlHmϵilϵjm

O8 = LiēcūcdcHjϵij

O9 = LiLjLkecLlecϵijϵkl

Babu & Leung (2001)

de Gouvea & Jenkins (2008)

Angel, Rodd, & Volkas (2012)



Operator O8

Operator O8 = LiHjd
cūcēcϵij induces neutrino mass at two–loop:

W

u

d

e e

d

uc

c

c

LL

L L

LL

<H>

mν ∼ mτmbmtv

(16π2)2Λ3

Scale of new physics near TeV.

This operator can be realized in model with scalar leptoquarks.

Babu & JJ (2010)



Two–loop neutrino mass model with leptoquarks

L ⊃ YijLi · Ωdcj + Fiju
c
ie

c
jχ

−1/3 + µΩ†Hχ−1/3 + h.c.

νL νLdc dL ucuL eLec dc dLνL uc ec νL νLνL dc ucuL ec

X−1/3
a X−1/3

aX−1/3
a

W H−H−

(Mν)ij = m̂0Yik(Dd)k(V
T )kl(Du)l(F

†)lj(Dℓ)jIjkl + transpose,

m̂0 =

(
3g2 sin 2θ

(16π2)2

)(
mtmbmτ

M2
1

)

Du = diag.

[
mu

mt
,
mc

mt
, 1

]
, Dd = diag.

[
md

mb
,
ms

mb
, 1

]
, Dℓ = diag.

[
me

mτ
,
mµ

mτ
, 1

]



Neutrino mass matrix

Mν ≃ m0

 0 1
2

mµ

mτ
xy 1

2
y

1
2

mµ

mτ
xy

mµ

mτ
xz 1

2
z + 1

2

mµ

mτ
x

1
2
y 1

2
z + 1

2

mµ

mτ
x 1 + w



x ≡
F ∗
23

F ∗
33

, y ≡
Y13

Y33
, z ≡

Y23

Y33
; w ≡

F ∗
32

F ∗
33

Y32

Y33

(
mc

mt

)(
ms

mb

)
Ijk2

Ijk3

m0 = 2 m̂0F
∗
33Y33Ijk3; (Mν)11 ≃ y

F ∗
13

F ∗
33

me

mτ
m0

This mass matrix has normal hierarchy structure.

The (1,1) entry is highly suppressed, i.e. ≪ 0.01 eV.

w may be significant for MLQ < 1 TeV.



Predictions for w ≪ 1

(sin
2
2θ13)exp = 0.092 ± 0.016 ± 0.005 (Daya Bay)

(sin
2
2θ13)exp = 0.113 ± 0.013 ± 0.019 (RENO)

For w ≪ 1,

Mν ≃ m0

 0 1
2

mµ
mτ

xy 1
2y

1
2

mµ
mτ

xy
mµ
mτ

xz 1
2 z + 1

2

mµ
mτ

x
1
2y

1
2 z + 1

2

mµ
mτ

x 1



This implies det Mν = 0. Together with (Mν)11 ≃ 0,

m1 ≃ 0, α ≃ 0, β ≃ 2δ + π

tan2 θ13 ≃

√
∆m2

21

∆m2
31

sin2 θ12

sin2 2θ13 ≃ 0.16



Predictions for w ≫ 1
For w ≫ 1,

w ≡
F ∗
32

F ∗
33

Y32

Y33

(
mc

mt

)(
ms

mb

)
Ijk2

Ijk3
≫ 1 → |F33Y33| ≪ |F32Y32|

This could generate (Mν)13 ≃ (Mν)11 ≃ 0.
Glashow, Frampton, & Marfatia (2002)

Xing (2002)
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The value of θ13 is consistent with current measurements (the blue lines
correspond to 2σ allowed value from Daya Bay).



Predictions for w ≫ 1

Requiring |F32Y32| ≤ 1 implies that LQ cannot be heavier than 1 TeV.
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The neutrino mass fit gives |Y13| ∼ |Y23| or |y| ∼ |z|.



Leptoquark branching ratios

The ratios of LQ decay widths:

Γ(ω2/3 → e+b) : Γ(ω2/3 → µ+b) = |y|2 : |z|2

Γ(X−1/3
a → µ−t) : Γ(X−1/3

a → τ−t) = |x|2 : 1

Since |y| ∼ |z|, ω−2/3 will decay equally to both electron and muon.

Since |F33| ≪ |F23|, |x| ≫ 1, X
−1/3
a will dominantly decay to muon.



Operator O9

Operator O9 = LαLβLδLγececϵαβϵδγ induces neutrino mass at two–loop:

L L

ec

eL

ec

eL

A realization of this operator is model with singly- and doubly-charged
scalars.



Two–loop neutrino mass model with singly- and
doubly-charged scalars

h k h

c c

+ +
−   −

e eee

L ⊃ fijL
α
i L

β
j h

+ϵαβ + hije
c
ie

c
jk

−− + µh+h+k−−

(Mν)ij ≃
16µ

(16π2)2m2
h

fikmℓkh
∗
klmℓlfljI

(
m2

k

m2
h

)

I(r) = −
∫ 1

0
dx

∫ 1−x

0
dy

1

x+ (r − 1)y + y2
ln

y(1− y)

x+ ry

Due to Fermi statistics, fij = −fji, whereas hij = hji.

Since det f = 0, the lightest neutrino is massless.

Zee (1985)

Babu (1988)



µ value

VS ⊃ 1
2
λ1

(
H†H

)2
+ 1

2
λ2

(
h+h−)2 + 1

2
λ3

(
k++k−−)2

k
++

k
++k

++

k
++

k
++

k
++

k
++

k
++

h
+

h
+

h
+

h
+

h
+ h

+
h
+

λ
1−loop
2 = −

µ4

π2(m2
k − m2

h)
2

[
−2 +

m2
k + m2

h

m2
k − m2

h

ln
m2

k

m2
h

]

+
λ2µ

2

4π2(m2
k − m2

h)

[
−1 +

m2
k

m2
k − m2

h

ln
m2

k

m2
h

]

+
λ6µ

2

8π2(m2
k − m2

h)

[
1 −

m2
h

m2
k − m2

h

ln
m2

k

m2
h

]

λ
1−loop
3 =

λ6µ
2

16π2m2
h

−
µ4

6π2m4
h

The coupling µ is restricted by perturbativity and vacuum stability.



µ value
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Neutrino mass matrix

Mν = ζ



ϵ2ωττ + 2ϵϵ′ωµτ ϵωττ + ϵ′ωµτ −ϵωµτ − ϵ′ωµµ

+ϵ′2ωµµ −ϵϵ′ωeτ − ϵ′2ωeµ −ϵ2ωeτ − ϵϵ′ωeµ

ϵωττ + ϵ′ωµτ ωττ − 2ϵ′ωeτ −ωµτ − ϵωeτ

−ϵϵ′ωeτ − ϵ′2ωeµ +ϵ′2ωee +ϵ′ωeµ + ϵϵ′ωee

−ϵωµτ − ϵ′ωµµ −ωµτ − ϵωeτ ωµµ + 2ϵωeµ

−ϵ2ωeτ − ϵϵ′ωeµ +ϵ′ωeµ + ϵϵ′ωee +ϵ2ωee


,

ζ ≡
16µ

(16π2)2

f2
µτ

m2
h

I

(
m2

k

m2
h

)
; ωij ≡ mℓih

∗
ijmℓj ; ϵ ≡ feτ/fµτ ; ϵ′ ≡ feµ/fµτ .

Since f · (1,−ϵ, ϵ′)T = 0, then Mν · (1,−ϵ, ϵ′)T = 0. This leads to

ϵ =
(Mν)12(Mν)33 − (Mν)13(Mν)23

(Mν)22(Mν)33 − (Mν)223
; ϵ′ =

(Mν)12(Mν)23 − (Mν)13(Mν)22

(Mν)22(Mν)33 − (Mν)223

Babu & Macesanu (2002)



ϵ and ϵ′

Normal hierarchy

feτ

fµτ
= tan θ12

cos θ23

cos θ13
+ tan θ13 sin θ23e

−iδ

feµ

fµτ
= tan θ12

sin θ23

cos θ13
− tan θ13 cos θ23e

−iδ

Inverted hierarchy

feτ

fµτ
= − sin θ23 cot θ13e

−iδ

feµ

fµτ
= cos θ23 cot θ13e

−iδ



Lepton flavor violation

ℓi → ℓjγ

ℓi ℓj

γ

ℓ−i → ℓ+j ℓ−k ℓ−l

ℓi

ℓj

ℓl

ℓk
k



Neutrino mass matrix (simplified)
Ignoring terms proportional to electron mass yields

Mν ≃ ζ

 ϵ2ωττ + 2ϵϵ′ωµτ + ϵ′2ωµµ ϵωττ + ϵ′ωµτ −ϵωµτ − ϵ′ωµµ

ϵωττ + ϵ′ωµτ ωττ −ωµτ

−ϵωµτ − ϵ′ωµµ −ωµτ ωµµ


hττ = hµµ

m2
µ

m2
τ

(Mν)22

(Mν)33
; hµτ = −hµµ

mµ

mτ

(Mν)23

(Mν)33

From ζωµµ = (Mν)33,

f2
µτ = 16π4

[
µ

mh

mk

mh
I

(
m2

k

m2
h

)]−1
(Mν)33

m2
µ

(
h∗
µµ

mk

)−1

The smallest fµτ will be obtained when [(µ/mh)(mk/mh)I]
−1 and

(hµµ/mk)
−1 are minimum.

The smallest mh can be determined with the help of BR(µ → eγ):

fµτ

mh
<

3.5√
|ϵ|

× 10−5 GeV−1



hµµ/mk is bounded by τ− → µ+µ−µ− and τ− → e+µ−µ− processes:

|hµµhµτ |
m2

k

< 8.1× 10−9 GeV−2;
|hµµheτ |

m2
k

< 7.3× 10−9 GeV−2

heτ does not appear in neutrino mass matrix, while hµτ is fixed by neutrino
mass.

In the most relaxed situation, the upper bound of |hµµ|/mk is obtained from
τ− → µ+µ−µ−.

mh > (3760 GeV)

[
µ

mh

mk

mh

I

(
m2

k

m2
h

)]−1/2 [
|ϵ|2

∣∣∣∣ (Mν)23

eV

∣∣∣∣ ∣∣∣∣ (Mν)33

eV

∣∣∣∣ (GeV

mµ

)3 (GeV

mτ

)]1/4

0.001 0.01 0.1 1 10 100 1000

1

10

100

mk �mh

@H
Μ
�m

h
LH

m
k
�m

h
LI
Hm

k2
�m

h2
LD
-

1 By imposing the perturbativity bound on
µ, [(µ/mh)(mk/mh)I(m

2
k/m

2
h)]

−1/2 will
be minimum when mk ≃ 4.1mh.

mh > 583 GeV in NH.

mh > 875 GeV in IH.

LEP limit: ∼ 100 GeV.



k±± mass

q

q

γ, Z
k++

k−−

ℓ+i

ℓ+j

ℓ−m

ℓ−n

ATLAS and CMS limits: mk > 400 GeV, assuming 100% decay into muons.



Decay rates
The branching ratios of h → ℓν depend on ϵ and ϵ′:

BR(h → eν) : BR(h → µν) : BR(h → τν) = |ϵ|2 + |ϵ′|2 : 1 + |ϵ′|2 : 1 + |ϵ|2

In normal hierarchy, |ϵ| and |ϵ′| are δ-dependent:

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0  0.5  1  1.5  2

B
R

(h
- →

ℓ
- ν)

δ/π

BR(h- → e-ν)
BR(h- → µ-ν)
BR(h- → τ-ν)

In IH hierarchy, |ϵ| and |ϵ′| are δ-independent:

BR(h− → e−ν) ≃ 0.49; BR(h− → µ−ν) ≃ 0.26; BR(h− → τ−ν) ≃ 0.26.

Measuring these ratios can probe the neutrino mass hierarchy.

Aristizabal-Sierra & Hirsch (2006)



Boundedness of scalar potential

With 125 GeV Higgs mass, the Higgs self-quartic coupling will turn negative
around 1010 GeV.

In this model,

VS =
1

2
xT · λ · x; λ =

 λ1 λ4 λ5

λ4 λ2 λ6

λ5 λ6 λ3

 ; xT ≡
(
|H|2, |h|2, |k|2

)

The boundedness will be obeyed if matrix λ is co-positive, i.e.:

(1) λii ≥ 0,

(2) λ4 ≥ −
√

λ1λ2; λ5 ≥ −
√

λ1λ3; λ6 ≥ −
√

λ2λ3,

(3) λ4

√
λ3 + λ6

√
λ1 + λ5

√
λ2 +

√
λ1λ2λ3 ≥ 0 or det λ ≥ 0.

Hadeler (1983)
Klimenko (1985)



Boundedness of scalar potential
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Conclusions

Radiative neutrino mass generation is a natural alternative to seesaw
mechanism.

New particles are predicted to be at TeV scale.

The phenomenology of new particles can be correlated to the
neutrino mass hierarchy.

It may provide solution to vacuum stability problem.

Thank you
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