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The supersymmetric see-saw

In the R-Parity-Conserving (RPC) MSSM:

• R = (−1)3(B−L)+2S

• The LSP is stable

• Neutrinos are massless

To obtain neutrino masses consistent with RPC, one must

violate L by two units. The simplest model is the

supersymmetric extension of the seesaw.

One-generation model

W 3 εij

[
λĤi

UL̂jN̂ − µĤi
DĤj

U

]
+ 1

2MN̂N̂

Vsoft 3 m2
Lν̃∗ν̃+m2

eNÑ∗Ñ+
[
λAνH0

U ν̃Ñ∗ + MBNÑÑ + h.c.
]

After EWSB, 〈H0
i 〉 = vi/

√
2, with tan β ≡ vu/vd, one

obtains the usual seesaw result:

MN =

(
0 mD

mD M

)

where mD ≡ λvu. Thus, taking mD � M , mν ' m2
D/M .



The sneutrino masses are obtained by diagonalizing a 4 × 4

squared-mass matrix. Here, it is convenient to define:

ν̃ = (ν̃1 + iν̃2)/
√

2 and Ñ = (Ñ1 + iÑ2)/
√

2.

Then, the squared-sneutrino mass matrix (M2) separates

into CP-even and CP-odd blocks:

M2 = 1
2 (φ1 φ2 )

(M2
+ 0

0 M2
−

)(
φ1

φ2

)
,

where φi ≡ ( ν̃i Ñi ) and M2
± consist of the following

2 × 2 blocks:

(
m2

L̃
+1

2m
2
Z cos 2β+m2

D mD[Aν − µ cotβ ± M ]

mD[Aν − µ cotβ ± M ] M2+m2
D+m2

Ñ
± 2BNM

)
.

To first order in 1/M , the two light sneutrino eigenstates

are ν̃1 and ν̃2, with corresponding squared masses:

m2
ν̃1,2

= m2
L̃

+ 1
2m

2
Z cos 2β ∓ 1

2∆m2
ν̃ ,

where ∆m2
ν̃ ≡ m2

ν̃2
− m2

ν̃1
. Writing ∆m2

ν̃ = 2mν̃∆mν̃,

rν ≡ ∆mν̃

mν
' 2(Aν − µ cotβ − BN)

mν̃



Three-generation model

In the three-generation model, one can choose various

alternatives depending on the number of singlet superfields

N̂ . Suppose that there are ng SM generations.

• If there is only one N̂ superfield, then

MN =

(
0 (mD)j

(mD)i M

)
,

where (mD)i ≡ λivu [i labels generation], which yields
(at tree-level) ng − 1 massless neutrinos and one light

neutrino with mass mν =
∑

i[(mD)i]
2.

• If there are ng singlets N̂i, then

MN =

(
0 (mD)`k

(mD)ij Mik

)
,

where (mD)ij ≡ λijvu, which yields (at tree-level) ng

light neutrinos with nonzero mass. In this case, all light

neutrinos have mass, since det MN = (det mD)2 6= 0.

In all cases, if the unperturbed (M → ∞) sneutrino masses

are non-degenerate, then (∆mν̃)k 6= 0 for all k = 1, . . . , ng.



R Parity Violating Models

• In a general R-Parity-Violating (RPV) model, both L and

B are violated. The corresponding superpotential is

W = εij

[
−µαL̂i

αĤj
u + 1

2λαβmL̂i
αL̂j

βÊm + λ′
αnmL̂i

αQ̂j
nD̂m

−hnmĤi
uQ̂j

nÛm

]
+ (λB)pnmÛpD̂nD̂m ,

where α, β = 0, . . . , 3; m, n, p = 1, 2, 3 and L̂0 ≡ ĤD.

The RPC model is equivalent to introducing a Z2 matter

parity. To avoid fast proton decay in the RPV model, one

may introduce a Z3 triality, which conserves B. This is

the unique choice for a (generation independent) discrete

symmetry with no discrete gauge anomalies in a model

consisting only of the MSSM superfields. [Ibanez, Ross]

Matter discrete symmetries

symmetry Q̂n Ûn D̂n L̂n Ên ĤU ĤD

Z2 −1 −1 −1 −1 −1 +1 +1

Z3 ω ω−1 ω−1 +1 +1 +1 +1

Note: ω ≡ e iπ/3



The B-conserving RPV model

ĤD and L̂i are indistinguishable Y = −1 weak doublets

• Neutrinos mix with neutralinos =⇒ mν 6= 0

• Sneutrinos mix with Higgs bosons =⇒ ∆mν̃ 6= 0

∆mν̃: sneutrino–antisneutrino mass-splitting

Denote ĤD by L̂0 (L̂i → L̂α α = 0, 1, 2, 3)

(MSSM)R (MSSM)B

µĤDĤU µαL̂αĤU

h`
jkĤDL̂jÊk λαβkL̂αL̂βÊk

hD
jkĤDQ̂jD̂k λ′

αjkL̂αQ̂jD̂k

bHDHU bαL̃αHU

a`
jkHDL̃jẼk aαβkL̃αL̃βẼk

aD
jkHDQ̃jD̃k a′

αjkL̃αQ̃jD̃k

M2
DH†

DHD + (M2
L̃
)ijL̃

†
i L̃j (M2

L̃
)αβL̃†

αL̃β

vd vα

We define: v2
d =

∑
v2

α , µ2 =
∑

µ2
α , b2 =

∑
b2
α

and v2 ≡ v2
u + v2

d = (246 GeV)2 , tanβ = vu/vd



W = εij

ˆ
−µαL̂

i
αĤ

j
U + 1

2λαβmL̂
i
αL̂

j
βÊm + λ

′
αnmL̂

i
αQ̂

j
nD̂m

−hnmĤi
UQ̂j

nÛm

˜

Vsoft = (M
2
eQ)mn

eQi∗
m

eQi
n + (M

2
eU)mn

eU∗
m

eUn + (M
2
eD)mn

eD∗
m

eDn

+(M
2
eL)αβ

eLi∗
α

eLi
β + (M

2
eE)mn

eE∗
m

eEn + m
2
U |HU |

2

−(εijbαL̃i
αHj

U + h.c.) + εij[
1
2aαβm

eLi
α

eLj
β

eEm

+a
′
αnm

eLi
α

eQj
n

eDm − (aU)nmH
i
U

eQj
n

eUm + h.c.]

+1
2

h
M3 eg eg + M2

fW afW a
+ M1

eB eB + h.c.
i

VD = 1
8g

2
n“

|HU |
2 −

X

α

|eLα|
2 −

X

m

| eQm|2
”2

−2
X

α 6=β

|εij
eLi

α
eLj

β|
2

+4
X

α

|H
i∗
U

eLi
α|

2
− 2

X

m6=n

|εij
eQi

m
eQj

n|
2

+4
X

m

|Hi∗
U

eQi
m|2 − 4

X

αm

|εij
eLi

α
eQi

m|2
o

+1
8g

′2
h
|HU |

2
−

X

α

|eLα|
2
+ 2

X

m

| eEm|
2
+ 1

3

X

m

| eQm|
2

−4
3

X

m

|eUm|2 + 2
3

X

m

| eDm|2
i2

.



Neutrino masses: Tree level

In the {B̃, W̃ 3, h̃U , να} basis the 7× 7 mass matrix, M (n) is




M1 0 mZsWvu/v −mZsWvβ/v

0 M2 −mZcWvu/v mZcWvβ/v

mZsWvu/v −mZcWvu/v 0 µβ

−mZsWvα/v mZcWvα/v µα 0αβ




Two zero eigenvalues: two massless neutrinos

Five non-zero eigenvalues: four χ̃0 and one ν

det′M (n) = m2
Zµ2Mγ̃ cos2 β |v̂ × µ̂|2

sin2 ξ ≡ |v̂ × µ̂|2 ≡ 1 − (v̂ · µ̂)2 measures the alignment of

vα and µα

mν =
det′ M (n)

detM
(n)
0

=
m2

ZµMγ̃ cos2 β sin2 ξ

m2
ZMγ̃ sin 2β − M1M2µ

∼ mZ sin2 ξ

where Mγ̃ ≡ M1 cos2 θW + M2 sin2 θW .

At tree level, mν 6= 0 ⇐⇒ sin ξ 6= 0



Neutrino masses: Loop effects

Contributions at one loop:

• Lepton–slepton loops and down type quark–squark loops.

Proportional to trilinear lepton number violating

interactions

νm νm

`−n or dn

˜̀−
p or d̃p

• Sneutrino and neutralinos loops. Proportional to

sneutrino–antisneutrino mass splitting. Exist in any

model with lepton number violation

νm νm

ν̃n

χ̃0
j



Fermion–sfermion loops

The lepton-slepton loop contribution is:

(mν)
(`)
qm =

1

32π2

∑

`,p

λq`pλmp`m` sin 2φ` ln

(
M2

p1

M2
p2

)

∼ 1

16π2
λq`pλmp`

m2
`

M̃

since sin 2φ` ln(M2
p1/M

2
p2) ∝ m`.

The down-type quark-squark loops are similar

(mν)(q)qm ∼ 3

16π2
λ′

qdrλ
′
mrd

m2
q

M̃

The dominant loops are with τ leptons and b quarks.

General structure of the one-loop mass:

(mν)(f) ' (loop factor) × (RPV Yukawas) × λ2
f



Sneutrino–neutralinos loops

m(1)
ν =

g2∆mν̃

32π2 cos2 θW

∑

j

f(yj)|ZjZ|2 ∼ 10−3∆mν̃

where f(yj) =
√

yj [yj − 1 − ln(yj)] /(1 − yj)
2, ZjZ

projects out the Z̃ eigenstate from χ̃0
j , and yj ≡ M2

ν̃/M2
χ̃0

j

This contribution exists in any model. [Y. Grossman and

H.E. Haber] The general structure of the one-loop mass:

(mν)(ν̃) ' (loop factor) × (RPV parameters)

If the sizes of the RPV parameters that enter here are

roughly the same as the RPV Yukawas that contribute to

(mν)
(f), then we would expect (mν)

(ν̃) to be the dominant

one-loop contribution to the neutrino mass

(mν)(ν̃)

(mν)(f)
∼ 1

λ2
f

� 1

where λf is a down-type Higgs-fermion Yukawa coupling.



Sneutrino–antisneutrino

mass splittings

In L-violating RPV models, ∆L = 1 interactions (acting

twice) yield both ∆L = 2 neutrino masses and

sneutrino–antisneutrino mass splitting. The latter arises as

a consequence of a squared-mass term: m2
∆L=2ν̃ν̃ +h.c.

One expects

• Large (∼ mZ) ∆L = 0 SUSY breaking mass

• Small (∼ mν) ∆L = 2 “Majorana” mass

The sneutrino squared-mass matrix is schematically

(
m2

ν̃ m2
∆L=2

m2
∆L=2 m2

ν̃

)

This results in sneutrino–antisneutrino mixing and small

mass splitting of order ∆mν̃ ∼ mν.






































