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1Motivation

MajorananeutrinomassesrequireLviolation

StandardModelviolatesB+LthroughSU(2)Wsphaleroninteractionwhichisef-
fectiveathightemperatureT>MEW

LandB+LviolationintheearlyuniverseFukugita,Yanagida

1.Aprimordialleptonasymmetrycanturnintobaryonasymmetry:

L=
(B+L)
2−

(B−L)
2LEPTOGENESIS

Highscaleneutrinomassgeneration–Seesawmechanism

2.LandB+Lbothinthermalequilibrium:

erasesapre-existing
baryon/leptonasymmetry

CONSTRAINTSonLviolatingcouplings

Lowscaleneutrinomassgeneration–R-parityviolation
−→readilytestableinfuturecolliders
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Ourconclusionwillbe

•Theobservedatmosphericandsolarneutrinomassesandmixingcanbewell
accommodatedinthesupersymmetricstandardmodelwithbrokenR-parityeitherby
bilinearorbytrilinearterms.

9bilinearor5trilinearparameters

W=εiµLiH2+λi33LiL3E
c
3+λ

′
i33LiQ3D

c
3

Vsoft=m
2
LiH1LiH

†
1+εiµBiLiH2+h.c.

=⇒∆m
2
12=m

2
2−m

2
1≈7×10

−5
eV
2

(solar)
∆m

2
13=m

2
3−m

2
1≈3×10

−3
eV
2

(atmospheric)

θ12≈33
o

(solar),θ23≈45
o

(atmospheric),
θ13<12

o
(reactor)

•Itispossibletosuppresstheelectronnumberviolatingparameterssothatapre-
existingbaryon/leptonasymmetryisnoterasedinthebilinearmodelwithnon-universal
softterms,satisfyingλ

′
i33,εihb<10

−7
.
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•Inourscheme,theobservedbaryonasymmetrycanarisethroughtheAffleck-

DinemechanismwithaflatdirectionΦliftedbyW=
Φ
n+1

Mn
p

:

nB
s∼

TR
mΦ

Φ
2
0

H2∼
TR
mΦ

(

mΦ

Mp

)2
n+1

∼10
−10

(

TR
109GeV

)(

Mp

mΦ

)n−1

n+1

Primecandidateofflatdirection:Φ=L=H2,n=1

W=
LH2LH2
Mp

=
Φ
4

Mp

•Iftheelectroweakbaryogenesisisoperative,noneofourcurrentconsiderationis
relevant.
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2BaryogenesisconstraintsonR-parityviolation

Beforetheelectroweaksymmetrybreaking,B+Lviolatingsphaleroninteractionisin
thermalequilibrium,sosomeofB−Liviolatinginteractionsshouldbesuppressedin
ordernottowashoutthebaryonasymmetryoftheuniverse:

ΓB−Li<H=0.33√g
∗

T
2

MP
forT∼MEW

foranyi=e,µ,τ.

W=εiµLiH2+λi33LiL3E
c
3+λ

′
i33LiQ3D

c
3

Vsoft=m
2

LiH1LiH
†
1+εiµBiLiH2+h.c.

•Boundsontrilinearcouplingsfromthe1-2interactions;sfermions↔fermions

Γ12=
πλ

(′)2
i33

192ζ(3)

m̃
2

T
forT>m̃
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=⇒λ
′
i33,λi33<2×10

−7

(

m̃

300GeV

)

1/2

Effectively,λ
′
i333εihb

=⇒εi<1.2×10
−5
cβ

(

m̃

300GeV

)

1/2

•Boundsonbilinearparametersinducingtrilinearcouplingsthoughslepton–Higgsmix-
ing

Approximatediagonalizationoftheslepton–Higgssector:L̃i,H1andH
′
2≡

iτ2H
†
2

L̃i→L̃i−εi1H1−εi2H
′
2

H1→H1+εi1L̃i

H
′
2→H

′
2+εi2L̃i
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where

εi1=
(m

2
H2+µ

2
−m

2
Li)(εi∆m

2
i−m

2
LiH1)−εiµ

2
B∆Bi

(m2
H1+µ2−m2

Li)(m2
H2+µ2−m2

Li)−µ2B2

εi2=
(m

2
H1+µ

2
−m

2
Li)εiµ∆Bi−µB(εi∆m

2
i−m

2
LiH1)

(m2
H1+µ2−m2

Li)(m2
H2+µ2−m2

Li)−µ2B2

∆m
2

i≡m
2

H1−m
2

Liand∆Bi≡B−Bi

=⇒Leptonnumberviolatinginteractionsarisefromthemisalignmentbetweenthe
scalars,L̃iandH1,2,andfermions,LiandH̃1,2(i.e.,∆m

2

i−m
2

LiH1,∆Bi6=0)

Leff=hτεi1L̃iL3E
c
3+hbεi1L̃iQ3D

c
3+htεi2L̃

′
iQ3U

c
3

+
g
′
εi1
√
2
[H
†
1LiB̃+L̃

†
iH̃1B̃]+

g
′
εi2
√
2
L̃
†
iH̃

′
2B̃

+
gεi1
√
2
[H
†
1τ

a
Liλ

a
+L̃

†
iτ
a
H̃1λ

a
]+

gεi2
√
2
L̃
†
iτ
a
H̃
′
2λ

a
+h.c.
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=⇒εi1<3×10
−7
(

mχ0

300GeV

)

1/2

εi2<2×10
−7
sβ

(

mLi

300GeV

)

1/2

Toremember,

εi<1.2×10
−5
cβ

(

m̃

300GeV

)

1/2

λ
′
i33,λi33<2×10

−7

(

m̃

300GeV

)

1/2
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3NeutrinomassesandmixingfromR-parityviolation

TREEMASS:

νiH̃2H̃2νj
×⊗×
εiµεjµ

νiB̃/W̃3B̃/W̃3νj
×⊗×
〈ν̃i〉〈ν̃j〉

M
tree
ij=−

M
2
Z

FN
ξiξjc

2
β

whereFN=M1M2/(c
2

WM1+s
2

WM2)+(M
2

Z/µ)c2βand

ξi≡〈ν̃i〉
〈H0

1〉−εi=
(

m
2
LiH1+εi∆m

2
Li

)

+εiµ∆Bitanβ

m2
Li+

1
2M2

Zcos2β

*ξmeasuresnon-universalityinabasis-independentway.
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SneutrinoVEVs:

〈ν̃i〉
〈H0

1〉
=

(

m
2
LiH1+εiµ

2
)

+εiµBitanβ

m2
Li+

1
2M2

Zcos2β

LOOPMASS:

Sbottom–bottom/stau–tauloop

νiνj

λ
′
i33λ

′
j33

bb
c

b̃
c

b̃

νiνj

λi33λj33

ττ
c

τ̃
c

τ̃

M
loop
ij=3

λ
′
i33λ

′
j33

8π2
m
2
b(Ab+µtanβ)

m2
b̃1−m2

b̃2

ln
m
2
b̃1

m2
b̃2

+
λi33λj33
8π2

m
2
τ(Aτ+µtanβ)

m2
τ̃1−m2

τ̃2

ln
m
2
τ̃1

m2
τ̃2

.
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Neutralscalar–neutralinoloop:importantifξi∝/ηi

νiνj

gg

B̃/W̃3

ν̃iν̃j

H
0
1,2

M
loop
ij=−

g
2

32π2

∑

a

(tWN1a−N2a)
2
mχ̃0

a





∑

φ

1

2
θiφθjφB0(m

2
χ̃0
a,m

2
φ)

+
Zij

m2
ν̃i−m2

ν̃j

[B0(m
2
χ̃0
a,m

2
ν̃i)−B0(m

2
χ̃0
a,m

2
ν̃j)]

)

θih=+ξisα+ηisβm
2
A

m
2
ν̃icα−β−M

2
Zc2βcα+β

(m2
ν̃i−m2

h)(m2
ν̃i−m2

H)
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θiH=−ξicα+ηisβm
2
A

m
2
ν̃isα−β−M

2
Zc2βsα+β

(m2
ν̃i−m2

h)(m2
ν̃i−m2

H)

θiA=−iξisβ+iηisβ
m
2
A

m2
A−m2

ν̃i

Zij=ηiηjm
4
AM

2
Zc
2
βs
4
β

[

m
2
ν̃i

Fi
S

+
m
2
ν̃j

F
j
S

]

,

whereF
i
S≡(m

2
ν̃i−m

2
A)(m

2
ν̃i−m

2
h)(m

2
ν̃i−m

2
H)

c2α=c2β
(m

2
A−M

2
Z)

(m2
h−m2

H)
,s2α=s2β

(m
2
A+M

2
Z)

(m2
h−m2

H)

andηi≡〈ν̃i〉
〈H0

1〉−εi
Bi
B
=ξi−εi

∆Bi
B

*ηi:anothermeasureofnon-universality.
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Convenienttorewriteεi1,i2usingtheHiggs/sneutrinominimizationcondition

εi1=−ξi−ηi
m
2
As
2
β(m

2
ν̃i−M

2
Zc2β)

m2
ν̃i(m2

ν̃i−m2
A)−(m2

ν̃i−m2
As2

β)M2
Zc2β

εi2=
ηi
tβ

m
2
As
2
βm

2
ν̃i

m2
ν̃i(m2

ν̃i−m2
A)−(m2

ν̃i−m2
As2

β)M2
Zc2β
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Schemesaccountingfortheobservedneutrinomassesandmixing

•Trilinearcouplingswithuniversalsoftterms:

Leptonflavourviolationonlyfromλ
′
i33andλi33

Non-vanishingξiandηiinducedthroughRGE:ξi≈ηi∼c
′
iλ
′
i33+ciλi33

M
ν
ij≈C

′
λ
′
iλ
′
j+Cλiλj

Essentially,C
′
,C∼10

7
−10

9
eVC

′
>

3
8π2

m
2
b(Ab+µtβ)

m
2

b̃

∼10
7

eV.

ATM:λ
′
133¿λ

′
233≈λ

′
333≈10

−4
−10

−5
,tanθ23∼λ

′
233/λ

′
333

SOL:λ133≈λ233≈10
−4
−10

−5
,tanθ12∼λ133/λ233

=⇒Toolargetoavoidthebaryogenesisconstraints

•Bilinearswithnon-universalsoftterms:notrilinearcouplings

Option1:Smalldeviationfromuniversality
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ATMduetolargesbottom–bottomloopmass

M
loop
ij=

3h
2
b

8π2εiεj
m
2
b(Ab+µtanβ)

m2
b̃1−m2

b̃2

ln
m
2
b̃1

m2
b̃2

.

=⇒ε1¿ε2≈ε3≈8×10
−3
cosβ

(

m̃

300GeV

)

1/2(
m3

0.05eV

)

1/2

tanθ23∼ε2/ε3,tanθ13∼ε1/ε2

SOLduetotreemassrequiringverysmalldeviationofuniversality

M
tree
ij=−

M
2
Z

FN
ξiξjcos

2
β

=⇒ξ1∼ξ2∼3×10
−71

cosβ

(

FN
MZ

)

1/2(
m2

8meV

)

1/2
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tanθ12∼ξ1/ξ2
Expectξ1'η1(=ξi−εi∆Bi/B)andthus

ε11≈−ξ1
m
2
ν̃1−m

2
Ac
2
β

m2
ν̃1−m2

A

,ε12≈−
ξ1
tβ

m
2
As
2
β

m2
ν̃1−m2

A

Thebaryogenesisconstraintscanbesatisfiedif

1<tanβ<
m
2
A

m2
ν̃1
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Option2:Largedeviationofuniversality

ATMbytreemass

M
tree
ij=−

M
2
Z

FN
ξiξjcos

2
β

=⇒ξ1¿ξ2≈ξ3≈5.2×10
−71

cβ

(

FN
MZ

)

1/2(
m3

0.05eV

)

1/2

tanθ23∼ξ2/ξ3,tanθ13∼ξ1/ξ2
SOLbyneutralscalar–neutralinoloops

M
loop
ij≈

g
2

64π2mχ0θiφθjφB0(m
2
χ0,m

2
φ)

θih≈ηisβm
2
A

m
2
ν̃icα−β−M

2
Zc2βcα+β

(m2
ν̃i−m2

h)(m2
ν̃i−m2

H)
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θiH≈ηisβm
2
A

m
2
ν̃isα−β−M

2
Zc2βsα+β

(m2
ν̃i−m2

h)(m2
ν̃i−m2

H)

θiA≈iηisβ
m
2
A

m2
A−m2

ν̃i

=⇒θ1φ∼θ2φ∼6×10
−6

(

300GeV

mχ0

)

1/2
(

mφ

mχ0

)

(

m2

8meV

)

1/2

tanθ12∼η1/η2
Havingsmallξ1,possibletosuppressε11,12ifmh≈mν̃1

*mhisatree-levelmass.

(θih,θiH,θiA;εi1+ξi,εi2)

Case1tβ=3,mA=100GeV(mh=60GeV)
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(+77,+64,−9.1;−3.6,1)formν̃e=55GeV

(−22,−21,−6.5;−0.96,1)formν̃e=71GeV

Case2tβ=30,mA=100GeV(mh=90GeV)

(−113,+342,−77;−17,1)formν̃e=73GeV

(−66,−210,−49;+11,1)formν̃e=115GeV

Case3tβ=3,mA=300GeV(mh=72GeV)

(+29,+53,−8.4;−1.5,1)formν̃e=60GeV

(−10,−26,−5.5;+0.54,1)formν̃e=90GeV

Case4tβ=30,mA=300GeV(mh=91GeV)

(+18,+289,−74;−14,1)formν̃e=75GeV

(−6.9,−212,−49;+11,1)formν̃e=115GeV
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Collidertestoftheschemes

cleansame-signdileptonsignals:e
+
e
−
→χ

0
χ
0
→l

−
il
−
jW

+
W
+

LeptonflavourviolatingdecayoftheLSPmeasures
theneutrinomixingangles:

χ
0

l
±
i

W
∓

ξi

Γ(χ
0
→liW)∼

GFm
3
χ0

4π|ξi|
2
c
2
β

τχ0∼0.2cmformχ0=100GeV

B(eW):B(µW):B(τW)=|ξ1|
2
:|ξ2|

2
:|ξ3|

2

Bilinearmodel,OptionI:B(eW)∼B(µW)
Bilinearmodel,OptionII:B(eW)¿B(µW)≈B(τW)
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4Conclusion

•Lowenergymodelsforneutrinomassgenerationhaveadifficultyofwashing
outthebaryonasymmetryoftheuniverse.

•Reconciliationofsuchacosmologicalconsiderationwiththeobservedneu-
trinomassesandmixingcanbemadeinthesupersymmetricstandardmodel
withthebilinearR-parityviolationandnon-universalsoftmassesacceptingacer-
taindegreeoffine-tuning.

1.Smallviolationofuniversality:
ATMfromthesbottom–bottomloop
SOLfromthetree-level

1<tanβ<m
2
A/m

2
ν̃e

2.Largeviolationofuniversality:
ATMfromthetree-level
SOLfromthesneutrino/Higgsloops

m
2
ν̃e≈m

2
h

•Theelectronnumberviolationcanonlybesuppressed:smallθ13.

•TheAffleck-Dinemechanismisaviableoptionofbaryogenesisinourscheme.
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