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Introduction
Problems of the Standard Model:
• the origin of the tiny neutrino masses

Previously proposed solutions:
• Seesaw mechanism introducing the heavy right-handed neutrinos

• Small R-parity (lepton number) violating terms in supersymmetric (SUSY) theory
NOT introducing the right-handed neutrinos

R-parity:
R-parity violating term:

Rp = (�1)2S+3B+L
<latexit sha1_base64="BQmCGkZevpt6HBwJVWyfpopzVyc="></latexit><latexit sha1_base64="BQmCGkZevpt6HBwJVWyfpopzVyc="></latexit><latexit sha1_base64="BQmCGkZevpt6HBwJVWyfpopzVyc="></latexit><latexit sha1_base64="BQmCGkZevpt6HBwJVWyfpopzVyc="></latexit>

S : spin

B : baryon number

L : lepton number
<latexit sha1_base64="AhqPvGtolw0PkxZ2DvG6RYXOK6k="></latexit><latexit sha1_base64="AhqPvGtolw0PkxZ2DvG6RYXOK6k="></latexit><latexit sha1_base64="AhqPvGtolw0PkxZ2DvG6RYXOK6k="></latexit><latexit sha1_base64="AhqPvGtolw0PkxZ2DvG6RYXOK6k="></latexit>

L � µi⌫iH̃u + c.c
<latexit sha1_base64="ZIRvd4lhA/ZDxw6lBnPifLJiPHQ="></latexit><latexit sha1_base64="ZIRvd4lhA/ZDxw6lBnPifLJiPHQ="></latexit><latexit sha1_base64="ZIRvd4lhA/ZDxw6lBnPifLJiPHQ="></latexit><latexit sha1_base64="ZIRvd4lhA/ZDxw6lBnPifLJiPHQ="></latexit>

Requirement: explanation of the smallness of R-parity violation.

Neutrino mass terms
We focus on this
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Introduction
The SUSY DFSZ axion model achieves the small R-parity violation.

R-parity violating term:

Symmetry breaking :

The magnitude of R-parity violation: controlled and suppressed for

In addition the SUSY DFSZ axion model
• solves strong CP problem

• includes an axion dark matter

L � yi
S
3
1

M
2
P

⌫iH̃u + c.c
<latexit sha1_base64="ZFyqoOtMpmgeN4NQbvwJ+0COdOY="></latexit><latexit sha1_base64="ZFyqoOtMpmgeN4NQbvwJ+0COdOY="></latexit><latexit sha1_base64="ZFyqoOtMpmgeN4NQbvwJ+0COdOY="></latexit><latexit sha1_base64="ZFyqoOtMpmgeN4NQbvwJ+0COdOY="></latexit>

(S1 : PQ field)
<latexit sha1_base64="PPn4wiqzHI0aNUEzZkYrYFy3SIc="></latexit><latexit sha1_base64="PPn4wiqzHI0aNUEzZkYrYFy3SIc="></latexit><latexit sha1_base64="PPn4wiqzHI0aNUEzZkYrYFy3SIc="></latexit><latexit sha1_base64="PPn4wiqzHI0aNUEzZkYrYFy3SIc="></latexit>

Planck mass

L � yi
hS1i3

M
2
P

⌫iH̃u + c.c
<latexit sha1_base64="xpS6kPC0gIBPo4dzO/RjTmqpT0k="></latexit><latexit sha1_base64="xpS6kPC0gIBPo4dzO/RjTmqpT0k="></latexit><latexit sha1_base64="xpS6kPC0gIBPo4dzO/RjTmqpT0k="></latexit><latexit sha1_base64="xpS6kPC0gIBPo4dzO/RjTmqpT0k="></latexit>

hS1i ⌧ MP
<latexit sha1_base64="gOfVMeCFOfImC6JUfVuYaOx8ZnY="></latexit><latexit sha1_base64="gOfVMeCFOfImC6JUfVuYaOx8ZnY="></latexit><latexit sha1_base64="gOfVMeCFOfImC6JUfVuYaOx8ZnY="></latexit><latexit sha1_base64="gOfVMeCFOfImC6JUfVuYaOx8ZnY="></latexit>

The effective coupling

The SUSY DFSZ axion model 
can solve several problems.

S1 ⌫i H̃u

U(1)PQ 1 �2 �1
<latexit sha1_base64="UJpRAW7ia/bjqi70uILRQJeLKek="></latexit><latexit sha1_base64="UJpRAW7ia/bjqi70uILRQJeLKek="></latexit><latexit sha1_base64="UJpRAW7ia/bjqi70uILRQJeLKek="></latexit><latexit sha1_base64="UJpRAW7ia/bjqi70uILRQJeLKek="></latexit>
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U(1)PQ
<latexit sha1_base64="38sS/JbUgIG031Ka2e+drCaaNeI="></latexit>



How about the baryon asymmetry
in the SUSY DFSZ model?

Previously proposed solutions:
• Thermal leptogenesis
induced by the decay of heavy right-handed neutrinos.

• Affleck-Dine(AD) mechanism
induced by the decay of scalar field in supersymmetric theory. 

Can the SUSY DFSZ axion model explain the baryon asymmetry 
via the AD mechanism without the right-handed neutrinos?

nB

s
' 10�10

<latexit sha1_base64="BihZ1fPC1lSn1Y681G/lkjnMNmk="></latexit><latexit sha1_base64="BihZ1fPC1lSn1Y681G/lkjnMNmk="></latexit><latexit sha1_base64="BihZ1fPC1lSn1Y681G/lkjnMNmk="></latexit><latexit sha1_base64="1tqRKu4qqxHI8AQAeehg2wQidig="></latexit><latexit sha1_base64="twhZ8w2LZn/QnnO5AZBftvjWEPk="></latexit><latexit sha1_base64="twhZ8w2LZn/QnnO5AZBftvjWEPk="></latexit><latexit sha1_base64="vzntg8RO8Fz0TqHnua6tuH+/orY="></latexit><latexit sha1_base64="BihZ1fPC1lSn1Y681G/lkjnMNmk="></latexit><latexit sha1_base64="BihZ1fPC1lSn1Y681G/lkjnMNmk="></latexit><latexit sha1_base64="BihZ1fPC1lSn1Y681G/lkjnMNmk="></latexit><latexit sha1_base64="BihZ1fPC1lSn1Y681G/lkjnMNmk="></latexit><latexit sha1_base64="BihZ1fPC1lSn1Y681G/lkjnMNmk="></latexit><latexit sha1_base64="BihZ1fPC1lSn1Y681G/lkjnMNmk="></latexit>

Our universe is baryon asymmetric
to explain BBN and CMB observation
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Our SUSY DFSZ axion model
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Our model
We introduce                     symmetry and the superpotential: 

Let us consider the constraint of R-parity violating term

and baryon charges 

(S0, S1, S2 : PQ fields)
<latexit sha1_base64="0qShxBUDxP5RyPCYcAIL337ZLXQ="></latexit><latexit sha1_base64="0qShxBUDxP5RyPCYcAIL337ZLXQ="></latexit><latexit sha1_base64="0qShxBUDxP5RyPCYcAIL337ZLXQ="></latexit><latexit sha1_base64="0qShxBUDxP5RyPCYcAIL337ZLXQ="></latexit>

U(1)PQ
<latexit sha1_base64="8l7Ve5ChDjruAe3pz4qvw4iKnpE="></latexit><latexit sha1_base64="8l7Ve5ChDjruAe3pz4qvw4iKnpE="></latexit><latexit sha1_base64="8l7Ve5ChDjruAe3pz4qvw4iKnpE="></latexit><latexit sha1_base64="8l7Ve5ChDjruAe3pz4qvw4iKnpE="></latexit>

WMSSM = yuuQHu � yddQHd � yeeLHd +
y0S

2
1

MP
HuHd

<latexit sha1_base64="1XRqpB3pK6bR3qM5bwp6HmJuLdw="></latexit><latexit sha1_base64="1XRqpB3pK6bR3qM5bwp6HmJuLdw="></latexit><latexit sha1_base64="1XRqpB3pK6bR3qM5bwp6HmJuLdw="></latexit><latexit sha1_base64="1XRqpB3pK6bR3qM5bwp6HmJuLdw="></latexit>
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S0 S1 S2 Hu Hd ui di Qi ei Li

PQ 0 1 �1 �1 �1 �1 �1 2 3 �2
B 0 0 0 0 0 �1/3 �1/3 1/3 0 0

<latexit sha1_base64="SLomzRVypddHr4NYGHeo0xTtZvM="></latexit>



Constraint of R-parity violating couplings

Unobservation of the proton decay:

�For                                                                                   dimensionless parameters =1, 

SUSY DFSZ axion model avoid the constraints.
Our model can explain the proton decay in Hyper-Kamiokande. 

µ0
i = 2⇥ 10�1 GeV, �ijk = 2⇥ 10�7, �0

ijk = 2⇥ 10�7, �00
ijk = 7⇥ 10�20

<latexit sha1_base64="RQlJ8ighmOG6xl7kJjjyyCLvojk="></latexit><latexit sha1_base64="RQlJ8ighmOG6xl7kJjjyyCLvojk="></latexit><latexit sha1_base64="RQlJ8ighmOG6xl7kJjjyyCLvojk="></latexit><latexit sha1_base64="RQlJ8ighmOG6xl7kJjjyyCLvojk="></latexit>

7/15

After                  symmetry breaking,                                                                                    

MP = 2.4⇥ 1018 GeV, hS1i = 1012 GeV,
<latexit sha1_base64="+z/fkeYqwDt1oo7hi8iE0ovq0t8="></latexit>

down-type squark mass



Affleck-Dine baryogenesis
Affleck, Dine, Nucl. Phys. B249, 361 (1985)
Dine, Randall, Thomas , Nucl. Phys. B291, 458 (1996)  
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• In SUSY theory, scalar fields(squark, slepton) have baryon/lepton charge.

• Scalar potential include flat directions                               
at renormalizable level and supersymmetric limit.

• B number density:

• B violating operator:
Conventional case:

This case: W =
Sm
1 �n

Mn+m�3
P

(n,m 2 N)
<latexit sha1_base64="kh1VZLaVld5Ti+7S7Ot0B4DE/EU="></latexit><latexit sha1_base64="kh1VZLaVld5Ti+7S7Ot0B4DE/EU="></latexit><latexit sha1_base64="kh1VZLaVld5Ti+7S7Ot0B4DE/EU="></latexit><latexit sha1_base64="kh1VZLaVld5Ti+7S7Ot0B4DE/EU="></latexit>

Affleck-Dine(AD) baryogenesis

� (AD field)
<latexit sha1_base64="kFDyK9fKUPhfCNpnMaIqVmMnIdw="></latexit><latexit sha1_base64="kFDyK9fKUPhfCNpnMaIqVmMnIdw="></latexit><latexit sha1_base64="kFDyK9fKUPhfCNpnMaIqVmMnIdw="></latexit><latexit sha1_base64="kFDyK9fKUPhfCNpnMaIqVmMnIdw="></latexit>

(� = |�|ei✓)
<latexit sha1_base64="3K0mtGTh1F+pUtKN89TdiWv4b44="></latexit><latexit sha1_base64="3K0mtGTh1F+pUtKN89TdiWv4b44="></latexit><latexit sha1_base64="3K0mtGTh1F+pUtKN89TdiWv4b44="></latexit><latexit sha1_base64="3K0mtGTh1F+pUtKN89TdiWv4b44="></latexit>

Dynamics of AD field
via B violating operator Generate B number

W =
�n

Mn�3
(n � 4)

<latexit sha1_base64="ul2ZshGriaePelJ1eyqNCFHShaU="></latexit><latexit sha1_base64="ul2ZshGriaePelJ1eyqNCFHShaU="></latexit><latexit sha1_base64="ul2ZshGriaePelJ1eyqNCFHShaU="></latexit><latexit sha1_base64="ul2ZshGriaePelJ1eyqNCFHShaU="></latexit>

9/15

Flat direction

nB / i(�̇⇤�� �⇤�̇) = 2|�|2✓̇
<latexit sha1_base64="pc+CYX6fgTofmXJIUd2H00fEHE8="></latexit>
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<latexit sha1_base64="lmaSHFyWByHfbQ1f0a7+qDXz81w="></latexit>

• B violating operator:

• The scalar potential for             :

Set-up

Let us investigate the potential and dynamics of  

Phase dependent (B,CP-violating) terms 

c�, c1 > 0
<latexit sha1_base64="M5H3IKsf94Y7s9fXxCIrcYFp1OY="></latexit><latexit sha1_base64="M5H3IKsf94Y7s9fXxCIrcYFp1OY="></latexit><latexit sha1_base64="M5H3IKsf94Y7s9fXxCIrcYFp1OY="></latexit><latexit sha1_base64="M5H3IKsf94Y7s9fXxCIrcYFp1OY="></latexit>

�, S1
<latexit sha1_base64="B8zf1NWcdwA+ZxwQf+6igzlGFHY="></latexit><latexit sha1_base64="B8zf1NWcdwA+ZxwQf+6igzlGFHY="></latexit><latexit sha1_base64="B8zf1NWcdwA+ZxwQf+6igzlGFHY="></latexit><latexit sha1_base64="1tqRKu4qqxHI8AQAeehg2wQidig="></latexit><latexit sha1_base64="NLUS6Dmy7BAp3OJHlgHSxdCnsGM="></latexit><latexit sha1_base64="NLUS6Dmy7BAp3OJHlgHSxdCnsGM="></latexit><latexit sha1_base64="R0kY49Qv47gENiGvMzdJauEgsrA="></latexit><latexit sha1_base64="B8zf1NWcdwA+ZxwQf+6igzlGFHY="></latexit><latexit sha1_base64="B8zf1NWcdwA+ZxwQf+6igzlGFHY="></latexit><latexit sha1_base64="B8zf1NWcdwA+ZxwQf+6igzlGFHY="></latexit><latexit sha1_base64="B8zf1NWcdwA+ZxwQf+6igzlGFHY="></latexit><latexit sha1_base64="B8zf1NWcdwA+ZxwQf+6igzlGFHY="></latexit><latexit sha1_base64="B8zf1NWcdwA+ZxwQf+6igzlGFHY="></latexit>
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(m� ' mS1 ' m3/2)
<latexit sha1_base64="KwWZiTfI/d0+C4lZRLkj26EzAY4="></latexit><latexit sha1_base64="KwWZiTfI/d0+C4lZRLkj26EzAY4="></latexit><latexit sha1_base64="KwWZiTfI/d0+C4lZRLkj26EzAY4="></latexit><latexit sha1_base64="KwWZiTfI/d0+C4lZRLkj26EzAY4="></latexit>

WAD = �
S3
1udd

3M3
P

= �
S3
1�

3

3M3
P

<latexit sha1_base64="sNkUQ+PHIWyqaMXEgX9p+p3J7Q4="></latexit>

u =
1p
3
�, d =

1p
3
�

<latexit sha1_base64="ZI0hhktQfN4dQqtKG+RISRXpdtQ="></latexit>

S1 u d
U(1)PQ 1 �1 �1

<latexit sha1_base64="UoEnDsBbP+mnhM7l50P137fPlw4="></latexit>

�, S1
<latexit sha1_base64="/p8RoNiBD5PuCeslIF7HGqmVoS4="></latexit>



nB / |�|2✓̇ = 0
<latexit sha1_base64="c5YZw5anvZko22zZB1l5bFOR8CQ="></latexit>
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+ h.c.+ ...

<latexit sha1_base64="lmaSHFyWByHfbQ1f0a7+qDXz81w="></latexit>

A minimum for                                :

will settle at the above minimum:         

Dynamics of      during inflation:

ç

�, S1
<latexit sha1_base64="B8zf1NWcdwA+ZxwQf+6igzlGFHY="></latexit><latexit sha1_base64="B8zf1NWcdwA+ZxwQf+6igzlGFHY="></latexit><latexit sha1_base64="B8zf1NWcdwA+ZxwQf+6igzlGFHY="></latexit><latexit sha1_base64="1tqRKu4qqxHI8AQAeehg2wQidig="></latexit><latexit sha1_base64="NLUS6Dmy7BAp3OJHlgHSxdCnsGM="></latexit><latexit sha1_base64="NLUS6Dmy7BAp3OJHlgHSxdCnsGM="></latexit><latexit sha1_base64="R0kY49Qv47gENiGvMzdJauEgsrA="></latexit><latexit sha1_base64="B8zf1NWcdwA+ZxwQf+6igzlGFHY="></latexit><latexit sha1_base64="B8zf1NWcdwA+ZxwQf+6igzlGFHY="></latexit><latexit sha1_base64="B8zf1NWcdwA+ZxwQf+6igzlGFHY="></latexit><latexit sha1_base64="B8zf1NWcdwA+ZxwQf+6igzlGFHY="></latexit><latexit sha1_base64="B8zf1NWcdwA+ZxwQf+6igzlGFHY="></latexit><latexit sha1_base64="B8zf1NWcdwA+ZxwQf+6igzlGFHY="></latexit>

aH � c�, c1
<latexit sha1_base64="4APicPR4H/KuQmAtrM5z2WgrK5A="></latexit><latexit sha1_base64="4APicPR4H/KuQmAtrM5z2WgrK5A="></latexit><latexit sha1_base64="4APicPR4H/KuQmAtrM5z2WgrK5A="></latexit><latexit sha1_base64="1tqRKu4qqxHI8AQAeehg2wQidig="></latexit><latexit sha1_base64="+fWksUtjm7GA+vMOTO9gk3XyArs="></latexit><latexit sha1_base64="+fWksUtjm7GA+vMOTO9gk3XyArs="></latexit><latexit sha1_base64="csPhUXnVrSY48N2qnA46Ss4fSUo="></latexit><latexit sha1_base64="4APicPR4H/KuQmAtrM5z2WgrK5A="></latexit><latexit sha1_base64="4APicPR4H/KuQmAtrM5z2WgrK5A="></latexit><latexit sha1_base64="4APicPR4H/KuQmAtrM5z2WgrK5A="></latexit><latexit sha1_base64="4APicPR4H/KuQmAtrM5z2WgrK5A="></latexit><latexit sha1_base64="4APicPR4H/KuQmAtrM5z2WgrK5A="></latexit><latexit sha1_base64="4APicPR4H/KuQmAtrM5z2WgrK5A="></latexit>

negative mass!

(� = |�|ei✓, S1 = |S1|ei✓S1 )
<latexit sha1_base64="S3rlz4V4aQzLjJPFDz6KR8ne1bY="></latexit><latexit sha1_base64="S3rlz4V4aQzLjJPFDz6KR8ne1bY="></latexit><latexit sha1_base64="S3rlz4V4aQzLjJPFDz6KR8ne1bY="></latexit><latexit sha1_base64="S3rlz4V4aQzLjJPFDz6KR8ne1bY="></latexit>

H = Hinf > m3/2
<latexit sha1_base64="WsR5WvbYMmD/Qx0QlNk9mmOBBrw="></latexit><latexit sha1_base64="WsR5WvbYMmD/Qx0QlNk9mmOBBrw="></latexit><latexit sha1_base64="WsR5WvbYMmD/Qx0QlNk9mmOBBrw="></latexit><latexit sha1_base64="1tqRKu4qqxHI8AQAeehg2wQidig="></latexit><latexit sha1_base64="EloutPdRKSK2GYBXxp6F00ZGAAU="></latexit><latexit sha1_base64="b6uK/7WrjYMVc//LljG504NLfMY="></latexit><latexit sha1_base64="HgyiuJ1sTXITcuMrjR7duPSE3wg="></latexit><latexit sha1_base64="WsR5WvbYMmD/Qx0QlNk9mmOBBrw="></latexit><latexit sha1_base64="WsR5WvbYMmD/Qx0QlNk9mmOBBrw="></latexit><latexit sha1_base64="WsR5WvbYMmD/Qx0QlNk9mmOBBrw="></latexit><latexit sha1_base64="WsR5WvbYMmD/Qx0QlNk9mmOBBrw="></latexit><latexit sha1_base64="WsR5WvbYMmD/Qx0QlNk9mmOBBrw="></latexit><latexit sha1_base64="WsR5WvbYMmD/Qx0QlNk9mmOBBrw="></latexit>

(m� ' mS1 ' m3/2)
<latexit sha1_base64="KwWZiTfI/d0+C4lZRLkj26EzAY4="></latexit><latexit sha1_base64="KwWZiTfI/d0+C4lZRLkj26EzAY4="></latexit><latexit sha1_base64="KwWZiTfI/d0+C4lZRLkj26EzAY4="></latexit><latexit sha1_base64="KwWZiTfI/d0+C4lZRLkj26EzAY4="></latexit>
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�, S1
<latexit sha1_base64="/hWIkBb8/UDllc/HGfvbccraDvE="></latexit><latexit sha1_base64="/hWIkBb8/UDllc/HGfvbccraDvE="></latexit><latexit sha1_base64="/hWIkBb8/UDllc/HGfvbccraDvE="></latexit><latexit sha1_base64="/hWIkBb8/UDllc/HGfvbccraDvE="></latexit>

h|�|i ' h|S1|i ' (HM
3
P )

1/4
<latexit sha1_base64="+y+bPUCzL2KeCQ2sGqbrGiZkgRo="></latexit>

h3✓ + 3✓S1 + arg(�aH)i = 0
<latexit sha1_base64="xkI+cFn4+6wXlP4ZcGVYfHsodqA="></latexit>
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<latexit sha1_base64="lmaSHFyWByHfbQ1f0a7+qDXz81w="></latexit>

We can follow the trajectory of             numerically.

because new phase-dependent potential is not produced.

Dynamics of after inflation:

✓̇ = 0
<latexit sha1_base64="FCBst5c1wgtd9ECRPqcUbBeRCkk="></latexit><latexit sha1_base64="FCBst5c1wgtd9ECRPqcUbBeRCkk="></latexit><latexit sha1_base64="FCBst5c1wgtd9ECRPqcUbBeRCkk="></latexit><latexit sha1_base64="FCBst5c1wgtd9ECRPqcUbBeRCkk="></latexit>

(� = |�|ei✓)
<latexit sha1_base64="3K0mtGTh1F+pUtKN89TdiWv4b44="></latexit><latexit sha1_base64="3K0mtGTh1F+pUtKN89TdiWv4b44="></latexit><latexit sha1_base64="3K0mtGTh1F+pUtKN89TdiWv4b44="></latexit><latexit sha1_base64="3K0mtGTh1F+pUtKN89TdiWv4b44="></latexit>

�, S1
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The minimum → a saddle point! 

The inflaton start to oscillate.
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Dynamics of          at

:      changes 
New phase-dependent term
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positive mass!
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Using E.O.M of

Baryon asymmetry:

�

These values are calculated numerically at

The enough amount of baryon asymmetry is produced!

Baryon asymmetry
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Conclusion
The SUSY DFSZ axion model without R-parity

• explain the baryon asymmetry via Affleck-Dine mechanism

• explain the proton decay if this occur in Hyper-Kamiokande. 

• may explain the neutrino masses and baryon asymmetry
without introducing new fields such as right-handed neutrinos.

• Investigating the detail of neutrino sector

Future work
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Neutrino masses 

�neutrino mass matrix at tree level After diagonalizing other mass matrix part:

W � LiHu

m⌫tree '
m2

z cos
2 �(c2WM1 + s2WM2)

M1M2
tan2 ⇠

One neutrino has the mass of            .            
although other neutrinos are massless at tree level. 

m⌫tree

rank 1

bino, wino mass

Hempfling, Nucl. Phys. B478, 3 (1996)
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�For                                                                                                and

This is consistent with the atmospheric squared-mass difference:
* These parameters avoid the constraint of proton decay.

Neutrino masses 
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