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1!DiracâfµÏL�SMÙ¦¤�f��Ú\Dirac�þ
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Ú\�¥�fmÃü���Øë�f�p�^"
2!MajoranaâfµÚ\Majorana�þ��§ÏLsee-
sawÅ�g,�)º�¥�f�þ"
�fØ0ν2βPC�&ÿ´8c�y¥�f5�����
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�!Úó

¢�éPC�©°Ý®²k
éî���å§Ù¥�î��
å5gé�fØ76Ge(GERDA)Ú136Xe(KamLAND-Zen)µ

Current Limit : T1/2
0ν (76Ge) > 1.8× 1026 years(90%C.L.),

T1/2
0ν (136Xe) > 1.07× 1026 years(90%C.L.),

Future Sensitivity : T1/2
0ν (76Ge) ∼ 1028 years,

T1/2
0ν (76Xe) ∼ 2.4× 1027 years. (1.1)

·�3ü�;.�#Ôn�.B-LSSMÚLRSMïÄéTL
§�nØýó"B-LSSM´;.�Type-IÅ�¶LRSM´
Type-I+IIÅ�§Ú\
mÃWÀÚf§Ø
mÃ6�k��
�-¥5�f·Ü��z"
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�!B-LSSMÚLRSM�¥5�f

1!!!B-LSSM
Ú\ü�#�Iþü�Ún�mÃ¥5�f§ÏLType-I

see-sawg,�¼��¥�f�þ§¥5�f��þÝ
/ª�(
0, MT

D
MD, MR

)
, (2.1)

ÏLN�Ý
Uνé�z��±¼�¥5�f�Ôn�þ

UT
ν

(
0, MT

D
MD, MR

)
Uν =

(
m̂ν , 0
0, M̂ν

)
, (2.2)

�±òUνL«�

Uν =

(
U S
T V

)
, (2.3)
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�!B-LSSMÚLRSM�¥5�f

B-LSSM¥�>�f-¥5�f-WÀÚf��p�^���

LI =
ig2√

2

3∑
j=1

[
Uijēiγ

µPLNL,jW−
L,µ + Sijēiγ

µPLNH,jW−
L,µ

+h.c
]

(2.4)

2!!!LRSM
Ú\Iþn�Ún�mÃ¥5�f§ÏLType-I+II

see-saw¼��¥�f�þ§¥5�f��þÝ
/ª�(
ML, MT

D
MD, MR

)
, (2.5)
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�!B-LSSMÚLRSM�¥5�f

^aquB-LSSM¥�N�Ý
é�zþ¡��þÝ
�±
��Ôn�¥5�f�þ"LRSM¥�mÃWÀÚf¬Ú�
ÃWÀÚf·Ü§/ª�

g2
2

4
(

WI+
L , W I+

R

)( v2
1 + v2

2 + 2v2
L, 2v1v2

2v1v2, v2
1 + v2

2 + 2v2
R

)(
WI−

L
WI−

R

)
,

(2.6)

ÏLé�z�ò�p�^����±�¤�þ����/ª(
W I±

L
W I±

R

)
=

(
cos ζ, − sin ζ
sin ζ, cos ζ

)(
W±

L
W±

R

)
, (2.7)
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�!B-LSSMÚLRSM�¥5�f

LRSM¥�>�f-¥5�f-WÀÚf!u-d-WÀÚf��
p�^���

LI =
ig2√

2

3∑
j=1

[
ēi(cos ζUijγ

µPL + sin ζT∗
ijγ

µPR)NL,jW−
L,µ

+ēi(cos ζT∗
ijγ

µPR − sin ζUijγ
µPL)NL,jW−

R,µ

+ēi(cos ζSijγ
µPL + sin ζV∗

ijγ
µPR)NH,jW−

L,µ

+ēi(cos ζV∗
ijγ

µPR − sin ζSijγ
µPL)NH,jW−

R,µ

+ū(cos ζγµPL + sin ζγµPR)dW−
L,µ

+ū(cos ζγµPR − sin ζγµPL)dW−
R,µ + h.c

]
(2.8)
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�fØ0ν2βPC�O�Ì�©�nÚµ1!§�levelk��
f§2!l§��Øf§3!lØf��fØ"·��ó�%
´3§�level§O��mÃé¡�.£LRSM¤ÚB-L�é¡�
.£B-LSSM¤¥é76Ge,136 Xe 0ν2β PC��z"
1!!!OOO������{{{

§�level(dd → uue−e−)µ�zTL§�5Õá�Ê��f
�kÊ�§L§u)�UþIÝ3µ ∼ 100 MeV"
lµ = MW�µ ∼ 1 GeV�6QCD�^§|^�z+�{
���fXê�üzÝ
"

§��Øfµéu�6QCDØ�^�Ü©µ ∼ 1 GeV
�µ ∼ 100 MeV§3ù�ÚòÙáÂ�ØfÝ
��O�
¥"
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Øf��fØµ��|^®²k�(J?1�Y�ê�O
�£F. F. Deppisch, L. Graf, F. Iachello, J. Kotila
PRD102(2020)095016¤"

2!!!quark level���kkk������fff

���zzz���fffØØØ0ν2βPPPCCC���ÊÊÊ������fffµµµ

LDBD
eff =

G2
F cos2 θC

2mp

∑
X,Y,Z

[ 3∑
i=1

CXY
iZ (µ) · OXY

iZ (µ)

+

5∑
j=4

CXY
j (µ) · OXY

j (µ)
]
. (3.1)

Ù¥

OXY
1Z (µ) = 4(ūPXd)(ūPYd)jZ ≡ JXJY jZ,

OXX
2Z (µ) = 4(ūσµνPXd)(ūσµνPXd)jZ ≡ JXµνJµνY jZ, (3.2)
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n!nØO�

OXY
3Z (µ) = 4(ūγµPXd)(ūγµPYd)jZ ≡ JXµJµY jZ,

OXY
4 (µ) = 4(ūγµPXd)(ūσµνPYd)jν ≡ JXµJµνY jν ,

OXY
5 (µ) = 4(ūγµPXd)(ūPYd)jµ ≡ JXµJY jµ. (3.3)

Ù¥jL/R, jµL«�f6§Ù½Â�µ

jL/R = ē(1∓ γ5)ec, jµ = ēγµγ5ec. (3.4)

3!!!���...¥¥¥���OOO���
�.¥�O�Ò´3kO�k��f�Xê§,�|^��

�RGEüzÝ
ò����fXêüz�µ ∼ 1 GeV"
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B-LSSMµµµ
B-LSSM¥�z�z�fØ0ν2βPC�äã�¤ùã�
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Figure: The Feynman diagrams for the 0ν2β decays in the B-LSSM.
(a) The heavy neutral lepton contributions, (b) The light neutrino
contributions.

3>fIÝe§B-LSSM¥�z�fØ0ν2βPC�Xê�

CLL
3R(H) =

∑
i

2mp

Mνi

(S1i)
2, CLL

3R(L) =
∑

i

mνi

me
(U1i)

2 (3.5)
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LRSMµµµ

LRSM¥�z�z�fØ0ν2βPC�äã�¤ùã�

WR/WL

WR/WL

NH

(a)

d(p1)

d(p2)

u(k1)

u(k2)

e(k3)

e(k4)

WL/WR

WL/WR

NL

(b)

d(p1)

d(p2)

u(k1)

u(k2)

e(k3)

e(k4)

Figure: The Feynman diagrams for the 0ν2β decays in the LRSM. (a)
The heavy neutral lepton contributions, (b) The light neutrino
contributions.
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n!nØO�

fØ¥�ü�§�Äþ��§K�±ò¤k��fz�Ê��
f§ù�Ò�±��O�ØÓ�z�m�Z��A"¥5�f
��z�

CRR
3L (H) =

2mp

Mνi

cos4 ζV∗2
1i (

MWL

MWR

)4,

CRL
3L (H) =

2mp

Mνi

cos3 ζ sin ζV∗2
1i (

MWL

MWR

)2 . (3.6)

�¥�f��z�

CLL
3R(L) =

1
me

cos3 ζU1i(mνi cos ζU1i − me sin ζT∗
1i),

CLR
3R(L) =

mνi

me
cos3 ζ sin ζU2

1i,

CLL
3L(L) = − cos3 ζ sin ζU1iT∗

1i, (3.7)
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n!nØO�

CRL
3L (L) = −1

2
cos4 ζU1iT∗

1i(
MWL

MWR

)2,

CRL
3R(L) =

1
−2me

cos3 ζU1i

[
me cos ζT∗

1i(
MWL

MWR

)2 − 2mνi sin ζU1i

]
.

(3.8)

4!!!QCD???���

�
w�ÄQCD?����§±9�ÄQCD?��ØÓ�
�f�m´Ä¬u)·Ü§O�¥�Ä
QCD?���
A"�fØ0ν2β PCu)�UþIÝ∼ 0.1 GeV§l>fI
Ý�µ = 1 GeV§�6QCD�^§|^�z+�{O��
~þj§���fXê�üzÝ
"O�L§Ì�ë�M.
Gonzalez et al�©ÙPRD93(2016)013017"

15 / 29



�!Úó �!B-LSSMÚLRSM�¥5�f n!nØO� o!ê�(J Ê!(J?Ø

n!nØO�

d

d

u

u

u

u

u

u

d

d

d

d

e

e

e

e

e

e

d

d

u

u

u

u

u

u

d

d

d

d

e

e

e

e

e

e

(a1) (b1) (c1)

(c2)(b2)(a2)

k − p

k − p k − p

k − p

k − p

k − p

k k
k

−k

k

k

k

k

kk

k

−k

Figure: One-loop QCD corrections to the dimension-9 operators for
the 0ν2β decays in the effective theory.
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ÏÏÏLLL���zzz+++���{{{OOO���������������~~~þþþjjjµµµ

γ̂XX
(12) = −2

(
6CF − 3, − 1

2N + 1
4

−12− 24
N , −3− 2CF

)
,

γXX
(3) = −2

( 3
N
− 3
)
, γ̂XY

(31) = −2
(
− 3

N , −6
0, 6CF

)
,

γ̂XX
(45) = −2

(
− 3

2 − CF, −3
2 i− 3i

N
− i

2 + i
N , 3CF − 3

2

)
,

γ̂XY
(45) = −2

(
− 3

2 − CF,
3
2 i + 3i

N
i
2 − i

N , 3CF − 3
2

)
. (3.9)

Ù¥�~þjγ̂�½Â�

d~C(µ)

d lnµ
=
αs

4π
γ̂T~C(µ), (3.10)
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ª£3.9¤¥�γ̂XX
(45)§γ̂

XY
(45)ÚM. Gonzalez�<�(JØ�

�§�´ÚY. Liao, X. D. Ma, H. L. Wang�©
ÙJHEP03(2020)120(J��"

)ª£3.10¤¥��©�§��WilsonXê�üz

~C(µ) = Û(µ,Λ) · ~C(Λ) (3.11)

Ù¥

Û(µ,Λ) = V̂Diag
{[αs(Λ)

αs(µ)

]γi/(2β0)
}

V̂−1,

Diag{γi} = V̂−1γ̂V̂, β0 = (33− 2f )/3. (3.12)
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,��±��l>fIÝMW�µ ∼ 1 GeVüzÝ
�ê�(J
�£αs(MZ) = 0.118¤µ

ÛXX
(12)(µ,Λ) =

(
1.96 0.01
−2.82 0.45

)
,

ÛXY
(31)(µ,Λ) =

(
0.87 − 1.4

0 2.97

)
,

UXX
3 (µ,Λ) = 0.76,

ÛXX
(45)(µ,Λ) =

(
0.68 − 0.24i
−0.016i 0.71

)
,

ÛXY
(45)(µ,Λ) =

(
0.68 0.34i
0.023i 1.4

)
. (3.13)
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5!!!0ν2β���PPPÏÏÏ

0ν2β�PC°Ý�±��£F. F. Deppisch, L. Graf, F. Iachello,
J. Kotila(PRD102(2020)095016)¤

dΓ = 2π|R|2δ(E3 + E4 + EF − EI)
d3k3

(2π)3
d3k4

(2π)3 , (3.14)

Ù¥k3 = (E3,k3), k4 = (E4,k4)´>fÄþ§RPC�Ý
�

R = 〈O+
F ek3s1ek4s2 |LDBD

eff |O+
I 〉

≈ G2
F

2mp

∑
j,Ji

CXY
i(Z)〈ek3s1 |j|eC

k4s2
〉MXY

i , (3.15)

Ù¥
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MXY
i ≡ 〈O+

F |JX
i JY

i |O+
I 〉

≈
∑

p1,p2,n1,n2

〈O+
F |p1, p2〉〈p1, p2|JX

i JY
i |n1, n2〉〈n1, n2|O+

I 〉

≈
∑

p1,p2,n1,n2

〈O+
F |p1, p2〉

[
〈p1|JX

i |n1〉
⊗
〈p2|JY

i |n2〉
]

〈n1, n2|O+
I 〉 (3.16)

þªò�fØÝ
��O�©¤
üÜ©§�´O�ØfÝ

�〈p1|JX

i |n1〉, 〈p2|JY
i |n2〉¶�´O�Øf��fØÝ
�"F. F.

Deppisch�<�©Ù�Ñ
ê�(J§�kMXX
3 ,MXY

3 Ú�Ä�
ü�#Ôn�.¥�O�k'£PRD102(2020)095016¤µ
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MXX
3 MXY

3
76Ge − 200(−6.64), 99.8(4.24)
136Xe − 111(−3.60), 51.2(2.17) (3.17)
�fØ0ν2βPC��PÏ�±��

1
T0ν

1/2

= G(0)
11+

∣∣∣∑
X,Y

CXY
3L MXY

3

∣∣∣2 + G(0)
11+

∣∣∣∑
X,Y

CXY
3R MXY

3

∣∣∣2
+2G(0)

11−<
[(∑

X,Y

CXY
3L MXY

3

)(∑
X,Y

CXY
3R MXY

3

)∗]
(3.18)

Ù¥G(0)
11±´��mÏf£ü 10−15 years−1¤

G(0)
11+ G(0)

11−
76Ge 2.360, −0.280
136Xe 14.56, −1.197 (3.19)
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3�ê�O���Ä��åµ

5guPLANK£Astron. Astrophys. 594, A13 (2016)¤é¥
�f�þ¦Ú���

∑
i mνi < 0.15 eV"

¥�f��þ²��£I. Esteban et alJHEP01(2019)106¤

∆m2
12 ≡ m2

ν2 − m2
ν1 = (7.4± 0.61)× 10−5 eV2 ,

|∆m2
23| ≡ |m2

ν3 − m2
ν2| ≈ (2.52± 0.1)× 10−3 eV2 (4.1)

LRSM¥mÃWÀÚf�þ���MWR & 2.9 TeV£S.
Bertolini, A. Maiezza, F. NestiPRD89(2014)095028¤"
K0 − K̄0, B0 − B̄0·Ü£P. S. Bhupal Dev, S. Goswami, M.
MitraPRD91(2015)113004¤é�Ã-mÃWÀÚf·Ü��
�ζ . 7.7× 10−4"
5guK, B0fCP»��êâ£S. Bertolini, A. Maiezza, F.
NestiPRD89(2014)095028¤�å0.02 < x ≡ v2/v1< 0.5"
�¥�f�·Üæ^PMNS·ÜÝ
"
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1!!!B-LSSM

Figure: T0ν
1/2(76Ge) (a) and T0ν

1/2(136Xe) (b) versus mee =
∑3

i=1(U1i)
2mνi

are plotted, where the black (orange) solid lines denote the NH
results (without QCD corrections), the yellow (green) dashed lines
denote the IH results (without QCD corrections).
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o!ê�(J

2!!!LRSM

Figure: Taking mee = 0.001 eV, T0ν
1/2(76Ge) (a) and T0ν

1/2(136Xe) (b)
versus Mν1 are plotted for x = 0.1,MWR = 3 TeV (black solid lines),
x = 0.4,MWR = 3 TeV (black dashed lines), x = 0.1,MWR = 5 TeV
(black dotted lines), x = 0.4,MWR = 5 TeV (black dotdashed lines).
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�!Úó �!B-LSSMÚLRSM�¥5�f n!nØO� o!ê�(J Ê!(J?Ø

o!ê�(J

Figure: Taking Mν1 = 1 TeV, MWR = 3 TeV, then T0ν
1/2(76Ge) (a) and

T0ν
1/2(136Xe) (b) versus ζ are plotted for mee = 0.01 eV, MD11 = 0.2 GeV

(black solid lines), mee = 0.02 eV, MD11 = 0.2 GeV (black dashed
lines), mee = 0.01 eV, MD11 = 0.8 GeV (black dotted lines),
mee = 0.02 eV, MD11 = 0.8 GeV (black dotdashed lines).
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o!ê�(J

Figure: Taking Mν1 = 0.5 TeV, MD11 = 0.5 GeV, then T0ν
1/2(76Ge) (a)

and T0ν
1/2(136Xe) (b) versus ζ are plotted for mee = 0.01 eV,

MWR = 3 TeV (black solid lines), mee = 0.02 eV, MWR = 3 TeV (black
dashed lines), mee = 0.01 eV, MWR = 5 TeV (black dotted lines),
mee = 0.02 eV, MWR = 5 TeV (black dotdashed lines).
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QCD?�é�fØ0ν2βPCk�©���^"3ü�#
Ôn�.¥§ê�(J�?�U��40%�m"

B-LSSM¥¥�f¼��þ��ª´Type-I see-saw§¥
5�f��z¬��-·Ü�îØ$§�¥�f��z
�ò5&ÿ��fØ0ν2βPCJø
ér��U5"

LRSM¥�3mÃ�WÀÚf§Ïd¥�fDÂf©f
þp/�¬�z§b�ü�Ð�§�Äþ�Ó!"�§�Äþ
�Ó�§�ò¤k�z��f=z�Ê��f§�±��O
�ØÓ�z�m�Z�"d	§ê�(JL²ØÓ��z�
mk����A"
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