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•
• Lepton Number Violating (LNV)

• Very strong limits on the half-life  
[age of the universe]

• Future reach, 1-2 orders of improvement

A(Z, N) → A(Z + 2,N − 2) + 2e− + 0 ν̄

∼ 1016 ×

Schechter, Valle, `82

• Detection sheds light on:

• Neutrino masses
• Observation would show that ’s are Majorana particles

•Matter-antimatter asymmetry 

ν

Why look for ?0νββ

What is ?0νββ
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Cuore
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KamLAND-zen
(Xenon)

> 1.8 ⋅ 1026 yr > 3.2 ⋅ 1025 yr > 3.8 ⋅ 1026 yr

Neutrinoless Double beta decay 
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Left-right model? Light Majorana mass? 
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• Probes very high BSM scales,  Λ ∼ 1015 GeV

=

Depends on hierarchy of neutrino masses

n

n p

p

Neutrinoless Double beta decay 
What could be responsible?

Majorana mass mechanism
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• Probes very high BSM scales,  Λ ∼ 1015 GeV
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Heavy BSM mechanisms
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• Probes very high BSM scales,  Λ ∼ 1015 GeV
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Heavy BSM mechanisms
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Neutrinoless Double beta decay 
What could be responsible?

Majorana mass mechanism
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• Use Effective Theories 

• Simplifies calculations 

• Predictions with controlled uncertainties 

• Model independent, describes any BSM scenario



⇤

100 MeV

Integrate out  
heavy SM fields

Lattice QCD input

Construct two-nucleon 
0𝜈𝛽𝛽 operators

Integrate out  
BSM fields

SM EFT’ 
SU(3)xU(1)em invariant 

Chiral Effective Theory 

Many Body Methods 

T 0⌫
1/2(0

+ ! 0+)

Nuclear Matrix elements1 MeV

Electroweak symmetry breaking

Non-perturbative QCD

?? TeV

100 GeV

1 GeV

Outline Lepton-number violation: 
seesaw, left-right model, leptoquarks,…

( )SM EFT 
SU(3)xSU(2)xU(1) invariant 

ν
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SMEFT 
LNV from heavy BSM physics 

• Consists of the SM + effective interactions 

• Expansion in , with  the energy scale of the process 
• Higher dimensional interactions suppressed by 

E/Λ E
(E/Λ)n

SM Effective Field Theory 



?? TeV
Λ BSM particle 


masses

Lepton-number violating 
BSM physics

100 GeV

mW
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Kobach ’16; Weinberg ’79; Lehman ’14; Prezeau and Ramsey-Musolf ’03; Graesser ’16; Liao and Ma ’20; Li et al ’20;
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• LNV interactions appear at odd dimensions 

• Complete basis known to dimension 9

Kobach ’16; Weinberg ’79; Lehman ’14; Prezeau and Ramsey-Musolf ’03; Graesser ’16; Liao and Ma ’20; Li et al ’20;
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• LNV interactions appear at odd dimensions 

• Complete basis known to dimension 9

Kobach ’16; Weinberg ’79; Lehman ’14; Prezeau and Ramsey-Musolf ’03; Graesser ’16; Liao and Ma ’20; Li et al ’20;

Majorana mass 
Mechanism

Other mechanisms 
Due to heavy BSM



SMEFT 
LNV from heavy BSM physics 

• Naive scaling: A0⌫�� ⇠ c5
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Why dimension >5?



SMEFT 
LNV from heavy BSM physics 

• Naive scaling: A0⌫�� ⇠ c5
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Why dimension >5?

• For natural couplings,                                                               
• Dimension-7, -9 irrelevant in this case 

• However, lower BSM scales,  would imply                                                               

• Relative enhancement of higher-dimensional terms due to 

c5 = 𝒪(1) ⟹ Λ = 𝒪(1015 GeV)

Λ ∼ (1 − 100)TeV c5 ≪ 1

c7,9/c5 ≫ 1



• Left-right model example: 

SMEFT 
LNV from heavy BSM physics 

• Naive scaling: A0⌫�� ⇠ c5
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Related to dim-5 induced  masses: ν mν ∼ c5v2/Λ
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Why dimension >5?

• For natural couplings,                                                               
• Dimension-7, -9 irrelevant in this case 
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• Relative enhancement of higher-dimensional terms due to 
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SM Effective Field Theory 
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SMEFT 
LNV from heavy BSM physics 

• SMEFT: heavy BSM described by operators with SM fields 
• Complete basis known to dimension 9 

Kobach ’16; Weinberg ’79; Lehman ’14; Prezeau and Ramsey-Musolf ’03; Graesser ’16; Liao and Ma ’20; Li et al ’20;



SM Effective Field Theory ν
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• SMEFT: extends SMEFT to include sterile neutrinos  
• Basis known to dimension 7 

ν νR

L⌫R = i⌫̄R /@⌫R � 1

2
⌫̄
c
RMR⌫R � L̄H̃YD⌫R + L(6)

⌫R
+ L(7)

⌫R
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SMEFT 
LNV from heavy BSM physics 

• SMEFT: heavy BSM described by operators with SM fields 
• Complete basis known to dimension 9 



h h

⌫L ⌫L
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⌫L ⌫L

Dim-3

Low-energy operators 
At/below the weak scale*

* very similar for operators involving νR

∼ 100 GeV

SMEFT: SU(3)xSU(2)xU(1) invariant (ν)

LEFT: SU(3)xU(1) invariant (ν)
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e

ud
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ud
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Low-energy operators 
At/below the weak scale*

* very similar for operators involving νR

∼ 100 GeV

SMEFT: SU(3)xSU(2)xU(1) invariant (ν)

LEFT: SU(3)xU(1) invariant (ν)
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Dim-9 vector

* very similar for operators involving νR

Low-energy operators 
At/below the weak scale*

∼ 100 GeV

SMEFT: SU(3)xSU(2)xU(1) invariant (ν)

LEFT: SU(3)xU(1) invariant (ν)
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SM EFT 
⇤

100 MeV

SM EFT’ 
(Without heavy SM particles) 

EFT with nucleons/pions 
(Chiral Effective Theory) 

Description of nuclei 
(Many Body Methods) 

?? TeV

100 GeV

mW



GeV

mproton
∼

BSM particle 

masses

SM mass 

scale

Strong force 

becomes strong 

Nuclear

Scales

BSM physics
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• Possible hadronic interactions determined by (chiral) symmetries 

• Interaction strengths determined by (unknown) coupling constants 

• Expansion in , where  GeV 
• Need “power counting” to estimate couplings

Q /Λχ ∼ mπ /Λχ Λχ ∼ 1

Manohar, Georgi, `84; Weinberg, `90, `91

From quarks to nucleons 
Majorana mass

Chiral Effective Theory 

In terms of nucleons, pions, leptons 

  

SM Effective Theory 

In terms of quarks, gluons, leptons 

 

21



Majorana mass mechanism 
Dimension-5 operator



Chiral Effective Theory 

  

  

SM Effective Theory 

⌫L ⌫L
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From quarks to nucleons 
Majorana mass

23

⌫L e⌫L ⌫L

m�� = �ueev
2/⇤LNV

n p

⇡±

n p

⌫L e

• At LO in Weinberg counting, only need one-nucleon currents 

• Needed low-energy constants are known 



Chiral Effective Theory 

  

  

SM Effective Theory 
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From quarks to nucleons 
Majorana mass

⌫e

e�

e�

n p

n p

Kaplan, Savage, Wise, ’96; Beane, Bedaque, Savage, van Kolck, ’03, Nogga, Timmermans, van Kolck, ’05, Long, Yang, ’12;

Vν =

Γ0νββ ∝ |Mν |2 m2
ββ

∼ ⟨ψSe |Vν |ψGe⟩

Decay rate

Fundamental Physics 
• Effective neutrino mass

Nuclear Matrix Element Mν

mββ = ∑
i

miU2
ei

24



Majorana-mass mechanism 
Dimension five operator

Vν
⌫e

e�

e�

n p

n p

∼

Theory input: Nuclear Matrix Element

∼ ⟨ψSe |Vν |ψGe⟩Mν

25

Weinberg counting: 
No unknown hadronic couplings



Vν
⌫e

e�

e�

n p

n p

∼

Divergent diagrams  inconsistent theory!⟹

e

e

n p

n p

Combined with strong interactions

∼ ⟨ψSe |Vν |ψGe⟩Mν

Theory input: Nuclear Matrix Element

N
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π +…

Short-distance
interaction Pion exchange

Strong interactions
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Weinberg counting: 
No unknown hadronic couplings

Majorana-mass mechanism 
Dimension five operator

See Bira’s talk last Friday
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∼

∼ ⟨ψSe |Vν |ψGe⟩Mν

e

e

p
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n

+ gν

New interaction 
Needed at leading order

Divergent diagrams  inconsistent theory!⟹

e

e

n p

n p

Combined with strong interactions
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π +…

Short-distance
interaction Pion exchange

Theory input: Nuclear Matrix Element

Strong interactions
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Weinberg counting: 
No unknown hadronic couplings

Majorana-mass mechanism 
Dimension five operator

See Bira’s talk last Friday



Vν
⌫e

e�

e�

n p

n p

∼

∼ ⟨ψSe |Vν |ψGe⟩Mν

e

e

p

pn

n

+ gν

New interaction 
Needed at leading order

Divergent diagrams  inconsistent theory!⟹

e

e

n p

n p

Combined with strong interactions

Theory input: Nuclear Matrix Element
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Weinberg counting: 
No unknown hadronic couplings

Majorana-mass mechanism 
Dimension five operator

See Bira’s talk last Friday



Vν
⌫e

e�

e�

n p

n p

∼
e

e

p

pn

n

+ gν

New interaction 
Needed at leading order

∼ ⟨ψSe |Vν |ψGe⟩Mν

Theory input: Nuclear Matrix Element
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• Could be determined from Lattice QCD
• Active area of research Davoudi & Kadam, ’20, ’21  

Feng et al, ’19; Detmold & Murphy, ‘20

Hadronic matrix element  is poorly knowngNN
ν

• Currently only (model) estimates available:
• Large-Nc, dispersive-like “Cottingham” method, connection to CIB

• Estimates give  with uncertaintyg̃NN
ν ∼ 𝒪(1) ∼ 30 %

Cirigliano, et al, ’19,’20, ’21; Richardson et al, ‘21

Weinberg counting: 
No unknown hadronic couplings

Majorana-mass mechanism 
Dimension five operator

See Bira’s talk last Friday

See Anthony’s talk



SM EFT 
⇤

100 MeV

SM EFT’ 
(Without heavy SM particles) 

EFT with nucleons/pions 
(Chiral Effective Theory) 

Description of nuclei 
(Many Body Methods) 

?? TeV

100 GeV

mW



GeV

mproton
∼

BSM particle 

masses

SM mass 

scale

Strong force 

becomes strong 

Nuclear

Scales

BSM physics
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• Nuclear Matrix Elements differ by a factor 2-3 between methods

∼ gν

Belley et al ’23,’20; Novario et al ’21; Yao et al ’20; Wirth, Yao, Hergert ’21; Jokiniemi et al ’21;

Agostini et al, ’22;

⌫e

e�

e�

n p

n p

32

Nuclear Matrix Elements 
Majorana mass



• Nuclear Matrix Elements differ by a factor 2-3 between methods

• More recently, ab initio calculations appearing
• Find additive contribution of short-range interaction ∼ gν

Belley et al ’23,’20; Novario et al ’21; Yao et al ’20; Wirth, Yao, Hergert ’21; Jokiniemi et al ’21;

Agostini et al, ’22;

130Te 136Xe

M
ν

Belley et al, ’23;

e

e

p

pn

n

⌫e

e�

e�

n p

n p
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Nuclear Matrix Elements 
Majorana mass



Majorana-mass mechanism 
Beyond LO



Leading order: 
• Potential s:  

• Leading-order potential 

• Hard s:  
• Contact interaction

ν q0 ≪ | ⃗q | ∼ mπ

ν q0 ∼ | ⃗q | ∼ Λχ ∼ GeV

Majorana-mass mechanism 
Dimension five operator
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⌫e

e�

e�

n p

n p

e

e

p

pn

n

gν

• Contributions to   can be divided into  momentum regions: Aν ν

Aν ∼ ∑
n

∫
d4q

(2π)4

1
q2 [ ⟨ f |JW |n⟩⟨n |JW | i⟩

q0 + Ei − En + iϵ
+

⟨ f |JW |n⟩⟨n |JW | i⟩
−q0 + Ei − En + iϵ ]



Majorana-mass mechanism 
Dimension five operator

Cirigliano et al ’19;

36

NLO: 
• No corrections to the  operator0νββ

• Contributions to   can be divided into  momentum regions: Aν ν

Aν ∼ ∑
n

∫
d4q

(2π)4

1
q2 [ ⟨ f |JW |n⟩⟨n |JW | i⟩

q0 + Ei − En + iϵ
+

⟨ f |JW |n⟩⟨n |JW | i⟩
−q0 + Ei − En + iϵ ]



N2LO: 
• Soft s:  

• Loops & (partially known) counterterms 
ν q0 ∼ | ⃗q | ∼ mπ

ν q0 ∼ | ⃗q | ∼ Ei − En

2νββ

ν q0 ≪ | ⃗q | ∼ mπ

Majorana-mass mechanism 
Dimension five operator

Cirigliano et al ’19; Cirigliano et al ’17; Chambers-Wall et al, ‘25
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NLO: 
• No corrections to the  operator0νββ
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e

e
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e

e

e

⇡�

⇡�

• Contributions to   can be divided into  momentum regions: Aν ν

Aν ∼ ∑
n

∫
d4q

(2π)4

1
q2 [ ⟨ f |JW |n⟩⟨n |JW | i⟩

q0 + Ei − En + iϵ
+

⟨ f |JW |n⟩⟨n |JW | i⟩
−q0 + Ei − En + iϵ ]



N2LO: 
• Soft s:  

• Loops & (partially known) counterterms 

• Ultrasoft s:  
• Intermediate state dependence 
• Similar to  

ν q0 ∼ | ⃗q | ∼ mπ

ν q0 ∼ | ⃗q | ∼ Ei − En

2νββ

ν q0 ≪ | ⃗q | ∼ mπ

Majorana-mass mechanism 
Dimension five operator

Cirigliano et al ’19; Cirigliano et al ’17; Chambers-Wall et al, ‘25
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NLO: 
• No corrections to the  operator0νββ
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• Contributions to   can be divided into  momentum regions: Aν ν

Aν ∼ ∑
n

∫
d4q

(2π)4

1
q2 [ ⟨ f |JW |n⟩⟨n |JW | i⟩

q0 + Ei − En + iϵ
+

⟨ f |JW |n⟩⟨n |JW | i⟩
−q0 + Ei − En + iϵ ]



N2LO: 
• Soft s:  

• Loops & (partially known) counterterms 

• Ultrasoft s:  
• Intermediate state dependence 
• Similar to  

• Potential s:  
• Induce three-body terms at N2LO (and N3LO)

ν q0 ∼ | ⃗q | ∼ mπ

ν q0 ∼ | ⃗q | ∼ Ei − En

2νββ

ν q0 ≪ | ⃗q | ∼ mπ

Majorana-mass mechanism 
Dimension five operator

Cirigliano et al ’19; Cirigliano et al ’17; Chambers-Wall et al, ‘25
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pn

e

e
pn

pn
e

e

e

e

⇡�

⇡�

• Contributions to   can be divided into  momentum regions: Aν ν

Aν ∼ ∑
n

∫
d4q

(2π)4

1
q2 [ ⟨ f |JW |n⟩⟨n |JW | i⟩

q0 + Ei − En + iϵ
+

⟨ f |JW |n⟩⟨n |JW | i⟩
−q0 + Ei − En + iϵ ]

NLO: 
• No corrections to the  operator0νββ



N2LO: 

• These N2LO effects have been evaluated in 
• Light nuclei 

• Heavier systems 

• Found to be up to  of LO NME𝒪(30%)

Majorana-mass mechanism 
Dimension five operator

Cirigliano et al ’19; Cirigliano et al ’17; Chambers-Wall et al, ‘25
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See Daniel’s & Amelia’s talks

Chambers-Wall et al, ’25; Pastore et al ’18

Belley et al ’24; Castillo et al ‘25

• Contributions to   can be divided into  momentum regions: Aν ν

Aν ∼ ∑
n

∫
d4q

(2π)4

1
q2 [ ⟨ f |JW |n⟩⟨n |JW | i⟩

q0 + Ei − En + iϵ
+

⟨ f |JW |n⟩⟨n |JW | i⟩
−q0 + Ei − En + iϵ ]

NLO: 
• No corrections to the  operator0νββ



Other mechanisms 
Higher-dimensional operators ∼ (mW /Λ)3, (mW /Λ)5

41



⇤

100 MeV

SM EFT’ 
SU(3)xU(1)em invariant 

Chiral Effective Theory 

Many Body Methods 

T 0⌫
1/2(0

+ ! 0+)
1 MeV

?? TeV

100 GeV

1 GeV

Dimension 7, 9 operators

( )SM EFT 
SU(3)xSU(2)xU(1) invariant 

ν

• Can go through the same steps for the higher-dimensional interactions
• Involves additional hadronic & nuclear matrix elements

ν
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⇤

100 MeV

SM EFT’ 
SU(3)xU(1)em invariant 

Chiral Effective Theory 

Many Body Methods 

T 0⌫
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1 MeV
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100 GeV

1 GeV

Dimension 7, 9 operators

( )SM EFT 
SU(3)xSU(2)xU(1) invariant 

ν
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• Can go through the same steps for the higher-dimensional interactions
• Involves additional hadronic & nuclear matrix elements

• These steps have been automized: Python package DoBe ν

Scholer, de Vries, Gráf, JHEP, ‘23

https://github.com/OScholer/nudobe


SM Effective Theory 

Chiral Effective Theory 

  

Chiral EFT 
Higher-dimensional interactions 

Dim 6 & 7 Dim 9

⌫e

e�

e�

n p

n p

e

e

pn

⇡±

n p

e

e

n

p

p

n

ud

⌫L e

e

ud

e

ud

e

e

⇡�

⇡�

n p

n p

• Higher-dimensional interactions involve 
• Additional hadronic interactions 
• Only the  couplings known ππ

 

• Can go through same steps for sterile neutrinos

44

Vd=7,9 =

Detmold et al, ’22; Nicholson et al.’18

 Ramsey-Musolf ’03; Cirigliano, (WD) et al. ‘17 



Chiral Effective Theory 

  

Chiral EFT 
Higher-dimensional interactions 

⌫e

e�

e�

n p
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e

e
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⇡±

n p

e

e

n

p

p

n

e

e

⇡�

⇡�

n p

n p
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• Requires Nuclear Matrix Elements

• In total 15 of them
• Have been computed in the literature
• Similar uncertainties as the Majorana-mass mechanism

∼ ⟨ψSe |Vd=7,9 |ψGe⟩Mν

From nucleons to nuclei

Vd=7,9 =

See Alex Todd’s talk

Barea et al. ’15; Hyvarinen et al, ’15; Horoi et al. ’17, Menendez et al, ’18; Agostini et al. `22



Phenomenology 
Heavy LNV physics



136Xe

ud

⌫L e } }Dim 6 & 7 Dim 9

• Couplings with Ci ~ v3/𝛬3

e

ud

e

ud

• O(1) uncertainties:
• Unknown LECs
•  Nuclear Matrix elements

Phenomenology 
From heavy new physics 
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136Xe

ud

⌫L e } }Dim 6 & 7 Dim 9

• Couplings with Ci ~ v3/𝛬3

• Couplings with Ci ~ v5/𝛬5

e

ud

e

ud

}
Dim 9

e

ud

e

ud

• O(1) uncertainties:
• Unknown LECs
•  Nuclear Matrix elements

Phenomenology 
From heavy new physics 
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From heavy new physics 
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Light LNV physics 
Sterile neutrinos

Based on: 2402.07993, 2303.04168 

with 

S. Urrutia Quiroga, D. Castillo, V. Plakkot,  
G. Zhou, P. Soriano,  J. Menéndez,  
V. Cirigliano, J. de Vries,E. Mereghetti 



For light sterile neutrinos νR

Effective Field Theory
For heavy  physicsΔL = 2

Leff = LSM +
c
(5)
i

⇤
O

(5)
i +

c
(7)
i

⇤3
O

(7)
i +

c
(9)
i

⇤5
O

(9)
i + . . .

<latexit sha1_base64="BKdFbuhIIn6XsBkQloiSFsxvZpg="></latexit>

• ’s could solve open questions:

• Neutrino masses
• Leptogenesis
• Dark matter candidate

νR

Boyarski et al. ’19

Canetti et al. ’13
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For light sterile neutrinos νR

Effective Field Theory
For heavy  physicsΔL = 2

Leff = LSM +
c
(5)
i
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c
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O

(7)
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c
(9)
i
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O

(9)
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<latexit sha1_base64="BKdFbuhIIn6XsBkQloiSFsxvZpg="></latexit>

• ’s could solve open questions:

• Neutrino masses
• Leptogenesis
• Dark matter candidate

• Many BSM scenarios: Left-Right/Leptoquarks/GUTs

νR

Boyarski et al. ’19

Canetti et al. ’13

e.g.: Batell,Bhoonah, Huang ’24; Li, Ramsey-Musolf, Urrutia Quiroga, Carlos Vasquez, ’24; Li, Ramsey-Musolf, Senapati, 
Urrutia Quiroga ’24; Bolton, Deppisch, Rai,  Zhang, ’22; de Vries, Drewes, Georis, Klarić, Plakkot ’24….

52



Zhou, Fuyuto, de Vries, Mereghetti, WD, ’20; Blennow et al, ’10; Barea et al, ’15; Giunti et al, ’15; Bolton et al, ’19;

• Can be described in the same framework ( SMEFT):ν

L⌫R = i⌫̄R /@⌫R � 1

2
⌫̄
c
RMR⌫R � L̄H̃YD⌫R + L(6)

⌫R
+ L(7)

⌫R
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For light sterile neutrinos νR
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Zhou, Fuyuto, de Vries, Mereghetti, WD, ’20; Blennow et al, ’10; Barea et al, ’15; Giunti et al, ’15; Bolton et al, ’19;
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• Majorana mass 
(L violating)

Effective Field Theory
For heavy  physicsΔL = 2

Leff = LSM +
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For light sterile neutrinos νR
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Zhou, Fuyuto, de Vries, Mereghetti, WD, ’20; Blennow et al, ’10; Barea et al, ’15; Giunti et al, ’15; Bolton et al, ’19;
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• Majorana mass 
(L violating)

• Dirac mass 
(L conserving)

Effective Field Theory
For heavy  physicsΔL = 2

Leff = LSM +
c
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For light sterile neutrinos νR
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Zhou, Fuyuto, de Vries, Mereghetti, WD, ’20; Blennow et al, ’10; Barea et al, ’15; Giunti et al, ’15; Bolton et al, ’19;

• Can be described in the same framework ( SMEFT):ν
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• Majorana mass 
(L violating)

• Dirac mass 
(L conserving)

• Dimension-6 (L-conserving)
• Dimension-7 operators (L-violating)

• Induced by heavy BSM physics

Liao & Ma, ’17

Effective Field Theory
For heavy  physicsΔL = 2

Leff = LSM +
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For light sterile neutrinos νR
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• Add  singlets, , to the SM: n νR
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Minimal  scenario νR
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Minimal  scenario νR

• Add  singlets, , to the SM: n νR
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N = (νL

νc
R)



• Usually leading contributions  vanish in this case:∼ mββ
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• Usually leading contributions  vanish in this case:∼ mββ
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• Usually leading contributions  vanish in this case:∼ mββ

e�
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WL

Cannot neglect this 
dependence!
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Minimal  scenario νR
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• Similar to  case: 

• NMEs and LECs now  dependent 
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`Usual’ contributions:
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• See the nucleus as a whole, have momenta 

• Usually N2LO effect, now leading order

• Similar to  case: 

• NMEs and LECs now  dependent 
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`Usual’ contributions:

Cirigliano et al, ’17; Castillo, Plakkot, Soriano, Zhou, de Vries, Mereghetti, Menéndez, WD ’23, 24 

136Ba136Xe

νusofte e
q0 ∼ ⃗q ∼ k2

F /mN ∼ Q

New: `Ultrasoft’ neutrinos
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• Depends on intermediate state energies, 

• Overlap integrals

• See the nucleus as a whole, have momenta 

• Usually N2LO effect, now leading order

• Similar to  case: 

• NMEs and LECs now  dependent 
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New: `Ultrasoft’ neutrinos

 contributionsνi
`Usual’ contributions:
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, mi ≲ ΔE}

Cirigliano et al, ’17; Castillo, Plakkot, Soriano, Zhou, de Vries, Mereghetti, Menéndez, WD ’23, 24 

136Ba136Xe

νusofte e
q0 ∼ ⃗q ∼ k2

F /mN ∼ Q
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Phenomenology: 
A 3+1 toy model



Toy model: 3+1
• Add just one sterile neutrino to the SM 

• Not realistic: does not reproduce all masses/mixings 

• Simple scenario to test impact 

• Similar features to more realistic cases 
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• Largest differences: 
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Toy model: 3+1
• Add just one sterile neutrino to the SM 

• Not realistic: does not reproduce all masses/mixings 

• Simple scenario to test impact 

• Similar features to more realistic cases 

• Largest differences: 
• Ultrasoft neutrinos for  

•  for GeV

m4 ≪ mπ

gNN
ν (m4) m4 ≳

• ‘Cottingham’ estimate of  dependence of  

• Significant impact for 
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Phenomenology: 
3+3 seesaw models



SMν
• Add 3 sterile neutrinos to the SM 

• What do we expect for  given all other experimental information? 

• Oscillation experiments, direct searches, electroweak precision … 

0νββ
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SMν
• Add 3 sterile neutrinos to the SM 

• What do we expect for  given all other experimental information? 

• Oscillation experiments, direct searches, electroweak precision … 

0νββ

• Even in minimal models  could be significantly larger than for the Majorana mass 

• Similar in 3+2 scenarios 

T0ν
1/2

de Vries, Drewes, Georis, Klaric, Plakkot, JHEP ‘25

S. Urrutia Quiroga,  
V. Cirigliano, WD, ‘25
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• EFTs can systematically describe ∆L=2 sources

• Majorana-mass mechanism (dim-5)

• Dimension-7 & -9 sources

• Effects from νR
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• EFTs can systematically describe ∆L=2 sources

• Majorana-mass mechanism (dim-5)

• Dimension-7 & -9 sources

• Effects from νR

• EFT leads to additional effects:

• Contact term needed at leading order

• Large effects of light ultrasoft 

• Identifies needed Nuclear Matrix Elements

νR
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• EFTs can systematically describe ∆L=2 sources

• Majorana-mass mechanism (dim-5)

• Dimension-7 & -9 sources

• Effects from νR

• EFT leads to additional effects:

• Contact term needed at leading order

• Large effects of light ultrasoft 

• Identifies needed LECs & Nuclear Matrix Elements

νR

Summary 

•  probes

• Heavy BSM up to O(100) TeV

• Interactions with  to O(10) TeV
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Back up slides



Disentangling operators 
What if a 0𝜈𝛽𝛽 signal is measured?

ud
h

⌫L eR

⌫L ⌫L

m�� = 0.05 eV CLeudH = ei↵/⇤3

• Measurement in a single isotope could be due to any operator 

• Could measure the rate in several nuclei, however 
• Different isotopes have similar sensitivity to LNV operators 
• Made worse by the nuclear uncertainties



Disentangling operators 
What if a 0𝜈𝛽𝛽 signal is measured?

ud
h

⌫L eR

⌫L ⌫L

m�� = 0.05 eV CLeudH = ei↵/⇤3

• Measurement in a single isotope could be due to any operator 

• Could measure the rate in several nuclei, however 
• Different isotopes have similar sensitivity to LNV operators 
• Made worse by the nuclear uncertainties

• Instead look at angular & energy distributions of the leptons



• Picking the allowed values  
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More  scenariosνR



Toy model: 1+1+1 pseudo-Dirac
• Involves 1 active, two sterile neutrinos 

• Assume steriles much heavier than the active neutrinos;  

• Two heavier ’s, form a pseudo-Dirac pair 

• Light neutrino mass proportional to LNV parameter (opposite to seesaw) 

M1 ≃ M2 ≫ mν

ν

Bolton et al, 2020; Mohapatra et al, ’86; Nandi and Sarkar ’86;



Toy model: 1+1+1 pseudo-Dirac

Bolton et al, 2020; Mohapatra et al, ’86; Nandi and Sarkar ’86;

Literature

This work

Lab constraints

• Involves 1 active, two sterile neutrinos 

• Assume steriles much heavier than the active neutrinos;  

• Two heavier ’s, form a pseudo-Dirac pair 

• Light neutrino mass proportional to LNV parameter (opposite to seesaw) 

M1 ≃ M2 ≫ mν

ν



Inter
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• Inverted hierarchy • Normal hierarchy 

• Add 2 sterile neutrinos to the SM 

•Can now fit the oscillation data 

•Involves more parameters, for some choice can derive bounds: 

3+2 scenario



Sterile neutrinos 
+ higher-dimensional ’s𝒪



pure 3+1 scenario
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Phenomenology 
From heavy new physics + light νR

• Toy Model 

• SM + 1 light 

• Added dimension-six interaction

• SM + 1 light  +

νR
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Phenomenology 
From heavy new physics + light νR
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• SM + 1 light 
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3+1 scenario + 

Λ = 10 TeV

• Higher dimensional  terms can have a large impact!νR



 
Cottingham estimate
gNN

ν :



New interaction needed at leading order to get physical amplitudes:        
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Davoudi and Kadam, ’20, ’21  
Feng et al, ‘20



Determination of the counterterm 
Cirigliano et al, ’20, ‘21

W. Cottingham ’63; H. Harari, ‘66

• Analogy to the Cottingham approach for pion/nucleon mass differences Cirigliano et al, ’20, ‘21

∝ ∫ dk a(k) = ∫
d4k

(2π)4

1
k2 + iϵ

e

e

=



• Analogy to the Cottingham approach for pion/nucleon mass differences 

Determination of the counterterm 
Cirigliano et al, ’20, ‘21

W. Cottingham ’63; H. Harari, ‘66

∝ ∫ dk a(k) = ∫
d4k

(2π)4

1
k2 + iϵ

e

e

• Estimate the  by constraining the integrand

•  region determined by 

•  region determined by OPE

• Model intermediate region using:
• Form factors

• Off-shell effects from  intermediate states

Aν

k ≪ Λχ χEFT
k ≫ GeV

NN

=

χEFT



• Analogy to the Cottingham approach for pion/nucleon mass differences 

Determination of the counterterm 
Cirigliano et al, ’20, ‘21

W. Cottingham ’63; H. Harari, ‘66

∝ ∫ dk a(k) = ∫
d4k

(2π)4

1
k2 + iϵ

e

e

• Estimate the  by constraining the integrand

•  region determined by 

•  region determined by OPE

• Model intermediate region using:
• Form factors

• Off-shell effects from  intermediate states

Aν

k ≪ Λχ χEFT
k ≫ GeV

NN

=

χEFT

OPE



• Analogy to the Cottingham approach for pion/nucleon mass differences 

Determination of the counterterm 
Cirigliano et al, ’20, ‘21

W. Cottingham ’63; H. Harari, ‘66

∝ ∫ dk a(k) = ∫
d4k

(2π)4

1
k2 + iϵ

e

e

• Estimate the  by constraining the integrand

•  region determined by 

•  region determined by OPE

• Model intermediate region using:
• Form factors

• Off-shell effects from  intermediate states

Aν

k ≪ Λχ χEFT
k ≫ GeV

NN

=

χEFT

OPEmodel



• Analogy to the Cottingham approach for pion/nucleon mass differences 

Determination of the counterterm 
Cirigliano et al, ’20, ‘21

W. Cottingham ’63; H. Harari, ‘66

∝ ∫ dk a(k) = ∫
d4k

(2π)4

1
k2 + iϵ

e

e

=

χEFT

OPEmodel

Richardson et al, ‘21

• Gives  in 

• Estimated 30% uncertainty
• Validated in isospin-breaking observables
• Consistent with large-Nc estimate

g̃NN
ν (μ = mπ) = 1.3(6) MS

Richardson et al, ‘21



Low energy  
constants



LECs  

Scalar charge Vector/axial charge Vector/axial charge Tensor charge

NLO
LEC

Scalar charge

x1

x1 x1

x1 x2 x1

C(6)
SL,SR

<latexit sha1_base64="CaSYBPU2IR+30lRZNSURhJiZ2+8=">AAAB+HicbVDLSsNAFJ34rPXRqEs3g0WoICWpoi6L3bhwUa19QBvDZDpph04mYWYi1JAvceNCEbd+ijv/xmmbhbYeuHA4517uvceLGJXKsr6NpeWV1bX13EZ+c2t7p2Du7rVkGAtMmjhkoeh4SBJGOWkqqhjpRIKgwGOk7Y1qE7/9SISkIb9X44g4ARpw6lOMlJZcs1Bzk8bNSeMufUhK58epaxatsjUFXCR2RoogQ901v3r9EMcB4QozJGXXtiLlJEgoihlJ871YkgjhERqQrqYcBUQ6yfTwFB5ppQ/9UOjiCk7V3xMJCqQcB57uDJAaynlvIv7ndWPlXzoJ5VGsCMezRX7MoArhJAXYp4JgxcaaICyovhXiIRIIK51VXodgz7+8SFqVsn1artyeFatXWRw5cAAOQQnY4AJUwTWogybAIAbP4BW8GU/Gi/FufMxal4xsZh/8gfH5A0Alkiw=</latexit>

C(6)
V L

<latexit sha1_base64="c6TAoVQgaT5/RbSnxMqsfXFiwNc=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahXkrSinos9uLBQwX7AW0sm+2mXbrZhN2NUEL+hhcPinj1z3jz37htc9DWBwOP92aYmedFnClt299Wbm19Y3Mrv13Y2d3bPygeHrVVGEtCWyTkoex6WFHOBG1ppjntRpLiwOO0400aM7/zRKVioXjQ04i6AR4J5jOCtZH6jUHSvksfk/LleTooluyKPQdaJU5GSpChOSh+9YchiQMqNOFYqZ5jR9pNsNSMcJoW+rGiESYTPKI9QwUOqHKT+c0pOjPKEPmhNCU0mqu/JxIcKDUNPNMZYD1Wy95M/M/rxdq/dhMmolhTQRaL/JgjHaJZAGjIJCWaTw3BRDJzKyJjLDHRJqaCCcFZfnmVtKsVp1ap3l+U6jdZHHk4gVMogwNXUIdbaEILCETwDK/wZsXWi/VufSxac1Y2cwx/YH3+ABWokQ8=</latexit>

C(6)
V R

<latexit sha1_base64="c1gg6VYXMyW6ypCZNPIoxHP2PiI=">AAAB83icbVBNT8JAEJ3iF+IX6tHLRmKCF9KCUY9ELh7RyEcClWyXLWzYbpvdrQlp+je8eNAYr/4Zb/4bF+hBwZdM8vLeTGbmeRFnStv2t5VbW9/Y3MpvF3Z29/YPiodHbRXGktAWCXkoux5WlDNBW5ppTruRpDjwOO14k8bM7zxRqVgoHvQ0om6AR4L5jGBtpH5jkLTv08ekfHmeDoolu2LPgVaJk5ESZGgOil/9YUjigApNOFaq59iRdhMsNSOcpoV+rGiEyQSPaM9QgQOq3GR+c4rOjDJEfihNCY3m6u+JBAdKTQPPdAZYj9WyNxP/83qx9q/dhIko1lSQxSI/5kiHaBYAGjJJieZTQzCRzNyKyBhLTLSJqWBCcJZfXiXtasWpVap3F6X6TRZHHk7gFMrgwBXU4Raa0AICETzDK7xZsfVivVsfi9aclc0cwx9Ynz8e6pEV</latexit>

C(6)
T

<latexit sha1_base64="wNxiHjRk3SbraUeVBM0+dsTANCI=">AAAB8nicbVBNS8NAEN34WetX1aOXYBHqpSRV1GOxF48V+gVpLJvtpl262Q27E6GE/AwvHhTx6q/x5r9x2+agrQ8GHu/NMDMviDnT4Djf1tr6xubWdmGnuLu3f3BYOjruaJkoQttEcql6AdaUM0HbwIDTXqwojgJOu8GkMfO7T1RpJkULpjH1IzwSLGQEg5G8xiBtZY9p5foiG5TKTtWZw14lbk7KKEdzUPrqDyVJIiqAcKy15zox+ClWwAinWbGfaBpjMsEj6hkqcES1n85PzuxzowztUCpTAuy5+nsixZHW0ygwnRGGsV72ZuJ/npdAeOunTMQJUEEWi8KE2yDt2f/2kClKgE8NwUQxc6tNxlhhAialognBXX55lXRqVfeyWnu4Ktfv8jgK6BSdoQpy0Q2qo3vURG1EkETP6BW9WWC9WO/Wx6J1zcpnTtAfWJ8/dtSQtw==</latexit>

C(7)
V L,V R

<latexit sha1_base64="XHFj6+B+xzNHfRT4cXNYI3J+IuI=">AAAB+HicbVBNS8NAEN34WetHox69LBahgpSkCvVY7MWDhyo2LbQxbLabdulmE3Y3Qg35JV48KOLVn+LNf+O2zUFbHww83pthZp4fMyqVZX0bK6tr6xubha3i9s7uXsncP3BklAhM2jhikej6SBJGOWkrqhjpxoKg0Gek44+bU7/zSISkEb9Xk5i4IRpyGlCMlJY8s9T0UufmzLnLHtJK/TTzzLJVtWaAy8TOSRnkaHnmV38Q4SQkXGGGpOzZVqzcFAlFMSNZsZ9IEiM8RkPS05SjkEg3nR2ewROtDGAQCV1cwZn6eyJFoZST0NedIVIjuehNxf+8XqKCSzelPE4U4Xi+KEgYVBGcpgAHVBCs2EQThAXVt0I8QgJhpbMq6hDsxZeXiVOr2ufV2u1FuXGVx1EAR+AYVIAN6qABrkELtAEGCXgGr+DNeDJejHfjY966YuQzh+APjM8fSvySMw==</latexit>

Dimension 6 Dimension 7

⌫L e

uL
<latexit sha1_base64="9E1DNHCdd4HYtaYgMWR1ZTvFyRo=">AAAB6nicbVA9SwNBEJ3zM8avqKXNYhCswl0UtAzaWFhENB+QHGFvM5cs2ds7dveEcOQn2FgoYusvsvPfuEmu0MQHA4/3ZpiZFySCa+O6387K6tr6xmZhq7i9s7u3Xzo4bOo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDP1W0+oNI/loxkn6Ed0IHnIGTVWekh7d71S2a24M5Bl4uWkDDnqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rPZqRNyapU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjlZ1wmqUHJ5ovCVBATk+nfpM8VMiPGllCmuL2VsCFVlBmbTtGG4C2+vEya1Yp3XqneX5Rr13kcBTiGEzgDDy6hBrdQhwYwGMAzvMKbI5wX5935mLeuOPnMEfyB8/kDMViNvA==</latexit>

dL
<latexit sha1_base64="DT75R+LxPGbVHYPjyZND0iVwAqo=">AAAB6nicbVA9SwNBEJ3zM8avqKXNYhCswl0UtAzaWFhENB+QHGFvby5Zsrd37O4JIeQn2FgoYusvsvPfuEmu0MQHA4/3ZpiZF6SCa+O6387K6tr6xmZhq7i9s7u3Xzo4bOokUwwbLBGJagdUo+ASG4Ybge1UIY0Dga1geDP1W0+oNE/koxml6Me0L3nEGTVWegh7d71S2a24M5Bl4uWkDDnqvdJXN0xYFqM0TFCtO56bGn9MleFM4KTYzTSmlA1pHzuWShqj9sezUyfk1CohiRJlSxoyU39PjGms9SgObGdMzUAvelPxP6+TmejKH3OZZgYlmy+KMkFMQqZ/k5ArZEaMLKFMcXsrYQOqKDM2naINwVt8eZk0qxXvvFK9vyjXrvM4CnAMJ3AGHlxCDW6hDg1g0IdneIU3RzgvzrvzMW9dcfKZI/gD5/MHF3KNqw==</latexit>

⌫L e

uR
<latexit sha1_base64="T4QgLkN9/FInulqWKSoKSInPGbo=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxWN85AHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9cS1EbF6xHHC/YgOlAgFo2ilh7R33yuV3Yo7A1kmXk7KkKPeK311+zFLI66QSWpMx3MT9DOqUTDJJ8VuanhC2YgOeMdSRSNu/Gx26oScWqVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uwys/EypJkSs2XxSmkmBMpn+TvtCcoRxbQpkW9lbChlRThjadog3BW3x5mTSrFe+8Ur27KNeu8zgKcAwncAYeXEINbqEODWAwgGd4hTdHOi/Ou/Mxb11x8pkj+APn8wc6cI3C</latexit>

dR
<latexit sha1_base64="lL1UqOQGqULz/N8dgpdt6P1hGYo=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxWN85AHJEmZne5Mhs7PLzKwQQj7BiwdFvPpF3vwbJ8keNLGgoajqprsrSAXXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1EmmGDZYIhLVDqhGwSU2DDcC26lCGgcCW8HwZuq3nlBpnshHM0rRj2lf8ogzaqz0EPbue6WyW3FnIMvEy0kZctR7pa9umLAsRmmYoFp3PDc1/pgqw5nASbGbaUwpG9I+diyVNEbtj2enTsipVUISJcqWNGSm/p4Y01jrURzYzpiagV70puJ/Xicz0ZU/5jLNDEo2XxRlgpiETP8mIVfIjBhZQpni9lbCBlRRZmw6RRuCt/jyMmlWK955pXp3Ua5d53EU4BhO4Aw8uIQa3EIdGsCgD8/wCm+OcF6cd+dj3rri5DNH8AfO5w8gio2x</latexit>

⌫L e

uR
<latexit sha1_base64="T4QgLkN9/FInulqWKSoKSInPGbo=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxWN85AHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9cS1EbF6xHHC/YgOlAgFo2ilh7R33yuV3Yo7A1kmXk7KkKPeK311+zFLI66QSWpMx3MT9DOqUTDJJ8VuanhC2YgOeMdSRSNu/Gx26oScWqVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uwys/EypJkSs2XxSmkmBMpn+TvtCcoRxbQpkW9lbChlRThjadog3BW3x5mTSrFe+8Ur27KNeu8zgKcAwncAYeXEINbqEODWAwgGd4hTdHOi/Ou/Mxb11x8pkj+APn8wc6cI3C</latexit>

dL
<latexit sha1_base64="DT75R+LxPGbVHYPjyZND0iVwAqo=">AAAB6nicbVA9SwNBEJ3zM8avqKXNYhCswl0UtAzaWFhENB+QHGFvby5Zsrd37O4JIeQn2FgoYusvsvPfuEmu0MQHA4/3ZpiZF6SCa+O6387K6tr6xmZhq7i9s7u3Xzo4bOokUwwbLBGJagdUo+ASG4Ybge1UIY0Dga1geDP1W0+oNE/koxml6Me0L3nEGTVWegh7d71S2a24M5Bl4uWkDDnqvdJXN0xYFqM0TFCtO56bGn9MleFM4KTYzTSmlA1pHzuWShqj9sezUyfk1CohiRJlSxoyU39PjGms9SgObGdMzUAvelPxP6+TmejKH3OZZgYlmy+KMkFMQqZ/k5ArZEaMLKFMcXsrYQOqKDM2naINwVt8eZk0qxXvvFK9vyjXrvM4CnAMJ3AGHlxCDW6hDg1g0IdneIU3RzgvzrvzMW9dcfKZI/gD5/MHF3KNqw==</latexit>

⌫L e

uR
<latexit sha1_base64="T4QgLkN9/FInulqWKSoKSInPGbo=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxWN85AHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9cS1EbF6xHHC/YgOlAgFo2ilh7R33yuV3Yo7A1kmXk7KkKPeK311+zFLI66QSWpMx3MT9DOqUTDJJ8VuanhC2YgOeMdSRSNu/Gx26oScWqVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uwys/EypJkSs2XxSmkmBMpn+TvtCcoRxbQpkW9lbChlRThjadog3BW3x5mTSrFe+8Ur27KNeu8zgKcAwncAYeXEINbqEODWAwgGd4hTdHOi/Ou/Mxb11x8pkj+APn8wc6cI3C</latexit>

dL
<latexit sha1_base64="DT75R+LxPGbVHYPjyZND0iVwAqo=">AAAB6nicbVA9SwNBEJ3zM8avqKXNYhCswl0UtAzaWFhENB+QHGFvby5Zsrd37O4JIeQn2FgoYusvsvPfuEmu0MQHA4/3ZpiZF6SCa+O6387K6tr6xmZhq7i9s7u3Xzo4bOokUwwbLBGJagdUo+ASG4Ybge1UIY0Dga1geDP1W0+oNE/koxml6Me0L3nEGTVWegh7d71S2a24M5Bl4uWkDDnqvdJXN0xYFqM0TFCtO56bGn9MleFM4KTYzTSmlA1pHzuWShqj9sezUyfk1CohiRJlSxoyU39PjGms9SgObGdMzUAvelPxP6+TmejKH3OZZgYlmy+KMkFMQqZ/k5ArZEaMLKFMcXsrYQOqKDM2naINwVt8eZk0qxXvvFK9vyjXrvM4CnAMJ3AGHlxCDW6hDg1g0IdneIU3RzgvzrvzMW9dcfKZI/gD5/MHF3KNqw==</latexit> ud

⌫L e
⇥@µ

<latexit sha1_base64="uR2hV3WEHww3pum5oK2YkYmlVw0=">AAAB+3icbVDLSsNAFJ34rPUV69JNsAiuSlIFXRbduKxgH9CEMJlO2qEzkzBzI5bQX3HjQhG3/og7/8ZJm4W2Hhg4nHNfc6KUMw2u+22trW9sbm1Xdqq7e/sHh/ZRrauTTBHaIQlPVD/CmnImaQcYcNpPFcUi4rQXTW4Lv/dIlWaJfIBpSgOBR5LFjGAwUmjXfGCCaj/FChjmoS+y0K67DXcOZ5V4JamjEu3Q/vKHCckElUA41nrguSkEeTGRcDqr+pmmKSYTPKIDQyU2C4N8fvvMOTPK0IkTZZ4EZ67+7six0HoqIlMpMIz1sleI/3mDDOLrIGcyzYBKslgUZ9yBxCmCcIZMUQJ8aggmiplbHTLGChMwcVVNCN7yl1dJt9nwLhrN+8t666aMo4JO0Ck6Rx66Qi10h9qogwh6Qs/oFb1ZM+vFerc+FqVrVtlzjP7A+vwBkROUxw==</latexit>

e

e
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Non-NDA



LECs  

x1 x4

x1 x2

x1 x4 x2

Dimension 9 - scalar Dimension 9 - vector

e

ud

e

ud

C(9)
2,3,4,5

<latexit sha1_base64="xtTUfyr8aGhjmgBWpjLhsLEWwRM=">AAAB+nicbVDLTsJAFJ3iC/FVdOlmIjHBhJAWMOqOyMYlJvJIoDbTYYAJ02kzM9WQ2k9x40Jj3Pol7vwbB+hCwZPc5OSce3PvPV7IqFSW9W1k1tY3Nrey27md3b39AzN/2JZBJDBp4YAFoushSRjlpKWoYqQbCoJ8j5GON2nM/M4DEZIG/E5NQ+L4aMTpkGKktOSa+YYbV0rVUq10ntzHxauzxDULVtmaA64SOyUFkKLpml/9QYAjn3CFGZKyZ1uhcmIkFMWMJLl+JEmI8ASNSE9TjnwinXh+egJPtTKAw0Do4grO1d8TMfKlnPqe7vSRGstlbyb+5/UiNbx0YsrDSBGOF4uGEYMqgLMc4IAKghWbaoKwoPpWiMdIIKx0Wjkdgr388ippV8p2tVy5rRXq12kcWXAMTkAR2OAC1MENaIIWwOARPINX8GY8GS/Gu/GxaM0Y6cwR+APj8wdj+JIl</latexit>

e

ud

e

ud

C(9)
6,7,8,9

<latexit sha1_base64="PuzAiXKEsL76KIzXVErXz3v+644=">AAAB+nicbVDLTsJAFJ36RHwVXbqZSEwwIaRFI7AjsnGJiTwSqM10mMKE6bSZmWpI5VPcuNAYt36JO//GAbpQ8CQ3OTnn3tx7jxcxKpVlfRtr6xubW9uZnezu3v7BoZk7asswFpi0cMhC0fWQJIxy0lJUMdKNBEGBx0jHGzdmfueBCElDfqcmEXECNOTUpxgpLblmruEmV8VKsVqsTe+TQu186pp5q2TNAVeJnZI8SNF0za/+IMRxQLjCDEnZs61IOQkSimJGptl+LEmE8BgNSU9TjgIinWR++hSeaWUA/VDo4grO1d8TCQqknASe7gyQGsllbyb+5/Vi5VedhPIoVoTjxSI/ZlCFcJYDHFBBsGITTRAWVN8K8QgJhJVOK6tDsJdfXiXtcsm+KJVvL/P16zSODDgBp6AAbFABdXADmqAFMHgEz+AVvBlPxovxbnwsWteMdOYY/IHx+QN82JI1</latexit>

e

e

C(9)
1L,1R

<latexit sha1_base64="qjpQ2KDWTYNvqjIT6EWbPuBMLlI=">AAAB+HicbVDLSsNAFL3xWeujUZdugkWoICWpgrorduPCRRX7gDaGyXTSDp1MwsxEqCFf4saFIm79FHf+jdPHQlsPXDiccy/33uPHjEpl29/G0vLK6tp6biO/ubW9UzB395oySgQmDRyxSLR9JAmjnDQUVYy0Y0FQ6DPS8oe1sd96JELSiN+rUUzcEPU5DShGSkueWah5qXNz4txlD2np8jjzzKJdtiewFokzI0WYoe6ZX91ehJOQcIUZkrLj2LFyUyQUxYxk+W4iSYzwEPVJR1OOQiLddHJ4Zh1ppWcFkdDFlTVRf0+kKJRyFPq6M0RqIOe9sfif10lUcOGmlMeJIhxPFwUJs1RkjVOwelQQrNhIE4QF1bdaeIAEwkpnldchOPMvL5Jmpeycliu3Z8Xq1SyOHBzAIZTAgXOowjXUoQEYEniGV3gznowX4934mLYuGbOZffgD4/MH2xKR6w==</latexit>

uL
<latexit sha1_base64="9E1DNHCdd4HYtaYgMWR1ZTvFyRo=">AAAB6nicbVA9SwNBEJ3zM8avqKXNYhCswl0UtAzaWFhENB+QHGFvM5cs2ds7dveEcOQn2FgoYusvsvPfuEmu0MQHA4/3ZpiZFySCa+O6387K6tr6xmZhq7i9s7u3Xzo4bOo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDP1W0+oNI/loxkn6Ed0IHnIGTVWekh7d71S2a24M5Bl4uWkDDnqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rPZqRNyapU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjlZ1wmqUHJ5ovCVBATk+nfpM8VMiPGllCmuL2VsCFVlBmbTtGG4C2+vEya1Yp3XqneX5Rr13kcBTiGEzgDDy6hBrdQhwYwGMAzvMKbI5wX5935mLeuOPnMEfyB8/kDMViNvA==</latexit>

uL
<latexit sha1_base64="9E1DNHCdd4HYtaYgMWR1ZTvFyRo=">AAAB6nicbVA9SwNBEJ3zM8avqKXNYhCswl0UtAzaWFhENB+QHGFvM5cs2ds7dveEcOQn2FgoYusvsvPfuEmu0MQHA4/3ZpiZFySCa+O6387K6tr6xmZhq7i9s7u3Xzo4bOo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDP1W0+oNI/loxkn6Ed0IHnIGTVWekh7d71S2a24M5Bl4uWkDDnqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rPZqRNyapU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjlZ1wmqUHJ5ovCVBATk+nfpM8VMiPGllCmuL2VsCFVlBmbTtGG4C2+vEya1Yp3XqneX5Rr13kcBTiGEzgDDy6hBrdQhwYwGMAzvMKbI5wX5935mLeuOPnMEfyB8/kDMViNvA==</latexit>

dL
<latexit sha1_base64="DT75R+LxPGbVHYPjyZND0iVwAqo=">AAAB6nicbVA9SwNBEJ3zM8avqKXNYhCswl0UtAzaWFhENB+QHGFvby5Zsrd37O4JIeQn2FgoYusvsvPfuEmu0MQHA4/3ZpiZF6SCa+O6387K6tr6xmZhq7i9s7u3Xzo4bOokUwwbLBGJagdUo+ASG4Ybge1UIY0Dga1geDP1W0+oNE/koxml6Me0L3nEGTVWegh7d71S2a24M5Bl4uWkDDnqvdJXN0xYFqM0TFCtO56bGn9MleFM4KTYzTSmlA1pHzuWShqj9sezUyfk1CohiRJlSxoyU39PjGms9SgObGdMzUAvelPxP6+TmejKH3OZZgYlmy+KMkFMQqZ/k5ArZEaMLKFMcXsrYQOqKDM2naINwVt8eZk0qxXvvFK9vyjXrvM4CnAMJ3AGHlxCDW6hDg1g0IdneIU3RzgvzrvzMW9dcfKZI/gD5/MHF3KNqw==</latexit>

dL
<latexit sha1_base64="DT75R+LxPGbVHYPjyZND0iVwAqo=">AAAB6nicbVA9SwNBEJ3zM8avqKXNYhCswl0UtAzaWFhENB+QHGFvby5Zsrd37O4JIeQn2FgoYusvsvPfuEmu0MQHA4/3ZpiZF6SCa+O6387K6tr6xmZhq7i9s7u3Xzo4bOokUwwbLBGJagdUo+ASG4Ybge1UIY0Dga1geDP1W0+oNE/koxml6Me0L3nEGTVWegh7d71S2a24M5Bl4uWkDDnqvdJXN0xYFqM0TFCtO56bGn9MleFM4KTYzTSmlA1pHzuWShqj9sezUyfk1CohiRJlSxoyU39PjGms9SgObGdMzUAvelPxP6+TmejKH3OZZgYlmy+KMkFMQqZ/k5ArZEaMLKFMcXsrYQOqKDM2naINwVt8eZk0qxXvvFK9vyjXrvM4CnAMJ3AGHlxCDW6hDg1g0IdneIU3RzgvzrvzMW9dcfKZI/gD5/MHF3KNqw==</latexit>
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