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• Would imply that 
•Neutrino’s are Majorana particles
•Physics beyond the SM 

• Violates lepton number, ΔL=2

• Stringently constrained experimentally

• Next generation to improve by 1-2 orders

T 0⌫
1/2(

76Ge)
<latexit sha1_base64="IXv8MOm6Li6tYvt9DG9oNEI10SI=">AAACBnicbVDLSsNAFJ3UV62vqEsRBotQNzWpYl0WXeiyQl/QpGEynbZDJ5MwMxFKyMqNv+LGhSJu/QZ3/o3TNgutHrhwOOde7r3HjxiVyrK+jNzS8srqWn69sLG5tb1j7u61ZBgLTJo4ZKHo+EgSRjlpKqoY6USCoMBnpO2Pr6d++54ISUPeUJOIuAEacjqgGCkteeZho5dYDo9TL7FPK2mpl1Qv0sQRAbwh6YlnFq2yNQP8S+yMFEGGumd+Ov0QxwHhCjMkZde2IuUmSCiKGUkLTixJhPAYDUlXU44CIt1k9kYKj7XSh4NQ6OIKztSfEwkKpJwEvu4MkBrJRW8q/ud1YzW4dBPKo1gRjueLBjGDKoTTTGCfCoIVm2iCsKD6VohHSCCsdHIFHYK9+PJf0qqU7bOyfXderF1lceTBATgCJWCDKqiBW1AHTYDBA3gCL+DVeDSejTfjfd6aM7KZffALxsc3j6eX5Q==</latexit>

T 0⌫
1/2(

130Te)
<latexit sha1_base64="MT4JfOsJRbZ4ooyj7jTNNNUwYts=">AAACB3icbVDLSsNAFJ3UV62vqEtBBotQNzVpBV0W3bis0Bc0aZhMJ+3QySTMTIQSsnPjr7hxoYhbf8Gdf+O0zUKrBy4czrmXe+/xY0alsqwvo7Cyura+UdwsbW3v7O6Z+wcdGSUCkzaOWCR6PpKEUU7aiipGerEgKPQZ6fqTm5nfvSdC0oi31DQmbohGnAYUI6UlzzxuDVLL4UnmpfZ5LasMUrtuZakjQtgi2Zlnlq2qNQf8S+yclEGOpmd+OsMIJyHhCjMkZd+2YuWmSCiKGclKTiJJjPAEjUhfU45CIt10/kcGT7UyhEEkdHEF5+rPiRSFUk5DX3eGSI3lsjcT//P6iQqu3JTyOFGE48WiIGFQRXAWChxSQbBiU00QFlTfCvEYCYSVjq6kQ7CXX/5LOrWqXa/adxflxnUeRxEcgRNQATa4BA1wC5qgDTB4AE/gBbwaj8az8Wa8L1oLRj5zCH7B+PgGC8+YIw==</latexit>

T 0⌫
1/2(

136Xe)
<latexit sha1_base64="G6O2valbOrgeHCDR6H6hvveXs8U=">AAACB3icbVDLSsNAFJ3UV62vqEtBBotQNzVpRV0W3bis0Bc0aZhMJ+3QySTMTIQSsnPjr7hxoYhbf8Gdf+P0sdDWAxcO59zLvff4MaNSWda3kVtZXVvfyG8WtrZ3dvfM/YOWjBKBSRNHLBIdH0nCKCdNRRUjnVgQFPqMtP3R7cRvPxAhacQbahwTN0QDTgOKkdKSZx43eqnl8CTzUvu8kpV6qV29zFJHhLBDsjPPLFplawq4TOw5KYI56p755fQjnISEK8yQlF3bipWbIqEoZiQrOIkkMcIjNCBdTTkKiXTT6R8ZPNVKHwaR0MUVnKq/J1IUSjkOfd0ZIjWUi95E/M/rJiq4dlPK40QRjmeLgoRBFcFJKLBPBcGKjTVBWFB9K8RDJBBWOrqCDsFefHmZtCplu1q27y+KtZt5HHlwBE5ACdjgCtTAHaiDJsDgETyDV/BmPBkvxrvxMWvNGfOZQ/AHxucPGz+YLQ==</latexit>

Gerda Cuore KamLAND-zen

> 9 ⋅ 1025 yr > 2.3 ⋅ 1026 yr> 3.2 ⋅ 1025 yr



Introduction

e�

e�

LNV

0νββ

= BSM physics

• Would imply that 
•Neutrino’s are Majorana particles
•Physics beyond the SM 

Schechter, Valle, `82

T 0⌫
1/2(

76Ge)
<latexit sha1_base64="IXv8MOm6Li6tYvt9DG9oNEI10SI=">AAACBnicbVDLSsNAFJ3UV62vqEsRBotQNzWpYl0WXeiyQl/QpGEynbZDJ5MwMxFKyMqNv+LGhSJu/QZ3/o3TNgutHrhwOOde7r3HjxiVyrK+jNzS8srqWn69sLG5tb1j7u61ZBgLTJo4ZKHo+EgSRjlpKqoY6USCoMBnpO2Pr6d++54ISUPeUJOIuAEacjqgGCkteeZho5dYDo9TL7FPK2mpl1Qv0sQRAbwh6YlnFq2yNQP8S+yMFEGGumd+Ov0QxwHhCjMkZde2IuUmSCiKGUkLTixJhPAYDUlXU44CIt1k9kYKj7XSh4NQ6OIKztSfEwkKpJwEvu4MkBrJRW8q/ud1YzW4dBPKo1gRjueLBjGDKoTTTGCfCoIVm2iCsKD6VohHSCCsdHIFHYK9+PJf0qqU7bOyfXderF1lceTBATgCJWCDKqiBW1AHTYDBA3gCL+DVeDSejTfjfd6aM7KZffALxsc3j6eX5Q==</latexit>

T 0⌫
1/2(

130Te)
<latexit sha1_base64="MT4JfOsJRbZ4ooyj7jTNNNUwYts=">AAACB3icbVDLSsNAFJ3UV62vqEtBBotQNzVpBV0W3bis0Bc0aZhMJ+3QySTMTIQSsnPjr7hxoYhbf8Gdf+O0zUKrBy4czrmXe+/xY0alsqwvo7Cyura+UdwsbW3v7O6Z+wcdGSUCkzaOWCR6PpKEUU7aiipGerEgKPQZ6fqTm5nfvSdC0oi31DQmbohGnAYUI6UlzzxuDVLL4UnmpfZ5LasMUrtuZakjQtgi2Zlnlq2qNQf8S+yclEGOpmd+OsMIJyHhCjMkZd+2YuWmSCiKGclKTiJJjPAEjUhfU45CIt10/kcGT7UyhEEkdHEF5+rPiRSFUk5DX3eGSI3lsjcT//P6iQqu3JTyOFGE48WiIGFQRXAWChxSQbBiU00QFlTfCvEYCYSVjq6kQ7CXX/5LOrWqXa/adxflxnUeRxEcgRNQATa4BA1wC5qgDTB4AE/gBbwaj8az8Wa8L1oLRj5zCH7B+PgGC8+YIw==</latexit>

T 0⌫
1/2(

136Xe)
<latexit sha1_base64="G6O2valbOrgeHCDR6H6hvveXs8U=">AAACB3icbVDLSsNAFJ3UV62vqEtBBotQNzVpRV0W3bis0Bc0aZhMJ+3QySTMTIQSsnPjr7hxoYhbf8Gdf+P0sdDWAxcO59zLvff4MaNSWda3kVtZXVvfyG8WtrZ3dvfM/YOWjBKBSRNHLBIdH0nCKCdNRRUjnVgQFPqMtP3R7cRvPxAhacQbahwTN0QDTgOKkdKSZx43eqnl8CTzUvu8kpV6qV29zFJHhLBDsjPPLFplawq4TOw5KYI56p755fQjnISEK8yQlF3bipWbIqEoZiQrOIkkMcIjNCBdTTkKiXTT6R8ZPNVKHwaR0MUVnKq/J1IUSjkOfd0ZIjWUi95E/M/rJiq4dlPK40QRjmeLgoRBFcFJKLBPBcGKjTVBWFB9K8RDJBBWOrqCDsFefHmZtCplu1q27y+KtZt5HHlwBE5ACdjgCtTAHaiDJsDgETyDV/BmPBkvxrvxMWvNGfOZQ/AHxucPGz+YLQ==</latexit>

Gerda Cuore KamLAND-zen

> 9 ⋅ 1025 yr > 2.3 ⋅ 1026 yr> 3.2 ⋅ 1025 yr

• Violates lepton number, ΔL=2

• Stringently constrained experimentally

• Next generation to improve by 1-2 orders



e�

e�

LNV

0νββ
LeS-right model? Light Majorana mass? 

⌫e

⌫e e�

e�

WL

WL

e�

e�

WR

WR

⌫R

⌫R

+ ??

• Implications for the mass hierarchy 

Well-known Majorana mass mechanism

=

Introduction



e�

e�

LNV

0νββ
LeS-right model? Light Majorana mass? 

⌫e

⌫e e�

e�

WL

WL

e�

e�

WR

WR

⌫R

⌫R

+ ??

• Implications for the mass hierarchy 

Well-known Majorana mass mechanism

• Many possible scenarios 

• Left-right model,  

• R-parity violating SUSY 

• Leptoquarks… 

Heavy BSM mechanisms

=

Introduction



e�

e�

LNV

0νββ
LeS-right model? Light Majorana mass? 

⌫e

⌫e e�

e�

WL

WL

e�

e�

WR

WR

⌫R

⌫R

+ ??

• Implications for the mass hierarchy 

Well-known Majorana mass mechanism

• Many possible scenarios 

• Left-right model,  

• R-parity violating SUSY 

• Leptoquarks… 

• How to describe all LNV sources 
systematically? 
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SM EFT 
SU(3)xSU(2)xU(1) invariant 
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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

Interactions involving light νR

Effective Field Theory 
From heavy  physicsΔL = 2
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Matching to Chiral EFT 

Chiral Effecfve Theory 

In terms of nucleons, pions, leptons 

SM EFT’ 
SU(3)xU(1)em invariant 

In terms of quarks, gluons, leptons L(u, d, g, ⌫, e)

L�PT (N,⇡, ⌫, e)

Form of operators determined by chiral symmetry 

Need a power-counting scheme 

• Often used: Weinberg counting / Naive dimensional analysis (NDA) 

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

The operators come with unknown constants (LECs)



Chiral Effecfve Theory 
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Matching to Chiral EFT
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• At LO in Weinberg counting, only need the nucleon one-body currents
• All needed low-energy constants are known



Chiral Effecfve Theory 

SM EFT’ 
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• Additional `non-NDA’  contact interaction needed for renormalization
• New LEC, . 
• Currently only model estimates

gNN
ν

mi
νi

GFUei

GFUei GFUei

νiνi

mi

νiνi

νi

e

e

n

p

p

n

G2
FgNN

ν

• At LO in Weinberg counting, only need the nucleon one-body currents
• All needed low-energy constants are known

Matching to Chiral EFT

Cirigliano et al ’18,’19

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



Chiral EFT 
Dim 3

⌫e

e�

e�

n p

n p

⌫L ⌫L

m�� = �ueev
2/⇤LNV

 

V�L=2 =

 Ramsey-Musolf ’03; Cirigliano, (WD) et al. ‘17 ; Detmold et al, ’22; Nicholson et al.’18
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Chiral EFT 
Dim 3 Dim 6 & 7 Dim 9

⌫e

e�

e�

n p

n p

ud

⌫L e
⌫L ⌫L

m�� = �ueev
2/⇤LNV

 

e

ud

e

ud

Vector

• Contributions of dimension-6,7,9 operators  

ππ

V�L=2 =

e

ud

e

ud

Scalar

 Ramsey-Musolf ’03; Cirigliano, (WD) et al. ‘17 ; Detmold et al, ’22; Nicholson et al.’18

e

e

n

p

p

n



Chiral EFT 
Dim 3 Dim 6 & 7 Dim 9

⌫e
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e�

n p

n p

e

e
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n p

e

e

n

p

p

n

⌫e

e�

e�

n p

n p

ud

⌫L e
⌫L ⌫L

m�� = �ueev
2/⇤LNV

 

e

ud

e

ud

Vector

V�L=2 =
e

e

⇡�

⇡�

n p

n p

e

ud

e

ud

Scalar

 Ramsey-Musolf ’03; Cirigliano, (WD) et al. ‘17 ; Detmold et al, ’22; Nicholson et al.’18

• Contributions of dimension-6,7,9 operators  

• Give additional interactions and LECs 
• LECs for the nucleon currents and  interactions are partially knownππ



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

⇤

100 MeV

Integrate out  
heavy SM fields

Labce QCD input

Construct two-nucleon 
0𝜈𝛽𝛽 operators

Integrate out  
BSM fields

SM EFT’ 
SU(3)xU(1)em invariant 

Chiral Effecfve 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 
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Integrate out  
heavy SM fields

Labce QCD input

Construct two-nucleon 
0𝜈𝛽𝛽 operators

Integrate out  
BSM fields

SM EFT’ 
SU(3)xU(1)em invariant 

Chiral Effecfve 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,…



Nuclear matrix elements 

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

• NMEs can differ factor 2-3

• Recent ab initio NMEs for  

• Include estimates of  effect

A ≥ 48

gNN
ν

Agosfni et al, ’22; Belley et al ’23,’20; Yao et al ’20; Wirth, Yao, Hegert ‘21

See J. Holt’s talk
Light Majorana neutrino exchange



Nuclear matrix elements 

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

• Need 15 NMEs for dimension-7, -9 contributions
• Computed in the literature

• Similar status to Majorana-mass operator

• Not well studied in ab initio or for arbitrary  massesνR

• NMEs can differ factor 2-3

• Recent ab initio NMEs for  

• Include estimates of  effect

A ≥ 48

gNN
ν

Agosfni et al, ’22; Belley et al ’23,’20; Yao et al ’20; Wirth, Yao, Hegert ‘21

Light Majorana neutrino exchange

Dimension 7 and 9 operators

See J. Holt’s talk



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 



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 



Phenomenology: 
Light LNV: sterile neutrinos



Toy model: 1+1+1

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

• Involves 1 active, two sterile neutrinos 

• Assume steriles much heavier than the active neutrinos; M1, M2 ≫ mν
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Toy model: 1+1+1

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; M1, M2 ≫ mν

ΔM/M2=1
0-2

ΔM/M
2 =1ΔM/M

2 =10 2
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eN
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2 +

|U
eN
2
2

`Pseudo-Dirac’ limit M2 − M1 ≪ M1,2 Larger mass splittings:

T1/2 ≥ 1028yr



Phenomenology 
From heavy new physics + light νR

Example with νR

• Toy Model 

• SM + 1 light νR pure 3+1 scenario
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• Add dimension-six interaction

• SM + 1 light  +νR

Phenomenology 
From heavy new physics + light νR

pure 3+1 scenario

Example with νR

10-6 10-4 0.01 1 100 104
1018

1021

1024

1027
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mνR [GeV]

T 1
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ν
(1
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r]
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3+1 scenario + 

• Toy Model 

• SM + 1 light νR

u

d e

⌫R

<latexit sha1_base64="NwLVOR1G5g7MOd0CKuIPOdfzufA=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KokU9Fj04rGKaQttKJvtpl262YTdiVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXplIYdN1vZ219Y3Nru7RT3t3bPzisHB23TJJpxn2WyER3Qmq4FIr7KFDyTqo5jUPJ2+H4dua3n7g2IlGPOEl5ENOhEpFgFK3k91TWf+hXqm7NnYOsEq8gVSjQ7Fe+eoOEZTFXyCQ1puu5KQY51SiY5NNyLzM8pWxMh7xrqaIxN0E+P3ZKzq0yIFGibSkkc/X3RE5jYyZxaDtjiiOz7M3E/7xuhtF1kAuVZsgVWyyKMkkwIbPPyUBozlBOLKFMC3srYSOqKUObT9mG4C2/vEpalzWvXqvf16uNmyKOEpzCGVyAB1fQgDtogg8MBDzDK7w5ynlx3p2PReuaU8ycwB84nz+6K46j</latexit>

Λ = 10 TeV

• Higher dimensional  terms can have a large impact!νR
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• Needed Nuclear Matrix Elements determined in literature



• EFTs allow one to systematically describe ∆L=2 sources

• Standard mechanism (dim-5)

• Dimension-7 & -9 sources

• Effects from νR

• Matching to chiral EFT involves unknown LECs

• Renormalization requires terms beyond usual counting

• Needed Nuclear Matrix Elements determined in literature

Summary 

•  probes

• Heavy LNV to O(100) TeV scales

• Light sterile  interactions to  TeV

0νββ

νR Λ ∼ 10



Back up slides



Why dim 7, 9?



Naive scaling of Dimension 5, 7, 9 operators

•                         So why keep dimension 7 & 9?

A0⌫�� ⇠ c5
⇤


1 +

⇣ v

⇤

⌘2 c7
c5

+
⇣ v

⇤

⌘4 c9
c5

�

    Allows for relative enhancement:

v/⇤ ⌧ 1

m⌫ ⇠ c5v
2/⇤

• However, if                                                                  
• dimension-7, -9 irrelevant in this case

c5 = O(1), ⇤ = 1015 GeV

•                                                               

• Relative enhancement of higher-dimensional terms due to 

• Happens, for example, in the left-right model  

c5 ⌧ O(1), ⇤ = O(1� 100)TeV

c7,9/c5 � 1

Effective Field Theory



Sterile neutrinos



• Integrate out 

 Chiral EFT without 

νR

→ νR

• Chiral EFT involving νR

mνR mW
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Can use 
EFT with  χ νR

Can integrate out   
dim9 operators 

νR →
?? ?? 

e

e

⇡�

⇡�n p

e⌫L,R
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e

ud

e

ud

• Neither EFT works well here

• Missing operators ~ 
• Loop corrections ~ 

Λχ /mνR
mνR

/Λχ

A ∝ mνR
A ∝ m−1

νR
Interpolate

Sterile neutrinos 
Complication:  dependencemνR



Disentangling  
operators
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Phenomenology 
From heavy new physics 



• Picking the allowed values  

Disentangling operators 
What if a 0𝜈𝛽𝛽 signal is measured?

����������
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Example: 
The left-right model



An example: LR model 
In Left-Right models:

• SM gauge symmetry is extended to

• Allows for parity or charge-conjugation to be restored at high energies

• Explains neutrino masses through the see-saw mechanism (Type-I & Type-II)

SU(2)R ⇥ SU(2)L ⇥ U(1)B�L

• New Fields:
• Right-handed bosons
• Right-handed neutrinos
• Heavy new scalars

WR, ZR

�++
R

⌫R

Violates lepton number



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

An example: LR model 

e�
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WR
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u

d

H

⌫L⌫R

H
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H

⇠ ye = me/v

�L = 2
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H H ud
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ud
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ud
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⇣ v

⇤

⌘
⇠ ye
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⇤

⌘3
⇠
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• Assume right-handed neutrino mixing follows the PMNS matrix

An example: LR model 
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Inverted Hierarchy

mββ

LRM (ξ=mb/mt)
LRM (ξ=0)
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Normal Hierarchy

mββ

LRM (ξ=mb/mt)
LRM (ξ=0)

mWR = 4.5TeV, m⌫R = 10TeV, m�++
R

= 4TeV

• Mild effect on NH (due to dim-9)

• Negligible effect in IH case, dim-5 terms dominate
• Due to chiral suppression of the induced dim-6,7,9 operators



• Assume right-handed neutrino mixing follows the PMNS matrix

An example: LR model 

• Large effect in both NH & IH

• Now dominated by dim-9 terms

mWR = 4.5TeV, m⌫R = 10GeV, m�++
R

= 4TeV
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Normal Hierarchy

mββ

LRM (ξ=mb/mt)
LRM (ξ=0)
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Inverted Hierarchy

mββ

LRM (ξ=mb/mt)
LRM (ξ=0)

Not excluded by collider searches

Subject to  
NME / LEC uncertainfes 



Checking the power counting



Check that                                  is finite A(nn ! ppee)

Checking the power counting 
Dimension-3 



• Requires inclusion of the strong interaction 

L� =
<latexit sha1_base64="buEIMbHYk5sAPL7t9kwZO+MKhy8=">AAAB+XicbVC7SgNBFL0bXzHxsWppMxgFq7CrhTZC0MbCIoJ5QHZZZiezyZDZBzOzgbDkT2wsFLEV/AH/wM4P0drZJIUmHhg4nHMv98zxE86ksqxPo7C0vLK6VlwvlTc2t7bNnd2mjFNBaIPEPBZtH0vKWUQbiilO24mgOPQ5bfmDq9xvDamQLI7u1Cihboh7EQsYwUpLnmk6IVZ9gjm68RzSZxeeWbGq1gRokdgzUqkdfr29D8vfdc/8cLoxSUMaKcKxlB3bSpSbYaEY4XRcclJJE0wGuEc7mkY4pNLNJsnH6EgrXRTEQr9IoYn6eyPDoZSj0NeTeU457+Xif14nVcG5m7EoSRWNyPRQkHKkYpTXgLpMUKL4SBNMBNNZEeljgYnSZZV0Cfb8lxdJ86Rqn1btW93GJUxRhH04gGOw4QxqcA11aACBIdzDIzwZmfFgPBsv09GCMdvZgz8wXn8Ajy+XYQ==</latexit>

N
<latexit sha1_base64="j7YDDvFQaPiOFJJiHa8hogw7tjQ=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8EgWIVdLbQRgzZWkoC5QLKE2cnZZMzshZlZISx5AhsLRWz1YextxLdxklho4g8DH/9/DnPO8RPBlXacLyu3sLi0vJJftdfWNza3Cts7dRWnkmGNxSKWTZ8qFDzCmuZaYDORSENfYMMfXI7zxh1KxePoRg8T9ELai3jAGdXGql53CkWn5ExE5sH9geL5u32WvH3alU7ho92NWRpipJmgSrVcJ9FeRqXmTODIbqcKE8oGtIctgxENUXnZZNAROTBOlwSxNC/SZOL+7shoqNQw9E1lSHVfzWZj87+slerg1Mt4lKQaIzb9KEgF0TEZb026XCLTYmiAMsnNrIT1qaRMm9vY5gju7MrzUD8qucclt+oUyxcwVR72YB8OwYUTKMMVVKAGDBDu4RGerFvrwXq2XqalOeunZxf+yHr9BgcjkBI=</latexit>

⇡
<latexit sha1_base64="npuYF7HwvdDuwFCVp1CbgJXNZC0=">AAAB6nicbZDLSgMxFIbP1Fsdb1WXboJFcFVmdFE3YtGNy4r2Au1QMmmmDc1kQpIRytBHcONCEZf6Lu7diG9jello6w+Bj/8/h5xzQsmZNp737eSWlldW1/Lr7sbm1vZOYXevrpNUEVojCU9UM8SaciZozTDDaVMqiuOQ00Y4uBrnjXuqNEvEnRlKGsS4J1jECDbWum1L1ikUvZI3EVoEfwbFiw/3XL59udVO4bPdTUgaU2EIx1q3fE+aIMPKMMLpyG2nmkpMBrhHWxYFjqkOssmoI3RknS6KEmWfMGji/u7IcKz1MA5tZYxNX89nY/O/rJWa6CzImJCpoYJMP4pSjkyCxnujLlOUGD60gIlidlZE+lhhYux1XHsEf37lRaiflPzTkn/jFSuXMFUeDuAQjsGHMlTgGqpQAwI9eIAneHa48+i8OK/T0pwz69mHP3LefwCwQJEN</latexit>

N
<latexit sha1_base64="j7YDDvFQaPiOFJJiHa8hogw7tjQ=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8EgWIVdLbQRgzZWkoC5QLKE2cnZZMzshZlZISx5AhsLRWz1YextxLdxklho4g8DH/9/DnPO8RPBlXacLyu3sLi0vJJftdfWNza3Cts7dRWnkmGNxSKWTZ8qFDzCmuZaYDORSENfYMMfXI7zxh1KxePoRg8T9ELai3jAGdXGql53CkWn5ExE5sH9geL5u32WvH3alU7ho92NWRpipJmgSrVcJ9FeRqXmTODIbqcKE8oGtIctgxENUXnZZNAROTBOlwSxNC/SZOL+7shoqNQw9E1lSHVfzWZj87+slerg1Mt4lKQaIzb9KEgF0TEZb026XCLTYmiAMsnNrIT1qaRMm9vY5gju7MrzUD8qucclt+oUyxcwVR72YB8OwYUTKMMVVKAGDBDu4RGerFvrwXq2XqalOeunZxf+yHr9BgcjkBI=</latexit>

N
<latexit sha1_base64="j7YDDvFQaPiOFJJiHa8hogw7tjQ=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8EgWIVdLbQRgzZWkoC5QLKE2cnZZMzshZlZISx5AhsLRWz1YextxLdxklho4g8DH/9/DnPO8RPBlXacLyu3sLi0vJJftdfWNza3Cts7dRWnkmGNxSKWTZ8qFDzCmuZaYDORSENfYMMfXI7zxh1KxePoRg8T9ELai3jAGdXGql53CkWn5ExE5sH9geL5u32WvH3alU7ho92NWRpipJmgSrVcJ9FeRqXmTODIbqcKE8oGtIctgxENUXnZZNAROTBOlwSxNC/SZOL+7shoqNQw9E1lSHVfzWZj87+slerg1Mt4lKQaIzb9KEgF0TEZb026XCLTYmiAMsnNrIT1qaRMm9vY5gju7MrzUD8qucclt+oUyxcwVR72YB8OwYUTKMMVVKAGDBDu4RGerFvrwXq2XqalOeunZxf+yHr9BgcjkBI=</latexit>

N
<latexit sha1_base64="j7YDDvFQaPiOFJJiHa8hogw7tjQ=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8EgWIVdLbQRgzZWkoC5QLKE2cnZZMzshZlZISx5AhsLRWz1YextxLdxklho4g8DH/9/DnPO8RPBlXacLyu3sLi0vJJftdfWNza3Cts7dRWnkmGNxSKWTZ8qFDzCmuZaYDORSENfYMMfXI7zxh1KxePoRg8T9ELai3jAGdXGql53CkWn5ExE5sH9geL5u32WvH3alU7ho92NWRpipJmgSrVcJ9FeRqXmTODIbqcKE8oGtIctgxENUXnZZNAROTBOlwSxNC/SZOL+7shoqNQw9E1lSHVfzWZj87+slerg1Mt4lKQaIzb9KEgF0TEZb026XCLTYmiAMsnNrIT1qaRMm9vY5gju7MrzUD8qucclt+oUyxcwVR72YB8OwYUTKMMVVKAGDBDu4RGerFvrwXq2XqalOeunZxf+yHr9BgcjkBI=</latexit>

N
<latexit sha1_base64="j7YDDvFQaPiOFJJiHa8hogw7tjQ=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8EgWIVdLbQRgzZWkoC5QLKE2cnZZMzshZlZISx5AhsLRWz1YextxLdxklho4g8DH/9/DnPO8RPBlXacLyu3sLi0vJJftdfWNza3Cts7dRWnkmGNxSKWTZ8qFDzCmuZaYDORSENfYMMfXI7zxh1KxePoRg8T9ELai3jAGdXGql53CkWn5ExE5sH9geL5u32WvH3alU7ho92NWRpipJmgSrVcJ9FeRqXmTODIbqcKE8oGtIctgxENUXnZZNAROTBOlwSxNC/SZOL+7shoqNQw9E1lSHVfzWZj87+slerg1Mt4lKQaIzb9KEgF0TEZb026XCLTYmiAMsnNrIT1qaRMm9vY5gju7MrzUD8qucclt+oUyxcwVR72YB8OwYUTKMMVVKAGDBDu4RGerFvrwXq2XqalOeunZxf+yHr9BgcjkBI=</latexit>

N
<latexit sha1_base64="j7YDDvFQaPiOFJJiHa8hogw7tjQ=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8EgWIVdLbQRgzZWkoC5QLKE2cnZZMzshZlZISx5AhsLRWz1YextxLdxklho4g8DH/9/DnPO8RPBlXacLyu3sLi0vJJftdfWNza3Cts7dRWnkmGNxSKWTZ8qFDzCmuZaYDORSENfYMMfXI7zxh1KxePoRg8T9ELai3jAGdXGql53CkWn5ExE5sH9geL5u32WvH3alU7ho92NWRpipJmgSrVcJ9FeRqXmTODIbqcKE8oGtIctgxENUXnZZNAROTBOlwSxNC/SZOL+7shoqNQw9E1lSHVfzWZj87+slerg1Mt4lKQaIzb9KEgF0TEZb026XCLTYmiAMsnNrIT1qaRMm9vY5gju7MrzUD8qucclt+oUyxcwVR72YB8OwYUTKMMVVKAGDBDu4RGerFvrwXq2XqalOeunZxf+yHr9BgcjkBI=</latexit>

N
<latexit sha1_base64="j7YDDvFQaPiOFJJiHa8hogw7tjQ=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8EgWIVdLbQRgzZWkoC5QLKE2cnZZMzshZlZISx5AhsLRWz1YextxLdxklho4g8DH/9/DnPO8RPBlXacLyu3sLi0vJJftdfWNza3Cts7dRWnkmGNxSKWTZ8qFDzCmuZaYDORSENfYMMfXI7zxh1KxePoRg8T9ELai3jAGdXGql53CkWn5ExE5sH9geL5u32WvH3alU7ho92NWRpipJmgSrVcJ9FeRqXmTODIbqcKE8oGtIctgxENUXnZZNAROTBOlwSxNC/SZOL+7shoqNQw9E1lSHVfzWZj87+slerg1Mt4lKQaIzb9KEgF0TEZb026XCLTYmiAMsnNrIT1qaRMm9vY5gju7MrzUD8qucclt+oUyxcwVR72YB8OwYUTKMMVVKAGDBDu4RGerFvrwXq2XqalOeunZxf+yHr9BgcjkBI=</latexit>

N
<latexit sha1_base64="j7YDDvFQaPiOFJJiHa8hogw7tjQ=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8EgWIVdLbQRgzZWkoC5QLKE2cnZZMzshZlZISx5AhsLRWz1YextxLdxklho4g8DH/9/DnPO8RPBlXacLyu3sLi0vJJftdfWNza3Cts7dRWnkmGNxSKWTZ8qFDzCmuZaYDORSENfYMMfXI7zxh1KxePoRg8T9ELai3jAGdXGql53CkWn5ExE5sH9geL5u32WvH3alU7ho92NWRpipJmgSrVcJ9FeRqXmTODIbqcKE8oGtIctgxENUXnZZNAROTBOlwSxNC/SZOL+7shoqNQw9E1lSHVfzWZj87+slerg1Mt4lKQaIzb9KEgF0TEZb026XCLTYmiAMsnNrIT1qaRMm9vY5gju7MrzUD8qucclt+oUyxcwVR72YB8OwYUTKMMVVKAGDBDu4RGerFvrwXq2XqalOeunZxf+yHr9BgcjkBI=</latexit>

Check that                                  is finite A(nn ! ppee)

Checking the power counting 
Dimension-3 



• Requires inclusion of the strong interaction 

L� =
<latexit sha1_base64="buEIMbHYk5sAPL7t9kwZO+MKhy8=">AAAB+XicbVC7SgNBFL0bXzHxsWppMxgFq7CrhTZC0MbCIoJ5QHZZZiezyZDZBzOzgbDkT2wsFLEV/AH/wM4P0drZJIUmHhg4nHMv98zxE86ksqxPo7C0vLK6VlwvlTc2t7bNnd2mjFNBaIPEPBZtH0vKWUQbiilO24mgOPQ5bfmDq9xvDamQLI7u1Cihboh7EQsYwUpLnmk6IVZ9gjm68RzSZxeeWbGq1gRokdgzUqkdfr29D8vfdc/8cLoxSUMaKcKxlB3bSpSbYaEY4XRcclJJE0wGuEc7mkY4pNLNJsnH6EgrXRTEQr9IoYn6eyPDoZSj0NeTeU457+Xif14nVcG5m7EoSRWNyPRQkHKkYpTXgLpMUKL4SBNMBNNZEeljgYnSZZV0Cfb8lxdJ86Rqn1btW93GJUxRhH04gGOw4QxqcA11aACBIdzDIzwZmfFgPBsv09GCMdvZgz8wXn8Ajy+XYQ==</latexit>

N
<latexit sha1_base64="j7YDDvFQaPiOFJJiHa8hogw7tjQ=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8EgWIVdLbQRgzZWkoC5QLKE2cnZZMzshZlZISx5AhsLRWz1YextxLdxklho4g8DH/9/DnPO8RPBlXacLyu3sLi0vJJftdfWNza3Cts7dRWnkmGNxSKWTZ8qFDzCmuZaYDORSENfYMMfXI7zxh1KxePoRg8T9ELai3jAGdXGql53CkWn5ExE5sH9geL5u32WvH3alU7ho92NWRpipJmgSrVcJ9FeRqXmTODIbqcKE8oGtIctgxENUXnZZNAROTBOlwSxNC/SZOL+7shoqNQw9E1lSHVfzWZj87+slerg1Mt4lKQaIzb9KEgF0TEZb026XCLTYmiAMsnNrIT1qaRMm9vY5gju7MrzUD8qucclt+oUyxcwVR72YB8OwYUTKMMVVKAGDBDu4RGerFvrwXq2XqalOeunZxf+yHr9BgcjkBI=</latexit>

⇡
<latexit sha1_base64="npuYF7HwvdDuwFCVp1CbgJXNZC0=">AAAB6nicbZDLSgMxFIbP1Fsdb1WXboJFcFVmdFE3YtGNy4r2Au1QMmmmDc1kQpIRytBHcONCEZf6Lu7diG9jello6w+Bj/8/h5xzQsmZNp737eSWlldW1/Lr7sbm1vZOYXevrpNUEVojCU9UM8SaciZozTDDaVMqiuOQ00Y4uBrnjXuqNEvEnRlKGsS4J1jECDbWum1L1ikUvZI3EVoEfwbFiw/3XL59udVO4bPdTUgaU2EIx1q3fE+aIMPKMMLpyG2nmkpMBrhHWxYFjqkOssmoI3RknS6KEmWfMGji/u7IcKz1MA5tZYxNX89nY/O/rJWa6CzImJCpoYJMP4pSjkyCxnujLlOUGD60gIlidlZE+lhhYux1XHsEf37lRaiflPzTkn/jFSuXMFUeDuAQjsGHMlTgGqpQAwI9eIAneHa48+i8OK/T0pwz69mHP3LefwCwQJEN</latexit>

N
<latexit sha1_base64="j7YDDvFQaPiOFJJiHa8hogw7tjQ=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8EgWIVdLbQRgzZWkoC5QLKE2cnZZMzshZlZISx5AhsLRWz1YextxLdxklho4g8DH/9/DnPO8RPBlXacLyu3sLi0vJJftdfWNza3Cts7dRWnkmGNxSKWTZ8qFDzCmuZaYDORSENfYMMfXI7zxh1KxePoRg8T9ELai3jAGdXGql53CkWn5ExE5sH9geL5u32WvH3alU7ho92NWRpipJmgSrVcJ9FeRqXmTODIbqcKE8oGtIctgxENUXnZZNAROTBOlwSxNC/SZOL+7shoqNQw9E1lSHVfzWZj87+slerg1Mt4lKQaIzb9KEgF0TEZb026XCLTYmiAMsnNrIT1qaRMm9vY5gju7MrzUD8qucclt+oUyxcwVR72YB8OwYUTKMMVVKAGDBDu4RGerFvrwXq2XqalOeunZxf+yHr9BgcjkBI=</latexit>

N
<latexit sha1_base64="j7YDDvFQaPiOFJJiHa8hogw7tjQ=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8EgWIVdLbQRgzZWkoC5QLKE2cnZZMzshZlZISx5AhsLRWz1YextxLdxklho4g8DH/9/DnPO8RPBlXacLyu3sLi0vJJftdfWNza3Cts7dRWnkmGNxSKWTZ8qFDzCmuZaYDORSENfYMMfXI7zxh1KxePoRg8T9ELai3jAGdXGql53CkWn5ExE5sH9geL5u32WvH3alU7ho92NWRpipJmgSrVcJ9FeRqXmTODIbqcKE8oGtIctgxENUXnZZNAROTBOlwSxNC/SZOL+7shoqNQw9E1lSHVfzWZj87+slerg1Mt4lKQaIzb9KEgF0TEZb026XCLTYmiAMsnNrIT1qaRMm9vY5gju7MrzUD8qucclt+oUyxcwVR72YB8OwYUTKMMVVKAGDBDu4RGerFvrwXq2XqalOeunZxf+yHr9BgcjkBI=</latexit>

N
<latexit sha1_base64="j7YDDvFQaPiOFJJiHa8hogw7tjQ=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8EgWIVdLbQRgzZWkoC5QLKE2cnZZMzshZlZISx5AhsLRWz1YextxLdxklho4g8DH/9/DnPO8RPBlXacLyu3sLi0vJJftdfWNza3Cts7dRWnkmGNxSKWTZ8qFDzCmuZaYDORSENfYMMfXI7zxh1KxePoRg8T9ELai3jAGdXGql53CkWn5ExE5sH9geL5u32WvH3alU7ho92NWRpipJmgSrVcJ9FeRqXmTODIbqcKE8oGtIctgxENUXnZZNAROTBOlwSxNC/SZOL+7shoqNQw9E1lSHVfzWZj87+slerg1Mt4lKQaIzb9KEgF0TEZb026XCLTYmiAMsnNrIT1qaRMm9vY5gju7MrzUD8qucclt+oUyxcwVR72YB8OwYUTKMMVVKAGDBDu4RGerFvrwXq2XqalOeunZxf+yHr9BgcjkBI=</latexit>

N
<latexit sha1_base64="j7YDDvFQaPiOFJJiHa8hogw7tjQ=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8EgWIVdLbQRgzZWkoC5QLKE2cnZZMzshZlZISx5AhsLRWz1YextxLdxklho4g8DH/9/DnPO8RPBlXacLyu3sLi0vJJftdfWNza3Cts7dRWnkmGNxSKWTZ8qFDzCmuZaYDORSENfYMMfXI7zxh1KxePoRg8T9ELai3jAGdXGql53CkWn5ExE5sH9geL5u32WvH3alU7ho92NWRpipJmgSrVcJ9FeRqXmTODIbqcKE8oGtIctgxENUXnZZNAROTBOlwSxNC/SZOL+7shoqNQw9E1lSHVfzWZj87+slerg1Mt4lKQaIzb9KEgF0TEZb026XCLTYmiAMsnNrIT1qaRMm9vY5gju7MrzUD8qucclt+oUyxcwVR72YB8OwYUTKMMVVKAGDBDu4RGerFvrwXq2XqalOeunZxf+yHr9BgcjkBI=</latexit>

N
<latexit sha1_base64="j7YDDvFQaPiOFJJiHa8hogw7tjQ=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8EgWIVdLbQRgzZWkoC5QLKE2cnZZMzshZlZISx5AhsLRWz1YextxLdxklho4g8DH/9/DnPO8RPBlXacLyu3sLi0vJJftdfWNza3Cts7dRWnkmGNxSKWTZ8qFDzCmuZaYDORSENfYMMfXI7zxh1KxePoRg8T9ELai3jAGdXGql53CkWn5ExE5sH9geL5u32WvH3alU7ho92NWRpipJmgSrVcJ9FeRqXmTODIbqcKE8oGtIctgxENUXnZZNAROTBOlwSxNC/SZOL+7shoqNQw9E1lSHVfzWZj87+slerg1Mt4lKQaIzb9KEgF0TEZb026XCLTYmiAMsnNrIT1qaRMm9vY5gju7MrzUD8qucclt+oUyxcwVR72YB8OwYUTKMMVVKAGDBDu4RGerFvrwXq2XqalOeunZxf+yHr9BgcjkBI=</latexit>

N
<latexit sha1_base64="j7YDDvFQaPiOFJJiHa8hogw7tjQ=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8EgWIVdLbQRgzZWkoC5QLKE2cnZZMzshZlZISx5AhsLRWz1YextxLdxklho4g8DH/9/DnPO8RPBlXacLyu3sLi0vJJftdfWNza3Cts7dRWnkmGNxSKWTZ8qFDzCmuZaYDORSENfYMMfXI7zxh1KxePoRg8T9ELai3jAGdXGql53CkWn5ExE5sH9geL5u32WvH3alU7ho92NWRpipJmgSrVcJ9FeRqXmTODIbqcKE8oGtIctgxENUXnZZNAROTBOlwSxNC/SZOL+7shoqNQw9E1lSHVfzWZj87+slerg1Mt4lKQaIzb9KEgF0TEZb026XCLTYmiAMsnNrIT1qaRMm9vY5gju7MrzUD8qucclt+oUyxcwVR72YB8OwYUTKMMVVKAGDBDu4RGerFvrwXq2XqalOeunZxf+yHr9BgcjkBI=</latexit>

N
<latexit sha1_base64="j7YDDvFQaPiOFJJiHa8hogw7tjQ=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8EgWIVdLbQRgzZWkoC5QLKE2cnZZMzshZlZISx5AhsLRWz1YextxLdxklho4g8DH/9/DnPO8RPBlXacLyu3sLi0vJJftdfWNza3Cts7dRWnkmGNxSKWTZ8qFDzCmuZaYDORSENfYMMfXI7zxh1KxePoRg8T9ELai3jAGdXGql53CkWn5ExE5sH9geL5u32WvH3alU7ho92NWRpipJmgSrVcJ9FeRqXmTODIbqcKE8oGtIctgxENUXnZZNAROTBOlwSxNC/SZOL+7shoqNQw9E1lSHVfzWZj87+slerg1Mt4lKQaIzb9KEgF0TEZb026XCLTYmiAMsnNrIT1qaRMm9vY5gju7MrzUD8qucclt+oUyxcwVR72YB8OwYUTKMMVVKAGDBDu4RGerFvrwXq2XqalOeunZxf+yHr9BgcjkBI=</latexit>

Dress the ΔL=2 potential with (renormalized) strong interactions: 

e

e

n
p

n p ✔  finite 

Check that                                  is finite A(nn ! ppee)

Checking the power counting 
Dimension-3 



• Requires inclusion of the strong interaction 

L� =
<latexit sha1_base64="buEIMbHYk5sAPL7t9kwZO+MKhy8=">AAAB+XicbVC7SgNBFL0bXzHxsWppMxgFq7CrhTZC0MbCIoJ5QHZZZiezyZDZBzOzgbDkT2wsFLEV/AH/wM4P0drZJIUmHhg4nHMv98zxE86ksqxPo7C0vLK6VlwvlTc2t7bNnd2mjFNBaIPEPBZtH0vKWUQbiilO24mgOPQ5bfmDq9xvDamQLI7u1Cihboh7EQsYwUpLnmk6IVZ9gjm68RzSZxeeWbGq1gRokdgzUqkdfr29D8vfdc/8cLoxSUMaKcKxlB3bSpSbYaEY4XRcclJJE0wGuEc7mkY4pNLNJsnH6EgrXRTEQr9IoYn6eyPDoZSj0NeTeU457+Xif14nVcG5m7EoSRWNyPRQkHKkYpTXgLpMUKL4SBNMBNNZEeljgYnSZZV0Cfb8lxdJ86Rqn1btW93GJUxRhH04gGOw4QxqcA11aACBIdzDIzwZmfFgPBsv09GCMdvZgz8wXn8Ajy+XYQ==</latexit>

N
<latexit sha1_base64="j7YDDvFQaPiOFJJiHa8hogw7tjQ=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8EgWIVdLbQRgzZWkoC5QLKE2cnZZMzshZlZISx5AhsLRWz1YextxLdxklho4g8DH/9/DnPO8RPBlXacLyu3sLi0vJJftdfWNza3Cts7dRWnkmGNxSKWTZ8qFDzCmuZaYDORSENfYMMfXI7zxh1KxePoRg8T9ELai3jAGdXGql53CkWn5ExE5sH9geL5u32WvH3alU7ho92NWRpipJmgSrVcJ9FeRqXmTODIbqcKE8oGtIctgxENUXnZZNAROTBOlwSxNC/SZOL+7shoqNQw9E1lSHVfzWZj87+slerg1Mt4lKQaIzb9KEgF0TEZb026XCLTYmiAMsnNrIT1qaRMm9vY5gju7MrzUD8qucclt+oUyxcwVR72YB8OwYUTKMMVVKAGDBDu4RGerFvrwXq2XqalOeunZxf+yHr9BgcjkBI=</latexit>

⇡
<latexit sha1_base64="npuYF7HwvdDuwFCVp1CbgJXNZC0=">AAAB6nicbZDLSgMxFIbP1Fsdb1WXboJFcFVmdFE3YtGNy4r2Au1QMmmmDc1kQpIRytBHcONCEZf6Lu7diG9jello6w+Bj/8/h5xzQsmZNp737eSWlldW1/Lr7sbm1vZOYXevrpNUEVojCU9UM8SaciZozTDDaVMqiuOQ00Y4uBrnjXuqNEvEnRlKGsS4J1jECDbWum1L1ikUvZI3EVoEfwbFiw/3XL59udVO4bPdTUgaU2EIx1q3fE+aIMPKMMLpyG2nmkpMBrhHWxYFjqkOssmoI3RknS6KEmWfMGji/u7IcKz1MA5tZYxNX89nY/O/rJWa6CzImJCpoYJMP4pSjkyCxnujLlOUGD60gIlidlZE+lhhYux1XHsEf37lRaiflPzTkn/jFSuXMFUeDuAQjsGHMlTgGqpQAwI9eIAneHa48+i8OK/T0pwz69mHP3LefwCwQJEN</latexit>

N
<latexit sha1_base64="j7YDDvFQaPiOFJJiHa8hogw7tjQ=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8EgWIVdLbQRgzZWkoC5QLKE2cnZZMzshZlZISx5AhsLRWz1YextxLdxklho4g8DH/9/DnPO8RPBlXacLyu3sLi0vJJftdfWNza3Cts7dRWnkmGNxSKWTZ8qFDzCmuZaYDORSENfYMMfXI7zxh1KxePoRg8T9ELai3jAGdXGql53CkWn5ExE5sH9geL5u32WvH3alU7ho92NWRpipJmgSrVcJ9FeRqXmTODIbqcKE8oGtIctgxENUXnZZNAROTBOlwSxNC/SZOL+7shoqNQw9E1lSHVfzWZj87+slerg1Mt4lKQaIzb9KEgF0TEZb026XCLTYmiAMsnNrIT1qaRMm9vY5gju7MrzUD8qucclt+oUyxcwVR72YB8OwYUTKMMVVKAGDBDu4RGerFvrwXq2XqalOeunZxf+yHr9BgcjkBI=</latexit>

N
<latexit sha1_base64="j7YDDvFQaPiOFJJiHa8hogw7tjQ=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8EgWIVdLbQRgzZWkoC5QLKE2cnZZMzshZlZISx5AhsLRWz1YextxLdxklho4g8DH/9/DnPO8RPBlXacLyu3sLi0vJJftdfWNza3Cts7dRWnkmGNxSKWTZ8qFDzCmuZaYDORSENfYMMfXI7zxh1KxePoRg8T9ELai3jAGdXGql53CkWn5ExE5sH9geL5u32WvH3alU7ho92NWRpipJmgSrVcJ9FeRqXmTODIbqcKE8oGtIctgxENUXnZZNAROTBOlwSxNC/SZOL+7shoqNQw9E1lSHVfzWZj87+slerg1Mt4lKQaIzb9KEgF0TEZb026XCLTYmiAMsnNrIT1qaRMm9vY5gju7MrzUD8qucclt+oUyxcwVR72YB8OwYUTKMMVVKAGDBDu4RGerFvrwXq2XqalOeunZxf+yHr9BgcjkBI=</latexit>

N
<latexit sha1_base64="j7YDDvFQaPiOFJJiHa8hogw7tjQ=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8EgWIVdLbQRgzZWkoC5QLKE2cnZZMzshZlZISx5AhsLRWz1YextxLdxklho4g8DH/9/DnPO8RPBlXacLyu3sLi0vJJftdfWNza3Cts7dRWnkmGNxSKWTZ8qFDzCmuZaYDORSENfYMMfXI7zxh1KxePoRg8T9ELai3jAGdXGql53CkWn5ExE5sH9geL5u32WvH3alU7ho92NWRpipJmgSrVcJ9FeRqXmTODIbqcKE8oGtIctgxENUXnZZNAROTBOlwSxNC/SZOL+7shoqNQw9E1lSHVfzWZj87+slerg1Mt4lKQaIzb9KEgF0TEZb026XCLTYmiAMsnNrIT1qaRMm9vY5gju7MrzUD8qucclt+oUyxcwVR72YB8OwYUTKMMVVKAGDBDu4RGerFvrwXq2XqalOeunZxf+yHr9BgcjkBI=</latexit>

N
<latexit sha1_base64="j7YDDvFQaPiOFJJiHa8hogw7tjQ=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8EgWIVdLbQRgzZWkoC5QLKE2cnZZMzshZlZISx5AhsLRWz1YextxLdxklho4g8DH/9/DnPO8RPBlXacLyu3sLi0vJJftdfWNza3Cts7dRWnkmGNxSKWTZ8qFDzCmuZaYDORSENfYMMfXI7zxh1KxePoRg8T9ELai3jAGdXGql53CkWn5ExE5sH9geL5u32WvH3alU7ho92NWRpipJmgSrVcJ9FeRqXmTODIbqcKE8oGtIctgxENUXnZZNAROTBOlwSxNC/SZOL+7shoqNQw9E1lSHVfzWZj87+slerg1Mt4lKQaIzb9KEgF0TEZb026XCLTYmiAMsnNrIT1qaRMm9vY5gju7MrzUD8qucclt+oUyxcwVR72YB8OwYUTKMMVVKAGDBDu4RGerFvrwXq2XqalOeunZxf+yHr9BgcjkBI=</latexit>

N
<latexit sha1_base64="j7YDDvFQaPiOFJJiHa8hogw7tjQ=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8EgWIVdLbQRgzZWkoC5QLKE2cnZZMzshZlZISx5AhsLRWz1YextxLdxklho4g8DH/9/DnPO8RPBlXacLyu3sLi0vJJftdfWNza3Cts7dRWnkmGNxSKWTZ8qFDzCmuZaYDORSENfYMMfXI7zxh1KxePoRg8T9ELai3jAGdXGql53CkWn5ExE5sH9geL5u32WvH3alU7ho92NWRpipJmgSrVcJ9FeRqXmTODIbqcKE8oGtIctgxENUXnZZNAROTBOlwSxNC/SZOL+7shoqNQw9E1lSHVfzWZj87+slerg1Mt4lKQaIzb9KEgF0TEZb026XCLTYmiAMsnNrIT1qaRMm9vY5gju7MrzUD8qucclt+oUyxcwVR72YB8OwYUTKMMVVKAGDBDu4RGerFvrwXq2XqalOeunZxf+yHr9BgcjkBI=</latexit>

N
<latexit sha1_base64="j7YDDvFQaPiOFJJiHa8hogw7tjQ=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8EgWIVdLbQRgzZWkoC5QLKE2cnZZMzshZlZISx5AhsLRWz1YextxLdxklho4g8DH/9/DnPO8RPBlXacLyu3sLi0vJJftdfWNza3Cts7dRWnkmGNxSKWTZ8qFDzCmuZaYDORSENfYMMfXI7zxh1KxePoRg8T9ELai3jAGdXGql53CkWn5ExE5sH9geL5u32WvH3alU7ho92NWRpipJmgSrVcJ9FeRqXmTODIbqcKE8oGtIctgxENUXnZZNAROTBOlwSxNC/SZOL+7shoqNQw9E1lSHVfzWZj87+slerg1Mt4lKQaIzb9KEgF0TEZb026XCLTYmiAMsnNrIT1qaRMm9vY5gju7MrzUD8qucclt+oUyxcwVR72YB8OwYUTKMMVVKAGDBDu4RGerFvrwXq2XqalOeunZxf+yHr9BgcjkBI=</latexit>

N
<latexit sha1_base64="j7YDDvFQaPiOFJJiHa8hogw7tjQ=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8EgWIVdLbQRgzZWkoC5QLKE2cnZZMzshZlZISx5AhsLRWz1YextxLdxklho4g8DH/9/DnPO8RPBlXacLyu3sLi0vJJftdfWNza3Cts7dRWnkmGNxSKWTZ8qFDzCmuZaYDORSENfYMMfXI7zxh1KxePoRg8T9ELai3jAGdXGql53CkWn5ExE5sH9geL5u32WvH3alU7ho92NWRpipJmgSrVcJ9FeRqXmTODIbqcKE8oGtIctgxENUXnZZNAROTBOlwSxNC/SZOL+7shoqNQw9E1lSHVfzWZj87+slerg1Mt4lKQaIzb9KEgF0TEZb026XCLTYmiAMsnNrIT1qaRMm9vY5gju7MrzUD8qucclt+oUyxcwVR72YB8OwYUTKMMVVKAGDBDu4RGerFvrwXq2XqalOeunZxf+yHr9BgcjkBI=</latexit>

Dress the ΔL=2 potential with (renormalized) strong interactions: 

e

e

n p

n p ✔  finite 

Check that                                  is finite A(nn ! ppee)

Checking the power counting 
Dimension-3 



• Requires inclusion of the strong interaction 

L� =
<latexit sha1_base64="buEIMbHYk5sAPL7t9kwZO+MKhy8=">AAAB+XicbVC7SgNBFL0bXzHxsWppMxgFq7CrhTZC0MbCIoJ5QHZZZiezyZDZBzOzgbDkT2wsFLEV/AH/wM4P0drZJIUmHhg4nHMv98zxE86ksqxPo7C0vLK6VlwvlTc2t7bNnd2mjFNBaIPEPBZtH0vKWUQbiilO24mgOPQ5bfmDq9xvDamQLI7u1Cihboh7EQsYwUpLnmk6IVZ9gjm68RzSZxeeWbGq1gRokdgzUqkdfr29D8vfdc/8cLoxSUMaKcKxlB3bSpSbYaEY4XRcclJJE0wGuEc7mkY4pNLNJsnH6EgrXRTEQr9IoYn6eyPDoZSj0NeTeU457+Xif14nVcG5m7EoSRWNyPRQkHKkYpTXgLpMUKL4SBNMBNNZEeljgYnSZZV0Cfb8lxdJ86Rqn1btW93GJUxRhH04gGOw4QxqcA11aACBIdzDIzwZmfFgPBsv09GCMdvZgz8wXn8Ajy+XYQ==</latexit>

N
<latexit sha1_base64="j7YDDvFQaPiOFJJiHa8hogw7tjQ=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8EgWIVdLbQRgzZWkoC5QLKE2cnZZMzshZlZISx5AhsLRWz1YextxLdxklho4g8DH/9/DnPO8RPBlXacLyu3sLi0vJJftdfWNza3Cts7dRWnkmGNxSKWTZ8qFDzCmuZaYDORSENfYMMfXI7zxh1KxePoRg8T9ELai3jAGdXGql53CkWn5ExE5sH9geL5u32WvH3alU7ho92NWRpipJmgSrVcJ9FeRqXmTODIbqcKE8oGtIctgxENUXnZZNAROTBOlwSxNC/SZOL+7shoqNQw9E1lSHVfzWZj87+slerg1Mt4lKQaIzb9KEgF0TEZb026XCLTYmiAMsnNrIT1qaRMm9vY5gju7MrzUD8qucclt+oUyxcwVR72YB8OwYUTKMMVVKAGDBDu4RGerFvrwXq2XqalOeunZxf+yHr9BgcjkBI=</latexit>

⇡
<latexit sha1_base64="npuYF7HwvdDuwFCVp1CbgJXNZC0=">AAAB6nicbZDLSgMxFIbP1Fsdb1WXboJFcFVmdFE3YtGNy4r2Au1QMmmmDc1kQpIRytBHcONCEZf6Lu7diG9jello6w+Bj/8/h5xzQsmZNp737eSWlldW1/Lr7sbm1vZOYXevrpNUEVojCU9UM8SaciZozTDDaVMqiuOQ00Y4uBrnjXuqNEvEnRlKGsS4J1jECDbWum1L1ikUvZI3EVoEfwbFiw/3XL59udVO4bPdTUgaU2EIx1q3fE+aIMPKMMLpyG2nmkpMBrhHWxYFjqkOssmoI3RknS6KEmWfMGji/u7IcKz1MA5tZYxNX89nY/O/rJWa6CzImJCpoYJMP4pSjkyCxnujLlOUGD60gIlidlZE+lhhYux1XHsEf37lRaiflPzTkn/jFSuXMFUeDuAQjsGHMlTgGqpQAwI9eIAneHa48+i8OK/T0pwz69mHP3LefwCwQJEN</latexit>

N
<latexit sha1_base64="j7YDDvFQaPiOFJJiHa8hogw7tjQ=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8EgWIVdLbQRgzZWkoC5QLKE2cnZZMzshZlZISx5AhsLRWz1YextxLdxklho4g8DH/9/DnPO8RPBlXacLyu3sLi0vJJftdfWNza3Cts7dRWnkmGNxSKWTZ8qFDzCmuZaYDORSENfYMMfXI7zxh1KxePoRg8T9ELai3jAGdXGql53CkWn5ExE5sH9geL5u32WvH3alU7ho92NWRpipJmgSrVcJ9FeRqXmTODIbqcKE8oGtIctgxENUXnZZNAROTBOlwSxNC/SZOL+7shoqNQw9E1lSHVfzWZj87+slerg1Mt4lKQaIzb9KEgF0TEZb026XCLTYmiAMsnNrIT1qaRMm9vY5gju7MrzUD8qucclt+oUyxcwVR72YB8OwYUTKMMVVKAGDBDu4RGerFvrwXq2XqalOeunZxf+yHr9BgcjkBI=</latexit>

N
<latexit sha1_base64="j7YDDvFQaPiOFJJiHa8hogw7tjQ=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8EgWIVdLbQRgzZWkoC5QLKE2cnZZMzshZlZISx5AhsLRWz1YextxLdxklho4g8DH/9/DnPO8RPBlXacLyu3sLi0vJJftdfWNza3Cts7dRWnkmGNxSKWTZ8qFDzCmuZaYDORSENfYMMfXI7zxh1KxePoRg8T9ELai3jAGdXGql53CkWn5ExE5sH9geL5u32WvH3alU7ho92NWRpipJmgSrVcJ9FeRqXmTODIbqcKE8oGtIctgxENUXnZZNAROTBOlwSxNC/SZOL+7shoqNQw9E1lSHVfzWZj87+slerg1Mt4lKQaIzb9KEgF0TEZb026XCLTYmiAMsnNrIT1qaRMm9vY5gju7MrzUD8qucclt+oUyxcwVR72YB8OwYUTKMMVVKAGDBDu4RGerFvrwXq2XqalOeunZxf+yHr9BgcjkBI=</latexit>

N
<latexit sha1_base64="j7YDDvFQaPiOFJJiHa8hogw7tjQ=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8EgWIVdLbQRgzZWkoC5QLKE2cnZZMzshZlZISx5AhsLRWz1YextxLdxklho4g8DH/9/DnPO8RPBlXacLyu3sLi0vJJftdfWNza3Cts7dRWnkmGNxSKWTZ8qFDzCmuZaYDORSENfYMMfXI7zxh1KxePoRg8T9ELai3jAGdXGql53CkWn5ExE5sH9geL5u32WvH3alU7ho92NWRpipJmgSrVcJ9FeRqXmTODIbqcKE8oGtIctgxENUXnZZNAROTBOlwSxNC/SZOL+7shoqNQw9E1lSHVfzWZj87+slerg1Mt4lKQaIzb9KEgF0TEZb026XCLTYmiAMsnNrIT1qaRMm9vY5gju7MrzUD8qucclt+oUyxcwVR72YB8OwYUTKMMVVKAGDBDu4RGerFvrwXq2XqalOeunZxf+yHr9BgcjkBI=</latexit>

N
<latexit sha1_base64="j7YDDvFQaPiOFJJiHa8hogw7tjQ=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8EgWIVdLbQRgzZWkoC5QLKE2cnZZMzshZlZISx5AhsLRWz1YextxLdxklho4g8DH/9/DnPO8RPBlXacLyu3sLi0vJJftdfWNza3Cts7dRWnkmGNxSKWTZ8qFDzCmuZaYDORSENfYMMfXI7zxh1KxePoRg8T9ELai3jAGdXGql53CkWn5ExE5sH9geL5u32WvH3alU7ho92NWRpipJmgSrVcJ9FeRqXmTODIbqcKE8oGtIctgxENUXnZZNAROTBOlwSxNC/SZOL+7shoqNQw9E1lSHVfzWZj87+slerg1Mt4lKQaIzb9KEgF0TEZb026XCLTYmiAMsnNrIT1qaRMm9vY5gju7MrzUD8qucclt+oUyxcwVR72YB8OwYUTKMMVVKAGDBDu4RGerFvrwXq2XqalOeunZxf+yHr9BgcjkBI=</latexit>

N
<latexit sha1_base64="j7YDDvFQaPiOFJJiHa8hogw7tjQ=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8EgWIVdLbQRgzZWkoC5QLKE2cnZZMzshZlZISx5AhsLRWz1YextxLdxklho4g8DH/9/DnPO8RPBlXacLyu3sLi0vJJftdfWNza3Cts7dRWnkmGNxSKWTZ8qFDzCmuZaYDORSENfYMMfXI7zxh1KxePoRg8T9ELai3jAGdXGql53CkWn5ExE5sH9geL5u32WvH3alU7ho92NWRpipJmgSrVcJ9FeRqXmTODIbqcKE8oGtIctgxENUXnZZNAROTBOlwSxNC/SZOL+7shoqNQw9E1lSHVfzWZj87+slerg1Mt4lKQaIzb9KEgF0TEZb026XCLTYmiAMsnNrIT1qaRMm9vY5gju7MrzUD8qucclt+oUyxcwVR72YB8OwYUTKMMVVKAGDBDu4RGerFvrwXq2XqalOeunZxf+yHr9BgcjkBI=</latexit>

N
<latexit sha1_base64="j7YDDvFQaPiOFJJiHa8hogw7tjQ=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8EgWIVdLbQRgzZWkoC5QLKE2cnZZMzshZlZISx5AhsLRWz1YextxLdxklho4g8DH/9/DnPO8RPBlXacLyu3sLi0vJJftdfWNza3Cts7dRWnkmGNxSKWTZ8qFDzCmuZaYDORSENfYMMfXI7zxh1KxePoRg8T9ELai3jAGdXGql53CkWn5ExE5sH9geL5u32WvH3alU7ho92NWRpipJmgSrVcJ9FeRqXmTODIbqcKE8oGtIctgxENUXnZZNAROTBOlwSxNC/SZOL+7shoqNQw9E1lSHVfzWZj87+slerg1Mt4lKQaIzb9KEgF0TEZb026XCLTYmiAMsnNrIT1qaRMm9vY5gju7MrzUD8qucclt+oUyxcwVR72YB8OwYUTKMMVVKAGDBDu4RGerFvrwXq2XqalOeunZxf+yHr9BgcjkBI=</latexit>

N
<latexit sha1_base64="j7YDDvFQaPiOFJJiHa8hogw7tjQ=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8EgWIVdLbQRgzZWkoC5QLKE2cnZZMzshZlZISx5AhsLRWz1YextxLdxklho4g8DH/9/DnPO8RPBlXacLyu3sLi0vJJftdfWNza3Cts7dRWnkmGNxSKWTZ8qFDzCmuZaYDORSENfYMMfXI7zxh1KxePoRg8T9ELai3jAGdXGql53CkWn5ExE5sH9geL5u32WvH3alU7ho92NWRpipJmgSrVcJ9FeRqXmTODIbqcKE8oGtIctgxENUXnZZNAROTBOlwSxNC/SZOL+7shoqNQw9E1lSHVfzWZj87+slerg1Mt4lKQaIzb9KEgF0TEZb026XCLTYmiAMsnNrIT1qaRMm9vY5gju7MrzUD8qucclt+oUyxcwVR72YB8OwYUTKMMVVKAGDBDu4RGerFvrwXq2XqalOeunZxf+yHr9BgcjkBI=</latexit>

Dress the ΔL=2 potential with (renormalized) strong interactions: 

e

e

n p

n p ❌ Divergent

Check that                                  is finite A(nn ! ppee)

Checking the power counting 
Dimension-3 



• Requires inclusion of the strong interaction 

L� =
<latexit sha1_base64="buEIMbHYk5sAPL7t9kwZO+MKhy8=">AAAB+XicbVC7SgNBFL0bXzHxsWppMxgFq7CrhTZC0MbCIoJ5QHZZZiezyZDZBzOzgbDkT2wsFLEV/AH/wM4P0drZJIUmHhg4nHMv98zxE86ksqxPo7C0vLK6VlwvlTc2t7bNnd2mjFNBaIPEPBZtH0vKWUQbiilO24mgOPQ5bfmDq9xvDamQLI7u1Cihboh7EQsYwUpLnmk6IVZ9gjm68RzSZxeeWbGq1gRokdgzUqkdfr29D8vfdc/8cLoxSUMaKcKxlB3bSpSbYaEY4XRcclJJE0wGuEc7mkY4pNLNJsnH6EgrXRTEQr9IoYn6eyPDoZSj0NeTeU457+Xif14nVcG5m7EoSRWNyPRQkHKkYpTXgLpMUKL4SBNMBNNZEeljgYnSZZV0Cfb8lxdJ86Rqn1btW93GJUxRhH04gGOw4QxqcA11aACBIdzDIzwZmfFgPBsv09GCMdvZgz8wXn8Ajy+XYQ==</latexit>

N
<latexit sha1_base64="j7YDDvFQaPiOFJJiHa8hogw7tjQ=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8EgWIVdLbQRgzZWkoC5QLKE2cnZZMzshZlZISx5AhsLRWz1YextxLdxklho4g8DH/9/DnPO8RPBlXacLyu3sLi0vJJftdfWNza3Cts7dRWnkmGNxSKWTZ8qFDzCmuZaYDORSENfYMMfXI7zxh1KxePoRg8T9ELai3jAGdXGql53CkWn5ExE5sH9geL5u32WvH3alU7ho92NWRpipJmgSrVcJ9FeRqXmTODIbqcKE8oGtIctgxENUXnZZNAROTBOlwSxNC/SZOL+7shoqNQw9E1lSHVfzWZj87+slerg1Mt4lKQaIzb9KEgF0TEZb026XCLTYmiAMsnNrIT1qaRMm9vY5gju7MrzUD8qucclt+oUyxcwVR72YB8OwYUTKMMVVKAGDBDu4RGerFvrwXq2XqalOeunZxf+yHr9BgcjkBI=</latexit>

⇡
<latexit sha1_base64="npuYF7HwvdDuwFCVp1CbgJXNZC0=">AAAB6nicbZDLSgMxFIbP1Fsdb1WXboJFcFVmdFE3YtGNy4r2Au1QMmmmDc1kQpIRytBHcONCEZf6Lu7diG9jello6w+Bj/8/h5xzQsmZNp737eSWlldW1/Lr7sbm1vZOYXevrpNUEVojCU9UM8SaciZozTDDaVMqiuOQ00Y4uBrnjXuqNEvEnRlKGsS4J1jECDbWum1L1ikUvZI3EVoEfwbFiw/3XL59udVO4bPdTUgaU2EIx1q3fE+aIMPKMMLpyG2nmkpMBrhHWxYFjqkOssmoI3RknS6KEmWfMGji/u7IcKz1MA5tZYxNX89nY/O/rJWa6CzImJCpoYJMP4pSjkyCxnujLlOUGD60gIlidlZE+lhhYux1XHsEf37lRaiflPzTkn/jFSuXMFUeDuAQjsGHMlTgGqpQAwI9eIAneHa48+i8OK/T0pwz69mHP3LefwCwQJEN</latexit>
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Dress the ΔL=2 potential with (renormalized) strong interactions: 

e

e

n p

n p +finite Regulator dependent

In MS-bar: 

Check that                                  is finite A(nn ! ppee)

Checking the power counting 
Dimension-3 



• Amplitudes obtained using

• MS-bar

• Coordinate-space cut-off
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Numerical results

• Clear µ or RS dependence



New interaction needed at leading order to get physical amplitudes:        
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V�L=2 = V⌫ + V⌫,CT =
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Need for a counter term 
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ℒ ∼ gNN
ν G2

Fmββ(N̄τ+N )(N̄τ+N )ēLec
L



• Could get  from a Lattice calculation
• Controlled errors
• Active area of research

gNN
ν

New interaction needed at leading order to get physical amplitudes:        
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n p
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V�L=2 = V⌫ + V⌫,CT =
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Need for a counter term 

+

ℒ ∼ gNN
ν G2

Fmββ(N̄τ+N )(N̄τ+N )ēLec
L

Davoudi & Kadam, ’20, ’21  
Feng et al, ’19; Detmold & Murphy, ‘20

How to determine gNN
ν



• Could get  from a Lattice calculation
• Controlled errors
• Active area of research

gNN
ν

• Currently only (model) estimates available:
• Comparison with isospin-breaking observables
• Cottingham approach 
• Large-Nc

New interaction needed at leading order to get physical amplitudes:        
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Need for a counter term 

Davoudi & Kadam, ’20, ’21  
Feng et al, ’19; Detmold & Murphy, ‘20

Richardson et al, ‘21

Cirigliano, et al, ’19,’20, ‘21

See backup

How to determine gNN
ν

+

ℒ ∼ gNN
ν G2

Fmββ(N̄τ+N )(N̄τ+N )ēLec
L



• Could get  from a Lattice calculation
• Controlled errors
• Active area of research

gNN
ν

All give 

New interaction needed at leading order to get physical amplitudes:        
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<latexit sha1_base64="7qdU+ng2cZp/ja27SQ4ecAtR5yg="></latexit>

gNN
⌫

<latexit sha1_base64="gfJ/9biL8vz/F1FdldfG/1tG6Qo=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tlgQhVbjTIpZBG6sQwXxgcoa9zV6yZG/v2N0TwpF/YSOiiK2/xNZO9Me4uaTQxAcDj/dmmJnnRZwpbdufVmZldW19I7uZ29re2d3L7x80VRhLQhsk5KFse1hRzgRtaKY5bUeS4sDjtOWNLqZ+645KxUJxrccRdQM8EMxnBGsj3Qx6XRHfJrXapJcv2mU7BVomzpwUq4XS91fl/bHey390+yGJAyo04VipjmNH2k2w1IxwOsl1Y0UjTEZ4QDuGChxQ5SbpxRN0bJQ+8kNpSmiUqr8nEhwoNQ480xlgPVSL3lT8z+vE2j9zEyaiWFNBZov8mCMdoun7qM8kJZqPDcFEMnMrIkMsMdEmpJwJwVl8eZk0T8rOadm5MmmcwwxZOIIClMCBClThEurQAAIC7uEJni1lPVgv1uusNWPNZw7hD6y3H7/UlLA=</latexit>

Need for a counter term 

+

} g̃NN
ν = 𝒪(1)

ℒ ∼ gNN
ν G2

Fmββ(N̄τ+N )(N̄τ+N )ēLec
L

• Currently only (model) estimates available:
• Comparison with isospin-breaking observables
• Cottingham approach 
• Large-Nc

Davoudi & Kadam, ’20, ’21  
Feng et al, ’19; Detmold & Murphy, ‘20

Richardson et al, ‘21

Cirigliano, et al, ’19,’20, ‘21

See backup

How to determine gNN
ν



 
Cottingham estimate
gNN

ν :



• 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



Estimate of impact 
in light nuclei



• Combine estimate 

• With wavefunctions: 

• From Chiral potential  

• Obtained from AV18 potential 

Estimate of impact 
Light nuclei

• ~10% effect in 6He → 6Be 

• ~60% effect in 12Be → 12C 

• Due to presence of a node 

• Feature in realistic 0νββ candidates

ΔI=2: 12Be → 12C

ΔI=0: 6He → 6Be 

g⌫ = (C1 + C2)/2
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• Combine estimate 

• With wavefunctions: 

• From Chiral potential  

• Obtained from AV18 potential 

Estimate of impact 
Light nuclei

• ~10% effect in 6He → 6Be 

• ~60% effect in 12Be → 12C 

• Due to presence of a node 

• Feature in realistic 0νββ candidates

ΔI=2: 12Be → 12C

ΔI=0: 6He → 6Be 

Uncontrolled error

g⌫ = (C1 + C2)/2
<latexit sha1_base64="CHGDOXRhG/rwKk+0V+eV8qNXaNY=">AAAB/HicbVBNS8NAEJ3Ur1q/qj16WSxCRahJFfQiFHvxWMF+QBvCZrttl242YXcjhFD/ihcPinj1h3jz37htc9Dqg4HHezPMzPMjzpS27S8rt7K6tr6R3yxsbe/s7hX3D9oqjCWhLRLyUHZ9rChngrY005x2I0lx4HPa8SeNmd95oFKxUNzrJKJugEeCDRnB2khesTTy+iJG16jS8JzThlc7Oat5xbJdtedAf4mTkTJkaHrFz/4gJHFAhSYcK9Vz7Ei7KZaaEU6nhX6saITJBI9oz1CBA6rcdH78FB0bZYCGoTQlNJqrPydSHCiVBL7pDLAeq2VvJv7n9WI9vHJTJqJYU0EWi4YxRzpEsyTQgElKNE8MwUQycysiYywx0SavggnBWX75L2nXqs55tXZ3Ua7fZHHk4RCOoAIOXEIdbqEJLSCQwBO8wKv1aD1bb9b7ojVnZTMl+AXr4xsT7pJz</latexit>

M. Piarulli, R. Wiringa, S. Pastore

gNN
⌫

<latexit sha1_base64="GeG/v8Jto32Yp+5Z7wngr2OY4ec=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxVOIYB6YrGF20kmGzM4uM7NCWPIXXjwo4tW/8ebfOEn2oIkFDUVVN91dQSy4Nq777aysrq1vbOa28ts7u3v7hYPDho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxGN1O/+YRK80jem3GMfkgHkvc5o8ZKD4NuRyaPabU66RaKbsmdgSwTLyNFyFDrFr46vYglIUrDBNW67bmx8VOqDGcCJ/lOojGmbEQH2LZU0hC1n84unpBTq/RIP1K2pCEz9fdESkOtx2FgO0NqhnrRm4r/ee3E9K/8lMs4MSjZfFE/EcREZPo+6XGFzIixJZQpbm8lbEgVZcaGlLcheIsvL5NGueSdl8p3F8XKdRZHDo7hBM7Ag0uowC3UoA4MJDzDK7w52nlx3p2PeeuKk80cwR84nz+Sg5DZ</latexit>

V L
⌫

<latexit sha1_base64="D4MAo0aCz1atiVa4l/f/AYBToPU=">AAAB9HicbVA9SwNBEJ3zM8avqKXNYhCswl0UtAzaWFhEMB+QO8PeZi9Zsrt37u4FwpHfYWOhiK0/xs5/4ya5QhMfDDzem2FmXphwpo3rfjsrq2vrG5uFreL2zu7efungsKnjVBHaIDGPVTvEmnImacMww2k7URSLkNNWOLyZ+q0RVZrF8sGMExoI3JcsYgQbKwXNri/Tx8xXAt1NuqWyW3FnQMvEy0kZctS7pS+/F5NUUGkIx1p3PDcxQYaVYYTTSdFPNU0wGeI+7VgqsaA6yGZHT9CpVXooipUtadBM/T2RYaH1WIS2U2Az0IveVPzP66QmugoyJpPUUEnmi6KUIxOjaQKoxxQlho8twUQxeysiA6wwMTanog3BW3x5mTSrFe+8Ur2/KNeu8zgKcAwncAYeXEINbqEODSDwBM/wCm/OyHlx3p2PeeuKk88cwR84nz+IvJHx</latexit>

gNN
⌫

<latexit sha1_base64="GeG/v8Jto32Yp+5Z7wngr2OY4ec=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxVOIYB6YrGF20kmGzM4uM7NCWPIXXjwo4tW/8ebfOEn2oIkFDUVVN91dQSy4Nq777aysrq1vbOa28ts7u3v7hYPDho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxGN1O/+YRK80jem3GMfkgHkvc5o8ZKD4NuRyaPabU66RaKbsmdgSwTLyNFyFDrFr46vYglIUrDBNW67bmx8VOqDGcCJ/lOojGmbEQH2LZU0hC1n84unpBTq/RIP1K2pCEz9fdESkOtx2FgO0NqhnrRm4r/ee3E9K/8lMs4MSjZfFE/EcREZPo+6XGFzIixJZQpbm8lbEgVZcaGlLcheIsvL5NGueSdl8p3F8XKdRZHDo7hBM7Ag0uowC3UoA4MJDzDK7w52nlx3p2PeeuKk80cwR84nz+Sg5DZ</latexit>

V L
⌫

<latexit sha1_base64="D4MAo0aCz1atiVa4l/f/AYBToPU=">AAAB9HicbVA9SwNBEJ3zM8avqKXNYhCswl0UtAzaWFhEMB+QO8PeZi9Zsrt37u4FwpHfYWOhiK0/xs5/4ya5QhMfDDzem2FmXphwpo3rfjsrq2vrG5uFreL2zu7efungsKnjVBHaIDGPVTvEmnImacMww2k7URSLkNNWOLyZ+q0RVZrF8sGMExoI3JcsYgQbKwXNri/Tx8xXAt1NuqWyW3FnQMvEy0kZctS7pS+/F5NUUGkIx1p3PDcxQYaVYYTTSdFPNU0wGeI+7VgqsaA6yGZHT9CpVXooipUtadBM/T2RYaH1WIS2U2Az0IveVPzP66QmugoyJpPUUEnmi6KUIxOjaQKoxxQlho8twUQxeysiA6wwMTanog3BW3x5mTSrFe+8Ur2/KNeu8zgKcAwncAYeXEINbqEODSDwBM/wCm/OyHlx3p2PeeuKk88cwR84nz+IvJHx</latexit>

M. Piarulli et. al. ’16
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