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• Violates lepton number, ΔL=2

• Would imply that 
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Construct two-nucleon 
0𝜈𝛽𝛽 operators

Integrate out  
BSM fields

SM EFT’ 
SU(3)xU(1)em invariant 
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Many Body Methods 
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Non-perturbative QCD
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Outline Lepton-number violation: 
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SU(3)xSU(2)xU(1) invariant EFT 

SU(3)xU(1) invariant EFT 

 

h h

⌫L ⌫L
⇠ c5

⌫L ⌫L

Dim-3

Low-energy operators 
At/below the weak scale*

* very similar for operators involving νR
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SU(3)xSU(2)xU(1) invariant EFT 

SU(3)xU(1) invariant EFT 

 

e

ud

e

ud

⇠ c(7)i

ud

⌫L e

Hh h

⌫L ⌫L
⇠ c5

ud

⌫L e
@µ⌦

ud

⌫L e
⌫L ⌫L

Dim-3 Dim-6 Dim-7 Dim-9 scalar

Low-energy operators 
At/below the weak scale*

* very similar for operators involving νR
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SU(3)xSU(2)xU(1) invariant EFT 

SU(3)xU(1) invariant EFT 

 

e

ud

e

ud

e

ud

e

ud

⇠ c(7)i ⇠ c(9)i

ud

⌫L e

Hh h

⌫L ⌫L
⇠ c5

ud

⌫L e
@µ⌦

ud

⌫L e
⌫L ⌫L

Dim-3 Dim-6 Dim-7 Dim-9 scalar

e

ud

e

ud
Dim-9 vector

* very similar for operators involving νR

Low-energy operators 
At/below the weak scale*



W. Dekens, N3AS, 03/01
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⇤
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•

Matching to Chiral EFT 

Chiral Effeccve 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 
• Start by assuming Naive dimensional analysis (NDA)  
• Will come back to whether it breaks down

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

The operators come with unknown constants (LECs)
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Warning: Based on NDA Matching to Chiral EFT 
Dimension-3

Chiral Effeccve Theory 

SM EFT’ 

⌫L ⌫L

m�� = �ueev
2/⇤LNV

⌫L ⌫L

m�� = �ueev
2/⇤LNV
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Warning: Based on NDA Matching to Chiral EFT 
Dimension-3

Chiral Effeccve Theory 

SM EFT’ 

⌫L ⌫L

m�� = �ueev
2/⇤LNV

⌫L ⌫L

m�� = �ueev
2/⇤LNV

ud

⌫L e

GF
<latexit sha1_base64="5bKWnw14lsK0ED3YJLa5l4MrV3w=">AAAB6nicbVC7SgNBFL0bXzG+ooKNzWAQrMKuFlqGCGqZoHlAsoTZyWwyZGZ2mZkVwpJPsLFQxNbWv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tV1lChCayTikWoGWFPOJK0ZZjhtxopiEXDaCAaXY79xT5Vmkbwzw5j6AvckCxnBxkq3152rTr7gFt0J0CLxZqRQOqh+s/fyR6WT/2x3I5IIKg3hWOuW58bGT7EyjHA6yrUTTWNMBrhHW5ZKLKj208mpI3RslS4KI2VLGjRRf0+kWGg9FIHtFNj09bw3Fv/zWokJL/yUyTgxVJLpojDhyERo/DfqMkWJ4UNLMFHM3opIHytMjE0nZ0Pw5l9eJPXTondW9Ko2jTJMkYVDOIIT8OAcSnADFagBgR48wBM8O9x5dF6c12lrxpnN7MMfOG8/wHORJA==</latexit>

n p

⌫L e
⇡±

n p

⌫L e

GF
<latexit sha1_base64="5bKWnw14lsK0ED3YJLa5l4MrV3w=">AAAB6nicbVC7SgNBFL0bXzG+ooKNzWAQrMKuFlqGCGqZoHlAsoTZyWwyZGZ2mZkVwpJPsLFQxNbWv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tV1lChCayTikWoGWFPOJK0ZZjhtxopiEXDaCAaXY79xT5Vmkbwzw5j6AvckCxnBxkq3152rTr7gFt0J0CLxZqRQOqh+s/fyR6WT/2x3I5IIKg3hWOuW58bGT7EyjHA6yrUTTWNMBrhHW5ZKLKj208mpI3RslS4KI2VLGjRRf0+kWGg9FIHtFNj09bw3Fv/zWokJL/yUyTgxVJLpojDhyERo/DfqMkWJ4UNLMFHM3opIHytMjE0nZ0Pw5l9eJPXTondW9Ko2jTJMkYVDOIIT8OAcSnADFagBgR48wBM8O9x5dF6c12lrxpnN7MMfOG8/wHORJA==</latexit>

GF
<latexit sha1_base64="5bKWnw14lsK0ED3YJLa5l4MrV3w=">AAAB6nicbVC7SgNBFL0bXzG+ooKNzWAQrMKuFlqGCGqZoHlAsoTZyWwyZGZ2mZkVwpJPsLFQxNbWv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tV1lChCayTikWoGWFPOJK0ZZjhtxopiEXDaCAaXY79xT5Vmkbwzw5j6AvckCxnBxkq3152rTr7gFt0J0CLxZqRQOqh+s/fyR6WT/2x3I5IIKg3hWOuW58bGT7EyjHA6yrUTTWNMBrhHW5ZKLKj208mpI3RslS4KI2VLGjRRf0+kWGg9FIHtFNj09bw3Fv/zWokJL/yUyTgxVJLpojDhyERo/DfqMkWJ4UNLMFHM3opIHytMjE0nZ0Pw5l9eJPXTondW9Ko2jTJMkYVDOIIT8OAcSnADFagBgR48wBM8O9x5dF6c12lrxpnN7MMfOG8/wHORJA==</latexit>
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Warning: Based on NDA 

Chiral Effeccve Theory 

SM EFT’ 

⌫L ⌫L

m�� = �ueev
2/⇤LNV

⌫L ⌫L

m�� = �ueev
2/⇤LNV

ud

⌫L e

GF
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n p

⌫L e
⇡±

n p

⌫L e

GF
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GF
<latexit sha1_base64="5bKWnw14lsK0ED3YJLa5l4MrV3w=">AAAB6nicbVC7SgNBFL0bXzG+ooKNzWAQrMKuFlqGCGqZoHlAsoTZyWwyZGZ2mZkVwpJPsLFQxNbWv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tV1lChCayTikWoGWFPOJK0ZZjhtxopiEXDaCAaXY79xT5Vmkbwzw5j6AvckCxnBxkq3152rTr7gFt0J0CLxZqRQOqh+s/fyR6WT/2x3I5IIKg3hWOuW58bGT7EyjHA6yrUTTWNMBrhHW5ZKLKj208mpI3RslS4KI2VLGjRRf0+kWGg9FIHtFNj09bw3Fv/zWokJL/yUyTgxVJLpojDhyERo/DfqMkWJ4UNLMFHM3opIHytMjE0nZ0Pw5l9eJPXTondW9Ko2jTJMkYVDOIIT8OAcSnADFagBgR48wBM8O9x5dF6c12lrxpnN7MMfOG8/wHORJA==</latexit>

 

Matching to Chiral EFT 
Dimension-3

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

• All needed low-energy constants are known 
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Chiral EFT 
Dim 3

⌫e

e�

e�

n p

n p

⌫L ⌫L

m�� = �ueev
2/⇤LNV

 

V�L=2 =
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Chiral EFT 
Dim 3 Dim 6 & 7

⌫e

e�

e�

n p

n p

⌫e

e�

e�

n p

n p

ud

⌫L e
⌫L ⌫L

m�� = �ueev
2/⇤LNV

 

V�L=2 =

Nicholson et al.’18; Cirigliano et al. ‘17

• Additional -currents , ,  interactions and LECs 

• LECs for the -currents and  interactions are partially known

N NN πN ππ

N ππ
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Chiral EFT 
Dim 3 Dim 6 & 7 Dim 9

⌫e

e�

e�

n p

n p

e

e

pn

⇡±

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

• Additional -currents , ,  interactions and LECs 

• LECs for the -currents and  interactions are partially known

N NN πN ππ

N ππ

V�L=2 =
e

e

⇡�

⇡�

n p

n p

e

ud

e

ud

Scalar

Nicholson et al.’18; Cirigliano et al. ‘17
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• Additional -currents , ,  interactions and LECs 

• LECs for the -currents and  interactions are partially known

N NN πN ππ

N ππ

Chiral EFT 
Dim 3 Dim 6 & 7 Dim 9

⌫e

e�

e�

n p

n p

e

e

pn

⇡±

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

• Based on NDA / Weinberg counting 

• Not consistent in the 1S0 channel 

Kaplan, Savage, Wise, ’96; Beane, Bedaque, Savage, van Kolck, ’03, Nogga, Timmermans, van Kolck, ’05, Long, Yang, ’12;
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Check that                                  is finite A(nn ! ppee)

Checking the power counting 
Dimension-3 
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• 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>
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<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 



W. Dekens, N3AS, 03/01

• 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 



W. Dekens, N3AS, 03/01

• 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 



W. Dekens, N3AS, 03/01

• 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 
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• 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 Regulator dependent

In MS-bar: 

Check that                                  is finite A(nn ! ppee)

Checking the power counting 
Dimension-3 
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• Amplitudes obtained using

• MS-bar

• Coordinate-space cut-off
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Numerical results

• Clear µ or RS dependence
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New interaction needed at leading order to get physical amplitudes:        

⌫e

e�

e�

n p

n p

e

e

p

pn

n

V�L=2 = V⌫ + V⌫,CT =
<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 

LCT =
<latexit sha1_base64="SkA2/KkREE8KvxM8csxtHvMJLcs=">AAAB+XicbVC7SgNBFL0bXzG+VgUbm8EgWIVdLbQRQtJYWCSQFyTLMjuZTYbMPpiZDYQlf2JjoYhg5S/4BXY2fouzSQpNPDBwOOde7pnjxZxJZVlfRm5tfWNzK79d2Nnd2z8wD49aMkoEoU0S8Uh0PCwpZyFtKqY47cSC4sDjtO2NqpnfHlMhWRQ21CSmToAHIfMZwUpLrmn2AqyGBHN076bVxvTWNYtWyZoBrRJ7QYrlk/o3e6t81Fzzs9ePSBLQUBGOpezaVqycFAvFCKfTQi+RNMZkhAe0q2mIAyqddJZ8is610kd+JPQLFZqpvzdSHEg5CTw9meWUy14m/ud1E+XfOCkL40TRkMwP+QlHKkJZDajPBCWKTzTBRDCdFZEhFpgoXVZBl2Avf3mVtC5L9lXJrus2KjBHHk7hDC7Ahmsowx3UoAkExvAAT/BspMaj8WK8zkdzxmLnGP7AeP8BqouWuA==</latexit>
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New interaction needed at leading order to get physical amplitudes:        

⌫e

e�

e�

n p

n p

e

e

p

pn

n

V�L=2 = V⌫ + V⌫,CT =
<latexit sha1_base64="7qdU+ng2cZp/ja27SQ4ecAtR5yg="></latexit>

gNN
⌫
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LCT =
<latexit sha1_base64="SkA2/KkREE8KvxM8csxtHvMJLcs=">AAAB+XicbVC7SgNBFL0bXzG+VgUbm8EgWIVdLbQRQtJYWCSQFyTLMjuZTYbMPpiZDYQlf2JjoYhg5S/4BXY2fouzSQpNPDBwOOde7pnjxZxJZVlfRm5tfWNzK79d2Nnd2z8wD49aMkoEoU0S8Uh0PCwpZyFtKqY47cSC4sDjtO2NqpnfHlMhWRQ21CSmToAHIfMZwUpLrmn2AqyGBHN076bVxvTWNYtWyZoBrRJ7QYrlk/o3e6t81Fzzs9ePSBLQUBGOpezaVqycFAvFCKfTQi+RNMZkhAe0q2mIAyqddJZ8is610kd+JPQLFZqpvzdSHEg5CTw9meWUy14m/ud1E+XfOCkL40TRkMwP+QlHKkJZDajPBCWKTzTBRDCdFZEhFpgoXVZBl2Avf3mVtC5L9lXJrus2KjBHHk7hDC7Ahmsowx3UoAkExvAAT/BspMaj8WK8zkdzxmLnGP7AeP8BqouWuA==</latexit>

Need for a counter term 

•  to be determined from a lattice calculation of
• Area of active research
gNN

ν A(nn ! ppe�e�)
<latexit sha1_base64="sLS+ly9Ss9JBrECNZiEp0r4D3/s=">AAACBHicbVC7TsMwFHXKq5RXgLGL1QqpCFElMMBYYGEsEn1ITagc12mtOo5lO0hR1IGFL+AfWBhAiJWPYOvf4D4GKBzZ0tE59+reewLBqNKOM7ZyS8srq2v59cLG5tb2jr2711RxIjFp4JjFsh0gRRjlpKGpZqQtJEFRwEgrGF5N/NY9kYrG/FangvgR6nMaUoy0kbp20YuQHmDE4EWFc0/HUAhI7o7NO+zaZafqTAH/EndOyrWSd/Q0rqX1rv3l9WKcRIRrzJBSHdcR2s+Q1BQzMip4iSIC4SHqk46hHEVE+dn0iBE8MEoPhrE0n2s4VX92ZChSKo0CUzlZWS16E/E/r5Po8NzPKBeJJhzPBoUJg+bWSSKwRyXBmqWGICyp2RXiAZIIa5NbwYTgLp78lzRPqu5p1b0xaVyCGfKgCEqgAlxwBmrgGtRBA2DwAJ7BK3izHq0X6936mJXmrHnPPvgF6/MbrZOZyg==</latexit>

Davoudi and Kadam, ’20, ’21  
Feng et al, ‘20
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New interaction needed at leading order to get physical amplitudes:        
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LCT =
<latexit sha1_base64="SkA2/KkREE8KvxM8csxtHvMJLcs=">AAAB+XicbVC7SgNBFL0bXzG+VgUbm8EgWIVdLbQRQtJYWCSQFyTLMjuZTYbMPpiZDYQlf2JjoYhg5S/4BXY2fouzSQpNPDBwOOde7pnjxZxJZVlfRm5tfWNzK79d2Nnd2z8wD49aMkoEoU0S8Uh0PCwpZyFtKqY47cSC4sDjtO2NqpnfHlMhWRQ21CSmToAHIfMZwUpLrmn2AqyGBHN076bVxvTWNYtWyZoBrRJ7QYrlk/o3e6t81Fzzs9ePSBLQUBGOpezaVqycFAvFCKfTQi+RNMZkhAe0q2mIAyqddJZ8is610kd+JPQLFZqpvzdSHEg5CTw9meWUy14m/ud1E+XfOCkL40TRkMwP+QlHKkJZDajPBCWKTzTBRDCdFZEhFpgoXVZBl2Avf3mVtC5L9lXJrus2KjBHHk7hDC7Ahmsowx3UoAkExvAAT/BspMaj8WK8zkdzxmLnGP7AeP8BqouWuA==</latexit>

Need for a counter term 

•  to be determined from a lattice calculation of
• Area of active research
gNN

ν A(nn ! ppe�e�)
<latexit sha1_base64="sLS+ly9Ss9JBrECNZiEp0r4D3/s=">AAACBHicbVC7TsMwFHXKq5RXgLGL1QqpCFElMMBYYGEsEn1ITagc12mtOo5lO0hR1IGFL+AfWBhAiJWPYOvf4D4GKBzZ0tE59+reewLBqNKOM7ZyS8srq2v59cLG5tb2jr2711RxIjFp4JjFsh0gRRjlpKGpZqQtJEFRwEgrGF5N/NY9kYrG/FangvgR6nMaUoy0kbp20YuQHmDE4EWFc0/HUAhI7o7NO+zaZafqTAH/EndOyrWSd/Q0rqX1rv3l9WKcRIRrzJBSHdcR2s+Q1BQzMip4iSIC4SHqk46hHEVE+dn0iBE8MEoPhrE0n2s4VX92ZChSKo0CUzlZWS16E/E/r5Po8NzPKBeJJhzPBoUJg+bWSSKwRyXBmqWGICyp2RXiAZIIa5NbwYTgLp78lzRPqu5p1b0xaVyCGfKgCEqgAlxwBmrgGtRBA2DwAJ7BK3izHq0X6936mJXmrHnPPvgF6/MbrZOZyg==</latexit>

• Several estimates give 
• Comparison with isospin-breaking observables
• Model (Cottingham) estimate 
• Large-Nc estimate

g̃NN
ν = 𝒪(1)

Richardson et al, ‘21

Cirigliano, et al, ’19,’20, ‘21

Davoudi and Kadam, ’20, ’21  
Feng et al, ‘20

See backup
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Dim 3
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New induced LEC 

Chiral EFT 
Non-Weinberg counting
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Dim 3 Dim 6 & 7 Dim 9

⌫e

e�

e�

n p

n p

e

e

⇡�

⇡�

n p

n p

⌫e

e�

e�

n p

n p

e

ud

e

ud

ud

⌫L e
⌫L ⌫L

m�� = �ueev
2/⇤LNV

 

ScalarVector

e

e

n

p

p

n

e

ud

e

ud

e

e

pn

⇡±

n p

V�L=2 =

New induced LEC 

Chiral EFT 
Non-Weinberg counting affects higher dimensional interactions as well
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Dim 3 Dim 6 & 7 Dim 9
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New induced LEC 

Chiral EFT 
Non-Weinberg counting affects higher dimensional interactions as well

In total: 

1+2+4 new contact terms 
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SM EFT 
SU(3)xSU(2)xU(1) invariant 

⇤

100 MeV

Integrate out  
heavy SM fields

Laece QCD input

Construct two-nucleon 
0𝜈𝛽𝛽 operators

Integrate out  
BSM fields

SM EFT’ 
SU(3)xU(1)em invariant 

Chiral Effeccve 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,…



W. Dekens, N3AS, 03/01

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

⇤

100 MeV

Integrate out  
heavy SM fields

Laece QCD input

Construct two-nucleon 
0𝜈𝛽𝛽 operators

Integrate out  
BSM fields

SM EFT’ 
SU(3)xU(1)em invariant 

Chiral Effeccve 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,…
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Nuclear matrix elements 
• All NMEs can be obtained from literature*

• 9 long-distance & 6 short-distance
• Have been determined in literature

• Follow ChiPT expectations fairly well
• E.g. all O(1) and

*More complicated for NME with νR

Barea et al. ’15; Hyvarinen et al, ’15; Horoi et al. ’17, Menendez et al, ‘18
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Nuclear matrix elements 

• The NMEs differ by a factor 2-3 between methods

• Ab initio NMEs for  are starting to appear

•    

A ≥ 48

Barea et al. ’15; Hyvarinen et al, ’15; Horoi et al. ’17, Menendez et al, ‘18

• All NMEs can be obtained from literature*
• 9 long-distance & 6 short-distance
• Have been determined in literature

• Follow ChiPT expectations fairly well
• E.g. all O(1) and

e.g. Belley et al ’20; Yao et al ’20; Wirth, Yao, Hegert ‘21

*More complicated for NME with νR
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SM EFT 
SU(3)xSU(2)xU(1) invariant 

⇤

100 MeV

Integrate out  
heavy SM fields

Laece QCD input

Construct two-nucleon 
0𝜈𝛽𝛽 operators

Integrate out  
BSM fields

SM EFT’ 
SU(3)xU(1)em invariant 

Chiral Effeccve 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

Can now go through the same steps as before:

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

⇤

100 MeV

Integrate out  
heavy SM fields

Laece QCD input

Construct two-nucleon 
0𝜈𝛽𝛽 operators

Integrate out  
BSM fields

SM EFT’ 
SU(3)xU(1)em invariant 

Chiral Effeccve 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

Can now go through the same steps as before:

Sterile neutrinos 

• EFT now includes  as explicit degrees of freedom
• When/if  can be integrated out depends on 
• LECs and NMEs now depend on 

νR
νR mνR

mνR See backup
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Phenomenology
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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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Phenomenology  
with sterile neutrinos
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From heavy new physics + light νR

• Toy Model 

• SM + 1 light νR

νR

pure 3+1 scenario

Example with νR O(100%) uncertainties not shown

10-6 10-4 0.01 1 100 104
1018

1021

1024

1027

1030

m�R [GeV]

T 1
�20
�
(1
36
X
e)

[y
r]
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From heavy new physics + light νR

• Toy Model 

• SM + 1 light 

• Add dimension-six interaction

• SM + 1 light  +

νR

νR

pure 3+1 scenario

u

d e

⌫R

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

Example with νR O(100%) uncertainties not shown

10-6 10-4 0.01 1 100 104
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m�R [GeV]
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expt. limit
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d e
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3+1 scenario + 

Λ = 10 TeV

• Higher dimensional  terms can have a large impact!νR
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⌫R

<latexit sha1_base64="AH6RnEitcUe6+CQbAQiEGFnwKiQ=">AAACAXicbVBNS8NAEJ3Ur1q/qh69BIvgqSRS0GPRi8cqpi20oWw2k3bpZhN2N0IJPfkDvOpP8CZe/SX+Av+G2zYHbX0w8Hhvhpl5QcqZ0o7zZZXW1jc2t8rblZ3dvf2D6uFRWyWZpOjRhCeyGxCFnAn0NNMcu6lEEgccO8H4ZuZ3HlEqlogHPUnRj8lQsIhRoo3k9UU2uB9Ua07dmcNeJW5BalCgNah+98OEZjEKTTlRquc6qfZzIjWjHKeVfqYwJXRMhtgzVJAYlZ/Pj53aZ0YJ7SiRpoS25+rviZzESk3iwHTGRI/UsjcT//WUOWWE4dJ6HV35ORNpplHQxfYo47ZO7FkcdsgkUs0nhhAqmXnApiMiCdUmtIpJxl3OYZW0L+puo964a9Sa10VGZTiBUzgHFy6hCbfQAg8oMHiGF3i1nqw36936WLSWrGLmGP7A+vwBweKXfA==</latexit>

Γ0νββ ∼ mνR
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• Complementarity with neutron & nuclear  decays

• What can  say if these probes find a signal?

β

0νββ

e�

e�

⌫R

<latexit sha1_base64="AH6RnEitcUe6+CQbAQiEGFnwKiQ=">AAACAXicbVBNS8NAEJ3Ur1q/qh69BIvgqSRS0GPRi8cqpi20oWw2k3bpZhN2N0IJPfkDvOpP8CZe/SX+Av+G2zYHbX0w8Hhvhpl5QcqZ0o7zZZXW1jc2t8rblZ3dvf2D6uFRWyWZpOjRhCeyGxCFnAn0NNMcu6lEEgccO8H4ZuZ3HlEqlogHPUnRj8lQsIhRoo3k9UU2uB9Ua07dmcNeJW5BalCgNah+98OEZjEKTTlRquc6qfZzIjWjHKeVfqYwJXRMhtgzVJAYlZ/Pj53aZ0YJ7SiRpoS25+rviZzESk3iwHTGRI/UsjcT//WUOWWE4dJ6HV35ORNpplHQxfYo47ZO7FkcdsgkUs0nhhAqmXnApiMiCdUmtIpJxl3OYZW0L+puo964a9Sa10VGZTiBUzgHFy6hCbfQAg8oMHiGF3i1nqw36936WLSWrGLmGP7A+vwBweKXfA==</latexit>

⌫R

<latexit sha1_base64="AH6RnEitcUe6+CQbAQiEGFnwKiQ=">AAACAXicbVBNS8NAEJ3Ur1q/qh69BIvgqSRS0GPRi8cqpi20oWw2k3bpZhN2N0IJPfkDvOpP8CZe/SX+Av+G2zYHbX0w8Hhvhpl5QcqZ0o7zZZXW1jc2t8rblZ3dvf2D6uFRWyWZpOjRhCeyGxCFnAn0NNMcu6lEEgccO8H4ZuZ3HlEqlogHPUnRj8lQsIhRoo3k9UU2uB9Ua07dmcNeJW5BalCgNah+98OEZjEKTTlRquc6qfZzIjWjHKeVfqYwJXRMhtgzVJAYlZ/Pj53aZ0YJ7SiRpoS25+rviZzESk3iwHTGRI/UsjcT//WUOWWE4dJ6HV35ORNpplHQxfYo47ZO7FkcdsgkUs0nhhAqmXnApiMiCdUmtIpJxl3OYZW0L+puo964a9Sa10VGZTiBUzgHFy6hCbfQAg8oMHiGF3i1nqw36936WLSWrGLmGP7A+vwBweKXfA==</latexit>

β decay 0νββ

∼ C6 ∼ mνR
C2

6

e

⌫R

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

pn

Phenomenology 
From heavy new physics + light νR
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• Complementarity with neutron & nuclear  decays

• What can  say if these probes find a signal?

β

0νββ

e�

e�

⌫R

<latexit sha1_base64="AH6RnEitcUe6+CQbAQiEGFnwKiQ=">AAACAXicbVBNS8NAEJ3Ur1q/qh69BIvgqSRS0GPRi8cqpi20oWw2k3bpZhN2N0IJPfkDvOpP8CZe/SX+Av+G2zYHbX0w8Hhvhpl5QcqZ0o7zZZXW1jc2t8rblZ3dvf2D6uFRWyWZpOjRhCeyGxCFnAn0NNMcu6lEEgccO8H4ZuZ3HlEqlogHPUnRj8lQsIhRoo3k9UU2uB9Ua07dmcNeJW5BalCgNah+98OEZjEKTTlRquc6qfZzIjWjHKeVfqYwJXRMhtgzVJAYlZ/Pj53aZ0YJ7SiRpoS25+rviZzESk3iwHTGRI/UsjcT//WUOWWE4dJ6HV35ORNpplHQxfYo47ZO7FkcdsgkUs0nhhAqmXnApiMiCdUmtIpJxl3OYZW0L+puo964a9Sa10VGZTiBUzgHFy6hCbfQAg8oMHiGF3i1nqw36936WLSWrGLmGP7A+vwBweKXfA==</latexit>

⌫R

<latexit sha1_base64="AH6RnEitcUe6+CQbAQiEGFnwKiQ=">AAACAXicbVBNS8NAEJ3Ur1q/qh69BIvgqSRS0GPRi8cqpi20oWw2k3bpZhN2N0IJPfkDvOpP8CZe/SX+Av+G2zYHbX0w8Hhvhpl5QcqZ0o7zZZXW1jc2t8rblZ3dvf2D6uFRWyWZpOjRhCeyGxCFnAn0NNMcu6lEEgccO8H4ZuZ3HlEqlogHPUnRj8lQsIhRoo3k9UU2uB9Ua07dmcNeJW5BalCgNah+98OEZjEKTTlRquc6qfZzIjWjHKeVfqYwJXRMhtgzVJAYlZ/Pj53aZ0YJ7SiRpoS25+rviZzESk3iwHTGRI/UsjcT//WUOWWE4dJ6HV35ORNpplHQxfYo47ZO7FkcdsgkUs0nhhAqmXnApiMiCdUmtIpJxl3OYZW0L+puo964a9Sa10VGZTiBUzgHFy6hCbfQAg8oMHiGF3i1nqw36936WLSWrGLmGP7A+vwBweKXfA==</latexit>

β decay 0νββ

∼ C6 ∼ mνR
C2

6

e

⌫R

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

pn

Phenomenology 
From heavy new physics + light νR

• -decay fit has preference for BSM interactions

• Driven by one experiment

• Unclear if LHC can be satisfied in UV models

β
Falkowski, González-Alonso, Naviliat-Cuncic, ‘20

aSPECT, ’19

-0.06-0.04-0.02 0.00 0.02 0.04 0.06-0.10

-0.05

0.00

0.05

0.10

v2CA-

v2
C T-

β decays



W. Dekens, N3AS, 03/01

• Complementarity with neutron & nuclear  decays

• What can  say if these probes find a signal?

β

0νββ

e�

e�

⌫R

<latexit sha1_base64="AH6RnEitcUe6+CQbAQiEGFnwKiQ=">AAACAXicbVBNS8NAEJ3Ur1q/qh69BIvgqSRS0GPRi8cqpi20oWw2k3bpZhN2N0IJPfkDvOpP8CZe/SX+Av+G2zYHbX0w8Hhvhpl5QcqZ0o7zZZXW1jc2t8rblZ3dvf2D6uFRWyWZpOjRhCeyGxCFnAn0NNMcu6lEEgccO8H4ZuZ3HlEqlogHPUnRj8lQsIhRoo3k9UU2uB9Ua07dmcNeJW5BalCgNah+98OEZjEKTTlRquc6qfZzIjWjHKeVfqYwJXRMhtgzVJAYlZ/Pj53aZ0YJ7SiRpoS25+rviZzESk3iwHTGRI/UsjcT//WUOWWE4dJ6HV35ORNpplHQxfYo47ZO7FkcdsgkUs0nhhAqmXnApiMiCdUmtIpJxl3OYZW0L+puo964a9Sa10VGZTiBUzgHFy6hCbfQAg8oMHiGF3i1nqw36936WLSWrGLmGP7A+vwBweKXfA==</latexit>

⌫R

<latexit sha1_base64="AH6RnEitcUe6+CQbAQiEGFnwKiQ=">AAACAXicbVBNS8NAEJ3Ur1q/qh69BIvgqSRS0GPRi8cqpi20oWw2k3bpZhN2N0IJPfkDvOpP8CZe/SX+Av+G2zYHbX0w8Hhvhpl5QcqZ0o7zZZXW1jc2t8rblZ3dvf2D6uFRWyWZpOjRhCeyGxCFnAn0NNMcu6lEEgccO8H4ZuZ3HlEqlogHPUnRj8lQsIhRoo3k9UU2uB9Ua07dmcNeJW5BalCgNah+98OEZjEKTTlRquc6qfZzIjWjHKeVfqYwJXRMhtgzVJAYlZ/Pj53aZ0YJ7SiRpoS25+rviZzESk3iwHTGRI/UsjcT//WUOWWE4dJ6HV35ORNpplHQxfYo47ZO7FkcdsgkUs0nhhAqmXnApiMiCdUmtIpJxl3OYZW0L+puo964a9Sa10VGZTiBUzgHFy6hCbfQAg8oMHiGF3i1nqw36936WLSWrGLmGP7A+vwBweKXfA==</latexit>

β decay 0νββ

∼ C6 ∼ mνR
C2

6

e

⌫R

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

pn

Phenomenology 
From heavy new physics + light νR

• -decay fit has preference for BSM interactions

• Driven by one experiment

• Unclear if LHC can be satisfied in UV models

β
current 0νββ

future 0νββ

mνR
= 30 eV

Falkowski, González-Alonso, Naviliat-Cuncic, ‘20

Tong, de Vries, WD, ‘20• If a -decay signal is confirmed:

•  gives upper limit on  
• (assuming Majorana )

β

0νββ mνR
νR

aSPECT, ’19

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

• Standard mechanism (dim-5)

• Dimension-7 & -9 sources

• Effects from νR

Summary 
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• 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 Weinberg counting
• Can in principle be determined from LQCD

• Needed Nuclear Matrix Elements determined in literature

Summary 
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• 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 Weinberg counting
• Can in principle be determined from LQCD

• Needed Nuclear Matrix Elements determined in literature

Summary 

•  can probe
• O(1-10) TeV scales for dim-9
• O(100) TeV scales for dim-7
• O(10) TeV scales for  interactions

• Interplay with other observables (e.g.  decay)

0νββ

νR

β -����-����-���� ���� ���� ���� ����-����

-����

����

����

����

����-

��
� �-

β decays

0νββ
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Back up slides
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Why dim 7, 9?
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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
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Sterile neutrinos
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• Integrate out 

 Chiral EFT without 

νR

→ νR

• Chiral EFT involving νR

mνR mW

<latexit sha1_base64="m+30f6Q5/j3LhpIrka+En0XKWaA=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hV0J6DHoxWNE84BkCbOTTjJkZnaZmRXCkk/w4kERr36RN//GSbIHTSxoKKq66e6KEsGN9f1vb219Y3Nru7BT3N3bPzgsHR03TZxqhg0Wi1i3I2pQcIUNy63AdqKRykhgKxrfzvzWE2rDY/VoJwmGkg4VH3BGrZMeZK/VK5X9ij8HWSVBTsqQo94rfXX7MUslKssENaYT+IkNM6otZwKnxW5qMKFsTIfYcVRRiSbM5qdOyblT+mQQa1fKkrn6eyKj0piJjFynpHZklr2Z+J/XSe3gOsy4SlKLii0WDVJBbExmf5M+18ismDhCmebuVsJGVFNmXTpFF0Kw/PIqaV5Wgmqlel8t127yOApwCmdwAQFcQQ3uoA4NYDCEZ3iFN094L96797FoXfPymRP4A+/zBzbMjcI=</latexit>

⇤� ⇠ 1GeV

<latexit sha1_base64="nBxqfY02KMCAE9j/CzueKqXWl64=">AAACB3icbVDLSgMxFM3UV62vUZeCBIvgQsqMFHRZdKELFxXsAzrDkMlk2tAkMyQZoQzdufFX3LhQxK2/4M6/MW1noa0HAodzzuXmnjBlVGnH+bZKS8srq2vl9crG5tb2jr2711ZJJjFp4YQlshsiRRgVpKWpZqSbSoJ4yEgnHF5N/M4DkYom4l6PUuJz1Bc0phhpIwX2oXdrwhEKPDygnqIcut4pzD3J4TVpjwO76tScKeAicQtSBQWagf3lRQnOOBEaM6RUz3VS7edIaooZGVe8TJEU4SHqk56hAnGi/Hx6xxgeGyWCcSLNExpO1d8TOeJKjXhokhzpgZr3JuJ/Xi/T8YWfU5Fmmgg8WxRnDOoETkqBEZUEazYyBGFJzV8hHiCJsDbVVUwJ7vzJi6R9VnPrtfpdvdq4LOoogwNwBE6AC85BA9yAJmgBDB7BM3gFb9aT9WK9Wx+zaMkqZvbBH1ifP2LZmF0=</latexit>

F⇡ ⇠ kF

⇠ 100MeV

<latexit sha1_base64="vCrqz0beodSiC70zBPX+ROHfxFE=">AAACDXicbZDLSsNAFIYnXmu8RV26GayCCymJFHRZFIoboYK9QCeEyXTaDp1JwsxEKKEv4MZXceNCEbfu3fk2TtMstPWHgY//nMOZ84cJZ0q77re1tLyyurZe2rA3t7Z3dp29/ZaKU0lok8Q8lp0QK8pZRJuaaU47iaRYhJy2w9H1tN5+oFKxOLrX44T6Ag8i1mcEa2MFznE9QAlDigk4CuoI2Tl6rovOYIakgLe0NQmcsltxc8FF8Aoog0KNwPlCvZikgkaacKxU13MT7WdYakY4ndgoVTTBZIQHtGswwoIqP8uvmcAT4/RgP5bmRRrm7u+JDAulxiI0nQLroZqvTc3/at1U9y/9jEVJqmlEZov6KYc6htNoYI9JSjQfG8BEMvNXSIZYYqJNgLYJwZs/eRFa5xWvWqneVcu1qyKOEjgER+AUeOAC1MANaIAmIOARPINX8GY9WS/Wu/Uxa12yipkD8EfW5w9vXJnk</latexit>

Can use 
EFT with  χ νR

Can integrate out   
dim9 operators 

νR →
?? ?? 

e

e

⇡�

⇡�n p

e⌫L,R

<latexit sha1_base64="yLPyB4Rlh1ydTrBkrrwIEDGJU+0=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgIeFODrQM2lhYRDEfkhxhb7OXLNndO3b3hHDkV9hYKGLrz7Hz37hJrtDEBwOP92aYmRcmnGnjut9OYWV1bX2juFna2t7Z3SvvHzR1nCpCGyTmsWqHWFPOJG0YZjhtJ4piEXLaCkfXU7/1RJVmsXww44QGAg8kixjBxkqPXZn2stuz+0mvXHGr7gxomXg5qUCOeq/81e3HJBVUGsKx1h3PTUyQYWUY4XRS6qaaJpiM8IB2LJVYUB1ks4Mn6MQqfRTFypY0aKb+nsiw0HosQtspsBnqRW8q/ud1UhNdBhmTSWqoJPNFUcqRidH0e9RnihLDx5Zgopi9FZEhVpgYm1HJhuAtvrxMmudVz6/6d36ldpXHUYQjOIZT8OACanADdWgAAQHP8ApvjnJenHfnY95acPKZQ/gD5/MHhcaQOw==</latexit>

e�

e�

⌫R

<latexit sha1_base64="AH6RnEitcUe6+CQbAQiEGFnwKiQ=">AAACAXicbVBNS8NAEJ3Ur1q/qh69BIvgqSRS0GPRi8cqpi20oWw2k3bpZhN2N0IJPfkDvOpP8CZe/SX+Av+G2zYHbX0w8Hhvhpl5QcqZ0o7zZZXW1jc2t8rblZ3dvf2D6uFRWyWZpOjRhCeyGxCFnAn0NNMcu6lEEgccO8H4ZuZ3HlEqlogHPUnRj8lQsIhRoo3k9UU2uB9Ua07dmcNeJW5BalCgNah+98OEZjEKTTlRquc6qfZzIjWjHKeVfqYwJXRMhtgzVJAYlZ/Pj53aZ0YJ7SiRpoS25+rviZzESk3iwHTGRI/UsjcT//WUOWWE4dJ6HV35ORNpplHQxfYo47ZO7FkcdsgkUs0nhhAqmXnApiMiCdUmtIpJxl3OYZW0L+puo964a9Sa10VGZTiBUzgHFy6hCbfQAg8oMHiGF3i1nqw36936WLSWrGLmGP7A+vwBweKXfA==</latexit>

⌫R

<latexit sha1_base64="AH6RnEitcUe6+CQbAQiEGFnwKiQ=">AAACAXicbVBNS8NAEJ3Ur1q/qh69BIvgqSRS0GPRi8cqpi20oWw2k3bpZhN2N0IJPfkDvOpP8CZe/SX+Av+G2zYHbX0w8Hhvhpl5QcqZ0o7zZZXW1jc2t8rblZ3dvf2D6uFRWyWZpOjRhCeyGxCFnAn0NNMcu6lEEgccO8H4ZuZ3HlEqlogHPUnRj8lQsIhRoo3k9UU2uB9Ua07dmcNeJW5BalCgNah+98OEZjEKTTlRquc6qfZzIjWjHKeVfqYwJXRMhtgzVJAYlZ/Pj53aZ0YJ7SiRpoS25+rviZzESk3iwHTGRI/UsjcT//WUOWWE4dJ6HV35ORNpplHQxfYo47ZO7FkcdsgkUs0nhhAqmXnApiMiCdUmtIpJxl3OYZW0L+puo964a9Sa10VGZTiBUzgHFy6hCbfQAg8oMHiGF3i1nqw36936WLSWrGLmGP7A+vwBweKXfA==</latexit>

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

Determination of the counterterm 

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

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

Determination of the counterterm 

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

Cirigliano, (WD) et al, ’20, ‘21
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Relation to  
electromagnetism
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• Hard part of two EM currents 

• Non-hadronic part is the photon propagator 

• Hard part of two Weak currents 

• Leptonic part combines to boson propagator 

Relation to electromagnetism

LNV contact term

⌫e

e�

e�

⇠ G2
Fm��hNN |Jµ

L(x)JLµ(y)|NNi

⇥
Z

d4q

(2⇡)4
eiq·(x�y)

q2
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e

p
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n
q
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�

EM contact term

⇠ e2hNN |Jµ
EM(x)JEMµ(y)|NNi

⇥
Z

d4q

(2⇡)4
eiq·(x�y)

q2
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The appearance of the photon propagator allows one to relate the two!

gNN
⌫
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Lem = e
2
/4 (C1O1 + C2O2) LLNV = g

NN
⌫ G

2
Fm��O1 ēe

c

EM LNV

QL = ⌧+, QR = 0QL = QR = ⌧3/2

Chiral symmetry 

gNN
⌫ = C1

• EM induces an extra term 

• Equivalent up to 2 pions 

• Hard to disentangle 

O1 = N̄QLN N̄QLN � TrQ2
L

6
N̄~⌧N N̄~⌧N + (L ! R)

O2 = N̄QLN N̄QRN � TrQLQR

6
N̄~⌧N N̄~⌧N + (L $ R)

u = exp (i⇡ · ⌧/2F⇡)

with spurions

• Only two ΔI=2 operators can be induced 

Relation to electromagnetism
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• ΔI=2 in NN scattering

• Charge-independence breaking 

• From photon exchange & the pion mass difference 

•                       (needed at LO in isospin breaking) C1 + C2

(ann + app)/2� anp

� C1 + C2

• Allows an estimate of  

• Extract                     from CIB  

• Assume 

• Roughly 10% effect for Rs = 0.6 fm 

• Uncontrolled error 

C1 + C2

gNN
⌫

gNN
⌫ (µ) =

C1(µ) + C2(µ)

2

Relation to electromagnetism
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Estimate of impact 
in light nuclei
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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 

g⌫ = (C1 + C2)/2
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M. Piarulli, R. Wiringa, S. Pastore
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