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1 slide of fluff

APS/Alan Stonebraker

The universe is matter dominated at about 
1 part-per-billion

<latexit sha1_base64="8+SFVRRcuuFLj0dydA6j17N9kxw="></latexit>

⌘ ⌘ XN

X�
= 6.19(10)⇥ 10�10

While this is a very small number, it is 
orders of  magnitude larger than we 
understand from known CP-violation 
within the SM

Highly suggestive of  BSM CP-violating physics 

CPT → CP-violation → T-violation → permanent EDMs 

Significant effort to search for EMDs, e, n, p, D, t, 3He, …, 199Hg, 225Ra, 229Pa, … 

As I’m learning from Michael R-M, even if  the SM had sufficient CP-violation,  
We need BSM physics to explain the phase transition
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Sources of CP violation
Assume CP-violating physics is heavy → use SM Effective Lagrangian to encode BSM 

Ignore SM weak-sector CP-violation in quark-mixing matrix 
Ignore potential CP-violation in neutrino-mixing matrix (but 0𝜈ββ is another fun topic) 

1 dimension-4 operator, the QCD 𝜃-term
<latexit sha1_base64="D/d1vvy3aZkkXyhlxHDv5tTZcRU="></latexit>

LQCD
CPV = �↵S ✓̄

8⇡
G̃G
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But as we all know,                   😂
<latexit sha1_base64="iyNAHKxiJ1hbmfuRlFxUhz7fNco=">AAACBHicbZDLSsNAFIYnXmu9RV26GSyCCymJFHUjFN24rGAv0IQymUzaoZNJmDkplNCtT+FWV+7Ere/hwndx2mahrT8MfJz/HM6cP0gF1+A4X9bK6tr6xmZpq7y9s7u3bx8ctnSSKcqaNBGJ6gREM8ElawIHwTqpYiQOBGsHw7up3x4xpXkiH2GcMj8mfckjTgmYUs+2vYCo3IMBAzLBN9jp2RWn6syEl8EtoIIKNXr2txcmNIuZBCqI1l3XScHPiQJOBZuUvUyzlNAh6bOuQUlips/DEU/1DP18dsQEnxozxFGizJOAZ9XfwzmJtR7HgemMCQz0ojct/ud1M4iu/ZzLNAMm6XxRlAkMCZ4mgkOuGAUxNkCo4ubbmA6IIhRMbmWTh7t4/TK0LqruZbX2UKvUb4tkSugYnaAz5KIrVEf3qIGaiKIRekYv6NV6st6sd+tj3rpiFTNH6I+szx+h+Jek</latexit>
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✓̄ = 0

What we do know -      seems to be too small to explain the observed matter/anti-matter 
asymmetry 

We speculate their are additional higher-dimensional operators which can give rise to  
CP-violation

<latexit sha1_base64="Eg7Glp4kuafqUKyb+3d2UXjF5oc=">AAAB/nicbZDLSsNAFIYn9VbrrerSTbAILqQkUtRl0Y3LCvYCTSiTyaQdOpkMMyeFEgo+hVtduRO3vooL38VpmoW2Hhj4+P9zOGf+QHKmwXG+rNLa+sbmVnm7srO7t39QPTzq6CRVhLZJwhPVC7CmnAnaBgac9qSiOA447Qbju7nfnVClWSIeYSqpH+OhYBEjGIzkeQFWmQcjCng2qNacupOXvQpuATVUVGtQ/fbChKQxFUA41rrvOhL8DCtghNNZxUs1lZiM8ZD2DQocU30RTpjUOfpZfv7MPjNmaEeJMk+Anau/hzMcaz2NA9MZYxjpZW8u/uf1U4hu/IwJmQIVZLEoSrkNiT3Pwg6ZogT41AAmipmzbTLCChMwiVVMHu7y71ehc1l3r+qNh0ateVskU0Yn6BSdIxddoya6Ry3URgRJ9Ixe0Kv1ZL1Z79bHorVkFTPH6E9Znz9yCJae</latexit>

✓̄
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Sources of CP violation
Operator [Operator] No. Operators (for 2-flavors)

4 
6 
6 
6 
6 
6

✓̄ 
quark EDM 
quark chromo-EDM 
Weinberg (GGG) 
4-quark 
4-quark induced

1 
2 
2 
1 
2 
1

These operators will give rise to nucleon EDMs, 
and hence, nuclear EDMs 

As is well known, the full set of  EDM operators 
mix under renormalization (if  you have one, you 
have them all) 

At very high-energies, the QCD-induced mixing is 
perturbative, and they can be related to SMEFT 
parameters 

At nuclear scales, we have effective operators 
which are linear combinations of  the full set of  
SMEFT sources of  CP-violation - it is also an 
important challenge to relate the SMEFT 
operators to potential nucleon and nuclear EDMs
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Sources of CP violation

Operator [Operator] No. Operators

4 1
✓̄

quark Chromo-EDM 6 2

LCPV = � g2s ✓̄

32⇡2
G̃µ⌫G

µ⌫ � i

2
q̄�µ⌫�5

⇣
d̃0 + d̃3⌧3

⌘
Gµ⌫q

At nuclear scales - we can relate operators at the quark level to those in a low-energy EFT 
EDMs of  nucleons and light nuclei can then be computed in terms of  these EFT operators 
Focus on just a few operators for simplicity
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Sources of CP violation

LCPV = � g2s ✓̄
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LCPV = � ḡ0
2F⇡

N̄~⇡ · ~⌧N � ḡ1
2F⇡

N̄⇡3N � ḡ2
2F⇡

⇡3N̄

✓
⌧3 �

⇡3

F⇡
~⇡ · ~⌧

◆
N

How are these       couplings related to the quark-level ones?  

For the 𝜃-term, there is the well known relation with chiral symmetry - we can perform a 
U(1) axial rotation to shift the 𝜃-operator into a phase of  the quark mass matrix

<latexit sha1_base64="QvW8uRQZjPvLR6w8mmvyq42sHWM=">AAAB+3icbZDLSsNAFIZP6q3WW9Wlm8EiuJCSSFGXRTcuK9iLtKFMJpN26GQSZiaFEvIUbnXlTtz6MC58F6dpFtp6YODj/8/hnPm9mDOlbfvLKq2tb2xulbcrO7t7+wfVw6OOihJJaJtEPJI9DyvKmaBtzTSnvVhSHHqcdr3J3dzvTqlULBKPehZTN8QjwQJGsDbS08DDMh1lQzas1uy6nRdaBaeAGhTVGla/B35EkpAKTThWqu/YsXZTLDUjnGaVQaJojMkEj2jfoMAhVRf+lMUqRzfNb8/QmTF9FETSPKFRrv4eTnGo1Cz0TGeI9Vgte3PxP6+f6ODGTZmIE00FWSwKEo50hOZBIJ9JSjSfGcBEMnM2ImMsMdEmrorJw1n+/Sp0LuvOVb3x0Kg1b4tkynACp3AODlxDE+6hBW0gEMIzvMCrlVlv1rv1sWgtWcXMMfwp6/MH/1GVPQ==</latexit>

ḡi
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𝜃-term example

Then, since we know how to map QCD to 𝜒PT, we do this with a modified quark mass 

The nucleon EDM can then be computed - it arises from a radiative pion correction

<latexit sha1_base64="6LB91HEy0EDoNNmCPKIKnOXvmfg="></latexit>

LQCD =
X

f

 ̄f [iD/�mf ] f � 1

4
G2 � ✓̄

↵S

8⇡
G̃G <latexit sha1_base64="Z4h/zPsECqOYGY8iNkC4B7tm6bA=">AAACA3icbZC7TsMwFIadcivl0gAji0WFxICqBFXAWMHCWCR6kdqochwnterYke0UVVFHnoIVJjbEyoMw8C64aQZo+SVLn85/jo7P7yeMKu04X1ZpbX1jc6u8XdnZ3duv2geHHSVSiUkbCyZkz0eKMMpJW1PNSC+RBMU+I11/fDv3uxMiFRX8QU8T4sUo4jSkGGlTGtrVARM8kjQaaSSleBzaNafu5IKr4BZQA4VaQ/t7EAicxoRrzJBSfddJtJchqSlmZFYZpIokCI9RRPoGOYqJOg8mNFE5ell+wwyeGjOAoZDmcQ3z6u/hDMVKTWPfdMZIj9SyNy/+5/VTHV57GeVJqgnHi0VhyqAWcB4IDKgkWLOpAYQlNd+GeIQkwtrEVjF5uMvXr0Lnou5e1hv3jVrzpkimDI7BCTgDLrgCTXAHWqANMEjBM3gBr9aT9Wa9Wx+L1pJVzByBP7I+fwCGbJhH</latexit>�!

<latexit sha1_base64="5wEQ+oHUk1KFlqZBvElX1vtnw3Q=">AAAB+HicbZDLSsNAFIZP6q3WW9Wlm8EiVJCSSFGXVTcuK5i20IYymUzasZMLM5NCDX0Ht7pyJ259Gxe+i9M0C209MPDx/+dwzvxuzJlUpvllFFZW19Y3ipulre2d3b3y/kFLRokg1CYRj0THxZJyFlJbMcVpJxYUBy6nbXd0O/PbYyoki8IHNYmpE+BByHxGsNJSy65ap/3rfrli1sys0DJYOVQgr2a//N3zIpIENFSEYym7lhkrJ8VCMcLptNRLJI0xGeEB7WoMcUDlmTdmsczQSbPDp+hEmx7yI6FfqFCm/h5OcSDlJHB1Z4DVUC56M/E/r5so/8pJWRgnioZkvshPOFIRmqWAPCYoUXyiARPB9NmIDLHAROmsSjoPa/H3y9A6r1kXtfp9vdK4yZMpwhEcQxUsuIQG3EETbCDwCM/wAq/Gk/FmvBsf89aCkc8cwp8yPn8AAemS3g==</latexit>

U(1)A

<latexit sha1_base64="QjfZDFPS2iZMN/8A0fhaTMAT4Ks="></latexit>
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egA
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<latexit sha1_base64="NTfJgslg+5jzN0z6DfHh3C5fxDU="></latexit>
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<latexit sha1_base64="3q184efJOQQBH4QK3iRgPXIdQzo="></latexit>
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𝜃-term example
Additionally, the SU(2)A symmetry of  QCD can be exploited to relate the CP-odd 
coupling to the isospin breaking quark mass contribution to Mn-Mp 
Crewther, Vecchia, Veneziano, Witten, Phys.Lett. 91B (1980)

<latexit sha1_base64="OiS53ws+2luNquDussGFvqWt3rM=">AAACFHicbZDLSsNAFIYn9VbrLerSzWARKkpJSlE3QtGNywr2Ak0Ik8mkHTqThJlJoYRsfQSfwq2u3Ilb9y58F6eXhbb+MPBx/nM4c34/YVQqy/oyCiura+sbxc3S1vbO7p65f9CWcSowaeGYxaLrI0kYjUhLUcVINxEEcZ+Rjj+8nfidERGSxtGDGifE5agf0ZBipHTJM6EzQCrjObyGTigQzuw8q+UV7gXwDHIvPfXMslW1poLLYM+hDOZqeua3E8Q45SRSmCEpe7aVKDdDQlHMSF5yUkkShIeoT3oaI8SJPA9GNJFTdLPpUTk80WYAw1joFyk4rf4ezhCXcsx93cmRGshFb1L8z+ulKrxyMxolqSIRni0KUwZVDCcJwYAKghUba0BYUP1tiAdIZ6N0jiWdh714/TK0a1X7olq/r5cbN/NkiuAIHIMKsMElaIA70AQtgMEjeAYv4NV4Mt6Md+Nj1low5jOH4I+Mzx+5ip2P</latexit>
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<latexit sha1_base64="gp2dWwW+6jyie3PF4itKABQpOFw=">AAACE3icbZDLSsNAFIYn9VbrrerShYNFqKAlKUXdCEU3LivYCzQhTCaTOnQmCTOTQglZ+gg+hVtduRO3PoAL38Vpm4W2/jDwcf5zOHN+L2ZUKtP8MgpLyyura8X10sbm1vZOeXevI6NEYNLGEYtEz0OSMBqStqKKkV4sCOIeI11veDPxuyMiJI3CezWOicPRIKQBxUjpkls+tH3CFIJX0A4EwqmVpfWsyl0fnkHuJiduuWLWzKngIlg5VECullv+tv0IJ5yECjMkZd8yY+WkSCiKGclKdiJJjPAQDUhfY4g4kaf+iMZyik46vSmDx9r0YRAJ/UIFp9XfwyniUo65pzs5Ug9y3psU//P6iQounZSGcaJIiGeLgoRBFcFJQNCngmDFxhoQFlR/G+IHpLNROsaSzsOav34ROvWadV5r3DUqzes8mSI4AEegCixwAZrgFrRAG2DwCJ7BC3g1now34934mLUWjHxmH/yR8fkDmP2c7w==</latexit>

� =
1

2
(md �mu)

<latexit sha1_base64="clBZnygZbBuMzpmo0WDqyknG00c="></latexit>

�Mmd�mu
n�p = lim

↵f.s.=0
Mn �Mp

This is a powerful idea - relate phenomenologically interesting CP-violating physics to 
simple spectroscopic CP-conserving physics 

Exploiting this idea, plus nuclear modeling uncertainty, is how we place a constraint on 
through the limit on the 199Hg EDM measurement

<latexit sha1_base64="Eg7Glp4kuafqUKyb+3d2UXjF5oc=">AAAB/nicbZDLSsNAFIYn9VbrrerSTbAILqQkUtRl0Y3LCvYCTSiTyaQdOpkMMyeFEgo+hVtduRO3vooL38VpmoW2Hhj4+P9zOGf+QHKmwXG+rNLa+sbmVnm7srO7t39QPTzq6CRVhLZJwhPVC7CmnAnaBgac9qSiOA447Qbju7nfnVClWSIeYSqpH+OhYBEjGIzkeQFWmQcjCng2qNacupOXvQpuATVUVGtQ/fbChKQxFUA41rrvOhL8DCtghNNZxUs1lZiM8ZD2DQocU30RTpjUOfpZfv7MPjNmaEeJMk+Anau/hzMcaz2NA9MZYxjpZW8u/uf1U4hu/IwJmQIVZLEoSrkNiT3Pwg6ZogT41AAmipmzbTLCChMwiVVMHu7y71ehc1l3r+qNh0ateVskU0Yn6BSdIxddoya6Ry3URgRJ9Ixe0Kv1ZL1Z79bHorVkFTPH6E9Znz9yCJae</latexit>

✓̄

<latexit sha1_base64="JpFc2EgFofMfMkFJKAFvTqvoLCA="></latexit>
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𝜃-term example
Jordy, Emanuele and I checked how well this relation holds at N2LO in SU(3) heavy 
baryon 𝜒PT (HB𝜒PT) - de Vries, Mereghetti, Walker-Loud PRC92 (2015) [1506.06247] 

While SU(3) HB𝜒PT can not be used for precision predictions 
It is great for a qualitative assessment - how large are SU(3) breaking corrections? 
 
The relation between       and                        is preserved through N2LO, up to different 
N2LO LEC contributions which are estimated to be a few percent  
 
 

Can we use the same idea to understand BSM sources of  CP-violation?

<latexit sha1_base64="WimqjE+gQ99oAmJXsjNXEeGaiy0=">AAAB+3icbZDLSsNAFIZP6q3WW9Wlm8EiuJCSSFGXRTcuK9iLtKFMJpN26GQSZiaFEvIUbnXlTtz6MC58F6dpFtp6YODj/8/hnPm9mDOlbfvLKq2tb2xulbcrO7t7+wfVw6OOihJJaJtEPJI9DyvKmaBtzTSnvVhSHHqcdr3J3dzvTqlULBKPehZTN8QjwQJGsDbS08DDMh1lQ3tYrdl1Oy+0Ck4BNSiqNax+D/yIJCEVmnCsVN+xY+2mWGpGOM0qg0TRGJMJHtG+QYFDqi78KYtVjm6a356hM2P6KIikeUKjXP09nOJQqVnomc4Q67Fa9ubif14/0cGNmzIRJ5oKslgUJBzpCM2DQD6TlGg+M4CJZOZsRMZYYqJNXBWTh7P8+1XoXNadq3rjoVFr3hbJlOEETuEcHLiGJtxDC9pAIIRneIFXK7PerHfrY9FasoqZY/hT1ucPpnqVBA==</latexit>

ḡ0
<latexit sha1_base64="vUAD/5k0X1jMu72CYpckMBAAnhs=">AAACDHicbZDLSgMxFIYz9VbrbdSN4CZYBBe2zEhRl0U3boQK9gLtOGQyaRuaZIYkUyhDfQSfwq2u3Ilb38GF72LazkJbfwh8nP8cTs4fxIwq7ThfVm5peWV1Lb9e2Njc2t6xd/caKkokJnUcsUi2AqQIo4LUNdWMtGJJEA8YaQaD64nfHBKpaCTu9SgmHkc9QbsUI21Kvn3QCQnTCN76qSjF44eU+2GJ+8nYt4tO2ZkKLoKbQRFkqvn2dyeMcMKJ0JghpdquE2svRVJTzMi40EkUiREeoB5pGxSIE3UaDmmspuil02PG8NiYIexG0jyh4bT6ezhFXKkRD0wnR7qv5r1J8T+vnejupZdSESeaCDxb1E0Y1BGcJANDKgnWbGQAYUnNtyHuI4mwNvkVTB7u/PWL0Dgru+flyl2lWL3KksmDQ3AEToALLkAV3IAaqAMMHsEzeAGv1pP1Zr1bH7PWnJXN7IM/sj5/AHmfm3U=</latexit>

�Mmd�mu
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𝜃-term example
Before shifting to BSM - a few important points 

Lattice QCD calculations of  the nucleon EDMs are very challenging 
(see other talks, and limited results in the literature) 

The EDMs can be predicted with results from heavier than physical M𝜋 by utilizing 
known chiral extrapolation formula (as others emphasize) 

Given the challenges evident in SU(2) HB𝜒PT from LQCD results 
It is important to check the convergence of  the expansion 
The strategy should be to perform simultaneous calculations and extrapolations of  
the nucleon mass splitting combined with EDMs
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Nucleon Mass versus Pion Mass
The expansion of  the nucleon mass has difficulties 
describing lattice QCD results

0 100 200 300 400 500

mº [MeV]

850

900

950

1000

1050

1100

1150

1200

1250

1300

m
N

[M
eV

]

��� = 800 +m⇡ MeV

not-yet-published CalLat resultsNote: @ NLO, there is a predicted large negative 
contribution proportional to 

<latexit sha1_base64="CqJtj3nQmoKuJyj83GUL32Uj+0o=">AAAB93icbZDLSsNAFIZP6q3WW9Wlm8EiuJCSlKIuq25cVjBtoY1lMpm0QycXZiaFEPoMbnXlTtz6OC58F6dpFtp6YODj/8/hnPndmDOpTPPLKK2tb2xulbcrO7t7+wfVw6OOjBJBqE0iHomeiyXlLKS2YorTXiwoDlxOu+7kbu53p1RIFoWPKo2pE+BRyHxGsNKSPRrePDWG1ZpZN/NCq2AVUIOi2sPq98CLSBLQUBGOpexbZqycDAvFCKezyiCRNMZkgke0rzHEAZUX3pTFMkcny++eoTNtesiPhH6hQrn6ezjDgZRp4OrOAKuxXPbm4n9eP1H+tZOxME4UDclikZ9wpCI0DwF5TFCieKoBE8H02YiMscBE6agqOg9r+fer0GnUrct686FZa90WyZThBE7hHCy4ghbcQxtsIMDgGV7g1UiNN+Pd+Fi0loxi5hj+lPH5Aw7ekvQ=</latexit>

g2A

Given the LQCD results, this is an unnatural contribution 

Leaving         as a free parameter in the extrapolation - the fit returns 0 

It is not satisfactory to force gA≈1.27  (eg. with a prior with a tight width) 
We would like to see this emerge naturally from a (numerical) data-driven approach 

Solution: do simultaneous extrapolation of  MN and gA - this is in the works for us

<latexit sha1_base64="TAtr49etETjuZGxV58fRmaiTzPE=">AAAB9XicbZC7TsMwFIZPyq2UW4GRxaJCYkBVgipgLLAwFkEvUhtVjuO0Vh0nsp2iKuojsMLEhlh5HgbeBTfNAC1HsvTp/8/ROf69mDOlbfvLKqysrq1vFDdLW9s7u3vl/YOWihJJaJNEPJIdDyvKmaBNzTSnnVhSHHqctr3R7cxvj6lULBKPehJTN8QDwQJGsDbSw6B/3S9X7KqdFVoGJ4cK5NXol797fkSSkApNOFaq69ixdlMsNSOcTku9RNEYkxEe0K5BgUOqzvwxi1WGbppdPUUnxvRREEnzhEaZ+ns4xaFSk9AznSHWQ7XozcT/vG6igys3ZSJONBVkvihIONIRmkWAfCYp0XxiABPJzNmIDLHERJugSiYPZ/H3y9A6rzoX1dp9rVK/yZMpwhEcwyk4cAl1uIMGNIHAAJ7hBV6tJ+vNerc+5q0FK585hD9lff4A4fySUA==</latexit>gA
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gA versus Pion Mass

gQCD
A = 1.2711(103)s(39)�(15)a(19)V (04)I(55)M
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statistical 0.81%
chiral extrapolation 0.31%
a ! 0 0.12%
L ! 1 0.15%
isospin 0.03%
model selection 0.43%
total 0.99%
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More  precise results at the physical pion mass will improve the three largest uncertainties: 
statistical (s),   extrapolation (χ) and model selection (M)         NOTE, a12m130 has 2.3% uncertainty 

Following our existing strategy, we anticipate getting to 0.5% by the end of  this year 
Getting below (or maybe to 0.5%) will require a 4th lattice spacing as well (~0.06fm) 
Adding a FV study on additional pion mass points will improve the FV uncertainty 
The isospin uncertainty seems unnecessary…  we now know radiative QED corrections can be O(2%)

Bart van Lith 
E. Berkowitz Nature 558 (2018) no.7708, 91-94  

Chang et al. 
[arXiv:1805.12130]

Cirigliano, de Vries, Hayen, Mereghetti, Walker-Loud [2202.10439] 
to be published in PRL

https://arxiv.org/abs/1805.12130


The a12m130 (483 x 64 x 20) with 3 sources cost as much as all other ensembles combined
2.5 weekends on Sierra → 16 srcs
Now, 32 srcs (un-constrained, 3-state fit)

We generated a new a15m135XL (483 x 64) ensemble (old a15m130 is 323 x 48)
M𝜋L = 4.93  (old M𝜋L = 3.2)
L5 = 24, Nsrc = 16

We have 2 additional pion masses (180, 260) and a 4th finer lattice spacing, a≈0.06fm @ M𝜋 ≈ 220, 310 MeV
We anticipate improving gA to ~0.5%  — we need to address the radiative QED correction to make this useful
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Chang et al. [arXiv:1805.12130] Sierra Early Science

1 year on Titan (ORNL) + 2 years 
on GPU machines at LLNL

gA = 1.2711(125) → 1.2641(93)  [0.74%]
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Analysis Details
Model average extrapolation
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Analysis Details
Model average extrapolation
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The numerical results “do not like 𝜒PT”  😱



Bernard and Meissner (CD06) 
Phys.Lett.B639 [hep-lat/0605010] 
                  F —> Fπ 15

convergence of  the chiral expansion…
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gA is ubiquitous in all nucleon properties (and nuclear physics) 
if  gA does not have a controlled extrapolation, can we trust 
convergence for other quantities?
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convergence of  the chiral expansion…
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Worth noting - if  you use  
and force the delta-axial couplings, the value 
of  the pion-nucleon sigma term is also large 
large Nc gives de-coherent nucleon and delta 
loop corrections to gA, but coherent to MN 
                              has a chance of  being a 
converging expansion - but it won’t be pretty
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Returning to the isovector nucleon mass
Isospin breaking scheme that preserves separability of  QED and md-mu at LO 

 Use         to define md+mu in LQCD calculations with and without QED 

  

The leading QED correction to          is suppressed in the chiral expansion and tiny 
 Bijnens, Prades [hep-ph/9610360] 

Use                                                                                                      to define md-mu 

The charged Sigma baryons should have the same elastic QED self-energy 
A Cottingham analysis finds the structure corrections to be small of  O(0.1MeV) 
Erben, Shanahan, Thomas, Young [1408.6628] 

Tune md-mu to reproduce the splitting 

If  all has gone well, and one uses a chiraly symmetric lattice regulator - turning on QED, 
one should find the need for small re-tunings of  O(αf.s. x ml) 

<latexit sha1_base64="DUqu/z9xAu7pjxKkrPuGKfKB1oc="></latexit>
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M⌃� �M⌃+ = 1197.45(4)� 1189.37(7) = 8.08(8) MeV
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Returning to the isovector nucleon mass
Isospin breaking scheme that preserves separability of  QED and md-mu at LO 
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M⇡0

<latexit sha1_base64="rsWe+7POnV631IB+GkaTaFND9Gs=">AAAB+3icbZDLSgMxFIYz9VbrrerSTbAILqTMSFGXRTduhAr2Iu1YMpm0DU0yIckUyjBP4VZX7sStD+PCdzGdzkJbDwQ+/v8czskfSEa1cd0vp7Cyura+UdwsbW3v7O6V9w9aOooVJk0csUh1AqQJo4I0DTWMdKQiiAeMtIPxzcxvT4jSNBIPZiqJz9FQ0AHFyFjp8a6f9CR9ctN+ueJW3azgMng5VEBejX75uxdGOOZEGMyQ1l3PlcZPkDIUM5KWerEmEuExGpKuRYE40WfhhEqdoZ9kt6fwxJohHETKPmFgpv4eThDXesoD28mRGelFbyb+53VjM7jyEypkbIjA80WDmEETwVkQMKSKYMOmFhBW1J4N8QgphI2Nq2Tz8BZ/vwyt86p3Ua3d1yr16zyZIjgCx+AUeOAS1MEtaIAmwICDZ/ACXp3UeXPenY95a8HJZw7Bn3I+fwCAIJTs</latexit>

M⇡0

<latexit sha1_base64="31AeUT/YAJGR37jNNLAgbqfS7Cw="></latexit>

M⌃� �M⌃+ = 1197.45(4)� 1189.37(7) = 8.08(8) MeV
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Mn-Mp in 𝜒PT
“Symmetric breaking of  isospin symmetry” 
 
 
 
 
 
 
 
 
 
 

One can run calculations with a slight miss-match in valence (val) and sea quark masses 

de Divitis et al insert md-mu operator (3pt function)

AWL [0904.2404] 
de Divitis et al JHEP 1204 (2012) 
de Divitis et al PRD87 (2013)

<latexit sha1_base64="kVOboTSx8y64Nm0VO6+JlMJUj30=">AAACD3icbZDLSsNAFIYnXmu9RV12M1gEF6UkUtSNUHDTZQV7gTaGyWTSDp1JwsykUEIWPoJP4VZX7sStj+DCd3GaZqGtPwx8nP8czpzfixmVyrK+jLX1jc2t7dJOeXdv/+DQPDruyigRmHRwxCLR95AkjIako6hipB8LgrjHSM+b3M793pQISaPwXs1i4nA0CmlAMVK65JoV7qZJzc8e0qHgUBKUwRs4HCOV8sw1q1bdygVXwS6gCgq1XfN76Ec44SRUmCEpB7YVKydFQlHMSFYeJpLECE/QiAw0hogTWfOnNJY5Oml+TwbPtOnDIBL6hQrm1d/DKeJSzrinOzlSY7nszYv/eYNEBddOSsM4USTEi0VBwqCK4Dwc6FNBsGIzDQgLqr8N8RgJhJWOsKzzsJevX4XuRd2+rDfuGtVmq0imBCrgFJwDG1yBJmiBNugADB7BM3gBr8aT8Wa8Gx+L1jWjmDkBf2R8/gCgD5ye</latexit>

msea
u,d = m̂

<latexit sha1_base64="fvJChpGfDKkyZLK4HbNji5mOnJs=">AAACFHicbZA9SwNBEIb34nf8ilraLAZBUMKdBLURAjaWCkYDufOY29skS3bvjt25QDjS+hP8FbZa2YmtvYX/xU1M4dcLCw/zzjA7b5RJYdB1353SzOzc/MLiUnl5ZXVtvbKxeW3SXDPeZKlMdSsCw6VIeBMFSt7KNAcVSX4T9c/G/s2AayPS5AqHGQ8UdBPREQzQlsIKVWF8W/ha0QHIET2lfg+wUCO6T/2YS4SwUnVr7kT0L3hTqJKpLsLKhx+nLFc8QSbBmLbnZhgUoFEwyUdlPzc8A9aHLm9bTEBxcxAPRGYmGBSTo0Z015ox7aTavgTppPp9uABlzFBFtlMB9sxvb1z8z2vn2DkJCpFkOfKEfS3q5JJiSscJ0VhozlAOLQDTwn6bsh5oYGhzLNs8vN/X/4Xrw5p3VKtf1quN82kyi2Sb7JA94pFj0iDn5II0CSN35IE8kifn3nl2XpzXr9aSM53ZIj/kvH0CgBieEg==</latexit>

mval
d = m̂+ �

<latexit sha1_base64="fOWEWI9F8mWHCzStdI+M3JVnjOE=">AAACFHicbZA9SwNBEIb34nf8ilraLAbBQsOdBLURAjaWCkYDufOY29skS3bvjt25QDjS+hP8FbZa2YmtvYX/xU1M4dcLCw/zzjA7b5RJYdB1353SzOzc/MLiUnl5ZXVtvbKxeW3SXDPeZKlMdSsCw6VIeBMFSt7KNAcVSX4T9c/G/s2AayPS5AqHGQ8UdBPREQzQlsIKVWF+W/ha0QHIET2lfg+wUCN6QP2YS4SwUnVr7kT0L3hTqJKpLsLKhx+nLFc8QSbBmLbnZhgUoFEwyUdlPzc8A9aHLm9bTEBxsx8PRGYmGBSTo0Z015ox7aTavgTppPp9uABlzFBFtlMB9sxvb1z8z2vn2DkJCpFkOfKEfS3q5JJiSscJ0VhozlAOLQDTwn6bsh5oYGhzLNs8vN/X/4Xrw5p3VKtf1quN82kyi2Sb7JA94pFj0iDn5II0CSN35IE8kifn3nl2XpzXr9aSM53ZIj/kvH0Cn7CeJQ==</latexit>

mval
u = m̂� �

Zu,d =

Z
DUµ Det(D +ml � �⇥3) e

�S[Uµ]

=

Z
DUµ Det(D +ml) det

✓
1� �2

(D +ml)2

◆
e�S[Uµ]
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de Divitis et al insert md-mu operator (3pt function)

AWL [0904.2404] 
de Divitis et al JHEP 1204 (2012) 
de Divitis et al PRD87 (2013)

<latexit sha1_base64="kVOboTSx8y64Nm0VO6+JlMJUj30=">AAACD3icbZDLSsNAFIYnXmu9RV12M1gEF6UkUtSNUHDTZQV7gTaGyWTSDp1JwsykUEIWPoJP4VZX7sStj+DCd3GaZqGtPwx8nP8czpzfixmVyrK+jLX1jc2t7dJOeXdv/+DQPDruyigRmHRwxCLR95AkjIako6hipB8LgrjHSM+b3M793pQISaPwXs1i4nA0CmlAMVK65JoV7qZJzc8e0qHgUBKUwRs4HCOV8sw1q1bdygVXwS6gCgq1XfN76Ec44SRUmCEpB7YVKydFQlHMSFYeJpLECE/QiAw0hogTWfOnNJY5Oml+TwbPtOnDIBL6hQrm1d/DKeJSzrinOzlSY7nszYv/eYNEBddOSsM4USTEi0VBwqCK4Dwc6FNBsGIzDQgLqr8N8RgJhJWOsKzzsJevX4XuRd2+rDfuGtVmq0imBCrgFJwDG1yBJmiBNugADB7BM3gBr8aT8Wa8Gx+L1jWjmDkBf2R8/gCgD5ye</latexit>

msea
u,d = m̂

<latexit sha1_base64="fvJChpGfDKkyZLK4HbNji5mOnJs=">AAACFHicbZA9SwNBEIb34nf8ilraLAZBUMKdBLURAjaWCkYDufOY29skS3bvjt25QDjS+hP8FbZa2YmtvYX/xU1M4dcLCw/zzjA7b5RJYdB1353SzOzc/MLiUnl5ZXVtvbKxeW3SXDPeZKlMdSsCw6VIeBMFSt7KNAcVSX4T9c/G/s2AayPS5AqHGQ8UdBPREQzQlsIKVWF8W/ha0QHIET2lfg+wUCO6T/2YS4SwUnVr7kT0L3hTqJKpLsLKhx+nLFc8QSbBmLbnZhgUoFEwyUdlPzc8A9aHLm9bTEBxcxAPRGYmGBSTo0Z015ox7aTavgTppPp9uABlzFBFtlMB9sxvb1z8z2vn2DkJCpFkOfKEfS3q5JJiSscJ0VhozlAOLQDTwn6bsh5oYGhzLNs8vN/X/4Xrw5p3VKtf1quN82kyi2Sb7JA94pFj0iDn5II0CSN35IE8kifn3nl2XpzXr9aSM53ZIj/kvH0CgBieEg==</latexit>

mval
d = m̂+ �

<latexit sha1_base64="fOWEWI9F8mWHCzStdI+M3JVnjOE=">AAACFHicbZA9SwNBEIb34nf8ilraLAbBQsOdBLURAjaWCkYDufOY29skS3bvjt25QDjS+hP8FbZa2YmtvYX/xU1M4dcLCw/zzjA7b5RJYdB1353SzOzc/MLiUnl5ZXVtvbKxeW3SXDPeZKlMdSsCw6VIeBMFSt7KNAcVSX4T9c/G/s2AayPS5AqHGQ8UdBPREQzQlsIKVWF+W/ha0QHIET2lfg+wUCN6QP2YS4SwUnVr7kT0L3hTqJKpLsLKhx+nLFc8QSbBmLbnZhgUoFEwyUdlPzc8A9aHLm9bTEBxsx8PRGYmGBSTo0Z015ox7aTavgTppPp9uABlzFBFtlMB9sxvb1z8z2vn2DkJCpFkOfKEfS3q5JJiSscJ0VhozlAOLQDTwn6bsh5oYGhzLNs8vN/X/4Xrw5p3VKtf1quN82kyi2Sb7JA94pFj0iDn5II0CSN35IE8kifn3nl2XpzXr9aSM53ZIj/kvH0Cn7CeJQ==</latexit>

mval
u = m̂� �

Zu,d =

Z
DUµ Det(D +ml � �⇥3) e

�S[Uµ]

=

Z
DUµ Det(D +ml) det

✓
1� �2

(D +ml)2

◆
e�S[Uµ]

Isospin symmetric quantities:
Isospin violating quantities:

O(�3)

error
error

O(�2)
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Mn-Mp in 𝜒PT
“Symmetric breaking of  isospin symmetry” AWL [0904.2404]

<latexit sha1_base64="kVOboTSx8y64Nm0VO6+JlMJUj30=">AAACD3icbZDLSsNAFIYnXmu9RV12M1gEF6UkUtSNUHDTZQV7gTaGyWTSDp1JwsykUEIWPoJP4VZX7sStj+DCd3GaZqGtPwx8nP8czpzfixmVyrK+jLX1jc2t7dJOeXdv/+DQPDruyigRmHRwxCLR95AkjIako6hipB8LgrjHSM+b3M793pQISaPwXs1i4nA0CmlAMVK65JoV7qZJzc8e0qHgUBKUwRs4HCOV8sw1q1bdygVXwS6gCgq1XfN76Ec44SRUmCEpB7YVKydFQlHMSFYeJpLECE/QiAw0hogTWfOnNJY5Oml+TwbPtOnDIBL6hQrm1d/DKeJSzrinOzlSY7nszYv/eYNEBddOSsM4USTEi0VBwqCK4Dwc6FNBsGIzDQgLqr8N8RgJhJWOsKzzsJevX4XuRd2+rDfuGtVmq0imBCrgFJwDG1yBJmiBNugADB7BM3gBr8aT8Wa8Gx+L1jWjmDkBf2R8/gCgD5ye</latexit>

msea
u,d = m̂

<latexit sha1_base64="fvJChpGfDKkyZLK4HbNji5mOnJs=">AAACFHicbZA9SwNBEIb34nf8ilraLAZBUMKdBLURAjaWCkYDufOY29skS3bvjt25QDjS+hP8FbZa2YmtvYX/xU1M4dcLCw/zzjA7b5RJYdB1353SzOzc/MLiUnl5ZXVtvbKxeW3SXDPeZKlMdSsCw6VIeBMFSt7KNAcVSX4T9c/G/s2AayPS5AqHGQ8UdBPREQzQlsIKVWF8W/ha0QHIET2lfg+wUCO6T/2YS4SwUnVr7kT0L3hTqJKpLsLKhx+nLFc8QSbBmLbnZhgUoFEwyUdlPzc8A9aHLm9bTEBxcxAPRGYmGBSTo0Z015ox7aTavgTppPp9uABlzFBFtlMB9sxvb1z8z2vn2DkJCpFkOfKEfS3q5JJiSscJ0VhozlAOLQDTwn6bsh5oYGhzLNs8vN/X/4Xrw5p3VKtf1quN82kyi2Sb7JA94pFj0iDn5II0CSN35IE8kifn3nl2XpzXr9aSM53ZIj/kvH0CgBieEg==</latexit>

mval
d = m̂+ �

<latexit sha1_base64="fOWEWI9F8mWHCzStdI+M3JVnjOE=">AAACFHicbZA9SwNBEIb34nf8ilraLAbBQsOdBLURAjaWCkYDufOY29skS3bvjt25QDjS+hP8FbZa2YmtvYX/xU1M4dcLCw/zzjA7b5RJYdB1353SzOzc/MLiUnl5ZXVtvbKxeW3SXDPeZKlMdSsCw6VIeBMFSt7KNAcVSX4T9c/G/s2AayPS5AqHGQ8UdBPREQzQlsIKVWF+W/ha0QHIET2lfg+wUCN6QP2YS4SwUnVr7kT0L3hTqJKpLsLKhx+nLFc8QSbBmLbnZhgUoFEwyUdlPzc8A9aHLm9bTEBxsx8PRGYmGBSTo0Z015ox7aTavgTppPp9uABlzFBFtlMB9sxvb1z8z2vn2DkJCpFkOfKEfS3q5JJiSscJ0VhozlAOLQDTwn6bsh5oYGhzLNs8vN/X/4Xrw5p3VKtf1quN82kyi2Sb7JA94pFj0iDn5II0CSN35IE8kifn3nl2XpzXr9aSM53ZIj/kvH0Cn7CeJQ==</latexit>

mval
u = m̂� �

4

Expanding about the continuum limit, the e⇥ective continuum Lagrangian for the quarks can be written (to LO in
the lattice spacing)

L = q̄
⌥
D/ + (m� ⇥⇧v

3 ) ei⌃⇧vs
3 �5 + a csw i⌅µ⌅Fµ⌅

�
q . (16)

The renormalized quark mass is defined in the standard way with

m� ⇥ m cos(⌥) = Zm(m0 �mc)/a , (17)
µ ⇥ m sin(⌥) = Zµµ0/a . (18)

Here, mc is the critical mass (defined up to an O(a) shift). The twisted mass term, iµ⇧vs
3 �5, is protected from additive

mass corrections from the symmetries of the action (up to the O(⇥2) corrections mentioned above). The twist angle
is defined through the ratio tan(⌥) = µ/m�. Similarly, the valence isospin breaking mass term will also be protected
from additive mass renormalization (to all orders),

⇥ = Z⇥⇥0/a . (19)

There are additional operators at O(a), but these are suppressed by additional powers of the quark masses and will
not modify the construction of the chiral Lagrangian through NLO [24]. The resulting partially quenched meson
Lagrangian is given through O(m2

q, mqa, a2) by

L(PQ) =
f2

8
str
�
↵µ�↵µ�†⇥� f2

8
str
�
⌃�†� + �†⌃�⇥� L(PQ)

1

⇤
str
�
↵µ�↵µ�†⇥⌅2 � L(PQ)

2 str
�
↵µ�↵⌅�†⇥ str

�
↵µ�↵⌅�†⇥

� L(PQ)
3 str

�
↵µ�↵µ�†↵⌅�↵⌅�†⇥+ L(PQ)

4 str
�
↵µ�↵µ�†⇥ str

�
⌃�†� + �†⌃�⇥� L(PQ)

6

⇤
str
�
⌃�†� + �†⌃�⇥⌅2

+ L(PQ)
5 str

�
↵µ�↵µ�† �⌃�†� + �†⌃�⇥⇥� L(PQ)

7

⇤
str
�
⌃�†�� �†⌃�⇥⌅2 � L(PQ)

8 str
�
⌃�†�⌃�†� + �†⌃��†⌃�⇥

+ W (PQ)
4 str

�
↵µ�↵µ�†⇥ str

⇧
Â†� + �†Â

⌃
+ W (PQ)

5 str
⇧
↵µ�↵µ�†

⇧
Â†� + �†Â

⌃⌃

�W (PQ)
6 str

�
⌃�†� + �†⌃�⇥ str

⇧
Â†� + �†Â

⌃
�W (PQ)

7 str
�
⌃�†�� �†⌃�⇥ str

⇧
Â†�� �†Â

⌃

�W (PQ)
8 str

⇧
⌃�†�Â†� + �†⌃��†Â

⌃
�W �(PQ)

6

⌥
str
⇧
Â†� + �†Â

⌃�2
�W �(PQ)

8 str
⇧
Â†�Â†� + �†Â�†Â

⌃
.

(20)

Here, we have already absorbed the leading discretization e⇥ects into a redefinition of ⌃ [48];

⌃� = 2B0

⇧
m� + iµ⇧vs

3 � ⇥⇧v
3 ei⌃⇧vs

3

⌃
+ 2W0a

⇥ m̂� + iµ̂⇧vs
3 � ⇥̂⇧v

3 ei⌃⇧vs
3 + â

Â = 2W0a ⇥ â (21)

Further, we assume a power counting
 

(m̂� + â)2 + µ̂2 ⇤ ⇥̂ ⇤ â . (22)

The Lagrangian (20) is then the complete NLO meson Lagrangian relevant for our work. To extract relevant physics
information, this Lagrangian must be matched to its non partially quenched counterpart. The unquenched Lagrangian
is given by [24]

L =
f2

8
tr
�
↵µ�↵µ�†⇥� f2

8
tr
�
⌃�†� + �†⌃�⇥� l1

4
⇤
tr
�
↵µ�↵µ�†⇥⌅2 � l2

4
tr
�
↵µ�↵⌅�†⇥ tr

�
↵µ�↵⌅�†⇥

� l3 + l4
16

⇤
tr
�
⌃�†� + �†⌃�⇥⌅2 +

l4
8

tr
�
↵µ�↵µ�†⇥ tr

�
⌃�†� + �†⌃�⇥� l7

16
⇤
tr
�
⌃�†�� �†⌃�⇥⌅2

+ W̃ tr
�
↵µ�↵µ�†⇥ tr

⇧
Â†� + �†Â

⌃
�W tr

�
⌃�†� + �†⌃�⇥ tr

⇧
Â†� + �†Â

⌃
�W �

⌥
tr
⇧
Â†� + �†Â

⌃�2

�W7 tr
�
⌃�†�� �†⌃�⇥ tr

⇧
Â†�� �†Â

⌃
. (23)m2

�± = 2Bml

⇢
1 +

m2
�

(4�f�)2
ln

✓
m2

�

µ2

◆
+

4m2
�

f2
�

lr4(µ)

�
�

�4
PQ

2(4�f�)2

m2
⇡0 = m2

⇡± +
16B2�2

f2
⇡

l7 �2
PQ = 2B�

Pion Chiral Lagrangian



21

Mn-Mp in 𝜒PT
“Symmetric breaking of  isospin symmetry” AWL [0904.2404]

<latexit sha1_base64="kVOboTSx8y64Nm0VO6+JlMJUj30=">AAACD3icbZDLSsNAFIYnXmu9RV12M1gEF6UkUtSNUHDTZQV7gTaGyWTSDp1JwsykUEIWPoJP4VZX7sStj+DCd3GaZqGtPwx8nP8czpzfixmVyrK+jLX1jc2t7dJOeXdv/+DQPDruyigRmHRwxCLR95AkjIako6hipB8LgrjHSM+b3M793pQISaPwXs1i4nA0CmlAMVK65JoV7qZJzc8e0qHgUBKUwRs4HCOV8sw1q1bdygVXwS6gCgq1XfN76Ec44SRUmCEpB7YVKydFQlHMSFYeJpLECE/QiAw0hogTWfOnNJY5Oml+TwbPtOnDIBL6hQrm1d/DKeJSzrinOzlSY7nszYv/eYNEBddOSsM4USTEi0VBwqCK4Dwc6FNBsGIzDQgLqr8N8RgJhJWOsKzzsJevX4XuRd2+rDfuGtVmq0imBCrgFJwDG1yBJmiBNugADB7BM3gBr8aT8Wa8Gx+L1jWjmDkBf2R8/gCgD5ye</latexit>

msea
u,d = m̂

<latexit sha1_base64="fvJChpGfDKkyZLK4HbNji5mOnJs=">AAACFHicbZA9SwNBEIb34nf8ilraLAZBUMKdBLURAjaWCkYDufOY29skS3bvjt25QDjS+hP8FbZa2YmtvYX/xU1M4dcLCw/zzjA7b5RJYdB1353SzOzc/MLiUnl5ZXVtvbKxeW3SXDPeZKlMdSsCw6VIeBMFSt7KNAcVSX4T9c/G/s2AayPS5AqHGQ8UdBPREQzQlsIKVWF8W/ha0QHIET2lfg+wUCO6T/2YS4SwUnVr7kT0L3hTqJKpLsLKhx+nLFc8QSbBmLbnZhgUoFEwyUdlPzc8A9aHLm9bTEBxcxAPRGYmGBSTo0Z015ox7aTavgTppPp9uABlzFBFtlMB9sxvb1z8z2vn2DkJCpFkOfKEfS3q5JJiSscJ0VhozlAOLQDTwn6bsh5oYGhzLNs8vN/X/4Xrw5p3VKtf1quN82kyi2Sb7JA94pFj0iDn5II0CSN35IE8kifn3nl2XpzXr9aSM53ZIj/kvH0CgBieEg==</latexit>

mval
d = m̂+ �

<latexit sha1_base64="fOWEWI9F8mWHCzStdI+M3JVnjOE=">AAACFHicbZA9SwNBEIb34nf8ilraLAbBQsOdBLURAjaWCkYDufOY29skS3bvjt25QDjS+hP8FbZa2YmtvYX/xU1M4dcLCw/zzjA7b5RJYdB1353SzOzc/MLiUnl5ZXVtvbKxeW3SXDPeZKlMdSsCw6VIeBMFSt7KNAcVSX4T9c/G/s2AayPS5AqHGQ8UdBPREQzQlsIKVWF+W/ha0QHIET2lfg+wUCN6QP2YS4SwUnVr7kT0L3hTqJKpLsLKhx+nLFc8QSbBmLbnZhgUoFEwyUdlPzc8A9aHLm9bTEBxsx8PRGYmGBSTo0Z015ox7aTavgTppPp9uABlzFBFtlMB9sxvb1z8z2vn2DkJCpFkOfKEfS3q5JJiSscJ0VhozlAOLQDTwn6bsh5oYGhzLNs8vN/X/4Xrw5p3VKtf1quN82kyi2Sb7JA94pFj0iDn5II0CSN35IE8kifn3nl2XpzXr9aSM53ZIj/kvH0Cn7CeJQ==</latexit>

mval
u = m̂� �

Can also construct the partially quenched baryon chiral Lagrangian
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Mn-Mp in 𝜒PT
“Symmetric breaking of  isospin symmetry” AWL [0904.2404]
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Mn-Mp in LQCD
“Symmetric breaking of  isospin symmetry”
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Mn-Mp in LQCD
“Symmetric breaking of  isospin symmetry”
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Mn-Mp in LQCD
“Symmetric breaking of  isospin symmetry” 
 

Extrapolation formula at NNLO AWL [0904.2404] 
 
 
 
 
 

Fixing gA=1.27 yields 𝜒2/dof  = 2.73/5 

Fitting gA yields 𝜒2/dof  = 2.72/4, gA=1.24(56) 
The chiral log is very prominent for this quantity 
need a lighter pion mass to be conclusive confirmation of  𝜒-log
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Mn-Mp in LQCD
Given the relation between the mass splitting 
 and the coupling 
 
 

And the notable pion-mass dependence of   
the mass splitting 
 

Using this “renormalized” coupling in the extrapolation formula for the EDM may provide 
important corrections when comparing with heavier than physical pion mass  
further emphasizing also the importance of  a simultaneous extrapolation
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BSM CP-violating operators - quark chromo-EDM
There are two quark chromo-EDM operators (with 2 flavors) 
and 2 accompanying CP-conserving operators 
 
 

These operators transform into each other under the SU(2)A rotations that relate the 𝜃-term 
coupling to the isovector mass
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There are two quark chromo-EDM operators (with 2 flavors) 
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interactions arising from these sources of CP violation. The leading order chiral Lagrangian
for CP violation is [8]

L
�
CP = �

ḡ0
2F⇡

N̄⌧i⇡iN �
ḡ1
2F⇡

N̄⇡3N , (2)

where ḡ0 and ḡ1 are the long-range CP-violating pion-nucleon couplings. For a QCD ✓̄-term,
ḡ1 is suppressed in the chiral expansion compared to ḡ0, but this does not hold for more
general BSM CP violation.

Focussing on the dimension-6 quark-bilinear operators, there are two quark EDM opera-
tors and two quark C-EDM operators, along with their CP conserving partners [8],

L
6
q̄q =�

i

2
q̄�µ⌫�5(d0 + d3⌧3)qFµ⌫ �

i

2
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1

2
q̄�µ⌫ (c3⌧3 + c0)qFµ⌫ �

1

2
q̄�µ⌫ (c̃3⌧3 + c̃0)Gµ⌫q, (3)

where Fµ⌫ , Gµ⌫ are the QED and QCD field-strength tensors.1 Just as with the QCD ✓̄-term,
this symmetry can be exploited to perform simple spectroscopic lattice QCD calculations
of the nucleon mass and mass splitting in the background of the CP conserving opera-
tors. For example, one can perturbatively add the operator q̄�µ⌫⌧3qGµ⌫ to the action (after
transforming to Euclidean space-time, of course) and compute the induced change in the
proton-neutron mass splitting. This will, in turn, provide a contribution to the long-range
pion-nucleon CP-violating coupling.

In terms of gluonic operators, the two long-range couplings in Eq. (2) are given by [8]

ḡ0 = �qMN
d̃0
c̃3

+ �MN
�qm2

⇡

m2
⇡

d̃3
c̃0

,

ḡ1 = �2�⇡N

✓
�qMN

�⇡N
�

�qm2
⇡

m2
⇡

◆
d̃3
c̃0

. (4)

In these expressions

�MN = nucleon mass splitting induced by O = � q̄ ⌧3 q ,

�⇡N = nucleon sigma-term induced by O = �m̄q̄q ,

�qMN = nucleon mass splitting induced by O = �(c̃3/2) q̄�
µ⌫⌧3Gµ⌫q ,

�qMN = nucleon sigma-term induced by O = �(c̃0/2) q̄�
µ⌫Gµ⌫q ,

�qm
2
⇡ = pion sigma-term induced by O = �(c̃0/2) q̄�

µ⌫Gµ⌫q , (5)

where 2� = md�mu and 2m̄ = md+mu. One can compute simple spectroscopic properties of
the nucleon and, by exploiting the symmetry relation between these quark bilinear operators,
determine the CP-violating pion-nucleon couplings in terms of the fundamental dimension-6
quark operators.

This provides a unique opportunity to use lattice QCD and EFT to contribute signifi-
cantly to the search for BSM physics, specifically, the search for new sources of CP violation,
which we expect on general grounds. Indeed, this project addresses one of the areas high-
lighted in the USQCD white paper on “Lattice QCD for Cold Nuclear Physics” [9].

1 Note that these operators are dimension-6 because the coe�cients are proportional to the fermion masses.

This pattern of chiral symmetry breaking is expected, otherwise the BSM physics would generate additive

quark mass renormalization.

Again, all that is needed are simple spectroscopic quantities
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BSM CP-violating operators - quark chromo-EDM
There are two quark chromo-EDM operators (with 2 flavors) 
and 2 accompanying CP-conserving operators 
 
 

To maintain these simple relations, one must work around subtle difficulties 
Seng, Ramsey-Musolf, PRC96 (2017) [1611.08063] 
which one can do with modified relations at N2LO 
de Vries, Mereghetti, Seng, Walker-Loud, PLB 766 (2017) [1612.01567]
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Disconnected Diagrams
Iso-vector CPV pion-nucleon coupling dependent on iso-scalar quantities.
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Results: Preliminary
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Putting it all Together
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Renormalization

1 Renormalization of the chromomagnetic and chromo-

electric dipole moment operators.

The list of CP-odd dimension-5 operators is given in Ref. [?], in Eqs. (33)-(46). The CP-even
operators have a very similar form, and I will try to use the same ordering. The chromo-MDM
(qCMDM) operator is a matrix in flavor space. I denote it by d̃CM = (d̃0)CM t0+d̃3CM t3+d̃8CM t8

(where t0 = I/
p
6 and t3,8 = �3,8/2, with �a Gell-Man matrices) and express the basis in term

of ta. In the following, there is no assumption that d̃CM is diagonal, so the basis might also
be used for flavor-changing qCMDM (relevant e.g. for K ! ⇡⇡). check this last statement,
might need a few more flavor structures...

In order to present the operators that vanish by the equation of motion (EOM) in a compact
form, we introduce the combinations:

 E ⌘ (iDµ�µ �M) , Dµ = @µ � igAa
µT

a
� ieQA(�)

µ (1)

 ̄E ⌘ � ̄ (i
 �
Dµ�µ +M) ,

 �
Dµ =

 �
@ µ + igAa

µT
a + ieQA(�)

µ . (2)
Note that  E transforms under CP in the same way as  . M is the quark mass matrix
M = diag(mu,md,ms).

In a cut-off scheme, the qCMDM can mix with a dimension-three operator O
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RI/SMOM Renormalization: MANY extra operators needed for 
complete renormalization
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And - we basically stalled at this point 

The numerical calculation of  the CP-conserving 
operators is simpler than getting EDMs with the 
CP-odd ones - but, the renormalization is just as 
complicated… 

and the grad student working on this graduated 
and moved on to other things…
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Conclusions
I’ve presented some conflicting statements 

Symmetry is great!  It shows you how to construct the chiral Lagrangian and tease out CP-violating 
physics from CP-conserving physics 
Baryon Chiral Perturbation Theory does not work!  (at least the convergence pattern is not healthy)  
Where is any of  the non-analytic quark-mass dependence in nucleon quantities? 
Look at this beautiful chiral-log in Mn-Mp! 

If  we need precision, and we need extrapolation,                              can not be relied upon 
For a given quantity, the precision and accuracy might be OK, but extrapolating to unconstrained 
parameter space, or unconstrained observables is likely to have issues 
Adding explicit Δ dof  might restore convergence - this requires more LQCD calculations 
For current LQCD EDM calculations  

we do not need precision 
but we do need extrapolation - combining observables in global extrapolations should be done 

The preliminary LQCD results using CP-conserving matrix elements to get couplings looks promising, but 
the renormalization is still quite complex - need a new strategy perhaps

SU(2) HB�PT(�/)
<latexit sha1_base64="Oe+nPd8MWWLYPvn2XWvxZejuPyI="></latexit>
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Pion-induced radiative corrections to neutron beta-decay
Cirigliano, de Vries, Hayen, Mereghetti & Walker-Loud, arXiv:2202.10439 
Sub-set of  O(50) diagrams

3
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FIG. 1: Diagrams contributing to the matching between �PT and /⇡EFT at O(GF↵) (upper panel) and O(GF↵✏�) (lower
panel). Single, double, wavy, and dashed lines denote, respectively, leptons, nucleons, photons, and pions. Dots refer to

interactions from the lowest-order chiral Lagrangians, while diamonds represent insertions of L
e2p0
⇡ . Circled dots denote

interactions from the NLO pion-nucleon Lagrangian.

with the LEC Z⇡ fixed by the relation m
2

⇡± � m
2

⇡0 =
2e2F 2

⇡Z⇡, up to higher-order corrections. Additional
contributions arise from tree-level graphs with one
insertion of higher order Lagrangians. Finally, the
A

e2GF p amplitude is a combination of one-loop diagrams

with one vertex from higher order Lagrangians L
p2

⇡N or

L
e2p0

⇡N (see Fig. 1, lower panel). All relevant e↵ective
Lagrangians are presented in the Supplemental Material,
including a new one needed to absorb divergences from
loops involving virtual baryons, photons, and leptons.

Matching at O(↵) and O(↵✏�) – The diagrams con-
tributing to the matching between �PT and /⇡EFT at
O(✏0�) and O(✏�) are shown in Fig. 1. They imply for
the leading vector and axial operators
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where g
(0)

V = 1, �(n)
�,em,�m ⇠ O(✏n�), and nA = 1, nV =

2 [38, 39]. Explicit calculation gives �(0),(1)
A,�m = 0 and

�(0)

V,�m = 0 to the order we work. A non-zero �(0)

V,�m,
such as estimated in Ref. [40], arises to higher order in
the EFT framework. Concerning the chiral corrections

in the isospin limit, �(n)
V,� vanish due to conservation of

the vector current, while �(n)
A,� have been calculated up

to n = 4 in Refs. [41–43], and can for our purposes be
absorbed into a definition of gA in the isospin limit, which
we denote by g

QCD

A .
To O(↵✏0�) we consider the diagrams in Fig. 1, up-

per panel. Diagram (a1) appears in the same form in
both EFTs, and thus does not contribute to the match-
ing. An explicit calculation shows that the O(✏0/⇡) term of

diagrams (b1) and (d1) and (c1) and (e1) cancels, leav-
ing O(✏/⇡) corrections discussed below. Diagrams (g1)
and (j1) vanish exactly at O(✏0�), while (f1), (h1), (i1)
contribute to the vector operator only to be cancelled
by corrections to the nucleon wavefunction renormaliza-
tion (WFR) at zero momentum transfer (q = 0). As a
consequence, gV does not receive loop corrections in the
matching between �PT and /⇡EFT, instead picking up
contributions only from local operators of O(e2p) so that

�(0)

V,em = ĈV . By contrast, the axial operator is modified
through diagram (i1), the WFR, and local operators of
O(e2p), leading to
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(6)
Here µ denotes the renormalization scale that appears
in the dimensionally regularized chiral loops. We pro-
vide in the Supplemental Material the explicit depen-
dence of ĈV,A on the LECs of O(e2p). Here we note

that as written, ĈV,A contain information about short-
distance physics and in particular large logarithms con-

photons

pions

pion electromagnetic 
mass splitting
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m2
⇡± �m2

⇡0 = 2e2F 2
⇡Z⇡

NOTE: at this order, we 
also include QED, md-mu 
corrections to Mn-Mp

iso-vector contributions to Mn-Mp vanish from symmetry constraints for       current 
iso-scalar contributions do not vanish - but the sum of  all of  them does vanish through NLO
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FIG. 1: Diagrams contributing to the matching between �PT and /⇡EFT at O(GF↵) (upper panel) and O(GF↵✏�) (lower
panel). Single, double, wavy, and dashed lines denote, respectively, leptons, nucleons, photons, and pions. Dots refer to

interactions from the lowest-order chiral Lagrangians, while diamonds represent insertions of L
e2p0
⇡ . Circled dots denote

interactions from the NLO pion-nucleon Lagrangian.
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that as written, ĈV,A contain information about short-
distance physics and in particular large logarithms con-
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with one vertex from higher order Lagrangians L
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⇡N or
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⇡N (see Fig. 1, lower panel). All relevant e↵ective
Lagrangians are presented in the Supplemental Material,
including a new one needed to absorb divergences from
loops involving virtual baryons, photons, and leptons.
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contribute to the vector operator only to be cancelled
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consequence, gV does not receive loop corrections in the
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necting the weak scale to the hadronic scale [18, 44–46]
and finite terms that have been calculated via dispersive
methods [1–4].

A similar analysis applies to the NLO amplitude, for
which we report a few representative diagrams in the
lower panel of Fig. 1. At q = 0, all diagrams contribut-
ing to the vector operator are cancelled by the WFR,

resulting in �(1)

V,em = 0. The correction to gA is

�(1)

A,em = Z⇡ 4⇡m⇡


c4 � c3 +

3

8mN
+

9

16mN
g
(0)2

A

�
, (7)

dominated by the NLO ⇡N LECs c3,4 via topology (a2).
Matching at O(↵✏/⇡) — Through our final matching

step, we identify additional isospin breaking terms to
the LECs of the pion-less Lagrangian. Specifically, the
pion loops with the vector current coupling to two pions
(topology (f1)) induce an isospin-breaking correction to
the weak magnetism term. In terms of the physical nu-
cleon magnetic moments, µn/p, we find

�µweak = µweak � (µp � µn) = �
↵Z⇡

2⇡

g
2

AmN⇡

m⇡
. (8)

Finally, the pion-� box (b1) induces the tensor coupling

cT =
↵

2⇡

gAmN⇡

3m⇡
. (9)

Connection to previous literature — Recent ap-
proaches using current algebra and dispersion techniques
[15, 16] evaluated axial contributions as originating from
vertex corrections, in which the virtual photon is emit-
ted and absorbed by the hadronic line, and �W box,
in which the virtual photon is exchanged between the
hadronic and electron lines. The latter was found to be
largely consistent with the vector contribution using ex-
perimental data of the polarized Bjorken sum rule [15]
and additional nucleon scattering data [16]. The vertex
corrections, on the other hand, have only been calculated
in limiting scenarios. Following the notation of Ref. [15],
the contribution depends on a three-point function
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Z
d
4
k

k2

Z
d
4
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iq̄y

Z
d
4
xe

ikx

⇥ hpf |T
�
@µJ

µ
W (y)J�

� (x)J
�
� (0)

 
|pii , (10)

where �(W ) denotes electromagnetic (weak) currents,
and T{. . .} the time-ordered product. At large momen-
tum, this expression was evaluated with the Operator
Product Expansion, finding D

OPE
� = 0 in the isospin

limit. For more general momentum scales, the inte-
gral was approximated by retaining only the on-shell nu-
cleon states with their elastic form factors, concluding
D� ⇡ 0 [15]. Our work goes beyond this elastic approxi-
mation by capturing through EFT, the leading pion con-
tributions to D� .

Numerical impact — We now estimate the numerical
impact of the various corrections starting with our main
new finding, i.e., the electromagnetic shift to � = gA/gV .
Including BSM contributions, the relation between the
experimentally extracted � and the (isosymmetric) QCD
axial charge is given by [9]

� = g
QCD

A

⇣
1 + �

(�)
RC

� 2Re(✏R)
⌘
, (11)

where ✏R ⇠ (246GeV/⇤BSM)2 is a BSM right-handed
current contribution appearing at an energy scale ⇤BSM

[9, 10]. To the order we are working the radiative correc-
tion is

�
(�)
RC

=
↵

2⇡

⇣
�(0)

A,em +�(1)

A,em ��(0)

V em

⌘
. (12)

For the numerical evaluation of the loop contributions to

�(0),(1)
A,em we use Z⇡ = 0.81 (obtained from the physical

pion mass di↵erence and F⇡ = 92.4 MeV) and the av-
erage nucleon mass mN = 938.9 MeV. In the loops we

set g
(0)

A = gA ⇡ 1.27 [6], as the di↵erence formally con-
tributes to higher chiral order. Existing lattice data in-
deed indicate that gA has a mild m⇡ dependence [11, 47].
The NLO LECs c3 and c4 have been extracted from pion-
nucleon scattering [48, 49]. They show a sizable depen-
dence on the chiral order at which the fit to ⇡-N data is
carried out, with a big change between NLO and N2LO,
stabilizing between N2LO and N3LO. We find

�(0)

A�V,em 2 {2.4, 5.7} , �(1)

A,em = {10.0, 14.5, 15.9}, (13)

where the range in �(0)

A�V,em is obtained by setting

ĈA(µ)� ĈV = 0 and varying µ between 0.5 and 1 GeV,

while the three values of �(1)

A,em are obtained by using

c3,4 extracted to NLO, N2LO, and N3LO [49]. While the
NLO correction is somewhat larger than the LO one, we
stress that we do not know the full LO correction because
we have set the counter term contribution ĈA � ĈV to
zero. In addition, in an EFT without explicit � degrees
of freedom, c3 and c4 are dominated by � contributions
and thus anomalously large. Combining the corrections,
we estimate a correction to � at the percent level,

�
(�)
RC

2 {1.4, 2.6} · 10�2
. (14)

This large shift has no impact on the current first-row
CKM discrepancy because the most accurate determi-
nation of � is at present obtained from experiments,
where these corrections are automatically included. On
the other hand, the correction does have a big impact
when comparing lattice QCD calculations of �, currently
performed in the isospin limit without QED, with the
state-of-the-art experimental determinations of �. We il-

lustrate the significance of �(�)
RC

in Fig. 2. Compared to
the most precise individual lattice calculation [22], our
radiative corrections corresponds to a 2.7� shift and a

Low-Energy-Constants (LECs)
CA(µ) - completely unknown 
c3 & c4 are estimated from literature
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step, we identify additional isospin breaking terms to
the LECs of the pion-less Lagrangian. Specifically, the
pion loops with the vector current coupling to two pions
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Connection to previous literature — Recent ap-
proaches using current algebra and dispersion techniques
[15, 16] evaluated axial contributions as originating from
vertex corrections, in which the virtual photon is emit-
ted and absorbed by the hadronic line, and �W box,
in which the virtual photon is exchanged between the
hadronic and electron lines. The latter was found to be
largely consistent with the vector contribution using ex-
perimental data of the polarized Bjorken sum rule [15]
and additional nucleon scattering data [16]. The vertex
corrections, on the other hand, have only been calculated
in limiting scenarios. Following the notation of Ref. [15],
the contribution depends on a three-point function
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where �(W ) denotes electromagnetic (weak) currents,
and T{. . .} the time-ordered product. At large momen-
tum, this expression was evaluated with the Operator
Product Expansion, finding D

OPE
� = 0 in the isospin

limit. For more general momentum scales, the inte-
gral was approximated by retaining only the on-shell nu-
cleon states with their elastic form factors, concluding
D� ⇡ 0 [15]. Our work goes beyond this elastic approxi-
mation by capturing through EFT, the leading pion con-
tributions to D� .

Numerical impact — We now estimate the numerical
impact of the various corrections starting with our main
new finding, i.e., the electromagnetic shift to � = gA/gV .
Including BSM contributions, the relation between the
experimentally extracted � and the (isosymmetric) QCD
axial charge is given by [9]
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current contribution appearing at an energy scale ⇤BSM
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For the numerical evaluation of the loop contributions to

�(0),(1)
A,em we use Z⇡ = 0.81 (obtained from the physical

pion mass di↵erence and F⇡ = 92.4 MeV) and the av-
erage nucleon mass mN = 938.9 MeV. In the loops we

set g
(0)

A = gA ⇡ 1.27 [6], as the di↵erence formally con-
tributes to higher chiral order. Existing lattice data in-
deed indicate that gA has a mild m⇡ dependence [11, 47].
The NLO LECs c3 and c4 have been extracted from pion-
nucleon scattering [48, 49]. They show a sizable depen-
dence on the chiral order at which the fit to ⇡-N data is
carried out, with a big change between NLO and N2LO,
stabilizing between N2LO and N3LO. We find
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A�V,em is obtained by setting

ĈA(µ)� ĈV = 0 and varying µ between 0.5 and 1 GeV,

while the three values of �(1)

A,em are obtained by using

c3,4 extracted to NLO, N2LO, and N3LO [49]. While the
NLO correction is somewhat larger than the LO one, we
stress that we do not know the full LO correction because
we have set the counter term contribution ĈA � ĈV to
zero. In addition, in an EFT without explicit � degrees
of freedom, c3 and c4 are dominated by � contributions
and thus anomalously large. Combining the corrections,
we estimate a correction to � at the percent level,
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This large shift has no impact on the current first-row
CKM discrepancy because the most accurate determi-
nation of � is at present obtained from experiments,
where these corrections are automatically included. On
the other hand, the correction does have a big impact
when comparing lattice QCD calculations of �, currently
performed in the isospin limit without QED, with the
state-of-the-art experimental determinations of �. We il-

lustrate the significance of �(�)
RC

in Fig. 2. Compared to
the most precise individual lattice calculation [22], our
radiative corrections corresponds to a 2.7� shift and a
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Pion-induced radiative corrections to neutron beta-decay
Cirigliano, de Vries, Hayen, Mereghetti & Walker-Loud, arXiv:2202.10439 
Comments: 

This does not affect neutron lifetime/gA measurements - it enters both experiments in the same way 

It impacts our ability to compare lattice QCD results 
to measured values of   

We need lattice QCD + QED to determine the unknown 
LECs and compare with estimate 
(in progress now) 
 

This has led us to wonder if  there are similarly sized  
corrections to two-nucleon matrix elements, such as pp-fusion 

If  so - they likely do not “factorize” in such a clean way as with gA where they can be ignored except 
in searches for new physics - many more diagram topologies than neutron decay


