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Aspects of neutrino masses 



• Neutrino masses and mixing 

• Neutrino masses from gravity, what has been done

• Two ways of solving the SDEs

• Discussions and conclusions

• Neutrino masses from gravity: the Schwinger Dyson approach
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• Consequences of neutrino masses
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In the simplified two neutrino case:
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† = m⌫diag
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eU⌫
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• Neutrinos have (non-degenerate) masses
• Neutrinos mix i.e. PMNS matrix is a non-identity matrix 

leptonic mixing quark mixing
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• If neutrinos Dirac fermions, PMNS:  3 mixing angles + 1 phase 

nu-fit data 4.1
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leptonic mixing quark mixing

• If neutrinos Majorana fermions, PMNS:  3 mixing angles + 3 phase 

nu-fit data 4.1
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• Majorana nature of neutrinos not observable at oscillation experiments

• Neutrinos have (non-degenerate) masses
• Neutrinos mix i.e. PMNS matrix is a non-identity matrix 
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Neutrinos are ubiquitous but also mysterious

⇠ 330 cm�3
<latexit sha1_base64="aG+m0wOL0CQMDjVJcte4boW35MI=">AAACAnicbVBNS8NAEN3Ur1q/qp7Ey2IRPGhJGkGPRS8eK9gPaGLZbLft0t0k7E7EEooX/4oXD4p49Vd489+4rTlo64OBx3szzMwLYsE12PaXlVtYXFpeya8W1tY3NreK2zsNHSWKsjqNRKRaAdFM8JDVgYNgrVgxIgPBmsHwcuI375jSPApvYBQzX5J+yHucEjBSp7jnaS6x69reMfaA3UNK5fg2PXHHnWLJLttT4HniZKSEMtQ6xU+vG9FEshCoIFq3HTsGPyUKOBVsXPASzWJCh6TP2oaGRDLtp9MXxvjQKF3ci5SpEPBU/T2REqn1SAamUxIY6FlvIv7ntRPonfspD+MEWEh/FvUSgSHCkzxwlytGQYwMIVRxcyumA6IIBZNawYTgzL48TxqVsuOWK9enpepFFkce7aMDdIQcdIaq6ArVUB1R9ICe0At6tR6tZ+vNev9pzVnZzC76A+vjG5rplks=</latexit>

T ⇠ 1.95K
<latexit sha1_base64="E8cX/c2DXmTa8vUf0kRvuVyAmFs=">AAAB/nicbVDLSsNAFJ34rPUVFVduBovgQkJSFXVXdCO4qdAXNKFMppN26OTBzI1YQsFfceNCEbd+hzv/xmmbhbYeuHA4517uvcdPBFdg29/GwuLS8spqYa24vrG5tW3u7DZUnErK6jQWsWz5RDHBI1YHDoK1EslI6AvW9Ac3Y7/5wKTicVSDYcK8kPQiHnBKQEsdc7/mKh5ix7o6d0+wC+wRsrtRxyzZlj0BnidOTkooR7VjfrndmKYhi4AKolTbsRPwMiKBU8FGRTdVLCF0QHqsrWlEQqa8bHL+CB9ppYuDWOqKAE/U3xMZCZUahr7uDAn01aw3Fv/z2ikEl17GoyQFFtHpoiAVGGI8zgJ3uWQUxFATQiXXt2LaJ5JQ0IkVdQjO7MvzpFG2nFOrfH9WqlzncRTQATpEx8hBF6iCblEV1RFFGXpGr+jNeDJejHfjY9q6YOQze+gPjM8fVeyUcw==</latexit>

1305.7513

6

https://arxiv.org/abs/1305.7513


Jessica Turner

Atmospheric
νe,µ produced by interaction of 

cosmic rays 
with Earth’s atmosphere

15 km
<latexit sha1_base64="7qcvy96hwLbqFL9/84K3aPGD3eg=">AAAB9HicbVBNSwMxEM3Wr1q/qh69BIvgQcpuVfRY9OKxgv2A7lKyadqGJtk1mS2Wpb/DiwdFvPpjvPlvTNs9aOuDgcd7M8zMC2PBDbjut5NbWV1b38hvFra2d3b3ivsHDRMlmrI6jUSkWyExTHDF6sBBsFasGZGhYM1weDv1myOmDY/UA4xjFkjSV7zHKQErBd6lf+YDe4J0KCedYsktuzPgZeJlpIQy1DrFL78b0UQyBVQQY9qeG0OQEg2cCjYp+IlhMaFD0mdtSxWRzATp7OgJPrFKF/cibUsBnqm/J1IijRnL0HZKAgOz6E3F/7x2Ar3rIOUqToApOl/USwSGCE8TwF2uGQUxtoRQze2tmA6IJhRsTgUbgrf48jJpVMreeblyf1Gq3mRx5NEROkanyENXqIruUA3VEUWP6Bm9ojdn5Lw4787HvDXnZDOH6A+czx9oW5Hf</latexit>

Discovered by 
SK in 1998

Rµ
e
=

N⌫µ+N⌫µ

N⌫e+N⌫e
⇡ 2

<latexit sha1_base64="sRVylEzEl+8JFmAX1F0eTuinev8="></latexit>

7

E⌫ ⇠ GeV
<latexit sha1_base64="21sbPXE1xrfVKgoZjQjeoVrV6Iw=">AAAB/3icbVDLSgNBEJz1GeMrKnjxMhgET2E3CnoMiugxgnlANoTZSScZMju7zPSKYc3BX/HiQRGv/oY3/8bJ46CJBQ1FVTfdXUEshUHX/XYWFpeWV1Yza9n1jc2t7dzObtVEieZQ4ZGMdD1gBqRQUEGBEuqxBhYGEmpB/3Lk1+5BGxGpOxzE0AxZV4mO4Ayt1MrtX7VSXyVD34iQ+ggPmF5DddjK5d2COwadJ96U5MkU5Vbuy29HPAlBIZfMmIbnxthMmUbBJQyzfmIgZrzPutCwVLEQTDMd3z+kR1Zp006kbSmkY/X3RMpCYwZhYDtDhj0z643E/7xGgp3zZipUnCAoPlnUSSTFiI7CoG2hgaMcWMK4FvZWyntMM442sqwNwZt9eZ5UiwXvpFC8Pc2XLqZxZMgBOSTHxCNnpERuSJlUCCeP5Jm8kjfnyXlx3p2PSeuCM53ZI3/gfP4ASeWWRg==</latexit>



Jessica Turner

ICECUBE

P (⌫µ ! ⌫⌧ )
<latexit sha1_base64="MKyVsMKL0YSD6Nco0TR//3w/wSM=">AAACE3icbZDLSsNAFIYnXmu9RV26CRahuihJFXRZdOOygr1AE8JkOmmHTiZh5oxSQt/Bja/ixoUibt24822cXhba+sPAz3fO4cz5o4wzBa77bS0tr6yurRc2iptb2zu79t5+U6VaEtogKU9lO8KKciZoAxhw2s4kxUnEaSsaXI/rrXsqFUvFHQwzGiS4J1jMCAaDQvu07nMaQ9kXOsz9RI98yXp9wFKmD2PmA9ZTdBLaJbfiTuQsGm9mSmimemh/+d2U6IQKIBwr1fHcDIIcS2CE01HR14pmmAxwj3aMFTihKsgnN42cY0O6TpxK8wQ4E/p7IseJUsMkMp0Jhr6ar43hf7WOhvgyyJnINFBBpotizR1InXFATpdJSoAPjcFEMvNXh/SxxARMjEUTgjd/8qJpViveWaV6e16qXc3iKKBDdITKyEMXqIZuUB01EEGP6Bm9ojfryXqx3q2PaeuSNZs5QH9kff4Ah8afMg==</latexit>

�m2 ⇠ 2⇥ 10�3 eV2
<latexit sha1_base64="xegstYIKwovEjKuTOEKGwre1ias=">AAACFnicbVDJSgNBEO1xN25Rj14ag+DBhJmJoEdRDx4jmAUySejpVGJj98zQXSOGIV/hxV/x4kERr+LNv7GzHNweFDzeq6KqXphIYdB1P52Z2bn5hcWl5dzK6tr6Rn5zq2biVHOo8ljGuhEyA1JEUEWBEhqJBqZCCfXw5mzk129BGxFHVzhIoKVYPxI9wRlaqZMvBucgkVHV9mlghKJ+gEKBoZ7bzorlYXBAA4Q7zKA2bPudfMEtuWPQv8SbkgKZotLJfwTdmKcKIuSSGdP03ARbGdMouIRhLkgNJIzfsD40LY2YXd3Kxm8N6Z5VurQXa1sR0rH6fSJjypiBCm2nYnhtfnsj8T+vmWLvuJWJKEkRIj5Z1EslxZiOMqJdoYGjHFjCuBb2VsqvmWYcbZI5G4L3++W/pOaXvHLJvzwsnJxO41giO2SX7BOPHJETckEqpEo4uSeP5Jm8OA/Ok/PqvE1aZ5zpzDb5Aef9C2wNnaw=</latexit>

✓ ⇠ ⇡

4
<latexit sha1_base64="+JuEG6QFb/uRIZ8CMnqhujp0mDg=">AAACAHicbVBNS8NAEN3Ur1q/oh48eAkWwVNJakGPRS8eK9gPaELZbDft0t1N2J0IJeTiX/HiQRGv/gxv/hu3bQ7a+mDg8d4MM/PChDMNrvttldbWNza3ytuVnd29/QP78Kij41QR2iYxj1UvxJpyJmkbGHDaSxTFIuS0G05uZ373kSrNYvkA04QGAo8kixjBYKSBfeLDmAL2NRN+pDDJ/ITlWSMf2FW35s7hrBKvIFVUoDWwv/xhTFJBJRCOte57bgJBhhUwwmle8VNNE0wmeET7hkosqA6y+QO5c26UoRPFypQEZ67+nsiw0HoqQtMpMIz1sjcT//P6KUTXQcZkkgKVZLEoSrkDsTNLwxkyRQnwqSGYKGZudcgYmxzAZFYxIXjLL6+STr3mXdbq941q86aIo4xO0Rm6QB66Qk10h1qojQjK0TN6RW/Wk/VivVsfi9aSVcwcoz+wPn8AgXGW/Q==</latexit>

SK

E⌫ ⇠ GeV
<latexit sha1_base64="21sbPXE1xrfVKgoZjQjeoVrV6Iw=">AAAB/3icbVDLSgNBEJz1GeMrKnjxMhgET2E3CnoMiugxgnlANoTZSScZMju7zPSKYc3BX/HiQRGv/oY3/8bJ46CJBQ1FVTfdXUEshUHX/XYWFpeWV1Yza9n1jc2t7dzObtVEieZQ4ZGMdD1gBqRQUEGBEuqxBhYGEmpB/3Lk1+5BGxGpOxzE0AxZV4mO4Ayt1MrtX7VSXyVD34iQ+ggPmF5DddjK5d2COwadJ96U5MkU5Vbuy29HPAlBIZfMmIbnxthMmUbBJQyzfmIgZrzPutCwVLEQTDMd3z+kR1Zp006kbSmkY/X3RMpCYwZhYDtDhj0z643E/7xGgp3zZipUnCAoPlnUSSTFiI7CoG2hgaMcWMK4FvZWyntMM442sqwNwZt9eZ5UiwXvpFC8Pc2XLqZxZMgBOSTHxCNnpERuSJlUCCeP5Jm8kjfnyXlx3p2PSeuCM53ZI3/gfP4ASeWWRg==</latexit>
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Jessica Turner

ICECUBE

P (⌫µ ! ⌫⌧ )
<latexit sha1_base64="MKyVsMKL0YSD6Nco0TR//3w/wSM=">AAACE3icbZDLSsNAFIYnXmu9RV26CRahuihJFXRZdOOygr1AE8JkOmmHTiZh5oxSQt/Bja/ixoUibt24822cXhba+sPAz3fO4cz5o4wzBa77bS0tr6yurRc2iptb2zu79t5+U6VaEtogKU9lO8KKciZoAxhw2s4kxUnEaSsaXI/rrXsqFUvFHQwzGiS4J1jMCAaDQvu07nMaQ9kXOsz9RI98yXp9wFKmD2PmA9ZTdBLaJbfiTuQsGm9mSmimemh/+d2U6IQKIBwr1fHcDIIcS2CE01HR14pmmAxwj3aMFTihKsgnN42cY0O6TpxK8wQ4E/p7IseJUsMkMp0Jhr6ar43hf7WOhvgyyJnINFBBpotizR1InXFATpdJSoAPjcFEMvNXh/SxxARMjEUTgjd/8qJpViveWaV6e16qXc3iKKBDdITKyEMXqIZuUB01EEGP6Bm9ojfryXqx3q2PaeuSNZs5QH9kff4Ah8afMg==</latexit>

�m2 ⇠ 2⇥ 10�3 eV2
<latexit sha1_base64="xegstYIKwovEjKuTOEKGwre1ias=">AAACFnicbVDJSgNBEO1xN25Rj14ag+DBhJmJoEdRDx4jmAUySejpVGJj98zQXSOGIV/hxV/x4kERr+LNv7GzHNweFDzeq6KqXphIYdB1P52Z2bn5hcWl5dzK6tr6Rn5zq2biVHOo8ljGuhEyA1JEUEWBEhqJBqZCCfXw5mzk129BGxFHVzhIoKVYPxI9wRlaqZMvBucgkVHV9mlghKJ+gEKBoZ7bzorlYXBAA4Q7zKA2bPudfMEtuWPQv8SbkgKZotLJfwTdmKcKIuSSGdP03ARbGdMouIRhLkgNJIzfsD40LY2YXd3Kxm8N6Z5VurQXa1sR0rH6fSJjypiBCm2nYnhtfnsj8T+vmWLvuJWJKEkRIj5Z1EslxZiOMqJdoYGjHFjCuBb2VsqvmWYcbZI5G4L3++W/pOaXvHLJvzwsnJxO41giO2SX7BOPHJETckEqpEo4uSeP5Jm8OA/Ok/PqvE1aZ5zpzDb5Aef9C2wNnaw=</latexit>

✓ ⇠ ⇡

4
<latexit sha1_base64="+JuEG6QFb/uRIZ8CMnqhujp0mDg=">AAACAHicbVBNS8NAEN3Ur1q/oh48eAkWwVNJakGPRS8eK9gPaELZbDft0t1N2J0IJeTiX/HiQRGv/gxv/hu3bQ7a+mDg8d4MM/PChDMNrvttldbWNza3ytuVnd29/QP78Kij41QR2iYxj1UvxJpyJmkbGHDaSxTFIuS0G05uZ373kSrNYvkA04QGAo8kixjBYKSBfeLDmAL2NRN+pDDJ/ITlWSMf2FW35s7hrBKvIFVUoDWwv/xhTFJBJRCOte57bgJBhhUwwmle8VNNE0wmeET7hkosqA6y+QO5c26UoRPFypQEZ67+nsiw0HoqQtMpMIz1sjcT//P6KUTXQcZkkgKVZLEoSrkDsTNLwxkyRQnwqSGYKGZudcgYmxzAZFYxIXjLL6+STr3mXdbq941q86aIo4xO0Rm6QB66Qk10h1qojQjK0TN6RW/Wk/VivVsfi9aSVcwcoz+wPn8AgXGW/Q==</latexit>

Solar

CNO cycle pp chain

νe copiously produced by the Sun

dominant 
energy 

production

SK

E⌫ ⇠ GeV
<latexit sha1_base64="21sbPXE1xrfVKgoZjQjeoVrV6Iw=">AAAB/3icbVDLSgNBEJz1GeMrKnjxMhgET2E3CnoMiugxgnlANoTZSScZMju7zPSKYc3BX/HiQRGv/oY3/8bJ46CJBQ1FVTfdXUEshUHX/XYWFpeWV1Yza9n1jc2t7dzObtVEieZQ4ZGMdD1gBqRQUEGBEuqxBhYGEmpB/3Lk1+5BGxGpOxzE0AxZV4mO4Ayt1MrtX7VSXyVD34iQ+ggPmF5DddjK5d2COwadJ96U5MkU5Vbuy29HPAlBIZfMmIbnxthMmUbBJQyzfmIgZrzPutCwVLEQTDMd3z+kR1Zp006kbSmkY/X3RMpCYwZhYDtDhj0z643E/7xGgp3zZipUnCAoPlnUSSTFiI7CoG2hgaMcWMK4FvZWyntMM442sqwNwZt9eZ5UiwXvpFC8Pc2XLqZxZMgBOSTHxCNnpERuSJlUCCeP5Jm8kjfnyXlx3p2PSeuCM53ZI3/gfP4ASeWWRg==</latexit>
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Jessica Turner

ICECUBE

P (⌫µ ! ⌫⌧ )
<latexit sha1_base64="MKyVsMKL0YSD6Nco0TR//3w/wSM=">AAACE3icbZDLSsNAFIYnXmu9RV26CRahuihJFXRZdOOygr1AE8JkOmmHTiZh5oxSQt/Bja/ixoUibt24822cXhba+sPAz3fO4cz5o4wzBa77bS0tr6yurRc2iptb2zu79t5+U6VaEtogKU9lO8KKciZoAxhw2s4kxUnEaSsaXI/rrXsqFUvFHQwzGiS4J1jMCAaDQvu07nMaQ9kXOsz9RI98yXp9wFKmD2PmA9ZTdBLaJbfiTuQsGm9mSmimemh/+d2U6IQKIBwr1fHcDIIcS2CE01HR14pmmAxwj3aMFTihKsgnN42cY0O6TpxK8wQ4E/p7IseJUsMkMp0Jhr6ar43hf7WOhvgyyJnINFBBpotizR1InXFATpdJSoAPjcFEMvNXh/SxxARMjEUTgjd/8qJpViveWaV6e16qXc3iKKBDdITKyEMXqIZuUB01EEGP6Bm9ojfryXqx3q2PaeuSNZs5QH9kff4Ah8afMg==</latexit>

�m2 ⇠ 2⇥ 10�3 eV2
<latexit sha1_base64="xegstYIKwovEjKuTOEKGwre1ias=">AAACFnicbVDJSgNBEO1xN25Rj14ag+DBhJmJoEdRDx4jmAUySejpVGJj98zQXSOGIV/hxV/x4kERr+LNv7GzHNweFDzeq6KqXphIYdB1P52Z2bn5hcWl5dzK6tr6Rn5zq2biVHOo8ljGuhEyA1JEUEWBEhqJBqZCCfXw5mzk129BGxFHVzhIoKVYPxI9wRlaqZMvBucgkVHV9mlghKJ+gEKBoZ7bzorlYXBAA4Q7zKA2bPudfMEtuWPQv8SbkgKZotLJfwTdmKcKIuSSGdP03ARbGdMouIRhLkgNJIzfsD40LY2YXd3Kxm8N6Z5VurQXa1sR0rH6fSJjypiBCm2nYnhtfnsj8T+vmWLvuJWJKEkRIj5Z1EslxZiOMqJdoYGjHFjCuBb2VsqvmWYcbZI5G4L3++W/pOaXvHLJvzwsnJxO41giO2SX7BOPHJETckEqpEo4uSeP5Jm8OA/Ok/PqvE1aZ5zpzDb5Aef9C2wNnaw=</latexit>

✓ ⇠ ⇡

4
<latexit sha1_base64="+JuEG6QFb/uRIZ8CMnqhujp0mDg=">AAACAHicbVBNS8NAEN3Ur1q/oh48eAkWwVNJakGPRS8eK9gPaELZbDft0t1N2J0IJeTiX/HiQRGv/gxv/hu3bQ7a+mDg8d4MM/PChDMNrvttldbWNza3ytuVnd29/QP78Kij41QR2iYxj1UvxJpyJmkbGHDaSxTFIuS0G05uZ373kSrNYvkA04QGAo8kixjBYKSBfeLDmAL2NRN+pDDJ/ITlWSMf2FW35s7hrBKvIFVUoDWwv/xhTFJBJRCOte57bgJBhhUwwmle8VNNE0wmeET7hkosqA6y+QO5c26UoRPFypQEZ67+nsiw0HoqQtMpMIz1sjcT//P6KUTXQcZkkgKVZLEoSrkDsTNLwxkyRQnwqSGYKGZudcgYmxzAZFYxIXjLL6+STr3mXdbq941q86aIo4xO0Rm6QB66Qk10h1qojQjK0TN6RW/Wk/VivVsfi9aSVcwcoz+wPn8AgXGW/Q==</latexit>

SK

E⌫ ⇠ GeV
<latexit sha1_base64="21sbPXE1xrfVKgoZjQjeoVrV6Iw=">AAAB/3icbVDLSgNBEJz1GeMrKnjxMhgET2E3CnoMiugxgnlANoTZSScZMju7zPSKYc3BX/HiQRGv/oY3/8bJ46CJBQ1FVTfdXUEshUHX/XYWFpeWV1Yza9n1jc2t7dzObtVEieZQ4ZGMdD1gBqRQUEGBEuqxBhYGEmpB/3Lk1+5BGxGpOxzE0AxZV4mO4Ayt1MrtX7VSXyVD34iQ+ggPmF5DddjK5d2COwadJ96U5MkU5Vbuy29HPAlBIZfMmIbnxthMmUbBJQyzfmIgZrzPutCwVLEQTDMd3z+kR1Zp006kbSmkY/X3RMpCYwZhYDtDhj0z643E/7xGgp3zZipUnCAoPlnUSSTFiI7CoG2hgaMcWMK4FvZWyntMM442sqwNwZt9eZ5UiwXvpFC8Pc2XLqZxZMgBOSTHxCNnpERuSJlUCCeP5Jm8kjfnyXlx3p2PSeuCM53ZI3/gfP4ASeWWRg==</latexit>

SNO detected  
solar electron 

neutrino 
disappearance
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Jessica Turner

ICECUBE

P (⌫µ ! ⌫⌧ )
<latexit sha1_base64="MKyVsMKL0YSD6Nco0TR//3w/wSM=">AAACE3icbZDLSsNAFIYnXmu9RV26CRahuihJFXRZdOOygr1AE8JkOmmHTiZh5oxSQt/Bja/ixoUibt24822cXhba+sPAz3fO4cz5o4wzBa77bS0tr6yurRc2iptb2zu79t5+U6VaEtogKU9lO8KKciZoAxhw2s4kxUnEaSsaXI/rrXsqFUvFHQwzGiS4J1jMCAaDQvu07nMaQ9kXOsz9RI98yXp9wFKmD2PmA9ZTdBLaJbfiTuQsGm9mSmimemh/+d2U6IQKIBwr1fHcDIIcS2CE01HR14pmmAxwj3aMFTihKsgnN42cY0O6TpxK8wQ4E/p7IseJUsMkMp0Jhr6ar43hf7WOhvgyyJnINFBBpotizR1InXFATpdJSoAPjcFEMvNXh/SxxARMjEUTgjd/8qJpViveWaV6e16qXc3iKKBDdITKyEMXqIZuUB01EEGP6Bm9ojfryXqx3q2PaeuSNZs5QH9kff4Ah8afMg==</latexit>

�m2 ⇠ 2⇥ 10�3 eV2
<latexit sha1_base64="xegstYIKwovEjKuTOEKGwre1ias=">AAACFnicbVDJSgNBEO1xN25Rj14ag+DBhJmJoEdRDx4jmAUySejpVGJj98zQXSOGIV/hxV/x4kERr+LNv7GzHNweFDzeq6KqXphIYdB1P52Z2bn5hcWl5dzK6tr6Rn5zq2biVHOo8ljGuhEyA1JEUEWBEhqJBqZCCfXw5mzk129BGxFHVzhIoKVYPxI9wRlaqZMvBucgkVHV9mlghKJ+gEKBoZ7bzorlYXBAA4Q7zKA2bPudfMEtuWPQv8SbkgKZotLJfwTdmKcKIuSSGdP03ARbGdMouIRhLkgNJIzfsD40LY2YXd3Kxm8N6Z5VurQXa1sR0rH6fSJjypiBCm2nYnhtfnsj8T+vmWLvuJWJKEkRIj5Z1EslxZiOMqJdoYGjHFjCuBb2VsqvmWYcbZI5G4L3++W/pOaXvHLJvzwsnJxO41giO2SX7BOPHJETckEqpEo4uSeP5Jm8OA/Ok/PqvE1aZ5zpzDb5Aef9C2wNnaw=</latexit>

✓ ⇠ ⇡

4
<latexit sha1_base64="+JuEG6QFb/uRIZ8CMnqhujp0mDg=">AAACAHicbVBNS8NAEN3Ur1q/oh48eAkWwVNJakGPRS8eK9gPaELZbDft0t1N2J0IJeTiX/HiQRGv/gxv/hu3bQ7a+mDg8d4MM/PChDMNrvttldbWNza3ytuVnd29/QP78Kij41QR2iYxj1UvxJpyJmkbGHDaSxTFIuS0G05uZ373kSrNYvkA04QGAo8kixjBYKSBfeLDmAL2NRN+pDDJ/ITlWSMf2FW35s7hrBKvIFVUoDWwv/xhTFJBJRCOte57bgJBhhUwwmle8VNNE0wmeET7hkosqA6y+QO5c26UoRPFypQEZ67+nsiw0HoqQtMpMIz1sjcT//P6KUTXQcZkkgKVZLEoSrkDsTNLwxkyRQnwqSGYKGZudcgYmxzAZFYxIXjLL6+STr3mXdbq941q86aIo4xO0Rm6QB66Qk10h1qojQjK0TN6RW/Wk/VivVsfi9aSVcwcoz+wPn8AgXGW/Q==</latexit>

SK

E⌫ ⇠ GeV
<latexit sha1_base64="21sbPXE1xrfVKgoZjQjeoVrV6Iw=">AAAB/3icbVDLSgNBEJz1GeMrKnjxMhgET2E3CnoMiugxgnlANoTZSScZMju7zPSKYc3BX/HiQRGv/oY3/8bJ46CJBQ1FVTfdXUEshUHX/XYWFpeWV1Yza9n1jc2t7dzObtVEieZQ4ZGMdD1gBqRQUEGBEuqxBhYGEmpB/3Lk1+5BGxGpOxzE0AxZV4mO4Ayt1MrtX7VSXyVD34iQ+ggPmF5DddjK5d2COwadJ96U5MkU5Vbuy29HPAlBIZfMmIbnxthMmUbBJQyzfmIgZrzPutCwVLEQTDMd3z+kR1Zp006kbSmkY/X3RMpCYwZhYDtDhj0z643E/7xGgp3zZipUnCAoPlnUSSTFiI7CoG2hgaMcWMK4FvZWyntMM442sqwNwZt9eZ5UiwXvpFC8Pc2XLqZxZMgBOSTHxCNnpERuSJlUCCeP5Jm8kjfnyXlx3p2PSeuCM53ZI3/gfP4ASeWWRg==</latexit>

P
�
⌫e ! ⌫µ/⌧

�
<latexit sha1_base64="zjHAZMx7AAqadKl2LCrLnaF9tok=">AAACGHicbVA9SwNBEN3z2/gVtbRZDEJs4p0KWoo2lhGMCeRC2NvMJYt7e8furBKO/Awb/4qNhSK2dv4bN/EKjT4YeLw3w8y8KJPCoO9/ejOzc/MLi0vLpZXVtfWN8ubWjUmt5tDgqUx1K2IGpFDQQIESWpkGlkQSmtHtxdhv3oE2IlXXOMygk7C+ErHgDJ3ULR/UQwkxVkNluzmMQi36A2Rap/d0IoWJPQiR2cLZ75Yrfs2fgP4lQUEqpEC9W/4Ieym3CSjkkhnTDvwMOznTKLiEUSm0BjLGb1kf2o4qloDp5JPHRnTPKT0ap9qVQjpRf07kLDFmmESuM2E4MNPeWPzPa1uMTzu5UJlFUPx7UWwlxZSOU6I9oYGjHDrCuBbuVsoHTDOOLsuSCyGYfvkvuTmsBUe1w6vjytl5EccS2SG7pEoCckLOyCWpkwbh5IE8kRfy6j16z96b9/7dOuMVM9vkF7yPLx2koRA=</latexit>

SNO

KamLand

terrestrial  
source�m2 ⇠ 7⇥ 10�5 eV2

<latexit sha1_base64="F224sHeMA47r+GCwMBJqEzrAqog=">AAACFnicbVA9SwNBEN3z2/gVtbRZDIKFCXdRiaWohaWC+YBcEvY2k7hk9+7YnRPDkV9h41+xsVDEVuz8N25iCk18MPB4b4aZeUEshUHX/XJmZufmFxaXljMrq2vrG9nNrYqJEs2hzCMZ6VrADEgRQhkFSqjFGpgKJFSD3vnQr96BNiIKb7AfQ0Oxbig6gjO0Uiub9y9AIqOqWaS+EYqWfBQKDPXcZpo/HvgH1Ee4xxQqg2axlc25BXcEOk28McmRMa5a2U+/HfFEQYhcMmPqnhtjI2UaBZcwyPiJgZjxHutC3dKQ2dWNdPTWgO5ZpU07kbYVIh2pvydSpozpq8B2Koa3ZtIbiv959QQ7J41UhHGCEPKfRZ1EUozoMCPaFho4yr4ljGthb6X8lmnG0SaZsSF4ky9Pk0qx4B0WitdHudOzcRxLZIfskn3ikRI5JZfkipQJJw/kibyQV+fReXbenPef1hlnPLNN/sD5+AZ3U52z</latexit>

✓ ⇠ ⇡

6
<latexit sha1_base64="Zt3rH5HPisor20SHBlSjt/1B1dk=">AAACAXicbVBNS8NAEN34WetX1IvgZbEInkpSRT0WvXisYD+gCWWz3bRLd5OwOxFKiBf/ihcPinj1X3jz37htc9DWBwOP92aYmRckgmtwnG9raXlldW29tFHe3Nre2bX39ls6ThVlTRqLWHUCopngEWsCB8E6iWJEBoK1g9HNxG8/MKV5HN3DOGG+JIOIh5wSMFLPPvRgyIB4mkvshYrQzEt4nl3kPbviVJ0p8CJxC1JBBRo9+8vrxzSVLAIqiNZd10nAz4gCTgXLy16qWULoiAxY19CISKb9bPpBjk+M0sdhrExFgKfq74mMSK3HMjCdksBQz3sT8T+vm0J45Wc8SlJgEZ0tClOBIcaTOHCfK0ZBjA0hVHFzK6ZDYnIAE1rZhODOv7xIWrWqe1at3Z1X6tdFHCV0hI7RKXLRJaqjW9RATUTRI3pGr+jNerJerHfrY9a6ZBUzB+gPrM8f3+GXKQ==</latexit>

L ⇠ 180 km
<latexit sha1_base64="E+F9md+B1QoMZmb8NmWR9SJGXlY=">AAAB/nicbVBNS8NAEN34WetXVDx5WSyCBylJFeyx6MWDhwr2A5pQNttNu3Q3CbsTsYSCf8WLB0W8+ju8+W/ctjlo64OBx3szzMwLEsE1OM63tbS8srq2Xtgobm5t7+zae/tNHaeKsgaNRazaAdFM8Ig1gINg7UQxIgPBWsHweuK3HpjSPI7uYZQwX5J+xENOCRipax/eeppL7FYd7wx7wB4hG8px1y45ZWcKvEjcnJRQjnrX/vJ6MU0li4AKonXHdRLwM6KAU8HGRS/VLCF0SPqsY2hEJNN+Nj1/jE+M0sNhrExFgKfq74mMSK1HMjCdksBAz3sT8T+vk0JY9TMeJSmwiM4WhanAEONJFrjHFaMgRoYQqri5FdMBUYSCSaxoQnDnX14kzUrZPS9X7i5Ktas8jgI6QsfoFLnoEtXQDaqjBqIoQ8/oFb1ZT9aL9W59zFqXrHzmAP2B9fkD0huUxA==</latexit>

E⌫e ⇠ O(1)MeV
<latexit sha1_base64="RIdrSx7Ll5Rc9Xq+isFN/usSUvo="></latexit>

L ⇠ 108 km
<latexit sha1_base64="MWfDT6R/sCP7r2phMRTarKVtFbc=">AAACAHicbVA9SwNBEN2LXzF+RS0sbBaDYCHhLgqmDNpYWEQwH5A7w95mkyzZvTt258RwXONfsbFQxNafYee/cZNcoYkPBh7vzTAzz48E12Db31ZuaXlldS2/XtjY3NreKe7uNXUYK8oaNBShavtEM8ED1gAOgrUjxYj0BWv5o6uJ33pgSvMwuINxxDxJBgHvc0rASN3iwY2rucSOfZ9UU/fUBfYIyUim3WLJLttT4EXiZKSEMtS7xS+3F9JYsgCoIFp3HDsCLyEKOBUsLbixZhGhIzJgHUMDIpn2kukDKT42Sg/3Q2UqADxVf08kRGo9lr7plASGet6biP95nRj6VS/hQRQDC+hsUT8WGEI8SQP3uGIUxNgQQhU3t2I6JIpQMJkVTAjO/MuLpFkpO2flyu15qXaZxZFHh+gInSAHXaAaukZ11EAUpegZvaI368l6sd6tj1lrzspm9tEfWJ8/Bm6WDg==</latexit>
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ICECUBE

P (⌫µ ! ⌫⌧ )
<latexit sha1_base64="MKyVsMKL0YSD6Nco0TR//3w/wSM=">AAACE3icbZDLSsNAFIYnXmu9RV26CRahuihJFXRZdOOygr1AE8JkOmmHTiZh5oxSQt/Bja/ixoUibt24822cXhba+sPAz3fO4cz5o4wzBa77bS0tr6yurRc2iptb2zu79t5+U6VaEtogKU9lO8KKciZoAxhw2s4kxUnEaSsaXI/rrXsqFUvFHQwzGiS4J1jMCAaDQvu07nMaQ9kXOsz9RI98yXp9wFKmD2PmA9ZTdBLaJbfiTuQsGm9mSmimemh/+d2U6IQKIBwr1fHcDIIcS2CE01HR14pmmAxwj3aMFTihKsgnN42cY0O6TpxK8wQ4E/p7IseJUsMkMp0Jhr6ar43hf7WOhvgyyJnINFBBpotizR1InXFATpdJSoAPjcFEMvNXh/SxxARMjEUTgjd/8qJpViveWaV6e16qXc3iKKBDdITKyEMXqIZuUB01EEGP6Bm9ojfryXqx3q2PaeuSNZs5QH9kff4Ah8afMg==</latexit>

�m2 ⇠ 2⇥ 10�3 eV2
<latexit sha1_base64="xegstYIKwovEjKuTOEKGwre1ias=">AAACFnicbVDJSgNBEO1xN25Rj14ag+DBhJmJoEdRDx4jmAUySejpVGJj98zQXSOGIV/hxV/x4kERr+LNv7GzHNweFDzeq6KqXphIYdB1P52Z2bn5hcWl5dzK6tr6Rn5zq2biVHOo8ljGuhEyA1JEUEWBEhqJBqZCCfXw5mzk129BGxFHVzhIoKVYPxI9wRlaqZMvBucgkVHV9mlghKJ+gEKBoZ7bzorlYXBAA4Q7zKA2bPudfMEtuWPQv8SbkgKZotLJfwTdmKcKIuSSGdP03ARbGdMouIRhLkgNJIzfsD40LY2YXd3Kxm8N6Z5VurQXa1sR0rH6fSJjypiBCm2nYnhtfnsj8T+vmWLvuJWJKEkRIj5Z1EslxZiOMqJdoYGjHFjCuBb2VsqvmWYcbZI5G4L3++W/pOaXvHLJvzwsnJxO41giO2SX7BOPHJETckEqpEo4uSeP5Jm8OA/Ok/PqvE1aZ5zpzDb5Aef9C2wNnaw=</latexit>

✓ ⇠ ⇡

4
<latexit sha1_base64="+JuEG6QFb/uRIZ8CMnqhujp0mDg=">AAACAHicbVBNS8NAEN3Ur1q/oh48eAkWwVNJakGPRS8eK9gPaELZbDft0t1N2J0IJeTiX/HiQRGv/gxv/hu3bQ7a+mDg8d4MM/PChDMNrvttldbWNza3ytuVnd29/QP78Kij41QR2iYxj1UvxJpyJmkbGHDaSxTFIuS0G05uZ373kSrNYvkA04QGAo8kixjBYKSBfeLDmAL2NRN+pDDJ/ITlWSMf2FW35s7hrBKvIFVUoDWwv/xhTFJBJRCOte57bgJBhhUwwmle8VNNE0wmeET7hkosqA6y+QO5c26UoRPFypQEZ67+nsiw0HoqQtMpMIz1sjcT//P6KUTXQcZkkgKVZLEoSrkDsTNLwxkyRQnwqSGYKGZudcgYmxzAZFYxIXjLL6+STr3mXdbq941q86aIo4xO0Rm6QB66Qk10h1qojQjK0TN6RW/Wk/VivVsfi9aSVcwcoz+wPn8AgXGW/Q==</latexit>

SK

E⌫ ⇠ GeV
<latexit sha1_base64="21sbPXE1xrfVKgoZjQjeoVrV6Iw=">AAAB/3icbVDLSgNBEJz1GeMrKnjxMhgET2E3CnoMiugxgnlANoTZSScZMju7zPSKYc3BX/HiQRGv/oY3/8bJ46CJBQ1FVTfdXUEshUHX/XYWFpeWV1Yza9n1jc2t7dzObtVEieZQ4ZGMdD1gBqRQUEGBEuqxBhYGEmpB/3Lk1+5BGxGpOxzE0AxZV4mO4Ayt1MrtX7VSXyVD34iQ+ggPmF5DddjK5d2COwadJ96U5MkU5Vbuy29HPAlBIZfMmIbnxthMmUbBJQyzfmIgZrzPutCwVLEQTDMd3z+kR1Zp006kbSmkY/X3RMpCYwZhYDtDhj0z643E/7xGgp3zZipUnCAoPlnUSSTFiI7CoG2hgaMcWMK4FvZWyntMM442sqwNwZt9eZ5UiwXvpFC8Pc2XLqZxZMgBOSTHxCNnpERuSJlUCCeP5Jm8kjfnyXlx3p2PSeuCM53ZI3/gfP4ASeWWRg==</latexit>

P
�
⌫e ! ⌫µ/⌧

�
<latexit sha1_base64="zjHAZMx7AAqadKl2LCrLnaF9tok=">AAACGHicbVA9SwNBEN3z2/gVtbRZDEJs4p0KWoo2lhGMCeRC2NvMJYt7e8furBKO/Awb/4qNhSK2dv4bN/EKjT4YeLw3w8y8KJPCoO9/ejOzc/MLi0vLpZXVtfWN8ubWjUmt5tDgqUx1K2IGpFDQQIESWpkGlkQSmtHtxdhv3oE2IlXXOMygk7C+ErHgDJ3ULR/UQwkxVkNluzmMQi36A2Rap/d0IoWJPQiR2cLZ75Yrfs2fgP4lQUEqpEC9W/4Ieym3CSjkkhnTDvwMOznTKLiEUSm0BjLGb1kf2o4qloDp5JPHRnTPKT0ap9qVQjpRf07kLDFmmESuM2E4MNPeWPzPa1uMTzu5UJlFUPx7UWwlxZSOU6I9oYGjHDrCuBbuVsoHTDOOLsuSCyGYfvkvuTmsBUe1w6vjytl5EccS2SG7pEoCckLOyCWpkwbh5IE8kRfy6j16z96b9/7dOuMVM9vkF7yPLx2koRA=</latexit>

SNO

KamLand

terrestrial  
source�m2 ⇠ 7⇥ 10�5 eV2

<latexit sha1_base64="F224sHeMA47r+GCwMBJqEzrAqog=">AAACFnicbVA9SwNBEN3z2/gVtbRZDIKFCXdRiaWohaWC+YBcEvY2k7hk9+7YnRPDkV9h41+xsVDEVuz8N25iCk18MPB4b4aZeUEshUHX/XJmZufmFxaXljMrq2vrG9nNrYqJEs2hzCMZ6VrADEgRQhkFSqjFGpgKJFSD3vnQr96BNiIKb7AfQ0Oxbig6gjO0Uiub9y9AIqOqWaS+EYqWfBQKDPXcZpo/HvgH1Ee4xxQqg2axlc25BXcEOk28McmRMa5a2U+/HfFEQYhcMmPqnhtjI2UaBZcwyPiJgZjxHutC3dKQ2dWNdPTWgO5ZpU07kbYVIh2pvydSpozpq8B2Koa3ZtIbiv959QQ7J41UhHGCEPKfRZ1EUozoMCPaFho4yr4ljGthb6X8lmnG0SaZsSF4ky9Pk0qx4B0WitdHudOzcRxLZIfskn3ikRI5JZfkipQJJw/kibyQV+fReXbenPef1hlnPLNN/sD5+AZ3U52z</latexit>

✓ ⇠ ⇡

6
<latexit sha1_base64="Zt3rH5HPisor20SHBlSjt/1B1dk=">AAACAXicbVBNS8NAEN34WetX1IvgZbEInkpSRT0WvXisYD+gCWWz3bRLd5OwOxFKiBf/ihcPinj1X3jz37htc9DWBwOP92aYmRckgmtwnG9raXlldW29tFHe3Nre2bX39ls6ThVlTRqLWHUCopngEWsCB8E6iWJEBoK1g9HNxG8/MKV5HN3DOGG+JIOIh5wSMFLPPvRgyIB4mkvshYrQzEt4nl3kPbviVJ0p8CJxC1JBBRo9+8vrxzSVLAIqiNZd10nAz4gCTgXLy16qWULoiAxY19CISKb9bPpBjk+M0sdhrExFgKfq74mMSK3HMjCdksBQz3sT8T+vm0J45Wc8SlJgEZ0tClOBIcaTOHCfK0ZBjA0hVHFzK6ZDYnIAE1rZhODOv7xIWrWqe1at3Z1X6tdFHCV0hI7RKXLRJaqjW9RATUTRI3pGr+jNerJerHfrY9a6ZBUzB+gPrM8f3+GXKQ==</latexit>

L ⇠ 180 km
<latexit sha1_base64="E+F9md+B1QoMZmb8NmWR9SJGXlY=">AAAB/nicbVBNS8NAEN34WetXVDx5WSyCBylJFeyx6MWDhwr2A5pQNttNu3Q3CbsTsYSCf8WLB0W8+ju8+W/ctjlo64OBx3szzMwLEsE1OM63tbS8srq2Xtgobm5t7+zae/tNHaeKsgaNRazaAdFM8Ig1gINg7UQxIgPBWsHweuK3HpjSPI7uYZQwX5J+xENOCRipax/eeppL7FYd7wx7wB4hG8px1y45ZWcKvEjcnJRQjnrX/vJ6MU0li4AKonXHdRLwM6KAU8HGRS/VLCF0SPqsY2hEJNN+Nj1/jE+M0sNhrExFgKfq74mMSK1HMjCdksBAz3sT8T+vk0JY9TMeJSmwiM4WhanAEONJFrjHFaMgRoYQqri5FdMBUYSCSaxoQnDnX14kzUrZPS9X7i5Ktas8jgI6QsfoFLnoEtXQDaqjBqIoQ8/oFb1ZT9aL9W59zFqXrHzmAP2B9fkD0huUxA==</latexit>

E⌫e ⇠ O(1)MeV
<latexit sha1_base64="RIdrSx7Ll5Rc9Xq+isFN/usSUvo="></latexit>

L ⇠ 108 km
<latexit sha1_base64="MWfDT6R/sCP7r2phMRTarKVtFbc=">AAACAHicbVA9SwNBEN2LXzF+RS0sbBaDYCHhLgqmDNpYWEQwH5A7w95mkyzZvTt258RwXONfsbFQxNafYee/cZNcoYkPBh7vzTAzz48E12Db31ZuaXlldS2/XtjY3NreKe7uNXUYK8oaNBShavtEM8ED1gAOgrUjxYj0BWv5o6uJ33pgSvMwuINxxDxJBgHvc0rASN3iwY2rucSOfZ9UU/fUBfYIyUim3WLJLttT4EXiZKSEMtS7xS+3F9JYsgCoIFp3HDsCLyEKOBUsLbixZhGhIzJgHUMDIpn2kukDKT42Sg/3Q2UqADxVf08kRGo9lr7plASGet6biP95nRj6VS/hQRQDC+hsUT8WGEI8SQP3uGIUxNgQQhU3t2I6JIpQMJkVTAjO/MuLpFkpO2flyu15qXaZxZFHh+gInSAHXaAaukZ11EAUpegZvaI368l6sd6tj1lrzspm9tEfWJ8/Bm6WDg==</latexit>

Reactor
DAYA,RENO and Double Chooz all use 

neutrinos produced at reactors

Double Chooz1711.00588

12

http://irfu.cea.fr/en/Phocea/Vie_des_labos/Ast/ast_technique.php?id_ast=2260
https://arxiv.org/pdf/1711.00588.pdf
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ICECUBE

P (⌫µ ! ⌫⌧ )
<latexit sha1_base64="MKyVsMKL0YSD6Nco0TR//3w/wSM=">AAACE3icbZDLSsNAFIYnXmu9RV26CRahuihJFXRZdOOygr1AE8JkOmmHTiZh5oxSQt/Bja/ixoUibt24822cXhba+sPAz3fO4cz5o4wzBa77bS0tr6yurRc2iptb2zu79t5+U6VaEtogKU9lO8KKciZoAxhw2s4kxUnEaSsaXI/rrXsqFUvFHQwzGiS4J1jMCAaDQvu07nMaQ9kXOsz9RI98yXp9wFKmD2PmA9ZTdBLaJbfiTuQsGm9mSmimemh/+d2U6IQKIBwr1fHcDIIcS2CE01HR14pmmAxwj3aMFTihKsgnN42cY0O6TpxK8wQ4E/p7IseJUsMkMp0Jhr6ar43hf7WOhvgyyJnINFBBpotizR1InXFATpdJSoAPjcFEMvNXh/SxxARMjEUTgjd/8qJpViveWaV6e16qXc3iKKBDdITKyEMXqIZuUB01EEGP6Bm9ojfryXqx3q2PaeuSNZs5QH9kff4Ah8afMg==</latexit>

�m2 ⇠ 2⇥ 10�3 eV2
<latexit sha1_base64="xegstYIKwovEjKuTOEKGwre1ias=">AAACFnicbVDJSgNBEO1xN25Rj14ag+DBhJmJoEdRDx4jmAUySejpVGJj98zQXSOGIV/hxV/x4kERr+LNv7GzHNweFDzeq6KqXphIYdB1P52Z2bn5hcWl5dzK6tr6Rn5zq2biVHOo8ljGuhEyA1JEUEWBEhqJBqZCCfXw5mzk129BGxFHVzhIoKVYPxI9wRlaqZMvBucgkVHV9mlghKJ+gEKBoZ7bzorlYXBAA4Q7zKA2bPudfMEtuWPQv8SbkgKZotLJfwTdmKcKIuSSGdP03ARbGdMouIRhLkgNJIzfsD40LY2YXd3Kxm8N6Z5VurQXa1sR0rH6fSJjypiBCm2nYnhtfnsj8T+vmWLvuJWJKEkRIj5Z1EslxZiOMqJdoYGjHFjCuBb2VsqvmWYcbZI5G4L3++W/pOaXvHLJvzwsnJxO41giO2SX7BOPHJETckEqpEo4uSeP5Jm8OA/Ok/PqvE1aZ5zpzDb5Aef9C2wNnaw=</latexit>

✓ ⇠ ⇡

4
<latexit sha1_base64="+JuEG6QFb/uRIZ8CMnqhujp0mDg=">AAACAHicbVBNS8NAEN3Ur1q/oh48eAkWwVNJakGPRS8eK9gPaELZbDft0t1N2J0IJeTiX/HiQRGv/gxv/hu3bQ7a+mDg8d4MM/PChDMNrvttldbWNza3ytuVnd29/QP78Kij41QR2iYxj1UvxJpyJmkbGHDaSxTFIuS0G05uZ373kSrNYvkA04QGAo8kixjBYKSBfeLDmAL2NRN+pDDJ/ITlWSMf2FW35s7hrBKvIFVUoDWwv/xhTFJBJRCOte57bgJBhhUwwmle8VNNE0wmeET7hkosqA6y+QO5c26UoRPFypQEZ67+nsiw0HoqQtMpMIz1sjcT//P6KUTXQcZkkgKVZLEoSrkDsTNLwxkyRQnwqSGYKGZudcgYmxzAZFYxIXjLL6+STr3mXdbq941q86aIo4xO0Rm6QB66Qk10h1qojQjK0TN6RW/Wk/VivVsfi9aSVcwcoz+wPn8AgXGW/Q==</latexit>

SK

E⌫ ⇠ GeV
<latexit sha1_base64="21sbPXE1xrfVKgoZjQjeoVrV6Iw=">AAAB/3icbVDLSgNBEJz1GeMrKnjxMhgET2E3CnoMiugxgnlANoTZSScZMju7zPSKYc3BX/HiQRGv/oY3/8bJ46CJBQ1FVTfdXUEshUHX/XYWFpeWV1Yza9n1jc2t7dzObtVEieZQ4ZGMdD1gBqRQUEGBEuqxBhYGEmpB/3Lk1+5BGxGpOxzE0AxZV4mO4Ayt1MrtX7VSXyVD34iQ+ggPmF5DddjK5d2COwadJ96U5MkU5Vbuy29HPAlBIZfMmIbnxthMmUbBJQyzfmIgZrzPutCwVLEQTDMd3z+kR1Zp006kbSmkY/X3RMpCYwZhYDtDhj0z643E/7xGgp3zZipUnCAoPlnUSSTFiI7CoG2hgaMcWMK4FvZWyntMM442sqwNwZt9eZ5UiwXvpFC8Pc2XLqZxZMgBOSTHxCNnpERuSJlUCCeP5Jm8kjfnyXlx3p2PSeuCM53ZI3/gfP4ASeWWRg==</latexit>

P
�
⌫e ! ⌫µ/⌧

�
<latexit sha1_base64="zjHAZMx7AAqadKl2LCrLnaF9tok=">AAACGHicbVA9SwNBEN3z2/gVtbRZDEJs4p0KWoo2lhGMCeRC2NvMJYt7e8furBKO/Awb/4qNhSK2dv4bN/EKjT4YeLw3w8y8KJPCoO9/ejOzc/MLi0vLpZXVtfWN8ubWjUmt5tDgqUx1K2IGpFDQQIESWpkGlkQSmtHtxdhv3oE2IlXXOMygk7C+ErHgDJ3ULR/UQwkxVkNluzmMQi36A2Rap/d0IoWJPQiR2cLZ75Yrfs2fgP4lQUEqpEC9W/4Ieym3CSjkkhnTDvwMOznTKLiEUSm0BjLGb1kf2o4qloDp5JPHRnTPKT0ap9qVQjpRf07kLDFmmESuM2E4MNPeWPzPa1uMTzu5UJlFUPx7UWwlxZSOU6I9oYGjHDrCuBbuVsoHTDOOLsuSCyGYfvkvuTmsBUe1w6vjytl5EccS2SG7pEoCckLOyCWpkwbh5IE8kRfy6j16z96b9/7dOuMVM9vkF7yPLx2koRA=</latexit>

SNO

KamLand

terrestrial  
source�m2 ⇠ 7⇥ 10�5 eV2

<latexit sha1_base64="F224sHeMA47r+GCwMBJqEzrAqog=">AAACFnicbVA9SwNBEN3z2/gVtbRZDIKFCXdRiaWohaWC+YBcEvY2k7hk9+7YnRPDkV9h41+xsVDEVuz8N25iCk18MPB4b4aZeUEshUHX/XJmZufmFxaXljMrq2vrG9nNrYqJEs2hzCMZ6VrADEgRQhkFSqjFGpgKJFSD3vnQr96BNiIKb7AfQ0Oxbig6gjO0Uiub9y9AIqOqWaS+EYqWfBQKDPXcZpo/HvgH1Ee4xxQqg2axlc25BXcEOk28McmRMa5a2U+/HfFEQYhcMmPqnhtjI2UaBZcwyPiJgZjxHutC3dKQ2dWNdPTWgO5ZpU07kbYVIh2pvydSpozpq8B2Koa3ZtIbiv959QQ7J41UhHGCEPKfRZ1EUozoMCPaFho4yr4ljGthb6X8lmnG0SaZsSF4ky9Pk0qx4B0WitdHudOzcRxLZIfskn3ikRI5JZfkipQJJw/kibyQV+fReXbenPef1hlnPLNN/sD5+AZ3U52z</latexit>

✓ ⇠ ⇡

6
<latexit sha1_base64="Zt3rH5HPisor20SHBlSjt/1B1dk=">AAACAXicbVBNS8NAEN34WetX1IvgZbEInkpSRT0WvXisYD+gCWWz3bRLd5OwOxFKiBf/ihcPinj1X3jz37htc9DWBwOP92aYmRckgmtwnG9raXlldW29tFHe3Nre2bX39ls6ThVlTRqLWHUCopngEWsCB8E6iWJEBoK1g9HNxG8/MKV5HN3DOGG+JIOIh5wSMFLPPvRgyIB4mkvshYrQzEt4nl3kPbviVJ0p8CJxC1JBBRo9+8vrxzSVLAIqiNZd10nAz4gCTgXLy16qWULoiAxY19CISKb9bPpBjk+M0sdhrExFgKfq74mMSK3HMjCdksBQz3sT8T+vm0J45Wc8SlJgEZ0tClOBIcaTOHCfK0ZBjA0hVHFzK6ZDYnIAE1rZhODOv7xIWrWqe1at3Z1X6tdFHCV0hI7RKXLRJaqjW9RATUTRI3pGr+jNerJerHfrY9a6ZBUzB+gPrM8f3+GXKQ==</latexit>

L ⇠ 180 km
<latexit sha1_base64="E+F9md+B1QoMZmb8NmWR9SJGXlY=">AAAB/nicbVBNS8NAEN34WetXVDx5WSyCBylJFeyx6MWDhwr2A5pQNttNu3Q3CbsTsYSCf8WLB0W8+ju8+W/ctjlo64OBx3szzMwLEsE1OM63tbS8srq2Xtgobm5t7+zae/tNHaeKsgaNRazaAdFM8Ig1gINg7UQxIgPBWsHweuK3HpjSPI7uYZQwX5J+xENOCRipax/eeppL7FYd7wx7wB4hG8px1y45ZWcKvEjcnJRQjnrX/vJ6MU0li4AKonXHdRLwM6KAU8HGRS/VLCF0SPqsY2hEJNN+Nj1/jE+M0sNhrExFgKfq74mMSK1HMjCdksBAz3sT8T+vk0JY9TMeJSmwiM4WhanAEONJFrjHFaMgRoYQqri5FdMBUYSCSaxoQnDnX14kzUrZPS9X7i5Ktas8jgI6QsfoFLnoEtXQDaqjBqIoQ8/oFb1ZT9aL9W59zFqXrHzmAP2B9fkD0huUxA==</latexit>

E⌫e ⇠ O(1)MeV
<latexit sha1_base64="RIdrSx7Ll5Rc9Xq+isFN/usSUvo="></latexit>

L ⇠ 108 km
<latexit sha1_base64="MWfDT6R/sCP7r2phMRTarKVtFbc=">AAACAHicbVA9SwNBEN2LXzF+RS0sbBaDYCHhLgqmDNpYWEQwH5A7w95mkyzZvTt258RwXONfsbFQxNafYee/cZNcoYkPBh7vzTAzz48E12Db31ZuaXlldS2/XtjY3NreKe7uNXUYK8oaNBShavtEM8ED1gAOgrUjxYj0BWv5o6uJ33pgSvMwuINxxDxJBgHvc0rASN3iwY2rucSOfZ9UU/fUBfYIyUim3WLJLttT4EXiZKSEMtS7xS+3F9JYsgCoIFp3HDsCLyEKOBUsLbixZhGhIzJgHUMDIpn2kukDKT42Sg/3Q2UqADxVf08kRGo9lr7plASGet6biP95nRj6VS/hQRQDC+hsUT8WGEI8SQP3uGIUxNgQQhU3t2I6JIpQMJkVTAjO/MuLpFkpO2flyu15qXaZxZFHh+gInSAHXaAaukZ11EAUpegZvaI368l6sd6tj1lrzspm9tEfWJ8/Bm6WDg==</latexit>

 1711.00588

Kim, Lasserre, Wang

Double Chooz

P (⌫e ! ⌫e)
<latexit sha1_base64="9ruWs20DppXmD9b2HhCXGh3VzfM=">AAACJnicdVDLSgMxFM34tr6qLt0MFkE3ZUYF3QhFNy4r2Ad0hpJJ77TBTDIkd5Qy9Gvc+CtuXCgi7vwUM20XPg8EDuecm+SeKBXcoOe9OzOzc/MLi0vLpZXVtfWN8uZW06hMM2gwJZRuR9SA4BIayFFAO9VAk0hAK7q5KPzWLWjDlbzGYQphQvuSx5xRtFK3fFYPBMS4HyibKi7JA5mNujmMAs37A6Raq7v/zINuueJVvTHc38 SfkgqZot4tPwc9xbIEJDJBjen4XophTjVyJmBUCjIDKWU3tA8dSyVNwIT5eM2Ru2eVnhsrbY9Ed6x+nchpYswwiWwyoTgwP71C/MvrZBifhjmXaYYg2eShOBMuKrfozO1xDQzF0BLKNLd/ddmAasrQNluyJfg/V/5NmodV/6h6eHVcqZ1P61giO2SX7BOfnJAauSR10iCM3JNH8kxenAfnyXl13ibRGWc6s02+wfn4BHrYqD4=</latexit>

L ⇠ km
<latexit sha1_base64="QlWIB9g8BtMfp9nkTDmsdFRTjcw=">AAAB+HicbVA9SwNBEN3zM8aPnFraLAbBKtxFQcugjYVFBPMBuSPsbTbJkt29Y3dOjEd+iY2FIrb+FDv/jZvkCk18MPB4b4aZeVEiuAHP+3ZWVtfWNzYLW8Xtnd29krt/0DRxqilr0FjEuh0RwwRXrAEcBGsnmhEZCdaKRtdTv/XAtOGxuodxwkJJBor3OSVgpa5bug0MlzgA9gjZSE66btmreDPgZeLnpIxy1LvuV9CLaSqZAiqIMR3fSyDMiAZOBZsUg9SwhNARGbCOpYpIZsJsdvgEn1ilh/uxtqUAz9TfExmRxoxlZDslgaFZ9Kbif14nhf5lmHGVpMAUnS/qpwJDjKcp4B7XjIIYW0Ko5vZWTIdEEwo2q6INwV98eZk0qxX/rFK9Oy/XrvI4CugIHaNT5KMLVEM3qI4aiKIUPaNX9OY8OS/Ou/Mxb11x8plD9AfO5w/xmpNH</latexit>

E⌫e ⇠ O(1)MeV
<latexit sha1_base64="RIdrSx7Ll5Rc9Xq+isFN/usSUvo="></latexit>✓ ⇠ ⇡

20
<latexit sha1_base64="/pTNyQCTc4sp0js5EW6C/uBPYxU=">AAACAnicbVBNS8NAEN3Ur1q/op7Ey2IRPJWkCnosevFYwX5AE8pmu2mX7iZhdyKUELz4V7x4UMSrv8Kb/8Ztm4O2Phh4vDfDzLwgEVyD43xbpZXVtfWN8mZla3tnd8/eP2jrOFWUtWgsYtUNiGaCR6wFHATrJooRGQjWCcY3U7/zwJTmcXQPk4T5kgwjHnJKwEh9+8iDEQPiaS6xFypCMy/heVZ38r5ddWrODHiZuAWpogLNvv3lDWKaShYBFUTrnusk4GdEAaeC5RUv1SwhdEyGrGdoRCTTfjZ7IcenRhngMFamIsAz9fdERqTWExmYTklgpBe9qfif10shvPIzHiUpsIjOF4WpwBDjaR54wBWjICaGEKq4uRXTETFBgEmtYkJwF19eJu16zT2v1e8uqo3rIo4yOkYn6Ay56BI10C1qohai6BE9o1f0Zj1ZL9a79TFvLVnFzCH6A+vzB1EGl18=</latexit>

1711.00588

http://irfu.cea.fr/en/Phocea/Vie_des_labos/Ast/ast_technique.php?id_ast=2260
https://arxiv.org/pdf/1711.00588.pdf
http://irfu.cea.fr/en/Phocea/Vie_des_labos/Ast/ast_technique.php?id_ast=2260
https://arxiv.org/pdf/1711.00588.pdf
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ICECUBE

P (⌫µ ! ⌫⌧ )
<latexit sha1_base64="MKyVsMKL0YSD6Nco0TR//3w/wSM=">AAACE3icbZDLSsNAFIYnXmu9RV26CRahuihJFXRZdOOygr1AE8JkOmmHTiZh5oxSQt/Bja/ixoUibt24822cXhba+sPAz3fO4cz5o4wzBa77bS0tr6yurRc2iptb2zu79t5+U6VaEtogKU9lO8KKciZoAxhw2s4kxUnEaSsaXI/rrXsqFUvFHQwzGiS4J1jMCAaDQvu07nMaQ9kXOsz9RI98yXp9wFKmD2PmA9ZTdBLaJbfiTuQsGm9mSmimemh/+d2U6IQKIBwr1fHcDIIcS2CE01HR14pmmAxwj3aMFTihKsgnN42cY0O6TpxK8wQ4E/p7IseJUsMkMp0Jhr6ar43hf7WOhvgyyJnINFBBpotizR1InXFATpdJSoAPjcFEMvNXh/SxxARMjEUTgjd/8qJpViveWaV6e16qXc3iKKBDdITKyEMXqIZuUB01EEGP6Bm9ojfryXqx3q2PaeuSNZs5QH9kff4Ah8afMg==</latexit>

�m2 ⇠ 2⇥ 10�3 eV2
<latexit sha1_base64="xegstYIKwovEjKuTOEKGwre1ias=">AAACFnicbVDJSgNBEO1xN25Rj14ag+DBhJmJoEdRDx4jmAUySejpVGJj98zQXSOGIV/hxV/x4kERr+LNv7GzHNweFDzeq6KqXphIYdB1P52Z2bn5hcWl5dzK6tr6Rn5zq2biVHOo8ljGuhEyA1JEUEWBEhqJBqZCCfXw5mzk129BGxFHVzhIoKVYPxI9wRlaqZMvBucgkVHV9mlghKJ+gEKBoZ7bzorlYXBAA4Q7zKA2bPudfMEtuWPQv8SbkgKZotLJfwTdmKcKIuSSGdP03ARbGdMouIRhLkgNJIzfsD40LY2YXd3Kxm8N6Z5VurQXa1sR0rH6fSJjypiBCm2nYnhtfnsj8T+vmWLvuJWJKEkRIj5Z1EslxZiOMqJdoYGjHFjCuBb2VsqvmWYcbZI5G4L3++W/pOaXvHLJvzwsnJxO41giO2SX7BOPHJETckEqpEo4uSeP5Jm8OA/Ok/PqvE1aZ5zpzDb5Aef9C2wNnaw=</latexit>

✓ ⇠ ⇡

4
<latexit sha1_base64="+JuEG6QFb/uRIZ8CMnqhujp0mDg=">AAACAHicbVBNS8NAEN3Ur1q/oh48eAkWwVNJakGPRS8eK9gPaELZbDft0t1N2J0IJeTiX/HiQRGv/gxv/hu3bQ7a+mDg8d4MM/PChDMNrvttldbWNza3ytuVnd29/QP78Kij41QR2iYxj1UvxJpyJmkbGHDaSxTFIuS0G05uZ373kSrNYvkA04QGAo8kixjBYKSBfeLDmAL2NRN+pDDJ/ITlWSMf2FW35s7hrBKvIFVUoDWwv/xhTFJBJRCOte57bgJBhhUwwmle8VNNE0wmeET7hkosqA6y+QO5c26UoRPFypQEZ67+nsiw0HoqQtMpMIz1sjcT//P6KUTXQcZkkgKVZLEoSrkDsTNLwxkyRQnwqSGYKGZudcgYmxzAZFYxIXjLL6+STr3mXdbq941q86aIo4xO0Rm6QB66Qk10h1qojQjK0TN6RW/Wk/VivVsfi9aSVcwcoz+wPn8AgXGW/Q==</latexit>

SK

E⌫ ⇠ GeV
<latexit sha1_base64="21sbPXE1xrfVKgoZjQjeoVrV6Iw=">AAAB/3icbVDLSgNBEJz1GeMrKnjxMhgET2E3CnoMiugxgnlANoTZSScZMju7zPSKYc3BX/HiQRGv/oY3/8bJ46CJBQ1FVTfdXUEshUHX/XYWFpeWV1Yza9n1jc2t7dzObtVEieZQ4ZGMdD1gBqRQUEGBEuqxBhYGEmpB/3Lk1+5BGxGpOxzE0AxZV4mO4Ayt1MrtX7VSXyVD34iQ+ggPmF5DddjK5d2COwadJ96U5MkU5Vbuy29HPAlBIZfMmIbnxthMmUbBJQyzfmIgZrzPutCwVLEQTDMd3z+kR1Zp006kbSmkY/X3RMpCYwZhYDtDhj0z643E/7xGgp3zZipUnCAoPlnUSSTFiI7CoG2hgaMcWMK4FvZWyntMM442sqwNwZt9eZ5UiwXvpFC8Pc2XLqZxZMgBOSTHxCNnpERuSJlUCCeP5Jm8kjfnyXlx3p2PSeuCM53ZI3/gfP4ASeWWRg==</latexit>

P
�
⌫e ! ⌫µ/⌧

�
<latexit sha1_base64="zjHAZMx7AAqadKl2LCrLnaF9tok=">AAACGHicbVA9SwNBEN3z2/gVtbRZDEJs4p0KWoo2lhGMCeRC2NvMJYt7e8furBKO/Awb/4qNhSK2dv4bN/EKjT4YeLw3w8y8KJPCoO9/ejOzc/MLi0vLpZXVtfWN8ubWjUmt5tDgqUx1K2IGpFDQQIESWpkGlkQSmtHtxdhv3oE2IlXXOMygk7C+ErHgDJ3ULR/UQwkxVkNluzmMQi36A2Rap/d0IoWJPQiR2cLZ75Yrfs2fgP4lQUEqpEC9W/4Ieym3CSjkkhnTDvwMOznTKLiEUSm0BjLGb1kf2o4qloDp5JPHRnTPKT0ap9qVQjpRf07kLDFmmESuM2E4MNPeWPzPa1uMTzu5UJlFUPx7UWwlxZSOU6I9oYGjHDrCuBbuVsoHTDOOLsuSCyGYfvkvuTmsBUe1w6vjytl5EccS2SG7pEoCckLOyCWpkwbh5IE8kRfy6j16z96b9/7dOuMVM9vkF7yPLx2koRA=</latexit>

SNO

KamLand

terrestrial  
source�m2 ⇠ 7⇥ 10�5 eV2

<latexit sha1_base64="F224sHeMA47r+GCwMBJqEzrAqog=">AAACFnicbVA9SwNBEN3z2/gVtbRZDIKFCXdRiaWohaWC+YBcEvY2k7hk9+7YnRPDkV9h41+xsVDEVuz8N25iCk18MPB4b4aZeUEshUHX/XJmZufmFxaXljMrq2vrG9nNrYqJEs2hzCMZ6VrADEgRQhkFSqjFGpgKJFSD3vnQr96BNiIKb7AfQ0Oxbig6gjO0Uiub9y9AIqOqWaS+EYqWfBQKDPXcZpo/HvgH1Ee4xxQqg2axlc25BXcEOk28McmRMa5a2U+/HfFEQYhcMmPqnhtjI2UaBZcwyPiJgZjxHutC3dKQ2dWNdPTWgO5ZpU07kbYVIh2pvydSpozpq8B2Koa3ZtIbiv959QQ7J41UhHGCEPKfRZ1EUozoMCPaFho4yr4ljGthb6X8lmnG0SaZsSF4ky9Pk0qx4B0WitdHudOzcRxLZIfskn3ikRI5JZfkipQJJw/kibyQV+fReXbenPef1hlnPLNN/sD5+AZ3U52z</latexit>

✓ ⇠ ⇡

6
<latexit sha1_base64="Zt3rH5HPisor20SHBlSjt/1B1dk=">AAACAXicbVBNS8NAEN34WetX1IvgZbEInkpSRT0WvXisYD+gCWWz3bRLd5OwOxFKiBf/ihcPinj1X3jz37htc9DWBwOP92aYmRckgmtwnG9raXlldW29tFHe3Nre2bX39ls6ThVlTRqLWHUCopngEWsCB8E6iWJEBoK1g9HNxG8/MKV5HN3DOGG+JIOIh5wSMFLPPvRgyIB4mkvshYrQzEt4nl3kPbviVJ0p8CJxC1JBBRo9+8vrxzSVLAIqiNZd10nAz4gCTgXLy16qWULoiAxY19CISKb9bPpBjk+M0sdhrExFgKfq74mMSK3HMjCdksBQz3sT8T+vm0J45Wc8SlJgEZ0tClOBIcaTOHCfK0ZBjA0hVHFzK6ZDYnIAE1rZhODOv7xIWrWqe1at3Z1X6tdFHCV0hI7RKXLRJaqjW9RATUTRI3pGr+jNerJerHfrY9a6ZBUzB+gPrM8f3+GXKQ==</latexit>

L ⇠ 180 km
<latexit sha1_base64="E+F9md+B1QoMZmb8NmWR9SJGXlY=">AAAB/nicbVBNS8NAEN34WetXVDx5WSyCBylJFeyx6MWDhwr2A5pQNttNu3Q3CbsTsYSCf8WLB0W8+ju8+W/ctjlo64OBx3szzMwLEsE1OM63tbS8srq2Xtgobm5t7+zae/tNHaeKsgaNRazaAdFM8Ig1gINg7UQxIgPBWsHweuK3HpjSPI7uYZQwX5J+xENOCRipax/eeppL7FYd7wx7wB4hG8px1y45ZWcKvEjcnJRQjnrX/vJ6MU0li4AKonXHdRLwM6KAU8HGRS/VLCF0SPqsY2hEJNN+Nj1/jE+M0sNhrExFgKfq74mMSK1HMjCdksBAz3sT8T+vk0JY9TMeJSmwiM4WhanAEONJFrjHFaMgRoYQqri5FdMBUYSCSaxoQnDnX14kzUrZPS9X7i5Ktas8jgI6QsfoFLnoEtXQDaqjBqIoQ8/oFb1ZT9aL9W59zFqXrHzmAP2B9fkD0huUxA==</latexit>

E⌫e ⇠ O(1)MeV
<latexit sha1_base64="RIdrSx7Ll5Rc9Xq+isFN/usSUvo="></latexit>

L ⇠ 108 km
<latexit sha1_base64="MWfDT6R/sCP7r2phMRTarKVtFbc=">AAACAHicbVA9SwNBEN2LXzF+RS0sbBaDYCHhLgqmDNpYWEQwH5A7w95mkyzZvTt258RwXONfsbFQxNafYee/cZNcoYkPBh7vzTAzz48E12Db31ZuaXlldS2/XtjY3NreKe7uNXUYK8oaNBShavtEM8ED1gAOgrUjxYj0BWv5o6uJ33pgSvMwuINxxDxJBgHvc0rASN3iwY2rucSOfZ9UU/fUBfYIyUim3WLJLttT4EXiZKSEMtS7xS+3F9JYsgCoIFp3HDsCLyEKOBUsLbixZhGhIzJgHUMDIpn2kukDKT42Sg/3Q2UqADxVf08kRGo9lr7plASGet6biP95nRj6VS/hQRQDC+hsUT8WGEI8SQP3uGIUxNgQQhU3t2I6JIpQMJkVTAjO/MuLpFkpO2flyu15qXaZxZFHh+gInSAHXaAaukZ11EAUpegZvaI368l6sd6tj1lrzspm9tEfWJ8/Bm6WDg==</latexit>

 1711.00588

Kim, Lasserre, Wang

Double Chooz

P (⌫e ! ⌫e)
<latexit sha1_base64="9ruWs20DppXmD9b2HhCXGh3VzfM=">AAACJnicdVDLSgMxFM34tr6qLt0MFkE3ZUYF3QhFNy4r2Ad0hpJJ77TBTDIkd5Qy9Gvc+CtuXCgi7vwUM20XPg8EDuecm+SeKBXcoOe9OzOzc/MLi0vLpZXVtfWN8uZW06hMM2gwJZRuR9SA4BIayFFAO9VAk0hAK7q5KPzWLWjDlbzGYQphQvuSx5xRtFK3fFYPBMS4HyibKi7JA5mNujmMAs37A6Raq7v/zINuueJVvTHc38 SfkgqZot4tPwc9xbIEJDJBjen4XophTjVyJmBUCjIDKWU3tA8dSyVNwIT5eM2Ru2eVnhsrbY9Ed6x+nchpYswwiWwyoTgwP71C/MvrZBifhjmXaYYg2eShOBMuKrfozO1xDQzF0BLKNLd/ddmAasrQNluyJfg/V/5NmodV/6h6eHVcqZ1P61giO2SX7BOfnJAauSR10iCM3JNH8kxenAfnyXl13ibRGWc6s02+wfn4BHrYqD4=</latexit>

L ⇠ km
<latexit sha1_base64="QlWIB9g8BtMfp9nkTDmsdFRTjcw=">AAAB+HicbVA9SwNBEN3zM8aPnFraLAbBKtxFQcugjYVFBPMBuSPsbTbJkt29Y3dOjEd+iY2FIrb+FDv/jZvkCk18MPB4b4aZeVEiuAHP+3ZWVtfWNzYLW8Xtnd29krt/0DRxqilr0FjEuh0RwwRXrAEcBGsnmhEZCdaKRtdTv/XAtOGxuodxwkJJBor3OSVgpa5bug0MlzgA9gjZSE66btmreDPgZeLnpIxy1LvuV9CLaSqZAiqIMR3fSyDMiAZOBZsUg9SwhNARGbCOpYpIZsJsdvgEn1ilh/uxtqUAz9TfExmRxoxlZDslgaFZ9Kbif14nhf5lmHGVpMAUnS/qpwJDjKcp4B7XjIIYW0Ko5vZWTIdEEwo2q6INwV98eZk0qxX/rFK9Oy/XrvI4CugIHaNT5KMLVEM3qI4aiKIUPaNX9OY8OS/Ou/Mxb11x8plD9AfO5w/xmpNH</latexit>

E⌫e ⇠ O(1)MeV
<latexit sha1_base64="RIdrSx7Ll5Rc9Xq+isFN/usSUvo="></latexit>✓ ⇠ ⇡

20
<latexit sha1_base64="/pTNyQCTc4sp0js5EW6C/uBPYxU=">AAACAnicbVBNS8NAEN3Ur1q/op7Ey2IRPJWkCnosevFYwX5AE8pmu2mX7iZhdyKUELz4V7x4UMSrv8Kb/8Ztm4O2Phh4vDfDzLwgEVyD43xbpZXVtfWN8mZla3tnd8/eP2jrOFWUtWgsYtUNiGaCR6wFHATrJooRGQjWCcY3U7/zwJTmcXQPk4T5kgwjHnJKwEh9+8iDEQPiaS6xFypCMy/heVZ38r5ddWrODHiZuAWpogLNvv3lDWKaShYBFUTrnusk4GdEAaeC5RUv1SwhdEyGrGdoRCTTfjZ7IcenRhngMFamIsAz9fdERqTWExmYTklgpBe9qfif10shvPIzHiUpsIjOF4WpwBDjaR54wBWjICaGEKq4uRXTETFBgEmtYkJwF19eJu16zT2v1e8uqo3rIo4yOkYn6Ay56BI10C1qohai6BE9o1f0Zj1ZL9a79TFvLVnFzCH6A+vzB1EGl18=</latexit>

1711.00588

Accelerator

295km
(Tokai)

JAERISuper Kamiokande

KEKTokyo

T2K

L ⇠ 735 km
<latexit sha1_base64="32xkMMZr78eSsg2wGevTQZ2R2ZE=">AAAB/XicbVDJSgNBEO2JW4zbuNy8NAbBg4SZRInHoBcPHiKYBTJD6Ol0kibdM0N3jRiH4K948aCIV//Dm39jZzlo4oOCx3tVVNULYsE1OM63lVlaXlldy67nNja3tnfs3b26jhJFWY1GIlLNgGgmeMhqwEGwZqwYkYFgjWBwNfYb90xpHoV3MIyZL0kv5F1OCRipbR/ceJpLXC6de6cesAdIB3LUtvNOwZkALxJ3RvJohmrb/vI6EU0kC4EKonXLdWLwU6KAU8FGOS/RLCZ0QHqsZWhIJNN+Orl+hI+N0sHdSJkKAU/U3xMpkVoPZWA6JYG+nvfG4n9eK4HuhZ/yME6AhXS6qJsIDBEeR4E7XDEKYmgIoYqbWzHtE0UomMByJgR3/uVFUi8W3FKheHuWr1zO4siiQ3SETpCLyqiCrlEV1RBFj+gZvaI368l6sd6tj2lrxprN7KM/sD5/AIGBlKA=</latexit>

L ⇠ 295 km
<latexit sha1_base64="ZKDgP91HNed8Ud8Vn49FkaTfJKo=">AAAB/HicbVBNS8NAEN3Ur1q/oj16CRbBg5SkKuqt6MWDhwr2A5pQNttNu3Q3CbsTMYT6V7x4UMSrP8Sb/8Ztm4O2Phh4vDfDzDw/5kyBbX8bhaXlldW14nppY3Nre8fc3WupKJGENknEI9nxsaKchbQJDDjtxJJi4XPa9kfXE7/9QKViUXgPaUw9gQchCxjBoKWeWb51FRO1yzP32AX6CNlIjHtmxa7aU1iLxMlJBeVo9Mwvtx+RRNAQCMdKdR07Bi/DEhjhdFxyE0VjTEZ4QLuahlhQ5WXT48fWoVb6VhBJXSFYU/X3RIaFUqnwdafAMFTz3kT8z+smEFx4GQvjBGhIZouChFsQWZMkrD6TlABPNcFEMn2rRYZYYgI6r5IOwZl/eZG0alXnpFq7O63Ur/I4imgfHaAj5KBzVEc3qIGaiKAUPaNX9GY8GS/Gu/Exay0Y+UwZ/YHx+QMptJR3</latexit>

E⌫ ⇠ O(100)MeV
<latexit sha1_base64="bADgT7iKOwh3+mHht3iFWRvVOvo=">AAACEXicbVA9SwNBEN3z2/gVtbRZDEIECXdR0DIogo2oYGIgF8LeZhKX7O0du3NiOO4v2PhXbCwUsbWz89+4iSk08cHA470ZZuYFsRQGXffLmZqemZ2bX1jMLS2vrK7l1zdqJko0hyqPZKTrATMghYIqCpRQjzWwMJBwE/ROBv7NHWgjInWN/RiaIesq0RGcoZVa+eJpK/VVkvlGhNQPGd5yJtOLrOi57q6/5yPcY3oOtayVL7gldwg6SbwRKZARLlv5T78d8SQEhVwyYxqeG2MzZRoFl5Dl/MRAzHiPdaFhqWIhmGY6/CijO1Zp006kbSmkQ/X3RMpCY/phYDsHN5txbyD+5zUS7Bw1U6HiBEHxn0WdRFKM6CAe2hYaOMq+JYxrYW+l/JZpxtGGmLMheOMvT5JaueTtl8pXB4XK8SiOBbJFtkmReOSQVMgZuSRVwskDeSIv5NV5dJ6dN+f9p3XKGc1skj9wPr4Bq9yc5w==</latexit>

MINOS

NOVA L ⇠ 810 km
<latexit sha1_base64="NafEtgWOZwP7D0/oK1D3WH2AlrY=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCCylJFeyy6MaFiwr2AU0pk+mkHTqThJkbsYbir7hxoYhb/8Odf+O0zUJbD1w4nHMv997jx4JrcJxvK7e0vLK6ll8vbGxube/Yu3sNHSWKsjqNRKRaPtFM8JDVgYNgrVgxIn3Bmv7wauI375nSPArvYBSzjiT9kAecEjBS1z648TSXuOI63qkH7AHSoRx37aJTcqbAi8TNSBFlqHXtL68X0USyEKggWrddJ4ZOShRwKti44CWaxYQOSZ+1DQ2JZLqTTq8f42Oj9HAQKVMh4Kn6eyIlUuuR9E2nJDDQ895E/M9rJxBUOikP4wRYSGeLgkRgiPAkCtzjilEQI0MIVdzciumAKELBBFYwIbjzLy+SRrnknpXKt+fF6mUWRx4doiN0glx0garoGtVQHVH0iJ7RK3qznqwX6936mLXmrGxmH/2B9fkDeCeUmg==</latexit>

E⌫ ⇠ O(1)GeV
<latexit sha1_base64="q3ocSPB0G/ju9oU13NWtLLCvkK8=">AAACD3icbVDLSgNBEJz1GeMr6tHLYFAiSNhVQY+iiN6MYB6QDWF20olDZmeXmV4xLPsHXvwVLx4U8erVm3/jJObgq6ChqOqmuyuIpTDouh/OxOTU9Mxsbi4/v7C4tFxYWa2ZKNEcqjySkW4EzIAUCqooUEIj1sDCQEI96J8M/foNaCMidYWDGFoh6ynRFZyhldqFrdN26qsk840IqR8yvOZMphdZydv2d3yEW0zPoJa1C0W37I5A/xJvTIpkjEq78O53Ip6EoJBLZkzTc2NspUyj4BKyvJ8YiBnvsx40LVUsBNNKR/9kdNMqHdqNtC2FdKR+n0hZaMwgDGzn8GLz2xuK/3nNBLuHrVSoOEFQ/GtRN5EUIzoMh3aEBo5yYAnjWthbKb9mmnG0EeZtCN7vl/+S2m7Z2yvvXu4Xj47HceTIOtkgJeKRA3JEzkmFVAknd+SBPJFn5955dF6c16/WCWc8s0Z+wHn7BK6LnG0=</latexit>

0106019

http://irfu.cea.fr/en/Phocea/Vie_des_labos/Ast/ast_technique.php?id_ast=2260
https://arxiv.org/pdf/1711.00588.pdf
http://irfu.cea.fr/en/Phocea/Vie_des_labos/Ast/ast_technique.php?id_ast=2260
https://arxiv.org/pdf/1711.00588.pdf
https://arxiv.org/pdf/hep-ex/0106019.pdf
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ICECUBE

P (⌫µ ! ⌫⌧ )
<latexit sha1_base64="MKyVsMKL0YSD6Nco0TR//3w/wSM=">AAACE3icbZDLSsNAFIYnXmu9RV26CRahuihJFXRZdOOygr1AE8JkOmmHTiZh5oxSQt/Bja/ixoUibt24822cXhba+sPAz3fO4cz5o4wzBa77bS0tr6yurRc2iptb2zu79t5+U6VaEtogKU9lO8KKciZoAxhw2s4kxUnEaSsaXI/rrXsqFUvFHQwzGiS4J1jMCAaDQvu07nMaQ9kXOsz9RI98yXp9wFKmD2PmA9ZTdBLaJbfiTuQsGm9mSmimemh/+d2U6IQKIBwr1fHcDIIcS2CE01HR14pmmAxwj3aMFTihKsgnN42cY0O6TpxK8wQ4E/p7IseJUsMkMp0Jhr6ar43hf7WOhvgyyJnINFBBpotizR1InXFATpdJSoAPjcFEMvNXh/SxxARMjEUTgjd/8qJpViveWaV6e16qXc3iKKBDdITKyEMXqIZuUB01EEGP6Bm9ojfryXqx3q2PaeuSNZs5QH9kff4Ah8afMg==</latexit>

�m2 ⇠ 2⇥ 10�3 eV2
<latexit sha1_base64="xegstYIKwovEjKuTOEKGwre1ias=">AAACFnicbVDJSgNBEO1xN25Rj14ag+DBhJmJoEdRDx4jmAUySejpVGJj98zQXSOGIV/hxV/x4kERr+LNv7GzHNweFDzeq6KqXphIYdB1P52Z2bn5hcWl5dzK6tr6Rn5zq2biVHOo8ljGuhEyA1JEUEWBEhqJBqZCCfXw5mzk129BGxFHVzhIoKVYPxI9wRlaqZMvBucgkVHV9mlghKJ+gEKBoZ7bzorlYXBAA4Q7zKA2bPudfMEtuWPQv8SbkgKZotLJfwTdmKcKIuSSGdP03ARbGdMouIRhLkgNJIzfsD40LY2YXd3Kxm8N6Z5VurQXa1sR0rH6fSJjypiBCm2nYnhtfnsj8T+vmWLvuJWJKEkRIj5Z1EslxZiOMqJdoYGjHFjCuBb2VsqvmWYcbZI5G4L3++W/pOaXvHLJvzwsnJxO41giO2SX7BOPHJETckEqpEo4uSeP5Jm8OA/Ok/PqvE1aZ5zpzDb5Aef9C2wNnaw=</latexit>

SK

E⌫ ⇠ GeV
<latexit sha1_base64="21sbPXE1xrfVKgoZjQjeoVrV6Iw=">AAAB/3icbVDLSgNBEJz1GeMrKnjxMhgET2E3CnoMiugxgnlANoTZSScZMju7zPSKYc3BX/HiQRGv/oY3/8bJ46CJBQ1FVTfdXUEshUHX/XYWFpeWV1Yza9n1jc2t7dzObtVEieZQ4ZGMdD1gBqRQUEGBEuqxBhYGEmpB/3Lk1+5BGxGpOxzE0AxZV4mO4Ayt1MrtX7VSXyVD34iQ+ggPmF5DddjK5d2COwadJ96U5MkU5Vbuy29HPAlBIZfMmIbnxthMmUbBJQyzfmIgZrzPutCwVLEQTDMd3z+kR1Zp006kbSmkY/X3RMpCYwZhYDtDhj0z643E/7xGgp3zZipUnCAoPlnUSSTFiI7CoG2hgaMcWMK4FvZWyntMM442sqwNwZt9eZ5UiwXvpFC8Pc2XLqZxZMgBOSTHxCNnpERuSJlUCCeP5Jm8kjfnyXlx3p2PSeuCM53ZI3/gfP4ASeWWRg==</latexit>

P
�
⌫e ! ⌫µ/⌧

�
<latexit sha1_base64="zjHAZMx7AAqadKl2LCrLnaF9tok=">AAACGHicbVA9SwNBEN3z2/gVtbRZDEJs4p0KWoo2lhGMCeRC2NvMJYt7e8furBKO/Awb/4qNhSK2dv4bN/EKjT4YeLw3w8y8KJPCoO9/ejOzc/MLi0vLpZXVtfWN8ubWjUmt5tDgqUx1K2IGpFDQQIESWpkGlkQSmtHtxdhv3oE2IlXXOMygk7C+ErHgDJ3ULR/UQwkxVkNluzmMQi36A2Rap/d0IoWJPQiR2cLZ75Yrfs2fgP4lQUEqpEC9W/4Ieym3CSjkkhnTDvwMOznTKLiEUSm0BjLGb1kf2o4qloDp5JPHRnTPKT0ap9qVQjpRf07kLDFmmESuM2E4MNPeWPzPa1uMTzu5UJlFUPx7UWwlxZSOU6I9oYGjHDrCuBbuVsoHTDOOLsuSCyGYfvkvuTmsBUe1w6vjytl5EccS2SG7pEoCckLOyCWpkwbh5IE8kRfy6j16z96b9/7dOuMVM9vkF7yPLx2koRA=</latexit>

SNO

KamLand

terrestrial  
source�m2 ⇠ 7⇥ 10�5 eV2

<latexit sha1_base64="F224sHeMA47r+GCwMBJqEzrAqog=">AAACFnicbVA9SwNBEN3z2/gVtbRZDIKFCXdRiaWohaWC+YBcEvY2k7hk9+7YnRPDkV9h41+xsVDEVuz8N25iCk18MPB4b4aZeUEshUHX/XJmZufmFxaXljMrq2vrG9nNrYqJEs2hzCMZ6VrADEgRQhkFSqjFGpgKJFSD3vnQr96BNiIKb7AfQ0Oxbig6gjO0Uiub9y9AIqOqWaS+EYqWfBQKDPXcZpo/HvgH1Ee4xxQqg2axlc25BXcEOk28McmRMa5a2U+/HfFEQYhcMmPqnhtjI2UaBZcwyPiJgZjxHutC3dKQ2dWNdPTWgO5ZpU07kbYVIh2pvydSpozpq8B2Koa3ZtIbiv959QQ7J41UhHGCEPKfRZ1EUozoMCPaFho4yr4ljGthb6X8lmnG0SaZsSF4ky9Pk0qx4B0WitdHudOzcRxLZIfskn3ikRI5JZfkipQJJw/kibyQV+fReXbenPef1hlnPLNN/sD5+AZ3U52z</latexit>

L ⇠ 180 km
<latexit sha1_base64="E+F9md+B1QoMZmb8NmWR9SJGXlY=">AAAB/nicbVBNS8NAEN34WetXVDx5WSyCBylJFeyx6MWDhwr2A5pQNttNu3Q3CbsTsYSCf8WLB0W8+ju8+W/ctjlo64OBx3szzMwLEsE1OM63tbS8srq2Xtgobm5t7+zae/tNHaeKsgaNRazaAdFM8Ig1gINg7UQxIgPBWsHweuK3HpjSPI7uYZQwX5J+xENOCRipax/eeppL7FYd7wx7wB4hG8px1y45ZWcKvEjcnJRQjnrX/vJ6MU0li4AKonXHdRLwM6KAU8HGRS/VLCF0SPqsY2hEJNN+Nj1/jE+M0sNhrExFgKfq74mMSK1HMjCdksBAz3sT8T+vk0JY9TMeJSmwiM4WhanAEONJFrjHFaMgRoYQqri5FdMBUYSCSaxoQnDnX14kzUrZPS9X7i5Ktas8jgI6QsfoFLnoEtXQDaqjBqIoQ8/oFb1ZT9aL9W59zFqXrHzmAP2B9fkD0huUxA==</latexit>

E⌫e ⇠ O(1)MeV
<latexit sha1_base64="RIdrSx7Ll5Rc9Xq+isFN/usSUvo="></latexit>

L ⇠ 108 km
<latexit sha1_base64="MWfDT6R/sCP7r2phMRTarKVtFbc=">AAACAHicbVA9SwNBEN2LXzF+RS0sbBaDYCHhLgqmDNpYWEQwH5A7w95mkyzZvTt258RwXONfsbFQxNafYee/cZNcoYkPBh7vzTAzz48E12Db31ZuaXlldS2/XtjY3NreKe7uNXUYK8oaNBShavtEM8ED1gAOgrUjxYj0BWv5o6uJ33pgSvMwuINxxDxJBgHvc0rASN3iwY2rucSOfZ9UU/fUBfYIyUim3WLJLttT4EXiZKSEMtS7xS+3F9JYsgCoIFp3HDsCLyEKOBUsLbixZhGhIzJgHUMDIpn2kukDKT42Sg/3Q2UqADxVf08kRGo9lr7plASGet6biP95nRj6VS/hQRQDC+hsUT8WGEI8SQP3uGIUxNgQQhU3t2I6JIpQMJkVTAjO/MuLpFkpO2flyu15qXaZxZFHh+gInSAHXaAaukZ11EAUpegZvaI368l6sd6tj1lrzspm9tEfWJ8/Bm6WDg==</latexit>

 1711.00588

Kim, Lasserre, Wang

Double Chooz

P (⌫e ! ⌫e)
<latexit sha1_base64="9ruWs20DppXmD9b2HhCXGh3VzfM=">AAACJnicdVDLSgMxFM34tr6qLt0MFkE3ZUYF3QhFNy4r2Ad0hpJJ77TBTDIkd5Qy9Gvc+CtuXCgi7vwUM20XPg8EDuecm+SeKBXcoOe9OzOzc/MLi0vLpZXVtfWN8uZW06hMM2gwJZRuR9SA4BIayFFAO9VAk0hAK7q5KPzWLWjDlbzGYQphQvuSx5xRtFK3fFYPBMS4HyibKi7JA5mNujmMAs37A6Raq7v/zINuueJVvTHc38 SfkgqZot4tPwc9xbIEJDJBjen4XophTjVyJmBUCjIDKWU3tA8dSyVNwIT5eM2Ru2eVnhsrbY9Ed6x+nchpYswwiWwyoTgwP71C/MvrZBifhjmXaYYg2eShOBMuKrfozO1xDQzF0BLKNLd/ddmAasrQNluyJfg/V/5NmodV/6h6eHVcqZ1P61giO2SX7BOfnJAauSR10iCM3JNH8kxenAfnyXl13ibRGWc6s02+wfn4BHrYqD4=</latexit>

L ⇠ km
<latexit sha1_base64="QlWIB9g8BtMfp9nkTDmsdFRTjcw=">AAAB+HicbVA9SwNBEN3zM8aPnFraLAbBKtxFQcugjYVFBPMBuSPsbTbJkt29Y3dOjEd+iY2FIrb+FDv/jZvkCk18MPB4b4aZeVEiuAHP+3ZWVtfWNzYLW8Xtnd29krt/0DRxqilr0FjEuh0RwwRXrAEcBGsnmhEZCdaKRtdTv/XAtOGxuodxwkJJBor3OSVgpa5bug0MlzgA9gjZSE66btmreDPgZeLnpIxy1LvuV9CLaSqZAiqIMR3fSyDMiAZOBZsUg9SwhNARGbCOpYpIZsJsdvgEn1ilh/uxtqUAz9TfExmRxoxlZDslgaFZ9Kbif14nhf5lmHGVpMAUnS/qpwJDjKcp4B7XjIIYW0Ko5vZWTIdEEwo2q6INwV98eZk0qxX/rFK9Oy/XrvI4CugIHaNT5KMLVEM3qI4aiKIUPaNX9OY8OS/Ou/Mxb11x8plD9AfO5w/xmpNH</latexit>

E⌫e ⇠ O(1)MeV
<latexit sha1_base64="RIdrSx7Ll5Rc9Xq+isFN/usSUvo="></latexit>

1711.00588

Accelerator
P (⌫µ ! ⌫↵ 6=µ)

<latexit sha1_base64="Zj8x4xhvqIi7gPemipfU4+gqgVw=">AAACE3icbVA9SwNBEN2LXzF+RS1tDoMQLcJdFLQM2lhGMB+QC2Fus5dbsrt37u4p4ch/sPGv2FgoYmtj579xk1yhiQ8GHu/NMDPPjxlV2nG+rdzS8srqWn69sLG5tb1T3N1rqiiRmDRwxCLZ9kERRgVpaKoZaceSAPcZafnDq4nfuidS0Ujc6lFMuhwGggYUgzZSr3hSL3si6aUeT8aepINQg5TRw0wDFofgCXI3cY97xZJTca awF4mbkRLKUO8Vv7x+hBNOhMYMlOq4Tqy7KUhNMSPjgpcoEgMewoB0DBXAieqm05/G9pFR+nYQSVNC21P190QKXKkR900nBx2qeW8i/ud1Eh1cdFMq4kQTgWeLgoTZOrInAdl9KgnWbGQIYEnNrTYOQQLWJsaCCcGdf3mRNKsV97RSvTkr1S6zOPLoAB2iMnLROaqha1RHDYTRI3pGr+jNerJerHfrY9aas7KZffQH1ucPopWfQw==</latexit>
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✓23
<latexit sha1_base64="w4NllNBIJN262JDbFXn0bK9MvVQ=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0laQY9FLx4r2A9oQ9lsJ+3STTbsToQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNirVHFpcSaW7ATMgRQwtFCihm2hgUSChE0zu5n7nCbQRKn7EaQJ+xEaxCAVnaKVeH8eAbJDV6rNBueJW3QXoOvFyUiE5moPyV3+oeBpBjFwyY3qem6CfMY2CS5iV+qmBhPEJG0HP0phFYPxscfKMXlhlSEOlbcVIF+rviYxFxkyjwHZGDMdm1ZuL/3m9FMMbPxNxkiLEfLkoTCVFRef/06HQwFFOLWFcC3sr5WOmGUebUsmG4K2+vE7atapXr9YeriqN2zyOIjkj5+SSeOSaNMg9aZIW4USRZ/JK3hx0Xpx352PZWnDymVPyB87nDw7pkRo=</latexit>

�m2 ⇠ 10�3 eV2
<latexit sha1_base64="aQ89CtUXff2P1cYb0++wmIOP12c=">AAACDXicbVA9SwNBEN3z2/gVtbRZjIKFhrtE0FLUwlLBRCGXhL3NJC7ZvTt258Rw3B+w8a/YWChia2/nv3ETr9Dog4HHezPMzAtiKQy67qczMTk1PTM7N19YWFxaXimurtVNlGgONR7JSF8HzIAUIdRQoITrWANTgYSroH8y9K9uQRsRhZc4iKGpWC8UXcEZWqld3PJPQSKjqlWhvhGKem4r3atm/q6PcIcp1LNWpV0suWV3BPqXeDkpkRzn7eKH34l4oiBELpkxDc+NsZkyjYJLyAp+YiBmvM960LA0ZApMMx19k9Ftq3RoN9K2QqQj9edEypQxAxXYTsXwxox7Q/E/r5Fg97CZijBOEEL+vaibSIoRHUZDO0IDRzmwhHEt7K2U3zDNONoACzYEb/zlv6ReKXvVcuViv3R0nMcxRzbIJtkhHjkgR+SMnJMa4eSePJJn8uI8OE/Oq/P23Trh5DPr5Bec9y8vkZpi</latexit>

T2K 2017

� ⇠ 3⇡

2
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Other experiments and future ones
Minerva
CX measurement

incoming charged pion

SBND

Liquid argon detectors, beam ~ O(1) GeV
• investigate anomalies eV scale steriles

• neutrino argon cross sections

DUNE

JUNO

Mass ordering and 
solar mixing

CPV, atmospheric 
mixing, proton decay, 

mass ordering….

CPV, atmospheric mixing, proton 
decay, mass ordering….
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If neutrinos are Majorana there are two additional phases:

Observation of neutrinoless double beta decay would indicate the 
nature of the neutrino. 

(A,Z) �! (A,Z + 2) + 2e�(�L = 2)

 The half life of rare decay is proportional to effective Majorana mass: 
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QDGERDA, KamLAND-Zen, EXO, CUORICINO

CUORE, KamLAND-Zen2, 
SNO+, COBRA, NEXT, nEXO, 
SUPERNEMO, MAJORANA

Wide range of future experiments: 
positive signal would mean LNV

NDBD can probe neutrino mass 
ordering, absolute mass scale and CPV 
phases (in principle).

Majorana neutrinos

17
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• How are the masses ordered?

• What are the precise values of the  
mixing angles?

• Is leptonic CP maximally violated?

• What is the mass of the lightest neutrino? 

cosmology, many groups see 
X

m⌫ . 0.2 eV
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PDG

X
m⌫  1.1 eV
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recent measurement by KATRIN 1909.06048

• Are neutrinos Dirac or Majorana fermions?

We do know neutrinos are significantly lighter than other SM fermions

http://pdglive.lbl.gov/DataBlock.action?node=S066MNS
https://arxiv.org/pdf/1909.06048.pdf


Neutrino Masses
• Write a Dirac mass term analogous to other SM fermions

type-I SS type-II SS type-III SS

N

νL H

νL H

H H

νL νL

∆

νL H

νL H

Σ

Minkowski, 
Yanagida, 
Glashow,


Gell-Mann, 
Ramond, 
Slansky,


Mohapatra, 
Senjanovic

Ma, Roy, 
Senjanovic,


Hambye

fermionic 
singlet

scalar 
triplet fermionic 

triplet

�Ld=5 = �
L.HL.H
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Magg, 
Wetterich, 
Lazarides,


Shafi. 
Mohapatra, 
Senjanovic,


Schecter, Valle 
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https://arxiv.org/pdf/1706.08524.pdf
https://arxiv.org/pdf/hep-ph/0411194.pdf


Neutrino Masses
• Write a Dirac mass term analogous to other SM fermions

type-I SS type-II SS type-III SS
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Σ

Minkowski, 
Yanagida, 
Glashow,


Gell-Mann, 
Ramond, 
Slansky,


Mohapatra, 
Senjanovic

Ma, Roy, 
Senjanovic,


Hambye

fermionic 
singlet

scalar 
triplet fermionic 

triplet
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Magg, 
Wetterich, 
Lazarides,


Shafi. 
Mohapatra, 
Senjanovic,


Schecter, Valle 

• radiative models

• Extra dimensions

review: 1706.08524

review: 0411194

Babu, Leung, Bhattacharya, 
Wudka, Gouvea, Jenkins, 

Kobach, Ma

Arkani-Hamed, Dimopoulos, 
Dvali, March-Russell

higher dimensional 
bulk

4D brane

wave functions
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Leptogenesis via Decays

N

Decay asymmetry from interference between tree  
and  loop level diagrams  

CP-violation
weak 

sphalerons

Decay Asymmetry 

Fukugida, Yanagida
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H

L

Ni

H

L

H

L

Ni

L

H

L

H

Nj

Y⌫ i Y⌫ i Y⌫j

Covi, Roulet, Vissani

occurs at T ~ M
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lepton  
asymmetry

baryon  
asymmetry

Calculation does not 
usually include finite 
density temperature 

effects

B-L conserving
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Basic Mechanism

Washout and Scattering processes

L

H

N

L

H

N
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H†
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L

H

t

Q

inverse Decays ΔL=2 ΔL=1

Parameters of 
theory

Kinetic 
Equations

Y⌫
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~1014 GeV~50 GeV ~107 GeV~105 GeV~ 0.1 GeV~ eV

Leptogenesis via

oscillations

Resonant Leptogenesis

Minimal Leptogenesis

Flavour effects can lower the scale

• small neutrino masses ⟺ BAU 
• minimal: 2RHN 
• neutrino data, NDBD, LFV and LNV, cosmology 
    in meson decays, collider searches

• small neutrino masses ⟺ BAU 
• minimal: 2RHN 
• Easily embedded in GUT 

models 
• falsifiable 
• Can induce the EW scale

• Scale too high can exacerbate  
• Higgs fine tuning 
• RHNs too heavy to produce

Akmedov, 
Rubakov, Smirnov, 
Hernandez, Kekic, 
Lopez-Pavon, 
Racker, Salvado, 
Drewes,Garbcreht, 
Klaric, Gueter 

Pilaftsis, Underwood, Millington, Teresi

image taken from 
1609.09069


(Drewes, Garbrecht, 
Klaric, Gueter)
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Half time summary

• Neutrinos  masses are much smaller than other SM fermions

• Neutrinos could be their own anti-particles

• This possibility opens up the possibility neutrino masses may be 
connected to the BAU.

• This seems to hint they may acquire their mass in a completely 
different way from other fermions.

• We will consider the plausibility of a rather exotic neutrino mass 
model….
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Neutrino Masses from gravity
Dvali & Funcke (1602.03191)
Logic: make an analogue of gravity with QCD

At energies below  ⇤QCD ⇠ 300MeV
<latexit sha1_base64="rSaYsxxOtELyKtby7ujO0CuuZ2M=">AAACE3icbVC7SgNBFJ2N7/iKWtoMBkFEwq4KWgZjYaGgYKKQDWF29q4ZMvtg5q4Ylv0HG3/FxkIRWxs7/8bJo9DEAwOHc87lzj1eIoVG2/62ClPTM7Nz8wvFxaXlldXS2npDx6niUOexjNWtxzRIEUEdBUq4TRSw0JNw43Vrff/mHpQWcXSNvQRaIbuLRCA4QyO1S7vuuQn7rJ25CA+YXdVO85y6WoT0wLapuzeUL6CRt0tlu2IPQCeJMyJlMsJlu/Tl+jFPQ4iQS6Z107ETbGVMoeAS8qKbakgY77I7aBoasRB0KxvclNNto/g0iJV5EdKB+nsiY6HWvdAzyZBhR497ffE/r5licNzKRJSkCBEfLgpSSTGm/YKoLxRwlD1DGFfC/JXyDlOMo6mxaEpwxk+eJI39inNQ2b86LFdPRnXMk02yRXaIQ45IlZyRS1InnDySZ/JK3qwn68V6tz6G0YI1mtkgf2B9/gDPBp15</latexit>

quarks confine into hadrons

u, d, s are light relative to c, b and t so approximate flavour symmetry 

Once confinement occurs, relevant d.o.f baryons and mesons hqqi
<latexit sha1_base64="VI2KPRBLsatplJgs8wt0Co7zSnM=">AAACBnicbVDNS8MwHE3n15xfVY8iBIfgabRT0OPQi8cJ7gPWMtIs3cLSpEtSYZSdvPivePGgiFf/Bm/+N6ZdD7r5IPB47/2S/F4QM6q043xbpZXVtfWN8mZla3tnd8/eP2grkUhMWlgwIbsBUoRRTlqaaka6sSQoChjpBOObzO88EKmo4Pd6GhM/QkNOQ4qRNlLfPvYY4kNGoCdMLLslncwm0JO52rerTs3JAZeJW5AqKNDs21/eQOAkIlxjhpTquU6s/RRJTTEjs4qXKBIjPEZD0jOUo4goP83XmMFTowxgKKQ5XMNc/T2RokipaRSYZIT0SC16mfif10t0eOWnlMeJJhzPHwoTBrWAWSdwQCXBmk0NQVhS81eIR0girE1zFVOCu7jyMmnXa+55rX53UW1cF3WUwRE4AWfABZegAW5BE7QABo/gGbyCN+vJerHerY95tGQVM4fgD6zPH8LGmU8=</latexit>

Ground state break symmetry

U(3)A ⇥ U(3)V ! U(3)V
<latexit sha1_base64="0vVWBltTFLWBsfmUp4lzau/2kaY=">AAACFHicbVDLSgMxFM3UV62vUZdugkWoCGWmFXRZdeOygn1AOwyZNG1DM5MhuaOUoR/hxl9x40IRty7c+TemD0FbDwROzrmXe+8JYsE1OM6XlVlaXlldy67nNja3tnfs3b26lomirEalkKoZEM0Ej1gNOAjWjBUjYSBYIxhcjf3GHVOay+gWhjHzQtKLeJdTAkby7ZNaoXzspxcj3AYeMo0n/zpuK97rA1FK3uMfzbfzTtGZAC8Sd0byaIaqb3+2O5ImIYuACqJ1y3Vi8FKigFPBRrl2ollM6ID0WMvQiJgFvHRy1AgfGaWDu1KZFwGeqL87UhJqPQwDUxkS6Ot5byz+57US6J57KY/iBFhEp4O6icAg8Tgh3OGKURBDQwhV3OyKaZ8oQsHkmDMhuPMnL5J6qeiWi6Wb03zlchZHFh2gQ1RALjpDFXSNqqiGKHpAT+gFvVqP1rP1Zr1PSzPWrGcf/YH18Q0+jJvN</latexit>

U(3)A ⇥ U(3)V
<latexit sha1_base64="ERCRGxN9GjrJwMcayEpWXYH0zWI=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWAR6qYkraDLqhuXFUxbaEOYTCft0MmDmRuhhG78FTcuFHHrZ7jzb5ymWWjrgYFzz7mXO/f4ieAKLOvbWFldW9/YLG2Vt3d29/bNg8O2ilNJmUNjEcuuTxQTPGIOcBCsm0hGQl+wjj++nfmdRyYVj6MHmCTMDckw4gGnBLTkmcdOtXHuZddT3AceMoXzuo09s2LVrBx4mdgFqaACLc/86g9imoYsAiqIUj3bSsDNiAROBZuW+6liCaFjMmQ9TSOil7lZfsAUn2llgINY6hcBztXfExkJlZqEvu4MCYzUojcT//N6KQRXbsajJAUW0fmiIBUYYjxLAw+4ZBTERBNCJdd/xXREJKGgMyvrEOzFk5dJu16zG7X6/UWleVPEUUIn6BRVkY0uURPdoRZyEEVT9Ixe0ZvxZLwY78bHvHXFKGaO0B8Ynz+NIJRy</latexit>

1(⌘0) + 8(⇡, ⌘,K)
<latexit sha1_base64="3GBuJUG++leYWA3vxKOx0/pvKGQ=">AAACB3icbVDLSgNBEJz1GeMr6lGQwSAkGMJuFMwx6EXwEsE8ILuG2UlvMmT2wcysEJbcvPgrXjwo4tVf8ObfOEn2oIkFDUVVN91dbsSZVKb5bSwtr6yurWc2sptb2zu7ub39pgxjQaFBQx6KtkskcBZAQzHFoR0JIL7LoeUOryZ+6wGEZGFwp0YROD7pB8xjlCgtdXNHVsEGRe7tSDAfivgUVwt2xEoTsXRT7ObyZtmcAi8SKyV5lKLezX3ZvZDGPgSKciJlxzIj5SREKEY5jLN2LCEidEj60NE0ID5IJ5n+McYnWulhLxS6AoWn6u+JhPhSjnxXd/pEDeS8NxH/8zqx8qpOwoIoVhDQ2SIv5liFeBIK7jEBVPGRJoQKpm/FdEAEoUpHl9UhWPMvL5JmpWydlSu35/naZRpHBh2iY1RAFrpANXSN6qiBKHpEz+gVvRlPxovxbnzMWpeMdOYA/YHx+QOHdpcs</latexit>

quark 
confinement 

spontaneously 
breaks 

symmetry

Broken symmetry contains U(1)A and an SU(3) part which are 
broken and via  Goldstone’s theorem give

https://arxiv.org/abs/1602.03191
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 is heavy relative to the other mesons as its mass gets raised due to 
non-perturbative QCD effects.
⌘0

<latexit sha1_base64="V7VPqmo9vBjmmQE6fA1FgpJfCRQ=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKexGQY9BLx4jmAfsrmF20psMmX0w0yuEJZ/hxYMiXv0ab/6Nk2QPmljQUFR1090VpFJotO1vq7S2vrG5Vd6u7Ozu7R9UD486OskUhzZPZKJ6AdMgRQxtFCihlypgUSChG4xvZ373CZQWSfyAkxT8iA1jEQrO0EiuB8gevVSJCPrVml2356CrxClIjRRo9atf3iDhWQQxcsm0dh07RT 9nCgWXMK14mYaU8TEbgmtozCLQfj4/eUrPjDKgYaJMxUjn6u+JnEVaT6LAdEYMR3rZm4n/eW6G4bWfizjNEGK+WBRmkmJCZ//TgVDAUU4MYVwJcyvlI6YYR5NSxYTgLL+8SjqNunNRb9xf1po3RRxlckJOyTlxyBVpkjvSIm3CSUKeySt5s9B6sd6tj0VrySpmjskfWJ8/blaRWQ==</latexit>

⇡0

<latexit sha1_base64="fqldkpycfYrpmbFIkb5Tpj7C5n0=">AAACA3icbVDLSgNBEJz1GeMr6k0vg0HwFHajoMegF48RzAOSGGYnvcmQ2QczvWpYFrz4K148KOLVn/Dm3zjZ5KCJBQ1FVff0dLmRFBpt+9taWFxaXlnNreXXNza3tgs7u3UdxopDjYcyVE2XaZAigBoKlNCMFDDfldBwh5djv3EHSoswuMFRBB2f9QPhCc7QSN3CfhvhAbN3kvuBQEiTdiRuEztNu4WiXbIz0HniTEmRTFHtFr7avZDHPgTIJdO65dgRdhKmUHAJab4da4gYH7I+tAwNmA+6k2S7U3pklB71QmUqQJqpvycS5ms98l3T6TMc6FlvLP7ntWL0zjuJCKIYIeCTRV4sKYZ0HAjtCQUc5cgQxpUwf6V8wBTjaGLLmxCc2ZPnSb1cck5K5evTYuViGkeOHJBDckwcckYq5IpUSY1w8kieySt5s56sF+vd+pi0LljTmT3yB9bnD5GYmL8=</latexit>

⇡0
<latexit sha1_base64="yeuY+rWbud3iBcz0UpFHcJaKv/M=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9o15JNs21oNhuSrFCW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvVIIb63nfqLC2vrG5Vdwu7ezu7R+UD49aJkk1ZU2aiER3QmKY4JI1LbeCdZRmJA4Fa4fj25nffmLa8EQ+2IliQUyGkkecEuukdk/xx8yb9ssVr+rNgVeJn5MK5Gj0y1+9QULTmElLBTGm63vKBhnRllPBpqVeapgidEyGrOuoJDEzQTY/d4rPnDLAUaJdSYvn6u+JjMTGTOLQdcbEjsyyNxP/87qpja6DjEuVWibpYlGUCmwTPPsdD7hm1IqJI4Rq7m7FdEQ0odYlVHIh+Msvr5JWrepfVGv3l5X6TR5HEU7gFM7Bhyuowx00oAkUxvAMr/CGFHpB7+hj0VpA+cwx/AH6/AE7EI9/</latexit> ⇡+

<latexit sha1_base64="x0EiuV86i60GNjn94cwR6rcHHgk=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSIIQtmtgh6LXjxWsB/QriWbZtvQbBKSrFCW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vf3srq2vrGZmGruL2zu7dfOjhsGplqQhtEcqnbETaUM0EblllO20pTnESctqLR7dRvPVFtmBQPdqxomOCBYDEj2Dqp1VXsMTuf9Eplv+LPgJZJkJMy5Kj3Sl/dviRpQoUlHBvTCXxlwwxrywink2I3NVRhMsID2nFU4ISaMJudO0GnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q4+swY0KllgoyXxSnHFmJpr+jPtOUWD52BBPN3K2IDLHGxLqEii6EYPHlZdKsVoKLSvX+sly7yeMowDGcwBkEcAU1uIM6NIDACJ7hFd485b14797HvHXFy2eO4A+8zx8zd496</latexit>

⇡�
<latexit sha1_base64="Jih6+5KE8ZUr0UvWuPiA2fGVFj8=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSJ4sexWQY9FLx4r2A9o15JNs21oNglJVihLf4QXD4p49fd489+YtnvQ1gcDj/dmmJkXKc6M9f1vb2V1bX1js7BV3N7Z3dsvHRw2jUw1oQ0iudTtCBvKmaANyyynbaUpTiJOW9Hoduq3nqg2TIoHO1Y0TPBAsJgRbJ3U6ir2mJ1PeqWyX/FnQMskyEkZctR7pa9uX5I0ocISjo3pBL6yYYa1ZYTTSbGbGqowGeEB7TgqcEJNmM3OnaBTp/RRLLUrYdFM/T2R4cSYcRK5zgTboVn0puJ/Xie18XWYMaFSSwWZL4pTjqxE099Rn2lKLB87golm7lZEhlhjYl1CRRdCsPjyMmlWK8FFpXp/Wa7d5HEU4BhO4AwCuIIa3EEdGkBgBM/wCm+e8l68d+9j3rri5TNH8Afe5w82gY98</latexit>

K0
<latexit sha1_base64="PmuTFgCzevbtMbq/qa8BA+U+JlU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BL4KXiOYByRpmJ5NkyOzsMtMrhCWf4MWDIl79Im/+jZNkD5pY0FBUddPdFcRSGHTdbye3srq2vpHfLGxt7+zuFfcPGiZKNON1FslItwJquBSK11Gg5K1YcxoGkjeD0fXUbz5xbUSkHnAccz+kAyX6glG00v3to9stltyyOwNZJl5GSpCh1i1+dXoRS0KukElqTNtzY/RTqlEwySeFTmJ4TNmIDnjbUkVDbvx0duqEnFilR/qRtqWQzNTfEykNjRmHge0MKQ7NojcV//PaCfYv/VSoOEGu2HxRP5EEIzL9m/SE5gzl2BLKtLC3EjakmjK06RRsCN7iy8ukUSl7Z+XK3XmpepXFkYcjOIZT8OACqnADNagDgwE8wyu8OdJ5cd6dj3lrzslmDuEPnM8fxViNdQ==</latexit>

K0
<latexit sha1_base64="tr0X1phvWwhldmCKsqj1XYJmqQs=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclZkq6LLoRnBTwT6gnZZMmmlDM8mQZJQy9D/cuFDErf/izr8x085CWw8EDufcw705QcyZNq777aysrq1vbBa2its7u3v7pYPDppaJIrRBJJeqHWBNORO0YZjhtB0riqOA01Ywvsn81iNVmknxYCYx9SM8FCxkBBsr9brSmlk2veu5036p7FbcGdAy8XJShhz1fumrO5AkiagwhGOtO54bGz/FyjDC6bTYTTSNMRnjIe1YKnBEtZ/Orp6iU6sMUCiVfcKgmfo7keJI60kU2MkIm5Fe9DLxP6+TmPDKT5mIE0MFmS8KE46MRFkFaMAUJYZPLMFEMXsrIiOsMDG2qKItwVv88jJpViveeaV6f1GuXed1FOAYTuAMPLiEGtxCHRpAQMEzvMKb8+S8OO/Ox3x0xckzR/AHzucPp5ySmw==</latexit>

K+
<latexit sha1_base64="+I9N9tUB1RN9WnwEWp3FnUj+1ME=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBAEIexGQY9BL4KXiOYByRpmJ5NkyOzsMtMrhCWf4MWDIl79Im/+jZNkD5pY0FBUddPdFcRSGHTdb2dpeWV1bT23kd/c2t7ZLezt102UaMZrLJKRbgbUcCkUr6FAyZux5jQMJG8Ew+uJ33ji2ohIPeAo5n5I+0r0BKNopfvbx9NOoeiW3CnIIvEyUoQM1U7hq92NWBJyhUxSY1qeG6OfUo2CST7OtxPDY8qGtM9blioacuOn01PH5NgqXdKLtC2FZKr+nkhpaMwoDGxnSHFg5r2J+J/XSrB36adCxQlyxWaLeokkGJHJ36QrNGcoR5ZQpoW9lbAB1ZShTSdvQ/DmX14k9XLJOyuV786LlassjhwcwhGcgAcXUIEbqEINGPThGV7hzZHOi/PufMxal5xs5gD+wPn8Ab3EjXA=</latexit>K�

<latexit sha1_base64="dEJQ3nRxij/RxxnnarycyHsk0Vc=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBC8GHajoMegF8FLRPOAZA2zk0kyZHZ2mekVwpJP8OJBEa9+kTf/xkmyB00saCiquunuCmIpDLrut7O0vLK6tp7byG9ube/sFvb26yZKNOM1FslINwNquBSK11Cg5M1YcxoGkjeC4fXEbzxxbUSkHnAUcz+kfSV6glG00v3t42mnUHRL7hRkkXgZKUKGaqfw1e5GLAm5QiapMS3PjdFPqUbBJB/n24nhMWVD2uctSxUNufHT6aljcmyVLulF2pZCMlV/T6Q0NGYUBrYzpDgw895E/M9rJdi79FOh4gS5YrNFvUQSjMjkb9IVmjOUI0so08LeStiAasrQppO3IXjzLy+SernknZXKd+fFylUWRw4O4QhOwIMLqMANVKEGDPrwDK/w5kjnxXl3PmatS042cwB/4Hz+AMDMjXI=</latexit>

⌘
<latexit sha1_base64="jpVdjwnRsHnjvYQzwTGHXHUPFLk=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/YA2lM120y7d3YTdiVBC/4IXD4p49Q9589+YtDlo64OBx3szzMwLYiksuu63s7a+sbm1Xdop7+7tHxxWjo7bNkoM4y0Wych0A2q5FJq3UKDk3dhwqgLJO8HkLvc7T9xYEelHnMbcV3SkRSgYxVzqc6SDStWtuXOQVeIVpAoFmoPKV38YsURxjUxSa3ueG6OfUoOCST4r9xPLY8omdMR7GdVUceun81tn5DxThiSMTFYayVz9PZFSZe1UBVmnoji2y14u/uf1Egxv/FToOEGu2WJRmEiCEckfJ0NhOEM5zQhlRmS3EjamhjLM4ilnIXjLL6+Sdr3mXdbqD1fVxm0RRwlO4QwuwINraMA9NKEFDMbwDK/w5ijnxXl3Phata04xcwJ/4Hz+AAowjjw=</latexit>

not to scale ;)

 

 (1602.03191)

https://www.sciencedirect.com/science/article/pii/0550321379900312?via%3Dihub
https://arxiv.org/abs/1602.03191
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 is heavy relative to the other mesons and its mass gets raised due 
to non-perturbative QCD effects.
⌘0

<latexit sha1_base64="V7VPqmo9vBjmmQE6fA1FgpJfCRQ=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKexGQY9BLx4jmAfsrmF20psMmX0w0yuEJZ/hxYMiXv0ab/6Nk2QPmljQUFR1090VpFJotO1vq7S2vrG5Vd6u7Ozu7R9UD486OskUhzZPZKJ6AdMgRQxtFCihlypgUSChG4xvZ373CZQWSfyAkxT8iA1jEQrO0EiuB8gevVSJCPrVml2356CrxClIjRRo9atf3iDhWQQxcsm0dh07RT 9nCgWXMK14mYaU8TEbgmtozCLQfj4/eUrPjDKgYaJMxUjn6u+JnEVaT6LAdEYMR3rZm4n/eW6G4bWfizjNEGK+WBRmkmJCZ//TgVDAUU4MYVwJcyvlI6YYR5NSxYTgLL+8SjqNunNRb9xf1po3RRxlckJOyTlxyBVpkjvSIm3CSUKeySt5s9B6sd6tj0VrySpmjskfWJ8/blaRWQ==</latexit>

⇡0

<latexit sha1_base64="fqldkpycfYrpmbFIkb5Tpj7C5n0=">AAACA3icbVDLSgNBEJz1GeMr6k0vg0HwFHajoMegF48RzAOSGGYnvcmQ2QczvWpYFrz4K148KOLVn/Dm3zjZ5KCJBQ1FVff0dLmRFBpt+9taWFxaXlnNreXXNza3tgs7u3UdxopDjYcyVE2XaZAigBoKlNCMFDDfldBwh5djv3EHSoswuMFRBB2f9QPhCc7QSN3CfhvhAbN3kvuBQEiTdiRuEztNu4WiXbIz0HniTEmRTFHtFr7avZDHPgTIJdO65dgRdhKmUHAJab4da4gYH7I+tAwNmA+6k2S7U3pklB71QmUqQJqpvycS5ms98l3T6TMc6FlvLP7ntWL0zjuJCKIYIeCTRV4sKYZ0HAjtCQUc5cgQxpUwf6V8wBTjaGLLmxCc2ZPnSb1cck5K5evTYuViGkeOHJBDckwcckYq5IpUSY1w8kieySt5s56sF+vd+pi0LljTmT3yB9bnD5GYmL8=</latexit>

⇡0
<latexit sha1_base64="yeuY+rWbud3iBcz0UpFHcJaKv/M=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9o15JNs21oNhuSrFCW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvVIIb63nfqLC2vrG5Vdwu7ezu7R+UD49aJkk1ZU2aiER3QmKY4JI1LbeCdZRmJA4Fa4fj25nffmLa8EQ+2IliQUyGkkecEuukdk/xx8yb9ssVr+rNgVeJn5MK5Gj0y1+9QULTmElLBTGm63vKBhnRllPBpqVeapgidEyGrOuoJDEzQTY/d4rPnDLAUaJdSYvn6u+JjMTGTOLQdcbEjsyyNxP/87qpja6DjEuVWibpYlGUCmwTPPsdD7hm1IqJI4Rq7m7FdEQ0odYlVHIh+Msvr5JWrepfVGv3l5X6TR5HEU7gFM7Bhyuowx00oAkUxvAMr/CGFHpB7+hj0VpA+cwx/AH6/AE7EI9/</latexit> ⇡+

<latexit sha1_base64="x0EiuV86i60GNjn94cwR6rcHHgk=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSIIQtmtgh6LXjxWsB/QriWbZtvQbBKSrFCW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vf3srq2vrGZmGruL2zu7dfOjhsGplqQhtEcqnbETaUM0EblllO20pTnESctqLR7dRvPVFtmBQPdqxomOCBYDEj2Dqp1VXsMTuf9Eplv+LPgJZJkJMy5Kj3Sl/dviRpQoUlHBvTCXxlwwxrywink2I3NVRhMsID2nFU4ISaMJudO0GnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q4+swY0KllgoyXxSnHFmJpr+jPtOUWD52BBPN3K2IDLHGxLqEii6EYPHlZdKsVoKLSvX+sly7yeMowDGcwBkEcAU1uIM6NIDACJ7hFd485b14797HvHXFy2eO4A+8zx8zd496</latexit>

⇡�
<latexit sha1_base64="Jih6+5KE8ZUr0UvWuPiA2fGVFj8=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSJ4sexWQY9FLx4r2A9o15JNs21oNglJVihLf4QXD4p49fd489+YtnvQ1gcDj/dmmJkXKc6M9f1vb2V1bX1js7BV3N7Z3dsvHRw2jUw1oQ0iudTtCBvKmaANyyynbaUpTiJOW9Hoduq3nqg2TIoHO1Y0TPBAsJgRbJ3U6ir2mJ1PeqWyX/FnQMskyEkZctR7pa9uX5I0ocISjo3pBL6yYYa1ZYTTSbGbGqowGeEB7TgqcEJNmM3OnaBTp/RRLLUrYdFM/T2R4cSYcRK5zgTboVn0puJ/Xie18XWYMaFSSwWZL4pTjqxE099Rn2lKLB87golm7lZEhlhjYl1CRRdCsPjyMmlWK8FFpXp/Wa7d5HEU4BhO4AwCuIIa3EEdGkBgBM/wCm+e8l68d+9j3rri5TNH8Afe5w82gY98</latexit>

K0
<latexit sha1_base64="PmuTFgCzevbtMbq/qa8BA+U+JlU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BL4KXiOYByRpmJ5NkyOzsMtMrhCWf4MWDIl79Im/+jZNkD5pY0FBUddPdFcRSGHTdbye3srq2vpHfLGxt7+zuFfcPGiZKNON1FslItwJquBSK11Gg5K1YcxoGkjeD0fXUbz5xbUSkHnAccz+kAyX6glG00v3to9stltyyOwNZJl5GSpCh1i1+dXoRS0KukElqTNtzY/RTqlEwySeFTmJ4TNmIDnjbUkVDbvx0duqEnFilR/qRtqWQzNTfEykNjRmHge0MKQ7NojcV//PaCfYv/VSoOEGu2HxRP5EEIzL9m/SE5gzl2BLKtLC3EjakmjK06RRsCN7iy8ukUSl7Z+XK3XmpepXFkYcjOIZT8OACqnADNagDgwE8wyu8OdJ5cd6dj3lrzslmDuEPnM8fxViNdQ==</latexit>

K0
<latexit sha1_base64="tr0X1phvWwhldmCKsqj1XYJmqQs=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclZkq6LLoRnBTwT6gnZZMmmlDM8mQZJQy9D/cuFDErf/izr8x085CWw8EDufcw705QcyZNq777aysrq1vbBa2its7u3v7pYPDppaJIrRBJJeqHWBNORO0YZjhtB0riqOA01Ywvsn81iNVmknxYCYx9SM8FCxkBBsr9brSmlk2veu5036p7FbcGdAy8XJShhz1fumrO5AkiagwhGOtO54bGz/FyjDC6bTYTTSNMRnjIe1YKnBEtZ/Orp6iU6sMUCiVfcKgmfo7keJI60kU2MkIm5Fe9DLxP6+TmPDKT5mIE0MFmS8KE46MRFkFaMAUJYZPLMFEMXsrIiOsMDG2qKItwVv88jJpViveeaV6f1GuXed1FOAYTuAMPLiEGtxCHRpAQMEzvMKb8+S8OO/Ox3x0xckzR/AHzucPp5ySmw==</latexit>

K+
<latexit sha1_base64="+I9N9tUB1RN9WnwEWp3FnUj+1ME=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBAEIexGQY9BL4KXiOYByRpmJ5NkyOzsMtMrhCWf4MWDIl79Im/+jZNkD5pY0FBUddPdFcRSGHTdb2dpeWV1bT23kd/c2t7ZLezt102UaMZrLJKRbgbUcCkUr6FAyZux5jQMJG8Ew+uJ33ji2ohIPeAo5n5I+0r0BKNopfvbx9NOoeiW3CnIIvEyUoQM1U7hq92NWBJyhUxSY1qeG6OfUo2CST7OtxPDY8qGtM9blioacuOn01PH5NgqXdKLtC2FZKr+nkhpaMwoDGxnSHFg5r2J+J/XSrB36adCxQlyxWaLeokkGJHJ36QrNGcoR5ZQpoW9lbAB1ZShTSdvQ/DmX14k9XLJOyuV786LlassjhwcwhGcgAcXUIEbqEINGPThGV7hzZHOi/PufMxal5xs5gD+wPn8Ab3EjXA=</latexit>K�

<latexit sha1_base64="dEJQ3nRxij/RxxnnarycyHsk0Vc=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBC8GHajoMegF8FLRPOAZA2zk0kyZHZ2mekVwpJP8OJBEa9+kTf/xkmyB00saCiquunuCmIpDLrut7O0vLK6tp7byG9ube/sFvb26yZKNOM1FslINwNquBSK11Cg5M1YcxoGkjeC4fXEbzxxbUSkHnAUcz+kfSV6glG00v3t42mnUHRL7hRkkXgZKUKGaqfw1e5GLAm5QiapMS3PjdFPqUbBJB/n24nhMWVD2uctSxUNufHT6aljcmyVLulF2pZCMlV/T6Q0NGYUBrYzpDgw895E/M9rJdi79FOh4gS5YrNFvUQSjMjkb9IVmjOUI0so08LeStiAasrQppO3IXjzLy+SernknZXKd+fFylUWRw4O4QhOwIMLqMANVKEGDPrwDK/w5kjnxXl3PmatS042cwB/4Hz+AMDMjXI=</latexit>

⌘
<latexit sha1_base64="jpVdjwnRsHnjvYQzwTGHXHUPFLk=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/YA2lM120y7d3YTdiVBC/4IXD4p49Q9589+YtDlo64OBx3szzMwLYiksuu63s7a+sbm1Xdop7+7tHxxWjo7bNkoM4y0Wych0A2q5FJq3UKDk3dhwqgLJO8HkLvc7T9xYEelHnMbcV3SkRSgYxVzqc6SDStWtuXOQVeIVpAoFmoPKV38YsURxjUxSa3ueG6OfUoOCST4r9xPLY8omdMR7GdVUceun81tn5DxThiSMTFYayVz9PZFSZe1UBVmnoji2y14u/uf1Egxv/FToOEGu2WJRmEiCEckfJ0NhOEM5zQhlRmS3EjamhjLM4ilnIXjLL6+Sdr3mXdbqD1fVxm0RRwlO4QwuwINraMA9NKEFDMbwDK/w5ijnxXl3Phata04xcwJ/4Hz+AAowjjw=</latexit>

not to scale ;)
⌘0

<latexit sha1_base64="V7VPqmo9vBjmmQE6fA1FgpJfCRQ=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKexGQY9BLx4jmAfsrmF20psMmX0w0yuEJZ/hxYMiXv0ab/6Nk2QPmljQUFR1090VpFJotO1vq7S2vrG5Vd6u7Ozu7R9UD486OskUhzZPZKJ6AdMgRQxtFCihlypgUSChG4xvZ373CZQWSfyAkxT8iA1jEQrO0EiuB8gevVSJCPrVml2356CrxClIjRRo9atf3iDhWQQxcsm0dh07RT9nCgWXMK14mYaU8TEbgmtozCLQfj4/eUrPjDKgYaJMxUjn6u+JnEVaT6LAdEYMR3rZm4n/eW6G4bWfizjNEGK+WBRmkmJCZ//TgVDAUU4MYVwJcyvlI6YYR5NSxYTgLL+8SjqNunNRb9xf1po3RRxlckJOyTlxyBVpkjvSIm3CSUKeySt5s9B6sd6tj0VrySpmjskfWJ8/blaRWQ==</latexit>

 

 

 

 (1602.03191)

⇠ 548MeV
<latexit sha1_base64="yxGl4gGFhaKy45eoNd4rVXsBV/s=">AAAB/XicbVDJSgNBEO2JWxy3uNy8NAbBg4QZF8xFDHrxIkQwMZAJoadTMY09C901YhyCvyKIB0W8+gnevYh/YyfxoNEHBY/3qqiq58dSaHScTyszNj4xOZWdtmdm5+YXcotLVR0likOFRzJSNZ9pkCKECgqUUIsVsMCXcO5fHvX98ytQWkThGXZjaATsIhRtwRkaqZlb8bQI6O5O0dv0EK4xPYFqr5nLOwVnAPqXuN8kf/Bm78f3H3a5mXv3WhFPAgiRS6Z13XVibKRMoeASeraXaIgZv2QXUDc0ZAHoRjq4vkfXjdKi7UiZCpEO1J8TKQu07ga+6QwYdvSo1xf/8+oJtouNVIRxghDy4aJ2IilGtB8FbQkFHGXXEMaVMLdS3mGKcTSB2SYEd/Tlv6S6VXC3C1unbr50SIbIklWyRjaIS/ZIiRyTMqkQTm7IHXkkT9at9WA9Wy/D1oz1PbNMfsF6/QK6rZfE</latexit>

⇠ 958MeV
<latexit sha1_base64="8sBjOYeCeE6dTIpDuLt/NoL4bws=">AAAB/XicbVDLSgNBEJyNr7i+4uPmZTAIHiTsKmI8iEEvXoQIJgayIcxOOmZw9sFMrxiX4K8I4kERr36Cdy/i3zhJPGi0oKGo6qa7y4+l0Og4n1ZmbHxicio7bc/Mzs0v5BaXqjpKFIcKj2Skaj7TIEUIFRQooRYrYIEv4dy/POr751egtIjCM+zG0AjYRSjagjM0UjO34mkR0L2dorfpIVxjegLVXjOXdwrOAPQvcb9J/uDN3o/vP+xyM/futSKeBBAil0zruuvE2EiZQsEl9Gwv0RAzfskuoG5oyALQjXRwfY+uG6VF25EyFSIdqD8nUhZo3Q180xkw7OhRry/+59UTbBcbqQjjBCHkw0XtRFKMaD8K2hIKOMquIYwrYW6lvMMU42gCs00I7ujLf0l1q+BuF7ZO3XzpkAyRJatkjWwQl+ySEjkmZVIhnNyQO/JInqxb68F6tl6GrRnre2aZ/IL1+gXChpfJ</latexit>

⇠ 495MeV
<latexit sha1_base64="gb01+nu3XT0fFG3Co0yUzU8MCqk=">AAAB/XicbVDJSgNBEO2J+7jF5ealMQgeJMy4oB5E0YsXIYJZIBNCT6eSNPYsdNeIcQj+iiAeFPHqJ3j3Iv6NncSDGh8UPN6roqqeH0uh0XE+rczI6Nj4xOSUPT0zOzefXVgs6ShRHIo8kpGq+EyDFCEUUaCESqyABb6Esn950vPLV6C0iMIL7MRQC1grFE3BGRqpnl32tAjo9v6Ot+EhXGN6BqVuPZtz8k4fdJi43yR3+GYfxPcfdqGeffcaEU8CCJFLpnXVdWKspUyh4BK6tpdoiBm/ZC2oGhqyAHQt7V/fpWtGadBmpEyFSPvqz4mUBVp3At90Bgzb+q/XE//zqgk292qpCOMEIeSDRc1EUoxoLwraEAo4yo4hjCthbqW8zRTjaAKzTQju35eHSWkz727lN8/d3NExGWCSrJBVsk5cskuOyCkpkCLh5IbckUfyZN1aD9az9TJozVjfM0vkF6zXL7xAl8U=</latexit>

⇠ 135MeV
<latexit sha1_base64="AHTaHS3Y2QomDm++pRwABpCckXc=">AAAB/XicbVDJSgNBEO1xd9zicvPSGAQPEmYSRC+i6MWLoGAWyITQ06kkTXoWumvEOAR/RRAPinj1E7x7Ef/GTuJBEx8UPN6roqqeH0uh0XG+rInJqemZ2bl5e2FxaXkls7pW0lGiOBR5JCNV8ZkGKUIookAJlVgBC3wJZb9z2vfL16C0iMIr7MZQC1grFE3BGRqpntnwtAioW9jzdj2EG0zPodSrZ7JOzhmAjhP3h2SP3u3D+OHTvqhnPrxGxJMAQuSSaV11nRhrKVMouISe7SUaYsY7rAVVQ0MWgK6lg+t7dNsoDdqMlKkQ6UD9PZGyQOtu4JvOgGFbj3p98T+vmmDzoJaKME4QQj5c1EwkxYj2o6ANoYCj7BrCuBLmVsrbTDGOJjDbhOCOvjxOSvmcW8jlL93s8QkZYo5ski2yQ1yyT47JGbkgRcLJLbknT+TZurMerRfrddg6Yf3MrJM/sN6+Aa4kl7w=</latexit>

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.37.8
https://www.sciencedirect.com/science/article/pii/0550321379900312?via%3Dihub
https://www.sciencedirect.com/science/article/pii/0550321379903328?via%3Dihub
https://arxiv.org/abs/1602.03191
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Neutrino Masses from gravity

 is heavy relative to the other mesons and its mass gets raised due 
to non-perturbative QCD effects.
⌘0

<latexit sha1_base64="V7VPqmo9vBjmmQE6fA1FgpJfCRQ=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKexGQY9BLx4jmAfsrmF20psMmX0w0yuEJZ/hxYMiXv0ab/6Nk2QPmljQUFR1090VpFJotO1vq7S2vrG5Vd6u7Ozu7R9UD486OskUhzZPZKJ6AdMgRQxtFCihlypgUSChG4xvZ373CZQWSfyAkxT8iA1jEQrO0EiuB8gevVSJCPrVml2356CrxClIjRRo9atf3iDhWQQxcsm0dh07RT 9nCgWXMK14mYaU8TEbgmtozCLQfj4/eUrPjDKgYaJMxUjn6u+JnEVaT6LAdEYMR3rZm4n/eW6G4bWfizjNEGK+WBRmkmJCZ//TgVDAUU4MYVwJcyvlI6YYR5NSxYTgLL+8SjqNunNRb9xf1po3RRxlckJOyTlxyBVpkjvSIm3CSUKeySt5s9B6sd6tj0VrySpmjskfWJ8/blaRWQ==</latexit>

⇡0

<latexit sha1_base64="fqldkpycfYrpmbFIkb5Tpj7C5n0=">AAACA3icbVDLSgNBEJz1GeMr6k0vg0HwFHajoMegF48RzAOSGGYnvcmQ2QczvWpYFrz4K148KOLVn/Dm3zjZ5KCJBQ1FVff0dLmRFBpt+9taWFxaXlnNreXXNza3tgs7u3UdxopDjYcyVE2XaZAigBoKlNCMFDDfldBwh5djv3EHSoswuMFRBB2f9QPhCc7QSN3CfhvhAbN3kvuBQEiTdiRuEztNu4WiXbIz0HniTEmRTFHtFr7avZDHPgTIJdO65dgRdhKmUHAJab4da4gYH7I+tAwNmA+6k2S7U3pklB71QmUqQJqpvycS5ms98l3T6TMc6FlvLP7ntWL0zjuJCKIYIeCTRV4sKYZ0HAjtCQUc5cgQxpUwf6V8wBTjaGLLmxCc2ZPnSb1cck5K5evTYuViGkeOHJBDckwcckYq5IpUSY1w8kieySt5s56sF+vd+pi0LljTmT3yB9bnD5GYmL8=</latexit>

⇡0
<latexit sha1_base64="yeuY+rWbud3iBcz0UpFHcJaKv/M=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9o15JNs21oNhuSrFCW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvVIIb63nfqLC2vrG5Vdwu7ezu7R+UD49aJkk1ZU2aiER3QmKY4JI1LbeCdZRmJA4Fa4fj25nffmLa8EQ+2IliQUyGkkecEuukdk/xx8yb9ssVr+rNgVeJn5MK5Gj0y1+9QULTmElLBTGm63vKBhnRllPBpqVeapgidEyGrOuoJDEzQTY/d4rPnDLAUaJdSYvn6u+JjMTGTOLQdcbEjsyyNxP/87qpja6DjEuVWibpYlGUCmwTPPsdD7hm1IqJI4Rq7m7FdEQ0odYlVHIh+Msvr5JWrepfVGv3l5X6TR5HEU7gFM7Bhyuowx00oAkUxvAMr/CGFHpB7+hj0VpA+cwx/AH6/AE7EI9/</latexit> ⇡+

<latexit sha1_base64="x0EiuV86i60GNjn94cwR6rcHHgk=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSIIQtmtgh6LXjxWsB/QriWbZtvQbBKSrFCW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vf3srq2vrGZmGruL2zu7dfOjhsGplqQhtEcqnbETaUM0EblllO20pTnESctqLR7dRvPVFtmBQPdqxomOCBYDEj2Dqp1VXsMTuf9Eplv+LPgJZJkJMy5Kj3Sl/dviRpQoUlHBvTCXxlwwxrywink2I3NVRhMsID2nFU4ISaMJudO0GnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q4+swY0KllgoyXxSnHFmJpr+jPtOUWD52BBPN3K2IDLHGxLqEii6EYPHlZdKsVoKLSvX+sly7yeMowDGcwBkEcAU1uIM6NIDACJ7hFd485b14797HvHXFy2eO4A+8zx8zd496</latexit>

⇡�
<latexit sha1_base64="Jih6+5KE8ZUr0UvWuPiA2fGVFj8=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSJ4sexWQY9FLx4r2A9o15JNs21oNglJVihLf4QXD4p49fd489+YtnvQ1gcDj/dmmJkXKc6M9f1vb2V1bX1js7BV3N7Z3dsvHRw2jUw1oQ0iudTtCBvKmaANyyynbaUpTiJOW9Hoduq3nqg2TIoHO1Y0TPBAsJgRbJ3U6ir2mJ1PeqWyX/FnQMskyEkZctR7pa9uX5I0ocISjo3pBL6yYYa1ZYTTSbGbGqowGeEB7TgqcEJNmM3OnaBTp/RRLLUrYdFM/T2R4cSYcRK5zgTboVn0puJ/Xie18XWYMaFSSwWZL4pTjqxE099Rn2lKLB87golm7lZEhlhjYl1CRRdCsPjyMmlWK8FFpXp/Wa7d5HEU4BhO4AwCuIIa3EEdGkBgBM/wCm+e8l68d+9j3rri5TNH8Afe5w82gY98</latexit>

K0
<latexit sha1_base64="PmuTFgCzevbtMbq/qa8BA+U+JlU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BL4KXiOYByRpmJ5NkyOzsMtMrhCWf4MWDIl79Im/+jZNkD5pY0FBUddPdFcRSGHTdbye3srq2vpHfLGxt7+zuFfcPGiZKNON1FslItwJquBSK11Gg5K1YcxoGkjeD0fXUbz5xbUSkHnAccz+kAyX6glG00v3to9stltyyOwNZJl5GSpCh1i1+dXoRS0KukElqTNtzY/RTqlEwySeFTmJ4TNmIDnjbUkVDbvx0duqEnFilR/qRtqWQzNTfEykNjRmHge0MKQ7NojcV//PaCfYv/VSoOEGu2HxRP5EEIzL9m/SE5gzl2BLKtLC3EjakmjK06RRsCN7iy8ukUSl7Z+XK3XmpepXFkYcjOIZT8OACqnADNagDgwE8wyu8OdJ5cd6dj3lrzslmDuEPnM8fxViNdQ==</latexit>

K0
<latexit sha1_base64="tr0X1phvWwhldmCKsqj1XYJmqQs=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclZkq6LLoRnBTwT6gnZZMmmlDM8mQZJQy9D/cuFDErf/izr8x085CWw8EDufcw705QcyZNq777aysrq1vbBa2its7u3v7pYPDppaJIrRBJJeqHWBNORO0YZjhtB0riqOA01Ywvsn81iNVmknxYCYx9SM8FCxkBBsr9brSmlk2veu5036p7FbcGdAy8XJShhz1fumrO5AkiagwhGOtO54bGz/FyjDC6bTYTTSNMRnjIe1YKnBEtZ/Orp6iU6sMUCiVfcKgmfo7keJI60kU2MkIm5Fe9DLxP6+TmPDKT5mIE0MFmS8KE46MRFkFaMAUJYZPLMFEMXsrIiOsMDG2qKItwVv88jJpViveeaV6f1GuXed1FOAYTuAMPLiEGtxCHRpAQMEzvMKb8+S8OO/Ox3x0xckzR/AHzucPp5ySmw==</latexit>

K+
<latexit sha1_base64="+I9N9tUB1RN9WnwEWp3FnUj+1ME=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBAEIexGQY9BL4KXiOYByRpmJ5NkyOzsMtMrhCWf4MWDIl79Im/+jZNkD5pY0FBUddPdFcRSGHTdb2dpeWV1bT23kd/c2t7ZLezt102UaMZrLJKRbgbUcCkUr6FAyZux5jQMJG8Ew+uJ33ji2ohIPeAo5n5I+0r0BKNopfvbx9NOoeiW3CnIIvEyUoQM1U7hq92NWBJyhUxSY1qeG6OfUo2CST7OtxPDY8qGtM9blioacuOn01PH5NgqXdKLtC2FZKr+nkhpaMwoDGxnSHFg5r2J+J/XSrB36adCxQlyxWaLeokkGJHJ36QrNGcoR5ZQpoW9lbAB1ZShTSdvQ/DmX14k9XLJOyuV786LlassjhwcwhGcgAcXUIEbqEINGPThGV7hzZHOi/PufMxal5xs5gD+wPn8Ab3EjXA=</latexit>K�

<latexit sha1_base64="dEJQ3nRxij/RxxnnarycyHsk0Vc=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBC8GHajoMegF8FLRPOAZA2zk0kyZHZ2mekVwpJP8OJBEa9+kTf/xkmyB00saCiquunuCmIpDLrut7O0vLK6tp7byG9ube/sFvb26yZKNOM1FslINwNquBSK11Cg5M1YcxoGkjeC4fXEbzxxbUSkHnAUcz+kfSV6glG00v3t42mnUHRL7hRkkXgZKUKGaqfw1e5GLAm5QiapMS3PjdFPqUbBJB/n24nhMWVD2uctSxUNufHT6aljcmyVLulF2pZCMlV/T6Q0NGYUBrYzpDgw895E/M9rJdi79FOh4gS5YrNFvUQSjMjkb9IVmjOUI0so08LeStiAasrQppO3IXjzLy+SernknZXKd+fFylUWRw4O4QhOwIMLqMANVKEGDPrwDK/w5kjnxXl3PmatS042cwB/4Hz+AMDMjXI=</latexit>

⌘
<latexit sha1_base64="jpVdjwnRsHnjvYQzwTGHXHUPFLk=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/YA2lM120y7d3YTdiVBC/4IXD4p49Q9589+YtDlo64OBx3szzMwLYiksuu63s7a+sbm1Xdop7+7tHxxWjo7bNkoM4y0Wych0A2q5FJq3UKDk3dhwqgLJO8HkLvc7T9xYEelHnMbcV3SkRSgYxVzqc6SDStWtuXOQVeIVpAoFmoPKV38YsURxjUxSa3ueG6OfUoOCST4r9xPLY8omdMR7GdVUceun81tn5DxThiSMTFYayVz9PZFSZe1UBVmnoji2y14u/uf1Egxv/FToOEGu2WJRmEiCEckfJ0NhOEM5zQhlRmS3EjamhjLM4ilnIXjLL6+Sdr3mXdbqD1fVxm0RRwlO4QwuwINraMA9NKEFDMbwDK/w5ijnxXl3Phata04xcwJ/4Hz+AAowjjw=</latexit>

not to scale ;)
⌘0

<latexit sha1_base64="V7VPqmo9vBjmmQE6fA1FgpJfCRQ=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKexGQY9BLx4jmAfsrmF20psMmX0w0yuEJZ/hxYMiXv0ab/6Nk2QPmljQUFR1090VpFJotO1vq7S2vrG5Vd6u7Ozu7R9UD486OskUhzZPZKJ6AdMgRQxtFCihlypgUSChG4xvZ373CZQWSfyAkxT8iA1jEQrO0EiuB8gevVSJCPrVml2356CrxClIjRRo9atf3iDhWQQxcsm0dh07RT9nCgWXMK14mYaU8TEbgmtozCLQfj4/eUrPjDKgYaJMxUjn6u+JnEVaT6LAdEYMR3rZm4n/eW6G4bWfizjNEGK+WBRmkmJCZ//TgVDAUU4MYVwJcyvlI6YYR5NSxYTgLL+8SjqNunNRb9xf1po3RRxlckJOyTlxyBVpkjvSIm3CSUKeySt5s9B6sd6tj0VrySpmjskfWJ8/blaRWQ==</latexit>

QCD instantons (semi-

classical solution)

t' Hooft 1976

 

 (1602.03191)

1/NC effects

Witten 1979
Veneziano 1979

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.37.8
https://www.sciencedirect.com/science/article/pii/0550321379903328?via%3Dihub
https://arxiv.org/abs/1602.03191
https://www.sciencedirect.com/science/article/pii/0550321379900312?via=ihub
https://www.sciencedirect.com/science/article/pii/0550321379903328?via%3Dihub
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 is heavy relative to the other mesons and its mass gets raised due 
to non-perturbative QCD effects.
⌘0

<latexit sha1_base64="V7VPqmo9vBjmmQE6fA1FgpJfCRQ=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKexGQY9BLx4jmAfsrmF20psMmX0w0yuEJZ/hxYMiXv0ab/6Nk2QPmljQUFR1090VpFJotO1vq7S2vrG5Vd6u7Ozu7R9UD486OskUhzZPZKJ6AdMgRQxtFCihlypgUSChG4xvZ373CZQWSfyAkxT8iA1jEQrO0EiuB8gevVSJCPrVml2356CrxClIjRRo9atf3iDhWQQxcsm0dh07RT 9nCgWXMK14mYaU8TEbgmtozCLQfj4/eUrPjDKgYaJMxUjn6u+JnEVaT6LAdEYMR3rZm4n/eW6G4bWfizjNEGK+WBRmkmJCZ//TgVDAUU4MYVwJcyvlI6YYR5NSxYTgLL+8SjqNunNRb9xf1po3RRxlckJOyTlxyBVpkjvSIm3CSUKeySt5s9B6sd6tj0VrySpmjskfWJ8/blaRWQ==</latexit>

⇡0

<latexit sha1_base64="fqldkpycfYrpmbFIkb5Tpj7C5n0=">AAACA3icbVDLSgNBEJz1GeMr6k0vg0HwFHajoMegF48RzAOSGGYnvcmQ2QczvWpYFrz4K148KOLVn/Dm3zjZ5KCJBQ1FVff0dLmRFBpt+9taWFxaXlnNreXXNza3tgs7u3UdxopDjYcyVE2XaZAigBoKlNCMFDDfldBwh5djv3EHSoswuMFRBB2f9QPhCc7QSN3CfhvhAbN3kvuBQEiTdiRuEztNu4WiXbIz0HniTEmRTFHtFr7avZDHPgTIJdO65dgRdhKmUHAJab4da4gYH7I+tAwNmA+6k2S7U3pklB71QmUqQJqpvycS5ms98l3T6TMc6FlvLP7ntWL0zjuJCKIYIeCTRV4sKYZ0HAjtCQUc5cgQxpUwf6V8wBTjaGLLmxCc2ZPnSb1cck5K5evTYuViGkeOHJBDckwcckYq5IpUSY1w8kieySt5s56sF+vd+pi0LljTmT3yB9bnD5GYmL8=</latexit>

⇡0
<latexit sha1_base64="yeuY+rWbud3iBcz0UpFHcJaKv/M=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9o15JNs21oNhuSrFCW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvVIIb63nfqLC2vrG5Vdwu7ezu7R+UD49aJkk1ZU2aiER3QmKY4JI1LbeCdZRmJA4Fa4fj25nffmLa8EQ+2IliQUyGkkecEuukdk/xx8yb9ssVr+rNgVeJn5MK5Gj0y1+9QULTmElLBTGm63vKBhnRllPBpqVeapgidEyGrOuoJDEzQTY/d4rPnDLAUaJdSYvn6u+JjMTGTOLQdcbEjsyyNxP/87qpja6DjEuVWibpYlGUCmwTPPsdD7hm1IqJI4Rq7m7FdEQ0odYlVHIh+Msvr5JWrepfVGv3l5X6TR5HEU7gFM7Bhyuowx00oAkUxvAMr/CGFHpB7+hj0VpA+cwx/AH6/AE7EI9/</latexit> ⇡+

<latexit sha1_base64="x0EiuV86i60GNjn94cwR6rcHHgk=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSIIQtmtgh6LXjxWsB/QriWbZtvQbBKSrFCW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vf3srq2vrGZmGruL2zu7dfOjhsGplqQhtEcqnbETaUM0EblllO20pTnESctqLR7dRvPVFtmBQPdqxomOCBYDEj2Dqp1VXsMTuf9Eplv+LPgJZJkJMy5Kj3Sl/dviRpQoUlHBvTCXxlwwxrywink2I3NVRhMsID2nFU4ISaMJudO0GnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q4+swY0KllgoyXxSnHFmJpr+jPtOUWD52BBPN3K2IDLHGxLqEii6EYPHlZdKsVoKLSvX+sly7yeMowDGcwBkEcAU1uIM6NIDACJ7hFd485b14797HvHXFy2eO4A+8zx8zd496</latexit>

⇡�
<latexit sha1_base64="Jih6+5KE8ZUr0UvWuPiA2fGVFj8=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSJ4sexWQY9FLx4r2A9o15JNs21oNglJVihLf4QXD4p49fd489+YtnvQ1gcDj/dmmJkXKc6M9f1vb2V1bX1js7BV3N7Z3dsvHRw2jUw1oQ0iudTtCBvKmaANyyynbaUpTiJOW9Hoduq3nqg2TIoHO1Y0TPBAsJgRbJ3U6ir2mJ1PeqWyX/FnQMskyEkZctR7pa9uX5I0ocISjo3pBL6yYYa1ZYTTSbGbGqowGeEB7TgqcEJNmM3OnaBTp/RRLLUrYdFM/T2R4cSYcRK5zgTboVn0puJ/Xie18XWYMaFSSwWZL4pTjqxE099Rn2lKLB87golm7lZEhlhjYl1CRRdCsPjyMmlWK8FFpXp/Wa7d5HEU4BhO4AwCuIIa3EEdGkBgBM/wCm+e8l68d+9j3rri5TNH8Afe5w82gY98</latexit>

K0
<latexit sha1_base64="PmuTFgCzevbtMbq/qa8BA+U+JlU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BL4KXiOYByRpmJ5NkyOzsMtMrhCWf4MWDIl79Im/+jZNkD5pY0FBUddPdFcRSGHTdbye3srq2vpHfLGxt7+zuFfcPGiZKNON1FslItwJquBSK11Gg5K1YcxoGkjeD0fXUbz5xbUSkHnAccz+kAyX6glG00v3to9stltyyOwNZJl5GSpCh1i1+dXoRS0KukElqTNtzY/RTqlEwySeFTmJ4TNmIDnjbUkVDbvx0duqEnFilR/qRtqWQzNTfEykNjRmHge0MKQ7NojcV//PaCfYv/VSoOEGu2HxRP5EEIzL9m/SE5gzl2BLKtLC3EjakmjK06RRsCN7iy8ukUSl7Z+XK3XmpepXFkYcjOIZT8OACqnADNagDgwE8wyu8OdJ5cd6dj3lrzslmDuEPnM8fxViNdQ==</latexit>

K0
<latexit sha1_base64="tr0X1phvWwhldmCKsqj1XYJmqQs=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclZkq6LLoRnBTwT6gnZZMmmlDM8mQZJQy9D/cuFDErf/izr8x085CWw8EDufcw705QcyZNq777aysrq1vbBa2its7u3v7pYPDppaJIrRBJJeqHWBNORO0YZjhtB0riqOA01Ywvsn81iNVmknxYCYx9SM8FCxkBBsr9brSmlk2veu5036p7FbcGdAy8XJShhz1fumrO5AkiagwhGOtO54bGz/FyjDC6bTYTTSNMRnjIe1YKnBEtZ/Orp6iU6sMUCiVfcKgmfo7keJI60kU2MkIm5Fe9DLxP6+TmPDKT5mIE0MFmS8KE46MRFkFaMAUJYZPLMFEMXsrIiOsMDG2qKItwVv88jJpViveeaV6f1GuXed1FOAYTuAMPLiEGtxCHRpAQMEzvMKb8+S8OO/Ox3x0xckzR/AHzucPp5ySmw==</latexit>

K+
<latexit sha1_base64="+I9N9tUB1RN9WnwEWp3FnUj+1ME=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBAEIexGQY9BL4KXiOYByRpmJ5NkyOzsMtMrhCWf4MWDIl79Im/+jZNkD5pY0FBUddPdFcRSGHTdb2dpeWV1bT23kd/c2t7ZLezt102UaMZrLJKRbgbUcCkUr6FAyZux5jQMJG8Ew+uJ33ji2ohIPeAo5n5I+0r0BKNopfvbx9NOoeiW3CnIIvEyUoQM1U7hq92NWBJyhUxSY1qeG6OfUo2CST7OtxPDY8qGtM9blioacuOn01PH5NgqXdKLtC2FZKr+nkhpaMwoDGxnSHFg5r2J+J/XSrB36adCxQlyxWaLeokkGJHJ36QrNGcoR5ZQpoW9lbAB1ZShTSdvQ/DmX14k9XLJOyuV786LlassjhwcwhGcgAcXUIEbqEINGPThGV7hzZHOi/PufMxal5xs5gD+wPn8Ab3EjXA=</latexit>K�

<latexit sha1_base64="dEJQ3nRxij/RxxnnarycyHsk0Vc=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBC8GHajoMegF8FLRPOAZA2zk0kyZHZ2mekVwpJP8OJBEa9+kTf/xkmyB00saCiquunuCmIpDLrut7O0vLK6tp7byG9ube/sFvb26yZKNOM1FslINwNquBSK11Cg5M1YcxoGkjeC4fXEbzxxbUSkHnAUcz+kfSV6glG00v3t42mnUHRL7hRkkXgZKUKGaqfw1e5GLAm5QiapMS3PjdFPqUbBJB/n24nhMWVD2uctSxUNufHT6aljcmyVLulF2pZCMlV/T6Q0NGYUBrYzpDgw895E/M9rJdi79FOh4gS5YrNFvUQSjMjkb9IVmjOUI0so08LeStiAasrQppO3IXjzLy+SernknZXKd+fFylUWRw4O4QhOwIMLqMANVKEGDPrwDK/w5kjnxXl3PmatS042cwB/4Hz+AMDMjXI=</latexit>

⌘
<latexit sha1_base64="jpVdjwnRsHnjvYQzwTGHXHUPFLk=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/YA2lM120y7d3YTdiVBC/4IXD4p49Q9589+YtDlo64OBx3szzMwLYiksuu63s7a+sbm1Xdop7+7tHxxWjo7bNkoM4y0Wych0A2q5FJq3UKDk3dhwqgLJO8HkLvc7T9xYEelHnMbcV3SkRSgYxVzqc6SDStWtuXOQVeIVpAoFmoPKV38YsURxjUxSa3ueG6OfUoOCST4r9xPLY8omdMR7GdVUceun81tn5DxThiSMTFYayVz9PZFSZe1UBVmnoji2y14u/uf1Egxv/FToOEGu2WJRmEiCEckfJ0NhOEM5zQhlRmS3EjamhjLM4ilnIXjLL6+Sdr3mXdbqD1fVxm0RRwlO4QwuwINraMA9NKEFDMbwDK/w5ijnxXl3Phata04xcwJ/4Hz+AAowjjw=</latexit>

not to scale ;)
⌘0

<latexit sha1_base64="V7VPqmo9vBjmmQE6fA1FgpJfCRQ=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKexGQY9BLx4jmAfsrmF20psMmX0w0yuEJZ/hxYMiXv0ab/6Nk2QPmljQUFR1090VpFJotO1vq7S2vrG5Vd6u7Ozu7R9UD486OskUhzZPZKJ6AdMgRQxtFCihlypgUSChG4xvZ373CZQWSfyAkxT8iA1jEQrO0EiuB8gevVSJCPrVml2356CrxClIjRRo9atf3iDhWQQxcsm0dh07RT9nCgWXMK14mYaU8TEbgmtozCLQfj4/eUrPjDKgYaJMxUjn6u+JnEVaT6LAdEYMR3rZm4n/eW6G4bWfizjNEGK+WBRmkmJCZ//TgVDAUU4MYVwJcyvlI6YYR5NSxYTgLL+8SjqNunNRb9xf1po3RRxlckJOyTlxyBVpkjvSIm3CSUKeySt5s9B6sd6tj0VrySpmjskfWJ8/blaRWQ==</latexit>

QCD instantons (semi-

classical solution)

1/NC effects

t' Hooft 1976

Witten 1979
Veneziano 1979

L � ✓G̃G
<latexit sha1_base64="7gZDVw3KMKrAiLw9Z0wvT8saA5o=">AAACC3icbVA9SwNBEN2LXzF+RS1tFoNgFe6ioGXQIhYWEcwH5ELY20ySJXsf7M4J4Uhv41+xsVDE1j9g579xL7lCEx8MPN6bYWaeF0mh0ba/rdzK6tr6Rn6zsLW9s7tX3D9o6jBWHBo8lKFqe0yDFAE0UKCEdqSA+Z6Elje+Tv3WAygtwuAeJxF0fTYMxEBwhkbqFY9dn+GIM5ncTl0dRxrQxREgc1HIPiS1aa1XLNllewa6TJyMlEiGeq/45fZDHvsQIJdM645jR9hNmELBJUwLbqwhYnzMhtAxNGA+6G4y+2VKT4zSp4NQmQqQztTfEwnztZ74nulML9eLXir+53ViHFx2ExFEMULA54sGsaQY0jQY2hcKOMqJIYwrYW6lfMQU42jiK5gQnMWXl0mzUnbOypW781L1KosjT47IMTklDrkgVXJD6qRBOHkkz+SVvFlP1ov1bn3MW3NWNnNI/sD6/AFg5Zvj</latexit>

physical due to 
these NP effects

 (1602.03191)

@µJ
µ
5 = G̃G

<latexit sha1_base64="iccEFbcgQqUh7tigtPLWJY0EDmQ=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4vgqiRV0Y1QdFFxVcE+oIlhMpm0QyeTMDMRSujejb/ixoUibv0Bd/6Nk7YLbT0ww+Gce7n3Hj9hVCrL+jYKS8srq2vF9dLG5tb2jrm715ZxKjBp4ZjFousjSRjlpKWoYqSbCIIin5GOP7zK/c4DEZLG/E6NEuJGqM9pSDFSWvLMspMgoShinhOl8OZe/94pvIDQUZQFJGuMG55ZsarWBHCR2DNSATM0PfPLCWKcRoQrzJCUPdtKlJvlczAj45KTSpIgPER90tOUo4hIN5vcMoaHWglgGAv9uIIT9XdHhiIpR5GvKyOkBnLey8X/vF6qwnM3ozxJFeF4OihMGVQxzIOBARUEKzbSBGFB9a4QD5BAWOn4SjoEe/7kRdKuVe3jau32pFK/nMVRBAegDI6ADc5AHVyDJmgBDB7BM3gFb8aT8WK8Gx/T0oIx69kHf2B8/gCJJJoU</latexit>

current is not conserved 
U(1)A is anomalous 

from NP effects

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.37.8
https://www.sciencedirect.com/science/article/pii/0550321379900312?via=ihub
https://www.sciencedirect.com/science/article/pii/0550321379903328?via%3Dihub
https://arxiv.org/abs/1602.03191


Neutrino Masses from Gravity

Assume gravity has a theta term: LG � ✓GR̃R
<latexit sha1_base64="Eqw3fFR2EIR2TojxTdMhWMaSkwc=">AAACE3icbVC7SgNBFJ2NrxhfUUubxSCIRdiNgpZBCy0sYjAPyC7L7OQmGTL7YOauEJb9Bxt/xcZCEVsbO//GyaPQxAMDh3Pu5c45fiy4Qsv6NnJLyyura/n1wsbm1vZOcXevqaJEMmiwSESy7VMFgofQQI4C2rEEGvgCWv7wauy3HkAqHoX3OIrBDWg/5D3OKGrJK544AcUBoyK9zbz0OnNUEitABweAdCIgF11I61ndK5assjWBuUjsGSmRGWpe8cvpRiwJIEQmqFId24rRTalEzgRkBSdREFM2pH3oaBrSAJSbTjJl5pFWumYvkvqFaE7U3xspDZQaBb6eHCdQ895Y/M/rJNi7cFMexglCyKaHeokwMTLHBZldLoGhGGlCmeT6ryYbUEkZ6hoLugR7PvIiaVbK9mm5cndWql7O6siTA3JIjolNzkmV3JAaaRBGHskzeSVvxpPxYrwbH9PRnDHb2Sd/YHz+AA4un4U=</latexit>

They postulate neutrinos have zero bare mass. They can condense via 
NP gravitational effects and use SDA in analogue with QCD:

 (1602.03191)

One massive GB analogous to eta prime and remainder massless

⌫⌫ = h⌫⌫i = vei� =) ⇤G ⇠ v ⇠ m⌫ ⇠ ⌫⌫
<latexit sha1_base64="E/vG5Fc8sUvR+l9t/VR86ud5o9s="></latexit>

Neutrinos acquire  mass from their NP coupling to neutrino condensate.

small neutrino masses from this gravitational  term triggers neutrino 
condensate and introduces an infrared gravitational scale.

✓
<latexit sha1_base64="XSnmv7Q3htaBkjl1qDUiNLnLL28=">AAAB7XicbZC7SgNBFIZn4y2ut6ilzWAQrMJuLLQRgzaWEcwFkiXMTmaTMbMzy8xZISx5BxsLRWwsfBR7G/FtnFwKTfxh4OP/z2HOOWEiuAHP+3ZyS8srq2v5dXdjc2t7p7C7Vzcq1ZTVqBJKN0NimOCS1YCDYM1EMxKHgjXCwdU4b9wzbbiStzBMWBCTnuQRpwSsVW9DnwHpFIpeyZsIL4I/g+LFh3uevH251U7hs91VNI2ZBCqIMS3fSyDIiAZOBRu57dSwhNAB6bGWRUliZoJsMu0IH1mniyOl7ZOAJ+7vjozExgzj0FbGBPpmPhub/2WtFKKzIOMySYFJOv0oSgUGhcer4y7XjIIYWiBUczsrpn2iCQV7INcewZ9feRHq5ZJ/UirfeMXKJZoqjw7QITpGPjpFFXSNqqiGKLpDD+gJPTvKeXRenNdpac6Z9eyjP3LefwAE25Jp</latexit>

analogous to 𝝠QCD 

free parameter

Riemann tensor

U(3)V ⇥ U(3)A ! U(1)3
<latexit sha1_base64="rPv5WT+a5RlP9YK4+rJ/7hlFsUU=">AAACEHicbVC7TgJBFJ3FF+ILtbSZQIwQE7ILhZarNpaYyCNhkcwOA0yYfWTmroZs+AQb45/YWGiMraUdf+OwUCh4kknOPefe3LnHDQVXYJoTI7Wyura+kd7MbG3v7O5l9w/qKogkZTUaiEA2XaKY4D6rAQfBmqFkxHMFa7jDq6nfuGdS8cC/hVHI2h7p+7zHKQEtdbIntUKl2InrYwe4xxROygtH8v4AiJTBg1as4l2lk82bJTMBXibWnOTtnHP6PLFH1U722+kGNPKYD1QQpVqWGUI7JhI4FWyccSLFQkKHpM9amvpEb2/HyUFjfKyVLu4FUj8fcKL+noiJp9TIc3WnR2CgFr2p+J/XiqB33o65H0bAfDpb1IsEhgBP08FdLhkFMdKEUMn1XzEdEEko6AwzOgRr8eRlUi+XrEqpfGPl7Us0QxodoRwqIAudIRtdoyqqIYoe0Qt6Q+/Gk/FqfBifs9aUMZ85RH9gfP0AoKaeCw==</latexit>

1(⌘⌫) + 14(�)
<latexit sha1_base64="RNjRQRlKCyXGFNgTnoBb5xtvUVk=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GVqElkJJqqDLoBuXFewDmhAm02k7dDIJMxMhhuJP+AFuXCji1v9w179x+lho64ELh3Pu5d57gphRqSxrYuTW1jc2t/LbhZ3dvf0D8/CoJaNEYNLEEYtEJ0CSMMpJU1HFSCcWBIUBI+1gdDP12w9ESBrxe5XGxAvRgNM+xUhpyTdP7LJLFPJdnlSq9kXZjYe04pslq2bNAFeJvSAlp+hWnydO2vDNb7cX4SQkXGGGpOzaVqy8DAlFMSPjgptIEiM8QgPS1ZSjkEgvm10/hmda6cF+JHRxBWfq74kMhVKmYaA7Q6SGctmbiv953UT1r7yM8jhRhOP5on7CoIrgNArYo4JgxVJNEBZU3wrxEAmElQ6soEOwl19eJa16zT6v1e/sknMN5siDU1AEZWCDS+CAW9AATYDBI3gBb+DdeDJejQ/jc96aMxYzx+APjK8fJkaWtw==</latexit>

pseudo Goldstone bosons
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With Gabriela Barenboim (Valencia) and Ye-Ling Zhou (Southampton)

q

p

µν

q

p

µν

p, ρ

q, σ

µν

⌧µ⌫1 (p, q) =
i

8
[(q � p)µ�⌫ + (q � p)⌫�µ � 2⌘µ⌫(q/� p/)]

<latexit sha1_base64="mKJwKiddr7faDRHG3TSAmAMauqM="></latexit>

⌧µ⌫2 (p, q) =
i

2
[pµq⌫ + p⌫qµ � ⌘µ⌫p · q]

<latexit sha1_base64="B7Cn33U1yL8uYM+8cHh1p/xUc08="></latexit>

⌧µ⌫⇢�3 (p, q) = i[�Pµ⌫⇢� � 1

2
⌘µ⌫p�q⇢ + ⌘�⇢(pµq⌫ + p⌫qµ)

+
1

2
(⌘µ�p⌫q⇢ + ⌘⌫�p⇢qµ + ⌘⌫⇢p�qµ + ⌘µ⇢p⌫q�)]

<latexit sha1_base64="6LXo5LsN476vlWV7CNYcCtiITQM="> LEJBsHMFHM9QrJErtRGPfg/CVEl498FZz0u9Fht//+ZeP4zfY69sBT8Ay0QARegWPwDgzAEJDgU/At+BH8DD+H38Nf4e/SGgbbnCdgJ8I/fwHhCAsi</latexit>

Pµ⌫⇢� =
1

2
(⌘µ⇢⌘⌫� + ⌘µ�⌘⌫⇢ � ⌘µ⌫⌘⇢�)

<latexit sha1_base64="bs2zWoy7s2VVrA2eAPyZlqylefU="></latexit>

 =
p
32⇡G

<latexit sha1_base64="NwXBYYDoxYgAywjEHSDrVhBzmK4=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgqeStIJehKIHPVawrdCEMtlu26WbZN3dCCXk4l/x4kERr/4Mb/4bt20O2vpg4PHeDDPzAsGZ0o7zbRWWlldW14rrpY3Nre0de3evpeJEEtokMY/lfQCKchbRpmaa03shKYQBp+1gdDXx249UKhZHd3osqB/CIGJ9RkAbqWsfeCMQAvAF9tSD1Gmt6gmGr7OuXXYqzhR4kbg5KaMcja795fVikoQ00oSDUh3XEdpPQWpGOM1KXqKoADKCAe0YGkFIlZ9OH8jwsVF6uB9LU5HGU/X3RAqhUuMwMJ0h6KGa9ybif14n0f1zP2WRSDSNyGxRP+FYx3iSBu4xSYnmY0OASGZuxWQIEog2mZVMCO78y4ukVa24tUr19rRcv8zjKKJDdIROkIvOUB3doAZqIoIy9Ixe0Zv1ZL1Y79bHrLVg5TP76A+szx9Zn5Wa</latexit>

G =
1

M2
Pl

<latexit sha1_base64="IHP90ufZKPYMwIZ9fq6lNASD3b0=">AAAB/XicbVDLSsNAFL2pr1pf8bFzEyyCq5JUQTdC0YVuhAr2AW0Mk+mkHTqZhJmJUEPwV9y4UMSt/+HOv3HaZqGtBy4czrmXe+/xY0alsu1vo7CwuLS8Ulwtra1vbG6Z2ztNGSUCkwaOWCTaPpKEUU4aiipG2rEgKPQZafnDy7HfeiBC0ojfqVFM3BD1OQ0oRkpLnrl3dd4NBMKpk6U391UvrbMs88yyXbEnsOaJk5My5Kh75le3F+EkJFxhhqTsOHas3BQJRTEjWambSBIjPER90tGUo5BIN51cn1mHWulZQSR0cWVN1N8TKQqlHIW+7gyRGshZbyz+53USFZy5KeVxogjH00VBwiwVWeMorB4VBCs20gRhQfWtFh4gHYbSgZV0CM7sy/OkWa04x5Xq7Um5dpHHUYR9OIAjcOAUanANdWgAhkd4hld4M56MF+Pd+Ji2Fox8Zhf+wPj8AR8ilQQ=</latexit>

• We treat gravity as an EFT similar to Donoghue see 9405057v1 for 
a review. Start with flat metric and perturb around it, gravity non-
Abelian gauge theory with spin-2 gauge boson.
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gµ⌫ ! ⌘µ⌫ + hµ⌫
<latexit sha1_base64="FZu8NxcuK8BIJkCHJcvRXNRkYOI=">AAACI3icbVBNS8NAEN3U7/oV9ehlsQiCUJIqKJ6KXjxWsCo0pUy222TpZhN2J0oJ/S9e/CtePCjixYP/xe0H+Plg4PHeDDPzwkwKg5737pRmZufmFxaXyssrq2vr7sbmlUlzzXiTpTLVNyEYLoXiTRQo+U2mOSSh5Ndh/2zkX99ybUSqLnGQ8XYCkRI9wQCt1HFPok4RJHmg8iGlgRZRjKB1ekcDjvBl7dOgD1kGNP7SOm7Fq3pj0L/En5IKmaLRcV+DbsryhCtkEoxp+V6G7QI0Cib5sBzkhmfA+hDxlqUKEm7axfjHId21Spf2Um1LIR2r3ycKSIwZJKHtTABj89sbif95rRx7x+1CqCxHrthkUS+XFFM6Cox2heYM5cASYFrYWymLQQNDG2vZhuD/fvkvuapV/YNq7eKwUj+dxrFItskO2SM+OSJ1ck4apEkYuSeP5Jm8OA/Ok/PqvE1aS850Zov8gPPxCb3WpO0=</latexit>

https://arxiv.org/abs/1909.04675
https://arxiv.org/abs/gr-qc/9405057v1
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q

p

µν

q

p

µν

p, ρ

q, σ

µν

⌧µ⌫1 (p, q) =
i

8
[(q � p)µ�⌫ + (q � p)⌫�µ � 2⌘µ⌫(q/� p/)]

<latexit sha1_base64="mKJwKiddr7faDRHG3TSAmAMauqM="></latexit>

⌧µ⌫2 (p, q) =
i

2
[pµq⌫ + p⌫qµ � ⌘µ⌫p · q]

<latexit sha1_base64="B7Cn33U1yL8uYM+8cHh1p/xUc08="></latexit>

⌧µ⌫⇢�3 (p, q) = i[�Pµ⌫⇢� � 1

2
⌘µ⌫p�q⇢ + ⌘�⇢(pµq⌫ + p⌫qµ)

+
1

2
(⌘µ�p⌫q⇢ + ⌘⌫�p⇢qµ + ⌘⌫⇢p�qµ + ⌘µ⇢p⌫q�)]

<latexit sha1_base64="6LXo5LsN476vlWV7CNYcCtiITQM="> LEJBsHMFHM9QrJErtRGPfg/CVEl498FZz0u9Fht//+ZeP4zfY69sBT8Ay0QARegWPwDgzAEJDgU/At+BH8DD+H38Nf4e/SGgbbnCdgJ8I/fwHhCAsi</latexit>

Pµ⌫⇢� =
1

2
(⌘µ⇢⌘⌫� + ⌘µ�⌘⌫⇢ � ⌘µ⌫⌘⇢�)

<latexit sha1_base64="bs2zWoy7s2VVrA2eAPyZlqylefU="></latexit>

 =
p
32⇡G

<latexit sha1_base64="NwXBYYDoxYgAywjEHSDrVhBzmK4=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgqeStIJehKIHPVawrdCEMtlu26WbZN3dCCXk4l/x4kERr/4Mb/4bt20O2vpg4PHeDDPzAsGZ0o7zbRWWlldW14rrpY3Nre0de3evpeJEEtokMY/lfQCKchbRpmaa03shKYQBp+1gdDXx249UKhZHd3osqB/CIGJ9RkAbqWsfeCMQAvAF9tSD1Gmt6gmGr7OuXXYqzhR4kbg5KaMcja795fVikoQ00oSDUh3XEdpPQWpGOM1KXqKoADKCAe0YGkFIlZ9OH8jwsVF6uB9LU5HGU/X3RAqhUuMwMJ0h6KGa9ybif14n0f1zP2WRSDSNyGxRP+FYx3iSBu4xSYnmY0OASGZuxWQIEog2mZVMCO78y4ukVa24tUr19rRcv8zjKKJDdIROkIvOUB3doAZqIoIy9Ixe0Zv1ZL1Y79bHrLVg5TP76A+szx9Zn5Wa</latexit>

G =
1

M2
Pl

<latexit sha1_base64="IHP90ufZKPYMwIZ9fq6lNASD3b0=">AAAB/XicbVDLSsNAFL2pr1pf8bFzEyyCq5JUQTdC0YVuhAr2AW0Mk+mkHTqZhJmJUEPwV9y4UMSt/+HOv3HaZqGtBy4czrmXe+/xY0alsu1vo7CwuLS8Ulwtra1vbG6Z2ztNGSUCkwaOWCTaPpKEUU4aiipG2rEgKPQZafnDy7HfeiBC0ojfqVFM3BD1OQ0oRkpLnrl3dd4NBMKpk6U391UvrbMs88yyXbEnsOaJk5My5Kh75le3F+EkJFxhhqTsOHas3BQJRTEjWambSBIjPER90tGUo5BIN51cn1mHWulZQSR0cWVN1N8TKQqlHIW+7gyRGshZbyz+53USFZy5KeVxogjH00VBwiwVWeMorB4VBCs20gRhQfWtFh4gHYbSgZV0CM7sy/OkWa04x5Xq7Um5dpHHUYR9OIAjcOAUanANdWgAhkd4hld4M56MF+Pd+Ji2Fox8Zhf+wPj8AR8ilQQ=</latexit>

This 2 is often missing in the literature, it should be there! It 
makes a difference! Problem comes from embedding fermions  
(spinorial indices) into GR.
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• We treat gravity as an EFT similar to Donoghue see 9405057v1 for 
a review. Start with flat metric and perturb around it, gravity non-
Abelian gauge theory with spin-2 gauge boson.

gµ⌫ ! ⌘µ⌫ + hµ⌫
<latexit sha1_base64="FZu8NxcuK8BIJkCHJcvRXNRkYOI=">AAACI3icbVBNS8NAEN3U7/oV9ehlsQiCUJIqKJ6KXjxWsCo0pUy222TpZhN2J0oJ/S9e/CtePCjixYP/xe0H+Plg4PHeDDPzwkwKg5737pRmZufmFxaXyssrq2vr7sbmlUlzzXiTpTLVNyEYLoXiTRQo+U2mOSSh5Ndh/2zkX99ybUSqLnGQ8XYCkRI9wQCt1HFPok4RJHmg8iGlgRZRjKB1ekcDjvBl7dOgD1kGNP7SOm7Fq3pj0L/En5IKmaLRcV+DbsryhCtkEoxp+V6G7QI0Cib5sBzkhmfA+hDxlqUKEm7axfjHId21Spf2Um1LIR2r3ycKSIwZJKHtTABj89sbif95rRx7x+1CqCxHrthkUS+XFFM6Cox2heYM5cASYFrYWymLQQNDG2vZhuD/fvkvuapV/YNq7eKwUj+dxrFItskO2SM+OSJ1ck4apEkYuSeP5Jm8OA/Ok/PqvE1aS850Zov8gPPxCb3WpO0=</latexit>

https://arxiv.org/abs/1909.04675
https://arxiv.org/abs/gr-qc/9405057v1


• SDE are an infinite tower of integral coupled equations which 
relate the Green’s functions of a theory to each other.

• We have to choose some truncation skim. For us this is one 
loop improved.

• This allows us to derive a neutrino gap equation.

• “Gravity triggered neutrino condensates” (1009.2504) used 
SDEs as a means of studying RH neutrino condensation. We 
revisit this paper and calculation techniques for light neutrinos. 

• Here RHN are heavy and light neutrinos get mass from type-I 
ss. RHN condensate can drive inflation (0811.2998)
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S0
F (p) =

i

p/� ⌃(p)
=

i

↵(p2)p/� �(p2)
<latexit sha1_base64="T15ERxePQ1OJLTr5qKT2qZtWDmw=">AAACSXicbVDLS8MwHE43H3O+ph69RIe4HRztFPQiDAXxOJl7wDpnmqVrWNqGJBVG6b/nxZs3/wcvHhTxZPY4zM1fCHx8jzw+hzMqlWm+Gan00vLKamYtu76xubWd29ltyDASmNRxyELRcpAkjAakrqhipMUFQb7DSNMZXI/05hMRkobBvRpy0vFRP6AuxUhpqpt7rB13bwq8CC+h7QqEY5rE3D4YL8mQ9OAJtGu07yNtSmZdNm Lc0+xDubgQcIiaKAns5vJmyRwPXATWFOTBdKrd3KvdC3Hkk0BhfZ5sWyZXnRgJRTEjSdaOJOEID1CftDUMkE9kJx43kcAjzfSgGwq9AwXH7GwiRr6UQ9/RTh8pT85rI/I/rR0p96IT04BHigR4cpEbMahCOKoV9qggWLGhBggLqt8KsYd0VUqXn9UlWPNfXgSNcsk6LZXvzvKVq2kdGbAPDkEBWOAcVMAtqII6wOAZvINP8GW8GB/Gt/EzsaaMaWYP/JlU+heqoa6s</latexit>

Apply Schwinger-Dyson equation to find non-trivial vacuum.

mF = �(p2)/↵(p2)
<latexit sha1_base64="JjYXFF+w1S9iLQRI5Icc8VvReRc=">AAACA3icbZDLSgMxFIYz9VbrbdSdboJFqJs6UwXdCEVBXFawF+iMQyZN29BkJiQZoQwFN76KGxeKuPUl3Pk2pu0stPWHwMd/zuHk/KFgVGnH+bZyC4tLyyv51cLa+sbmlr2901BxIjGp45jFshUiRRiNSF1TzUhLSIJ4yEgzHFyN680HIhWNozs9FMTnqBfRLsVIGyuw93hwfeGFRKOSuK8cHXuIif6UA7volJ2J4Dy4GRRBplpgf3mdGCecRBozpFTbdYT2UyQ1xYyMCl6iiEB4gHqkbTBCnCg/ndwwgofG6cBuLM2LNJy4vydSxJUa8tB0cqT7arY2Nv+rtRPdPfdTGolEkwhPF3UTBnUMx4HADpUEazY0gLCk5q8Q95FEWJvYCiYEd/bkeWhUyu5JuXJ7WqxeZnHkwT44ACXggjNQBTegBuoAg0fwDF7Bm/VkvVjv1se0NWdlM7vgj6zPH47oli0=</latexit>

Assume neutrino has zero valued bare mass and Dirac fermion.

p k p

p− k

Leading self-energy correction

�i⌃(p) =

Z
d4k

(2⇡)4
⌧µ⌫1 (p,�k)S0

F (k)Gµ⌫⇢�(p� k)⌧⇢�1 (k,�p)
<latexit sha1_base64="P8XRuiK1I8PaNWeyieU82M7QrI8="></latexit>

undressed graviton 
propagator

graviton-fermion-fermion 
vertex
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S0
F (p) =

i

p/� ⌃(p)
=

i

↵(p2)p/� �(p2)
<latexit sha1_base64="T15ERxePQ1OJLTr5qKT2qZtWDmw=">AAACSXicbVDLS8MwHE43H3O+ph69RIe4HRztFPQiDAXxOJl7wDpnmqVrWNqGJBVG6b/nxZs3/wcvHhTxZPY4zM1fCHx8jzw+hzMqlWm+Gan00vLKamYtu76xubWd29ltyDASmNRxyELRcpAkjAakrqhipMUFQb7DSNMZXI/05hMRkobBvRpy0vFRP6AuxUhpqpt7rB13bwq8CC+h7QqEY5rE3D4YL8mQ9OAJtGu07yNtSmZdNm Lc0+xDubgQcIiaKAns5vJmyRwPXATWFOTBdKrd3KvdC3Hkk0BhfZ5sWyZXnRgJRTEjSdaOJOEID1CftDUMkE9kJx43kcAjzfSgGwq9AwXH7GwiRr6UQ9/RTh8pT85rI/I/rR0p96IT04BHigR4cpEbMahCOKoV9qggWLGhBggLqt8KsYd0VUqXn9UlWPNfXgSNcsk6LZXvzvKVq2kdGbAPDkEBWOAcVMAtqII6wOAZvINP8GW8GB/Gt/EzsaaMaWYP/JlU+heqoa6s</latexit>

Apply Schwinger-Dyson equation to find non-trivial vacuum.

mF = �(p2)/↵(p2)
<latexit sha1_base64="JjYXFF+w1S9iLQRI5Icc8VvReRc=">AAACA3icbZDLSgMxFIYz9VbrbdSdboJFqJs6UwXdCEVBXFawF+iMQyZN29BkJiQZoQwFN76KGxeKuPUl3Pk2pu0stPWHwMd/zuHk/KFgVGnH+bZyC4tLyyv51cLa+sbmlr2901BxIjGp45jFshUiRRiNSF1TzUhLSIJ4yEgzHFyN680HIhWNozs9FMTnqBfRLsVIGyuw93hwfeGFRKOSuK8cHXuIif6UA7volJ2J4Dy4GRRBplpgf3mdGCecRBozpFTbdYT2UyQ1xYyMCl6iiEB4gHqkbTBCnCg/ndwwgofG6cBuLM2LNJy4vydSxJUa8tB0cqT7arY2Nv+rtRPdPfdTGolEkwhPF3UTBnUMx4HADpUEazY0gLCk5q8Q95FEWJvYCiYEd/bkeWhUyu5JuXJ7WqxeZnHkwT44ACXggjNQBTegBuoAg0fwDF7Bm/VkvVjv1se0NWdlM7vgj6zPH47oli0=</latexit>

p k p

p− k

Taking the appropriate Dirac trace

↵(p2) = 1� 1

4p2
tr(p/⌃(p)) �(p2) =

1

4
tr(⌃(p)) .

<latexit sha1_base64="Wu65OpVbI+cuY0um/5d41d/lF8w="></latexit>

Assume neutrino has zero valued bare mass and Dirac fermion.
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S0
F (p) =

i

p/� ⌃(p)
=

i

↵(p2)p/� �(p2)
<latexit sha1_base64="T15ERxePQ1OJLTr5qKT2qZtWDmw=">AAACSXicbVDLS8MwHE43H3O+ph69RIe4HRztFPQiDAXxOJl7wDpnmqVrWNqGJBVG6b/nxZs3/wcvHhTxZPY4zM1fCHx8jzw+hzMqlWm+Gan00vLKamYtu76xubWd29ltyDASmNRxyELRcpAkjAakrqhipMUFQb7DSNMZXI/05hMRkobBvRpy0vFRP6AuxUhpqpt7rB13bwq8CC+h7QqEY5rE3D4YL8mQ9OAJtGu07yNtSmZdNm Lc0+xDubgQcIiaKAns5vJmyRwPXATWFOTBdKrd3KvdC3Hkk0BhfZ5sWyZXnRgJRTEjSdaOJOEID1CftDUMkE9kJx43kcAjzfSgGwq9AwXH7GwiRr6UQ9/RTh8pT85rI/I/rR0p96IT04BHigR4cpEbMahCOKoV9qggWLGhBggLqt8KsYd0VUqXn9UlWPNfXgSNcsk6LZXvzvKVq2kdGbAPDkEBWOAcVMAtqII6wOAZvINP8GW8GB/Gt/EzsaaMaWYP/JlU+heqoa6s</latexit>

Apply Schwinger-Dyson equation to find non-trivial vacuum.

mF = �(p2)/↵(p2)
<latexit sha1_base64="JjYXFF+w1S9iLQRI5Icc8VvReRc=">AAACA3icbZDLSgMxFIYz9VbrbdSdboJFqJs6UwXdCEVBXFawF+iMQyZN29BkJiQZoQwFN76KGxeKuPUl3Pk2pu0stPWHwMd/zuHk/KFgVGnH+bZyC4tLyyv51cLa+sbmlr2901BxIjGp45jFshUiRRiNSF1TzUhLSIJ4yEgzHFyN680HIhWNozs9FMTnqBfRLsVIGyuw93hwfeGFRKOSuK8cHXuIif6UA7volJ2J4Dy4GRRBplpgf3mdGCecRBozpFTbdYT2UyQ1xYyMCl6iiEB4gHqkbTBCnCg/ndwwgofG6cBuLM2LNJy4vydSxJUa8tB0cqT7arY2Nv+rtRPdPfdTGolEkwhPF3UTBnUMx4HADpUEazY0gLCk5q8Q95FEWJvYCiYEd/bkeWhUyu5JuXJ7WqxeZnHkwT44ACXggjNQBTegBuoAg0fwDF7Bm/VkvVjv1se0NWdlM7vgj6zPH47oli0=</latexit>

p k p

p− k

�(p2) = 0 8p
<latexit sha1_base64="7IWtSf4bCTpTcTO0jFO9r3JjMxo=">AAACBXicbVDLSgMxFM3UV62vUZe6CBahQikzVdCNUHTjsoJ9QGcsmTTThmYyIckIZejGjb/ixoUibv0Hd/6NaTsLbT1w4XDOvdx7TyAYVdpxvq3c0vLK6lp+vbCxubW9Y+/uNVWcSEwaOGaxbAdIEUY5aWiqGWkLSVAUMNIKhtcTv/VApKIxv9MjQfwI9TkNKUbaSF370AuIRiVxXz2Bl9Dxyl4ZemEsEWNQdO2iU3GmgIvEzUgRZKh37S+vF+MkIlxjhpTquI7QfoqkppiRccFLFBEID1GfdAzlKCLKT6dfjOGxUXrQ7DbFNZyqvydSFCk1igLTGSE9UPPeRPzP6yQ6vPBTykWiCcezRWHCoI7hJBLYo5JgzUaGICypuRXiAZIIaxNcwYTgzr+8SJrVintaqd6eFWtXWRx5cACOQAm44BzUwA2ogwbA4BE8g1fwZj1ZL9a79TFrzVnZzD74A+vzBwHxllk=</latexit>

↵(p2) = 1� i2⇡G

Z
d4k

(2⇡)4
↵(k2)

↵2(k2)k2 � �2(k2)

⇥
2(k · p)2 + 4k2p2 + 3k · p(k2 + p2)

⇤

p2(p� k)2
<latexit sha1_base64="UOKDuI4PRfZgWSs0iKWaLwTowLw="></latexit>

Assume neutrino has zero valued bare mass and Dirac fermion.
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S0
F (p) =

i

p/� ⌃(p)
=

i

↵(p2)p/� �(p2)
<latexit sha1_base64="T15ERxePQ1OJLTr5qKT2qZtWDmw=">AAACSXicbVDLS8MwHE43H3O+ph69RIe4HRztFPQiDAXxOJl7wDpnmqVrWNqGJBVG6b/nxZs3/wcvHhTxZPY4zM1fCHx8jzw+hzMqlWm+Gan00vLKamYtu76xubWd29ltyDASmNRxyELRcpAkjAakrqhipMUFQb7DSNMZXI/05hMRkobBvRpy0vFRP6AuxUhpqpt7rB13bwq8CC+h7QqEY5rE3D4YL8mQ9OAJtGu07yNtSmZdNm Lc0+xDubgQcIiaKAns5vJmyRwPXATWFOTBdKrd3KvdC3Hkk0BhfZ5sWyZXnRgJRTEjSdaOJOEID1CftDUMkE9kJx43kcAjzfSgGwq9AwXH7GwiRr6UQ9/RTh8pT85rI/I/rR0p96IT04BHigR4cpEbMahCOKoV9qggWLGhBggLqt8KsYd0VUqXn9UlWPNfXgSNcsk6LZXvzvKVq2kdGbAPDkEBWOAcVMAtqII6wOAZvINP8GW8GB/Gt/EzsaaMaWYP/JlU+heqoa6s</latexit>

Apply Schwinger-Dyson equation to find non-trivial vacuum.

mF = �(p2)/↵(p2)
<latexit sha1_base64="JjYXFF+w1S9iLQRI5Icc8VvReRc=">AAACA3icbZDLSgMxFIYz9VbrbdSdboJFqJs6UwXdCEVBXFawF+iMQyZN29BkJiQZoQwFN76KGxeKuPUl3Pk2pu0stPWHwMd/zuHk/KFgVGnH+bZyC4tLyyv51cLa+sbmlr2901BxIjGp45jFshUiRRiNSF1TzUhLSIJ4yEgzHFyN680HIhWNozs9FMTnqBfRLsVIGyuw93hwfeGFRKOSuK8cHXuIif6UA7volJ2J4Dy4GRRBplpgf3mdGCecRBozpFTbdYT2UyQ1xYyMCl6iiEB4gHqkbTBCnCg/ndwwgofG6cBuLM2LNJy4vydSxJUa8tB0cqT7arY2Nv+rtRPdPfdTGolEkwhPF3UTBnUMx4HADpUEazY0gLCk5q8Q95FEWJvYCiYEd/bkeWhUyu5JuXJ7WqxeZnHkwT44ACXggjNQBTegBuoAg0fwDF7Bm/VkvVjv1se0NWdlM7vgj6zPH47oli0=</latexit>

Assume neutrino has zero valued bare mass. Leading contribution from

undressed graviton propagator is vanishing.  Need to dress graviton.

p k p

p− k

�(p2) = 0 8p
<latexit sha1_base64="7IWtSf4bCTpTcTO0jFO9r3JjMxo=">AAACBXicbVDLSgMxFM3UV62vUZe6CBahQikzVdCNUHTjsoJ9QGcsmTTThmYyIckIZejGjb/ixoUibv0Hd/6NaTsLbT1w4XDOvdx7TyAYVdpxvq3c0vLK6lp+vbCxubW9Y+/uNVWcSEwaOGaxbAdIEUY5aWiqGWkLSVAUMNIKhtcTv/VApKIxv9MjQfwI9TkNKUbaSF370AuIRiVxXz2Bl9Dxyl4ZemEsEWNQdO2iU3GmgIvEzUgRZKh37S+vF+MkIlxjhpTquI7QfoqkppiRccFLFBEID1GfdAzlKCLKT6dfjOGxUXrQ7DbFNZyqvydSFCk1igLTGSE9UPPeRPzP6yQ6vPBTykWiCcezRWHCoI7hJBLYo5JgzUaGICypuRXiAZIIaxNcwYTgzr+8SJrVintaqd6eFWtXWRx5cACOQAm44BzUwA2ogwbA4BE8g1fwZj1ZL9a79TFrzVnZzD74A+vzBwHxllk=</latexit>

↵(p2) = 1� i2⇡G

Z
d4k

(2⇡)4
↵(k2)

↵2(k2)k2 � �2(k2)

⇥
2(k · p)2 + 4k2p2 + 3k · p(k2 + p2)

⇤

p2(p� k)2
<latexit sha1_base64="UOKDuI4PRfZgWSs0iKWaLwTowLw="></latexit>

no mass  dynamically 
induced if graviton is 

undressed
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Neutrino Masses from Gravity  

S0
F (p) =

i

p/� ⌃(p)
=

i

↵(p2)p/� �(p2)
<latexit sha1_base64="T15ERxePQ1OJLTr5qKT2qZtWDmw=">AAACSXicbVDLS8MwHE43H3O+ph69RIe4HRztFPQiDAXxOJl7wDpnmqVrWNqGJBVG6b/nxZs3/wcvHhTxZPY4zM1fCHx8jzw+hzMqlWm+Gan00vLKamYtu76xubWd29ltyDASmNRxyELRcpAkjAakrqhipMUFQb7DSNMZXI/05hMRkobBvRpy0vFRP6AuxUhpqpt7rB13bwq8CC+h7QqEY5rE3D4YL8mQ9OAJtGu07yNtSmZdNm Lc0+xDubgQcIiaKAns5vJmyRwPXATWFOTBdKrd3KvdC3Hkk0BhfZ5sWyZXnRgJRTEjSdaOJOEID1CftDUMkE9kJx43kcAjzfSgGwq9AwXH7GwiRr6UQ9/RTh8pT85rI/I/rR0p96IT04BHigR4cpEbMahCOKoV9qggWLGhBggLqt8KsYd0VUqXn9UlWPNfXgSNcsk6LZXvzvKVq2kdGbAPDkEBWOAcVMAtqII6wOAZvINP8GW8GB/Gt/EzsaaMaWYP/JlU+heqoa6s</latexit>

Apply Schwinger-Dyson equation to find non-trivial vacuum.

mF = �(p2)/↵(p2)
<latexit sha1_base64="JjYXFF+w1S9iLQRI5Icc8VvReRc=">AAACA3icbZDLSgMxFIYz9VbrbdSdboJFqJs6UwXdCEVBXFawF+iMQyZN29BkJiQZoQwFN76KGxeKuPUl3Pk2pu0stPWHwMd/zuHk/KFgVGnH+bZyC4tLyyv51cLa+sbmlr2901BxIjGp45jFshUiRRiNSF1TzUhLSIJ4yEgzHFyN680HIhWNozs9FMTnqBfRLsVIGyuw93hwfeGFRKOSuK8cHXuIif6UA7volJ2J4Dy4GRRBplpgf3mdGCecRBozpFTbdYT2UyQ1xYyMCl6iiEB4gHqkbTBCnCg/ndwwgofG6cBuLM2LNJy4vydSxJUa8tB0cqT7arY2Nv+rtRPdPfdTGolEkwhPF3UTBnUMx4HADpUEazY0gLCk5q8Q95FEWJvYCiYEd/bkeWhUyu5JuXJ7WqxeZnHkwT44ACXggjNQBTegBuoAg0fwDF7Bm/VkvVjv1se0NWdlM7vgj6zPH47oli0=</latexit>

Assume neutrino has zero valued bare mass. Leading contribution from

undressed graviton propagator is vanishing.  Need to dress graviton.

k pp

p− k
Π

p k p

p− k

G0
µ⌫⇢�(p� k) ! Gµ⌫⇢�(p� k) +Gµ⌫↵�(p� k)⇧↵�,��(p� k)G⇢���(p� k)

<latexit sha1_base64="jK18pCbhw8XhoRRjcd6aBDZFUHw="></latexit>
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Neutrino Masses from Gravity

S0
F (p) =

i

p/� ⌃(p)
=

i

↵(p2)p/� �(p2)
<latexit sha1_base64="T15ERxePQ1OJLTr5qKT2qZtWDmw=">AAACSXicbVDLS8MwHE43H3O+ph69RIe4HRztFPQiDAXxOJl7wDpnmqVrWNqGJBVG6b/nxZs3/wcvHhTxZPY4zM1fCHx8jzw+hzMqlWm+Gan00vLKamYtu76xubWd29ltyDASmNRxyELRcpAkjAakrqhipMUFQb7DSNMZXI/05hMRkobBvRpy0vFRP6AuxUhpqpt7rB13bwq8CC+h7QqEY5rE3D4YL8mQ9OAJtGu07yNtSmZdNm Lc0+xDubgQcIiaKAns5vJmyRwPXATWFOTBdKrd3KvdC3Hkk0BhfZ5sWyZXnRgJRTEjSdaOJOEID1CftDUMkE9kJx43kcAjzfSgGwq9AwXH7GwiRr6UQ9/RTh8pT85rI/I/rR0p96IT04BHigR4cpEbMahCOKoV9qggWLGhBggLqt8KsYd0VUqXn9UlWPNfXgSNcsk6LZXvzvKVq2kdGbAPDkEBWOAcVMAtqII6wOAZvINP8GW8GB/Gt/EzsaaMaWYP/JlU+heqoa6s</latexit>

Apply Schwinger-Dyson equation to find non-trivial vacuum.

mF = �(p2)/↵(p2)
<latexit sha1_base64="JjYXFF+w1S9iLQRI5Icc8VvReRc=">AAACA3icbZDLSgMxFIYz9VbrbdSdboJFqJs6UwXdCEVBXFawF+iMQyZN29BkJiQZoQwFN76KGxeKuPUl3Pk2pu0stPWHwMd/zuHk/KFgVGnH+bZyC4tLyyv51cLa+sbmlr2901BxIjGp45jFshUiRRiNSF1TzUhLSIJ4yEgzHFyN680HIhWNozs9FMTnqBfRLsVIGyuw93hwfeGFRKOSuK8cHXuIif6UA7volJ2J4Dy4GRRBplpgf3mdGCecRBozpFTbdYT2UyQ1xYyMCl6iiEB4gHqkbTBCnCg/ndwwgofG6cBuLM2LNJy4vydSxJUa8tB0cqT7arY2Nv+rtRPdPfdTGolEkwhPF3UTBnUMx4HADpUEazY0gLCk5q8Q95FEWJvYCiYEd/bkeWhUyu5JuXJ7WqxeZnHkwT44ACXggjNQBTegBuoAg0fwDF7Bm/VkvVjv1se0NWdlM7vgj6zPH47oli0=</latexit>

Assume neutrino has zero valued bare mass. Leading contribution from

undressed graviton propagator is vanishing.  Need to dress graviton.

k pp

p− k
Π

q = p− k

l

q − l

q

Vacuum polarisations  ⇧
<latexit sha1_base64="B0x7MCsgzQJFWgV+qsHeT62F0C0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh15D9MsVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5ufOiVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2d9kIDRnKCeWUKaFvZWwEdWUoU2nZEPwll9eJa1a1buo1u4vK/WbPI4inMApnIMHV1CHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+B8/gAga42x</latexit>

fermion scalar

gravitonGB

t’ Hooft and 
Veltman 1974
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Neutrino Masses from Gravity  

Rotate to Euclidean space and rescale momenta:

↵(p2E) = 1� 2⇡G

Z
d4kE
(2⇡)4

↵(k2E)

↵2(k2E)k
2
E + �2(k2E)

⇥
2(kE · pE)2 + 4k2Ep

2
E + 3kE · pE(k2E + p2E)

⇤

p2E(pE � kE)2

�(p2E) = �8G2

Z
d4kE
(2⇡)4

�(k2E)

↵2(k2E)k
2
E + �2(k2E)

"
A(kE + pE)

2�B

�
p2E � k2E

�2

8(pE � kE)2

#
log


µ2

(pE � kE)2

�

<latexit sha1_base64="yKGg4yau3OG8cISBIJ2jaYOccTI="></latexit>

x =
p2E
⇤2

y =
k2E
⇤2

<latexit sha1_base64="R6aYmgtYX+c3ZcKKrTAn8GPAZGA=">AAACKHicbVDLSsNAFJ3UV62vqEs3g0VwVZIq6KZYFMGFiwr2AU1aJpNJO3TycGYihpDPceOvuBFRpFu/xGmbhbYeGDiccy537nEiRoU0jLFWWFpeWV0rrpc2Nre2d/TdvZYIY45JE4cs5B0HCcJoQJqSSkY6ESfIdxhpO6Orid9+JFzQMLiXSURsHw0C6lGMpJL6+sVTzfI4wmnUq/bT6yxLrVs17aJeNYPWQ4xcmMAanGVGi5m+XjYqxhRwkZg5KYMcjb7+brkhjn0SSMyQEF3TiKSdIi4pZiQrWbEgEcIjNCBdRQPkE2Gn00MzeKQUF3ohVy+QcKr+nkiRL0TiOyrpIzkU895E/M/rxtI7t1MaRLEkAZ4t8mIGZQgnrUGXcoIlSxRBmFP1V4iHSHUiVbclVYI5f/IiaVUr5kmlendarl/mdRTBATgEx8AEZ6AObkADNAEGz+AVfIBP7UV707608Sxa0PKZffAH2vcP2kamdA==</latexit>

↵(x) = 1� G⇤2

(2⇡)2

Z 1

0
dy

y↵(y)

y↵2(x) + �2(y)
K(x, y)

�(x) =
8G2⇤4

(2⇡)3

Z 1

0
dy

y�(y)

y↵2(y) + �2(y)
L(x, y)

<latexit sha1_base64="Ta55TcoIKICM4JkLLRxE3nhmSIo="></latexit>

Kernels

UV cutoff
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Kernel structure
Rotate to Euclidean space, rescale momentum

↵(x) = 1� G⇤2

(2⇡)2

Z 1

0
dy

y↵(y)

y↵2(x) + �2(y)
K(x, y) ,

�(x) =
8G2⇤4

(2⇡)3

Z 1

0
dy

y�(y)

y↵2(y) + �2(y)
L(x, y) .

<latexit sha1_base64="3eEsz/kCLXWbcYOm1tsiuAgBiK8="></latexit>

rescaled p momentum

rescaled k momentum

L(x, y) = ALA(x, y) +BLB(x, y)
<latexit sha1_base64="YwFeMbN78PU8cnhTKxvpIM4UB6w=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4tQUUpSBd0Ibd246KKCfUAbwmQ6aYdOHsxMxBC6d+OvuHGhiFt/wJ1/47TJQqsXBs7jXu7c44SMCmkYX1puaXlldS2/XtjY3Nre0Xf3OiKIOCZtHLCA9xwkCKM+aUsqGemFnCDPYaTrTK5mfveOcEED/1bGIbE8NPKpSzGSSrL1YrN8fxIfwUtYb9pJfZqyY9hQrJEyWy8ZFWNe8C8wM1ACWbVs/XMwDHDkEV9ihoTom0YorQRxSTEj08IgEiREeIJGpK+gjzwirGR+yxQeKmUI3YCr50s4V39OJMgTIvYc1ekhORaL3kz8z+tH0r2wEuqHkSQ+The5EYMygLNg4JBygiWLFUCYU/VXiMeIIyxVfAUVgrl48l/QqVbM00r15qxUa2Rx5MEBKIIyMME5qIFr0AJtgMEDeAIv4FV71J61N+09bc1p2cw++FXaxzfltJfN</latexit>
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Kernel structure
Rotate to Euclidean space, rescale momentum

↵(x) = 1� G⇤2

(2⇡)2

Z 1

0
dy

y↵(y)

y↵2(x) + �2(y)
K(x, y) ,

�(x) =
8G2⇤4

(2⇡)3

Z 1

0
dy

y�(y)

y↵2(y) + �2(y)
L(x, y) .

<latexit sha1_base64="3eEsz/kCLXWbcYOm1tsiuAgBiK8="></latexit>

rescaled p momentum

rescaled k momentum

L(x, y) = ALA(x, y) +BLB(x, y)
<latexit sha1_base64="YwFeMbN78PU8cnhTKxvpIM4UB6w=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4tQUUpSBd0Ibd246KKCfUAbwmQ6aYdOHsxMxBC6d+OvuHGhiFt/wJ1/47TJQqsXBs7jXu7c44SMCmkYX1puaXlldS2/XtjY3Nre0Xf3OiKIOCZtHLCA9xwkCKM+aUsqGemFnCDPYaTrTK5mfveOcEED/1bGIbE8NPKpSzGSSrL1YrN8fxIfwUtYb9pJfZqyY9hQrJEyWy8ZFWNe8C8wM1ACWbVs/XMwDHDkEV9ihoTom0YorQRxSTEj08IgEiREeIJGpK+gjzwirGR+yxQeKmUI3YCr50s4V39OJMgTIvYc1ekhORaL3kz8z+tH0r2wEuqHkSQ+The5EYMygLNg4JBygiWLFUCYU/VXiMeIIyxVfAUVgrl48l/QqVbM00r15qxUa2Rx5MEBKIIyMME5qIFr0AJtgMEDeAIv4FV71J61N+09bc1p2cw++FXaxzfltJfN</latexit>

QCD L(0, 0) 6= 0
<latexit sha1_base64="qNRdeKXn3B9Nyk1NowjLOD5joM4=">AAACBnicbVA9SwNBEN2L3/ErainCYhAihHAXBS1FLSwsFIwGciHsbSbJkr29c3dODEcqG/+KjYUitv4GO/+Nm5hCEx8z8Hhvht15QSyFQdf9cjJT0zOzc/ML2cWl5ZXV3Nr6tYkSzaHCIxnpasAMSKGgggIlVGMNLAwk3ATdk4F/cwfaiEhdYS+GesjaSrQEZ2ilRm7LR7jH9PLktE/94qDOC27R3fUV3FK3kcu7JXcIOkm8EcmTES4auU+/GfEkBIVcMmNqnhtjPWUaBZfQz/qJgZjxLmtDzVLFQjD1dHhGn+5YpUlbkbatkA7V3xspC43phYGdDBl2zLg3EP/zagm2DuupUHGCoPjPQ61EUozoIBPaFBo4yp4ljGth/0p5h2nG0SaXtSF44ydPkutyydsrlS/380fHozjmySbZJgXikQNyRM7IBakQTh7IE3khr86j8+y8Oe8/oxlntLNB/sD5+AYTxpZL</latexit>

x = y = 0
<latexit sha1_base64="nk+pzZ998RKLrN3Tr5hxWCqtXDE=">AAAB7HicbZC7SgNBFIbPxluMt6ilIoNBsAq7sdAmELSxTMBNAskSZiezyZDZ2WVmVgxLSmsbC0VsfYY8h53P4Es4uRSa+MPAx/+fw5xz/JgzpW37y8qsrK6tb2Q3c1vbO7t7+f2DuooSSahLIh7Jpo8V5UxQVzPNaTOWFIc+pw1/cDPJG/dUKhaJOz2MqRfinmABI1gby30oD8t2J1+wi/ZUaBmcORQqx+Pa9+PJuNrJf7a7EUlCKjThWKmWY8faS7HUjHA6yrUTRWNMBrhHWwYFDqny0umwI3RmnC4KImme0Gjq/u5IcajUMPRNZYh1Xy1mE/O/rJXo4MpLmYgTTQWZfRQkHOkITTZHXSYp0XxoABPJzKyI9LHERJv75MwRnMWVl6FeKjoXxVLNKVSuYaYsHMEpnIMDl1CBW6iCCwQYPMELvFrCerberPdZacaa9xzCH1kfPyVxkfM=</latexit>

gravityL(0, 0) = 0
<latexit sha1_base64="FpQDjBueSnwX+aAFLaSdmrIyQfk=">AAACA3icbVC7SgNBFJ2Nrxhfq3baDAlCxBB2Y6GNELSxsIhgHpANYXYySYbMPpi5G1yWgI1/4DfYWChi60/Y5W+cJBaaeODC4Zx7ufceNxRcgWWNjdTS8srqWno9s7G5tb1j7u7VVBBJyqo0EIFsuEQxwX1WBQ6CNULJiOcKVncHVxO/PmRS8cC/gzhkLY/0fN7llICW2uaBA+wekp4kQw7xCDsFfJO3CtbxhdU2c1bRmgIvEvuH5MpZ5+RpXI4rbfPL6QQ08pgPVBClmrYVQishEjgVbJRxIsVCQgekx5qa+sRjqpVMfxjhI610cDeQunzAU/X3REI8pWLP1Z0egb6a9ybif14zgu55K+F+GAHz6WxRNxIYAjwJBHe4ZBRErAmhkutbMe0TSSjo2DI6BHv+5UVSKxXt02Lp1s6VL9EMaXSIsiiPbHSGyugaVVAVUfSAntErejMejRfj3fiYtaaMn5l99AfG5ze+WZk8</latexit>

x = y = 0
<latexit sha1_base64="nk+pzZ998RKLrN3Tr5hxWCqtXDE=">AAAB7HicbZC7SgNBFIbPxluMt6ilIoNBsAq7sdAmELSxTMBNAskSZiezyZDZ2WVmVgxLSmsbC0VsfYY8h53P4Es4uRSa+MPAx/+fw5xz/JgzpW37y8qsrK6tb2Q3c1vbO7t7+f2DuooSSahLIh7Jpo8V5UxQVzPNaTOWFIc+pw1/cDPJG/dUKhaJOz2MqRfinmABI1gby30oD8t2J1+wi/ZUaBmcORQqx+Pa9+PJuNrJf7a7EUlCKjThWKmWY8faS7HUjHA6yrUTRWNMBrhHWwYFDqny0umwI3RmnC4KImme0Gjq/u5IcajUMPRNZYh1Xy1mE/O/rJXo4MpLmYgTTQWZfRQkHOkITTZHXSYp0XxoABPJzKyI9LHERJv75MwRnMWVl6FeKjoXxVLNKVSuYaYsHMEpnIMDl1CBW6iCCwQYPMELvFrCerberPdZacaa9xzCH1kfPyVxkfM=</latexit>

d-wave interaction 
due to spin 2 
nature of graviton
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Use two methods to solve SDEs using two  
well known methods

1. Solve equations iteratively and apply extrapolation

2. Make informed Ansatz of the kernel and check for 
self consistency of non-trivial vacuum.
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Solving SD Equation - Extrapolation

↵(i+1)(x) =1� G⇤2

(2⇡)2

Z 1

0
dy

y↵(i)(y)

y↵(i)2(x) + �(i)2(y)
K(x, y)

�(i+1)(x) =
8(G⇤2)2

(2⇡)3

Z 1

0
dy

y�(i)(y)

y↵(i)2(y) + �(i)2(y)
L(x, y) .

<latexit sha1_base64="Prb6LGLzbpJJrmHimI3EpjiXmJU="></latexit>

↵(0)(x) = c1 , �(0)(x) = c2
<latexit sha1_base64="qb1q/l7DBu94URQ6/HMJY8EJMKc=">AAACI3icbVDLSsNAFJ34rPUVdelmsAgtlJJUQRGEohuXFewDmhhuJtN26OThzEQsIf/ixl9x40Ipblz4L6aPhbYeGDiccy537nEjzqQyjC9taXlldW09t5Hf3Nre2dX39psyjAWhDRLyULRdkJSzgDYUU5y2I0HBdzltuYPrsd96pEKyMLhTw4jaPvQC1mUEVCY5+oUFPOrDfVI0SmnxqYQvMXESM8VWuYythxg8bLlUzQeqKc47esGoGBPgRWLOSAHNUHf0keWFJPZpoAgHKTumESk7AaEY4TTNW7GkEZAB9GgnowH4VNrJ5MYUH2eKh7uhyF6g8ET9PZGAL+XQd7OkD6ov572x+J/XiVX33E5YEMWKBmS6qBtzrEI8Lgx7TFCi+DAjQATL/opJHwQQldU6LsGcP3mRNKsV86RSvT0t1K5mdeTQITpCRWSiM1RDN6iOGoigZ/SK3tGH9qK9aSPtcxpd0mYzB+gPtO8fzgygow==</latexit>

Start with two trial functions

tolerance ⌘ �(i+1)(x)

�(i)(x)
� 1

<latexit sha1_base64="TknSwrXutc+QpZZ1zkSTJezH7mg="></latexit>

Solution (true non-trivial vacuum) is not sensitive to trial function value

or tolerance value.

This method allows us to find the NP non-trivial vacuum.
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Solving SD Equation - Extrapolation

1. Choose a value of G⇤2, A, B, tolerance and trial function values.

2. Subdivide the x-interval [xIR, 1] into n bins, where xIR is infrared bound-
ary of the theory.

3. Iteratively solve SDE for each bin.

4. For each bin calculate the tolerance and summate this measure over all
bins.

5. Require the tolerance to be close to 0.0. For example, for G⇤2 = 1.0,
A = 50.0 and B = 43.5 we choose a tolerance of 10�6.

<latexit sha1_base64="RkBosP3R7w/e1oSaNhqJf5HzoPE="></latexit>

0 50 100 150 200
(G⇤2)A

10�1

100

101

�
(0

)2

�(0) ⇡ 10�29 for ⇤ ⇡ Mpl
<latexit sha1_base64="fvqmpe+ijXx27TGS8z5IRzGm4uw=">AAACI3icbVC7TsMwFHXKu7wKjCwWLRIMVEkZeEwVLAwgFYkCUlOqG9ehFk5s2Q6iivIvLPwKCwOoYmHgX3AfSEA509E593kCyZk2rvvh5CYmp6ZnZufy8wuLS8uFldVLLRJFaJ0ILtR1AJpyFtO6YYbTa6koRAGnV8Hdcd+/uqdKMxFfmK6kzQhuYxYyAsZKrcJhyQ+ogS132wcplXjAnnuT7lQOshIOhcIl/9QOa8O3e9ZKfR VhybNSq1B0y+4AeJx4I1JEI9RahZ7fFiSJaGwIB60bnitNMwVlGOE0y/uJphLIHdzShqUxRFQ308GPGd60SntwUihigwfqz44UIq27UWArIzAd/dfri/95jcSE+82UxTIxNCbDRWHCsRG4HxhuM0WJ4V1LgChmb8WkAwqIsbHmbQje35fHyWWl7O2WK+eVYvVoFMcsWkcbaAt5aA9V0QmqoToi6BE9o1f05jw5L07PeR+W5pxRzxr6BefzC56WonQ=</latexit>

m⌫ = �(0)
↵(0)⇤

<latexit sha1_base64="UTW/IP7pRh8QShkFktTUwHa6rSc=">AAACFnicbZC7TsMwFIadcivlVmBksWiRykCVlAEWpAoWBoYi0YvURNGJ67RWHSeyHaQq6lOw8CosDCDEith4G9zLAIVfsvTpP+fYPn+QcKa0bX9ZuaXlldW1/HphY3Nre6e4u9dScSoJbZKYx7ITgKKcCdrUTHPaSSSFKOC0HQyvJvX2PZWKxeJOjxLqRdAXLGQEtLH84kk58jNXpGN84YYSSOYGVEPFPh5nLvBkMEX3xlzYg3LBL5bsqj0V/gvOHEporoZf/HR7MUkjKjThoFTXsRPtZSA1I5yOC26qaAJkCH3aNSggosrLpmuN8ZFxejiMpTlC46n7cyKDSKlRFJjOCPRALdYm5n+1bqrDcy9jIkk1FWT2UJhyrGM8yQj3mKRE85EBIJKZv2IyAJOONklOQnAWV/4LrVrVOa3Wbmul+uU8jjw6QIeoghx0huroGjVQExH0gJ7QC3q1Hq1n6816n7XmrPnMPvol6+MbDHyeAg==</latexit>

Requires beyond SM particle content

to support the condensate even if scale

is high, also we are tuning around

chiral preserving point.

neutrino masses 
live down here

G⇤2 =) A & 23
<latexit sha1_base64="bHoUZ1JGDpEHofHpQK4PDMY9/MI=">AAACCHicbVDLSgMxFM3UV62vUZcuDBbBVZk+8LGrutCFiwr2AZ1aMpm0DU0yQ5IRytClG3/FjQtF3PoJ7vwbM9Miaj0QOJxzLjf3eCGjSjvOp5WZm19YXMou51ZW19Y37M2thgoiiUkdByyQLQ8pwqggdU01I61QEsQ9Rpre8Dzxm3dEKhqIGz0KSYejvqA9ipE2UtfevXCvTNpHtyXoUm5WEgVP3b42IxyWyl077xScFHCWFK ckD6aode0P1w9wxInQmCGl2kUn1J0YSU0xI+OcGykSIjxEfdI2VCBOVCdODxnDfaP4sBdI84SGqfpzIkZcqRH3TJIjPVB/vUT8z2tHunfciakII00EnizqRQzqACatQJ9KgjUbGYKwpOavEA+QRFib7nJpCScJDr9PniWNUqFYLlSuK/nq2bSOLNgBe+AAFMERqIJLUAN1gME9eATP4MV6sJ6sV+ttEs1Y05lt8AvW+xcBepjU</latexit>
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Solving SD Equation - Ansatz

10�15 10�14 10�13 10�12 10�11 10�10

x

0.0

0.2

0.4

0.6

0.8

1.0

y

L (x, y)

0.2

0.4

0.6

0.8Take quenched limit for simplicity i.e ↵ ⇡ 1
<latexit sha1_base64="sV65/sbjuXqlgca2h5KKA6Si0dI=">AAAB+XicbVDLSsNAFJ34rPEVdelmsAiuSlIXuhGLblxWsA9oQrmZTtqhk2SYmRRL6J+4EVHErR/h3o34N04fC209cOFwzr3ce08oOFPadb+tpeWV1bX1woa9ubW9s+vs7ddVmklCayTlqWyGoChnCa1ppjltCkkhDjlthP3rsd8YUKlYmtzpoaBBDN2ERYyANlLbcXzgogfYByFkeo+9tlN0S+4EeJF4M1K8/LAvxNOXXW07n34nJVlME004KNXyXKGDHKRmhNOR7WeKCiB96NKWoQnEVAX55PIRPjZKB0epNJVoPFF/T+QQKzWMQ9MZg+6peW8s/ue1Mh2dBzlLRKZpQqaLooxjneJxDLjDJCWaDw0BIpm5FZMeSCDahGWbELz5lxdJvVzyTkvlW7dYuUJTFNAhOkInyENnqIJuUBXVEEED9ICe0YuVW4/Wq/U2bV2yZjMH6A+s9x8l1JZV</latexit>

β depends on L(x,y). This kernel is flat in 
the x-direction even for tiny momentum. 
Make Ansatz that β is a step function 

of magnitude ‘a’.

�(x) =
8(G⇤2)2

(2⇡)3

Z 1

0

aydy

a2 + y
LA(x, y)

<latexit sha1_base64="94YqKrpJ7yAr3Pcd+7LPBhoLXmU=">AAACP3icbVDLatwwFJWTPpJJH9MEsulGJCl4aBlsZ9FsAtN20S6ySKEzCYxnzLUsJyKybKTrEGP8J/2UbPIL3XXbTQstbbfZRfNY5HVAcDjnXEn3xIUUBj3vu7Ow+ODho8dLy62VJ0+fPW+/WB2YvNSM91kuc30Yg+FSKN5HgZIfFppDFkt+EJ98mPgHp1wbkasvWBV8lMGREqlggFaK2oMw5gjuWYfu0jDVwOod6n4M9+wNCY yDzjhoajcIC9EZbzc0FAqj2mvG/jwMtKJJ1dQ2+rpq6F70zj17U3Vo1N70ut4U9C7x52Sz1/v363z969Z+1P4WJjkrM66QSTBm6HsFjmrQKJjkTSssDS+AncARH1qqIONmVE/3b+grqyQ0zbU9CulUvT5RQ2ZMlcU2mQEem9veRLzPG5aY7oxqoYoSuWKzh9JSUszppEyaCM0ZStuBAKaF/Stlx2CLQVt5y5bg3175LhkEXX+7G3y2bbwnMyyRl2SDuMQnb0mPfCL7pE8YOSc/yG/yx7lwfjp/nf+z6IIzn1kjN+BcXgGq6rAX</latexit>

ALA(x, y) � BLB(x, y)
<latexit sha1_base64="opaQ6hRMJaLJnAu/dzdWKM16AZE=">AAACAnicbVC7SgNBFJ2NrxhfUSuxGRKEiBJ2Y6FlEhuLFBHMA7LLMjuZ3QyZfTAzKy5LsPET/AUbC0Vs/Qq7/I2TR6GJBy6cOede5t7jRIwKqetjLbOyura+kd3MbW3v7O7l9w/aIow5Ji0cspB3HSQIowFpSSoZ6UacIN9hpOMMryd+555wQcPgTiYRsXzkBdSlGEkl2fmjWsNOa6PSw3lyCk3Pg/WGXZ++7HxRL+tTwGVizE mxWjDPnsfVpGnnv81+iGOfBBIzJETP0CNppYhLihkZ5cxYkAjhIfJIT9EA+URY6fSEETxRSh+6IVcVSDhVf0+kyBci8R3V6SM5EIveRPzP68XSvbJSGkSxJAGefeTGDMoQTvKAfcoJlixRBGFO1a4QDxBHWKrUcioEY/HkZdKulI2LcuVWpVEHM2TBMSiAEjDAJaiCG9AELYDBI3gBb+Bde9JetQ/tc9aa0eYzh+APtK8fIYSYTg==</latexit>

Solve SDE for this Ansatz

10�9 10�7 10�5 10�3 10�1

x

1

2

3

4

5

6

7

�
(x

)

⇥10�6 a = 10�5, G⇤2 = 1.0

As before the mass can be tuned but this

this approach it is tuned via ‘a’. concerned with 

the deep IR 
neutrino mass

Checks for self-consistency of postulated form  
of β with kernel structure.

far infrared region of the kernel
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Summary
• Neutrinos are unique amongst the Standard Model (SM) fermions in  the 

tininess of their mass, the weakness of their interactions and their 
capacity to be their own anti-particles. Such features suggest neutrinos 
acquire their mass in a different way from the quarks and charged 
leptons.

• Neutrino masses from gravity is an intriguing idea and we have made a 
first calculational attempt at exploring this possibility.

• An interesting feature is new d.o.fs are necessary to provide finite 
support to the condensate even if it occurs at a very high scale. SM + 
gravity is not sufficient unless there are large ED which lowers Planck 
scale.

• However a high level of fine-tuning is required if the Planck scale is at

~1019 GeV.

• As gravity does not discriminate between the neutrinos, they are mass 
degenerate, one needs some additional mechanism to induce a mass 
splitting.
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Thank you for your 
attention
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Back up slides - the action

Sg =

Z
d4x

p
�g(

1

4⇡G
R+ Lm)

<latexit sha1_base64="zVBDeZb6YHT3E1T32QM6JTMTYWM="></latexit>

Lm = Dµ�
⇤gµ⌫D⌫�+

i

2

⇥
 ̄�aeµaDµ + (Dµ ̄)�

aeµa 
⇤
� 1

4
gµ⌫g⇢�Fµ⇢F⌫�

<latexit sha1_base64="oGEPb05vYuXXlxr1Oazx/kY8d/8="></latexit>

where Fµ⌫ = DµA⌫ � D⌫Aµ and Dµ denotes the covariant derivative with
respect to the gravitational field and gauge fields, and eµa is the vierbein to shift
frame to the local Minkowski flat frame.

<latexit sha1_base64="ocSiRwl4+kmxcFPem2EHrYkeONw="></latexit>

gµ⌫ ! ⌘µ⌫ + hµ⌫
<latexit sha1_base64="FZu8NxcuK8BIJkCHJcvRXNRkYOI=">AAACI3icbVBNS8NAEN3U7/oV9ehlsQiCUJIqKJ6KXjxWsCo0pUy222TpZhN2J0oJ/S9e/CtePCjixYP/xe0H+Plg4PHeDDPzwkwKg5737pRmZufmFxaXyssrq2vr7sbmlUlzzXiTpTLVNyEYLoXiTRQo+U2mOSSh5Ndh/2zkX99ybUSqLnGQ8XYCkRI9wQCt1HFPok4RJHmg8iGlgRZRjKB1ekcDjvBl7dOgD1kGNP7SOm7Fq3pj0L/En5IKmaLRcV+DbsryhCtkEoxp+V6G7QI0Cib5sBzkhmfA+hDxlqUKEm7axfjHId21Spf2Um1LIR2r3ycKSIwZJKHtTABj89sbif95rRx7x+1CqCxHrthkUS+XFFM6Cox2heYM5cASYFrYWymLQQNDG2vZhuD/fvkvuapV/YNq7eKwUj+dxrFItskO2SM+OSJ1ck4apEkYuSeP5Jm8OA/Ok/PqvE1aS850Zov8gPPxCb3WpO0=</latexit>

Perturb the metric, the classical gravitational field is fixed at zero.

Graviton propagator : Gµ⌫⇢�(p) =
iPµ⌫⇢�

p2
<latexit sha1_base64="xKFyTH4YEdHwri8sBGgdpFaP6kQ="></latexit>

Pµ⌫⇢� =
1

2
(⌘µ⇢⌘⌫� + ⌘µ�⌘⌫⇢ � ⌘µ⌫⌘⇢�)

<latexit sha1_base64="lIgKtlkpFqUQFNFz+sfXYAB+hmk="></latexit>
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Back up slides - kernel structure

K(x, y) =
1

x

Z ⇡

0
sin2 ✓d✓

2xy cos2 ✓ + 4xy + 3
p
xy(x+ y) cos ✓

x+ y � 2
p
xy cos ✓

L(x, y) =

Z ⇡

0
sin2 ✓d✓


A (x+ y + 2

p
xy cos ✓)�B

(x� y)2

8(x+ y � 2
p
xy cos ✓)

�
⇥log [x+ y � 2

p
xy cos ✓]

<latexit sha1_base64="Rom34hl1f1rbuVE3DyhnLtmrLL8="></latexit>

K(x, y) =
⇡

x

(x+ y)3 � [(x+ y)2 + 2xy]|x� y|
2xy

,

LA(x, y) =
⇡

12

⇢
5(x2 + y2)� 5(x+ y)|x� y|� 6xy

(x+ y) + |x� y| � 6(x+ y) log


(x+ y) + |x� y|

2

��
,

LB(x, y) =
⇡

8

(x� y)2

xy

(
(x+ y)� |x� y|

2
� (x+ y) + |x� y|

2
log


(x+ y) + |x� y|

2

�

+ |x� y| log(|x� y|)
)
,

<latexit sha1_base64="YdJX78hMijlwzbhfe62nKXdrG8o="></latexit>
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Back up slides -regularisarion procedure

• Simplest procedure is cutoff regularisation. At energies above the cutoff 
the neutrino is massless and condensate dissolves.

• It has it’s ugly features, we agree: lack of Lorentz covariance, but is 
numerically convenient and used frequently in QED and QCD SDE.

• For QED it has been demonstrated the qualitative difference is not 
significant so we proceed, see e.g. 9410286 or 9604402

https://arxiv.org/abs/hep-ph/9410286
https://arxiv.org/abs/hep-ph/9604402
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massless fermions and symmetries

L = i j�
µ@µ j

<latexit sha1_base64="N3xR0bdmMnX5CiyQ58kkfhAkuHo="></latexit>

 ! e�i ⌧
2 � 

<latexit sha1_base64="Vmwyj3OWp5TwjwQcBL2uWa8cBYM=">AAACFXicbVDLSsNAFJ3UV62vqEs3g0VwoSWpii6LblxWsA9oaplMJ83QyYOZG6WE/IQbf8WNC0XcCu78GydtF9p6YOBwzrncuceNBVdgWd9GYWFxaXmluFpaW9/Y3DK3d5oqSiRlDRqJSLZdopjgIWsAB8HasWQkcAVrucOr3G/dM6l4FN7CKGbdgAxC7nFKQEs988ipK+5IPvCBSBk9YHaXHnPHk4SmDpAkS6uZE/s8y3M9s2xVrDHwPLGnpIymqPfML6cf0SRgIVBBlOrYVgzdlEjgVLCs5CSKxYQOyYB1NA1JwFQ3HV+V4QOt9LEXSf1CwGP190RKAqVGgauTAQFfzXq5+J/XScC76KY8jBNgIZ0s8hKBIcJ5RbjPJaMgRpoQKrn+K6Y+0Y2ALrKkS7BnT54nzWrFPqmc3ZyWa5fTOopoD+2jQ2Sjc1RD16iOGoiiR/SMXtGb8WS8GO/GxyRaMKYzu+gPjM8f6RWf7Q==</latexit>

vector transformation

 ! ei
⌧
2 � 

<latexit sha1_base64="EsMaO7/WtLtoWAgmLfjqglZzdXQ=">AAACKnicbVC7TsMwFHXKq5RXgJHFokJiqpICgrHAwlgk+pCaUjmu01p14si+AVVRvoeFX2HpAKpY+RDcx0BbjmTp6Jx7dH2PHwuuwXHGVm5tfWNzK79d2Nnd2z+wD4/qWiaKshqVQqqmTzQTPGI14CBYM1aMhL5gDX9wP/EbL0xpLqMnGMasHZJexANOCRipY9960tiTdOpVNc88xXt9IErJV8yeU+4FitDUA5JkaTnz4r4ZWUx07KJTcqbAq8SdkyKao9qxR15X0iRkEVBBtG65TgztlCjgVLCs4CWaxYQOSI+1DI1IyHQ7nZ6a4TOjdHEglXkR4Kn6N5GSUOth6JvJkEBfL3sT8T+vlUBw0055FCfAIjpbFCQCg8ST3nCXK0ZBDA0hVHHzV0z7xJQDpt2CKcFdPnmV1Msl96J09XhZrNzN68ijE3SKzpGLrlEFPaAqqiGK3tAH+kRf1rs1ssbW92w0Z80zx2gB1s8v5niqAg==</latexit>

i j@µ j
transformation���������!

vector
i j@µ j

<latexit sha1_base64="I015WhFOD3PECusxI/mjI3cqwK4="></latexit>

 ! e�i�5
⌧
2 � 

<latexit sha1_base64="uCxLOAEbGvqEdqT1B1j+bDuhtkg=">AAACHXicbVC7SgNBFJ31bXxFLW0Gg2Bj2NUELUUbywjmAdkY7k5mk8GZ3WXmrhKW/REbf8XGQhELG/FvnDwKXwcGDuecy517gkQKg6776czMzs0vLC4tF1ZW19Y3iptbDROnmvE6i2WsWwEYLkXE6yhQ8laiOahA8mZwcz7ym7dcGxFHVzhMeEdBPxKhYIBW6hYrfs0IX4v+AEHr+I7y6+xA+H1QCrpVP9TAMh8hzbPD3E8GIh/lu8WSW3bHoH+JNyUlMkWtW3z3ezFLFY+QSTCm7bkJdjLQKJjkecFPDU+A3UCfty2NQHHTycbX5XTPKj0axtq+COlY/T6RgTJmqAKbVIAD89sbif957RTDk04moiRFHrHJojCVFGM6qor2hOYM5dASYFrYv1I2ANsI2kILtgTv98l/SeOw7B2Vq5eV0unZtI4lskN2yT7xyDE5JRekRuqEkXvySJ7Ji/PgPDmvztskOuNMZ7bJDzgfXxyWozA=</latexit>

axial transformation

 ! ei�5
⌧
2 � 

<latexit sha1_base64="5k22rBBpAz6Qa9XKdVIPSoJODk0="></latexit>

i j�
µ@µ j

transformation���������!
axial

i j�
µ@µ j

<latexit sha1_base64="J93l9XaQYoTw7pL6fULNn6JfqbI="></latexit>

�L = m  
<latexit sha1_base64="h/LbUwaQTS0tTOft2eRPHoMSAYQ=">AAACEnicbVC7TsMwFHXKq5RXgJHFokKCpUp4CBakChYGhiLRh9REleO4rVU7jmwHqYryDSz8CgsDCLEysfE3OG0GaLmSraNz7rHvPUHMqNKO822VFhaXllfKq5W19Y3NLXt7p6VEIjFpYsGE7ARIEUYj0tRUM9KJJUE8YKQdjK5zvf1ApKIiutfjmPgcDSLapxhpQ/XsIy8kTCPocaSHGLH0NoOXkHvCmPI3U6+haJZfPbvq1JxJwXngFqAKimr07C8vFDjhJNKYIaW6rhNrP0VSU8xIVvESRWKER2hAugZGiBPlp5OVMnhgmBD2hTQn0nDC/nakiCs15oHpzCdXs1pO/qd1E92/8FMaxYkmEZ5+1E8Y1ALm+cCQSoI1GxuAsKRmVoiHSCKsTYoVE4I7u/I8aB3X3JPa2d1ptX5VxFEGe2AfHAIXnIM6uAEN0AQYPIJn8ArerCfrxXq3PqatJavw7II/ZX3+AHbZnf4=</latexit>

is not invariant under axial symmetry transformation


