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Aspects of neutrino masses



• Neutrino masses and mixing 

• Two ways of solving the SDEs

• Neutrino masses from gravity: the Schwinger Dyson 
approach

Outline

• Relating neutrino masses to the BAU and EW scale

• The baryon asymmetry of our Universe and 
leptogenesis
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http://arxiv.org/abs/arXiv:1905.12642
https://arxiv.org/pdf/1905.12642.pdf
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Neutrino Oscillations
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In the simplified two neutrino case:

Um⌫U
† = m⌫diag

UPMNS = U†
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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• 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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recent measurement by KATRIN 1909.06048

• Are neutrinos Dirac or Majorana fermions?

We do know neutrinos are significantly lighter than other SM 
fermions
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http://pdglive.lbl.gov/DataBlock.action?node=S066MNS
https://arxiv.org/pdf/1909.06048.pdf
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Relating neutrino masses to 
the baryon asymmetry of the Universe

7



Leptogenesis: Motivation

type-I SS

Most theories of leptogenesis assume neutrinos are Majorana fermions*
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*there are exceptions 
(Dirac leptogenesis) 
Dick, Lindner, Wright, 
Ratz



Leptogenesis via Decays

N

Decay asymmetry from interference between tree  
and  loop level diagrams  
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lepton  
asymmetry

baryon  
asymmetry

Calculation does not 
usually include finite 
density temperature 

effects

B-L conserving



Basic Mechanism
Washout and Scattering processes
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Much work has been done on improving the theoretical accuracy of leptogenesis calculations: 
CTP approach (Garbrecht etal, Drewes, Buchmuller, Anisimov, Mendizabal, Millington), thermal 
effects (Bodeker, Besak, Laine, Biondini, Brambilla, Vairo..) see 1711.0286411 11

Bose enhancement 
no sign change 

https://arxiv.org/pdf/1002.1326.pdf
https://arxiv.org/pdf/1711.02864.pdf


A Model Parameter Space
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Casas, Ibarra
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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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Neutrino Option in 
Leptogenesis

1905.12642

14

1905.12634

Brivio, Moffat, Pascoli, Petcov, 
J.T 

Brdar, Helmboldt, Iwamoto, 
Schmitz 

UV completion of Neutrino Option
Brdar, Emonds, Helmboldt, Lindner 1807.11490


GW signature 
Brdar, Helmboldt, Kubo 1810.12306

https://arxiv.org/abs/1807.11490
https://arxiv.org/abs/1810.12306


Neutrino Option in 
Leptogenesis

15

Type-I Seesaw as the Common Origin 
of Neutrino Mass, Baryon Asymmetry, 

and the Electroweak Scale
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Motivation and idea
Tension between leptogenesis with heavy RHN and naturalness of the 
electroweak scale which is parametrised by µ
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Vissani, Clarke, Foot, Volkas

The Neutrino Option (Brivio, Trott) offers a different perspective: 
Higgs potential is generated by radiative corrections from RHN

If corrections to the Higgs mass should < 1 TeV ⇒ M ≲107 GeV

correction to�
<latexit sha1_base64="L4JaqJUb1p0oXRYzgt1szHfigsM=">AAACCHicbVA7T8MwGHTKq5RXgJEBiwqJAVVJQYKxgoWxSPQhNVHlOE5r1bEj20FUUUcW/goLAwix8hPY+Dc4bQZoOcnS6e77bN8FCaNKO863VVpaXlldK69XNja3tnfs3b22EqnEpIUFE7IbIEUY5aSlqWakm0iC4oCRTjC6zv3OPZGKCn6nxwnxYzTgNKIYaSP17UNPkwedYSElwbkEtZhA7xR6zFwSor5ddWrOFHCRuAWpggLNvv3lhQKnMeEaM6RUz3US7WdIaooZmVS8VJEE4REakJ6hHMVE+dk0yAQeGyWEkZDmcA2n6u+NDMVKjePATMZID9W8l4v/eb1UR5d+RnmSasLx7KEoZSYszFuBIc3js7EhCEtq/grxEEmEtemuYkpw5yMvkna95p7V6rfn1cZVUUcZHIAjcAJccAEa4AY0QQtg8AiewSt4s56sF+vd+piNlqxiZx/8gfX5A7Jjmb4=</latexit>

correction toM2
H

<latexit sha1_base64="mmHBBhchd1BO+GNxmK98nuOIQH8=">AAACCHicbVDLSsNAFJ34rPUVdenCwSK4kJJUQZdFN90IFewDmhgm00k7dDIJMxOxhCzd+CtuXCji1k9w5984abPQ1gMDh3Pu5c45fsyoVJb1bSwsLi2vrJbWyusbm1vb5s5uW0aJwKSFIxaJro8kYZSTlqKKkW4sCAp9Rjr+6Cr3O/dESBrxWzWOiRuiAacBxUhpyTMPHEUeVIojIQjOJaiiDDon8Pqu5qWNzDMrVtWaAM4TuyAVUKDpmV9OP8JJSLjCDEnZs61YuSkSimJGsrKTSBIjPEID0tOUo5BIN50EyeCRVvowiIR+XMGJ+nsjRaGU49DXkyFSQznr5eJ/Xi9RwYWbUh4ninA8PRQkTIeFeSuwT/P4bKwJwoLqv0I8RAJhpbsr6xLs2cjzpF2r2qfV2s1ZpX5Z1FEC++AQHAMbnIM6aIAmaAEMHsEzeAVvxpPxYrwbH9PRBaPY2QN/YHz+AE5vmX0=</latexit>

related results by  
Davoudiasl, Lewis, 
Casas, Clemente, 
Quiros, Ibarra, 
Bambhaniya, Dev, 
Goswami, Khan, 
Rodejohann

Scale invariance 
broken at 
quantum level
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Consider minimal case compatible with oscillation data (2RHN)

Scale for Neutrino Option: Mi . 107 GeV |Y↵i| ⇠ 1TeV/Mi
<latexit sha1_base64="y/1JxOv1Gy4lp2gYG+fqKLf4Ryk="></latexit>

Parameter Space:

m⌫(µ = v) ' v2|Yi|2

2Mi
<latexit sha1_base64="lhHhaaHTjciQyUWC+J7Naz9S4vo=">AAACF3icbVDLSgMxFM3Ud31VXboJFqFuyswo6EYounEjKFhb6bRDJs20oUlmTDKFMs5fuPFX3LhQxK3u/BvTx0JbD1w4nHMv994TxIwqbdvfVm5ufmFxaXklv7q2vrFZ2Nq+VVEiManiiEWyHiBFGBWkqqlmpB5LgnjASC3onQ/9Wp9IRSNxowcxaXLUETSkGGkj+YUy9z2RlDyenPYPoKcoJ/fQCyXCab/lPtz5Kc0eWm6Wupc+zfJ+oWiX7RHgLHEmpAgmuPILX147wgknQmOGlGo4dqybKZKaYkayvJcoEiPcQx3SMFQgTlQzHf2VwX2jtGEYSVNCw5H6eyJFXKkBD0wnR7qrpr2h+J/XSHR40kypiBNNBB4vChMGdQSHIcE2lQRrNjAEYUnNrRB3kQlFmyiHITjTL8+SW7fsHJbd66Ni5WwSxzLYBXugBBxwDCrgAlyBKsDgETyDV/BmPVkv1rv1MW7NWZOZHfAH1ucPTw6fYw==</latexit>

Mass of RHN is only dimensional parameter of theory & controls

breaking of conformal and lepton number symmetry. 

Y = f(m2,m3, ✓12, ✓13, ✓23, �,↵21,↵32, ✓,M1,M2)
<latexit sha1_base64="7fkce65EO7Z7K6iuOj+woBGQGsM=">AAACU3icbVFBSxtBFJ5dbatprakevQyGgoUQdjdCvRREL70ICo1akrC8nbw1ozO7y8xbISz5jyJ48I/04kFnY8BUfTDzvu977zEz3ySFkpaC4N7zl5Y/fPy0str4/GXt63rz28apzUsjsCdylZvzBCwqmWGPJCk8LwyCThSeJVeHdf3sGo2VefaHJgUONVxkMpUCyElx8/Iv/8XTHR1Hba7jbpsPaIwEcRVG0wXSXSDRjIxQEb gMqhjXYjh9Id2X2TY/isN6i37EzVbQCWbB34JwDlpsHsdx83YwykWpMSOhwNp+GBQ0rMCQFAqnjUFpsQBxBRfYdzADjXZYzTyZ8u9OGfE0N25lxGfq4kQF2tqJTlynBhrb17VafK/WLyndG1YyK0rCTDwflJaKU85rg/lIGhSkJg6AMNLdlYsxGBDkvqHhTAhfP/ktOI06YbcTney29g/mdqywLbbNdljIfrJ99psdsx4T7Ib9Y48e8+68B9/3l59bfW8+s8n+C3/tCc/7rq0=</latexit>

R =

0

@
0 cos ✓ sin ✓
0 � sin ✓ cos ✓
1 0 0

1

A

<latexit sha1_base64="zytm4yyYt998nJrCUxa1jEUsZM8="></latexit>

From seesaw scale RG run to EW scale:

M2
H
(µ = v) ⇠ M2

i
|Yi|2

8⇡2
<latexit sha1_base64="lZr0MupkQP8FjUYMd/zCWZXvD/4=">AAACGXicbVDLSsNAFJ3Ud31FXboZLELdlCQKdiMU3bgRFOxDmjZMppN26EwSZiaFkuY33Pgrblwo4lJX/o3Tx0JbD1w4nHMv997jx4xKZVnfRm5peWV1bX0jv7m1vbNr7u3XZJQITKo4YpFo+EgSRkNSVVQx0ogFQdxnpO73r8Z+fUCEpFF4r4YxaXHUDWlAMVJa8kzrxrtuO0WXJxeDE+hKyqEbCITTG4+2ndGDl9Js1HaytOzGWsjynlmwStYEcJHYM1IAM9x65qfbiXDCSagwQ1I2bStWrRQJRTEjWd5NJIkR7qMuaWoaIk5kK518lsFjrXRgEAldoYIT9fdEiriUQ+7rTo5UT857Y/E/r5mooNxKaRgnioR4uihIGFQRHMcEO1QQrNhQE4QF1bdC3EM6GKXDHIdgz7+8SGpOyT4tOXdnhcrlLI51cAiOQBHY4BxUwDW4BVWAwSN4Bq/gzXgyXox342PamjNmMwfgD4yvH5Pln28=</latexit>

12 dimensional

✓ = x+ iy
<latexit sha1_base64="3jkYtqhYGuaFwQjeo8E+E8wadxM=">AAAB9HicbVDLSsNAFJ3UV62vqks3g0UQhJJo8bEQim5cVrAPaEOZTCft0MnDmZtiCP0ONy4UcevHuPNvnKRB1HrgwuGce7n3HicUXIFpfhqFhcWl5ZXiamltfWNzq7y901JBJClr0kAEsuMQxQT3WRM4CNYJJSOeI1jbGV+nfnvCpOKBfwdxyGyPDH3uckpAS3YPRgwIvsQPRzzulytm1cyA54mVkwrK0eiXP3qDgEYe84EKolTXMkOwEyKBU8GmpV6kWEjomAxZV1OfeEzZSXb0FB9oZYDdQOryAWfqz4mEeErFnqM7PQIj9ddLxf+8bgTuuZ1wP4yA+XS2yI0EhgCnCeABl4yCiDUhVHJ9K6YjIgkFnVMpC+Eixen3y/OkdVy1Tqq121qlfpXHUUR7aB8dIgudoTq6QQ3URBTdo0f0jF6MifFkvBpvs9aCkc/sol8w3r8A4LeRqA==</latexit>
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Type-I ss Leptogenesis consistent with Neutrino Option

1. Non-resonant leptogenesis with R-matrix enhancement
R-matrix entries very large i.e. enlarge the imaginary parts

which allows for larger Yukawa.


Problematic as this leads to fine-tuned cancellation between the  
tree and one-loop light neutrino mass matrices and give too large a 
Higgs mass.


2. Resonant leptogenesis

Go to resonantly enhanced regime, , of 
leptogenesis. CP-asymmetry receives enhancement from oscillations

and mixing of RHNs see 0309342, 1711.02863, 1404.1003, 1410.6434


�M ⇠ �N ⌧ M
<latexit sha1_base64="ug9hPCR7qibORWO5n1MXSi37ZsY=">AAACBHicbVDLSsNAFJ34rPUVddnNYBFclaQKuiwq6KZSwT6gCeFmOmmHziRhZiKU0oUbf8WNC0Xc+hHu/Bunj4W2HrhwOOde7r0nTDlT2nG+raXlldW19dxGfnNre2fX3ttvqCSThNZJwhPZCkFRzmJa10xz2kolBRFy2gz7l2O/+UClYkl8rwcp9QV0YxYxAtpIgV3wrijXgKueYgJ71yAEBLfY4xxXA7volJwJ8CJxZ6SIZqgF9pfXSUgmaKwJB6XarpNqfwhSM8LpKO9liqZA+tClbUNjEFT5w8kTI3xklA6OEmkq1nii/p4YglBqIELTKUD31Lw3Fv/z2pmOzv0hi9NM05hMF0UZxzrB40Rwh0lKNB8YAkQycysmPZBAtMktb0Jw519eJI1yyT0ple9Oi5WLWRw5VECH6Bi56AxV0A2qoToi6BE9o1f0Zj1ZL9a79TFtXbJmMwfoD6zPH8PBluI=</latexit>

https://arxiv.org/pdf/hep-ph/0309342.pdf
https://arxiv.org/abs/1711.02863
https://arxiv.org/abs/1404.1003
https://arxiv.org/abs/1410.6434
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Boltzmann equations
dnNi

dz
= �Di(nNi

� neq
Ni

),

dn↵↵

dz
=

X

i

⇣
✏(i)↵↵Di(nNi

� neq
Ni

)� pi↵Win↵↵

⌘
, i = 1, 2 , ↵ = e, µ, ⌧ .

<latexit sha1_base64="Bd0SkiAKVpS03s7vlXZo+igLJnI="></latexit>

formulae from 1611.03827 for 
review see 1711.02863

Dev, Millington, Pilaftsis and Teresi 
1404.1003

oscillations of RHN  
due to interaction with 

thermal BG (T≠ 0 effect)  

mixing effect comes from 
off diagonal transitions in 
self-energy (T = 0 effect)  

https://arxiv.org/pdf/1711.02863.pdf
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Boltzmann equations
dnNi

dz
= �Di(nNi

� neq
Ni

),

dn↵↵

dz
=

X

i

⇣
✏(i)↵↵Di(nNi

� neq
Ni

)� pi↵Win↵↵

⌘
, i = 1, 2 , ↵ = e, µ, ⌧ .

<latexit sha1_base64="Bd0SkiAKVpS03s7vlXZo+igLJnI="></latexit>

formulae from 1611.03827 for 
review see 1711.02863

Dev, Millington, Pilaftsis and Teresi 
1404.1003

nB�L ⇡ ⇡2

6zd
neq (0)

⌧X

↵=e

✏(1)↵↵

K1p1↵
<latexit sha1_base64="MkaWMf/EPsh0YPYv5jY2JFwGPig="></latexit>

✏(1)↵↵

K1p1↵
⇡ 16m⇤ (fosc + fmix)

m2 �m3

(m2 +m3)
2 e

�4y sin 2x
<latexit sha1_base64="nzwuZ98g7otWKtAKLwfmhAX6RsY=">AAACnXicbVFbb9MwFHYyLqNcVsYbPHBEBeqYViXZBDxWICRuQkOi66SmjRzXaa05tmU7qJWVf8Uv4Y1/g9tEXDaOZPnzd77Pxz4nV5wZG0U/g3Dn2vUbN3dvdW7fuXtvr3t//8zIShM6IpJLfZ5jQzkTdGSZ5fRcaYrLnNNxfvFmkx9/o9owKb7ataLTEi8EKxjB1lNZ93taaExcSpVhXIqZ68cHdeZSzNUSQ7PVtfuYxaAyF/ 9m4JmHSmm5gvgFlJl7XkPKaWH7UHi7pSvrpCFeePiHKNnKE6lmi6U9gKZymSVw5C84rl3j98ShP7aqWVIDnbkjOIG1txomIFll3V40iLYBV0Hcgh5q4zTr/kjnklQlFZZwbMwkjpSdOqwtI5zWnbQyVGFygRd04qHAJTVTt+1uDU89M4dCar+EhS37t8Ph0ph1mXtlie3SXM5tyP/lJpUtXk0dE6qyVJCmUFFxsBI2o4I505RYvvYAE838W4EssW+a9QPt+CbEl798FZwlg/h4kHw56Q1ft+3YRY/QE9RHMXqJhugdOkUjRIKHwTB4H3wIH4dvw0/h50YaBq3nAfonwvEv3GLK1A==</latexit>

✏(1)↵↵

K1p1↵
⇡ 16m⇤ (fosc + fmix)

m1 �m2

(m1 +m2)
2 e

�4y sin 2x
<latexit sha1_base64="uocUqcKh1Q5u9t7FwPv8m0h35Xg="></latexit>

Normal 
Ordering

Inverted 
Ordering

Asymmetry estimate

10�3 eV
<latexit sha1_base64="0m/aBDthAGVMHIr/ZMuZIH7QbIQ=">AAAB+3icbVDJSgNBEO2JW4zbGI9eBoPgQcNMIugx6MVjBLNAZgw9nUrSpGehu0YShvkVLx4U8eqPePNv7CwHTXxQ8Hiviqp6fiy4Qtv+NnJr6xubW/ntws7u3v6BeVhsqiiRDBosEpFs+1SB4CE0kKOAdiyBBr6Alj+6nfqtJ5CKR+EDTmLwAjoIeZ8zilrqmkXHfkwvqpl77iKMMYVm1jVLdtmewVolzoKUyAL1rvnl9iKWBBAiE1SpjmPH6KVUImcCsoKbKIgpG9EBdDQNaQDKS2e3Z9apVnpWP5K6QrRm6u+JlAZKTQJfdwYUh2rZm4r/eZ0E+9deysM4QQjZfFE/ERZG1jQIq8clMBQTTSiTXN9qsSGVlKGOq6BDcJZfXiXNStmpliv3l6XazSKOPDkmJ+SMOOSK1MgdqZMGYWRMnskreTMy48V4Nz7mrTljMXNE/sD4/AEVzJPW</latexit>

�M2
H

=
1

8⇡2v2
cosh (2y)M3 (m1 +m2 +m3)

<latexit sha1_base64="WMFb06cv+wnv00uCkOe/nAN/kuM=">AAACSnicbVDPSxtBGJ1NrcbYamqPXj4aCkoh7G4K9SIE24MXQcGokE2W2cm3yZDZH8x8K4Rl/75eeurNP8JLDy3Fi5O4hVb7YD4e772PmXlRrqQh1711Gi/WXq5vNDdbW69eb++03+xemqzQAgciU5m+jrhBJVMckCSF17lGnkQKr6L556V/dYPayCy9oEWOo4RPUxlLwclKYZsHX1ARh9PwZOzDEQSx5qL0qvIQglxa6WbsVxCIzMzKQGFM++DDAgItpzM6qOB03INaT0IPPtjpr2bvTyZsd9yuuwI8J15NOqzGWdj+HkwyUSSYklDcmKHn5jQquSYpFFatoDCYczHnUxxamvIEzahcVVHBe6tMIM60PSnBSv17o+SJMYskssmE08w89Zbi/7xhQfHhqJRpXhCm4vGiuFBAGSx7hYnUKEgtL OFCS/tWEDNuyyTbfsuW4D398nNy6Xe9Xtc//9jpH9d1NNkee8f2mcc+sT47YWdswAT7yu7YT/bL+eb8cH4794/RhlPvvGX/oLH2ADT1rjs=</latexit>

Higgs mass from Neutrino Option

M =
M1 +M2

2<latexit sha1_base64="AD1OoYfGRvDrgQaDo+Zl2xgPzqo=">AAAB/nicbVDLSsNAFL3xWesrKq7cDBZBEEpSBd0IRTduChXsA9oQJtNJO3QyCTMToYSAv+LGhSJu/Q53/o3Tx0JbD1w4nHMv994TJJwp7Tjf1tLyyuraemGjuLm1vbNr7+03VZxKQhsk5rFsB1hRzgRtaKY5bSeS4ijgtBUMb8d+65FKxWLxoEcJ9SLcFyxkBGsj+fZh7bobSkyymu+e1fyskuemfLvklJ0J0CJxZ6QEM9R9+6vbi0kaUaEJx0p1XCfRXoalZoTTvNhNFU0wGeI+7RgqcESVl03Oz9GJUXoojKUpodFE/T2R4UipURSYzgjrgZr3xuJ/XifV4ZWXMZGkmgoyXRSmHOkYjbNAPSYp0XxkCCaSmVsRGWCThjaJFU0I7vzLi6RZKbvn5cr9Ral6M4ujAEdwDKfgwiVU4Q7q0AACGTzDK7xZT9aL9W59TFuXrNnMAfyB9fkDOBqVAw==</latexit>

https://arxiv.org/pdf/1711.02863.pdf
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�M2
H

=
1

8⇡2v2
cosh (2y)M3 (m1 +m2 +m3)

<latexit sha1_base64="WMFb06cv+wnv00uCkOe/nAN/kuM=">AAACSnicbVDPSxtBGJ1NrcbYamqPXj4aCkoh7G4K9SIE24MXQcGokE2W2cm3yZDZH8x8K4Rl/75eeurNP8JLDy3Fi5O4hVb7YD4e772PmXlRrqQh1711Gi/WXq5vNDdbW69eb++03+xemqzQAgciU5m+jrhBJVMckCSF17lGnkQKr6L556V/dYPayCy9oEWOo4RPUxlLwclKYZsHX1ARh9PwZOzDEQSx5qL0qvIQglxa6WbsVxCIzMzKQGFM++DDAgItpzM6qOB03INaT0IPPtjpr2bvTyZsd9yuuwI8J15NOqzGWdj+HkwyUSSYklDcmKHn5jQquSYpFFatoDCYczHnUxxamvIEzahcVVHBe6tMIM60PSnBSv17o+SJMYskssmE08w89Zbi/7xhQfHhqJRpXhCm4vGiuFBAGSx7hYnUKEgtL OFCS/tWEDNuyyTbfsuW4D398nNy6Xe9Xtc//9jpH9d1NNkee8f2mcc+sT47YWdswAT7yu7YT/bL+eb8cH4794/RhlPvvGX/oLH2ADT1rjs=</latexit>

✏(1)↵↵

K1p1↵
⇡ 16m⇤ (fosc + fmix)

m2 �m3

(m2 +m3)
2 e

�4y sin 2x
<latexit sha1_base64="nzwuZ98g7otWKtAKLwfmhAX6RsY=">AAACnXicbVFbb9MwFHYyLqNcVsYbPHBEBeqYViXZBDxWICRuQkOi66SmjRzXaa05tmU7qJWVf8Uv4Y1/g9tEXDaOZPnzd77Pxz4nV5wZG0U/g3Dn2vUbN3dvdW7fuXtvr3t//8zIShM6IpJLfZ5jQzkTdGSZ5fRcaYrLnNNxfvFmkx9/o9owKb7ataLTEi8EKxjB1lNZ93taaExcSpVhXIqZ68cHdeZSzNUSQ7PVtfuYxaAyF/ 9m4JmHSmm5gvgFlJl7XkPKaWH7UHi7pSvrpCFeePiHKNnKE6lmi6U9gKZymSVw5C84rl3j98ShP7aqWVIDnbkjOIG1txomIFll3V40iLYBV0Hcgh5q4zTr/kjnklQlFZZwbMwkjpSdOqwtI5zWnbQyVGFygRd04qHAJTVTt+1uDU89M4dCar+EhS37t8Ph0ph1mXtlie3SXM5tyP/lJpUtXk0dE6qyVJCmUFFxsBI2o4I505RYvvYAE838W4EssW+a9QPt+CbEl798FZwlg/h4kHw56Q1ft+3YRY/QE9RHMXqJhugdOkUjRIKHwTB4H3wIH4dvw0/h50YaBq3nAfonwvEv3GLK1A==</latexit>

✏(1)↵↵

K1p1↵
⇡ 16m⇤ (fosc + fmix)

m1 �m2

(m1 +m2)
2 e

�4y sin 2x
<latexit sha1_base64="uocUqcKh1Q5u9t7FwPv8m0h35Xg="></latexit>

Normal  
Ordering

Inverted  
Ordering

Maximise of all terms in the above expressions except y and then find 
largest y for which leptogenesis is successful ⇒ lowest M 

1.2⇥ 106 < M (GeV) < 8.8⇥ 106
<latexit sha1_base64="NsMM4YZM469Gekig6zBAQiYcYx8=">AAACHHicbVA9SwNBEN3zM8avqKXNYhBic9xF0RQWooU2QgSTCMkZ9jZzumTvg905MRz5ITb+FRsLRWwsBP+Nm5hCEx8svHlvhtl5fiKFRsf5sqamZ2bn5nML+cWl5ZXVwtp6Xcep4lDjsYzVlc80SBFBDQVKuEoUsNCX0PC7JwO/cQdKizi6xF4CXshuIhEIztBI7cKua5dpC0UImrrO9T49pOemhnvMaOkU6jt9o1Tsyu+edqHo2M4QdJK4I1IkI1TbhY9WJ+ZpCBFyybRuuk6CXsYUCi6hn2+lGhLGu+wGmoZGzGzysuFxfbptlA4NYmVehHSo/p7IWKh1L/RNZ8jwVo97A/E/r5liUPEyESUpQsR/FgWppBjTQVK0IxRwlD1DGFfC/JXyW6YYR5Nn3oTgjp88Sepl2921yxd7xaPjURw5skm2SIm45IAckTNSJTXCyQN5Ii/k1Xq0nq036/2ndcoazWyQP7A+vwFZ0p0z</latexit>

2.4⇥ 106 < M (GeV) < 7.4⇥ 106
<latexit sha1_base64="FYZR1ZBjG3FYam9BT5by1s6mmSI=">AAACHHicbVC7SgNBFJ31bXytWtoMBiE2y24iamEhWmgjRDBRSNYwO7mJQ2YfzNwVw5IPsfFXbCwUsbEQ/Bsnj0ITDwyce8693LknSKTQ6Lrf1tT0zOzc/MJibml5ZXXNXt+o6jhVHCo8lrG6CZgGKSKooEAJN4kCFgYSroPOad+/vgelRRxdYTcBP2TtSLQEZ2ikhl0qOnu0jiIETT33dp8e0QtTwwNmtHAG1d2eUQ7+9jTsvOu4A9BJ4o1InoxQbtif9WbM0xAi5JJpXfPcBP2MKRRcQi9XTzUkjHdYG2qGRsxs8rPBcT26Y5QmbcXKvAjpQP09kbFQ624YmM6Q4Z0e9/rif14txdahn4koSREiPlzUSiXFmPaTok2hgKPsGsK4EuavlN8xxTiaPHMmBG/85ElSLTpeySle7uWPT0ZxLJAtsk0KxCMH5JickzKpEE4eyTN5JW/Wk/VivVsfw9YpazSzSf7A+voBVx6dMQ==</latexit>

Normal  
Ordering

Inverted  
Ordering

Upper M scale ⇒ y=0° comes from the Neutrino Option

m2 �m3

(m2 +m3)
2 >

m1 �m2

(m1 +m2)
2

<latexit sha1_base64="Yi1DykGke/Myz8iE0kXJZN84LUY="></latexit>

We need M to compensate for this effect 
which means M is larger for IO than NO



22 22

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
�M/�2

0

1

2

3

4

5

6

⌘ B
⇥

10
10



23

80 160 240 320

� [�]

150

200

250

300

x
[�

]

2� region

2� region

1� region

1� region

150 300 450 600

�21 [�]

150

200

250

300

x
[�

]

2� region

2� region

1� region

1� region

150 300 450 600

�31 [�]

150

200

250

300

x
[�

]

2� region

2� region

1� region

1� region

42 45 48 51

�23 [�]

150

200

250

300

x
[�

]

2� region

2� region

1� region

1� region

80 160 240 320

� [�]

42

45

48

51

� 2
3

[�
]

2� region

1�
region

150 300 450 600

�21 [�]

42

45

48

51

� 2
3

[�
]

2� region

1� regio
n

150 300 450 600

�31 [�]

42

45

48

51

� 2
3

[�
]

2� region

1�
re

gi
on

80 160 240 320

� [�]

150

300

450

600

�
31

[�
]

2� region

1� region

150 300 450 600

�21 [�]

150

300

450

600

�
31

[�
]

2� region

1�
reg

ion

80 160 240 320

� [�]

150

300

450

600

�
21

[�
]

2�
re

gi
on

1�
reg

ion

slight preference for  
atmospheric angle to be 

in upper octant.

�M

M
⇠ 10�8
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M = 1.2⇥ 106 GeV

y = 190.22�

✓13 = 8.51� GeV

✓12 = 33.63� GeV

�m2
21 = 7.29⇥ 10�5 eV2

�m2
31 = 2.477⇥ 10�3 eV

<latexit sha1_base64="wQAV7yle9F5Ciwe0bDMCO6zOgno="></latexit>

Normal Ordering

PS exploration using  
Bayesian inference 
tool MultiNest and 

visualisation 
SUPERPLOT

1σ region
2σ region

Numerically confirmed: fix M and y s.t NO works and explore 
remaining PS
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Inverted Ordering

M = 2.4⇥ 106 GeV

y = 118.26�

✓13 = 8.51�

✓12 = 33.63�

�m2
21 = 7.29⇥ 10�5 eV2

�m2
31 = �2.45⇥ 10�3 eV2

<latexit sha1_base64="Q1BJtB+2OE2QdME4gYktqeVcRas="></latexit>

�M

M
⇠ 10�8
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weak dependence on 
PMNS parameters. 

Atmospheric angle can be 
in either octant.

PS exploration using  
Bayesian inference 
tool MultiNest and 

visualisation 
SUPERPLOT

For Lower bound of IO:
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Half Time Summary
• The Neutrino Option demonstrates that the Type-I seesaw 

can generate the Higgs potential and therefore the EW scale. 

• We tie these two concepts together  such that neutrino 
masses, the generation of the BAU and EW scale have a 
common origin.  

 

• If neutrino masses are explained by a type-I seesaw, 
leptogenesis is a plausible  cosmological consequence and  
provides an explanation for the BAU. 

• The mass range for the RHN is fairly constrained with  
quasi-degenerate RHN with M ~ 106 GeV for both mass 
orderings with ΔM/M~ 10-8. 

  • There is little dependence on low energy parameters but if 
neutrinos are normally ordered slight preference for upper 
octant. 
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Neutrino masses and gravity
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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

M<latexit sha1_base64="xnt1PyU6jDkHNbgobOvtM/tgvK0=">AAACFnicbVDLSgMxFM3UV62vqks3wSK46TBTFd0Uim66qFDBPqBThkwm04ZmHiQZoYT5Cjf+ihsXirgVd/6N6WOhrQcuHM659yb3eAmjQlrWt5FbWV1b38hvFra2d3b3ivsHbRGnHJMWjlnMux4ShNGItCSVjHQTTlDoMdLxRjcTv/NAuKBxdC/HCemHaBDRgGIkteQWy2UnRHKIEVONzFV+9SKDVegwvcFHTsARVg2zDnVl6jZziyXLtKaAy8SekxKYo+kWvxw/xmlIIokZEqJnW4nsK8QlxYxkBScVJEF4hAakp2mEQiL6anpWBk+04sMg5roiCafq7wmFQiHGoac7JzeIRW8i/uf1Uhlc9RWNklSSCM8eClIGZQwnGUGfcoIlG2uCMKf6rxAPkc5C6iQLOgR78eRl0q6Y9plZuTsv1a7nceTBETgGp8AGl6AG6qAJWgCDR/AMXsGb8WS8GO/Gx6w1Z8xnDsEfGJ8/i3aeWA==</latexit>

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


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 
condensate 

spontaneously 
breaks 

symmetry

Broken symmetry contains U(1)A and an SU(3) part which are 
broken and via  Goldstone’s theorem 9 pseudo GBs:
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hqqi
<latexit sha1_base64="5y3pijIRuha19GO2486eEo2lw0o=">AAACB3icbVDNS8MwHE3n15xfVY+CBIfgabRT0OPQi8cJ7gPWMtIs3cLSpEtSYZTdvPivePGgiFf/BW/+N6ZdD7r5IPB47/2S/F4QM6q043xbpZXVtfWN8mZla3tnd8/eP2grkUhMWlgwIbsBUoRRTlqaaka6sSQoChjpBOObzO88EKmo4Pd6GhM/QkNOQ4qRNlLfPvYY4kNGoCdMLLslnczgBHoyl/t21ak5OeAycQtSBQWaffvLGwicRIRrzJBSPdeJtZ8iqSlmZFbxEkVihMdoSHqGchQR5af5HjN4apQBDIU0h2uYq78nUhQpNY0Ck4yQHqlFLxP/83qJDq/8lPI40YTj+UNhwqAWMCsFDqgkWLOpIQhLav4K8QhJhLWprmJKcBdXXibtes09r9XvLqqN66KOMjgCJ+AMuOASNMAtaIIWwOARPINX8GY9WS/Wu/Uxj5asYuYQ/IH1+QMhyJl5</latexit>

https://arxiv.org/abs/1602.03191


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>
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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>

29

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


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
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@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/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


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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https://arxiv.org/abs/1602.03191
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With Gabriela Barenboim (Valencia) and Ye-Ling Zhou (Southampton)

• 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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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>
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32⇡G

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

G =
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M2
Pl

<latexit sha1_base64="IHP90ufZKPYMwIZ9fq6lNASD3b0=">AAAB/XicbVDLSsNAFL2pr1pf8bFzEyyCq5JUQTdC0YVuhAr2AW0Mk+mkHTqZhJmJUEPwV9y4UMSt/+HOv3HaZqGtBy4czrmXe+/xY0alsu1vo7CwuLS8Ulwtra1vbG6Z2ztNGSUCkwaOWCTaPpKEUU4aiipG2rEgKPQZafnDy7HfeiBC0ojfqVFM3BD1OQ0oRkpLnrl3dd4NBMKpk6U391UvrbMs88yyXbEnsOaJk5My5Kh75le3F+EkJFxhhqTsOHas3BQJRTEjWambSBIjPER90tGUo5BIN51cn1mHWulZQSR0cWVN1N8TKQqlHIW+7gyRGshZbyz+53USFZy5KeVxogjH00VBwiwVWeMorB4VBCs20gRhQfWtFh4gHYbSgZV0CM7sy/OkWa04x5Xq7Um5dpHHUYR9OIAjcOAUanANdWgAhkd4hld4M56MF+Pd+Ji2Fox8Zhf+wPj8AR8ilQQ=</latexit>
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<latexit sha1_base64="B7Cn33U1yL8uYM+8cHh1p/xUc08="></latexit>
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<latexit sha1_base64="6LXo5LsN476vlWV7CNYcCtiITQM="> LEJBsHMFHM9QrJErtRGPfg/CVEl498FZz0u9Fht//+ZeP4zfY69sBT8Ay0QARegWPwDgzAEJDgU/At+BH8DD+H38Nf4e/SGgbbnCdgJ8I/fwHhCAsi</latexit>
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(⌘µ⇢⌘⌫� + ⌘µ�⌘⌫⇢ � ⌘µ⌫⌘⇢�)
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<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.

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.

34

• “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)

https://arxiv.org/abs/1009.2504
https://arxiv.org/abs/0811.2998
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Apply Schwinger-Dyson equation to find non-trivial vacuum.

mF = �(p2)/↵(p2)
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Assume neutrino has zero valued bare mass and Dirac fermion.
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<latexit sha1_base64="P8XRuiK1I8PaNWeyieU82M7QrI8="></latexit>

undressed graviton 
propagator

graviton-fermion-fermion 
vertex
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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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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>

39

https://arxiv.org/abs/1909.04675


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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From vacuum polarisations find expression 

�(p2) = i8G2

Z
d4k

(2⇡)4
�(k2)

↵2(k2)k2 � �2(k2)

"
A(k + p)2 �B

�
p2 � k2

�2

8(p� k)2

#
log


µ2

�(p� k)2

�

<latexit sha1_base64="zTdud+VHsQC145Qt6FLBbZI4T7k="></latexit>

A and B function of matter running in the loops

A =
27/2Nms + 6Ndf + 12Ngb +Ncs + 267Ngr

288

B =
9Nms + 6Ndf + 12Ngb +Ncs + 186Ngr

288
.

<latexit sha1_base64="TlVMWLJNsT+wFXW3HJM4UMopfUU="></latexit>

A = 2.61 B = 2.27
<latexit sha1_base64="Hz4mu9GCITOyny4xnnjvdeauCzk=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCYoqSgCgLUikLY5Foi9RGleM4rVXHCbaDVEVd+BUWBhBi5TPY+BvcNAO0HOlKx+fcK997/IRRqWz72ygtLa+srpXXKxubW9s75u5eW8apwKSFYxaLex9JwignLUUVI/eJICjyGen4o+up33kkQtKY36lxQrwIDTgNKUZKS33z4ApeQtc6d2DvIUUBbORPt9Y3q7Zl54CLxClIFRRo9s 2vXhDjNCJcYYak7Dp2orwMCUUxI5NKL5UkQXiEBqSrKUcRkV6WHzCBx1oJYBgLXVzBXP09kaFIynHk684IqaGc96bif143VeGFl1GepIpwPPsoTBlUMZymAQMqCFZsrAnCgupdIR4igbDSmVV0CM78yYuk7VrOqeXenlXrjSKOMjgER+AEOKAG6uAGNEELYDABz+AVvBlPxovxbnzMWktGMbMP/sD4/AEmWZLp</latexit>

SM particle content + 1 graviton

↵(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="TL1mtr7syGklTVeX7cS1oQVV5q8="></latexit>
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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
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G⇤2 =) A & 23
<latexit sha1_base64="bHoUZ1JGDpEHofHpQK4PDMY9/MI=">AAACCHicbVDLSgMxFM3UV62vUZcuDBbBVZk+8LGrutCFiwr2AZ1aMpm0DU0yQ5IRytClG3/FjQtF3PoJ7vwbM9Miaj0QOJxzLjf3eCGjSjvOp5WZm19YXMou51ZW19Y37M2thgoiiUkdByyQLQ8pwqggdU01I61QEsQ9Rpre8Dzxm3dEKhqIGz0KSYejvqA9ipE2UtfevXCvTNpHtyXoUm5WEgVP3b42IxyWyl077xScFHCWFK ckD6aode0P1w9wxInQmCGl2kUn1J0YSU0xI+OcGykSIjxEfdI2VCBOVCdODxnDfaP4sBdI84SGqfpzIkZcqRH3TJIjPVB/vUT8z2tHunfciakII00EnizqRQzqACatQJ9KgjUbGYKwpOavEA+QRFib7nJpCScJDr9PniWNUqFYLlSuK/nq2bSOLNgBe+AAFMERqIJLUAN1gME9eATP4MV6sJ6sV+ttEs1Y05lt8AvW+xcBepjU</latexit>



Solving SD Equation - Ansatz
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<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
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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
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ULYSSES: Universal Leptogenesis Equation Solver

Python package calculates the baryon asymmetry from 
leptogenesis based on a type-I seesaw from masses of RHN  

10-1 to 1013 GeV: current implementation for leptogenesis via 
decays and resonant leptogenesis still to do oscillation case.

Code has been profiled and slow functions optimised using 
numba. Easily parallelisable and customisable. 

Will be available on Pypi for easy installation.
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Formulae

⌘B(T = Trec) =
28

29

Nf
B�L

N�

g⇤(T = Trec)

g⇤(T = Tlep)
' 0.96⇥ 10�2Nf

B�L
<latexit sha1_base64="BxCD2P6VJw805vAJoaEYz3VGT2M="></latexit><latexit sha1_base64="BxCD2P6VJw805vAJoaEYz3VGT2M="></latexit><latexit sha1_base64="BxCD2P6VJw805vAJoaEYz3VGT2M="></latexit><latexit sha1_base64="BxCD2P6VJw805vAJoaEYz3VGT2M="></latexit>

D1(z) =
�1(T )

Hz
= K1zh

K1(z)

K2(z)
i

<latexit sha1_base64="dswhNDFDHktF7JUO7LXVuGXWAnA="></latexit><latexit sha1_base64="dswhNDFDHktF7JUO7LXVuGXWAnA="></latexit><latexit sha1_base64="dswhNDFDHktF7JUO7LXVuGXWAnA="></latexit><latexit sha1_base64="dswhNDFDHktF7JUO7LXVuGXWAnA="></latexit>

Neq
1 =

1

2
z2K2(z)

<latexit sha1_base64="4Al2rBAkRxb+ZnBvZxQx2ZWhjEU=">AAACDHicbVDLSgMxFM3UV62vqks3wSLUTZkpgm6EohtBkAr2Ae20ZNI7bWjmYZIR2mE+wI2/4saFIm79AHf+jWk7C209EHI451ySe5yQM6lM89vILC2vrK5l13Mbm1vbO/ndvboMIkGhRgMeiKZDJHDmQ00xxaEZCiCew6HhDC8nfuMBhGSBf6dGIdge6fvMZZQoLXXzhZtODPdJN7YSfI7briBU07icjDvl666+i+NjnTJL5hR4kVgpKaAU1W7+q90LaOSBrygnUrYsM1R2TIRilEOSa0cSQkKHpA8tTX3igbTj6TIJPtJKD7uB0MdXeKr+noiJJ+XIc3TSI2og572J+J/XipR7ZsfMDyMFPp095EYcqwBPmsE9JoAqPtKEUMH0XzEdEF2I0v3ldAnW/MqLpF4uWWbJuj0pVC7SOrLoAB2iIrLQKaqgK1RFNUTRI3pGr+jNeDJejHfjYxbNGOnMPvoD4/MHTj2afA==</latexit><latexit sha1_base64="4Al2rBAkRxb+ZnBvZxQx2ZWhjEU=">AAACDHicbVDLSgMxFM3UV62vqks3wSLUTZkpgm6EohtBkAr2Ae20ZNI7bWjmYZIR2mE+wI2/4saFIm79AHf+jWk7C209EHI451ySe5yQM6lM89vILC2vrK5l13Mbm1vbO/ndvboMIkGhRgMeiKZDJHDmQ00xxaEZCiCew6HhDC8nfuMBhGSBf6dGIdge6fvMZZQoLXXzhZtODPdJN7YSfI7briBU07icjDvl666+i+NjnTJL5hR4kVgpKaAU1W7+q90LaOSBrygnUrYsM1R2TIRilEOSa0cSQkKHpA8tTX3igbTj6TIJPtJKD7uB0MdXeKr+noiJJ+XIc3TSI2og572J+J/XipR7ZsfMDyMFPp095EYcqwBPmsE9JoAqPtKEUMH0XzEdEF2I0v3ldAnW/MqLpF4uWWbJuj0pVC7SOrLoAB2iIrLQKaqgK1RFNUTRI3pGr+jNeDJejHfjYxbNGOnMPvoD4/MHTj2afA==</latexit><latexit sha1_base64="4Al2rBAkRxb+ZnBvZxQx2ZWhjEU=">AAACDHicbVDLSgMxFM3UV62vqks3wSLUTZkpgm6EohtBkAr2Ae20ZNI7bWjmYZIR2mE+wI2/4saFIm79AHf+jWk7C209EHI451ySe5yQM6lM89vILC2vrK5l13Mbm1vbO/ndvboMIkGhRgMeiKZDJHDmQ00xxaEZCiCew6HhDC8nfuMBhGSBf6dGIdge6fvMZZQoLXXzhZtODPdJN7YSfI7briBU07icjDvl666+i+NjnTJL5hR4kVgpKaAU1W7+q90LaOSBrygnUrYsM1R2TIRilEOSa0cSQkKHpA8tTX3igbTj6TIJPtJKD7uB0MdXeKr+noiJJ+XIc3TSI2og572J+J/XipR7ZsfMDyMFPp095EYcqwBPmsE9JoAqPtKEUMH0XzEdEF2I0v3ldAnW/MqLpF4uWWbJuj0pVC7SOrLoAB2iIrLQKaqgK1RFNUTRI3pGr+jNeDJejHfjYxbNGOnMPvoD4/MHTj2afA==</latexit><latexit sha1_base64="4Al2rBAkRxb+ZnBvZxQx2ZWhjEU=">AAACDHicbVDLSgMxFM3UV62vqks3wSLUTZkpgm6EohtBkAr2Ae20ZNI7bWjmYZIR2mE+wI2/4saFIm79AHf+jWk7C209EHI451ySe5yQM6lM89vILC2vrK5l13Mbm1vbO/ndvboMIkGhRgMeiKZDJHDmQ00xxaEZCiCew6HhDC8nfuMBhGSBf6dGIdge6fvMZZQoLXXzhZtODPdJN7YSfI7briBU07icjDvl666+i+NjnTJL5hR4kVgpKaAU1W7+q90LaOSBrygnUrYsM1R2TIRilEOSa0cSQkKHpA8tTX3igbTj6TIJPtJKD7uB0MdXeKr+noiJJ+XIc3TSI2og572J+J/XipR7ZsfMDyMFPp095EYcqwBPmsE9JoAqPtKEUMH0XzEdEF2I0v3ldAnW/MqLpF4uWWbJuj0pVC7SOrLoAB2iIrLQKaqgK1RFNUTRI3pGr+jNeDJejHfjYxbNGOnMPvoD4/MHTj2afA==</latexit>

W1(z) =
1

2

�ID
1

Hz
=

1

4
K1K1z

3

<latexit sha1_base64="DtoaRGWolcuqvL96/JHyc/rFWIM="></latexit><latexit sha1_base64="DtoaRGWolcuqvL96/JHyc/rFWIM="></latexit><latexit sha1_base64="DtoaRGWolcuqvL96/JHyc/rFWIM="></latexit><latexit sha1_base64="DtoaRGWolcuqvL96/JHyc/rFWIM="></latexit>

�39
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✏(i)↵↵ =
X

j 6=i

Im
h
Y †
i↵Y↵j

�
Y †Y

�
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i
+ Mi

Mj
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h
Y †
i↵Y↵j

�
Y †Y

�
ji

i

(Y †Y )ii (Y
†Y )jj

�
fmix
ij + fosc

ij

�

<latexit sha1_base64="AF3oYQA2PSRnGiIA1EKfo4SpprU="></latexit>

fmix
ij =

�
M2

i �M2
j

�
Mi�j

�
M2

i �M2
j

�2
+M2

i �
2
j

<latexit sha1_base64="XcTRuZM2aucCsZPIHN54n0GVbbk="></latexit>

fosc
ij =

�
M2

i �M2
j

�
Mi�j

�
M2

i �M2
j

�2
+ (Mi�i +Mj�j)

2 det[Re(Y †Y )]
(Y †Y )ii(Y

†Y )jj
<latexit sha1_base64="p6UVWImHT8VnaVyIFaPDyqjlmpY="></latexit>

Formulae for resonant leptogenesis



54

More complete formulae for Neutrino Option

MSbar renormalisation scheme:


�M2
H

=
M2

1

8⇡2

�
|Y1|2 + x2

M
|Y2|2

�
,

�� = � 1

32⇡2


5|Y1|4 + 5|Y2|4 + 2Re(Y1 · Y ⇤

2 )
2

✓
1� 2 log x2

M

1� xM

◆

+2 Im(Y1 · Y ⇤
2 )

2

✓
1� 2 log x2

M

1 + xM

◆�
,

<latexit sha1_base64="13mF49wTzvsRew4+OF/RySoW/A4="></latexit>
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Analytic Argument for mass scale difference in  
IO and NO scenario

nB�L ⇡ ⇡2

6zd
neq (0)

<latexit sha1_base64="7LC6s4yBAhkYzUPb9dIAH8KDR5g="></latexit>

�M2
H

=
1

8⇡2
Tr

⇥
YM2Y †⇤ =) �M2

H
=

1

8⇡2v2
cosh (2y)M3 (m1 +m2 +m3)

<latexit sha1_base64="GSJlcaCuMeuYGlq3Th9CReDWYMs="></latexit>

Casas Ibarra
If I make the mass 
scale smaller, I need to 
increase ‘y’   to 
compensate

Simple analytic estimate

✏(1)↵↵

K1p1↵
⇡ 16m⇤ (fosc + fmix)

m2 �m3

(m2 +m3)
2 e

�4y sin 2x
<latexit sha1_base64="nzwuZ98g7otWKtAKLwfmhAX6RsY=">AAACnXicbVFbb9MwFHYyLqNcVsYbPHBEBeqYViXZBDxWICRuQkOi66SmjRzXaa05tmU7qJWVf8Uv4Y1/g9tEXDaOZPnzd77Pxz4nV5wZG0U/g3Dn2vUbN3dvdW7fuXtvr3t//8zIShM6IpJLfZ5jQzkTdGSZ5fRcaYrLnNNxfvFmkx9/o9owKb7ataLTEi8EKxjB1lNZ93taaExcSpVhXIqZ68cHdeZSzNUSQ7PVtfuYxaAyF/ 9m4JmHSmm5gvgFlJl7XkPKaWH7UHi7pSvrpCFeePiHKNnKE6lmi6U9gKZymSVw5C84rl3j98ShP7aqWVIDnbkjOIG1txomIFll3V40iLYBV0Hcgh5q4zTr/kjnklQlFZZwbMwkjpSdOqwtI5zWnbQyVGFygRd04qHAJTVTt+1uDU89M4dCar+EhS37t8Ph0ph1mXtlie3SXM5tyP/lJpUtXk0dE6qyVJCmUFFxsBI2o4I505RYvvYAE838W4EssW+a9QPt+CbEl798FZwlg/h4kHw56Q1ft+3YRY/QE9RHMXqJhugdOkUjRIKHwTB4H3wIH4dvw0/h50YaBq3nAfonwvEv3GLK1A==</latexit>

✏(1)↵↵

K1p1↵
⇡ 16m⇤ (fosc + fmix)

m1 �m2

(m1 +m2)
2 e

�4y sin 2x
<latexit sha1_base64="uocUqcKh1Q5u9t7FwPv8m0h35Xg=">AAACnnicbVHbbhMxEPUutxJuAR77MiICpVSNdpeq5bGAhBAVokikjZRNVl7Hm1j1TbYXJbL2s/gR3vgbnGTFpWUky8dnzpmxx6XmzLok+RnFN27eun1n527n3v0HDx91Hz85t6o2hA6J4sqMSmwpZ5IOHXOcjrShWJScXpSX79b5i2/UWKbkV7fSdCLwXLKKEewCVXS/55XBxOdUW8aVnPp+utcUPsdcLzBst6bxp0UKuvDpbw ZeBKi1UUtIj0AU/mUDOaeV60MV7I4unVeWBOH+H0KwZSByw+YLtwfbziJUPggFsqbjtwUCsx/OrWyaNUCn/gAOYRW8lknIlkW3lwySTcB1kLagh9o4K7o/8pkitaDSEY6tHaeJdhOPjWOE06aT15ZqTC7xnI4DlFhQO/Gb8TbwPDAzqJQJSzrYsH87PBbWrkQZlAK7hb2aW5P/y41rV72eeCZ17agk20ZVzcEpWP8VzJihxPFVAJgYFu4KZIHD1Fz40U4YQnr1ydfBeTZIXw2yL4e9k7ftOHbQLnqG+ihFx+gEfUBnaIhItBu9iT5GpzHE7+NP8eetNI5az1P0T8SjXz8JyuQ=</latexit>

Normal Ordering

Inverted Ordering

m2 �m3

(m2 +m3)
2 >

m1 �m2

(m1 +m2)
2

<latexit sha1_base64="Yi1DykGke/Myz8iE0kXJZN84LUY="></latexit>

If I increase y I get an 
exponential suppression 
which reduces baryon 
asymmetry
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Parametrisation: Radiative Corrections 

Z0

νk, Nk

H0

νi νjνk, Nk νi νj

W±

νi νjl∓k

Y =
1

v
mD =

1

v
U
p
m̂⌫R

T
p

f(M)�1,

m⌫ = mtree +m1-loop.

contains loop contributions
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Light Neutrino Mass
mtree ⇡ mDM�1mT

D
<latexit sha1_base64="/MkI836mhyiTeW+Q5Dspdkj3DgU=">AAACFXicbVDLSgNBEJz1bXytevQyGAQPGnZF0GPQHLwIERIV8lhmJ504OLO7zPSKYdmf8OKvePGgiFfBm3/j5HHQaEFDUdVNd1eYSGHQ876cqemZ2bn5hcXC0vLK6pq7vnFp4lRzqPNYxvo6ZAakiKCOAiVcJxqYCiVchbenA//qDrQRcVTDfgItxXqR6ArO0EqBu6faWRPhHjPUAHlOmyxJdHxPrZ4HFXrezvb9nKqg0q4VArfolbwh6F/ij0mRjFEN3M9mJ+apggi5ZMY0fC/BVsY0Ci4hLzRTAwnjt6wHDUsjpsC0suFXOd2xSod2Y20rQjpUf05kTBnTV6HtVAxvzKQ3EP/zGil2j1uZiJIUIeKjRd1UUozpICLaERo4yr4ljGthb6X8hmnG0QY5CMGffPkvuTwo+V7Jvzgslk/GcSyQLbJNdolPjkiZnJEqqRNOHsgTeSGvzqPz7Lw576PWKWc8s0l+wfn4BvE+npg=</latexit><latexit sha1_base64="/MkI836mhyiTeW+Q5Dspdkj3DgU=">AAACFXicbVDLSgNBEJz1bXytevQyGAQPGnZF0GPQHLwIERIV8lhmJ504OLO7zPSKYdmf8OKvePGgiFfBm3/j5HHQaEFDUdVNd1eYSGHQ876cqemZ2bn5hcXC0vLK6pq7vnFp4lRzqPNYxvo6ZAakiKCOAiVcJxqYCiVchbenA//qDrQRcVTDfgItxXqR6ArO0EqBu6faWRPhHjPUAHlOmyxJdHxPrZ4HFXrezvb9nKqg0q4VArfolbwh6F/ij0mRjFEN3M9mJ+apggi5ZMY0fC/BVsY0Ci4hLzRTAwnjt6wHDUsjpsC0suFXOd2xSod2Y20rQjpUf05kTBnTV6HtVAxvzKQ3EP/zGil2j1uZiJIUIeKjRd1UUozpICLaERo4yr4ljGthb6X8hmnG0QY5CMGffPkvuTwo+V7Jvzgslk/GcSyQLbJNdolPjkiZnJEqqRNOHsgTeSGvzqPz7Lw576PWKWc8s0l+wfn4BvE+npg=</latexit><latexit sha1_base64="/MkI836mhyiTeW+Q5Dspdkj3DgU=">AAACFXicbVDLSgNBEJz1bXytevQyGAQPGnZF0GPQHLwIERIV8lhmJ504OLO7zPSKYdmf8OKvePGgiFfBm3/j5HHQaEFDUdVNd1eYSGHQ876cqemZ2bn5hcXC0vLK6pq7vnFp4lRzqPNYxvo6ZAakiKCOAiVcJxqYCiVchbenA//qDrQRcVTDfgItxXqR6ArO0EqBu6faWRPhHjPUAHlOmyxJdHxPrZ4HFXrezvb9nKqg0q4VArfolbwh6F/ij0mRjFEN3M9mJ+apggi5ZMY0fC/BVsY0Ci4hLzRTAwnjt6wHDUsjpsC0suFXOd2xSod2Y20rQjpUf05kTBnTV6HtVAxvzKQ3EP/zGil2j1uZiJIUIeKjRd1UUozpICLaERo4yr4ljGthb6X8hmnG0QY5CMGffPkvuTwo+V7Jvzgslk/GcSyQLbJNdolPjkiZnJEqqRNOHsgTeSGvzqPz7Lw576PWKWc8s0l+wfn4BvE+npg=</latexit><latexit sha1_base64="/MkI836mhyiTeW+Q5Dspdkj3DgU=">AAACFXicbVDLSgNBEJz1bXytevQyGAQPGnZF0GPQHLwIERIV8lhmJ504OLO7zPSKYdmf8OKvePGgiFfBm3/j5HHQaEFDUdVNd1eYSGHQ876cqemZ2bn5hcXC0vLK6pq7vnFp4lRzqPNYxvo6ZAakiKCOAiVcJxqYCiVchbenA//qDrQRcVTDfgItxXqR6ArO0EqBu6faWRPhHjPUAHlOmyxJdHxPrZ4HFXrezvb9nKqg0q4VArfolbwh6F/ij0mRjFEN3M9mJ+apggi5ZMY0fC/BVsY0Ci4hLzRTAwnjt6wHDUsjpsC0suFXOd2xSod2Y20rQjpUf05kTBnTV6HtVAxvzKQ3EP/zGil2j1uZiJIUIeKjRd1UUozpICLaERo4yr4ljGthb6X8hmnG0QY5CMGffPkvuTwo+V7Jvzgslk/GcSyQLbJNdolPjkiZnJEqqRNOHsgTeSGvzqPz7Lw576PWKWc8s0l+wfn4BvE+npg=</latexit>

m⌫ = mtree +m1-loop
<latexit sha1_base64="wlu0+kM4yh5AY9Y8yUxkuehZtwY=">AAACFXicbVDJSgNBEO2Je9yiHr00BkFQw4wIehGCXjwqmCgkMfR0KkmTXobuGjEM8xNe/BUvHhTxKnjzb5wsiNuDgtfvVdFVL4ykcOj7H15uYnJqemZ2Lj+/sLi0XFhZrToTWw4VbqSxVyFzIIWGCgqUcBVZYCqUcBn2Tgb+5Q1YJ4y+wH4EDcU6WrQFZ5hJzcKOaiZ1Haf0iKrrpI5wiwlagDTd/noHu9KYKE3zzULRL/lD0L8kGJMiGeOsWXivtwyPFWjkkjlXC/wIGwmzKLiENF+PHUSM91gHahnVTIFrJMOrUrqZKS3aNjYrjXSofp9ImHKur8KsUzHsut/eQPzPq8XYPmwkQkcxguajj9qxpGjoICLaEhY4yn5GGLci25XyLrOMYxbkIITg98l/SXWvFPil4Hy/WD4exzFL1skG2SIBOSBlckrOSIVwckceyBN59u69R+/Fex215rzxzBr5Ae/tE262n5g=</latexit><latexit sha1_base64="wlu0+kM4yh5AY9Y8yUxkuehZtwY=">AAACFXicbVDJSgNBEO2Je9yiHr00BkFQw4wIehGCXjwqmCgkMfR0KkmTXobuGjEM8xNe/BUvHhTxKnjzb5wsiNuDgtfvVdFVL4ykcOj7H15uYnJqemZ2Lj+/sLi0XFhZrToTWw4VbqSxVyFzIIWGCgqUcBVZYCqUcBn2Tgb+5Q1YJ4y+wH4EDcU6WrQFZ5hJzcKOaiZ1Haf0iKrrpI5wiwlagDTd/noHu9KYKE3zzULRL/lD0L8kGJMiGeOsWXivtwyPFWjkkjlXC/wIGwmzKLiENF+PHUSM91gHahnVTIFrJMOrUrqZKS3aNjYrjXSofp9ImHKur8KsUzHsut/eQPzPq8XYPmwkQkcxguajj9qxpGjoICLaEhY4yn5GGLci25XyLrOMYxbkIITg98l/SXWvFPil4Hy/WD4exzFL1skG2SIBOSBlckrOSIVwckceyBN59u69R+/Fex215rzxzBr5Ae/tE262n5g=</latexit><latexit sha1_base64="wlu0+kM4yh5AY9Y8yUxkuehZtwY=">AAACFXicbVDJSgNBEO2Je9yiHr00BkFQw4wIehGCXjwqmCgkMfR0KkmTXobuGjEM8xNe/BUvHhTxKnjzb5wsiNuDgtfvVdFVL4ykcOj7H15uYnJqemZ2Lj+/sLi0XFhZrToTWw4VbqSxVyFzIIWGCgqUcBVZYCqUcBn2Tgb+5Q1YJ4y+wH4EDcU6WrQFZ5hJzcKOaiZ1Haf0iKrrpI5wiwlagDTd/noHu9KYKE3zzULRL/lD0L8kGJMiGeOsWXivtwyPFWjkkjlXC/wIGwmzKLiENF+PHUSM91gHahnVTIFrJMOrUrqZKS3aNjYrjXSofp9ImHKur8KsUzHsut/eQPzPq8XYPmwkQkcxguajj9qxpGjoICLaEhY4yn5GGLci25XyLrOMYxbkIITg98l/SXWvFPil4Hy/WD4exzFL1skG2SIBOSBlckrOSIVwckceyBN59u69R+/Fex215rzxzBr5Ae/tE262n5g=</latexit><latexit sha1_base64="wlu0+kM4yh5AY9Y8yUxkuehZtwY=">AAACFXicbVDJSgNBEO2Je9yiHr00BkFQw4wIehGCXjwqmCgkMfR0KkmTXobuGjEM8xNe/BUvHhTxKnjzb5wsiNuDgtfvVdFVL4ykcOj7H15uYnJqemZ2Lj+/sLi0XFhZrToTWw4VbqSxVyFzIIWGCgqUcBVZYCqUcBn2Tgb+5Q1YJ4y+wH4EDcU6WrQFZ5hJzcKOaiZ1Haf0iKrrpI5wiwlagDTd/noHu9KYKE3zzULRL/lD0L8kGJMiGeOsWXivtwyPFWjkkjlXC/wIGwmzKLiENF+PHUSM91gHahnVTIFrJMOrUrqZKS3aNjYrjXSofp9ImHKur8KsUzHsut/eQPzPq8XYPmwkQkcxguajj9qxpGjoICLaEhY4yn5GGLci25XyLrOMYxbkIITg98l/SXWvFPil4Hy/WD4exzFL1skG2SIBOSBlckrOSIVwckceyBN59u69R+/Fex215rzxzBr5Ae/tE262n5g=</latexit>
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32⇡2v2
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<latexit sha1_base64="a30uXHePx6l2peGuB/SSVuzWjhA="></latexit><latexit sha1_base64="a30uXHePx6l2peGuB/SSVuzWjhA="></latexit><latexit sha1_base64="a30uXHePx6l2peGuB/SSVuzWjhA="></latexit><latexit sha1_base64="a30uXHePx6l2peGuB/SSVuzWjhA="></latexit>
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� 1

1
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<latexit sha1_base64="5HksqVlyTe5LoKLnAxXDC0iT4rQ="></latexit><latexit sha1_base64="5HksqVlyTe5LoKLnAxXDC0iT4rQ="></latexit><latexit sha1_base64="5HksqVlyTe5LoKLnAxXDC0iT4rQ="></latexit><latexit sha1_base64="5HksqVlyTe5LoKLnAxXDC0iT4rQ="></latexit>
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32⇡2v2

0

@
log

⇣
M2

m2
H

⌘

M2

m2
H

� 1
+ 3

log
⇣

M2

m2
Z

⌘

M2

m2
Z

� 1

1

A = diag

✓
1

M1
,

1

M2
,

1

M3

◆
� 1

32⇡2v2
diag (g (M1) , g (M2) , g (M3)) .

<latexit sha1_base64="0Eq6UJKAu67UNc2UI5Hj9HGniEE="></latexit><latexit sha1_base64="0Eq6UJKAu67UNc2UI5Hj9HGniEE="></latexit><latexit sha1_base64="0Eq6UJKAu67UNc2UI5Hj9HGniEE="></latexit><latexit sha1_base64="0Eq6UJKAu67UNc2UI5Hj9HGniEE="></latexit> !41
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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>


