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Asymptotically safe quantum gravity

Assumptions:  
metric field carries degrees of freedom and diffeomorphism symmetry
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Healthy and unitary quantum gravity

Off-shell dofs
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Healthy and unitary quantum gravity

Off-shell dofs
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Spectral functions in on-shell renormalisation

The graviton is massless

Spectral functions have the standard delta peak and continuum starting at the origin

TT agrees with numerical results
[Pawlowski, Reichert, Wessely ’25] [Knorr, ’26][Fehre, Litim, Pawlowski, Reichert ’21]

TT/0 agree with analytic results

Ghost and tachyon free
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Include graviton scalar mode 
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Two-point quantum effective action 
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Fully dressed propagator:
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Fully dressed propagator:
Two-point quantum effective action 
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How does it run?



Blue lines: TT mode 
Red lines: scalar + vector mode

Dashed black lines: ghost 

Coupled RG flows two-point correlators
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Blue lines: TT mode 
Red lines: scalar + vector mode

Dashed black lines: ghost 

Coupled RG flows two-point correlators
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Include graviton scalar mode 

Freedom in 
renormalisation 

condition
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RG fixed points, UV-IR trajectories
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On-shell renormalisation

[Pawlowski, Reichert, Wessely ’25]
[GA, Litim, Reichert, ’26]

RG fixed points, UV-IR trajectories

p = 0 renormalisation
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p = 0 renormalisation
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On-shell renormalisation
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Coupled spectral functions
IR: matches EFT exactly UV: Normalisable spectral functions

All spectral functions are positive 
 

Transverse-traceless mode carries 
on-shell dofs 

All spectral functions change sign 
 

Physical scalar mode carries  
off-shell dofs 



Coupled spectral functions
IR: matches EFT exactly UV: Normalisable spectral functions

TT is compatible with all conditions  
for unitary and causal 

UV completion of gravity
[Platania, Wetterich 2020]

Propagator pole structure:  
no additional modes



Coupled form factors
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First principles Lorentzian computation of non-perturbative form factors at k=0
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Conclusions Lorentzian graviton spectral functions 2606.19321

Stable properties under changes of 
renormalisation scheme

Coupled healthy spectral functions 

Ghost and tachyon free: unitary and causal

Positive TT, all normalisable 

Direct Lorentzian computation



Conclusions Lorentzian graviton spectral functions

Full form factors    
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R2, C2

Black holes, cosmology, 
scattering amplitudes…

2606.19321
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⇧0 · S(2)
gf = 0

Physical scalar mode projector  
is orthogonal to the gauge fixing 

Projectors in the scalar sector
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(2) Scalar sector

Tensor decomposed two-point function is 

We make a “uniform” approximation in the scalar sector 
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Breaks for feedback of 
continua into the 2pt flow

[Pawlowski, Reichert, Wessely, 2025]



<latexit sha1_base64="nx1uXeGOMusDym8JKvD20hNwCqE=">AAAB8nicbZDLSsNAFIYn9VbjrerSTbAIrkrioroRi4K4rGAvkIYymU7aoZOZMHOiltDHcONCkW59D/duxLdxello6w8DH/9/DnPOCRPONLjut5VbWl5ZXcuv2xubW9s7hd29upapIrRGJJeqGWJNORO0Bgw4bSaK4jjktBH2r8Z5454qzaS4g0FCgxh3BYsYwWAsvwX0EbJrLh+G7ULRLbkTOYvgzaB48WGfJ6Mvu9oufLY6kqQxFUA41tr33ASCDCtghNOh3Uo1TTDp4y71DQocUx1kk5GHzpFxOk4klXkCnIn7uyPDsdaDODSVMYaens/G5n+Zn0J0FmRMJClQQaYfRSl3QDrj/Z0OU5QAHxjARDEzq0N6WGEC5kq2OYI3v/Ii1E9KXrlUvnWLlUs0VR4doEN0jDx0iiroBlVRDREk0RN6Qa8WWM/WmzWaluasWc8++iPr/Qc4a5Th</latexit>

Flow

<latexit sha1_base64="FqTlDCEkGgftSbRuFkRG/X32IDk=">AAAB9HicbVC7SgNBFJ2NrxhfUcHGZjEIVmHXIlqG2FgmkBckS5idzCZDZmbXmbvBsOx32FgoYqlf4RfY2fgtTh6FJh64cDjnXu69x4840+A4X1ZmbX1jcyu7ndvZ3ds/yB8eNXUYK0IbJOShavtYU84kbQADTtuRolj4nLb80c3Ub42p0iyUdZhE1BN4IFnACAYjeaKXdIHeQ1Kvp2kvX3CKzgz2KnEXpFA+qX2zt8pHtZf/7PZDEgsqgXCsdcd1IvASrIARTtNcN9Y0wmSEB7RjqMSCai+ZHZ3a50bp20GoTEmwZ+rviQQLrSfCN50Cw1Ave1PxP68TQ3DtJUxGMVBJ5ouCmNsQ2tME7D5TlACfGIKJYuZWmwyxwgRMTjkTgrv88ippXhbdUrFUM2lU0BxZdIrO0AVy0RUqo1tURQ1E0B16QE/o2Rpbj9aL9TpvzViLmWP0B9b7D0ywlik=</latexit>mTT
<latexit sha1_base64="/10Rt8t2ya8uUFnsbl/Nx+lTDhc=">AAAB+XicbVDJSgNBEO2JW4zbqEdFBoPgKcx4iB6DXjwmkA2SYejpVJImPQvdNcEw5OhfePGgiFcv+Q5vfoM/YWc5aOKDgsd7VVTV82PBFdr2l5FZW9/Y3Mpu53Z29/YPzMOjuooSyaDGIhHJpk8VCB5CDTkKaMYSaOALaPiDu6nfGIJUPAqrOIrBDWgv5F3OKGrJM802IPXSNsIDptXqeOyZebtgz2CtEmdB8qXTSeX78WxS9szPdidiSQAhMkGVajl2jG5KJXImYJxrJwpiyga0By1NQxqActPZ5WPrQisdqxtJXSFaM/X3REoDpUaBrzsDin217E3F/7xWgt0bN+VhnCCEbL6omwgLI2sag9XhEhiKkSaUSa5vtVifSspQh5XTITjLL6+S+lXBKRaKFZ3GLZkjS07IObkkDrkmJXJPyqRGGBmSJ/JCXo3UeDbejPd5a8ZYzByTPzA+fgAUZJer</latexit>⌘TT

<latexit sha1_base64="/10Rt8t2ya8uUFnsbl/Nx+lTDhc=">AAAB+XicbVDJSgNBEO2JW4zbqEdFBoPgKcx4iB6DXjwmkA2SYejpVJImPQvdNcEw5OhfePGgiFcv+Q5vfoM/YWc5aOKDgsd7VVTV82PBFdr2l5FZW9/Y3Mpu53Z29/YPzMOjuooSyaDGIhHJpk8VCB5CDTkKaMYSaOALaPiDu6nfGIJUPAqrOIrBDWgv5F3OKGrJM802IPXSNsIDptXqeOyZebtgz2CtEmdB8qXTSeX78WxS9szPdidiSQAhMkGVajl2jG5KJXImYJxrJwpiyga0By1NQxqActPZ5WPrQisdqxtJXSFaM/X3REoDpUaBrzsDin217E3F/7xWgt0bN+VhnCCEbL6omwgLI2sag9XhEhiKkSaUSa5vtVifSspQh5XTITjLL6+S+lXBKRaKFZ3GLZkjS07IObkkDrkmJXJPyqRGGBmSJ/JCXo3UeDbejPd5a8ZYzByTPzA+fgAUZJer</latexit>⌘TT
<latexit sha1_base64="/2JRyHddURC6KJswt1tw2ZXojdI=">AAAB7XicbVC7SgNBFJ2NrxhfUUtFBoNgFXYtomXQxjIB84BkCbOTu8mY2ZllZlYIS0p7GwtFbP2FfIed3+BPOHkUmnjgwuGce7n3niDmTBvX/XIyK6tr6xvZzdzW9s7uXn7/oK5loijUqORSNQOigTMBNcMMh2asgEQBh0YwuJn4jQdQmklxZ4Yx+BHpCRYySoyV6m0wpON28gW36E6Bl4k3J4Xy8bj6/XgyrnTyn+2upEkEwlBOtG55bmz8lCjDKIdRrp1oiAkdkB60LBUkAu2n02tH+MwqXRxKZUsYPFV/T6Qk0noYBbYzIqavF72J+J/XSkx45adMxIkBQWeLwoRjI/HkddxlCqjhQ0sIVczeimmfKEKNDShnQ/AWX14m9YuiVyqWqjaNazRDFh2hU3SOPHSJyugWVVANUXSPntALenWk8+y8Oe+z1owznzlEf+B8/AAfn5KN</latexit>⌘0

<latexit sha1_base64="Qc1fuP3/o7lwmtCfCtIj7RdVGDA=">AAAB6nicbVC7SgNBFL0bXzG+ooKNzWAQrMKuRWIZYmOZoHlAsoTZyWwyZGZ2mZkVwpJPsLFQxNbWv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZm19Y3Mru53b2d3bP8gfHjV1lChCGyTikWoHWFPOJG0YZjhtx4piEXDaCkbXU791T5Vmkbwz45j6Ag8kCxnBxkq3ouf28gW36M6AVom3IIXKSf2bvVc/ar38Z7cfkURQaQjHWnc8NzZ+ipVhhNNJrptoGmMywgPasVRiQbWfzk6doHOr9FEYKVvSoJn6eyLFQuuxCGynwGaol72p+J/XSUx45adMxomhkswXhQlHJkLTv1GfKUoMH1uCiWL2VkSGWGFibDo5G4K3/PIqaV4WvVKxVLdpVGGOLJzCGVyAB2WowA3UoAEEBvAAT/DscOfReXFe560ZZzFzDH/gvP0A25WRPA==</latexit>m0
<latexit sha1_base64="Qc1fuP3/o7lwmtCfCtIj7RdVGDA=">AAAB6nicbVC7SgNBFL0bXzG+ooKNzWAQrMKuRWIZYmOZoHlAsoTZyWwyZGZ2mZkVwpJPsLFQxNbWv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZm19Y3Mru53b2d3bP8gfHjV1lChCGyTikWoHWFPOJG0YZjhtx4piEXDaCkbXU791T5Vmkbwz45j6Ag8kCxnBxkq3ouf28gW36M6AVom3IIXKSf2bvVc/ar38Z7cfkURQaQjHWnc8NzZ+ipVhhNNJrptoGmMywgPasVRiQbWfzk6doHOr9FEYKVvSoJn6eyLFQuuxCGynwGaol72p+J/XSUx45adMxomhkswXhQlHJkLTv1GfKUoMH1uCiWL2VkSGWGFibDo5G4K3/PIqaV4WvVKxVLdpVGGOLJzCGVyAB2WowA3UoAEEBvAAT/DscOfReXFe560ZZzFzDH/gvP0A25WRPA==</latexit>m0

<latexit sha1_base64="/2JRyHddURC6KJswt1tw2ZXojdI=">AAAB7XicbVC7SgNBFJ2NrxhfUUtFBoNgFXYtomXQxjIB84BkCbOTu8mY2ZllZlYIS0p7GwtFbP2FfIed3+BPOHkUmnjgwuGce7n3niDmTBvX/XIyK6tr6xvZzdzW9s7uXn7/oK5loijUqORSNQOigTMBNcMMh2asgEQBh0YwuJn4jQdQmklxZ4Yx+BHpCRYySoyV6m0wpON28gW36E6Bl4k3J4Xy8bj6/XgyrnTyn+2upEkEwlBOtG55bmz8lCjDKIdRrp1oiAkdkB60LBUkAu2n02tH+MwqXRxKZUsYPFV/T6Qk0noYBbYzIqavF72J+J/XSkx45adMxIkBQWeLwoRjI/HkddxlCqjhQ0sIVczeimmfKEKNDShnQ/AWX14m9YuiVyqWqjaNazRDFh2hU3SOPHSJyugWVVANUXSPntALenWk8+y8Oe+z1owznzlEf+B8/AAfn5KN</latexit>⌘0

<latexit sha1_base64="FqTlDCEkGgftSbRuFkRG/X32IDk=">AAAB9HicbVC7SgNBFJ2NrxhfUcHGZjEIVmHXIlqG2FgmkBckS5idzCZDZmbXmbvBsOx32FgoYqlf4RfY2fgtTh6FJh64cDjnXu69x4840+A4X1ZmbX1jcyu7ndvZ3ds/yB8eNXUYK0IbJOShavtYU84kbQADTtuRolj4nLb80c3Ub42p0iyUdZhE1BN4IFnACAYjeaKXdIHeQ1Kvp2kvX3CKzgz2KnEXpFA+qX2zt8pHtZf/7PZDEgsqgXCsdcd1IvASrIARTtNcN9Y0wmSEB7RjqMSCai+ZHZ3a50bp20GoTEmwZ+rviQQLrSfCN50Cw1Ave1PxP68TQ3DtJUxGMVBJ5ouCmNsQ2tME7D5TlACfGIKJYuZWmwyxwgRMTjkTgrv88ippXhbdUrFUM2lU0BxZdIrO0AVy0RUqo1tURQ1E0B16QE/o2Rpbj9aL9TpvzViLmWP0B9b7D0ywlik=</latexit>mTT

<latexit sha1_base64="daN9NMLJlXOF5SIbZY8j6pYVxkE=">AAACA3icbVDJSgNBEO1xjXGLCh700iiCIIQZD+pFkHjxmEA2SMLQ06kkjd0zQ3eNGIaAF3/Fi4giXr35Bd68+C12loPbg4LHe1VU1QtiKQy67oczNT0zOzefWcguLi2vrObW1qsmSjSHCo9kpOsBMyBFCBUUKKEea2AqkFALLs+Hfu0KtBFRWMZ+DC3FuqHoCM7QSn5uS/nuqfLTJsI1puXyYHDQbINERpWf23Xz7gj0L/EmZPdss/QpHgpvRT/33mxHPFEQIpfMmIbnxthKmUbBJQyyzcRAzPgl60LD0pApMK109MOA7lmlTTuRthUiHanfJ1KmjOmrwHYqhj3z2xuK/3mNBDsnrVSEcYIQ8vGiTiIpRnQYCG0LDRxl3xLGtbC3Ut5jmnG0sWVtCN7vl/+S6mHeO8oflWwaBTJGhmyTHbJPPHJMzsgFKZIK4eSG3JFH8uTcOvfOs/Mybp1yJjMb5Aec1y+WaJsz</latexit>

m0 = mTT + �m

No KL Generalised KL 

(2) Mass identifications and complex poles 

Expand the transverse-traceless  
mode flow around 

The transverse-traceless  
mass parameter flow is 

Which becomes complex for any 
<latexit sha1_base64="AOS01raglg2al+zaT+2vvJu0v0A=">AAAB9XicbVC7TsNAEDzzDAFCgBKKExESVWRTBMooNJRBIg8pNtH5vE5OOZ/N3RkUWfkPGgoQoqXlO+j4EwoKLo8CEkZaaTSzq90dP+FMadv+tJaWV1bX1nMb+c2t7cJOcXevqeJUUmjQmMey7RMFnAloaKY5tBMJJPI5tPzBxdhv3YFULBbXepiAF5GeYCGjRBvpxg2Aa4IjV8AttrvFkl22J8CLxJmRUvXwvWZ/fxXq3eKHG8Q0jUBoyolSHcdOtJcRqRnlMMq7qYKE0AHpQcdQQSJQXja5eoSPjRLgMJamhMYT9fdERiKlhpFvOiOi+2reG4v/eZ1Uh+dexkSSahB0uihMOdYxHkeAAyaBaj40hFDJzK2Y9okkVJug8iYEZ/7lRdI8LTuVcuXKpFFDU+TQATpCJ8hBZ6iKLlEdNRBFEj2gJ/Rs3VuP1ov1Om1dsmYz++gPrLcfXJOVeA==</latexit>

�m 6= 0
cut

<latexit sha1_base64="ZQdZ2Ap/YwSW/ENyf9kgZCfjQMI=">AAAB9XicbVDJTgJBEO3BDXFDPXqZQEwwJmSGA3okevGIRpaEGUhPU0CHniXdNSqZ8BcevHjQGK/+izf+xmY5KPiSSl7eq0pVPS8SXKFlTYzU2vrG5lZ6O7Ozu7d/kD08qqswlgxqLBShbHpUgeAB1JCjgGYkgfqegIY3vJ76jQeQiofBPY4icH3aD3iPM4paajsIT5jcwbgQtUtnnWzeKlozmKvEXpB8JeecP08qo2on++10Qxb7ECATVKmWbUXoJlQiZwLGGSdWEFE2pH1oaRpQH5SbzK4em6da6Zq9UOoK0JypvycS6is18j3d6VMcqGVvKv7ntWLsXboJD6IYIWDzRb1YmBia0wjMLpfAUIw0oUxyfavJBlRShjqojA7BXn55ldRLRbtcLN/qNK7IHGlyQnKkQGxyQSrkhlRJjTAiyQt5I+/Go/FqfBif89aUsZg5Jn9gfP0AGliVPQ==</latexit>

Re(p2)

<latexit sha1_base64="vzAqmmUaWWVjPFaksVd0MZ1dfTc=">AAAB9XicbVDJSgNBEO2JW4xb1KOXJkGICGEmh+gx6EVvEcwCmUno6fQkTXoWumvUYchfePDiQRGv/ou3/I2d5aCJDwoe71VRVc+NBFdgmhMjs7a+sbmV3c7t7O7tH+QPj5oqjCVlDRqKULZdopjgAWsAB8HakWTEdwVruaPrqd96YFLxMLiHJGKOTwYB9zgloKWuDewJ0lt/XIq6lbNevmiWzRnwKrEWpFgr2OfPk1pS7+W/7X5IY58FQAVRqmOZETgpkcCpYOOcHSsWEToiA9bRNCA+U046u3qMT7XSx14odQWAZ+rviZT4SiW+qzt9AkO17E3F/7xODN6lk/IgioEFdL7IiwWGEE8jwH0uGQWRaEKo5PpWTIdEEgo6qJwOwVp+eZU0K2WrWq7e6TSu0BxZdIIKqIQsdIFq6AbVUQNRJNELekPvxqPxanwYn/PWjLGYOUZ/YHz9ABjFlTw=</latexit>

Im(p2) <latexit sha1_base64="lgXLCs0Q1ySLd8xCVVWCsZt6Z9g=">AAAB6nicbVC7TgJBFL2LL8QXaqkxE4mJFdmlQEuijSVEF0hgJbPDLEyYnd3MzJqQDaWljYXG2PoRfIed3+BPODwKBU9yk5Nz7s299/gxZ0rb9peVWVldW9/Ibua2tnd29/L7B3UVJZJQl0Q8kk0fK8qZoK5mmtNmLCkOfU4b/uB64jceqFQsEnd6GFMvxD3BAkawNtJtfF/q5At20Z4CLRNnTgqV43Ht+/FkXO3kP9vdiCQhFZpwrFTLsWPtpVhqRjgd5dqJojEmA9yjLUMFDqny0umpI3RmlC4KImlKaDRVf0+kOFRqGPqmM8S6rxa9ifif10p0cOmlTMSJpoLMFgUJRzpCk79Rl0lKNB8agolk5lZE+lhiok06OROCs/jyMqmXik65WK6ZNK5ghiwcwSmcgwMXUIEbqIILBHrwBC/wanHr2Xqz3metGWs+cwh/YH38APABkUo=</latexit>

p2

poles



Naive perturbation 
theory fails in d=4

1 loop divergences:
<latexit sha1_base64="Y+0BfSKifzrdGtCGdRwHzwGwvyw="></latexit>

⇠ p
g, ⇠ p

gR, ⇠ p
gRµ⌫R

µ⌫ , ⇠ p
gR2

2 loop divergences:
<latexit sha1_base64="gNSutNCKjJ9DQUbMWCKOHmMuxqQ=">AAAB+XicbVDJSgNBEO2JW4zbaG56aQwBT2FGcTkGc/EYwSyQjKGn05M06Z4Zu2sCYchfePTiQRGv/ok3P8J/sLMcNPFBweO9Kqrq+bHgGhzny8qsrK6tb2Q3c1vbO7t79v5BXUeJoqxGIxGppk80EzxkNeAgWDNWjEhfsIY/qEz8xpApzaPwDkYx8yTphTzglICROrbd1lzitn5QkPbGlfuzjl1wSs4UeJm4c1IoFw+/849uWu3Yn+1uRBPJQqCCaN1ynRi8lCjgVLBxrp1oFhM6ID3WMjQkkmkvnV4+xkWjdHEQKVMh4Kn6eyIlUuuR9E2nJNDXi95E/M9rJRBceSkP4wRYSGeLgkRgiPAkBtzlilEQI0MIVdzcimmfKELBhJUzIbiLLy+T+mnJvSid35o0rtEMWXSEjtEJctElKqMbVEU1RNEQPaEX9Gql1rP1Zr3PWjPWfCaP/sD6+AH6Y5Yu</latexit>

⇠ p
gC3

<latexit sha1_base64="3Dh5e3UfLqcKA+xigBnCnRgbfec=">AAAB7XicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZwctGLLpxWcFeoB1KJpNpYzPJkJwRSuk7uHGhiBsXPop7N+LbmF4W2vpD4OP/zyHnnDAV3IDnfTu5hcWl5ZX8qru2vrG5VdjeqRmVacqqVAmlGyExTHDJqsBBsEaqGUlCweph72qU1++ZNlzJW+inLEhIR/KYUwLWqrVopMC0C0Wv5I2F58GfQvHiwz1P377cSrvw2YoUzRImgQpiTNP3UggGRAOngg3dVmZYSmiPdFjToiQJM8FgPO0QH1gnwrHS9knAY/d3x4AkxvST0FYmBLpmNhuZ/2XNDOKzYMBlmgGTdPJRnAkMCo9WxxHXjILoWyBUczsrpl2iCQV7INcewZ9deR5qRyX/pHR84xXLl2iiPNpD++gQ+egUldE1qqAqougOPaAn9Owo59F5cV4npTln2rOL/sh5/wERLZJ2</latexit>··
·

<latexit sha1_base64="3Dh5e3UfLqcKA+xigBnCnRgbfec=">AAAB7XicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZwctGLLpxWcFeoB1KJpNpYzPJkJwRSuk7uHGhiBsXPop7N+LbmF4W2vpD4OP/zyHnnDAV3IDnfTu5hcWl5ZX8qru2vrG5VdjeqRmVacqqVAmlGyExTHDJqsBBsEaqGUlCweph72qU1++ZNlzJW+inLEhIR/KYUwLWqrVopMC0C0Wv5I2F58GfQvHiwz1P377cSrvw2YoUzRImgQpiTNP3UggGRAOngg3dVmZYSmiPdFjToiQJM8FgPO0QH1gnwrHS9knAY/d3x4AkxvST0FYmBLpmNhuZ/2XNDOKzYMBlmgGTdPJRnAkMCo9WxxHXjILoWyBUczsrpl2iCQV7INcewZ9deR5qRyX/pHR84xXLl2iiPNpD++gQ+egUldE1qqAqougOPaAn9Owo59F5cV4npTln2rOL/sh5/wERLZJ2</latexit>··
·

(1) UV completion of gravity
<latexit sha1_base64="P6LcPsYSsARUf39cU/6Kye6j1cw="></latexit>

SEH =

∫

x

1

16ωGN
(2!→R)



Naive perturbation 
theory fails in d=4

1 loop divergences:
<latexit sha1_base64="Y+0BfSKifzrdGtCGdRwHzwGwvyw="></latexit>

⇠ p
g, ⇠ p

gR, ⇠ p
gRµ⌫R

µ⌫ , ⇠ p
gR2

2 loop divergences:
<latexit sha1_base64="gNSutNCKjJ9DQUbMWCKOHmMuxqQ=">AAAB+XicbVDJSgNBEO2JW4zbaG56aQwBT2FGcTkGc/EYwSyQjKGn05M06Z4Zu2sCYchfePTiQRGv/ok3P8J/sLMcNPFBweO9Kqrq+bHgGhzny8qsrK6tb2Q3c1vbO7t79v5BXUeJoqxGIxGppk80EzxkNeAgWDNWjEhfsIY/qEz8xpApzaPwDkYx8yTphTzglICROrbd1lzitn5QkPbGlfuzjl1wSs4UeJm4c1IoFw+/849uWu3Yn+1uRBPJQqCCaN1ynRi8lCjgVLBxrp1oFhM6ID3WMjQkkmkvnV4+xkWjdHEQKVMh4Kn6eyIlUuuR9E2nJNDXi95E/M9rJRBceSkP4wRYSGeLgkRgiPAkBtzlilEQI0MIVdzcimmfKELBhJUzIbiLLy+T+mnJvSid35o0rtEMWXSEjtEJctElKqMbVEU1RNEQPaEX9Gql1rP1Zr3PWjPWfCaP/sD6+AH6Y5Yu</latexit>

⇠ p
gC3

<latexit sha1_base64="3Dh5e3UfLqcKA+xigBnCnRgbfec=">AAAB7XicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZwctGLLpxWcFeoB1KJpNpYzPJkJwRSuk7uHGhiBsXPop7N+LbmF4W2vpD4OP/zyHnnDAV3IDnfTu5hcWl5ZX8qru2vrG5VdjeqRmVacqqVAmlGyExTHDJqsBBsEaqGUlCweph72qU1++ZNlzJW+inLEhIR/KYUwLWqrVopMC0C0Wv5I2F58GfQvHiwz1P377cSrvw2YoUzRImgQpiTNP3UggGRAOngg3dVmZYSmiPdFjToiQJM8FgPO0QH1gnwrHS9knAY/d3x4AkxvST0FYmBLpmNhuZ/2XNDOKzYMBlmgGTdPJRnAkMCo9WxxHXjILoWyBUczsrpl2iCQV7INcewZ9deR5qRyX/pHR84xXLl2iiPNpD++gQ+egUldE1qqAqougOPaAn9Owo59F5cV4npTln2rOL/sh5/wERLZJ2</latexit>··
·

<latexit sha1_base64="3Dh5e3UfLqcKA+xigBnCnRgbfec=">AAAB7XicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZwctGLLpxWcFeoB1KJpNpYzPJkJwRSuk7uHGhiBsXPop7N+LbmF4W2vpD4OP/zyHnnDAV3IDnfTu5hcWl5ZX8qru2vrG5VdjeqRmVacqqVAmlGyExTHDJqsBBsEaqGUlCweph72qU1++ZNlzJW+inLEhIR/KYUwLWqrVopMC0C0Wv5I2F58GfQvHiwz1P377cSrvw2YoUzRImgQpiTNP3UggGRAOngg3dVmZYSmiPdFjToiQJM8FgPO0QH1gnwrHS9knAY/d3x4AkxvST0FYmBLpmNhuZ/2XNDOKzYMBlmgGTdPJRnAkMCo9WxxHXjILoWyBUczsrpl2iCQV7INcewZ9deR5qRyX/pHR84xXLl2iiPNpD++gQ+egUldE1qqAqougOPaAn9Owo59F5cV4npTln2rOL/sh5/wERLZJ2</latexit>··
·

(1) UV completion of gravity Lose predictivity
<latexit sha1_base64="P6LcPsYSsARUf39cU/6Kye6j1cw="></latexit>

SEH =

∫

x

1

16ωGN
(2!→R)



Naive perturbation 
theory fails in d=4

1 loop divergences:
<latexit sha1_base64="Y+0BfSKifzrdGtCGdRwHzwGwvyw="></latexit>

⇠ p
g, ⇠ p

gR, ⇠ p
gRµ⌫R

µ⌫ , ⇠ p
gR2

2 loop divergences:
<latexit sha1_base64="gNSutNCKjJ9DQUbMWCKOHmMuxqQ=">AAAB+XicbVDJSgNBEO2JW4zbaG56aQwBT2FGcTkGc/EYwSyQjKGn05M06Z4Zu2sCYchfePTiQRGv/ok3P8J/sLMcNPFBweO9Kqrq+bHgGhzny8qsrK6tb2Q3c1vbO7t79v5BXUeJoqxGIxGppk80EzxkNeAgWDNWjEhfsIY/qEz8xpApzaPwDkYx8yTphTzglICROrbd1lzitn5QkPbGlfuzjl1wSs4UeJm4c1IoFw+/849uWu3Yn+1uRBPJQqCCaN1ynRi8lCjgVLBxrp1oFhM6ID3WMjQkkmkvnV4+xkWjdHEQKVMh4Kn6eyIlUuuR9E2nJNDXi95E/M9rJRBceSkP4wRYSGeLgkRgiPAkBtzlilEQI0MIVdzcimmfKELBhJUzIbiLLy+T+mnJvSid35o0rtEMWXSEjtEJctElKqMbVEU1RNEQPaEX9Gql1rP1Zr3PWjPWfCaP/sD6+AH6Y5Yu</latexit>

⇠ p
gC3

<latexit sha1_base64="3Dh5e3UfLqcKA+xigBnCnRgbfec=">AAAB7XicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZwctGLLpxWcFeoB1KJpNpYzPJkJwRSuk7uHGhiBsXPop7N+LbmF4W2vpD4OP/zyHnnDAV3IDnfTu5hcWl5ZX8qru2vrG5VdjeqRmVacqqVAmlGyExTHDJqsBBsEaqGUlCweph72qU1++ZNlzJW+inLEhIR/KYUwLWqrVopMC0C0Wv5I2F58GfQvHiwz1P377cSrvw2YoUzRImgQpiTNP3UggGRAOngg3dVmZYSmiPdFjToiQJM8FgPO0QH1gnwrHS9knAY/d3x4AkxvST0FYmBLpmNhuZ/2XNDOKzYMBlmgGTdPJRnAkMCo9WxxHXjILoWyBUczsrpl2iCQV7INcewZ9deR5qRyX/pHR84xXLl2iiPNpD++gQ+egUldE1qqAqougOPaAn9Owo59F5cV4npTln2rOL/sh5/wERLZJ2</latexit>··
·

<latexit sha1_base64="3Dh5e3UfLqcKA+xigBnCnRgbfec=">AAAB7XicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZwctGLLpxWcFeoB1KJpNpYzPJkJwRSuk7uHGhiBsXPop7N+LbmF4W2vpD4OP/zyHnnDAV3IDnfTu5hcWl5ZX8qru2vrG5VdjeqRmVacqqVAmlGyExTHDJqsBBsEaqGUlCweph72qU1++ZNlzJW+inLEhIR/KYUwLWqrVopMC0C0Wv5I2F58GfQvHiwz1P377cSrvw2YoUzRImgQpiTNP3UggGRAOngg3dVmZYSmiPdFjToiQJM8FgPO0QH1gnwrHS9knAY/d3x4AkxvST0FYmBLpmNhuZ/2XNDOKzYMBlmgGTdPJRnAkMCo9WxxHXjILoWyBUczsrpl2iCQV7INcewZ9deR5qRyX/pHR84xXLl2iiPNpD++gQ+egUldE1qqAqougOPaAn9Owo59F5cV4npTln2rOL/sh5/wERLZJ2</latexit>··
·

UV complete QFT couplings reach UV fixed point under 
Renormalization Group running

[Wilson ’71]

(1) UV completion of gravity Lose predictivity
<latexit sha1_base64="P6LcPsYSsARUf39cU/6Kye6j1cw="></latexit>

SEH =

∫

x

1

16ωGN
(2!→R)



Naive perturbation 
theory fails in d=4

1 loop divergences:
<latexit sha1_base64="Y+0BfSKifzrdGtCGdRwHzwGwvyw="></latexit>

⇠ p
g, ⇠ p

gR, ⇠ p
gRµ⌫R

µ⌫ , ⇠ p
gR2

2 loop divergences:
<latexit sha1_base64="gNSutNCKjJ9DQUbMWCKOHmMuxqQ=">AAAB+XicbVDJSgNBEO2JW4zbaG56aQwBT2FGcTkGc/EYwSyQjKGn05M06Z4Zu2sCYchfePTiQRGv/ok3P8J/sLMcNPFBweO9Kqrq+bHgGhzny8qsrK6tb2Q3c1vbO7t79v5BXUeJoqxGIxGppk80EzxkNeAgWDNWjEhfsIY/qEz8xpApzaPwDkYx8yTphTzglICROrbd1lzitn5QkPbGlfuzjl1wSs4UeJm4c1IoFw+/849uWu3Yn+1uRBPJQqCCaN1ynRi8lCjgVLBxrp1oFhM6ID3WMjQkkmkvnV4+xkWjdHEQKVMh4Kn6eyIlUuuR9E2nJNDXi95E/M9rJRBceSkP4wRYSGeLgkRgiPAkBtzlilEQI0MIVdzcimmfKELBhJUzIbiLLy+T+mnJvSid35o0rtEMWXSEjtEJctElKqMbVEU1RNEQPaEX9Gql1rP1Zr3PWjPWfCaP/sD6+AH6Y5Yu</latexit>

⇠ p
gC3

<latexit sha1_base64="3Dh5e3UfLqcKA+xigBnCnRgbfec=">AAAB7XicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZwctGLLpxWcFeoB1KJpNpYzPJkJwRSuk7uHGhiBsXPop7N+LbmF4W2vpD4OP/zyHnnDAV3IDnfTu5hcWl5ZX8qru2vrG5VdjeqRmVacqqVAmlGyExTHDJqsBBsEaqGUlCweph72qU1++ZNlzJW+inLEhIR/KYUwLWqrVopMC0C0Wv5I2F58GfQvHiwz1P377cSrvw2YoUzRImgQpiTNP3UggGRAOngg3dVmZYSmiPdFjToiQJM8FgPO0QH1gnwrHS9knAY/d3x4AkxvST0FYmBLpmNhuZ/2XNDOKzYMBlmgGTdPJRnAkMCo9WxxHXjILoWyBUczsrpl2iCQV7INcewZ9deR5qRyX/pHR84xXLl2iiPNpD++gQ+egUldE1qqAqougOPaAn9Owo59F5cV4npTln2rOL/sh5/wERLZJ2</latexit>··
·

<latexit sha1_base64="3Dh5e3UfLqcKA+xigBnCnRgbfec=">AAAB7XicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZwctGLLpxWcFeoB1KJpNpYzPJkJwRSuk7uHGhiBsXPop7N+LbmF4W2vpD4OP/zyHnnDAV3IDnfTu5hcWl5ZX8qru2vrG5VdjeqRmVacqqVAmlGyExTHDJqsBBsEaqGUlCweph72qU1++ZNlzJW+inLEhIR/KYUwLWqrVopMC0C0Wv5I2F58GfQvHiwz1P377cSrvw2YoUzRImgQpiTNP3UggGRAOngg3dVmZYSmiPdFjToiQJM8FgPO0QH1gnwrHS9knAY/d3x4AkxvST0FYmBLpmNhuZ/2XNDOKzYMBlmgGTdPJRnAkMCo9WxxHXjILoWyBUczsrpl2iCQV7INcewZ9deR5qRyX/pHR84xXLl2iiPNpD++gQ+egUldE1qqAqougOPaAn9Owo59F5cV4npTln2rOL/sh5/wERLZJ2</latexit>··
·

UV complete QFT couplings reach UV fixed point under 
Renormalization Group running

[Wilson ’71]

Asymptotic Freedom: 
reach free fixed point 

[Gross, Wilzcek ’73] 
[Politzer ’73]

e.g. QCD

(1) UV completion of gravity

UV

IR
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0

log(k/Λ)

u(
k)

Lose predictivity
<latexit sha1_base64="P6LcPsYSsARUf39cU/6Kye6j1cw="></latexit>

SEH =

∫

x

1

16ωGN
(2!→R)



Naive perturbation 
theory fails in d=4

1 loop divergences:
<latexit sha1_base64="Y+0BfSKifzrdGtCGdRwHzwGwvyw="></latexit>

⇠ p
g, ⇠ p

gR, ⇠ p
gRµ⌫R

µ⌫ , ⇠ p
gR2

2 loop divergences:
<latexit sha1_base64="gNSutNCKjJ9DQUbMWCKOHmMuxqQ=">AAAB+XicbVDJSgNBEO2JW4zbaG56aQwBT2FGcTkGc/EYwSyQjKGn05M06Z4Zu2sCYchfePTiQRGv/ok3P8J/sLMcNPFBweO9Kqrq+bHgGhzny8qsrK6tb2Q3c1vbO7t79v5BXUeJoqxGIxGppk80EzxkNeAgWDNWjEhfsIY/qEz8xpApzaPwDkYx8yTphTzglICROrbd1lzitn5QkPbGlfuzjl1wSs4UeJm4c1IoFw+/849uWu3Yn+1uRBPJQqCCaN1ynRi8lCjgVLBxrp1oFhM6ID3WMjQkkmkvnV4+xkWjdHEQKVMh4Kn6eyIlUuuR9E2nJNDXi95E/M9rJRBceSkP4wRYSGeLgkRgiPAkBtzlilEQI0MIVdzcimmfKELBhJUzIbiLLy+T+mnJvSid35o0rtEMWXSEjtEJctElKqMbVEU1RNEQPaEX9Gql1rP1Zr3PWjPWfCaP/sD6+AH6Y5Yu</latexit>

⇠ p
gC3

<latexit sha1_base64="3Dh5e3UfLqcKA+xigBnCnRgbfec=">AAAB7XicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZwctGLLpxWcFeoB1KJpNpYzPJkJwRSuk7uHGhiBsXPop7N+LbmF4W2vpD4OP/zyHnnDAV3IDnfTu5hcWl5ZX8qru2vrG5VdjeqRmVacqqVAmlGyExTHDJqsBBsEaqGUlCweph72qU1++ZNlzJW+inLEhIR/KYUwLWqrVopMC0C0Wv5I2F58GfQvHiwz1P377cSrvw2YoUzRImgQpiTNP3UggGRAOngg3dVmZYSmiPdFjToiQJM8FgPO0QH1gnwrHS9knAY/d3x4AkxvST0FYmBLpmNhuZ/2XNDOKzYMBlmgGTdPJRnAkMCo9WxxHXjILoWyBUczsrpl2iCQV7INcewZ9deR5qRyX/pHR84xXLl2iiPNpD++gQ+egUldE1qqAqougOPaAn9Owo59F5cV4npTln2rOL/sh5/wERLZJ2</latexit>··
·

<latexit sha1_base64="3Dh5e3UfLqcKA+xigBnCnRgbfec=">AAAB7XicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZwctGLLpxWcFeoB1KJpNpYzPJkJwRSuk7uHGhiBsXPop7N+LbmF4W2vpD4OP/zyHnnDAV3IDnfTu5hcWl5ZX8qru2vrG5VdjeqRmVacqqVAmlGyExTHDJqsBBsEaqGUlCweph72qU1++ZNlzJW+inLEhIR/KYUwLWqrVopMC0C0Wv5I2F58GfQvHiwz1P377cSrvw2YoUzRImgQpiTNP3UggGRAOngg3dVmZYSmiPdFjToiQJM8FgPO0QH1gnwrHS9knAY/d3x4AkxvST0FYmBLpmNhuZ/2XNDOKzYMBlmgGTdPJRnAkMCo9WxxHXjILoWyBUczsrpl2iCQV7INcewZ9deR5qRyX/pHR84xXLl2iiPNpD++gQ+egUldE1qqAqougOPaAn9Owo59F5cV4npTln2rOL/sh5/wERLZJ2</latexit>··
·

UV complete QFT couplings reach UV fixed point under 
Renormalization Group running

[Wilson ’71]

Asymptotic Freedom: 
reach free fixed point 

[Gross, Wilzcek ’73] 
[Politzer ’73]

e.g. QCD

(1) UV completion of gravity

Fixed point condition
Flow stops

<latexit sha1_base64="30SIy7BJ/VP+cvR/EGqIGbYc9Yg=">AAACF3icbVDLSgMxFM3UV62vqks3oSJUhDLjoroRim5cVrC20ClDJr3VMJmHyY1Qin/Rjb/ixoUibnXXvzFtRbR6IHDuOfcmuSfMpNDouiMnNze/sLiUXy6srK6tbxQ3t650ahSHBk9lqloh0yBFAg0UKKGVKWBxKKEZRmdjv3kHSos0ucR+Bp2YXSeiJzhDKwXFih8CssD4cGvEHY38jCkUTAYRNeVo/+S7xkkdFHfdijsB/Uu8L7JbK/kHw1GtXw+KH3435SaGBLlkWrc9N8POYHwpl3Bf8I2GjPGIXUPb0oTFoDuDyV73dM8qXdpLlT0J0on6c2LAYq37cWg7Y4Y3etYbi/95bYO9485AJJlBSPj0oZ6RFFM6Dol2hQKOsm8J40rYv1J+wxTjaKMs2BC82ZX/kqvDiletVC9sGqdkijzZISVSJh45IjVyTuqkQTgZkkfyTF6cB+fJeXXepq0552tmm/yC8/4JgBCieA==</latexit>

ωu → kεku(k) = εtu(k)
<latexit sha1_base64="kbWjn0CXwuOY+FjbgJvGJoyZ2uE=">AAAB/XicbVDJSgNBFOyJW4zbuNwUGQyCeAgzHqIXIejFYwJmgcww9HQ6SZOehe7XQhyCJ//DiwdFvJrv8OY3+BN2loMmFjQUVfV4rytIOJNg219GZmFxaXklu5pbW9/Y3DK3d2oyVoLQKol5LBoBlpSziFaBAaeNRFAcBpzWg971yK/fUSFZHN1CP6FeiDsRazOCQUu+uecGFLCvXK5T4KfqdHBp+2beLthjWPPEmZJ86WBY+X48HJZ989NtxUSFNALCsZRNx07AS7EARjgd5FwlaYJJD3doU9MIh1R66fj6gXWslZbVjoV+EVhj9fdEikMp+2GgkyGGrpz1RuJ/XlNB+8JLWZQooBGZLGorbkFsjaqwWkxQAryvCSaC6Vst0sUCE9CF5XQJzuyX50ntrOAUC8WKbuMKTZBF++gInSAHnaMSukFlVEUE3aMn9IJejQfj2Xgz3ifRjDGd2UV/YHz8AFe/mN0=</latexit>

ωu|u→= 0

Scale invariance
UV

IR
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Lose predictivity
<latexit sha1_base64="P6LcPsYSsARUf39cU/6Kye6j1cw="></latexit>

SEH =

∫

x

1

16ωGN
(2!→R)



Asymptotic Safety:  
reach interacting fixed point

Naive perturbation 
theory fails in d=4

1 loop divergences:
<latexit sha1_base64="Y+0BfSKifzrdGtCGdRwHzwGwvyw="></latexit>

⇠ p
g, ⇠ p

gR, ⇠ p
gRµ⌫R

µ⌫ , ⇠ p
gR2

2 loop divergences:
<latexit sha1_base64="gNSutNCKjJ9DQUbMWCKOHmMuxqQ=">AAAB+XicbVDJSgNBEO2JW4zbaG56aQwBT2FGcTkGc/EYwSyQjKGn05M06Z4Zu2sCYchfePTiQRGv/ok3P8J/sLMcNPFBweO9Kqrq+bHgGhzny8qsrK6tb2Q3c1vbO7t79v5BXUeJoqxGIxGppk80EzxkNeAgWDNWjEhfsIY/qEz8xpApzaPwDkYx8yTphTzglICROrbd1lzitn5QkPbGlfuzjl1wSs4UeJm4c1IoFw+/849uWu3Yn+1uRBPJQqCCaN1ynRi8lCjgVLBxrp1oFhM6ID3WMjQkkmkvnV4+xkWjdHEQKVMh4Kn6eyIlUuuR9E2nJNDXi95E/M9rJRBceSkP4wRYSGeLgkRgiPAkBtzlilEQI0MIVdzcimmfKELBhJUzIbiLLy+T+mnJvSid35o0rtEMWXSEjtEJctElKqMbVEU1RNEQPaEX9Gql1rP1Zr3PWjPWfCaP/sD6+AH6Y5Yu</latexit>

⇠ p
gC3

<latexit sha1_base64="3Dh5e3UfLqcKA+xigBnCnRgbfec=">AAAB7XicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZwctGLLpxWcFeoB1KJpNpYzPJkJwRSuk7uHGhiBsXPop7N+LbmF4W2vpD4OP/zyHnnDAV3IDnfTu5hcWl5ZX8qru2vrG5VdjeqRmVacqqVAmlGyExTHDJqsBBsEaqGUlCweph72qU1++ZNlzJW+inLEhIR/KYUwLWqrVopMC0C0Wv5I2F58GfQvHiwz1P377cSrvw2YoUzRImgQpiTNP3UggGRAOngg3dVmZYSmiPdFjToiQJM8FgPO0QH1gnwrHS9knAY/d3x4AkxvST0FYmBLpmNhuZ/2XNDOKzYMBlmgGTdPJRnAkMCo9WxxHXjILoWyBUczsrpl2iCQV7INcewZ9deR5qRyX/pHR84xXLl2iiPNpD++gQ+egUldE1qqAqougOPaAn9Owo59F5cV4npTln2rOL/sh5/wERLZJ2</latexit>··
·

<latexit sha1_base64="3Dh5e3UfLqcKA+xigBnCnRgbfec=">AAAB7XicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZwctGLLpxWcFeoB1KJpNpYzPJkJwRSuk7uHGhiBsXPop7N+LbmF4W2vpD4OP/zyHnnDAV3IDnfTu5hcWl5ZX8qru2vrG5VdjeqRmVacqqVAmlGyExTHDJqsBBsEaqGUlCweph72qU1++ZNlzJW+inLEhIR/KYUwLWqrVopMC0C0Wv5I2F58GfQvHiwz1P377cSrvw2YoUzRImgQpiTNP3UggGRAOngg3dVmZYSmiPdFjToiQJM8FgPO0QH1gnwrHS9knAY/d3x4AkxvST0FYmBLpmNhuZ/2XNDOKzYMBlmgGTdPJRnAkMCo9WxxHXjILoWyBUczsrpl2iCQV7INcewZ9deR5qRyX/pHR84xXLl2iiPNpD++gQ+egUldE1qqAqougOPaAn9Owo59F5cV4npTln2rOL/sh5/wERLZJ2</latexit>··
·

UV complete QFT couplings reach UV fixed point under 
Renormalization Group running

[Wilson ’71]

UV

IR

[Weinberg ’79]
Asymptotic Freedom: 
reach free fixed point 

[Gross, Wilzcek ’73] 
[Politzer ’73]

e.g. QCD

(1) UV completion of gravity

UV

IR
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<latexit sha1_base64="P6LcPsYSsARUf39cU/6Kye6j1cw="></latexit>

SEH =

∫

x

1

16ωGN
(2!→R)



Asymptotic Safety:  
reach interacting fixed point

Naive perturbation 
theory fails in d=4

1 loop divergences:
<latexit sha1_base64="Y+0BfSKifzrdGtCGdRwHzwGwvyw="></latexit>

⇠ p
g, ⇠ p

gR, ⇠ p
gRµ⌫R

µ⌫ , ⇠ p
gR2

2 loop divergences:
<latexit sha1_base64="gNSutNCKjJ9DQUbMWCKOHmMuxqQ=">AAAB+XicbVDJSgNBEO2JW4zbaG56aQwBT2FGcTkGc/EYwSyQjKGn05M06Z4Zu2sCYchfePTiQRGv/ok3P8J/sLMcNPFBweO9Kqrq+bHgGhzny8qsrK6tb2Q3c1vbO7t79v5BXUeJoqxGIxGppk80EzxkNeAgWDNWjEhfsIY/qEz8xpApzaPwDkYx8yTphTzglICROrbd1lzitn5QkPbGlfuzjl1wSs4UeJm4c1IoFw+/849uWu3Yn+1uRBPJQqCCaN1ynRi8lCjgVLBxrp1oFhM6ID3WMjQkkmkvnV4+xkWjdHEQKVMh4Kn6eyIlUuuR9E2nJNDXi95E/M9rJRBceSkP4wRYSGeLgkRgiPAkBtzlilEQI0MIVdzcimmfKELBhJUzIbiLLy+T+mnJvSid35o0rtEMWXSEjtEJctElKqMbVEU1RNEQPaEX9Gql1rP1Zr3PWjPWfCaP/sD6+AH6Y5Yu</latexit>

⇠ p
gC3

<latexit sha1_base64="3Dh5e3UfLqcKA+xigBnCnRgbfec=">AAAB7XicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZwctGLLpxWcFeoB1KJpNpYzPJkJwRSuk7uHGhiBsXPop7N+LbmF4W2vpD4OP/zyHnnDAV3IDnfTu5hcWl5ZX8qru2vrG5VdjeqRmVacqqVAmlGyExTHDJqsBBsEaqGUlCweph72qU1++ZNlzJW+inLEhIR/KYUwLWqrVopMC0C0Wv5I2F58GfQvHiwz1P377cSrvw2YoUzRImgQpiTNP3UggGRAOngg3dVmZYSmiPdFjToiQJM8FgPO0QH1gnwrHS9knAY/d3x4AkxvST0FYmBLpmNhuZ/2XNDOKzYMBlmgGTdPJRnAkMCo9WxxHXjILoWyBUczsrpl2iCQV7INcewZ9deR5qRyX/pHR84xXLl2iiPNpD++gQ+egUldE1qqAqougOPaAn9Owo59F5cV4npTln2rOL/sh5/wERLZJ2</latexit>··
·

<latexit sha1_base64="3Dh5e3UfLqcKA+xigBnCnRgbfec=">AAAB7XicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZwctGLLpxWcFeoB1KJpNpYzPJkJwRSuk7uHGhiBsXPop7N+LbmF4W2vpD4OP/zyHnnDAV3IDnfTu5hcWl5ZX8qru2vrG5VdjeqRmVacqqVAmlGyExTHDJqsBBsEaqGUlCweph72qU1++ZNlzJW+inLEhIR/KYUwLWqrVopMC0C0Wv5I2F58GfQvHiwz1P377cSrvw2YoUzRImgQpiTNP3UggGRAOngg3dVmZYSmiPdFjToiQJM8FgPO0QH1gnwrHS9knAY/d3x4AkxvST0FYmBLpmNhuZ/2XNDOKzYMBlmgGTdPJRnAkMCo9WxxHXjILoWyBUczsrpl2iCQV7INcewZ9deR5qRyX/pHR84xXLl2iiPNpD++gQ+egUldE1qqAqougOPaAn9Owo59F5cV4npTln2rOL/sh5/wERLZJ2</latexit>··
·

UV complete QFT couplings reach UV fixed point under 
Renormalization Group running

[Wilson ’71]

e.g. Large-N 3d 
Gross-Neveu

[Cresswell-Hogg, 
Litim, ’22]

[Rosenstein,Park, 
Warr, ’89]

[Litim, Sannino, ’14]

[Weinberg ’79]

e.g Litim-
Sannino model

Asymptotic Freedom: 
reach free fixed point 

[Gross, Wilzcek ’73] 
[Politzer ’73]

e.g. QCD

(1) UV completion of gravity
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IR
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<latexit sha1_base64="P6LcPsYSsARUf39cU/6Kye6j1cw="></latexit>

SEH =

∫

x

1

16ωGN
(2!→R)



Asymptotic Safety:  
reach interacting fixed point

Naive perturbation 
theory fails in d=4

1 loop divergences:
<latexit sha1_base64="Y+0BfSKifzrdGtCGdRwHzwGwvyw="></latexit>

⇠ p
g, ⇠ p

gR, ⇠ p
gRµ⌫R

µ⌫ , ⇠ p
gR2

2 loop divergences:
<latexit sha1_base64="gNSutNCKjJ9DQUbMWCKOHmMuxqQ=">AAAB+XicbVDJSgNBEO2JW4zbaG56aQwBT2FGcTkGc/EYwSyQjKGn05M06Z4Zu2sCYchfePTiQRGv/ok3P8J/sLMcNPFBweO9Kqrq+bHgGhzny8qsrK6tb2Q3c1vbO7t79v5BXUeJoqxGIxGppk80EzxkNeAgWDNWjEhfsIY/qEz8xpApzaPwDkYx8yTphTzglICROrbd1lzitn5QkPbGlfuzjl1wSs4UeJm4c1IoFw+/849uWu3Yn+1uRBPJQqCCaN1ynRi8lCjgVLBxrp1oFhM6ID3WMjQkkmkvnV4+xkWjdHEQKVMh4Kn6eyIlUuuR9E2nJNDXi95E/M9rJRBceSkP4wRYSGeLgkRgiPAkBtzlilEQI0MIVdzcimmfKELBhJUzIbiLLy+T+mnJvSid35o0rtEMWXSEjtEJctElKqMbVEU1RNEQPaEX9Gql1rP1Zr3PWjPWfCaP/sD6+AH6Y5Yu</latexit>

⇠ p
gC3

<latexit sha1_base64="3Dh5e3UfLqcKA+xigBnCnRgbfec=">AAAB7XicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZwctGLLpxWcFeoB1KJpNpYzPJkJwRSuk7uHGhiBsXPop7N+LbmF4W2vpD4OP/zyHnnDAV3IDnfTu5hcWl5ZX8qru2vrG5VdjeqRmVacqqVAmlGyExTHDJqsBBsEaqGUlCweph72qU1++ZNlzJW+inLEhIR/KYUwLWqrVopMC0C0Wv5I2F58GfQvHiwz1P377cSrvw2YoUzRImgQpiTNP3UggGRAOngg3dVmZYSmiPdFjToiQJM8FgPO0QH1gnwrHS9knAY/d3x4AkxvST0FYmBLpmNhuZ/2XNDOKzYMBlmgGTdPJRnAkMCo9WxxHXjILoWyBUczsrpl2iCQV7INcewZ9deR5qRyX/pHR84xXLl2iiPNpD++gQ+egUldE1qqAqougOPaAn9Owo59F5cV4npTln2rOL/sh5/wERLZJ2</latexit>··
·

<latexit sha1_base64="3Dh5e3UfLqcKA+xigBnCnRgbfec=">AAAB7XicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZwctGLLpxWcFeoB1KJpNpYzPJkJwRSuk7uHGhiBsXPop7N+LbmF4W2vpD4OP/zyHnnDAV3IDnfTu5hcWl5ZX8qru2vrG5VdjeqRmVacqqVAmlGyExTHDJqsBBsEaqGUlCweph72qU1++ZNlzJW+inLEhIR/KYUwLWqrVopMC0C0Wv5I2F58GfQvHiwz1P377cSrvw2YoUzRImgQpiTNP3UggGRAOngg3dVmZYSmiPdFjToiQJM8FgPO0QH1gnwrHS9knAY/d3x4AkxvST0FYmBLpmNhuZ/2XNDOKzYMBlmgGTdPJRnAkMCo9WxxHXjILoWyBUczsrpl2iCQV7INcewZ9deR5qRyX/pHR84xXLl2iiPNpD++gQ+egUldE1qqAqougOPaAn9Owo59F5cV4npTln2rOL/sh5/wERLZJ2</latexit>··
·

UV complete QFT couplings reach UV fixed point under 
Renormalization Group running

[Wilson ’71]

AS can make 
gravity 

predictive 
and UV 

complete

e.g. Large-N 3d 
Gross-Neveu

[Cresswell-Hogg, 
Litim, ’22]

[Rosenstein,Park, 
Warr, ’89]

[Litim, Sannino, ’14]

[Weinberg ’79]

e.g Litim-
Sannino model

Asymptotic Freedom: 
reach free fixed point 

[Gross, Wilzcek ’73] 
[Politzer ’73]

e.g. QCD

(1) UV completion of gravity

UV

IR
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<latexit sha1_base64="P6LcPsYSsARUf39cU/6Kye6j1cw="></latexit>

SEH =

∫

x

1

16ωGN
(2!→R)



Asymptotic Safety in gravity 

Naive perturbation 
theory fails in d=4

1 loop divergences:
<latexit sha1_base64="Y+0BfSKifzrdGtCGdRwHzwGwvyw="></latexit>

⇠ p
g, ⇠ p

gR, ⇠ p
gRµ⌫R

µ⌫ , ⇠ p
gR2

2 loop divergences:
<latexit sha1_base64="gNSutNCKjJ9DQUbMWCKOHmMuxqQ=">AAAB+XicbVDJSgNBEO2JW4zbaG56aQwBT2FGcTkGc/EYwSyQjKGn05M06Z4Zu2sCYchfePTiQRGv/ok3P8J/sLMcNPFBweO9Kqrq+bHgGhzny8qsrK6tb2Q3c1vbO7t79v5BXUeJoqxGIxGppk80EzxkNeAgWDNWjEhfsIY/qEz8xpApzaPwDkYx8yTphTzglICROrbd1lzitn5QkPbGlfuzjl1wSs4UeJm4c1IoFw+/849uWu3Yn+1uRBPJQqCCaN1ynRi8lCjgVLBxrp1oFhM6ID3WMjQkkmkvnV4+xkWjdHEQKVMh4Kn6eyIlUuuR9E2nJNDXi95E/M9rJRBceSkP4wRYSGeLgkRgiPAkBtzlilEQI0MIVdzcimmfKELBhJUzIbiLLy+T+mnJvSid35o0rtEMWXSEjtEJctElKqMbVEU1RNEQPaEX9Gql1rP1Zr3PWjPWfCaP/sD6+AH6Y5Yu</latexit>

⇠ p
gC3

<latexit sha1_base64="3Dh5e3UfLqcKA+xigBnCnRgbfec=">AAAB7XicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZwctGLLpxWcFeoB1KJpNpYzPJkJwRSuk7uHGhiBsXPop7N+LbmF4W2vpD4OP/zyHnnDAV3IDnfTu5hcWl5ZX8qru2vrG5VdjeqRmVacqqVAmlGyExTHDJqsBBsEaqGUlCweph72qU1++ZNlzJW+inLEhIR/KYUwLWqrVopMC0C0Wv5I2F58GfQvHiwz1P377cSrvw2YoUzRImgQpiTNP3UggGRAOngg3dVmZYSmiPdFjToiQJM8FgPO0QH1gnwrHS9knAY/d3x4AkxvST0FYmBLpmNhuZ/2XNDOKzYMBlmgGTdPJRnAkMCo9WxxHXjILoWyBUczsrpl2iCQV7INcewZ9deR5qRyX/pHR84xXLl2iiPNpD++gQ+egUldE1qqAqougOPaAn9Owo59F5cV4npTln2rOL/sh5/wERLZJ2</latexit>··
·

<latexit sha1_base64="3Dh5e3UfLqcKA+xigBnCnRgbfec=">AAAB7XicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZwctGLLpxWcFeoB1KJpNpYzPJkJwRSuk7uHGhiBsXPop7N+LbmF4W2vpD4OP/zyHnnDAV3IDnfTu5hcWl5ZX8qru2vrG5VdjeqRmVacqqVAmlGyExTHDJqsBBsEaqGUlCweph72qU1++ZNlzJW+inLEhIR/KYUwLWqrVopMC0C0Wv5I2F58GfQvHiwz1P377cSrvw2YoUzRImgQpiTNP3UggGRAOngg3dVmZYSmiPdFjToiQJM8FgPO0QH1gnwrHS9knAY/d3x4AkxvST0FYmBLpmNhuZ/2XNDOKzYMBlmgGTdPJRnAkMCo9WxxHXjILoWyBUczsrpl2iCQV7INcewZ9deR5qRyX/pHR84xXLl2iiPNpD++gQ+egUldE1qqAqougOPaAn9Owo59F5cV4npTln2rOL/sh5/wERLZJ2</latexit>··
·

UV

IR

<latexit sha1_base64="mV7uGirzHZvWTx96/7cxlh7gcFo=">AAAB6nicbZA9SwNBEIbn4leMX1FLm8UgWIU7C7UQDLGxjGg+IDnC3mYvWbK3d+zOCSHkJ9hYKGLrL7Lzp9i5uaTQxBcWHt53hp2ZIJHCoOt+ObmV1bX1jfxmYWt7Z3evuH/QMHGqGa+zWMa6FVDDpVC8jgIlbyWa0yiQvBkMb6Z585FrI2L1gKOE+xHtKxEKRtFa99Urt1ssuWU3E1kGbw6l6+8wU61b/Oz0YpZGXCGT1Ji25yboj6lGwSSfFDqp4QllQ9rnbYuKRtz442zUCTmxTo+EsbZPIcnc3x1jGhkzigJbGVEcmMVsav6XtVMML/2xUEmKXLHZR2EqCcZkujfpCc0ZypEFyrSwsxI2oJoytNcp2CN4iysvQ+Os7J2Xz+/cUqUKM+XhCI7hFDy4gArcQg3qwKAPT/ACr450np03531WmnPmPYfwR87HD2GckOk=</latexit>

B < 0

<latexit sha1_base64="nl5SXXi2QdlXfY5sKVfwFZWLYuc=">AAAB9HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4s1EqDNpYRzAckR9jbzCVL9vbO3b1ACPkdNhaK2Ppj7Pwpdm4uKTTxwcDjvRlm5gWJ4Nq47peTW1ldW9/Ibxa2tnd294r7B3Udp4phjcUiVs2AahRcYs1wI7CZKKRRILARDG6nfmOISvNYPphRgn5Ee5KHnFFjJb89pAoTzUUsr9xOseSW3QxkmXhzUrr+DjNUO8XPdjdmaYTSMEG1bnluYvwxVYYzgZNCO9WYUDagPWxZKmmE2h9nR0/IiVW6JIyVLWlIpv6eGNNI61EU2M6Imr5e9Kbif14rNeGlP+YySQ1KNlsUpoKYmEwTIF2ukBkxsoQyxe2thPWposzYnAo2BG/x5WVSPyt75+Xze7dUuYEZ8nAEx3AKHlxABe6gCjVg8AhP8AKvztB5dt6c91lrzpnPHMIfOB8/kvaVrA==</latexit>

" > 0

Hints from perturbation theory in d=2+eps:

AS can make gravity 
predictive and UV complete

(1) UV completion of gravity

[Gastmans et al ’78] 
[Christensen, Duff ’78]  

[Weinberg ’79]  
[Kawai et al ’90]

<latexit sha1_base64="/Vow2NaTF7uK0uh0gziazwnImuk="></latexit>

ωtgN = εgN︸︷︷︸
dimension

+ Bg2N︸︷︷︸
one-loop

10-3 1 103
0

gN*

log(k/Λ)

g N
(k
)

Lose predictivity
<latexit sha1_base64="P6LcPsYSsARUf39cU/6Kye6j1cw="></latexit>

SEH =

∫

x

1

16ωGN
(2!→R)



Naive perturbation 
theory fails in d=4

1 loop divergences:
<latexit sha1_base64="Y+0BfSKifzrdGtCGdRwHzwGwvyw="></latexit>

⇠ p
g, ⇠ p

gR, ⇠ p
gRµ⌫R

µ⌫ , ⇠ p
gR2

2 loop divergences:
<latexit sha1_base64="gNSutNCKjJ9DQUbMWCKOHmMuxqQ=">AAAB+XicbVDJSgNBEO2JW4zbaG56aQwBT2FGcTkGc/EYwSyQjKGn05M06Z4Zu2sCYchfePTiQRGv/ok3P8J/sLMcNPFBweO9Kqrq+bHgGhzny8qsrK6tb2Q3c1vbO7t79v5BXUeJoqxGIxGppk80EzxkNeAgWDNWjEhfsIY/qEz8xpApzaPwDkYx8yTphTzglICROrbd1lzitn5QkPbGlfuzjl1wSs4UeJm4c1IoFw+/849uWu3Yn+1uRBPJQqCCaN1ynRi8lCjgVLBxrp1oFhM6ID3WMjQkkmkvnV4+xkWjdHEQKVMh4Kn6eyIlUuuR9E2nJNDXi95E/M9rJRBceSkP4wRYSGeLgkRgiPAkBtzlilEQI0MIVdzcimmfKELBhJUzIbiLLy+T+mnJvSid35o0rtEMWXSEjtEJctElKqMbVEU1RNEQPaEX9Gql1rP1Zr3PWjPWfCaP/sD6+AH6Y5Yu</latexit>

⇠ p
gC3

<latexit sha1_base64="3Dh5e3UfLqcKA+xigBnCnRgbfec=">AAAB7XicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZwctGLLpxWcFeoB1KJpNpYzPJkJwRSuk7uHGhiBsXPop7N+LbmF4W2vpD4OP/zyHnnDAV3IDnfTu5hcWl5ZX8qru2vrG5VdjeqRmVacqqVAmlGyExTHDJqsBBsEaqGUlCweph72qU1++ZNlzJW+inLEhIR/KYUwLWqrVopMC0C0Wv5I2F58GfQvHiwz1P377cSrvw2YoUzRImgQpiTNP3UggGRAOngg3dVmZYSmiPdFjToiQJM8FgPO0QH1gnwrHS9knAY/d3x4AkxvST0FYmBLpmNhuZ/2XNDOKzYMBlmgGTdPJRnAkMCo9WxxHXjILoWyBUczsrpl2iCQV7INcewZ9deR5qRyX/pHR84xXLl2iiPNpD++gQ+egUldE1qqAqougOPaAn9Owo59F5cV4npTln2rOL/sh5/wERLZJ2</latexit>··
·

<latexit sha1_base64="3Dh5e3UfLqcKA+xigBnCnRgbfec=">AAAB7XicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZwctGLLpxWcFeoB1KJpNpYzPJkJwRSuk7uHGhiBsXPop7N+LbmF4W2vpD4OP/zyHnnDAV3IDnfTu5hcWl5ZX8qru2vrG5VdjeqRmVacqqVAmlGyExTHDJqsBBsEaqGUlCweph72qU1++ZNlzJW+inLEhIR/KYUwLWqrVopMC0C0Wv5I2F58GfQvHiwz1P377cSrvw2YoUzRImgQpiTNP3UggGRAOngg3dVmZYSmiPdFjToiQJM8FgPO0QH1gnwrHS9knAY/d3x4AkxvST0FYmBLpmNhuZ/2XNDOKzYMBlmgGTdPJRnAkMCo9WxxHXjILoWyBUczsrpl2iCQV7INcewZ9deR5qRyX/pHR84xXLl2iiPNpD++gQ+egUldE1qqAqougOPaAn9Owo59F5cV4npTln2rOL/sh5/wERLZJ2</latexit>··
·

Hints from perturbation theory in d=2+eps:

AS can make gravity 
predictive and UV complete

(1) UV completion of gravity

[Gastmans et al ’78] 
[Christensen, Duff ’78]  

[Weinberg ’79]  
[Kawai et al ’90]

<latexit sha1_base64="/Vow2NaTF7uK0uh0gziazwnImuk="></latexit>

ωtgN = εgN︸︷︷︸
dimension

+ Bg2N︸︷︷︸
one-loop

<latexit sha1_base64="iRjaeNn9/AsmU90KWLoaWy61y+Y=">AAAB+3icbVDLSgMxFM34rONrrEs3wSK4KjNdVDdi0Y3LCvYB7VAyaaYNzSQhyRTL0F9x04Uibv0G927EvzF9LLT1wIXDOfdy7z2RZFQb3/921tY3Nre2czvu7t7+waF3lK9rkSpMalgwoZoR0oRRTmqGGkaaUhGURIw0osHt1G8MidJU8AczkiRMUI/TmGJkrNTx8u0hUkRqygSHbSNgCXa8gl/0Z4CrJFiQwvWHeyUnX2614322uwKnCeEGM6R1K/ClCTOkDMWMjN12qolEeIB6pGUpRwnRYTa7fQzPrNKFsVC2uIEz9fdEhhKtR0lkOxNk+nrZm4r/ea3UxJdhRrlMDeF4vihOGbQ/ToOAXaoINmxkCcKK2lsh7iOFsLFxuTaEYPnlVVIvFYNysXzvFyo3YI4cOAGn4BwE4AJUwB2oghrA4BE8gWfw4oydifPqvM1b15zFzDH4A+f9B39vlxc=</latexit>

ω → 2 is large!!

Asymptotic Safety in gravity 

UV

IR

<latexit sha1_base64="mV7uGirzHZvWTx96/7cxlh7gcFo=">AAAB6nicbZA9SwNBEIbn4leMX1FLm8UgWIU7C7UQDLGxjGg+IDnC3mYvWbK3d+zOCSHkJ9hYKGLrL7Lzp9i5uaTQxBcWHt53hp2ZIJHCoOt+ObmV1bX1jfxmYWt7Z3evuH/QMHGqGa+zWMa6FVDDpVC8jgIlbyWa0yiQvBkMb6Z585FrI2L1gKOE+xHtKxEKRtFa99Urt1ssuWU3E1kGbw6l6+8wU61b/Oz0YpZGXCGT1Ji25yboj6lGwSSfFDqp4QllQ9rnbYuKRtz442zUCTmxTo+EsbZPIcnc3x1jGhkzigJbGVEcmMVsav6XtVMML/2xUEmKXLHZR2EqCcZkujfpCc0ZypEFyrSwsxI2oJoytNcp2CN4iysvQ+Os7J2Xz+/cUqUKM+XhCI7hFDy4gArcQg3qwKAPT/ACr450np03531WmnPmPYfwR87HD2GckOk=</latexit>

B < 0

<latexit sha1_base64="nl5SXXi2QdlXfY5sKVfwFZWLYuc=">AAAB9HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4s1EqDNpYRzAckR9jbzCVL9vbO3b1ACPkdNhaK2Ppj7Pwpdm4uKTTxwcDjvRlm5gWJ4Nq47peTW1ldW9/Ibxa2tnd294r7B3Udp4phjcUiVs2AahRcYs1wI7CZKKRRILARDG6nfmOISvNYPphRgn5Ee5KHnFFjJb89pAoTzUUsr9xOseSW3QxkmXhzUrr+DjNUO8XPdjdmaYTSMEG1bnluYvwxVYYzgZNCO9WYUDagPWxZKmmE2h9nR0/IiVW6JIyVLWlIpv6eGNNI61EU2M6Imr5e9Kbif14rNeGlP+YySQ1KNlsUpoKYmEwTIF2ukBkxsoQyxe2thPWposzYnAo2BG/x5WVSPyt75+Xze7dUuYEZ8nAEx3AKHlxABe6gCjVg8AhP8AKvztB5dt6c91lrzpnPHMIfOB8/kvaVrA==</latexit>

" > 0

10-3 1 103
0

gN*
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)

Lose predictivity
<latexit sha1_base64="P6LcPsYSsARUf39cU/6Kye6j1cw="></latexit>

SEH =

∫

x

1

16ωGN
(2!→R)



Naive perturbation 
theory fails in d=4

1 loop divergences:
<latexit sha1_base64="Y+0BfSKifzrdGtCGdRwHzwGwvyw="></latexit>

⇠ p
g, ⇠ p

gR, ⇠ p
gRµ⌫R

µ⌫ , ⇠ p
gR2

2 loop divergences:
<latexit sha1_base64="gNSutNCKjJ9DQUbMWCKOHmMuxqQ=">AAAB+XicbVDJSgNBEO2JW4zbaG56aQwBT2FGcTkGc/EYwSyQjKGn05M06Z4Zu2sCYchfePTiQRGv/ok3P8J/sLMcNPFBweO9Kqrq+bHgGhzny8qsrK6tb2Q3c1vbO7t79v5BXUeJoqxGIxGppk80EzxkNeAgWDNWjEhfsIY/qEz8xpApzaPwDkYx8yTphTzglICROrbd1lzitn5QkPbGlfuzjl1wSs4UeJm4c1IoFw+/849uWu3Yn+1uRBPJQqCCaN1ynRi8lCjgVLBxrp1oFhM6ID3WMjQkkmkvnV4+xkWjdHEQKVMh4Kn6eyIlUuuR9E2nJNDXi95E/M9rJRBceSkP4wRYSGeLgkRgiPAkBtzlilEQI0MIVdzcimmfKELBhJUzIbiLLy+T+mnJvSid35o0rtEMWXSEjtEJctElKqMbVEU1RNEQPaEX9Gql1rP1Zr3PWjPWfCaP/sD6+AH6Y5Yu</latexit>

⇠ p
gC3

<latexit sha1_base64="3Dh5e3UfLqcKA+xigBnCnRgbfec=">AAAB7XicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZwctGLLpxWcFeoB1KJpNpYzPJkJwRSuk7uHGhiBsXPop7N+LbmF4W2vpD4OP/zyHnnDAV3IDnfTu5hcWl5ZX8qru2vrG5VdjeqRmVacqqVAmlGyExTHDJqsBBsEaqGUlCweph72qU1++ZNlzJW+inLEhIR/KYUwLWqrVopMC0C0Wv5I2F58GfQvHiwz1P377cSrvw2YoUzRImgQpiTNP3UggGRAOngg3dVmZYSmiPdFjToiQJM8FgPO0QH1gnwrHS9knAY/d3x4AkxvST0FYmBLpmNhuZ/2XNDOKzYMBlmgGTdPJRnAkMCo9WxxHXjILoWyBUczsrpl2iCQV7INcewZ9deR5qRyX/pHR84xXLl2iiPNpD++gQ+egUldE1qqAqougOPaAn9Owo59F5cV4npTln2rOL/sh5/wERLZJ2</latexit>··
·

<latexit sha1_base64="3Dh5e3UfLqcKA+xigBnCnRgbfec=">AAAB7XicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZwctGLLpxWcFeoB1KJpNpYzPJkJwRSuk7uHGhiBsXPop7N+LbmF4W2vpD4OP/zyHnnDAV3IDnfTu5hcWl5ZX8qru2vrG5VdjeqRmVacqqVAmlGyExTHDJqsBBsEaqGUlCweph72qU1++ZNlzJW+inLEhIR/KYUwLWqrVopMC0C0Wv5I2F58GfQvHiwz1P377cSrvw2YoUzRImgQpiTNP3UggGRAOngg3dVmZYSmiPdFjToiQJM8FgPO0QH1gnwrHS9knAY/d3x4AkxvST0FYmBLpmNhuZ/2XNDOKzYMBlmgGTdPJRnAkMCo9WxxHXjILoWyBUczsrpl2iCQV7INcewZ9deR5qRyX/pHR84xXLl2iiPNpD++gQ+egUldE1qqAqougOPaAn9Owo59F5cV4npTln2rOL/sh5/wERLZJ2</latexit>··
·

Use non-perturbative methods

[Gastmans et al ’78] 
[Christensen, Duff ’78]  

[Weinberg ’79]  
[Kawai et al ’90]

Hints from perturbation theory in d=2+eps:

Lattice methods (CDT/EDT)

AS can make gravity 
predictive and UV complete

(1) UV completion of gravity

<latexit sha1_base64="/Vow2NaTF7uK0uh0gziazwnImuk="></latexit>

ωtgN = εgN︸︷︷︸
dimension

+ Bg2N︸︷︷︸
one-loop

Asymptotic Safety in gravity 

UV

IR

<latexit sha1_base64="mV7uGirzHZvWTx96/7cxlh7gcFo=">AAAB6nicbZA9SwNBEIbn4leMX1FLm8UgWIU7C7UQDLGxjGg+IDnC3mYvWbK3d+zOCSHkJ9hYKGLrL7Lzp9i5uaTQxBcWHt53hp2ZIJHCoOt+ObmV1bX1jfxmYWt7Z3evuH/QMHGqGa+zWMa6FVDDpVC8jgIlbyWa0yiQvBkMb6Z585FrI2L1gKOE+xHtKxEKRtFa99Urt1ssuWU3E1kGbw6l6+8wU61b/Oz0YpZGXCGT1Ji25yboj6lGwSSfFDqp4QllQ9rnbYuKRtz442zUCTmxTo+EsbZPIcnc3x1jGhkzigJbGVEcmMVsav6XtVMML/2xUEmKXLHZR2EqCcZkujfpCc0ZypEFyrSwsxI2oJoytNcp2CN4iysvQ+Os7J2Xz+/cUqUKM+XhCI7hFDy4gArcQg3qwKAPT/ACr450np03531WmnPmPYfwR87HD2GckOk=</latexit>

B < 0

<latexit sha1_base64="nl5SXXi2QdlXfY5sKVfwFZWLYuc=">AAAB9HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4s1EqDNpYRzAckR9jbzCVL9vbO3b1ACPkdNhaK2Ppj7Pwpdm4uKTTxwcDjvRlm5gWJ4Nq47peTW1ldW9/Ibxa2tnd294r7B3Udp4phjcUiVs2AahRcYs1wI7CZKKRRILARDG6nfmOISvNYPphRgn5Ee5KHnFFjJb89pAoTzUUsr9xOseSW3QxkmXhzUrr+DjNUO8XPdjdmaYTSMEG1bnluYvwxVYYzgZNCO9WYUDagPWxZKmmE2h9nR0/IiVW6JIyVLWlIpv6eGNNI61EU2M6Imr5e9Kbif14rNeGlP+YySQ1KNlsUpoKYmEwTIF2ukBkxsoQyxe2thPWposzYnAo2BG/x5WVSPyt75+Xze7dUuYEZ8nAEx3AKHlxABe6gCjVg8AhP8AKvztB5dt6c91lrzpnPHMIfOB8/kvaVrA==</latexit>

" > 0

10-3 1 103
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gN*
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)

Lose predictivity
<latexit sha1_base64="P6LcPsYSsARUf39cU/6Kye6j1cw="></latexit>

SEH =

∫

x

1

16ωGN
(2!→R)



Naive perturbation 
theory fails in d=4

1 loop divergences:
<latexit sha1_base64="Y+0BfSKifzrdGtCGdRwHzwGwvyw="></latexit>

⇠ p
g, ⇠ p

gR, ⇠ p
gRµ⌫R

µ⌫ , ⇠ p
gR2

2 loop divergences:
<latexit sha1_base64="gNSutNCKjJ9DQUbMWCKOHmMuxqQ=">AAAB+XicbVDJSgNBEO2JW4zbaG56aQwBT2FGcTkGc/EYwSyQjKGn05M06Z4Zu2sCYchfePTiQRGv/ok3P8J/sLMcNPFBweO9Kqrq+bHgGhzny8qsrK6tb2Q3c1vbO7t79v5BXUeJoqxGIxGppk80EzxkNeAgWDNWjEhfsIY/qEz8xpApzaPwDkYx8yTphTzglICROrbd1lzitn5QkPbGlfuzjl1wSs4UeJm4c1IoFw+/849uWu3Yn+1uRBPJQqCCaN1ynRi8lCjgVLBxrp1oFhM6ID3WMjQkkmkvnV4+xkWjdHEQKVMh4Kn6eyIlUuuR9E2nJNDXi95E/M9rJRBceSkP4wRYSGeLgkRgiPAkBtzlilEQI0MIVdzcimmfKELBhJUzIbiLLy+T+mnJvSid35o0rtEMWXSEjtEJctElKqMbVEU1RNEQPaEX9Gql1rP1Zr3PWjPWfCaP/sD6+AH6Y5Yu</latexit>

⇠ p
gC3

<latexit sha1_base64="3Dh5e3UfLqcKA+xigBnCnRgbfec=">AAAB7XicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZwctGLLpxWcFeoB1KJpNpYzPJkJwRSuk7uHGhiBsXPop7N+LbmF4W2vpD4OP/zyHnnDAV3IDnfTu5hcWl5ZX8qru2vrG5VdjeqRmVacqqVAmlGyExTHDJqsBBsEaqGUlCweph72qU1++ZNlzJW+inLEhIR/KYUwLWqrVopMC0C0Wv5I2F58GfQvHiwz1P377cSrvw2YoUzRImgQpiTNP3UggGRAOngg3dVmZYSmiPdFjToiQJM8FgPO0QH1gnwrHS9knAY/d3x4AkxvST0FYmBLpmNhuZ/2XNDOKzYMBlmgGTdPJRnAkMCo9WxxHXjILoWyBUczsrpl2iCQV7INcewZ9deR5qRyX/pHR84xXLl2iiPNpD++gQ+egUldE1qqAqougOPaAn9Owo59F5cV4npTln2rOL/sh5/wERLZJ2</latexit>··
·

<latexit sha1_base64="3Dh5e3UfLqcKA+xigBnCnRgbfec=">AAAB7XicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZwctGLLpxWcFeoB1KJpNpYzPJkJwRSuk7uHGhiBsXPop7N+LbmF4W2vpD4OP/zyHnnDAV3IDnfTu5hcWl5ZX8qru2vrG5VdjeqRmVacqqVAmlGyExTHDJqsBBsEaqGUlCweph72qU1++ZNlzJW+inLEhIR/KYUwLWqrVopMC0C0Wv5I2F58GfQvHiwz1P377cSrvw2YoUzRImgQpiTNP3UggGRAOngg3dVmZYSmiPdFjToiQJM8FgPO0QH1gnwrHS9knAY/d3x4AkxvST0FYmBLpmNhuZ/2XNDOKzYMBlmgGTdPJRnAkMCo9WxxHXjILoWyBUczsrpl2iCQV7INcewZ9deR5qRyX/pHR84xXLl2iiPNpD++gQ+egUldE1qqAqougOPaAn9Owo59F5cV4npTln2rOL/sh5/wERLZJ2</latexit>··
·

Use non-perturbative methods

Euclidean

Functional Renormalisation Group:

Recently, Lorentzian

[Lauscher, Reuter ’02] [Codello, Percacci ’05] [Codello, Percacci, Rahmede ’08]  
[Machado, Saueressig ’09] [Niedermaier ’09] [Benedetti, Caravelli ’12] [Dietz, Morris ’12] 

[Falls, Litim, Nikolakopoulos, Rahmede ’13,’14] [Falls, King, Litim, Nikolakopoulos, 
Rahmede ’18] [Kluth, Litim ’20] [Kluth, Litim ’22]…

[Fehre, Litim, Pawlowski, Reichert ’21][Braun, 
et al ’22][Pawlowski, Reichert, Wessely ’25]

[d’Angelo, Rejzner ’23][d’Angelo ’24]

Hints from perturbation theory in d=2+eps:

Lattice methods (CDT/EDT)

AS can make gravity 
predictive and UV complete

(1) UV completion of gravity

[Gastmans et al ’78] 
[Christensen, Duff ’78]  

[Weinberg ’79]  
[Kawai et al ’90]

<latexit sha1_base64="/Vow2NaTF7uK0uh0gziazwnImuk="></latexit>

ωtgN = εgN︸︷︷︸
dimension

+ Bg2N︸︷︷︸
one-loop

Asymptotic Safety in gravity 

UV

IR

<latexit sha1_base64="mV7uGirzHZvWTx96/7cxlh7gcFo=">AAAB6nicbZA9SwNBEIbn4leMX1FLm8UgWIU7C7UQDLGxjGg+IDnC3mYvWbK3d+zOCSHkJ9hYKGLrL7Lzp9i5uaTQxBcWHt53hp2ZIJHCoOt+ObmV1bX1jfxmYWt7Z3evuH/QMHGqGa+zWMa6FVDDpVC8jgIlbyWa0yiQvBkMb6Z585FrI2L1gKOE+xHtKxEKRtFa99Urt1ssuWU3E1kGbw6l6+8wU61b/Oz0YpZGXCGT1Ji25yboj6lGwSSfFDqp4QllQ9rnbYuKRtz442zUCTmxTo+EsbZPIcnc3x1jGhkzigJbGVEcmMVsav6XtVMML/2xUEmKXLHZR2EqCcZkujfpCc0ZypEFyrSwsxI2oJoytNcp2CN4iysvQ+Os7J2Xz+/cUqUKM+XhCI7hFDy4gArcQg3qwKAPT/ACr450np03531WmnPmPYfwR87HD2GckOk=</latexit>

B < 0

<latexit sha1_base64="nl5SXXi2QdlXfY5sKVfwFZWLYuc=">AAAB9HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4s1EqDNpYRzAckR9jbzCVL9vbO3b1ACPkdNhaK2Ppj7Pwpdm4uKTTxwcDjvRlm5gWJ4Nq47peTW1ldW9/Ibxa2tnd294r7B3Udp4phjcUiVs2AahRcYs1wI7CZKKRRILARDG6nfmOISvNYPphRgn5Ee5KHnFFjJb89pAoTzUUsr9xOseSW3QxkmXhzUrr+DjNUO8XPdjdmaYTSMEG1bnluYvwxVYYzgZNCO9WYUDagPWxZKmmE2h9nR0/IiVW6JIyVLWlIpv6eGNNI61EU2M6Imr5e9Kbif14rNeGlP+YySQ1KNlsUpoKYmEwTIF2ukBkxsoQyxe2thPWposzYnAo2BG/x5WVSPyt75+Xze7dUuYEZ8nAEx3AKHlxABe6gCjVg8AhP8AKvztB5dt6c91lrzpnPHMIfOB8/kvaVrA==</latexit>

" > 0
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Lose predictivity
<latexit sha1_base64="P6LcPsYSsARUf39cU/6Kye6j1cw="></latexit>

SEH =

∫

x

1

16ωGN
(2!→R)



<latexit sha1_base64="VW6pQRxUlyAjF80J4k3DzfWqXcs=">AAAB6HicbZDJSgNBEIZr4hbHLerRS2MQPIUZD9GLGBTBYwJmgWQIPZ2apE3PQnePEEKewIsHRbzqw3j3Ir6NneWgiT80fPx/FV1VfiK40o7zbWWWlldW17Lr9sbm1vZObnevpuJUMqyyWMSy4VOFgkdY1VwLbCQSaegLrPv9q3Fev0epeBzd6kGCXki7EQ84o9pYlet2Lu8UnInIIrgzyF982OfJ+5ddbuc+W52YpSFGmgmqVNN1Eu0NqdScCRzZrVRhQlmfdrFpMKIhKm84GXREjozTIUEszYs0mbi/O4Y0VGoQ+qYypLqn5rOx+V/WTHVw5g15lKQaIzb9KEgF0TEZb006XCLTYmCAMsnNrIT1qKRMm9vY5gju/MqLUDspuMVCseLkS5cwVRYO4BCOwYVTKMENlKEKDBAe4AmerTvr0XqxXqelGWvWsw9/ZL39APwGkBE=</latexit>

E Already 
integrated 

out

<latexit sha1_base64="uETrrgCZpQbcjbOAaSTiq3E7U/4=">AAAB7nicbVC7SgNBFL0bX3F9RS1tBoNgFXYtoo0YtLGwiGAekCxhdnaSDJmdHWZmhbDkI2wsFLGw8U/sbcS/cfIoNPHAhcM553IfoeRMG8/7dnJLyyura/l1d2Nza3unsLtX10mqCK2RhCeqGWJNORO0ZpjhtCkVxXHIaSMcXI39xj1VmiXizgwlDWLcE6zLCDZWarRvbDTCnULRK3kToEXiz0jx4sM9l29fbrVT+GxHCUljKgzhWOuW70kTZFgZRjgdue1UU4nJAPdoy1KBY6qDbLLuCB1ZJULdRNkSBk3U3x0ZjrUexqFNxtj09bw3Fv/zWqnpngUZEzI1VJDpoG7KkUnQ+HYUMUWJ4UNLMFHM7opIHytMjP2Qa5/gz5+8SOonJb9cKt96xcolTJGHAziEY/DhFCpwDVWoAYEBPMATPDvSeXRenNdpNOfMevbhD5z3H26+kqU=</latexit>
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Wilsonian RG
Integrate momentum shells



<latexit sha1_base64="VW6pQRxUlyAjF80J4k3DzfWqXcs=">AAAB6HicbZDJSgNBEIZr4hbHLerRS2MQPIUZD9GLGBTBYwJmgWQIPZ2apE3PQnePEEKewIsHRbzqw3j3Ir6NneWgiT80fPx/FV1VfiK40o7zbWWWlldW17Lr9sbm1vZObnevpuJUMqyyWMSy4VOFgkdY1VwLbCQSaegLrPv9q3Fev0epeBzd6kGCXki7EQ84o9pYlet2Lu8UnInIIrgzyF982OfJ+5ddbuc+W52YpSFGmgmqVNN1Eu0NqdScCRzZrVRhQlmfdrFpMKIhKm84GXREjozTIUEszYs0mbi/O4Y0VGoQ+qYypLqn5rOx+V/WTHVw5g15lKQaIzb9KEgF0TEZb006XCLTYmCAMsnNrIT1qKRMm9vY5gju/MqLUDspuMVCseLkS5cwVRYO4BCOwYVTKMENlKEKDBAe4AmerTvr0XqxXqelGWvWsw9/ZL39APwGkBE=</latexit>
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<latexit sha1_base64="uETrrgCZpQbcjbOAaSTiq3E7U/4=">AAAB7nicbVC7SgNBFL0bX3F9RS1tBoNgFXYtoo0YtLGwiGAekCxhdnaSDJmdHWZmhbDkI2wsFLGw8U/sbcS/cfIoNPHAhcM553IfoeRMG8/7dnJLyyura/l1d2Nza3unsLtX10mqCK2RhCeqGWJNORO0ZpjhtCkVxXHIaSMcXI39xj1VmiXizgwlDWLcE6zLCDZWarRvbDTCnULRK3kToEXiz0jx4sM9l29fbrVT+GxHCUljKgzhWOuW70kTZFgZRjgdue1UU4nJAPdoy1KBY6qDbLLuCB1ZJULdRNkSBk3U3x0ZjrUexqFNxtj09bw3Fv/zWqnpngUZEzI1VJDpoG7KkUnQ+HYUMUWJ4UNLMFHM7opIHytMjP2Qa5/gz5+8SOonJb9cKt96xcolTJGHAziEY/DhFCpwDVWoAYEBPMATPDvSeXRenNdpNOfMevbhD5z3H26+kqU=</latexit>
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!0 < p < !
integrates out modes 
between 

RG step 
e.g. sharp 

cutoff
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integrated 

out
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integrates out modes 
between 
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RG step 
e.g. sharp 

cutoff



<latexit sha1_base64="VW6pQRxUlyAjF80J4k3DzfWqXcs=">AAAB6HicbZDJSgNBEIZr4hbHLerRS2MQPIUZD9GLGBTBYwJmgWQIPZ2apE3PQnePEEKewIsHRbzqw3j3Ir6NneWgiT80fPx/FV1VfiK40o7zbWWWlldW17Lr9sbm1vZObnevpuJUMqyyWMSy4VOFgkdY1VwLbCQSaegLrPv9q3Fev0epeBzd6kGCXki7EQ84o9pYlet2Lu8UnInIIrgzyF982OfJ+5ddbuc+W52YpSFGmgmqVNN1Eu0NqdScCRzZrVRhQlmfdrFpMKIhKm84GXREjozTIUEszYs0mbi/O4Y0VGoQ+qYypLqn5rOx+V/WTHVw5g15lKQaIzb9KEgF0TEZb006XCLTYmCAMsnNrIT1qKRMm9vY5gju/MqLUDspuMVCseLkS5cwVRYO4BCOwYVTKMENlKEKDBAe4AmerTvr0XqxXqelGWvWsw9/ZL39APwGkBE=</latexit>
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E Already 
integrated 

out

<latexit sha1_base64="uETrrgCZpQbcjbOAaSTiq3E7U/4=">AAAB7nicbVC7SgNBFL0bX3F9RS1tBoNgFXYtoo0YtLGwiGAekCxhdnaSDJmdHWZmhbDkI2wsFLGw8U/sbcS/cfIoNPHAhcM553IfoeRMG8/7dnJLyyura/l1d2Nza3unsLtX10mqCK2RhCeqGWJNORO0ZpjhtCkVxXHIaSMcXI39xj1VmiXizgwlDWLcE6zLCDZWarRvbDTCnULRK3kToEXiz0jx4sM9l29fbrVT+GxHCUljKgzhWOuW70kTZFgZRjgdue1UU4nJAPdoy1KBY6qDbLLuCB1ZJULdRNkSBk3U3x0ZjrUexqFNxtj09bw3Fv/zWqnpngUZEzI1VJDpoG7KkUnQ+HYUMUWJ4UNLMFHM7opIHytMjP2Qa5/gz5+8SOonJb9cKt96xcolTJGHAziEY/DhFCpwDVWoAYEBPMATPDvSeXRenNdpNOfMevbhD5z3H26+kqU=</latexit>

!

<latexit sha1_base64="UcIWqLIr//C5dIBa2cmaRPqAdlk=">AAAB8HicdVDLSgMxFM3UV62vquDGTbAIroZMbafTXakbFy5asA9ph5JJ0zY08yDJCGXoV7hxoYhbwb/wC9y58VtMWwUVPRA4nHMuufd4EWdSIfRmpJaWV1bX0uuZjc2t7Z3s7l5ThrEgtEFCHoq2hyXlLKANxRSn7UhQ7Huctrzx2cxvXVMhWRhcqklEXR8PAzZgBCstXXUvdLSPe6iXzSHTKaGCgyAyC45dtoqa5E+LZduBlonmyFUO6u/sufpS62Vfu/2QxD4NFOFYyo6FIuUmWChGOJ1murGkESZjPKQdTQPsU+km84Wn8FgrfTgIhX6BgnP1+0SCfSknvqeTPlYj+dubiX95nVgNHDdhQRQrGpDFR4OYQxXC2fWwzwQlik80wUQwvSskIywwUbqjjC7h61L4P2nmTcs27bpuowoWSINDcAROgAVKoALOQQ00AAE+uAF34N4Qxq3xYDwuoinjc2Yf/IDx9AGciZQF</latexit>

!0

RG step 
e.g. sharp 

cutoff

Introduction to functional RG 

Wilsonian RG
Integrate momentum shells

Functional identity for 
Quantum effective action 

<latexit sha1_base64="ndc+4P+PkZv+ceAvtWn9sBcZqCk=">AAAB/HicdVDLSgMxFM34rPU12qUiwSK4GjK1jyl0UXTjwkUL9gFtKZk0bUMzD5KMUErd+R1uXCjiVvod7vwGf8K0taCiBwKHc87l3hw35EwqhN6NpeWV1bX12EZ8c2t7Z9fc26/KIBKEVkjAA1F3saSc+bSimOK0HgqKPZfTmju4mPq1GyokC/xrNQxpy8M9n3UZwUpLbTPRvNLhDm6jQlhYcDOJLCeH0g6CyEo72byd0SR1lslnHWhbaIZk8XBS/rg7mpTa5luzE5DIo74iHEvZsFGoWiMsFCOcjuPNSNIQkwHu0YamPvaobI1mx4/hiVY6sBsI/XwFZ+r3iRH2pBx6rk56WPXlb28q/uU1ItV1WiPmh5GiPpkv6kYcqgBOm4AdJihRfKgJJoLpWyHpY4GJ0n3FdQmLn8L/STVl2VkrW9ZtnIM5YuAAHINTYIMcKIJLUAIVQMAQ3INH8GTcGg/Gs/Eyjy4ZXzMJ8APG6ycZjpgp</latexit>

!0 < p < !
integrates out modes 
between 

<latexit sha1_base64="RDGz5uDW1DeAcH+xAngbews99BU="></latexit>

ωt!k =
1

2
Tr

[
ωtRk

(
!(2)
k +Rk

)→1
]

IR finiteUV finite 
and local

<latexit sha1_base64="KoePE7yagrYECneCjPKJio0PU2w=">AAAB+HicdVDLSsNAFJ34rPXRqODGzWARXIXEalp3pW5ctmIf0IYwmU7aoZMHMxOhhn6JGxeKuHDjN/gF7tz4LU7aCip64MLhnHtn7j1ezKiQpvmuLSwuLa+s5tby6xubWwV9e6clooRj0sQRi3jHQ4IwGpKmpJKRTswJCjxG2t7oPPPb14QLGoVXchwTJ0CDkPoUI6kkVy/0YsQlRcyV8NIdQVcvmkbJtk9Oy9A0zCkUsStW+awErblSrO41Puhz7bXu6m+9foSTgIQSMyRE1zJj6aTZo5iRSb6XCBIjPEID0lU0RAERTjpdfAIPldKHfsRVhRJO1e8TKQqEGAee6gyQHIrfXib+5XUT6VeclIZxIkmIZx/5CYMyglkKsE85wZKNFUGYU7UrxEPEEZYqq7wK4etS+D9pHRuWbdgNlUYNzJAD++AAHAELlEEVXIA6aAIMEnAL7sGDdqPdaY/a06x1QZvP7IIf0F4+AWFqlqI=</latexit>

ωtRk<latexit sha1_base64="UHzaBY6cqYPFURptvkoFGZR4faU=">AAAB63icdVDLSgMxFM3UV62vquDGTbAIroaZauu4K3XjshXbCu1QMmnahiaZIckIZegvuHGhiFuX/oVf4M6N32KmraCiBy4czrmXe+8JIkaVdpx3K7OwuLS8kl3Nra1vbG7lt3eaKowlJg0cslBeB0gRRgVpaKoZuY4kQTxgpBWMzlO/dUOkoqG40uOI+BwNBO1TjHQqXXZHsJsvOPaZVzp2PejYzhQpKbonJQ+6c6VQ2at/0Jfqa62bf+v0QhxzIjRmSKm260TaT5DUFDMyyXViRSKER2hA2oYKxInyk+mtE3holB7sh9KU0HCqfp9IEFdqzAPTyZEeqt9eKv7ltWPd9/yEiijWRODZon7MoA5h+jjsUUmwZmNDEJbU3ArxEEmEtYknZ0L4+hT+T5pF2y3b5bpJowpmyIJ9cACOgAtOQQVcgBpoAAyG4BbcgweLW3fWo/U0a81Y85ld8APW8yexC5G8</latexit>

Rk

[Gies, ’06]

<latexit sha1_base64="VW6pQRxUlyAjF80J4k3DzfWqXcs=">AAAB6HicbZDJSgNBEIZr4hbHLerRS2MQPIUZD9GLGBTBYwJmgWQIPZ2apE3PQnePEEKewIsHRbzqw3j3Ir6NneWgiT80fPx/FV1VfiK40o7zbWWWlldW17Lr9sbm1vZObnevpuJUMqyyWMSy4VOFgkdY1VwLbCQSaegLrPv9q3Fev0epeBzd6kGCXki7EQ84o9pYlet2Lu8UnInIIrgzyF982OfJ+5ddbuc+W52YpSFGmgmqVNN1Eu0NqdScCRzZrVRhQlmfdrFpMKIhKm84GXREjozTIUEszYs0mbi/O4Y0VGoQ+qYypLqn5rOx+V/WTHVw5g15lKQaIzb9KEgF0TEZb006XCLTYmCAMsnNrIT1qKRMm9vY5gju/MqLUDspuMVCseLkS5cwVRYO4BCOwYVTKMENlKEKDBAe4AmerTvr0XqxXqelGWvWsw9/ZL39APwGkBE=</latexit>

E

<latexit sha1_base64="m64QAZv/fuLPh9wYwU3RvNjI3po=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8EgWIVdi2gjBm0sEzAXSJYwOzmbjJm9MDMrhCVPYGOhiK0+jL2N+DZOLoVGfxj4+P9zmHOOnwiutON8Wbml5ZXVtfy6vbG5tb1T2N1rqDiVDOssFrFs+VSh4BHWNdcCW4lEGvoCm/7wapI371AqHkc3epSgF9J+xAPOqDZWbdgtFJ2SMxX5C+4cihfv9nny9mlXu4WPTi9maYiRZoIq1XadRHsZlZozgWO7kypMKBvSPrYNRjRE5WXTQcfkyDg9EsTSvEiTqfuzI6OhUqPQN5Uh1QO1mE3M/7J2qoMzL+NRkmqM2OyjIBVEx2SyNelxiUyLkQHKJDezEjagkjJtbmObI7iLK/+FxknJLZfKNadYuYSZ8nAAh3AMLpxCBa6hCnVggHAPj/Bk3VoP1rP1MivNWfOeffgl6/UbNa2QNw==</latexit>

k

<latexit sha1_base64="6qXFhG718QzEQ14UwUBmP13DZNM=">AAAB6nicdVC7SgNBFJ2NrxhfUcHGZjAIVstsTDabLsTGMkGTCMkSZiezyZDZBzOzQljyCTYWitja+hd+gZ2N3+IkUVDRAxcO59zLvfd4MWdSIfRmZJaWV1bXsuu5jc2t7Z387l5bRokgtEUiHokrD0vKWUhbiilOr2JBceBx2vHGZzO/c02FZFF4qSYxdQM8DJnPCFZauhj3UT9fQKZTQSUHQWSWHLtqlTUpnpartgMtE81RqB0039lz/aXRz7/2BhFJAhoqwrGUXQvFyk2xUIxwOs31EkljTMZ4SLuahjig0k3np07hsVYG0I+ErlDBufp9IsWBlJPA050BViP525uJf3ndRPmOm7IwThQNyWKRn3CoIjj7Gw6YoETxiSaYCKZvhWSEBSZKp5PTIXx9Cv8n7aJp2abd1GnUwQJZcAiOwAmwQAXUwDlogBYgYAhuwB24N7hxazwYj4vWjPE5sw9+wHj6AF78kZc=</latexit>

k0

RG step

Modes frozen/
suppressed 

Modes 
unchanged

<latexit sha1_base64="ibv5Jd46uxWrRkSD7scxsq/hlak=">AAACB3icbVDLSgMxFM3UV62vqktBQotQEcpMF9Vl0Y3LKvYBnXbIpJk2NDMJSUYcSndu3PsVblwo4tZfcNe/MX0stPXAhZNz7iX3Hl8wqrRtj63Uyura+kZ6M7O1vbO7l90/qCseS0xqmDMumz5ShNGI1DTVjDSFJCj0GWn4g6uJ37gnUlEe3elEkHaIehENKEbaSF72+NYbFESn5DIGB57dKZ26SAjJH2YvL5u3i/YUcJk4c5Kv5Nyz53ElqXrZb7fLcRySSGOGlGo5ttDtIZKaYkZGGTdWRCA8QD3SMjRCIVHt4fSOETwxShcGXJqKNJyqvyeGKFQqCX3TGSLdV4veRPzPa8U6uGgPaSRiTSI8+yiIGdQcTkKBXSoJ1iwxBGFJza4Q95FEWJvoMiYEZ/HkZVIvFZ1ysXxj0rgEM6TBEciBAnDAOaiAa1AFNYDBI3gBb+DderJerQ/rc9aasuYzh+APrK8fks6a2A==</latexit>

Rk(p
2 → k20) ↑ k20

<latexit sha1_base64="QyWg/wkUovhwK/CCWgNJDvIOhyU=">AAACA3icbVDLSgMxFM3UV62vqjvdhBahIpSZLqrLohuXVewDOtMhk6ZtaGYSkow4lIIb/8BvcONCEbf+hLv+jeljoa0HLhzOuZd77wkEo0rb9thKrayurW+kNzNb2zu7e9n9g7riscSkhjnjshkgRRiNSE1TzUhTSILCgJFGMLia+I17IhXl0Z1OBPFC1Itol2KkjeRnj279QUG0S26vBwe+3S6dukgIyR+g7WfzdtGeAi4TZ07ylZx79jyuJFU/++12OI5DEmnMkFItxxbaGyKpKWZklHFjRQTCA9QjLUMjFBLlDac/jOCJUTqwy6WpSMOp+ntiiEKlkjAwnSHSfbXoTcT/vFasuxfekEYi1iTCs0XdmEHN4SQQ2KGSYM0SQxCW1NwKcR9JhLWJLWNCcBZfXib1UtEpF8s3Jo1LMEMaHIMcKAAHnIMKuAZVUAMYPIIX8AberSfr1fqwPmetKWs+cwj+wPr6AbyBmUw=</latexit>

Rk(p
2 → k20) ↑ 0



<latexit sha1_base64="VW6pQRxUlyAjF80J4k3DzfWqXcs=">AAAB6HicbZDJSgNBEIZr4hbHLerRS2MQPIUZD9GLGBTBYwJmgWQIPZ2apE3PQnePEEKewIsHRbzqw3j3Ir6NneWgiT80fPx/FV1VfiK40o7zbWWWlldW17Lr9sbm1vZObnevpuJUMqyyWMSy4VOFgkdY1VwLbCQSaegLrPv9q3Fev0epeBzd6kGCXki7EQ84o9pYlet2Lu8UnInIIrgzyF982OfJ+5ddbuc+W52YpSFGmgmqVNN1Eu0NqdScCRzZrVRhQlmfdrFpMKIhKm84GXREjozTIUEszYs0mbi/O4Y0VGoQ+qYypLqn5rOx+V/WTHVw5g15lKQaIzb9KEgF0TEZb006XCLTYmCAMsnNrIT1qKRMm9vY5gju/MqLUDspuMVCseLkS5cwVRYO4BCOwYVTKMENlKEKDBAe4AmerTvr0XqxXqelGWvWsw9/ZL39APwGkBE=</latexit>

E Already 
integrated 

out

<latexit sha1_base64="uETrrgCZpQbcjbOAaSTiq3E7U/4=">AAAB7nicbVC7SgNBFL0bX3F9RS1tBoNgFXYtoo0YtLGwiGAekCxhdnaSDJmdHWZmhbDkI2wsFLGw8U/sbcS/cfIoNPHAhcM553IfoeRMG8/7dnJLyyura/l1d2Nza3unsLtX10mqCK2RhCeqGWJNORO0ZpjhtCkVxXHIaSMcXI39xj1VmiXizgwlDWLcE6zLCDZWarRvbDTCnULRK3kToEXiz0jx4sM9l29fbrVT+GxHCUljKgzhWOuW70kTZFgZRjgdue1UU4nJAPdoy1KBY6qDbLLuCB1ZJULdRNkSBk3U3x0ZjrUexqFNxtj09bw3Fv/zWqnpngUZEzI1VJDpoG7KkUnQ+HYUMUWJ4UNLMFHM7opIHytMjP2Qa5/gz5+8SOonJb9cKt96xcolTJGHAziEY/DhFCpwDVWoAYEBPMATPDvSeXRenNdpNOfMevbhD5z3H26+kqU=</latexit>

!

<latexit sha1_base64="UcIWqLIr//C5dIBa2cmaRPqAdlk=">AAAB8HicdVDLSgMxFM3UV62vquDGTbAIroZMbafTXakbFy5asA9ph5JJ0zY08yDJCGXoV7hxoYhbwb/wC9y58VtMWwUVPRA4nHMuufd4EWdSIfRmpJaWV1bX0uuZjc2t7Z3s7l5ThrEgtEFCHoq2hyXlLKANxRSn7UhQ7Huctrzx2cxvXVMhWRhcqklEXR8PAzZgBCstXXUvdLSPe6iXzSHTKaGCgyAyC45dtoqa5E+LZduBlonmyFUO6u/sufpS62Vfu/2QxD4NFOFYyo6FIuUmWChGOJ1murGkESZjPKQdTQPsU+km84Wn8FgrfTgIhX6BgnP1+0SCfSknvqeTPlYj+dubiX95nVgNHDdhQRQrGpDFR4OYQxXC2fWwzwQlik80wUQwvSskIywwUbqjjC7h61L4P2nmTcs27bpuowoWSINDcAROgAVKoALOQQ00AAE+uAF34N4Qxq3xYDwuoinjc2Yf/IDx9AGciZQF</latexit>

!0

Introduction to functional RG 

Wilsonian RG
Integrate momentum shells

Functional identity for 
Quantum effective action 

<latexit sha1_base64="ndc+4P+PkZv+ceAvtWn9sBcZqCk=">AAAB/HicdVDLSgMxFM34rPU12qUiwSK4GjK1jyl0UXTjwkUL9gFtKZk0bUMzD5KMUErd+R1uXCjiVvod7vwGf8K0taCiBwKHc87l3hw35EwqhN6NpeWV1bX12EZ8c2t7Z9fc26/KIBKEVkjAA1F3saSc+bSimOK0HgqKPZfTmju4mPq1GyokC/xrNQxpy8M9n3UZwUpLbTPRvNLhDm6jQlhYcDOJLCeH0g6CyEo72byd0SR1lslnHWhbaIZk8XBS/rg7mpTa5luzE5DIo74iHEvZsFGoWiMsFCOcjuPNSNIQkwHu0YamPvaobI1mx4/hiVY6sBsI/XwFZ+r3iRH2pBx6rk56WPXlb28q/uU1ItV1WiPmh5GiPpkv6kYcqgBOm4AdJihRfKgJJoLpWyHpY4GJ0n3FdQmLn8L/STVl2VkrW9ZtnIM5YuAAHINTYIMcKIJLUAIVQMAQ3INH8GTcGg/Gs/Eyjy4ZXzMJ8APG6ycZjpgp</latexit>

!0 < p < !
integrates out modes 
between 

<latexit sha1_base64="RDGz5uDW1DeAcH+xAngbews99BU="></latexit>

ωt!k =
1

2
Tr

[
ωtRk

(
!(2)
k +Rk

)→1
]

<latexit sha1_base64="VW6pQRxUlyAjF80J4k3DzfWqXcs=">AAAB6HicbZDJSgNBEIZr4hbHLerRS2MQPIUZD9GLGBTBYwJmgWQIPZ2apE3PQnePEEKewIsHRbzqw3j3Ir6NneWgiT80fPx/FV1VfiK40o7zbWWWlldW17Lr9sbm1vZObnevpuJUMqyyWMSy4VOFgkdY1VwLbCQSaegLrPv9q3Fev0epeBzd6kGCXki7EQ84o9pYlet2Lu8UnInIIrgzyF982OfJ+5ddbuc+W52YpSFGmgmqVNN1Eu0NqdScCRzZrVRhQlmfdrFpMKIhKm84GXREjozTIUEszYs0mbi/O4Y0VGoQ+qYypLqn5rOx+V/WTHVw5g15lKQaIzb9KEgF0TEZb006XCLTYmCAMsnNrIT1qKRMm9vY5gju/MqLUDspuMVCseLkS5cwVRYO4BCOwYVTKMENlKEKDBAe4AmerTvr0XqxXqelGWvWsw9/ZL39APwGkBE=</latexit>

E

<latexit sha1_base64="m64QAZv/fuLPh9wYwU3RvNjI3po=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8EgWIVdi2gjBm0sEzAXSJYwOzmbjJm9MDMrhCVPYGOhiK0+jL2N+DZOLoVGfxj4+P9zmHOOnwiutON8Wbml5ZXVtfy6vbG5tb1T2N1rqDiVDOssFrFs+VSh4BHWNdcCW4lEGvoCm/7wapI371AqHkc3epSgF9J+xAPOqDZWbdgtFJ2SMxX5C+4cihfv9nny9mlXu4WPTi9maYiRZoIq1XadRHsZlZozgWO7kypMKBvSPrYNRjRE5WXTQcfkyDg9EsTSvEiTqfuzI6OhUqPQN5Uh1QO1mE3M/7J2qoMzL+NRkmqM2OyjIBVEx2SyNelxiUyLkQHKJDezEjagkjJtbmObI7iLK/+FxknJLZfKNadYuYSZ8nAAh3AMLpxCBa6hCnVggHAPj/Bk3VoP1rP1MivNWfOeffgl6/UbNa2QNw==</latexit>

k

<latexit sha1_base64="6qXFhG718QzEQ14UwUBmP13DZNM=">AAAB6nicdVC7SgNBFJ2NrxhfUcHGZjAIVstsTDabLsTGMkGTCMkSZiezyZDZBzOzQljyCTYWitja+hd+gZ2N3+IkUVDRAxcO59zLvfd4MWdSIfRmZJaWV1bXsuu5jc2t7Z387l5bRokgtEUiHokrD0vKWUhbiilOr2JBceBx2vHGZzO/c02FZFF4qSYxdQM8DJnPCFZauhj3UT9fQKZTQSUHQWSWHLtqlTUpnpartgMtE81RqB0039lz/aXRz7/2BhFJAhoqwrGUXQvFyk2xUIxwOs31EkljTMZ4SLuahjig0k3np07hsVYG0I+ErlDBufp9IsWBlJPA050BViP525uJf3ndRPmOm7IwThQNyWKRn3CoIjj7Gw6YoETxiSaYCKZvhWSEBSZKp5PTIXx9Cv8n7aJp2abd1GnUwQJZcAiOwAmwQAXUwDlogBYgYAhuwB24N7hxazwYj4vWjPE5sw9+wHj6AF78kZc=</latexit>

k0

RG step

[Gies, ’06]

Evolution in theory space

Work with running couplings

RG step 
e.g. sharp 

cutoff



I have not told you everything…

[Fehre, Litim, Pawlowski, 
Reichert ’21]

<latexit sha1_base64="s2qUzx0g+iTj2WsBmnxiZaH57OQ="></latexit>

�(2),µ⌫⇢� =
1

32⇡

✓
�(2)
TT⇧

µ⌫⇢�
TT � 1

2
�(2)
0 ⇧µ⌫⇢�

0 + gauge

◆

[Pawlowski, Reichert, 
Wessely, 2025]

The two-point function tensor decomposition

[GA, Litim, Reichert, 2026]

<latexit sha1_base64="KgaLe+5/U4bL6dH2/JfR64rxJj8="></latexit>

@t⇢TT/0(�) = �2 Im

"
G2
TT/0

✓
@t�

(2)
TT/0 + @tRTT/0

◆����
Wick

#
Goal: set up 



[Fehre, Litim, Pawlowski, 
Reichert ’21]

<latexit sha1_base64="s2qUzx0g+iTj2WsBmnxiZaH57OQ="></latexit>

�(2),µ⌫⇢� =
1

32⇡

✓
�(2)
TT⇧

µ⌫⇢�
TT � 1

2
�(2)
0 ⇧µ⌫⇢�

0 + gauge

◆

[Pawlowski, Reichert, 
Wessely, 2025]

The two-point function tensor decomposition

Recall RG flow

[GA, Litim, Reichert, 2026]

<latexit sha1_base64="KgaLe+5/U4bL6dH2/JfR64rxJj8="></latexit>

@t⇢TT/0(�) = �2 Im

"
G2
TT/0

✓
@t�

(2)
TT/0 + @tRTT/0

◆����
Wick

#
Goal: set up I have not told you everything…

<latexit sha1_base64="G+JC4gZAkeGSF6dxFTVbsEKsSqA="></latexit>

ωt!TT/0 =
1

2
Tr

[
ωtRTT/0

(
!(2)
TT/0 +RTT/0

)→1
]



[Fehre, Litim, Pawlowski, 
Reichert ’21]

<latexit sha1_base64="s2qUzx0g+iTj2WsBmnxiZaH57OQ="></latexit>

�(2),µ⌫⇢� =
1

32⇡

✓
�(2)
TT⇧

µ⌫⇢�
TT � 1

2
�(2)
0 ⇧µ⌫⇢�

0 + gauge

◆

[Pawlowski, Reichert, 
Wessely, 2025]

Regulated two-point function
<latexit sha1_base64="x02vOO3hX7Su9HEga33m9XMAWkM="></latexit>

�(2)
TT/0 +RTT/0 = ZTT/0(p)(p

2 +m2
TT/0) <latexit sha1_base64="PS4HIDd//B8/0K/3n5wsaGFzzNc=">AAACHHicbVA9SwNBEN3z2/h1ammzGAQtjHcKaiOIWlgqJBrMhWNvM9Ele3vH7pwYjvwQG3t/hY2FIjYWguDfsHeTWPj1YODx3gwz86JUCoOe9+YMDA4Nj4yOjRcmJqemZ9zZuROTZJpDhScy0dWIGZBCQQUFSqimGlgcSTiNWvtd//QStBGJKmM7hXrMzpVoCs7QSqG7EQCyMA8QrjAvlztrXmdnNUiZRsFkiDSQavnsp78SukWv5PVA/xL/ixR3Vz6eVw/eb49C9yVoJDyLQSGXzJia76VYz7tLuIROIcgMpIy32DnULFUsBlPPe8916JJVGrSZaFsKaU/9PpGz2Jh2HNnOmOGF+e11xf+8WobN7XouVJohKN5f1MwkxYR2k6INoYGjbFvCuBb2VsovmGYcbZ4FG4L/++W/5GS95G+WNo9tGnukjzGyQBbJMvHJFtklh+SIVAgn1+SOPJBH58a5d56c537rgPM1M09+wHn9BD/Rpdw=</latexit>

⌘TT/0 = �@t ln(ZTT/0)

and anomalous dimensions

With off-shell mass parameters

The two-point function tensor decomposition

Recall RG flow

<latexit sha1_base64="TTuiYHG5aMQ1tDXkIfwuXE99b70=">AAACCHicbVC7SgNBFJ2Nrxhfq5YWLgYhAY27FtEyqIWFRYS8IBuW2ckkGTL7YOauGJYtbfwTsbFQxNbexk7wN+ydPAqNHhg4nHMPd+5xQ84kmOaHlpqZnZtfSC9mlpZXVtf09Y2aDCJBaJUEPBANF0vKmU+rwIDTRigo9lxO627/dOjXr6iQLPArMAhpy8Ndn3UYwaAkR9/2nNgGeg1xpZIcmEnOvlDhNnZiQpK9ft7Rs2bBHMH4S6wJyZbyX2/7Z593ZUd/t9sBiTzqA+FYyqZlhtCKsQBGOE0ydiRpiEkfd2lTUR97VLbi0SGJsauUttEJhHo+GCP1ZyLGnpQDz1WTHoaenPaG4n9eM4LOcStmfhgB9cl4USfiBgTGsBWjzQQlwAeKYCKY+qtBelhgAqq7jCrBmj75L6kdFqxioXip2jhBY6TRFtpBOWShI1RC56iMqoigG3SPHtGTdqs9aM/ay3g0pU0ym+gXtNdvu2Gdjw==</latexit>

mTT/0(!cc, k)

[GA, Litim, Reichert, 2026]

<latexit sha1_base64="KgaLe+5/U4bL6dH2/JfR64rxJj8="></latexit>

@t⇢TT/0(�) = �2 Im

"
G2
TT/0

✓
@t�

(2)
TT/0 + @tRTT/0

◆����
Wick

#
Goal: set up I have not told you everything…

<latexit sha1_base64="G+JC4gZAkeGSF6dxFTVbsEKsSqA="></latexit>

ωt!TT/0 =
1

2
Tr

[
ωtRTT/0

(
!(2)
TT/0 +RTT/0

)→1
]



Healthy Källén-Lehmann flows
<latexit sha1_base64="KgaLe+5/U4bL6dH2/JfR64rxJj8="></latexit>

@t⇢TT/0(�) = �2 Im

"
G2
TT/0

✓
@t�

(2)
TT/0 + @tRTT/0

◆����
Wick

#

Single mode of gauge field:  
Callan-Symanzik was enough

<latexit sha1_base64="9NV2uuc1uonouerAoivzHhd7yK4=">AAACAXicbVC7SgNBFJ2Nrxhfq4IINotBsAq7KaJliI1lInlBdl1mJ7PJkNkHM3fFsMTGX7GxiIitrV9gZ+O3OHkUmnhg4HDOvdw5x4s5k2CaX1pmZXVtfSO7mdva3tnd0/cPmjJKBKENEvFItD0sKWchbQADTtuxoDjwOG15g6uJ37qjQrIorMMwpk6AeyHzGcGgJFc/vnFTG+g9pPX6aGTHIoohMga3RVfPmwVzCmOZWHOSLx/Vvtm48lF19U+7G5EkoCEQjqXsWGYMTooFMMLpKGcnksaYDHCPdhQNcUClk04TjIwzpXQNPxLqhWBM1d8bKQ6kHAaemgww9OWiNxH/8zoJ+JdOysI4ARqS2SE/4YYKOanD6DJBCfChIpgIpv5qkD4WmIAqLadKsBYjL5NmsWCVCqWaaqOCZsiiE3SKzpGFLlAZXaMqaiCCHtATGqMX7VF71l61t9loRpvvHKI/0N5/AL3Vmsg=</latexit>

RTT → k2 <latexit sha1_base64="6tE8po0efWdziY8kGLPS+OoDLZI=">AAAB8HicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZF9WNWHTjskJv0g4lk6ZtaJIZkjNiGfoUblwoIu58EfduxLcxvSy09YfAx/+fQ845YSy4Ac/7djJLyyura9l1d2Nza3snt7tXM1GiKavSSES6ERLDBFesChwEa8SaERkKVg8HV+O8fse04ZGqwDBmgSQ9xbucErDWbQvYPaSVyqidy3sFbyK8CP4M8hcf7nn89uWW27nPVieiiWQKqCDGNH0vhiAlGjgVbOS2EsNiQgekx5oWFZHMBOlk4BE+sk4HdyNtnwI8cX93pEQaM5ShrZQE+mY+G5v/Zc0EumdBylWcAFN0+lE3ERgiPN4ed7hmFMTQAqGa21kx7RNNKNgbufYI/vzKi1A7KfjFQvHGy5cu0VRZdIAO0THy0SkqoWtURlVEkUQP6Ak9O9p5dF6c12lpxpn17KM/ct5/AHq2k90=</latexit>

TT
<latexit sha1_base64="6tE8po0efWdziY8kGLPS+OoDLZI=">AAAB8HicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZF9WNWHTjskJv0g4lk6ZtaJIZkjNiGfoUblwoIu58EfduxLcxvSy09YfAx/+fQ845YSy4Ac/7djJLyyura9l1d2Nza3snt7tXM1GiKavSSES6ERLDBFesChwEa8SaERkKVg8HV+O8fse04ZGqwDBmgSQ9xbucErDWbQvYPaSVyqidy3sFbyK8CP4M8hcf7nn89uWW27nPVieiiWQKqCDGNH0vhiAlGjgVbOS2EsNiQgekx5oWFZHMBOlk4BE+sk4HdyNtnwI8cX93pEQaM5ShrZQE+mY+G5v/Zc0EumdBylWcAFN0+lE3ERgiPN4ed7hmFMTQAqGa21kx7RNNKNgbufYI/vzKi1A7KfjFQvHGy5cu0VRZdIAO0THy0SkqoWtURlVEkUQP6Ak9O9p5dF6c12lpxpn17KM/ct5/AHq2k90=</latexit>

TT



<latexit sha1_base64="KgaLe+5/U4bL6dH2/JfR64rxJj8="></latexit>

@t⇢TT/0(�) = �2 Im

"
G2
TT/0

✓
@t�

(2)
TT/0 + @tRTT/0

◆����
Wick

#

Single mode of gauge field:  
Callan-Symanzik was enough

<latexit sha1_base64="9NV2uuc1uonouerAoivzHhd7yK4=">AAACAXicbVC7SgNBFJ2Nrxhfq4IINotBsAq7KaJliI1lInlBdl1mJ7PJkNkHM3fFsMTGX7GxiIitrV9gZ+O3OHkUmnhg4HDOvdw5x4s5k2CaX1pmZXVtfSO7mdva3tnd0/cPmjJKBKENEvFItD0sKWchbQADTtuxoDjwOG15g6uJ37qjQrIorMMwpk6AeyHzGcGgJFc/vnFTG+g9pPX6aGTHIoohMga3RVfPmwVzCmOZWHOSLx/Vvtm48lF19U+7G5EkoCEQjqXsWGYMTooFMMLpKGcnksaYDHCPdhQNcUClk04TjIwzpXQNPxLqhWBM1d8bKQ6kHAaemgww9OWiNxH/8zoJ+JdOysI4ARqS2SE/4YYKOanD6DJBCfChIpgIpv5qkD4WmIAqLadKsBYjL5NmsWCVCqWaaqOCZsiiE3SKzpGFLlAZXaMqaiCCHtATGqMX7VF71l61t9loRpvvHKI/0N5/AL3Vmsg=</latexit>

RTT → k2 <latexit sha1_base64="6tE8po0efWdziY8kGLPS+OoDLZI=">AAAB8HicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZF9WNWHTjskJv0g4lk6ZtaJIZkjNiGfoUblwoIu58EfduxLcxvSy09YfAx/+fQ845YSy4Ac/7djJLyyura9l1d2Nza3snt7tXM1GiKavSSES6ERLDBFesChwEa8SaERkKVg8HV+O8fse04ZGqwDBmgSQ9xbucErDWbQvYPaSVyqidy3sFbyK8CP4M8hcf7nn89uWW27nPVieiiWQKqCDGNH0vhiAlGjgVbOS2EsNiQgekx5oWFZHMBOlk4BE+sk4HdyNtnwI8cX93pEQaM5ShrZQE+mY+G5v/Zc0EumdBylWcAFN0+lE3ERgiPN4ed7hmFMTQAqGa21kx7RNNKNgbufYI/vzKi1A7KfjFQvHGy5cu0VRZdIAO0THy0SkqoWtURlVEkUQP6Ak9O9p5dF6c12lpxpn17KM/ct5/AHq2k90=</latexit>

TT
<latexit sha1_base64="6tE8po0efWdziY8kGLPS+OoDLZI=">AAAB8HicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZF9WNWHTjskJv0g4lk6ZtaJIZkjNiGfoUblwoIu58EfduxLcxvSy09YfAx/+fQ845YSy4Ac/7djJLyyura9l1d2Nza3snt7tXM1GiKavSSES6ERLDBFesChwEa8SaERkKVg8HV+O8fse04ZGqwDBmgSQ9xbucErDWbQvYPaSVyqidy3sFbyK8CP4M8hcf7nn89uWW27nPVieiiWQKqCDGNH0vhiAlGjgVbOS2EsNiQgekx5oWFZHMBOlk4BE+sk4HdyNtnwI8cX93pEQaM5ShrZQE+mY+G5v/Zc0EumdBylWcAFN0+lE3ERgiPN4ed7hmFMTQAqGa21kx7RNNKNgbufYI/vzKi1A7KfjFQvHGy5cu0VRZdIAO0THy0SkqoWtURlVEkUQP6Ak9O9p5dF6c12lpxpn17KM/ct5/AHq2k90=</latexit>

TT

Coupled modes of gauge field:  
Callan-Symanzik  
+ symmetry identities

<latexit sha1_base64="f+Kr84LtdY9FctJTYYaU2DeaIPU="></latexit>

ωgeneralisedk=!init
(ε)

<latexit sha1_base64="ymJklwd5sodZrXJs+l892kUfB8E="></latexit>

ωKL
k=!init

(ε)

<latexit sha1_base64="GJo45mZuin3zMx5HqMgfIPYLTgs="></latexit>

ωKL
k=0(ε) → ω(ε) <latexit sha1_base64="D3b/fgJD7as9U38v06ncxyj5MNA=">AAAB6nicdVDLSgMxFM34rPVVFdy4CRbB1ZDROtPuSt24bNE+oB1KJk3b0ExmSDJCGfoJblwo4tatf+EXuHPjt5i2Cip64MLhnHu5954g5kxphN6shcWl5ZXVzFp2fWNzazu3s9tQUSIJrZOIR7IVYEU5E7Sumea0FUuKw4DTZjA6n/rNayoVi8SVHsfUD/FAsD4jWBvpstkddXN5ZKOC4xY8iOxT5HpnJUM8hIqlEnRsNEO+vF97Z8+Vl2o399rpRSQJqdCEY6XaDoq1n2KpGeF0ku0kisaYjPCAtg0VOKTKT2enTuCRUXqwH0lTQsOZ+n0ixaFS4zAwnSHWQ/Xbm4p/ee1E94t+ykScaCrIfFE/4VBHcPo37DFJieZjQzCRzNwKyRBLTLRJJ2tC+PoU/k8aJ7bj2m7NpFEBc2TAATgEx8ABHiiDC1AFdUDAANyAO3BvcevWerAe560L1ufMHvgB6+kDjeyRtg==</latexit>

Wk

[GA, Litim, Reichert, ’26]

Healthy Källén-Lehmann flows



<latexit sha1_base64="KgaLe+5/U4bL6dH2/JfR64rxJj8="></latexit>

@t⇢TT/0(�) = �2 Im

"
G2
TT/0

✓
@t�

(2)
TT/0 + @tRTT/0

◆����
Wick

#

Single mode of gauge field:  
Callan-Symanzik was enough

<latexit sha1_base64="9NV2uuc1uonouerAoivzHhd7yK4=">AAACAXicbVC7SgNBFJ2Nrxhfq4IINotBsAq7KaJliI1lInlBdl1mJ7PJkNkHM3fFsMTGX7GxiIitrV9gZ+O3OHkUmnhg4HDOvdw5x4s5k2CaX1pmZXVtfSO7mdva3tnd0/cPmjJKBKENEvFItD0sKWchbQADTtuxoDjwOG15g6uJ37qjQrIorMMwpk6AeyHzGcGgJFc/vnFTG+g9pPX6aGTHIoohMga3RVfPmwVzCmOZWHOSLx/Vvtm48lF19U+7G5EkoCEQjqXsWGYMTooFMMLpKGcnksaYDHCPdhQNcUClk04TjIwzpXQNPxLqhWBM1d8bKQ6kHAaemgww9OWiNxH/8zoJ+JdOysI4ARqS2SE/4YYKOanD6DJBCfChIpgIpv5qkD4WmIAqLadKsBYjL5NmsWCVCqWaaqOCZsiiE3SKzpGFLlAZXaMqaiCCHtATGqMX7VF71l61t9loRpvvHKI/0N5/AL3Vmsg=</latexit>

RTT → k2 <latexit sha1_base64="6tE8po0efWdziY8kGLPS+OoDLZI=">AAAB8HicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZF9WNWHTjskJv0g4lk6ZtaJIZkjNiGfoUblwoIu58EfduxLcxvSy09YfAx/+fQ845YSy4Ac/7djJLyyura9l1d2Nza3snt7tXM1GiKavSSES6ERLDBFesChwEa8SaERkKVg8HV+O8fse04ZGqwDBmgSQ9xbucErDWbQvYPaSVyqidy3sFbyK8CP4M8hcf7nn89uWW27nPVieiiWQKqCDGNH0vhiAlGjgVbOS2EsNiQgekx5oWFZHMBOlk4BE+sk4HdyNtnwI8cX93pEQaM5ShrZQE+mY+G5v/Zc0EumdBylWcAFN0+lE3ERgiPN4ed7hmFMTQAqGa21kx7RNNKNgbufYI/vzKi1A7KfjFQvHGy5cu0VRZdIAO0THy0SkqoWtURlVEkUQP6Ak9O9p5dF6c12lpxpn17KM/ct5/AHq2k90=</latexit>

TT
<latexit sha1_base64="6tE8po0efWdziY8kGLPS+OoDLZI=">AAAB8HicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZF9WNWHTjskJv0g4lk6ZtaJIZkjNiGfoUblwoIu58EfduxLcxvSy09YfAx/+fQ845YSy4Ac/7djJLyyura9l1d2Nza3snt7tXM1GiKavSSES6ERLDBFesChwEa8SaERkKVg8HV+O8fse04ZGqwDBmgSQ9xbucErDWbQvYPaSVyqidy3sFbyK8CP4M8hcf7nn89uWW27nPVieiiWQKqCDGNH0vhiAlGjgVbOS2EsNiQgekx5oWFZHMBOlk4BE+sk4HdyNtnwI8cX93pEQaM5ShrZQE+mY+G5v/Zc0EumdBylWcAFN0+lE3ERgiPN4ed7hmFMTQAqGa21kx7RNNKNgbufYI/vzKi1A7KfjFQvHGy5cu0VRZdIAO0THy0SkqoWtURlVEkUQP6Ak9O9p5dF6c12lpxpn17KM/ct5/AHq2k90=</latexit>

TT

Coupled modes of gauge field:  
Callan-Symanzik  
+ symmetry identities

<latexit sha1_base64="f+Kr84LtdY9FctJTYYaU2DeaIPU="></latexit>

ωgeneralisedk=!init
(ε)

<latexit sha1_base64="ymJklwd5sodZrXJs+l892kUfB8E="></latexit>

ωKL
k=!init

(ε)

<latexit sha1_base64="GJo45mZuin3zMx5HqMgfIPYLTgs="></latexit>

ωKL
k=0(ε) → ω(ε) <latexit sha1_base64="D3b/fgJD7as9U38v06ncxyj5MNA=">AAAB6nicdVDLSgMxFM34rPVVFdy4CRbB1ZDROtPuSt24bNE+oB1KJk3b0ExmSDJCGfoJblwo4tatf+EXuHPjt5i2Cip64MLhnHu5954g5kxphN6shcWl5ZXVzFp2fWNzazu3s9tQUSIJrZOIR7IVYEU5E7Sumea0FUuKw4DTZjA6n/rNayoVi8SVHsfUD/FAsD4jWBvpstkddXN5ZKOC4xY8iOxT5HpnJUM8hIqlEnRsNEO+vF97Z8+Vl2o399rpRSQJqdCEY6XaDoq1n2KpGeF0ku0kisaYjPCAtg0VOKTKT2enTuCRUXqwH0lTQsOZ+n0ixaFS4zAwnSHWQ/Xbm4p/ee1E94t+ykScaCrIfFE/4VBHcPo37DFJieZjQzCRzNwKyRBLTLRJJ2tC+PoU/k8aJ7bj2m7NpFEBc2TAATgEx8ABHiiDC1AFdUDAANyAO3BvcevWerAe560L1ufMHvgB6+kDjeyRtg==</latexit>

Wk

<latexit sha1_base64="pHh69UHXjpS/04wEgG5gHX2o4MM=">AAAB/nicbVA9SwNBEN3zM8avqFhpsRgEq3BnES1FG8sISRSScOxtJmbJ7t65OyeGI+BfsbFQxDa/w85/YmHhJrHQ6IOBx3szzMyLEiks+v67NzM7N7+wmFvKL6+srq0XNjbrNk4NhxqPZWyuImZBCg01FCjhKjHAVCThMuqdjfzLWzBWxLqK/QRail1r0RGcoZPCwrYK/aaGG6rCrIlwh1m1OhiEhaJf8segf0nwTYonu8NT//NjrRIW3prtmKcKNHLJrG0EfoKtjBkUXMIg30wtJIz32DU0HNVMgW1l4/MHdN8pbdqJjSuNdKz+nMiYsravItepGHbttDcS//MaKXaOW5nQSYqg+WRRJ5UUYzrKgraFAY6y7wjjRrhbKe8ywzi6xPIuhGD65b+kflgKyqXyhUvjlEyQIztkjxyQgByRE3JOKqRGOMnIA3kiz9699+i9eK+T1hnve2aL/II3/AIfOplN</latexit>

m0 6= mTT
<latexit sha1_base64="gRXa/xrQfEM34ks3KJ9BOKF+MqA=">AAACBHicbZC7SgNBFIZnvcZ4W7VUZDAIVmHXIloGbSwTSFTIhjA7OUmGzM6uM2fFsKSw0FexsVBEsPIh7HwGX8JJYuHth4GP/5zDmfOHiRQGPe/dmZqemZ2bzy3kF5eWV1bdtfVTE6eaQ53HMtbnITMghYI6CpRwnmhgUSjhLOwfj+pnl6CNiFUNBwk0I9ZVoiM4Q2u13M0AkLW8QMEFHWMWIFxhVqsNhy234BW9sehf8L+gUN56qX7cbL9UWu5b0I55GoFCLpkxDd9LsJkxjYJLGOaD1EDCeJ91oWFRsQhMMxsfMaS71mnTTqztU0jH7veJjEXGDKLQdkYMe+Z3bWT+V2uk2DlsZkIlKYLik0WdVFKM6SgR2hYaOMqBBca1sH+lvMc042hzy9sQ/N8n/4XT/aJfKpaqNo0jMlGObJIdskd8ckDK5IRUSJ1wck3uyAN5dG6de+fJeZ60TjlfMxvkh5zXT+eVm/4=</latexit>

⌘0 6= ⌘TT

<latexit sha1_base64="gRXa/xrQfEM34ks3KJ9BOKF+MqA=">AAACBHicbZC7SgNBFIZnvcZ4W7VUZDAIVmHXIloGbSwTSFTIhjA7OUmGzM6uM2fFsKSw0FexsVBEsPIh7HwGX8JJYuHth4GP/5zDmfOHiRQGPe/dmZqemZ2bzy3kF5eWV1bdtfVTE6eaQ53HMtbnITMghYI6CpRwnmhgUSjhLOwfj+pnl6CNiFUNBwk0I9ZVoiM4Q2u13M0AkLW8QMEFHWMWIFxhVqsNhy234BW9sehf8L+gUN56qX7cbL9UWu5b0I55GoFCLpkxDd9LsJkxjYJLGOaD1EDCeJ91oWFRsQhMMxsfMaS71mnTTqztU0jH7veJjEXGDKLQdkYMe+Z3bWT+V2uk2DlsZkIlKYLik0WdVFKM6SgR2hYaOMqBBca1sH+lvMc042hzy9sQ/N8n/4XT/aJfKpaqNo0jMlGObJIdskd8ckDK5IRUSJ1wck3uyAN5dG6de+fJeZ60TjlfMxvkh5zXT+eVm/4=</latexit>

⌘0 6= ⌘TT

<latexit sha1_base64="PRd24X3kFaWVmx9ZA4/PYOC89Vc=">AAAB+3icbVC7SgNBFJ31GeNrjWBjMxgEq7BrEW2EEBvLBPKCJCyzk0kyZGZ3mbkrCcv+io2FIlr6B36BnY3f4uRRaOKBC4dz7uXee/xIcA2O82WtrW9sbm1ndrK7e/sHh/ZRrqHDWFFWp6EIVcsnmgkesDpwEKwVKUakL1jTH91O/eY9U5qHQQ0mEetKMgh4n1MCRvLsnPScGyy9pANsDEmtlqaenXcKzgx4lbgLki+dVL/5W/mj4tmfnV5IY8kCoIJo3XadCLoJUcCpYGm2E2sWEToiA9Y2NCCS6W4yuz3F50bp4X6oTAWAZ+rviYRIrSfSN52SwFAve1PxP68dQ/+6m/AgioEFdL6oHwsMIZ4GgXtcMQpiYgihiptbMR0SRSiYuLImBHf55VXSuCy4xUKxatIoozky6BSdoQvkoitUQneoguqIojF6QE/o2UqtR+vFep23rlmLmWP0B9b7D53Gl+U=</latexit>m0 = mTT

Unhealthy KL 

(extra cuts)

Healthy KL <latexit sha1_base64="56rBL/eUXDlazVZw/flC4yE1/+A=">AAACAXicbVDJSgNBEO1xjXGLehEUaQyCpzDjIXoRgl48JpANkhB6OpWkSc9Cd40YhngR/8SLB0U8BfwLb36DP2FnOWjig6Ie71XRXc8NpdBo21/WwuLS8spqYi25vrG5tZ3a2S3rIFIcSjyQgaq6TIMUPpRQoIRqqIB5roSK27se+ZVbUFoEfhH7ITQ81vFFW3CGRmqm9uuArGlf0nGP6wh3GBeLg0EzlbYz9hh0njhTks4dDgvfj0fDfDP1WW8FPPLARy6Z1jXHDrERM4WCSxgk65GGkPEe60DNUJ95oBvx+IIBPTFKi7YDZcpHOlZ/b8TM07rvuWbSY9jVs95I/M+rRdi+aMTCDyMEn08eakeSYkBHcdCWUMBR9g1hXAnzV8q7TDGOJrSkCcGZPXmelM8yTjaTLZg0rsgECXJAjskpccg5yZEbkiclwsk9eSIv5NV6sJ6tN+t9MrpgTXf2yB9YHz89e5p9</latexit>⌘0 = ⌘TT

<latexit sha1_base64="PRd24X3kFaWVmx9ZA4/PYOC89Vc=">AAAB+3icbVC7SgNBFJ31GeNrjWBjMxgEq7BrEW2EEBvLBPKCJCyzk0kyZGZ3mbkrCcv+io2FIlr6B36BnY3f4uRRaOKBC4dz7uXee/xIcA2O82WtrW9sbm1ndrK7e/sHh/ZRrqHDWFFWp6EIVcsnmgkesDpwEKwVKUakL1jTH91O/eY9U5qHQQ0mEetKMgh4n1MCRvLsnPScGyy9pANsDEmtlqaenXcKzgx4lbgLki+dVL/5W/mj4tmfnV5IY8kCoIJo3XadCLoJUcCpYGm2E2sWEToiA9Y2NCCS6W4yuz3F50bp4X6oTAWAZ+rviYRIrSfSN52SwFAve1PxP68dQ/+6m/AgioEFdL6oHwsMIZ4GgXtcMQpiYgihiptbMR0SRSiYuLImBHf55VXSuCy4xUKxatIoozky6BSdoQvkoitUQneoguqIojF6QE/o2UqtR+vFep23rlmLmWP0B9b7D53Gl+U=</latexit>m0 = mTT

-π

-π /2

0

π /2

π

0
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∞

<latexit sha1_base64="vzAqmmUaWWVjPFaksVd0MZ1dfTc=">AAAB9XicbVDJSgNBEO2JW4xb1KOXJkGICGEmh+gx6EVvEcwCmUno6fQkTXoWumvUYchfePDiQRGv/ou3/I2d5aCJDwoe71VRVc+NBFdgmhMjs7a+sbmV3c7t7O7tH+QPj5oqjCVlDRqKULZdopjgAWsAB8HakWTEdwVruaPrqd96YFLxMLiHJGKOTwYB9zgloKWuDewJ0lt/XIq6lbNevmiWzRnwKrEWpFgr2OfPk1pS7+W/7X5IY58FQAVRqmOZETgpkcCpYOOcHSsWEToiA9bRNCA+U046u3qMT7XSx14odQWAZ+rviZT4SiW+qzt9AkO17E3F/7xODN6lk/IgioEFdL7IiwWGEE8jwH0uGQWRaEKo5PpWTIdEEgo6qJwOwVp+eZU0K2WrWq7e6TSu0BxZdIIKqIQsdIFq6AbVUQNRJNELekPvxqPxanwYn/PWjLGYOUZ/YHz9ABjFlTw=</latexit> Im
(p

2
)

<latexit sha1_base64="kWGP4iyaLtDyW6b8A1CGAZzOh24=">AAAB7XicbZC7SgNBFIbPxltcb1FLm8EgWIVdi2gjBm0sI5gLJEuYncwmY2ZnlplZYQl5BxsLRWwsfBR7G/FtnFwKTfxh4OP/z2HOOWHCmTae9+3klpZXVtfy6+7G5tb2TmF3r65lqgitEcmlaoZYU84ErRlmOG0miuI45LQRDq7GeeOeKs2kuDVZQoMY9wSLGMHGWvU2E5HJOoWiV/ImQovgz6B48eGeJ29fbrVT+Gx3JUljKgzhWOuW7yUmGGJlGOF05LZTTRNMBrhHWxYFjqkOhpNpR+jIOl0USWWfMGji/u4Y4ljrLA5tZYxNX89nY/O/rJWa6CwYMpGkhgoy/ShKOTISjVdHXaYoMTyzgIlidlZE+lhhYuyBXHsEf37lRaiflPxyqXzjFSuXMFUeDuAQjsGHU6jANVShBgTu4AGe4NmRzqPz4rxOS3POrGcf/sh5/wElV5KE</latexit>1

<latexit sha1_base64="HggR/ecTROP7Q0wRooYvXD58nuM=">AAAB5HicbZC7SgNBFIbPxltcb9HWZjAIVmHXItqIQRvLCOYCyRJmJ2eTMbOzy8ysEEKewMZCsRV8GHsb8W2cXApN/GHg4//PYc45YSq4Np737eRWVtfWN/Kb7tb2zu5ewd2v6yRTDGssEYlqhlSj4BJrhhuBzVQhjUOBjXBwPckbD6g0T+SdGaYYxLQnecQZNda69TqFolfypiLL4M+hePnhXqTvX261U/hsdxOWxSgNE1Trlu+lJhhRZTgTOHbbmcaUsgHtYcuipDHqYDQddEyOrdMlUaLsk4ZM3d8dIxprPYxDWxlT09eL2cT8L2tlJjoPRlymmUHJZh9FmSAmIZOtSZcrZEYMLVCmuJ2VsD5VlBl7G9cewV9ceRnqpyW/XCoXK1cwUx4O4QhOwIczqMANVKEGDBAe4RlenHvnyXmdFeaceccB/JHz9gNl/I7W</latexit>

0

<latexit sha1_base64="fByw3AyAIMQjqNR2RvbDOEbyJXY=">AAAB6nicbZDLSgMxFIbP1Fsdb1WXboJFcFVmXFQ3YtGNy4r2Au1QMmmmDc1kQpIRytBHcONCEZf6Lu7diG9jello6w+Bj/8/h5xzQsmZNp737eSWlldW1/Lr7sbm1vZOYXevrpNUEVojCU9UM8SaciZozTDDaVMqiuOQ00Y4uBrnjXuqNEvEnRlKGsS4J1jECDbWum1L1ikUvZI3EVoEfwbFiw/3XL59udVO4bPdTUgaU2EIx1q3fE+aIMPKMMLpyG2nmkpMBrhHWxYFjqkOssmoI3RknS6KEmWfMGji/u7IcKz1MA5tZYxNX89nY/O/rJWa6CzImJCpoYJMP4pSjkyCxnujLlOUGD60gIlidlZE+lhhYux1XHsEf37lRaiflPxyqXzjFSuXMFUeDuAQjsGHU6jANVShBgR68ABP8Oxw59F5cV6npTln1rMPf+S8/wCy1pEV</latexit>⇡

<latexit sha1_base64="pZzztexRcZhGh00Mkrh29nlpIgo=">AAAB63icbVC7TgMxENzjmYRXgJLGIkKiIbqjCJQRNJRBIg+RnCKf40us2HeW7UNEp/wCDQUP0VLzL3R8DfiSFJAw0kqjmV3t7gSSM21c98tZWl5ZXVvP5Qsbm1vbO8XdvYaOE0VoncQ8Vq0Aa8pZROuGGU5bUlEsAk6bwfAy85t3VGkWRzdmJKkvcD9iISPYZNJJR7JuseSW3QnQIvFmpFTNy5fbj/vvWrf42enFJBE0MoRjrdueK42fYmUY4XRc6CSaSkyGuE/blkZYUO2nk1vH6MgqPRTGylZk0ET9PZFiofVIBLZTYDPQ814m/ue1ExOe+ymLZGJoRKaLwoQjE6PscdRjihLDR5Zgopi9FZEBVpgYG0/BhuDNv7xIGqdlr1KuXNs0LmCKHBzAIRyDB2dQhSuoQR0IDOABnuDZEc6j8+q8TVuXnNnMPvyB8/4D3CWR3Q==</latexit>�⇡

<latexit sha1_base64="HggR/ecTROP7Q0wRooYvXD58nuM=">AAAB5HicbZC7SgNBFIbPxltcb9HWZjAIVmHXItqIQRvLCOYCyRJmJ2eTMbOzy8ysEEKewMZCsRV8GHsb8W2cXApN/GHg4//PYc45YSq4Np737eRWVtfWN/Kb7tb2zu5ewd2v6yRTDGssEYlqhlSj4BJrhhuBzVQhjUOBjXBwPckbD6g0T+SdGaYYxLQnecQZNda69TqFolfypiLL4M+hePnhXqTvX261U/hsdxOWxSgNE1Trlu+lJhhRZTgTOHbbmcaUsgHtYcuipDHqYDQddEyOrdMlUaLsk4ZM3d8dIxprPYxDWxlT09eL2cT8L2tlJjoPRlymmUHJZh9FmSAmIZOtSZcrZEYMLVCmuJ2VsD5VlBl7G9cewV9ceRnqpyW/XCoXK1cwUx4O4QhOwIczqMANVKEGDBAe4RlenHvnyXmdFeaceccB/JHz9gNl/I7W</latexit>

0

<latexit sha1_base64="ZQdZ2Ap/YwSW/ENyf9kgZCfjQMI=">AAAB9XicbVDJTgJBEO3BDXFDPXqZQEwwJmSGA3okevGIRpaEGUhPU0CHniXdNSqZ8BcevHjQGK/+izf+xmY5KPiSSl7eq0pVPS8SXKFlTYzU2vrG5lZ6O7Ozu7d/kD08qqswlgxqLBShbHpUgeAB1JCjgGYkgfqegIY3vJ76jQeQiofBPY4icH3aD3iPM4paajsIT5jcwbgQtUtnnWzeKlozmKvEXpB8JeecP08qo2on++10Qxb7ECATVKmWbUXoJlQiZwLGGSdWEFE2pH1oaRpQH5SbzK4em6da6Zq9UOoK0JypvycS6is18j3d6VMcqGVvKv7ntWLsXboJD6IYIWDzRb1YmBia0wjMLpfAUIw0oUxyfavJBlRShjqojA7BXn55ldRLRbtcLN/qNK7IHGlyQnKkQGxyQSrkhlRJjTAiyQt5I+/Go/FqfBif89aUsZg5Jn9gfP0AGliVPQ==</latexit>

Re(p2)

[GA, Litim, Reichert, ’26]

Healthy Källén-Lehmann flows

Generalised KL



<latexit sha1_base64="f+Kr84LtdY9FctJTYYaU2DeaIPU="></latexit>

ωgeneralisedk=!init
(ε)

<latexit sha1_base64="ymJklwd5sodZrXJs+l892kUfB8E="></latexit>

ωKL
k=!init

(ε)

<latexit sha1_base64="GJo45mZuin3zMx5HqMgfIPYLTgs="></latexit>

ωKL
k=0(ε) → ω(ε) <latexit sha1_base64="D3b/fgJD7as9U38v06ncxyj5MNA=">AAAB6nicdVDLSgMxFM34rPVVFdy4CRbB1ZDROtPuSt24bNE+oB1KJk3b0ExmSDJCGfoJblwo4tatf+EXuHPjt5i2Cip64MLhnHu5954g5kxphN6shcWl5ZXVzFp2fWNzazu3s9tQUSIJrZOIR7IVYEU5E7Sumea0FUuKw4DTZjA6n/rNayoVi8SVHsfUD/FAsD4jWBvpstkddXN5ZKOC4xY8iOxT5HpnJUM8hIqlEnRsNEO+vF97Z8+Vl2o399rpRSQJqdCEY6XaDoq1n2KpGeF0ku0kisaYjPCAtg0VOKTKT2enTuCRUXqwH0lTQsOZ+n0ixaFS4zAwnSHWQ/Xbm4p/ee1E94t+ykScaCrIfFE/4VBHcPo37DFJieZjQzCRzNwKyRBLTLRJJ2tC+PoU/k8aJ7bj2m7NpFEBc2TAATgEx8ABHiiDC1AFdUDAANyAO3BvcevWerAe560L1ufMHvgB6+kDjeyRtg==</latexit>

Wk

<latexit sha1_base64="KgaLe+5/U4bL6dH2/JfR64rxJj8="></latexit>

@t⇢TT/0(�) = �2 Im

"
G2
TT/0

✓
@t�

(2)
TT/0 + @tRTT/0

◆����
Wick

#

Single mode of gauge field:  
Callan-Symanzik was enough

<latexit sha1_base64="9NV2uuc1uonouerAoivzHhd7yK4=">AAACAXicbVC7SgNBFJ2Nrxhfq4IINotBsAq7KaJliI1lInlBdl1mJ7PJkNkHM3fFsMTGX7GxiIitrV9gZ+O3OHkUmnhg4HDOvdw5x4s5k2CaX1pmZXVtfSO7mdva3tnd0/cPmjJKBKENEvFItD0sKWchbQADTtuxoDjwOG15g6uJ37qjQrIorMMwpk6AeyHzGcGgJFc/vnFTG+g9pPX6aGTHIoohMga3RVfPmwVzCmOZWHOSLx/Vvtm48lF19U+7G5EkoCEQjqXsWGYMTooFMMLpKGcnksaYDHCPdhQNcUClk04TjIwzpXQNPxLqhWBM1d8bKQ6kHAaemgww9OWiNxH/8zoJ+JdOysI4ARqS2SE/4YYKOanD6DJBCfChIpgIpv5qkD4WmIAqLadKsBYjL5NmsWCVCqWaaqOCZsiiE3SKzpGFLlAZXaMqaiCCHtATGqMX7VF71l61t9loRpvvHKI/0N5/AL3Vmsg=</latexit>

RTT → k2 <latexit sha1_base64="6tE8po0efWdziY8kGLPS+OoDLZI=">AAAB8HicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZF9WNWHTjskJv0g4lk6ZtaJIZkjNiGfoUblwoIu58EfduxLcxvSy09YfAx/+fQ845YSy4Ac/7djJLyyura9l1d2Nza3snt7tXM1GiKavSSES6ERLDBFesChwEa8SaERkKVg8HV+O8fse04ZGqwDBmgSQ9xbucErDWbQvYPaSVyqidy3sFbyK8CP4M8hcf7nn89uWW27nPVieiiWQKqCDGNH0vhiAlGjgVbOS2EsNiQgekx5oWFZHMBOlk4BE+sk4HdyNtnwI8cX93pEQaM5ShrZQE+mY+G5v/Zc0EumdBylWcAFN0+lE3ERgiPN4ed7hmFMTQAqGa21kx7RNNKNgbufYI/vzKi1A7KfjFQvHGy5cu0VRZdIAO0THy0SkqoWtURlVEkUQP6Ak9O9p5dF6c12lpxpn17KM/ct5/AHq2k90=</latexit>

TT
<latexit sha1_base64="6tE8po0efWdziY8kGLPS+OoDLZI=">AAAB8HicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZF9WNWHTjskJv0g4lk6ZtaJIZkjNiGfoUblwoIu58EfduxLcxvSy09YfAx/+fQ845YSy4Ac/7djJLyyura9l1d2Nza3snt7tXM1GiKavSSES6ERLDBFesChwEa8SaERkKVg8HV+O8fse04ZGqwDBmgSQ9xbucErDWbQvYPaSVyqidy3sFbyK8CP4M8hcf7nn89uWW27nPVieiiWQKqCDGNH0vhiAlGjgVbOS2EsNiQgekx5oWFZHMBOlk4BE+sk4HdyNtnwI8cX93pEQaM5ShrZQE+mY+G5v/Zc0EumdBylWcAFN0+lE3ERgiPN4ed7hmFMTQAqGa21kx7RNNKNgbufYI/vzKi1A7KfjFQvHGy5cu0VRZdIAO0THy0SkqoWtURlVEkUQP6Ak9O9p5dF6c12lpxpn17KM/ct5/AHq2k90=</latexit>

TT

[GA, Litim, Reichert, ’26]

Coupled modes of gauge field:  
Callan-Symanzik  
+ symmetry identities

-π

-π /2

0

π /2

π

0
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∞

<latexit sha1_base64="vzAqmmUaWWVjPFaksVd0MZ1dfTc=">AAAB9XicbVDJSgNBEO2JW4xb1KOXJkGICGEmh+gx6EVvEcwCmUno6fQkTXoWumvUYchfePDiQRGv/ou3/I2d5aCJDwoe71VRVc+NBFdgmhMjs7a+sbmV3c7t7O7tH+QPj5oqjCVlDRqKULZdopjgAWsAB8HakWTEdwVruaPrqd96YFLxMLiHJGKOTwYB9zgloKWuDewJ0lt/XIq6lbNevmiWzRnwKrEWpFgr2OfPk1pS7+W/7X5IY58FQAVRqmOZETgpkcCpYOOcHSsWEToiA9bRNCA+U046u3qMT7XSx14odQWAZ+rviZT4SiW+qzt9AkO17E3F/7xODN6lk/IgioEFdL7IiwWGEE8jwH0uGQWRaEKo5PpWTIdEEgo6qJwOwVp+eZU0K2WrWq7e6TSu0BxZdIIKqIQsdIFq6AbVUQNRJNELekPvxqPxanwYn/PWjLGYOUZ/YHz9ABjFlTw=</latexit> Im
(p

2
)

<latexit sha1_base64="kWGP4iyaLtDyW6b8A1CGAZzOh24=">AAAB7XicbZC7SgNBFIbPxltcb1FLm8EgWIVdi2gjBm0sI5gLJEuYncwmY2ZnlplZYQl5BxsLRWwsfBR7G/FtnFwKTfxh4OP/z2HOOWHCmTae9+3klpZXVtfy6+7G5tb2TmF3r65lqgitEcmlaoZYU84ErRlmOG0miuI45LQRDq7GeeOeKs2kuDVZQoMY9wSLGMHGWvU2E5HJOoWiV/ImQovgz6B48eGeJ29fbrVT+Gx3JUljKgzhWOuW7yUmGGJlGOF05LZTTRNMBrhHWxYFjqkOhpNpR+jIOl0USWWfMGji/u4Y4ljrLA5tZYxNX89nY/O/rJWa6CwYMpGkhgoy/ShKOTISjVdHXaYoMTyzgIlidlZE+lhhYuyBXHsEf37lRaiflPxyqXzjFSuXMFUeDuAQjsGHU6jANVShBgTu4AGe4NmRzqPz4rxOS3POrGcf/sh5/wElV5KE</latexit>1

<latexit sha1_base64="HggR/ecTROP7Q0wRooYvXD58nuM=">AAAB5HicbZC7SgNBFIbPxltcb9HWZjAIVmHXItqIQRvLCOYCyRJmJ2eTMbOzy8ysEEKewMZCsRV8GHsb8W2cXApN/GHg4//PYc45YSq4Np737eRWVtfWN/Kb7tb2zu5ewd2v6yRTDGssEYlqhlSj4BJrhhuBzVQhjUOBjXBwPckbD6g0T+SdGaYYxLQnecQZNda69TqFolfypiLL4M+hePnhXqTvX261U/hsdxOWxSgNE1Trlu+lJhhRZTgTOHbbmcaUsgHtYcuipDHqYDQddEyOrdMlUaLsk4ZM3d8dIxprPYxDWxlT09eL2cT8L2tlJjoPRlymmUHJZh9FmSAmIZOtSZcrZEYMLVCmuJ2VsD5VlBl7G9cewV9ceRnqpyW/XCoXK1cwUx4O4QhOwIczqMANVKEGDBAe4RlenHvnyXmdFeaceccB/JHz9gNl/I7W</latexit>

0

<latexit sha1_base64="fByw3AyAIMQjqNR2RvbDOEbyJXY=">AAAB6nicbZDLSgMxFIbP1Fsdb1WXboJFcFVmXFQ3YtGNy4r2Au1QMmmmDc1kQpIRytBHcONCEZf6Lu7diG9jello6w+Bj/8/h5xzQsmZNp737eSWlldW1/Lr7sbm1vZOYXevrpNUEVojCU9UM8SaciZozTDDaVMqiuOQ00Y4uBrnjXuqNEvEnRlKGsS4J1jECDbWum1L1ikUvZI3EVoEfwbFiw/3XL59udVO4bPdTUgaU2EIx1q3fE+aIMPKMMLpyG2nmkpMBrhHWxYFjqkOssmoI3RknS6KEmWfMGji/u7IcKz1MA5tZYxNX89nY/O/rJWa6CzImJCpoYJMP4pSjkyCxnujLlOUGD60gIlidlZE+lhhYux1XHsEf37lRaiflPxyqXzjFSuXMFUeDuAQjsGHU6jANVShBgR68ABP8Oxw59F5cV6npTln1rMPf+S8/wCy1pEV</latexit>⇡

<latexit sha1_base64="pZzztexRcZhGh00Mkrh29nlpIgo=">AAAB63icbVC7TgMxENzjmYRXgJLGIkKiIbqjCJQRNJRBIg+RnCKf40us2HeW7UNEp/wCDQUP0VLzL3R8DfiSFJAw0kqjmV3t7gSSM21c98tZWl5ZXVvP5Qsbm1vbO8XdvYaOE0VoncQ8Vq0Aa8pZROuGGU5bUlEsAk6bwfAy85t3VGkWRzdmJKkvcD9iISPYZNJJR7JuseSW3QnQIvFmpFTNy5fbj/vvWrf42enFJBE0MoRjrdueK42fYmUY4XRc6CSaSkyGuE/blkZYUO2nk1vH6MgqPRTGylZk0ET9PZFiofVIBLZTYDPQ814m/ue1ExOe+ymLZGJoRKaLwoQjE6PscdRjihLDR5Zgopi9FZEBVpgYG0/BhuDNv7xIGqdlr1KuXNs0LmCKHBzAIRyDB2dQhSuoQR0IDOABnuDZEc6j8+q8TVuXnNnMPvyB8/4D3CWR3Q==</latexit>�⇡

<latexit sha1_base64="HggR/ecTROP7Q0wRooYvXD58nuM=">AAAB5HicbZC7SgNBFIbPxltcb9HWZjAIVmHXItqIQRvLCOYCyRJmJ2eTMbOzy8ysEEKewMZCsRV8GHsb8W2cXApN/GHg4//PYc45YSq4Np737eRWVtfWN/Kb7tb2zu5ewd2v6yRTDGssEYlqhlSj4BJrhhuBzVQhjUOBjXBwPckbD6g0T+SdGaYYxLQnecQZNda69TqFolfypiLL4M+hePnhXqTvX261U/hsdxOWxSgNE1Trlu+lJhhRZTgTOHbbmcaUsgHtYcuipDHqYDQddEyOrdMlUaLsk4ZM3d8dIxprPYxDWxlT09eL2cT8L2tlJjoPRlymmUHJZh9FmSAmIZOtSZcrZEYMLVCmuJ2VsD5VlBl7G9cewV9ceRnqpyW/XCoXK1cwUx4O4QhOwIczqMANVKEGDBAe4RlenHvnyXmdFeaceccB/JHz9gNl/I7W</latexit>

0

<latexit sha1_base64="ZQdZ2Ap/YwSW/ENyf9kgZCfjQMI=">AAAB9XicbVDJTgJBEO3BDXFDPXqZQEwwJmSGA3okevGIRpaEGUhPU0CHniXdNSqZ8BcevHjQGK/+izf+xmY5KPiSSl7eq0pVPS8SXKFlTYzU2vrG5lZ6O7Ozu7d/kD08qqswlgxqLBShbHpUgeAB1JCjgGYkgfqegIY3vJ76jQeQiofBPY4icH3aD3iPM4paajsIT5jcwbgQtUtnnWzeKlozmKvEXpB8JeecP08qo2on++10Qxb7ECATVKmWbUXoJlQiZwLGGSdWEFE2pH1oaRpQH5SbzK4em6da6Zq9UOoK0JypvycS6is18j3d6VMcqGVvKv7ntWLsXboJD6IYIWDzRb1YmBia0wjMLpfAUIw0oUxyfavJBlRShjqojA7BXn55ldRLRbtcLN/qNK7IHGlyQnKkQGxyQSrkhlRJjTAiyQt5I+/Go/FqfBif89aUsZg5Jn9gfP0AGliVPQ==</latexit>

Re(p2)

Project on healthy hypersurface  
by appropriate choice of finite 

parts in diagrams 

<latexit sha1_base64="SAjrW2aKVUM/DvPfzpAWZcS0+CI=">AAAB6nicbVC7SgNBFL3rM8ZXVLCxGQyCVdi1iJYhNpYJmgckS5idTJIhs7PLzF0hLPkEGwtFbG39C7/AzsZvcfIoNPHAhcM593LvPUEshUHX/XJWVtfWNzYzW9ntnd29/dzBYd1EiWa8xiIZ6WZADZdC8RoKlLwZa07DQPJGMLye+I17ro2I1B2OYu6HtK9ETzCKVrptdIadXN4tuFOQZeLNSb50XP0W7+WPSif32e5GLAm5QiapMS3PjdFPqUbBJB9n24nhMWVD2uctSxUNufHT6aljcmaVLulF2pZCMlV/T6Q0NGYUBrYzpDgwi95E/M9rJdi78lOh4gS5YrNFvUQSjMjkb9IVmjOUI0so08LeStiAasrQppO1IXiLLy+T+kXBKxaKVZtGGWbIwAmcwjl4cAkluIEK1IBBHx7gCZ4d6Tw6L87rrHXFmc8cwR84bz8TjJFh</latexit>

Wk

Healthy Källén-Lehmann flows

<latexit sha1_base64="56rBL/eUXDlazVZw/flC4yE1/+A=">AAACAXicbVDJSgNBEO1xjXGLehEUaQyCpzDjIXoRgl48JpANkhB6OpWkSc9Cd40YhngR/8SLB0U8BfwLb36DP2FnOWjig6Ie71XRXc8NpdBo21/WwuLS8spqYi25vrG5tZ3a2S3rIFIcSjyQgaq6TIMUPpRQoIRqqIB5roSK27se+ZVbUFoEfhH7ITQ81vFFW3CGRmqm9uuArGlf0nGP6wh3GBeLg0EzlbYz9hh0njhTks4dDgvfj0fDfDP1WW8FPPLARy6Z1jXHDrERM4WCSxgk65GGkPEe60DNUJ95oBvx+IIBPTFKi7YDZcpHOlZ/b8TM07rvuWbSY9jVs95I/M+rRdi+aMTCDyMEn08eakeSYkBHcdCWUMBR9g1hXAnzV8q7TDGOJrSkCcGZPXmelM8yTjaTLZg0rsgECXJAjskpccg5yZEbkiclwsk9eSIv5NV6sJ6tN+t9MrpgTXf2yB9YHz89e5p9</latexit>⌘0 = ⌘TT

<latexit sha1_base64="PRd24X3kFaWVmx9ZA4/PYOC89Vc=">AAAB+3icbVC7SgNBFJ31GeNrjWBjMxgEq7BrEW2EEBvLBPKCJCyzk0kyZGZ3mbkrCcv+io2FIlr6B36BnY3f4uRRaOKBC4dz7uXee/xIcA2O82WtrW9sbm1ndrK7e/sHh/ZRrqHDWFFWp6EIVcsnmgkesDpwEKwVKUakL1jTH91O/eY9U5qHQQ0mEetKMgh4n1MCRvLsnPScGyy9pANsDEmtlqaenXcKzgx4lbgLki+dVL/5W/mj4tmfnV5IY8kCoIJo3XadCLoJUcCpYGm2E2sWEToiA9Y2NCCS6W4yuz3F50bp4X6oTAWAZ+rviYRIrSfSN52SwFAve1PxP68dQ/+6m/AgioEFdL6oHwsMIZ4GgXtcMQpiYgihiptbMR0SRSiYuLImBHf55VXSuCy4xUKxatIoozky6BSdoQvkoitUQneoguqIojF6QE/o2UqtR+vFep23rlmLmWP0B9b7D53Gl+U=</latexit>m0 = mTTHealthy KL 



Preserving symmetry

p = 0 renormalisation

<latexit sha1_base64="ri3HM1J4RV+zM+6HCL0BLp2a+zA="></latexit>

@t�
(2)
TT/0(p

2 = 0) = aTT/0

@t@p2�(2)
TT/0(p

2)

����
p2=0

= bTT/0

[Fehre, Litim, Pawlowski, Reichert ’21]Generalise
<latexit sha1_base64="CmwpWHJ5X3Lu51R1LYfYw9gn2k0="></latexit>

Fix b0 =) ⌘TT = ⌘0

<latexit sha1_base64="Dp+WA5BiHACZ7T+imjNkz6UHq9s=">AAACFXicbVA9SwNBEN3z2/gVFWxsFoNgIeHOQgURREEsE8gX5MKxt5no4u7dsTsnhuP+hI2/wt7GQhFbwc7G3+ImsfDrwcDjvRlm5oWJFAZd990ZG5+YnJqemS3MzS8sLhWXVxomTjWHOo9lrFshMyBFBHUUKKGVaGAqlNAML08GfvMKtBFxVMN+Ah3FziPRE5yhlYLito9wjdmpuM6pf0BZ4FJfKLsZDFVBNnJrtTw/VIEbFEtu2R2C/iXeFykdrVU/xN3xcyUovvndmKcKIuSSGdP23AQ7GdMouIS84KcGEsYv2Tm0LY2YAtPJhl/ldNMqXdqLta0I6VD9PpExZUxfhbZTMbwwv72B+J/XTrG338lElKQIER8t6qWSYkwHEdGu0MBR9i1hXAt7K+UXTDOONsiCDcH7/fJf0tgpe7vl3apN45iMMEPWyQbZIh7ZI0fkjFRInXByQ+7JI3lybp0H59l5GbWOOV8zq+QHnNdP5Y2iXw==</latexit>

Fix a0 =) mTT = m0

Standard KL

Generalised KL Standard KL 

<latexit sha1_base64="PRd24X3kFaWVmx9ZA4/PYOC89Vc=">AAAB+3icbVC7SgNBFJ31GeNrjWBjMxgEq7BrEW2EEBvLBPKCJCyzk0kyZGZ3mbkrCcv+io2FIlr6B36BnY3f4uRRaOKBC4dz7uXee/xIcA2O82WtrW9sbm1ndrK7e/sHh/ZRrqHDWFFWp6EIVcsnmgkesDpwEKwVKUakL1jTH91O/eY9U5qHQQ0mEetKMgh4n1MCRvLsnPScGyy9pANsDEmtlqaenXcKzgx4lbgLki+dVL/5W/mj4tmfnV5IY8kCoIJo3XadCLoJUcCpYGm2E2sWEToiA9Y2NCCS6W4yuz3F50bp4X6oTAWAZ+rviYRIrSfSN52SwFAve1PxP68dQ/+6m/AgioEFdL6oHwsMIZ4GgXtcMQpiYgihiptbMR0SRSiYuLImBHf55VXSuCy4xUKxatIoozky6BSdoQvkoitUQneoguqIojF6QE/o2UqtR+vFep23rlmLmWP0B9b7D53Gl+U=</latexit>m0 = mTT
<latexit sha1_base64="gRXa/xrQfEM34ks3KJ9BOKF+MqA=">AAACBHicbZC7SgNBFIZnvcZ4W7VUZDAIVmHXIloGbSwTSFTIhjA7OUmGzM6uM2fFsKSw0FexsVBEsPIh7HwGX8JJYuHth4GP/5zDmfOHiRQGPe/dmZqemZ2bzy3kF5eWV1bdtfVTE6eaQ53HMtbnITMghYI6CpRwnmhgUSjhLOwfj+pnl6CNiFUNBwk0I9ZVoiM4Q2u13M0AkLW8QMEFHWMWIFxhVqsNhy234BW9sehf8L+gUN56qX7cbL9UWu5b0I55GoFCLpkxDd9LsJkxjYJLGOaD1EDCeJ91oWFRsQhMMxsfMaS71mnTTqztU0jH7veJjEXGDKLQdkYMe+Z3bWT+V2uk2DlsZkIlKYLik0WdVFKM6SgR2hYaOMqBBca1sH+lvMc042hzy9sQ/N8n/4XT/aJfKpaqNo0jMlGObJIdskd8ckDK5IRUSJ1wck3uyAN5dG6de+fJeZ60TjlfMxvkh5zXT+eVm/4=</latexit>

⌘0 6= ⌘TT
<latexit sha1_base64="56rBL/eUXDlazVZw/flC4yE1/+A=">AAACAXicbVDJSgNBEO1xjXGLehEUaQyCpzDjIXoRgl48JpANkhB6OpWkSc9Cd40YhngR/8SLB0U8BfwLb36DP2FnOWjig6Ie71XRXc8NpdBo21/WwuLS8spqYi25vrG5tZ3a2S3rIFIcSjyQgaq6TIMUPpRQoIRqqIB5roSK27se+ZVbUFoEfhH7ITQ81vFFW3CGRmqm9uuArGlf0nGP6wh3GBeLg0EzlbYz9hh0njhTks4dDgvfj0fDfDP1WW8FPPLARy6Z1jXHDrERM4WCSxgk65GGkPEe60DNUJ95oBvx+IIBPTFKi7YDZcpHOlZ/b8TM07rvuWbSY9jVs95I/M+rRdi+aMTCDyMEn08eakeSYkBHcdCWUMBR9g1hXAnzV8q7TDGOJrSkCcGZPXmelM8yTjaTLZg0rsgECXJAjskpccg5yZEbkiclwsk9eSIv5NV6sJ6tN+t9MrpgTXf2yB9YHz89e5p9</latexit>⌘0 = ⌘TT

<latexit sha1_base64="PRd24X3kFaWVmx9ZA4/PYOC89Vc=">AAAB+3icbVC7SgNBFJ31GeNrjWBjMxgEq7BrEW2EEBvLBPKCJCyzk0kyZGZ3mbkrCcv+io2FIlr6B36BnY3f4uRRaOKBC4dz7uXee/xIcA2O82WtrW9sbm1ndrK7e/sHh/ZRrqHDWFFWp6EIVcsnmgkesDpwEKwVKUakL1jTH91O/eY9U5qHQQ0mEetKMgh4n1MCRvLsnPScGyy9pANsDEmtlqaenXcKzgx4lbgLki+dVL/5W/mj4tmfnV5IY8kCoIJo3XadCLoJUcCpYGm2E2sWEToiA9Y2NCCS6W4yuz3F50bp4X6oTAWAZ+rviYRIrSfSN52SwFAve1PxP68dQ/+6m/AgioEFdL6oHwsMIZ4GgXtcMQpiYgihiptbMR0SRSiYuLImBHf55VXSuCy4xUKxatIoozky6BSdoQvkoitUQneoguqIojF6QE/o2UqtR+vFep23rlmLmWP0B9b7D53Gl+U=</latexit>m0 = mTT
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p = 0 renormalisation

<latexit sha1_base64="ri3HM1J4RV+zM+6HCL0BLp2a+zA="></latexit>

@t�
(2)
TT/0(p

2 = 0) = aTT/0

@t@p2�(2)
TT/0(p

2)

����
p2=0

= bTT/0

[Fehre, Litim, Pawlowski, Reichert ’21]Generalise
<latexit sha1_base64="CmwpWHJ5X3Lu51R1LYfYw9gn2k0="></latexit>

Fix b0 =) ⌘TT = ⌘0

<latexit sha1_base64="Dp+WA5BiHACZ7T+imjNkz6UHq9s=">AAACFXicbVA9SwNBEN3z2/gVFWxsFoNgIeHOQgURREEsE8gX5MKxt5no4u7dsTsnhuP+hI2/wt7GQhFbwc7G3+ImsfDrwcDjvRlm5oWJFAZd990ZG5+YnJqemS3MzS8sLhWXVxomTjWHOo9lrFshMyBFBHUUKKGVaGAqlNAML08GfvMKtBFxVMN+Ah3FziPRE5yhlYLito9wjdmpuM6pf0BZ4FJfKLsZDFVBNnJrtTw/VIEbFEtu2R2C/iXeFykdrVU/xN3xcyUovvndmKcKIuSSGdP23AQ7GdMouIS84KcGEsYv2Tm0LY2YAtPJhl/ldNMqXdqLta0I6VD9PpExZUxfhbZTMbwwv72B+J/XTrG338lElKQIER8t6qWSYkwHEdGu0MBR9i1hXAt7K+UXTDOONsiCDcH7/fJf0tgpe7vl3apN45iMMEPWyQbZIh7ZI0fkjFRInXByQ+7JI3lybp0H59l5GbWOOV8zq+QHnNdP5Y2iXw==</latexit>

Fix a0 =) mTT = m0

<latexit sha1_base64="w+ULgcwPIXGXJEE9zFu9//UKsho="></latexit>

Only fix a0 =) mTT = m0

Generalised KL

Standard KL

Generalised KL Standard KL 

<latexit sha1_base64="PRd24X3kFaWVmx9ZA4/PYOC89Vc=">AAAB+3icbVC7SgNBFJ31GeNrjWBjMxgEq7BrEW2EEBvLBPKCJCyzk0kyZGZ3mbkrCcv+io2FIlr6B36BnY3f4uRRaOKBC4dz7uXee/xIcA2O82WtrW9sbm1ndrK7e/sHh/ZRrqHDWFFWp6EIVcsnmgkesDpwEKwVKUakL1jTH91O/eY9U5qHQQ0mEetKMgh4n1MCRvLsnPScGyy9pANsDEmtlqaenXcKzgx4lbgLki+dVL/5W/mj4tmfnV5IY8kCoIJo3XadCLoJUcCpYGm2E2sWEToiA9Y2NCCS6W4yuz3F50bp4X6oTAWAZ+rviYRIrSfSN52SwFAve1PxP68dQ/+6m/AgioEFdL6oHwsMIZ4GgXtcMQpiYgihiptbMR0SRSiYuLImBHf55VXSuCy4xUKxatIoozky6BSdoQvkoitUQneoguqIojF6QE/o2UqtR+vFep23rlmLmWP0B9b7D53Gl+U=</latexit>m0 = mTT
<latexit sha1_base64="gRXa/xrQfEM34ks3KJ9BOKF+MqA=">AAACBHicbZC7SgNBFIZnvcZ4W7VUZDAIVmHXIloGbSwTSFTIhjA7OUmGzM6uM2fFsKSw0FexsVBEsPIh7HwGX8JJYuHth4GP/5zDmfOHiRQGPe/dmZqemZ2bzy3kF5eWV1bdtfVTE6eaQ53HMtbnITMghYI6CpRwnmhgUSjhLOwfj+pnl6CNiFUNBwk0I9ZVoiM4Q2u13M0AkLW8QMEFHWMWIFxhVqsNhy234BW9sehf8L+gUN56qX7cbL9UWu5b0I55GoFCLpkxDd9LsJkxjYJLGOaD1EDCeJ91oWFRsQhMMxsfMaS71mnTTqztU0jH7veJjEXGDKLQdkYMe+Z3bWT+V2uk2DlsZkIlKYLik0WdVFKM6SgR2hYaOMqBBca1sH+lvMc042hzy9sQ/N8n/4XT/aJfKpaqNo0jMlGObJIdskd8ckDK5IRUSJ1wck3uyAN5dG6de+fJeZ60TjlfMxvkh5zXT+eVm/4=</latexit>

⌘0 6= ⌘TT
<latexit sha1_base64="56rBL/eUXDlazVZw/flC4yE1/+A=">AAACAXicbVDJSgNBEO1xjXGLehEUaQyCpzDjIXoRgl48JpANkhB6OpWkSc9Cd40YhngR/8SLB0U8BfwLb36DP2FnOWjig6Ie71XRXc8NpdBo21/WwuLS8spqYi25vrG5tZ3a2S3rIFIcSjyQgaq6TIMUPpRQoIRqqIB5roSK27se+ZVbUFoEfhH7ITQ81vFFW3CGRmqm9uuArGlf0nGP6wh3GBeLg0EzlbYz9hh0njhTks4dDgvfj0fDfDP1WW8FPPLARy6Z1jXHDrERM4WCSxgk65GGkPEe60DNUJ95oBvx+IIBPTFKi7YDZcpHOlZ/b8TM07rvuWbSY9jVs95I/M+rRdi+aMTCDyMEn08eakeSYkBHcdCWUMBR9g1hXAnzV8q7TDGOJrSkCcGZPXmelM8yTjaTLZg0rsgECXJAjskpccg5yZEbkiclwsk9eSIv5NV6sJ6tN+t9MrpgTXf2yB9YHz89e5p9</latexit>⌘0 = ⌘TT

<latexit sha1_base64="PRd24X3kFaWVmx9ZA4/PYOC89Vc=">AAAB+3icbVC7SgNBFJ31GeNrjWBjMxgEq7BrEW2EEBvLBPKCJCyzk0kyZGZ3mbkrCcv+io2FIlr6B36BnY3f4uRRaOKBC4dz7uXee/xIcA2O82WtrW9sbm1ndrK7e/sHh/ZRrqHDWFFWp6EIVcsnmgkesDpwEKwVKUakL1jTH91O/eY9U5qHQQ0mEetKMgh4n1MCRvLsnPScGyy9pANsDEmtlqaenXcKzgx4lbgLki+dVL/5W/mj4tmfnV5IY8kCoIJo3XadCLoJUcCpYGm2E2sWEToiA9Y2NCCS6W4yuz3F50bp4X6oTAWAZ+rviYRIrSfSN52SwFAve1PxP68dQ/+6m/AgioEFdL6oHwsMIZ4GgXtcMQpiYgihiptbMR0SRSiYuLImBHf55VXSuCy4xUKxatIoozky6BSdoQvkoitUQneoguqIojF6QE/o2UqtR+vFep23rlmLmWP0B9b7D53Gl+U=</latexit>m0 = mTT
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Preserving symmetry



p = 0 renormalisation

On-shell renormalisation

<latexit sha1_base64="ri3HM1J4RV+zM+6HCL0BLp2a+zA="></latexit>

@t�
(2)
TT/0(p

2 = 0) = aTT/0

@t@p2�(2)
TT/0(p

2)

����
p2=0

= bTT/0

[Fehre, Litim, Pawlowski, Reichert ’21]Generalise

Renormalise on the graviton 
mass pole

<latexit sha1_base64="Bj4Fe+v3TF6Ag90GOMoElKnRJXU="></latexit>

@t�
(2)
TT/0(p

2 = �m2
TT/0) = 0

@t@p2�(2)
TT/0(p

2)

����
p2=�m2

TT/0

= 0

<latexit sha1_base64="CmwpWHJ5X3Lu51R1LYfYw9gn2k0="></latexit>

Fix b0 =) ⌘TT = ⌘0

<latexit sha1_base64="Dp+WA5BiHACZ7T+imjNkz6UHq9s=">AAACFXicbVA9SwNBEN3z2/gVFWxsFoNgIeHOQgURREEsE8gX5MKxt5no4u7dsTsnhuP+hI2/wt7GQhFbwc7G3+ImsfDrwcDjvRlm5oWJFAZd990ZG5+YnJqemS3MzS8sLhWXVxomTjWHOo9lrFshMyBFBHUUKKGVaGAqlNAML08GfvMKtBFxVMN+Ah3FziPRE5yhlYLito9wjdmpuM6pf0BZ4FJfKLsZDFVBNnJrtTw/VIEbFEtu2R2C/iXeFykdrVU/xN3xcyUovvndmKcKIuSSGdP23AQ7GdMouIS84KcGEsYv2Tm0LY2YAtPJhl/ldNMqXdqLta0I6VD9PpExZUxfhbZTMbwwv72B+J/XTrG338lElKQIER8t6qWSYkwHEdGu0MBR9i1hXAt7K+UXTDOONsiCDcH7/fJf0tgpe7vl3apN45iMMEPWyQbZIh7ZI0fkjFRInXByQ+7JI3lybp0H59l5GbWOOV8zq+QHnNdP5Y2iXw==</latexit>

Fix a0 =) mTT = m0

<latexit sha1_base64="w+ULgcwPIXGXJEE9zFu9//UKsho="></latexit>

Only fix a0 =) mTT = m0

Generalised KL

Standard KL

Generalised KL Standard KL 

<latexit sha1_base64="PRd24X3kFaWVmx9ZA4/PYOC89Vc=">AAAB+3icbVC7SgNBFJ31GeNrjWBjMxgEq7BrEW2EEBvLBPKCJCyzk0kyZGZ3mbkrCcv+io2FIlr6B36BnY3f4uRRaOKBC4dz7uXee/xIcA2O82WtrW9sbm1ndrK7e/sHh/ZRrqHDWFFWp6EIVcsnmgkesDpwEKwVKUakL1jTH91O/eY9U5qHQQ0mEetKMgh4n1MCRvLsnPScGyy9pANsDEmtlqaenXcKzgx4lbgLki+dVL/5W/mj4tmfnV5IY8kCoIJo3XadCLoJUcCpYGm2E2sWEToiA9Y2NCCS6W4yuz3F50bp4X6oTAWAZ+rviYRIrSfSN52SwFAve1PxP68dQ/+6m/AgioEFdL6oHwsMIZ4GgXtcMQpiYgihiptbMR0SRSiYuLImBHf55VXSuCy4xUKxatIoozky6BSdoQvkoitUQneoguqIojF6QE/o2UqtR+vFep23rlmLmWP0B9b7D53Gl+U=</latexit>m0 = mTT
<latexit sha1_base64="gRXa/xrQfEM34ks3KJ9BOKF+MqA=">AAACBHicbZC7SgNBFIZnvcZ4W7VUZDAIVmHXIloGbSwTSFTIhjA7OUmGzM6uM2fFsKSw0FexsVBEsPIh7HwGX8JJYuHth4GP/5zDmfOHiRQGPe/dmZqemZ2bzy3kF5eWV1bdtfVTE6eaQ53HMtbnITMghYI6CpRwnmhgUSjhLOwfj+pnl6CNiFUNBwk0I9ZVoiM4Q2u13M0AkLW8QMEFHWMWIFxhVqsNhy234BW9sehf8L+gUN56qX7cbL9UWu5b0I55GoFCLpkxDd9LsJkxjYJLGOaD1EDCeJ91oWFRsQhMMxsfMaS71mnTTqztU0jH7veJjEXGDKLQdkYMe+Z3bWT+V2uk2DlsZkIlKYLik0WdVFKM6SgR2hYaOMqBBca1sH+lvMc042hzy9sQ/N8n/4XT/aJfKpaqNo0jMlGObJIdskd8ckDK5IRUSJ1wck3uyAN5dG6de+fJeZ60TjlfMxvkh5zXT+eVm/4=</latexit>

⌘0 6= ⌘TT
<latexit sha1_base64="56rBL/eUXDlazVZw/flC4yE1/+A=">AAACAXicbVDJSgNBEO1xjXGLehEUaQyCpzDjIXoRgl48JpANkhB6OpWkSc9Cd40YhngR/8SLB0U8BfwLb36DP2FnOWjig6Ie71XRXc8NpdBo21/WwuLS8spqYi25vrG5tZ3a2S3rIFIcSjyQgaq6TIMUPpRQoIRqqIB5roSK27se+ZVbUFoEfhH7ITQ81vFFW3CGRmqm9uuArGlf0nGP6wh3GBeLg0EzlbYz9hh0njhTks4dDgvfj0fDfDP1WW8FPPLARy6Z1jXHDrERM4WCSxgk65GGkPEe60DNUJ95oBvx+IIBPTFKi7YDZcpHOlZ/b8TM07rvuWbSY9jVs95I/M+rRdi+aMTCDyMEn08eakeSYkBHcdCWUMBR9g1hXAnzV8q7TDGOJrSkCcGZPXmelM8yTjaTLZg0rsgECXJAjskpccg5yZEbkiclwsk9eSIv5NV6sJ6tN+t9MrpgTXf2yB9YHz89e5p9</latexit>⌘0 = ⌘TT

<latexit sha1_base64="PRd24X3kFaWVmx9ZA4/PYOC89Vc=">AAAB+3icbVC7SgNBFJ31GeNrjWBjMxgEq7BrEW2EEBvLBPKCJCyzk0kyZGZ3mbkrCcv+io2FIlr6B36BnY3f4uRRaOKBC4dz7uXee/xIcA2O82WtrW9sbm1ndrK7e/sHh/ZRrqHDWFFWp6EIVcsnmgkesDpwEKwVKUakL1jTH91O/eY9U5qHQQ0mEetKMgh4n1MCRvLsnPScGyy9pANsDEmtlqaenXcKzgx4lbgLki+dVL/5W/mj4tmfnV5IY8kCoIJo3XadCLoJUcCpYGm2E2sWEToiA9Y2NCCS6W4yuz3F50bp4X6oTAWAZ+rviYRIrSfSN52SwFAve1PxP68dQ/+6m/AgioEFdL6oHwsMIZ4GgXtcMQpiYgihiptbMR0SRSiYuLImBHf55VXSuCy4xUKxatIoozky6BSdoQvkoitUQneoguqIojF6QE/o2UqtR+vFep23rlmLmWP0B9b7D53Gl+U=</latexit>m0 = mTT
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0
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Preserving symmetry



p = 0 renormalisation

<latexit sha1_base64="ri3HM1J4RV+zM+6HCL0BLp2a+zA="></latexit>

@t�
(2)
TT/0(p

2 = 0) = aTT/0

@t@p2�(2)
TT/0(p

2)

����
p2=0

= bTT/0

[Fehre, Litim, Pawlowski, Reichert ’21]Generalise

Renormalise on the graviton 
mass pole

<latexit sha1_base64="Bj4Fe+v3TF6Ag90GOMoElKnRJXU="></latexit>

@t�
(2)
TT/0(p

2 = �m2
TT/0) = 0

@t@p2�(2)
TT/0(p

2)

����
p2=�m2

TT/0

= 0

<latexit sha1_base64="CmwpWHJ5X3Lu51R1LYfYw9gn2k0="></latexit>

Fix b0 =) ⌘TT = ⌘0

<latexit sha1_base64="Dp+WA5BiHACZ7T+imjNkz6UHq9s=">AAACFXicbVA9SwNBEN3z2/gVFWxsFoNgIeHOQgURREEsE8gX5MKxt5no4u7dsTsnhuP+hI2/wt7GQhFbwc7G3+ImsfDrwcDjvRlm5oWJFAZd990ZG5+YnJqemS3MzS8sLhWXVxomTjWHOo9lrFshMyBFBHUUKKGVaGAqlNAML08GfvMKtBFxVMN+Ah3FziPRE5yhlYLito9wjdmpuM6pf0BZ4FJfKLsZDFVBNnJrtTw/VIEbFEtu2R2C/iXeFykdrVU/xN3xcyUovvndmKcKIuSSGdP23AQ7GdMouIS84KcGEsYv2Tm0LY2YAtPJhl/ldNMqXdqLta0I6VD9PpExZUxfhbZTMbwwv72B+J/XTrG338lElKQIER8t6qWSYkwHEdGu0MBR9i1hXAt7K+UXTDOONsiCDcH7/fJf0tgpe7vl3apN45iMMEPWyQbZIh7ZI0fkjFRInXByQ+7JI3lybp0H59l5GbWOOV8zq+QHnNdP5Y2iXw==</latexit>

Fix a0 =) mTT = m0

<latexit sha1_base64="w+ULgcwPIXGXJEE9zFu9//UKsho="></latexit>

Only fix a0 =) mTT = m0

Generalised KL

Standard KL

Standard KL

Naturally sets
<latexit sha1_base64="rQrQDCRYwwrbbCS5eUE+ohEktUI=">AAAB/XicbVC7SgNBFJ31GeNrfWBjMxgEq7BrEW0CITaWCeQFSVhmJ5NkyMzuMnNXjEvwV2wsFLX1B/wCOxu/xcmj0MQDFw7n3Mu99/iR4Boc58taWl5ZXVtPbaQ3t7Z3du29/ZoOY0VZlYYiVA2faCZ4wKrAQbBGpBiRvmB1f3A19us3TGkeBhUYRqwtSS/gXU4JGMmzD7H0khawW0gqldEoLz0nP/DsjJN1JsCLxJ2RTOGo/M1fix8lz/5sdUIaSxYAFUTrputE0E6IAk4FG6VbsWYRoQPSY01DAyKZbieT60f41Cgd3A2VqQDwRP09kRCp9VD6plMS6Ot5byz+5zVj6F62Ex5EMbCAThd1Y4EhxOMocIcrRkEMDSFUcXMrpn2iCAUTWNqE4M6/vEhq51k3l82VTRpFNEUKHaMTdIZcdIEK6BqVUBVRdIce0BN6tu6tR+vFepu2LlmzmQP0B9b7D/nrmKE=</latexit>

mTT = m0 = k
<latexit sha1_base64="sO+QOgcTSLv7aae7vYbiYwMFVqY=">AAACA3icbVA9SwNBEN2LXzF+ndqpyGIQrMKdRbQRRBvLCIkKSTj2NnPJkr0PdufEcARs8ldsLBSxSOOfsPM3+CfcJBYafTDweG+GmXl+IoVGx/mwcjOzc/ML+cXC0vLK6pq9vnGl41RxqPFYxurGZxqkiKCGAiXcJApY6Eu49rvnI//6FpQWcVTFXgLNkLUjEQjO0EievUUbgMzLGgh3mFWr/f7JWHBOHM8uOiVnDPqXuN+keLozvPwc7A4rnv3eaMU8DSFCLpnWdddJsJkxhYJL6BcaqYaE8S5rQ93QiIWgm9n4hz7dN0qLBrEyFSEdqz8nMhZq3Qt90xky7OhpbyT+59VTDI6bmYiSFCHik0VBKinGdBQIbQkFHGXPEMaVMLdS3mGKcTSxFUwI7vTLf8nVYcktl8qXJo0zMkGebJM9ckBcckROyQWpkBrh5J48kCfybA2sR+vFep205qzvmU3yC9bbF0Yomv4=</latexit>

⌘TT = ⌘0 = 0
Simplifies  

computations

On-shell renormalisation

Generalised KL Standard KL 

<latexit sha1_base64="PRd24X3kFaWVmx9ZA4/PYOC89Vc=">AAAB+3icbVC7SgNBFJ31GeNrjWBjMxgEq7BrEW2EEBvLBPKCJCyzk0kyZGZ3mbkrCcv+io2FIlr6B36BnY3f4uRRaOKBC4dz7uXee/xIcA2O82WtrW9sbm1ndrK7e/sHh/ZRrqHDWFFWp6EIVcsnmgkesDpwEKwVKUakL1jTH91O/eY9U5qHQQ0mEetKMgh4n1MCRvLsnPScGyy9pANsDEmtlqaenXcKzgx4lbgLki+dVL/5W/mj4tmfnV5IY8kCoIJo3XadCLoJUcCpYGm2E2sWEToiA9Y2NCCS6W4yuz3F50bp4X6oTAWAZ+rviYRIrSfSN52SwFAve1PxP68dQ/+6m/AgioEFdL6oHwsMIZ4GgXtcMQpiYgihiptbMR0SRSiYuLImBHf55VXSuCy4xUKxatIoozky6BSdoQvkoitUQneoguqIojF6QE/o2UqtR+vFep23rlmLmWP0B9b7D53Gl+U=</latexit>m0 = mTT
<latexit sha1_base64="gRXa/xrQfEM34ks3KJ9BOKF+MqA=">AAACBHicbZC7SgNBFIZnvcZ4W7VUZDAIVmHXIloGbSwTSFTIhjA7OUmGzM6uM2fFsKSw0FexsVBEsPIh7HwGX8JJYuHth4GP/5zDmfOHiRQGPe/dmZqemZ2bzy3kF5eWV1bdtfVTE6eaQ53HMtbnITMghYI6CpRwnmhgUSjhLOwfj+pnl6CNiFUNBwk0I9ZVoiM4Q2u13M0AkLW8QMEFHWMWIFxhVqsNhy234BW9sehf8L+gUN56qX7cbL9UWu5b0I55GoFCLpkxDd9LsJkxjYJLGOaD1EDCeJ91oWFRsQhMMxsfMaS71mnTTqztU0jH7veJjEXGDKLQdkYMe+Z3bWT+V2uk2DlsZkIlKYLik0WdVFKM6SgR2hYaOMqBBca1sH+lvMc042hzy9sQ/N8n/4XT/aJfKpaqNo0jMlGObJIdskd8ckDK5IRUSJ1wck3uyAN5dG6de+fJeZ60TjlfMxvkh5zXT+eVm/4=</latexit>

⌘0 6= ⌘TT
<latexit sha1_base64="56rBL/eUXDlazVZw/flC4yE1/+A=">AAACAXicbVDJSgNBEO1xjXGLehEUaQyCpzDjIXoRgl48JpANkhB6OpWkSc9Cd40YhngR/8SLB0U8BfwLb36DP2FnOWjig6Ie71XRXc8NpdBo21/WwuLS8spqYi25vrG5tZ3a2S3rIFIcSjyQgaq6TIMUPpRQoIRqqIB5roSK27se+ZVbUFoEfhH7ITQ81vFFW3CGRmqm9uuArGlf0nGP6wh3GBeLg0EzlbYz9hh0njhTks4dDgvfj0fDfDP1WW8FPPLARy6Z1jXHDrERM4WCSxgk65GGkPEe60DNUJ95oBvx+IIBPTFKi7YDZcpHOlZ/b8TM07rvuWbSY9jVs95I/M+rRdi+aMTCDyMEn08eakeSYkBHcdCWUMBR9g1hXAnzV8q7TDGOJrSkCcGZPXmelM8yTjaTLZg0rsgECXJAjskpccg5yZEbkiclwsk9eSIv5NV6sJ6tN+t9MrpgTXf2yB9YHz89e5p9</latexit>⌘0 = ⌘TT

<latexit sha1_base64="PRd24X3kFaWVmx9ZA4/PYOC89Vc=">AAAB+3icbVC7SgNBFJ31GeNrjWBjMxgEq7BrEW2EEBvLBPKCJCyzk0kyZGZ3mbkrCcv+io2FIlr6B36BnY3f4uRRaOKBC4dz7uXee/xIcA2O82WtrW9sbm1ndrK7e/sHh/ZRrqHDWFFWp6EIVcsnmgkesDpwEKwVKUakL1jTH91O/eY9U5qHQQ0mEetKMgh4n1MCRvLsnPScGyy9pANsDEmtlqaenXcKzgx4lbgLki+dVL/5W/mj4tmfnV5IY8kCoIJo3XadCLoJUcCpYGm2E2sWEToiA9Y2NCCS6W4yuz3F50bp4X6oTAWAZ+rviYRIrSfSN52SwFAve1PxP68dQ/+6m/AgioEFdL6oHwsMIZ4GgXtcMQpiYgihiptbMR0SRSiYuLImBHf55VXSuCy4xUKxatIoozky6BSdoQvkoitUQneoguqIojF6QE/o2UqtR+vFep23rlmLmWP0B9b7D53Gl+U=</latexit>m0 = mTT
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-π /2

0
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π

0
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[Pawlowski, Reichert, Wessely ’25]

[GA, Litim, Reichert, ’26]

Preserving symmetry



p = 0 renormalisation

<latexit sha1_base64="ri3HM1J4RV+zM+6HCL0BLp2a+zA="></latexit>

@t�
(2)
TT/0(p

2 = 0) = aTT/0

@t@p2�(2)
TT/0(p

2)

����
p2=0

= bTT/0

Generalise

Renormalise on the graviton 
mass pole

<latexit sha1_base64="Bj4Fe+v3TF6Ag90GOMoElKnRJXU="></latexit>

@t�
(2)
TT/0(p

2 = �m2
TT/0) = 0

@t@p2�(2)
TT/0(p

2)

����
p2=�m2

TT/0

= 0

<latexit sha1_base64="CmwpWHJ5X3Lu51R1LYfYw9gn2k0="></latexit>

Fix b0 =) ⌘TT = ⌘0

<latexit sha1_base64="Dp+WA5BiHACZ7T+imjNkz6UHq9s=">AAACFXicbVA9SwNBEN3z2/gVFWxsFoNgIeHOQgURREEsE8gX5MKxt5no4u7dsTsnhuP+hI2/wt7GQhFbwc7G3+ImsfDrwcDjvRlm5oWJFAZd990ZG5+YnJqemS3MzS8sLhWXVxomTjWHOo9lrFshMyBFBHUUKKGVaGAqlNAML08GfvMKtBFxVMN+Ah3FziPRE5yhlYLito9wjdmpuM6pf0BZ4FJfKLsZDFVBNnJrtTw/VIEbFEtu2R2C/iXeFykdrVU/xN3xcyUovvndmKcKIuSSGdP23AQ7GdMouIS84KcGEsYv2Tm0LY2YAtPJhl/ldNMqXdqLta0I6VD9PpExZUxfhbZTMbwwv72B+J/XTrG338lElKQIER8t6qWSYkwHEdGu0MBR9i1hXAt7K+UXTDOONsiCDcH7/fJf0tgpe7vl3apN45iMMEPWyQbZIh7ZI0fkjFRInXByQ+7JI3lybp0H59l5GbWOOV8zq+QHnNdP5Y2iXw==</latexit>

Fix a0 =) mTT = m0

<latexit sha1_base64="w+ULgcwPIXGXJEE9zFu9//UKsho="></latexit>

Only fix a0 =) mTT = m0

Generalised KL

Standard KL

Standard KL

Naturally sets
<latexit sha1_base64="rQrQDCRYwwrbbCS5eUE+ohEktUI=">AAAB/XicbVC7SgNBFJ31GeNrfWBjMxgEq7BrEW0CITaWCeQFSVhmJ5NkyMzuMnNXjEvwV2wsFLX1B/wCOxu/xcmj0MQDFw7n3Mu99/iR4Boc58taWl5ZXVtPbaQ3t7Z3du29/ZoOY0VZlYYiVA2faCZ4wKrAQbBGpBiRvmB1f3A19us3TGkeBhUYRqwtSS/gXU4JGMmzD7H0khawW0gqldEoLz0nP/DsjJN1JsCLxJ2RTOGo/M1fix8lz/5sdUIaSxYAFUTrputE0E6IAk4FG6VbsWYRoQPSY01DAyKZbieT60f41Cgd3A2VqQDwRP09kRCp9VD6plMS6Ot5byz+5zVj6F62Ex5EMbCAThd1Y4EhxOMocIcrRkEMDSFUcXMrpn2iCAUTWNqE4M6/vEhq51k3l82VTRpFNEUKHaMTdIZcdIEK6BqVUBVRdIce0BN6tu6tR+vFepu2LlmzmQP0B9b7D/nrmKE=</latexit>

mTT = m0 = k
<latexit sha1_base64="sO+QOgcTSLv7aae7vYbiYwMFVqY=">AAACA3icbVA9SwNBEN2LXzF+ndqpyGIQrMKdRbQRRBvLCIkKSTj2NnPJkr0PdufEcARs8ldsLBSxSOOfsPM3+CfcJBYafTDweG+GmXl+IoVGx/mwcjOzc/ML+cXC0vLK6pq9vnGl41RxqPFYxurGZxqkiKCGAiXcJApY6Eu49rvnI//6FpQWcVTFXgLNkLUjEQjO0EievUUbgMzLGgh3mFWr/f7JWHBOHM8uOiVnDPqXuN+keLozvPwc7A4rnv3eaMU8DSFCLpnWdddJsJkxhYJL6BcaqYaE8S5rQ93QiIWgm9n4hz7dN0qLBrEyFSEdqz8nMhZq3Qt90xky7OhpbyT+59VTDI6bmYiSFCHik0VBKinGdBQIbQkFHGXPEMaVMLdS3mGKcTSxFUwI7vTLf8nVYcktl8qXJo0zMkGebJM9ckBcckROyQWpkBrh5J48kCfybA2sR+vFep205qzvmU3yC9bbF0Yomv4=</latexit>

⌘TT = ⌘0 = 0

On-shell renormalisation

Preserving symmetry


