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Theory of Quantum Gravity?



Non-renormalizability and Predictivity Crisis

Perturbative Quantisation:

1

5= 167Gy /ddx\/_ig(R B 2/\) Classical GR, [Gy] = —2




Non-renormalizability and Predictivity Crisis

Perturbative Quantisation:

1
S = 167G /ddX\/ —g(R = 2/\) Classical GR, [Gy] = —2
+ / ddX\/—ig [Cl R2 +o Rﬂy R;w] On-shell finite
o ['t Hooft & Veltman, 1974]



Non-renormalizability and Predictivity Crisis

Perturbative Quantisation:

1

_ d — _
S= 167TGN/d xv/—g(R —2N)

+ /ddxx/—g [C1R2 + C2RWR‘“’]
+ /ddx\/—g {CGSRW”"RPU‘MRMW +.. }

+

Classical GR, [Gy] = —2

On-shell finite
['t Hooft & Veltman, 1974]

On-shell divergence
[Goroff & Sagnotti, 1986]



Non-renormalizability and Predictivity Crisis

Perturbative Quantisation:

1

_ d — _
S= 167TGN/d xv/—g(R —2N)

+ /ddxx/—g [C1R2 + C2RWR‘“’]
+ /ddx\/—g {CGSRW”"RPU‘MRMW +.. }

+

Classical GR, [Gy] = —2

On-shell finite
['t Hooft & Veltman, 1974]
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Infinitely many couplings —> Loss of predictivity



The Asymptotic Safety Conjecture

Conjecture: The RG flow hits a non-GauBian fixed point (NGFP)
g(p) = Gup?
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Restoring Predictivity I: The Critical Surface

e UV Completion:
Require all couplings to hit the FP in the
uVv.

e The Critical Surface:
Only RG trajectories lying on the purple
surface are asymptotically safe.




Restoring Predictivity Il: Critical Exponents

Fixed Point Condition:
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Restoring Predictivity Il: Critical Exponents

Fixed Point Condition:
5i(g*) =0 A
Stability Matrix & Exponents:

9pi
0gj | g~

vi = —b;v

e Relevant Directions: 0; > 0

e Irrelevant Directions: 0, < 0

Finite relevant directions —> Predictive Theory



Could AS be Perturbative?

The Dimension 6 Truncation Polynomial Truncations
R —2A N
o d - aB "
S= /d x\/& |:167I'GN + CGSRHI//) Rﬂd Raﬁl i| S= /ddx\/gz a,R"
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Running of Gy and Power-Law Divergences
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Goal: A definition of Gy that:
Maintains symmetry & captures PLD & extends to higher orders



PLD from DimReg

Idea: Subtracting poles in d # 4 is equivalent to a mass-dependent renormalization scheme

QCD: Threshold effects in the running coupling [Kluth, 2026]

,7CA 4= 3 Z emq/u:|

Bla) = (d —#)a+ o

Gravity: Quadratic divergencies [Kluth, 2025], [Falls, Fererro, 2025]
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Idea: Subtracting poles in d # 4 is equivalent to a mass-dependent renormalization scheme

QCD: Threshold effects in the running coupling [Kluth, 2026]

,7CA 4= 3 Z emq/u:|
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Gravity: Quadratic divergencies [Kluth, 2025], [Falls, Fererro, 2025]
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Propagator of Gravity
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1
Prsoop) = 5 (Suton = G50t )

Goal: A definition of Gy that:
Maintains symmetry & captures PLD & extends to higher orders & avoids gravity in d =2 9



Gradientflow

nf:12

0.61 = Non-pert. continunm /l "
<E(t)> = %<GSVGE > X OCGF(t) """ 1+loop univ. ,‘l I

4
0.41 2-loop univ. 7
————— 3-loop GF A ,
0.2 / i

Definition of oy

rBGF (géf‘)

Key Properties

e UV Finiteness: Operators at t > 0 are
finite [Lischer, Weisz, 2011]

e Internal Cutoff: e~*" smooth 9ér
momentum cutoff Applications:

e Symmetry: Maintains BRST/Gauge ® Lattice Scale Setting.
invariance e EMT Matrix Elements.

e Parton Densities (PDFs).
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Reminder: Perturbative Gradient Flow

Evolve the gauge field A,(x) along an artificial flow-time t [Liischer, 2010]:

0B, (t,x) =D, G,  Bu(0,x) = Au(x)
e Diffusion :
81’BM - 623}L + O(g)

e LO Solution:
B.(t,p) = e~ " A.(p) + O(g)

Flow-time ¢
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Reminder: Perturbative Gradient Flow

Trick: S = Sy + Stiow
Stow = [y~ dt [d9x L, (0:B, — D, G,,)

Vertices

Propagator BB Flow Line LB LBB, LBBB

2
e~ (t+s)p

(BB) ~ *= (LB) ~ 6(t — s)e~ (=57
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The Ricci Flow in Gravity

Evolve the metric g, (t) along the Ricci flow:

(')fg/u’ — 72/%//1/7 éA*;w(O,X) - gp,l/(x)
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The Ricci Flow in Gravity

Evolve the metric g, (t) along the Ricci flow:

(')fg/w - 72/%//1/7 g\-/w(oax) = g“,,(X)

e Perturbative Expansion:
g\-,uu = 5;1,1/ + hp,l/
e LO Solution:

"
=
Py ~ e P R+ ...

e The Goal:
Calculate VEVs of invariant operators:

(Joni). (et

and define a running coupling Ggr(t)
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The (d + 1)-Dimensional Formulation

The Strategy: (d + 1)-dimensional QFT

5 = Sgrav -+ 5f/oxv
Sf/ow = fooo dtf ddX [“V {&/Ahw + 2R’;Lu:|

Flow Vertices

AAAAAAA

Lhh, Lhhh,. ..
Propagator Flow Line
AN —(t+s p2 AN
(hhy ~ <22 (LR ~ 0(t — 5)e=(t=9)¢’
— 9
—e —
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BRST Symmetry: Gravity vs. Flow

Standard Gravity Sector Flow Sector
Sgrav + Sgf + Sen Stiow + Stgf + Stgn
e Metric Fluctuation e Flowed Fluctuation
S By = ¢ Opgin + BupOu € + &upOyuc’ Shuy = & Opin + BupOu€” + 81p0uC’
e + ghosts e Lagrange Multiplier
SD = 09,0 — 1400, 6" (70, ¢+ 7 ,e"
e + flowed ghosts

15



Renormalisation

The Localization of Divergences

e For t > 0, flow provides exponential damping et

e UV divergences are strictly restricted to the t = 0 boundary
1. Standard One-Loop Gravity
Buv = &uv + % [a1R guw + 2Ry
2. Ricci Flow Initial Condition

g;,w(t = 0) = 8uv + 5@#1/

16



Computational Toolchain

qgraf

[Nogueira 1993]

tapir/exp —

[Vermaseren 2000]

[Harlander et al. 1997]

[Gerlach et al. 2022]

Kira/Firefly
[Usovitsch et al. 2017]

® [Klappert et al. 2019]

ftint

[Harlander et al. 2025]




Results and Renormalization Schemes

MS
. 3G G 1231
</ddx\/§> == IZ {14—4/\/ (5/,Lt+9|n 120 )}
MS
R 3G G 931
d A _ N N
</d x\/§R> = [1+ o (5 lie +9In = 120)}

Gauge parameter independence

4
3
4
3
Fixed Volume Scheme (FVS)
FVS

(o)

4wt

FVS
<A 3Gy 5Gy
a9 R = 2Ny
</ Ve > 47rt? [ 47rt]
Iut = \n(,;zz) +e

Identification p o< 1/4/t — PLD sensitivity! 18




Coupling and Fixed Point

Ricci-Flow Coupling Definition

gre(p) = _3% </X \/§/§>FVS

0.15
t=p/1?
0.10
The 3-Function ik !
BrF = ﬂEgRF = 2grr (1 — 5vgrF) O'OO/
ol \
-0.05 X X X X X
0.00 0.05 0.10 0.15 0.20
Fixed Points: VgRF

e GauBian: g5 =0

1

e Non-GauBian: g3 = o
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Summary & Outlook

Achievements Future Directions:
e Framework: Ricci flow formulated as a e Operators: Including A, ...
(d + 1)-dimensional QFT e Precision: Extending to higher loops
e Renormalization: Systematic e SM: Including matter and gauge fields

renormalization of flowed gravity
established

e Asymptotic Safety: Recovered via purely
perturbative methods
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renormalization of flowed gravity
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e Asymptotic Safety: Recovered via purely
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Thank you for your attention!
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Order Independent Operators Diagrams

LO R 1

NLO R R:, ~ 30

NNLO ROR,R,,OR*, R} . R, ... (10) ~ 400
NLO

NNLO

o e O
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