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Pillars of Fundamental Physics today

Quantum Field Theory
General Relativity

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions)
I I n
<128 Gevict ~173.1 Gevict o <125.11 Gevic
narge [ % w o o
o [ « (& « . @ . H
2
up charm top gluon higgs
=47 Mevict =96 Mevic ~.18 Gevic o
s % % o
. d - @ « b B
\
down strange bottom photon
Sosumevic | (-10566mevie: | [<17768Gevie | (o119 Geviet
1 1 1 o
» (8 » @ . @ . &
4
electron muon tau Z boson
<Loevier <017 Mevie: <182 Mevic: ~80.360 Gevict
o o o 1
. @ 1'® II® | ®
electron muon tau
neutrino_| |_neutrino_J |_neutrino_J | W bosON

Quantise GR in QFT language




Perturbative quantum gravity

Einstein-Hilbert action
1
SeH = ———— /\/det g,”,(2/\ = R(g,,,l,))
1671’G|\| x
o Perturbatively non-renormalisable: [Gy] = —2

e Need infinitely many counter terms: No predictivity

Higher-derivative action

SHp = SeH + /\/ det gu. ( N ,Wpa N R2>

e Perturbatively renormalisable: [w] = [\] =0

e Non-unitary propagator
c . 1 1 1
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Q um scale symmetry

e Enhanced symmetry at high energies:
quantum scale invariance

e Ultraviolet fixed point
e Perturbative ind =2+ ¢

e Non-perturbative in d = 4

e Non-perturbative tools

e Functional Renormalisation Group

e Lattice [Image from Asymptotic Safety Seminars]

Asymptotic Safety Conjecture

[Weinberg '76]




Non-perturbative functional approach

e Path integral with suppressed IR modes

Zi[J] ~ /Dcppsz2 e Slel+ [ () @)

e Regulator function Ry to suppress of IR modes — Ry®

- = (3tRy)/K?
/D%sz - /Dw o1 PR

e Wilsonian integrating out of momentum shells

0 0.5 1 15
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e Turns path integral into functional differential equation

e For k — 0o: no quantum effects / classical action

e For k — 0: full quantum theory



The Functional Renormalisation Group

1 1
kc‘)kl'k = —Tr (2)/(8/(’_\)/;|

2P +Re
Ry = regulator function "
Iy = scale-dependent effective action =22 —n = Spare

UV fixed point
Interpolation between
e bare action / UV FP
e quantum effective action I Fio =T
e Wilsonian integrating out of momentum modes oo -
L]




Asymptotically safe quantum gravity

Einstein-Hilbert truncation: Sgy = ﬁ J.v/&(2N-R)

Dimensionless couplings: g = Gyk? and A = A/k?
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Fixed Point properties



Theory space

A
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e Ordering by mass dimension of operator

e Truncate at finite order and look for convergence with increasing order



Linearized beta functions around fixed point

Be(8) = B (87)+ Y _ Bi(8*)g — &) + O((g — &)°)
=0 J
Stability matrix

Critical exponents (negative eigenvalues of stability matrix): 6; = do,+ quantum

R(0;) >0 — UV attractive/IR repulsive
R(6;)=0 — marginal
R(6;) <0 — UV repulsive/IR attractive



Linearized beta functions around fixed point

Be(8)=Pa(87)+ D Bi(E")g — &) +O((g — &)

Stability matrix

0B, (g
By(g) = 22
)

Critical exponents (negative eigenvalues of stability matrix): 6; = do,+ quantum

R(0;) >0 — UV attractive/IR repulsive
R(6;) =0 — marginal
R(6;) <0 — UV repulsive/IR attractive

Fixed point values are scheme dependent — Critical exponents are scheme independent




Large R expansion

EH + R" or other combinations of R2"

uvpo

[Falls, Litim, Nikolakopoulos, Rahmede '13, '14; Dietz, Morris '13]

[Demmel. Saueressig, Zanusso '15; Ohta, Percacci, Vacca '15; Falls, Ohta '16; Kluth, Litim '20; Morris, Stulga ‘22]
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[Falls, Litim, Schréder '18]

e Critical exponents stay close to their canonical value

e Three relevant directions: A, R, and R?



Derivative expansion

e EH + R? + C? + GauB-Bonnet in 1/Gy
expansion [Falls, Ohta, Percacci '20]

e EH + R? + C? + GauB-Bonnet [Knorr '21] &8N

e EH + O(R?) + O(R?) in essential scheme
[Baldazzi, Falls, Kluth, Knorr '23]

N 1 n
-0 -0.1 0 0.1 o

Typically 2 to 3 relevant directions: A, R, (R?)
8c3
[Baldazzi, Falls, Kluth, Knorr '23]
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Momentum-dependent approaches

Fluctuation approach — expansion in scattering vertices
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Momentum vs Renormalisation-group scale dependence

Three-graviton vertex

e Momentum dependence of vertex dressing

* G3 pla P2, P3) T|aSSICa| TT

"Momentum-dependence of Newton coupling’

e Reduce to Gy + higher-order terms for k — 0

e RG scale and momentum dependence
typically agree qualitatively

Momentum dependence at k =0

VS
RG scale dependence at p =0
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Propagating degrees of freedom

Graviton spectral function Graviton propagator
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e Massless graviton delta-peak with positive multi-graviton continuum
e No ghost or tachyonic degrees of freedom despite R?, C2, and higher-order terms

e Spurious degrees of freedom appear in derivative expansion of full result
13



BRST /diffeomorphism symmetry and background independence

e Classical action is diffeomorphism invariant

Xt — xt + glt(x) Buv — Euv + ££guu

14



BRST /diffeomorphism symmetry and background independence

e Classical action is diffeomorphism invariant
xH — Xt glt(x) Buv — 8uv + £Eguu
o Gauge fixing + metric split g, = . + hu

BRST: §(S + Sgr+ Sgn) =0 Split symmetry: g(g, h) = g(g + 6, h —9)

14



BRST /diffeomorphism symmetry and background independence

e Classical action is diffeomorphism invariant
xH — xH 4 () Eiv ot B iy LBl
o Gauge fixing + metric split g, = . + hu
BRST: §(S + Sgr+ Sgn) =0 Split symmetry: g(g, h) = g(g + 0, h — )

e Ward-like identities: Slavnov-Taylor and Nielsen

sroor

5T|:E'%—O NI = (0z — n)I — ((9z — On)(Sgf + Sgn)) =0

14



BRST /diffeomorphism symmetry and background independence

e Classical action is diffeomorphism invariant

xH — Xt glt(x) Buv — 8uv + ‘Cﬁg;u/

Gauge fixing + metric split g, = 8. + huw
BRST: §(S + Sgr+ Sgn) =0 Split symmetry: g(g, h) = g(g + 6, h —9)

e Ward-like identities: Slavnov-Taylor and Nielsen

or or _
5Q 09

fRG regulator modifies symmetry identities

STI = 0 NI = (0z — 0n)F — ((0z — 0n)(Sgr + Sgn)) =0

STl + Ry-term =0 NI + Ri-term =0

e Computations in background-field approximation inevitably break symmetry identities
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Symmetry identities in coupling space

Wi~ O % =UV-FP+ct’s

e Can flow to kK — 0 and implement standard symmetry identities

e Many proposals for gauge- or BRST-invariant flows
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Avatars of couplings and effective universality

Vertex dressings related by Effective universality: Gz ~ G, ~ G, ~ ... at FP
symmetry identities

1
)K — Gs(p1, P2, p3) — : [T |
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{Small violation of non-modified symmetry identities — Near-perturbative fixed point
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Gravity and Matter



Standard Model wi

Can the Standard Model (+ extensions) emerge from an asymptotically safe fixed point?

20
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k[GeV] [Image: Pastor-Gutiérrez, Pawlowski, MR '22]
e For which matter content does the UV fixed point exist?

e Landscape or swampland?

17



UV fixed point with matter

Scalars Fermions Gauge bosons

T -
¥ ’ k [_gg ....... gr == A3 ¥ }

e Fermions and gauge bosons stabilise, scalars destabilise

e SM matter + extensions safely included

e Results in background-field approximation are in discrepancy with this "



Simple parameterisation of U(1) beta function: [Eichhorn, Held '17; Eichhorn, Versteegen '17]

] const k> M,
ﬁgl = ﬂgl.,matter - fggl with fg x Gy ~ .

0 k < My
2
e Need f, >0
1.5 *
e g is relevant at GauBian fixed point,
> 1 B

irrelevant at interacting fixed point

U /\ 9g1 = *aglﬂgl = fg Z 0
g1=0

TeV Mpy
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Critical exponents of matter couplings

Gauge coupling: ¢, > 0 at leading order
[Daum. Harst, Reuter '09; Harst, Reuter '11; Folkerts, Litim, Pawlowski '11; Eichhorn, Versteegen ‘17]
[Christiansen, Litim, Pawlowski, MR '17; Eichhorn, Schiffer '19; de Brito, Eichhorn '22; Pastor-Gutiérrez, Pawlowski, MR '22]

Yukawa coupling: 9)/ <0 at leading order [Zanusso, Zambelli, Vacca, Percacci '09]

[Eichhorn, Held, Pawlowski '16; Eichhorn, Held '17; Pastor-Gutiérrez, Pawlowski, MR '22; de Brito, Eichhorn '22]
0, > 0 at next-to-leading order [de Brito, MR, Schiffer '25]
0, 2 0 can postdict m; or my — my [Eichhorn, Held '17, '18§]

Quartic scalar coupling: 0, < 0 at leading order
[Percacci, Vacca '15; Oda, Yamada '15; Eichhorn, Hamada, Lumma, Yamada '17; de Brito, Eichhorn '22;. . .]
[Potentially new relevant direction in Pastor-Gutiérrez, Pawlowski, MR '22]

0 < 0 can predict the Higgs mass [Shaposhnikov, Wetterich '09]
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Relevance of the Yukawa coupling at LO

8 A 2 _1‘5>\ = s v [de Brito, MR, Schiffer '25]

Green region: Yukawa relevant — finite Yukawa couplings in IR

Red region: Yukawa irrelevant — vanishing Yukawa couplings in IR

This would imply a no-go theorem for fundamental Yukawa interactions in asymptotic safety
21



Next-to-leading-order computation of Yukawa critical exponent

Yukawa flow equation

Only at NLO

Resummed vertices

Induced: kO, " kOy, i\ kO, X

Non-induced: kO 7\(< kO - }(l% kO~ *78{ - kO~ ;g/ kO - ;k'
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vance of the Yukawa coupling at

SM matter content

—_— NLO
X Fixed Point
Error NNLO

NLO
X Fixed Point
222 Error NNLO

0.05 0.1 0.15 0.2
[de Brito, MR, Schiffer '25]

Green region: Yukawa relevant — finite Yukawa couplings in IR
Red region: Yukawa irrelevant — vanishing Yukawa couplings in IR

23



The Asymptotically Safe Standard Model

The SM can emerge from the GauBian matter fixed point
(4 depending on relevant direction in Higgs sector)

10 10° 10° 107 10° 10" 10" 10" 10'7 10" 10*' 10%® 10%
k [GQV] [Pastor-Gutiérrez, Pawlowski, MR '22]

Quark and Lepton mixing: see talk by Zois Gyftopoulos

Four-fermion interactions and SMEFT: see talk by Moritz Gessner o



Euclidean vs Lorentzian



Euclidean vs Lorentzian

Euclidean computation and Wick rotation at k =0

Direct Lorentzian computations

25



Ién-Lehmann spectral representation [Kallén '52; Lehmann '54]

[dx2 p(0?)
G(q )—/ P SRV with p(w?) Ellnolm G(w” + ig)
0
4 Img?
p
mass peak

Re ¢?

X

multi-particle continuum
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Standard Euclidean FRG formulations

e Modified dispersion p> — p? + Ry(p?) introduces poles and cuts
e Can not use spectral representation at finite k
e Reconstruction of spectral function possible at k = 0

4 Img? A Im¢?

X
Re ¢? X Re¢?
3K
b
X
2 2 2 p’
p p° + k* exp(— )
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Spectral Renormalisation Group

Regulator Ry = k?ri(x)

o ri = ri(p?/k?) breaks causality
Lorentz

o . = n(p?/k?) breaks Lorentz invariance invariance

e 1, = 1 provides no UV regularisation

Tm ¢? Tm ¢?

Regq? Reg? 2, e.g. N
Q"@ Ri(p)=k’r(x3) O'b

28



Spectral Renormalisation Group [Fehre, Litim, Pawlowski, MR "21; fQCD, MR 22

e Callan-Symanzik cutoff preserves causality and Lorentz invariance

Ri = Zy k?

e Finite flow equation with counterterms

1
{ Ol = ET" Gk O¢Ric — 8t5ct,k J

e Dimensional regularisation of UV divergences in d = 4 — ¢ possible

e Use spectral function in flow diagrams

2 132
= A
0
1 2 2 2
pn = 7[%5( — m2) + (N2 — 4mh)fh()\)}
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Graviton spectral functions — transverse-traceless and scalar graviton mode

]

12
[P

po [1/M

e No ghost or tachyonic instabilities

e Transverse-traceless spectral function positive and normalisable

30



Quantum effective action

Recast spectral functions in curvature invariants

R
r /d4x\/§ N RGR(O)R = Cavpo fe(0)CHP7 1 | + S + Syt
167TG|\|

107 e B B
~§*§§
10-° |- %\\\ o B B
1079 [ ‘\§§Q\\ 1 —
P> =0, 11T #M0 \\\\ p* =0, nrr #no
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1013 Lol il v i v vl L Y 1013 Lowt v o v i il i v W
1073 1072 10=* 10° 10' 10®> 10 10* 10° 1073 1072 10-* 10° 10* 10*> 10%® 10* 10°
p []\'Ipl] p [Mpl]

Qualitative agreement between different renormalisation conditions -



Quantum effective action — Wilson coefficients

e The functions fg and f¢ are predictions from asymptotic safety

e Expansion in Wilson coefficients

fe/r(P?) = ac/r + beyr In(p?/M3) + O(p?)
e Logarithmic coefficients known analytically

61 13

be =~ 19202 = 460872

e Constant factors scheme dependent

ac =3.7-1073 ar = —4.0-107*%

32



Summary




Key Results

e Well established UV fixed point from various approximation schemes
(f(R), derivative, and vertex expansion)

e Few relevant directions in pure quantum gravity
e Fixed point persists with inclusion of SM matter + extensions

e Gravity is able to remove Landau poles of the Standard Model
— New results at NLO in Yukawa sector

e Trajectory from UV fixed point to IR Standard Model

e Wick rotation from Euclidean and direct Lorentzian results
— Graviton spectral function and scattering amplitudes compatible with unitarity

33



Some Challenges

First signs of convergence but next orders become increasingly challenging

(Show existence of fixed point)

Mostly correlation functions of transverse-traceless mode
— physical graviton scalar mode less explored

Implementing symmetry identities or gauge-invariant flows

Error estimates (New idea in )

Tools to overcome technical challenges are provided on the AS codebase:
https://as-codebase.quantum-spacetime.net/

34


https://as-codebase.quantum-spacetime.net/

Thank you for your attention
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Back-up slides



Path integral for metric quantum gravity

e Assumptions

e Metric carries fundamental degrees of freedom

e Diffeomorphism invariance

e Path integral

/Dg—,w e Sl or /Dg,u, 5l

37



Path integral for metric quantum gravity

e Assumptions
e Metric carries fundamental degrees of freedom
e Diffeomorphism invariance
e Path integral with gauge fixing, sources
Z[z, J] ~ / Dh e SIE+H—SulEHl— 5[5 5.2 84 [, VE I (9P ()
e Metric split g, = 8. + hu required by gauge fixing and regulator
e Methods: Perturbation theory, lattice, functional methods, ...

37



The Quantum Effective Action

e Legendre transform of the logarithm of the generating functional

riel =sup { 00000 - n 21}

e Generates 1P| correlation functions and full quantum physics at tree level

¥ @ ¥ ¢

h kKT h
® ¢ ® @
Vertices from classical action S Vertices from quantum effective action I
No quantum effects Includes all quantum effects
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The scale-dependent Quantum Effective Action

e Expand effective action in all operators
compatible with symmetry

-====2@ [ k=p = Spare
UV fixed point

Fk = Z g,-(k) O,’
i
e Flow equation defines a vector field in space of
operators
kT =D kougi(k) 0 = > B, O;

39



ical hypersurface

Theory space

. UV critical
> surface

e UV repulsive (irrelevant) direction determines parameter

e UV attractive (relevant) direction leaves parameter free

40



A short guide to fluctuation computations

Momentum-dependent coupling functions inspired by EH action Sgy o GLN fx(2/\ - R)

Graviton two-point function

(hh)

k,pvpo

(P) < Zh1t(P)(P* — 2/A2)Tet,jwpo (P) + 4 more tensor structures

Graviton three-point function at momentum symmetric point |p1| = |p2| = |p3| = p

[ (hhh) (p) x Z:/tt2(p) ( Gns(p) P2 + #/\3> Tt jvporr(P) + 32 more tensor structures

K,uvpo kA

Solve tower of coupled integral differential equation
0, ("M (p) O</d4q FIF®(p,q),T®(p,q),T™(p, q)]

Typical approximations: TT tensor structure, Gn p>n (P) = Gn3(P), Ansnpe = N3, - -
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EFT graviton spectral function

One-loop effective action: Mijoop = Sen + [, /& (AR IN(O)R + 2 Cpuvpo IN(A)CH¥P7) + ..

Gauge-fixing  Sge=1 [ F2 with F, =V"h,, — #@#h”y

W' ‘ e e ——
7 27 1
= G — 1/p? n
Ghi /I)  a—0& ﬂ -
102 F | LS feia=0& B=—1 8
e f & | | a=0&p3=-3
= f = L a=1&p=1 |
&l g
1015 ___________________ 3 0.5 B
ol I
100 I I Y | |
010*‘ 1072 10~ 103 1072 107
p[Mp) w [Mp1]

pr(w?) ~ 6(w?) + const. + . ..
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Graviton spectral function — full tensor basis

Further tensor structures of the graviton propagator:

1
Gh,;u/pa(p) X gh,tt(p)ﬁt,pupa(p) - 5 gh,O(p)%,pupa(p) +.

Transverse-traceless mode dominated fixed-point analyses

Scalar mode required for accurate computation of quadratic curvature effective action,
scattering amplitudes, ...

Scalar mode relevant for early Universe dynamics in Starobinsky-like inflation

e New challenge: interplay of renormalisation conditions with symmetry identities
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