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Outline
• Gravity-mediated scalar scattering — the classical case


• Asymptotic Safety


• Gravity-mediated scalar scattering — the quantum case


• classification


• computation



Gravity-mediated 
scalar scattering



Gravity-mediated scattering amplitudes

• easiest non-trivial gravitational scattering: ϕϕ → χχ



Gravity-mediated scattering amplitudes

• easiest non-trivial gravitational scattering: 


• already displays issues of quantum gravity

ϕϕ → χχ



Gravity-mediated scattering amplitudes

• easiest non-trivial gravitational scattering: 


• already displays issues of quantum gravity

ϕϕ → χχ



Gravity-mediated scattering amplitudes

• easiest non-trivial gravitational scattering: 


• already displays issues of quantum gravity


• tree level amplitude:

ϕϕ → χχ

𝒜tree
s = 8πGN

tu
s



Gravity-mediated scattering amplitudes

• easiest non-trivial gravitational scattering: 


• already displays issues of quantum gravity


• tree level amplitude:


• problematic: grows indefinitely with energy — violation of unitarity

ϕϕ → χχ

𝒜tree
s = 8πGN

tu
s



Gravity-mediated scattering amplitudes

• easiest non-trivial gravitational scattering: 


• already displays issues of quantum gravity


• tree level amplitude:


• problematic: grows indefinitely with energy — violation of unitarity


• quantum gravity should solve this (among other issues)

ϕϕ → χχ

𝒜tree
s = 8πGN

tu
s
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Lectures in Quantum Gravity: 2412.08690 
(perturbative QG, EFT, ASQG, ST, BHs)

finally published, 
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Asymptotic Safety
• hypothesis: metric gravity (+suitable matter) can be formulated as a QFT 

in a consistent, non-perturbative way


• conditions:


• dimensionless versions of all couplings approach a finite value at high 
energies = fixed point


• only finitely many relevant operators = finitely many measurements 
needed to uniquely fix theory

How to investigate: Functional Renormalisation Group

finiteness

predictivity
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Asymptotic Safety via FRG
• Wilsonian idea of integrating out modes shell by shell


• governed by exact non-perturbative RG equation:

Wetterich ‘93
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Asymptotic Safety via FRG
• Wilsonian idea of integrating out modes shell by shell


• governed by exact non-perturbative RG equation:


• no free lunch: requires approximation (like every other non-pert. tool!)


• no free dinner: standard implementation uses Euclidean signature*

Wetterich ‘93
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Intermezzo: 
Momentum dependence in a 

covariant theory — form factors
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Form Factors
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Form Factors
• interaction terms are more complicated, e.g. three-point function:


• four-point function and higher: operator ordering needs convention 
(difference is of higher order)
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Form Factors
• Correlation functions generically depend on several momentum scales


• based on curvature/field strength expansion — can access momentum 
dependence by considering n-point function at vanishing gauge field/flat 
metric


• important: physical momentum dependence  k-dependence (in general)≠
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Gravity-mediated scattering amplitudes
• strategy for a given scattering amplitude:


1. parameterise all possible terms in the effective action that contribute 
to the scattering event


2. compute ingredients from first principles


3. confront with experimental data and theoretical constraints (finiteness, 
unitarity, causality, …)

2007.00733, 2007.04396, 2111.12365, 
2205.13558, 2210.16072
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• gravity-mediated scalar scattering:
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Scalar-scalar scattering
• necessary ingredients in the effective action:

Γϕϕh

Ghh

Γϕϕχχ

form factor toolbox: 
BK, Ripken, Saueressig 

1907.02903

Γχχh
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Scalar-scalar scattering

Draper, BK, Ripken, Saueressig 
2007.00733, 2007.04396
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Gravity-mediated scattering amplitudes
• strategy for a given scattering amplitude:


1. parameterise all possible terms in the effective action that contribute 
to the scattering event


2. compute ingredients from first principles


3. confront with experimental data and theoretical constraints (finiteness, 
unitarity, causality, …)



Graviton propagator
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Graviton propagator
• key ingredient for any gravitational scattering: graviton propagator


• essentially solved:


• Euclidean signature 

• Lorentzian signature


• so far: numerical results, mostly focus on spin two sector

Christiansen, BK, Pawlowski, Rodigast 1403.1232 
BK, Schiffer 2105.04566

Bonanno, Denz, Pawlowski, Reichert 2102.02217 
Fehre, Litim, Pawlowski, Reichert 2111.13232 

Pawlowski, Reichert, Wessely 2507.22169
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• goal: compute graviton propagator


• results of
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Analytic graviton propagator
• goal: compute graviton propagator


• results of


•  4 integral equations for momentum-dependent anomalous dimensions


• integrate along RG trajectory to get wave function renormalisation = 
propagator dressing

BK, Schiffer 2105.04566

η(p2) = f(p2) + I[η](p2) approximation 1: neglect I[η]

approximation 2: model flow of gravitational coupling

gk =
GNk2

1 + GNk2

g*

Bonanno, Reuter hep-th/0002196 
Fehre, Litim, Pawlowski, Reichert 2111.13232BK work in progress

Euclidean flow — Wick rotation necessary!

η(p2) = − k∂k ln Zk(p2)



Analytic anomalous dimensions
η2 = gk

4

∑
n=0

η(i)
2 β̃i , η0 = gk

4

∑
n=0

η(i)
0 β̃i , ηcT = gk

3

∑
n=0

η(i)
cT β̃i , ηcL = gk

4

∑
n=0

η(i)
cL β̃i

BK work in progress



Analytic anomalous dimensions

η(0)
2 =

(p6 + 27p4 + 142p2 + 58) p4Γ (0, p2

2 )
240π

− (p6 + 27p4 + 135p2 + 29) p4Γ (0,p2)
120π

−
255p6 − 1093p4 + 1424p2 + 160

20πp8
+

e−p2 (p14 + 26p12 + 110p10 − 58p8 + 103p6 + 1936p4 + 2706p2 − 8544)
120πp6

−
e− p2

2 (p16 + 25p14 + 96p12 − 58p10 − 372p8 + 176p6 + 9144p4 − 17568p2 − 960)
120πp8

BK work in progress

η2 = gk

4

∑
n=0

η(i)
2 β̃i , η0 = gk

4

∑
n=0

η(i)
0 β̃i , ηcT = gk

3

∑
n=0

η(i)
cT β̃i , ηcL = gk

4

∑
n=0

η(i)
cL β̃i



Analytic anomalous dimensions

BK work in progress
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Analytic graviton propagator

BK work in progress
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Analytic graviton propagator

BK work in progress

ln Za(p2) = ∫
∞

0
dk′￼

ηa,k′￼
(p2) − ηa,k′￼

(0)
k′￼

= g*

7

∑
n=1

c(n)
a (X)f (n)(X) , X =

GN p2

g*

f (1)(X) = X (4 3F3(1,1,1; 2,2,2; X) − 3F3 (1,1,1; 2,2,2;
X
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1
4 (−8γEi(X) − π2 + 2γ2) −
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Analytic graviton propagator
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spin two
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Analytic graviton propagator
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Analytic graviton propagator

BK work in progress

spin two
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spectral function positive 
but not normalisable
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Analytic graviton propagator
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Analytic graviton propagator

BK work in progress

spin zero
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spectral function negative 
not an asymptotic state!
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Vertices
• hard [citation missing]


• -vertex: work in progress (with T. Eckert)


• rest of talk: gravitationally induced -vertex

ϕϕh

ϕϕχχ

see also talk by Angelo Chiesa
Chiesa, Pawlowski, Reichert 2603.10168



Gravity-induced scalar vertex
• setup: gravity + two massless scalars (later: massive scalars)
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Gravity-induced scalar vertex
• setup: gravity + two massless scalars (later: massive scalars)


• compute leading-order QG-induced scalar vertex


• approximation: simple enough to treat analytically, complicated enough to 
learn something non-trivial

ΓE
k = ∫ d4x g [ −

1
16πGN,k

R +
1
2

(Dμϕ)(Dμϕ) +
1
2

(Dμχ)(Dμχ)

+
1
4

(Dμϕ)(Dνϕ)ΠTLμνρσFE
k (Δ)(Dρχ)(Dσ χ)]

BK 2602.21285



Gravity-induced scalar vertex
• flow equation: k∂kFE

k (P2) = (16πgk)2 2
π2k4

1 − e− P2
2k2

P2/k2

BK 2602.21285



Gravity-induced scalar vertex
• flow equation:


• note: flow equation is quadratic in Newton’s constant
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Gravity-induced scalar vertex
• flow equation:


• note: flow equation is quadratic in Newton’s constant


• fixed point?

BK 2602.21285

k∂kFE
k (P2) = (16πgk)2 2

π2k4

1 − e− P2
2k2

P2/k2



Gravity-induced scalar vertex
• flow equation:


• note: flow equation is quadratic in Newton’s constant


• fixed point? yes, and does not add relevant parameters  unique 
prediction

⇒

BK 2602.21285
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Gravity-induced scalar vertex
• flow equation:


• note: flow equation is quadratic in Newton’s constant


• fixed point? yes, and does not add relevant parameters  unique 
prediction


• physical (Euclidean) result ( ):

⇒

k → 0

FE(P2) = − 128G2
N e

GNP2
2g* Γ (0,

GNP2

2g* )

BK 2602.21285

k∂kFE
k (P2) = (16πgk)2 2

π2k4
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2k2

P2/k2



Gravity-induced scalar vertex
FE(P2) = − 128G2

N e
GNP2

2g* Γ (0,
GNP2

2g* )

BK 2602.21285
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Gravity-induced scalar vertex
FE(P2) = − 128G2

N e
GNP2

2g* Γ (0,
GNP2

2g* )

BK 2602.21285
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Gravity-induced scalar vertex

• scale transmutation: all momenta measured in Planck units (as expected 
from EFT arguments) despite quadratic beta function

BK 2602.21285
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Gravity-induced scalar vertex

• scale transmutation: all momenta measured in Planck units (as expected 
from EFT arguments) despite quadratic beta function


• analytic structure:
FE(P2) = 128G2

N ∑
n≥0

1
n! [−ψ(n + 1) + ln

GNP2

2g* ] ( GNP2

2g* )
n

BK 2602.21285
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Gravity-induced scalar vertex

• scale transmutation: all momenta measured in Planck units (as expected 
from EFT arguments) despite quadratic beta function


• analytic structure:


• non-perturbative: perturbative limit corresponds to g* → ∞

FE(P2) = 128G2
N ∑

n≥0

1
n! [−ψ(n + 1) + ln

GNP2

2g* ] ( GNP2

2g* )
n

BK 2602.21285
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Gravity-induced scalar vertex with masses

ΓE
k = ∫ d4x g [ −

1
16πGN,k

R +
1
2

(Dμϕ)(Dμϕ) +
1
2

(Dμχ)(Dμχ)

+
1
2

M2
ϕ,kϕ

2 +
1
2

M2
χ,k χ2 +

1
4

ϕ2FE
4,k(Δ)χ2]

BK 2602.21285



Gravity-induced scalar vertex with masses

• similar approximation as before, with simple flow for masses:

ΓE
k = ∫ d4x g [ −

1
16πGN,k

R +
1
2

(Dμϕ)(Dμϕ) +
1
2

(Dμχ)(Dμχ)

+
1
2

M2
ϕ,kϕ

2 +
1
2

M2
χ,k χ2 +

1
4

ϕ2FE
4,k(Δ)χ2]

M2
ϕ,k = M2

ϕ + m2
ϕ,*k

2 , M2
χ,k = M2

χ + m2
χ,*k

2
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Gravity-induced scalar vertex with masses

• gravitational logarithm still there but quantitatively irrelevant

FE
4 (P2) ∼ −

16πg*m2
ϕ,*m2

χ,*

1 + 5g*

π

−
80g*GN

1 + 5g*

π

(m2
ϕ,*M

2
χ + m2

χ,*M
2
ϕ)

+80G2
NM2

ϕM2
χ (2γ − 1 + ψ (2+ 5g*

π ) + ln
GNP2

2g* )
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Gravity-induced scalar vertex with masses

• gravitational logarithm still there but quantitatively irrelevant

FE
4 (P2) ∼ −

16πg*m2
ϕ,*m2

χ,*

1 + 5g*

π

−
80g*GN

1 + 5g*

π

(m2
ϕ,*M

2
χ + m2

χ,*M
2
ϕ)

+80G2
NM2

ϕM2
χ (2γ − 1 + ψ (2+ 5g*

π ) + ln
GNP2

2g* )

P2 ≃ 10−38e−1068GeV
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Gravity-mediated scattering amplitudes
• strategy for a given scattering amplitude:


1. parameterise all possible terms in the effective action that contribute 
to the scattering event


2. compute ingredients from first principles


3. confront with experimental data and theoretical constraints (finiteness, 
unitarity, causality, …)



Scalar-scalar scattering
ϕ

ϕ

ϕ

ϕ

χ

χ

χ

χ

h

𝒜tree
s = 8πGN

tu
s

𝒜QG
× = −

1
16 [2(t2 + u2) − s2] FL(s)

large energy: no cancellation of  scaling (kinematically), needs better approximationE2
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Scalar-scalar scattering
ϕ

ϕ

ϕ

ϕ

χ

χ

χ

χ

h

𝒜tree
s = 8πGN

tu
s

𝒜QG
× = −

1
16 [2(t2 + u2) − s2] FL(s)

:  Pastor-Gutiérrez, Pawlowski, Reichert, Ruisi 2412.13800e+e− → μ+μ−

large energy: no cancellation of  scaling (kinematically), needs better approximationE2
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• QG can be formulated as a QFT


• not clear yet: is it unitary, causal, …?


• computing scattering amplitudes can help answering these questions


• we can compute scattering amplitudes in Asymptotic Safety!

Summary


