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THE STAGE
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Scattering in QG
 tree level diagramsϕϕ → ϕϕ
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Γk = SEH + Sgf + Sgh +
1
2 ∫ d4x g∂μϕ∂μϕ



Angelo P. Chiesa - “13th ERG Conference” @Sussex - 03/09/2026

 tree level diagramsϕϕ → χχ

4

Scattering in QG

Γk = SEH + Sgf + Sgh +
1
2 ∫ d4x g∂μϕ∂μϕ

p4

p1

p2

p3

=

p1

p2

p3

p4

+

p1

p2

p3

p4

+
1
2 ∫ d4x g∂μχ∂μχ



Angelo P. Chiesa - “13th ERG Conference” @Sussex - 03/09/2026

 tree level diagramsϕϕ → χχ

4

Scattering in QG

Γk = SEH + Sgf + Sgh +
1
2 ∫ d4x g∂μϕ∂μϕ

Gravity mediated

p4

p1

p2

p3

=

p1

p2

p3

p4

+

p1

p2

p3

p4

+
1
2 ∫ d4x g∂μχ∂μχ



Angelo P. Chiesa - “13th ERG Conference” @Sussex - 03/09/2026

 tree level diagramsϕϕ → χχ
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Scattering in QG

Γk = SEH + Sgf + Sgh +
1
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Scattering in QG
The cartoon
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ϕϕ → χχ
Graviton mediated process

GN s GN s
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“The cure” GN = GN(k) ∼
1
k2
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stake!!!Classical

5



Angelo P. Chiesa - “13th ERG Conference” @Sussex - 03/09/2026

ϕϕ → χχ
1PI diagrams

𝒜 ∼

The cartoon upgraded

1PI version

Scattering in QG
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ϕϕ → χχ
1PI diagrams

𝒜 ∼

The cartoon upgraded

1PI version

Scattering in QG
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+
Fluctuation Approach

[Pawlowski, Reichert ’21] [Pawlowski, Reichert ’23]

Form Factor Approach
[Knorr, Saueressig ’18] [Draper, Knorr, Ripken, 

Saueressig ‘20]
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ϕϕ → χχ
1PI diagrams

Γ̄ϕϕh 𝒢̄hh𝒜 ∼ × ×

The cartoon upgraded

1PI version Γ̄ϕϕh

= V(s)
1
s (t2 − 4tu + u2 − s2) + Γ̄(4)(s, t)
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HOW TO
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Rk = k2
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Euclidean Γϕϕh

“Through the looking glass“

!hωω(p1, p2, ph) = ph

p1

p2

p1

p2

ph ∼ Γϕϕh
k (p1, p2)

[APC, Pawlowski, 
Reichert 2603.10168]
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Euclidean Γϕϕh

“Through the looking glass“
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• Momenta , 


• Need Wick Rotation


• Reconstrution (see later)

(∥p1∥,∥p2∥, z) p1 ⋅ p2 = ∥p1∥∥p2∥ z
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Euclidean Γϕϕh
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!hωω(p1, p2, ph) = ph
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ph ∼ Γϕϕh
k (p1, p2)

[APC, Pawlowski, 
Reichert 2603.10168]

See also talk by 
Benjamin Knorr
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• Lorentzian fRG


• On-shell, Lorentzian flow 


•  

∂tIm Γ(4)
k (s, t)

Γk ⊃
1
2 ∫ d4x g∂μϕ∂μϕ +

1
2 ∫ d4x g∂μχ∂μχ

10

Lorentzian Γ(4)
“Through the looking glass“

 [APC, Reichert 
261X.XXXXX]
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Lorentzian Γ(4)
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[Braun et al. ’22] [Fehre, Litim, Pawlowski, Reichert. ’21] [Kher, King, Litim, 
Reichert. ’25] [Pawlowski, Reichert, Wessely ‘25] [Assant, Litim, Reichert ’26]
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261X.XXXXX]
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• On-shell, Lorentzian flow
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RESULTS

11



Angelo P. Chiesa - “13th ERG Conference” @Sussex - 03/09/2026

RESULT
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Interlude
Momentum Variables

•  Euclidean  Wick rotation? 

•  to  + angles  in CoM frame


• Reconstruct only  Multivariable reconstruction 

• On-shell: 

(p, z) ⇒

(p, z) p0, ⃗p, ⃗l ϕin, ϕout

p0

p2
0 = ∥ ⃗p∥2

ω

ω

h

ε

ε

p0, ⃗p

cos ϕin

p0, ⃗p

p0, ⃗l

cos ϕout

p0, ⃗l

𝒜 = Gϕϕh(p0,∥ ⃗p∥, ϕin) Gϕϕh(p0,∥ ⃗l∥, ϕout) × T . C . = VE(p0) × T . C .

13
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“Through the looking glass“
Lorentzian Γ4ϕ

ωt!
(4ω) = ω̃t
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Structure:





Approximations:


1. 


2. 


3.

∂t Im Γ4ϕ(s, t) = GN(x)2 Im Diagk(s, t)

GN(x) ≡ GN

GN(x) = GN(k) =
g∗

k2 + g∗M2
pl

GN(x) = GN(k, s) =
g∗

k2 + s + g∗M2
pl

“Through the looking glass“
Lorentzian Γ4ϕ

Educated by Euclidean results

ωt!
(4ω) = ω̃t

(
+ + +

)

∂t =



Angelo P. Chiesa - “13th ERG Conference” @Sussex - 03/09/2026 14

Structure:





Approximations:


1. 


2. 


3.

∂t Im Γ4ϕ(s, t) = GN(x)2 Im Diagk(s, t)

GN(x) ≡ GN

GN(x) = GN(k) =
g∗

k2 + g∗M2
pl

GN(x) = GN(k, s) =
g∗

k2 + s + g∗M2
pl

“Through the looking glass“
Lorentzian Γ4ϕ

Educated by Euclidean results
0.1 1 10 100 1000

10-1

1

101
102
103
104
105 ∼ s2

∼ s + log(s)

∼ const.

∼ s2

 Amplitude

t → 0

ωt!
(4ω) = ω̃t

(
+ + +

)

∂t =



Angelo P. Chiesa - “13th ERG Conference” @Sussex - 03/09/2026 15

GN(x) = GN(k, s) =
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Different Schemes and Gauges
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Interlude
Unitarity & Bounds

17

• S-matrix Unitarity: 


• Partial Waves (PW) Unitarity:


(non linear)                 (linear)


• Partial Waves:  


SS† = 𝕀

2Im aj(s) ≳ |aj(s) |2 0 ≤ Im aj(s) ≤ 1

𝒜(s, θ) = 32π∑
j

aj(s)Pj(cos θ)
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[Eichhorn, Held ’17]Weak-Gravity Bound
From unitarity

18
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[Eichhorn, Held ’17]Weak-Gravity Bound
From unitarity

• Im aj(s) = Im amed
j (s) + Im a(4)

j (s)

18
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[Eichhorn, Held ’17]
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Conclusions & Outlook

19

• Scattering Amplitudes in ASQG 

• Finite mediated & finite contact amplitude 

• Unitarity Bounds on FP 

• channel? 

 bounds: fixed point independence? 

Lorentzian Mediated??

t−

a0, a2
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Thanks for your attention!
(More) DETAILS 2603.10168 or a.portas-chiesa@sussex.ac.uk

mailto:a.portas-chiesa@sussex.ac.uk
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BACKUP
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Massage
!hωω(p1, p2, ph) = ph

p1

p2

p1

p2

phScalar-Graviton vertex in AS

Effective Universality
[Eichhorn, Labus, Pawlowski, Reichert ’18]


[Eichhorn, Lippoldt, Pawlowski, Reichert, Schiffer ’18] •  loop independent 


•

gn,m

μ = λi = 0

• Loops: 


•  classical

ηh(q) ≡ 0

𝒯ϕϕh,μν

∂tgϕϕh,k(p1, p2) = (2 + ηh,k(p2
h)) gϕϕh,k(p1, p2) + g1/2

ϕϕh,k(p1, p2)
∂tΓ̄ϕϕh

μν 𝒯ϕϕh,μν

𝒩k−1

ωt!
ωωh = →1

2
+ + 2 + 2 → 2 → → → 2

≡ gϕϕh&
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ωt!
ωωh = →1

2
+ + 2 + 2 → 2 → → → 2

Scalar-Graviton vertex in AS
Flow Equation

Diagrams generated in ∂tΓϕϕh
k

Flow Equation

∂tgϕϕh,k(p, z) = (2 + ηh,k(p, z))gϕϕh,k(p, z) + g2
ϕϕh,k(p, z) Diagk(p, z)

 dependence(p/k, z)   (physics)→ k = 0

!hωω(p1, p2, ph) = ph

p1

p2

p1

p2

ph
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Momentum Variables
Full glory

z =
p1 ⋅ p2

|p1 | |p2 |
p2
in = p2

0 + | ⃗p |2 zin = 1 +
| ⃗p |2

| ⃗p |2 + p2
0

(cos (ϕin) − 1)
p2
out = l2

0 + | ⃗l |2 zout = 1 +
| ⃗l |2

| ⃗l |2 + l2
0

(cos (ϕout) − 1)
l2
0 =

1
2 (2p2

0 + | ⃗p |2 (1 + cos ϕin) − | ⃗l |2 (1 + cos ϕout))
⃗p ⋅ ⃗l = | ⃗p | | ⃗l |cos θsc s = 2p2

in(1 + zin) = 2p2
out(1 + zout)

t = p2
in + p2

out + 2(p0l0 + | ⃗p | | ⃗l |cos θsc)

u = 2p2
in + 2p2

out − s − t
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1

RESULTS
Newton Coupling 

•  const. in the IR 


• Non-perturbative corrections: 


Asymptotic Safety hallmark 

•  influences the transition

Gϕϕh p ≪ 1

Gϕϕh ∼ p−2

z

25
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RESULTS
Newton Coupling 

•  const. in the IR 


• Non-perturbative corrections: 


Asymptotic Safety hallmark 

•  influences the transition

Gϕϕh p ≪ 1

Gϕϕh ∼ p−2

z
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RESULTS
Euclidean Vertex

𝒜 = VE(p0) × T . C .
Quantum corrections, Physical AS

=
1
s

(t2 − 4tu + u2 − s2)

0.01 0.10 1 10

10-4
10-3
10-2
10-1
1

10

0.1 0.5 1 5 10
10-3

10-2

10-1

1

10

0.5 1 5 10

10-3

10-2

10-1

1
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CN(x) =
y1

1+
a1(x − x1)

1+
a2(x − x2)

⋮ …aN−1(x − xN−1)

Reconstruction
Technical details - Pipeline

• Assume a continued fraction for 


• Get the coefficient 


• Derive the spectral function 


• Compute 


• Compute  On-shell Lorentzian Vertex

VE(∥ ⃗p∥; p0)

ρ(∥ ⃗p∥; λ) = 2 ImV(∥ ⃗p∥; − i(λ + i0+))

Vrec(∥ ⃗p∥; p0) = ∫
∞

0

dλλ
π

ρ(∥ ⃗p∥; λ)
λ2 + p2

0
.

VL(∥ ⃗p∥) = ∫
∞

0

dλλ
π

ρ(∥ ⃗p∥; λ)
λ2 − ∥ ⃗p∥2 + i0+

Hard Part

28
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M Euclidean Data

(p(i)

0 , Vi)

Sample N<M

Fixed ∥ ⃗p∥

Get 


• 


•
CN(p0)
ρM(λ)

Vrec(∥ ⃗p∥; p0) = ∫
∞

0

dλλ
π

ρ(∥ ⃗p∥; λ)
λ2 + p2

0
.

χ2 =
1
M

M

∑
i=1

(Vi − Vrec (p(i)
0 ))

2

Vi
 VL(∥ ⃗p∥) = ∫

∞

0

dλλ
π

ρ(∥ ⃗p∥; λ)
λ2 − ∥ ⃗p∥2 + i0+

χ < χT
χ > χT

Iterate 80 times

Repeat ∥ ⃗p∥ ∈ [0 ,103]

29

Technical details - Algorithm
See also [Binosi, Tripolt ’19]
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RESULTS
Amplitude & Cross Section

• Reconstruct and 


• On-shell  dependence 





• Cross Section 


p0 → − ip0

→ s, t, u

𝒜s = VL(s)
1
s (t2 − 4tu + u2 − s2)

dσs

dΩ
=

1
64π2s

|𝒜s |2
0.1 0.5 1 5 10 50 100

0.01

0.10

1

10

100

0.1 0.5 1 5 10 50 100

10-5

10-4

0.001

0.010

0.100

1

10

Numerical Nightmare
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• Standard RGi   




• Euclidean RGi  



• Adapted RGi: use fixed point of 

p = 0, k = s
VL(s) ⟶ G( s,0)

k → 0, p2 = s
VL(s) ⟶ G(0, s)

VL(s) ⟶
V∗

s + V∗ M2
pl

RGi comparison
RESULTS

0.1 0.5 1 5 10 50 100
0.01

0.10

1

10

100

Qualitative agreement 

Miss peak structure!

𝒜s = VL(s)
1
s

(t2 − 4tu + u2 − s2)
See also [Pastor-Gutiérrez, Pawlowski, Reichert, 
Ruisi ‘24] 
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Comparison
Other reconstructions  

0.01 0.10 1 10 100

0.001

0.010

0.100

1

10

,   p2
E = (1 + λ2) | ⃗p |2 z =

−1 + λ
1 + λ

VL,λ(p0) =
1 + ∑N

n=1 anpn
0

1 + ∑N
n=1 bn+2pn+2

0

0.05 0.10 0.50 1 5 10

0.01

108

1018

VBW(p0) =
3

∑
i=1

Ni

5

∏
k=1 ( 1

(p0 + Γi,k)2 + M2
i,k )

δi,k

Gaussian Process 
Regression

Padé off-shell

Breit-Wigner

32



Angelo P. Chiesa - “13th ERG Conference” @Sussex - 03/09/2026 33

Interlude
Avatars

ωt!
(4ω) = + + + perm. 


 

= ∫q
Γϕϕhh

k (p1, p2, q)Γϕϕhh
k (p3, p4, q) f(q, p1, p2, p3, p4) ×

𝒢k(q + p1 + p2)(𝒢k∂tRk𝒢k)(q)

Main approximation: Γϕϕhh
k (p, q) ≈ Gϕϕhh

k (p,0) Tμνρσ(p, q)

ωt!
(4ω) = + + + perm.≈ Gϕϕhh

k (s, t)2 Diagk(s, t)

IR 
Gϕϕhh(0) = GN
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Interlude
Avatars




 

= ∫q
Γϕϕh

k (p1, q)Γϕϕh
k (p2, q)Γϕϕhh

k (p3, p4, q) f(q, p1, p2, p3, p4) ×

𝒢k(q + p1)𝒢k(q + p1 + p2)(𝒢k∂tRk𝒢k)(q)

Main approximation: Γϕϕh
k (p, q) ≈ Gϕϕh

k (p,0) Tμνρσ(p, q)

≈ Gϕϕh
k (s, t)Gϕϕhh

k (s, t) Diagk(s, t)

ωt!
(4ω) = + + + perm.

IR 
 Gϕϕhh(0) = GN

Gϕϕh(0) = GNωt!
(4ω) = + + + perm.
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Interlude
Avatars




 

= ∫q
Γϕϕh

k (p1, q)Γϕϕh
k (p2, q)Γϕϕhh

k (p3, p4, q) f(q, p1, p2, p3, p4) ×

𝒢k(q + p1)𝒢k(q + p1 + p2)(𝒢k∂tRk𝒢k)(q)

Main approximation: Γϕϕh
k (p, q) ≈ Gϕϕh

k (p,0) Tμνρσ(p, q)

≈ Gϕϕh
k (s, t)Gϕϕhh

k (s, t) Diagk(s, t)

ωt!
(4ω) = + + + perm.

IR 
 Gϕϕhh(0) = GN

Gϕϕh(0) = GNωt!
(4ω) = + + + perm.

UV 

  

 

k2Gϕϕhh(∞) → g∗
ϕϕhh

≠
k2Gϕϕh(∞) → g∗

ϕϕh


