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Asymptotically Safe QG in a nutshell
Hot Topics

• Unitarity 

• Observables 

• Lorentzian Computations 

• Standard Model 

• Cosmology, BH physics, …

This Work: physical 
momentum computation

See also [Pastor-Gutiérrez, Pawlowski, Reichert, Ruisi ‘24] 
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Scattering in QG

ϕϕ → ϕϕ
Graviton mediated process

GN s GN s
1
s𝒜 ∼ × × ∼ GN s

“The cure” GN = GN(k) ∼
1
k2

for k > Mpl 𝒜  has a chance to be finite!

The cartoon

Unitarity at 
stake!!!Classical
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Not the full story See also [Donoghue ’19] [Bonanno et al. ’20] 

Scattering in QG
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Not the full story

• In AS mostly RG improvement k2 ∼ s

See also [Donoghue ’19] [Bonanno et al. ’20] 
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Not the full story

• In AS mostly RG improvement k2 ∼ s

• Not suitable for multiscale problems  - channelss & t

• Need genuine momentum computations

Fluctuation Approach
[Pawlowski, Reichert ’21]

[Pawlowski, Reichert ’23]

See also [Donoghue ’19] [Bonanno et al. ’20] 

Scattering in QG
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Form Factor Approach
[Knorr, Saueressig ’18]
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The cartoon upgraded
Scattering in QG
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ϕϕ → ϕϕ
Graviton mediated process

Γ̄hϕϕ 𝒢̄hh𝒜 ∼ × ×

The cartoon upgraded

1PI version Γ̄hϕϕ

= GN(s)
1
s (t2 − 4tu + u2 − s2)

Scattering in QG
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Scalar-Graviton vertex in AS
How to

!hωω(p1, p2, ph) = ph
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Scalar-Graviton vertex in AS
How to

∼ Γhϕϕ
k (p1, p2, ph)

Tensor structure: min. coupled scalars

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

Wetterich Equation 

∂tΓk =
1
2
Tr[ ∂tRk

Γ(2)
k + Rk ] ⇒ ∂tΓhϕϕ

k (p1, p2, ph)

!hωω(p1, p2, ph) = ph

p1

p2

p1
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Momentum variables 

 

 

p2 = |p1 |2 = |p2 |2

p1 ⋅ p2 = p2 z

|ph |2 = 2 p2 (1 + z)
Euclidean! 
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Flow Equation

Diagrams generated in ∂tΓhϕϕ
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ωt!
hωω = →1

2
+ + 2 + 2 → 2 → → → 2
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Scalar-Graviton vertex in AS
Flow Equation

Diagrams generated in ∂tΓhϕϕ
k

Flow Equation
∂tghϕϕ,k(p, z) = (2 + ηh,k)ghϕϕ,k(p, z) + g2

hϕϕ,k(p, z) Diagk(p, z)

See Also [Eichhorn, Labus, Pawlowski, Reichert ’18]

ωt!
hωω = →1

2
+ + 2 + 2 → 2 → → → 2
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Scalar-Graviton vertex in AS
Flow Equation

Diagrams generated in ∂tΓhϕϕ
k

Flow Equation
∂tghϕϕ,k(p, z) = (2 + ηh,k)ghϕϕ,k(p, z) + g2

hϕϕ,k(p, z) Diagk(p, z)

See Also [Eichhorn, Labus, Pawlowski, Reichert ’18]

ωt!
hωω = →1

2
+ + 2 + 2 → 2 → → → 2

Resolve the  dependence(p, z)  integrate to  (physics)→ k = 0
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Newton Coupling 

•  const. in the IR Ghϕϕ p ≪ 1

• Non-perturbative corrections: Ghϕϕ ∼ p−2

Asymptotic Safety hallmark
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RESULTS
Newton Coupling 

•  const. in the IR Ghϕϕ p ≪ 1

• Non-perturbative corrections: Ghϕϕ ∼ p−2

Asymptotic Safety hallmark

•  influences the transitionz
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Interlude
Momentum Variables

•  Euclidean  Wick rotation? 

• Relate to  + angles  in CoM frame


• Reconstruct only  Multivariable reconstruction 

• On-shell: 

(p, z) ⇒

p0, ⃗p, ⃗l ϕin, ϕout

p0

p2
0 = | ⃗p |2

ω

ω

h
ω

ω

p0, ⃗p

cos ϕin

p0, ⃗p

p0, ⃗l

cos ϕout

p0, ⃗l

𝒜 = Ghϕϕ(p0, | ⃗p | , ϕin) Ghϕϕ(p0, | ⃗l | , ϕout) × T . C . = VE(p0) × T . C .
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RESULTS
Euclidean Vertex

𝒜 = VE(p0) × T . C . =
1
s

(t2 − 4tu + u2 − s2)
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RESULTS
Euclidean Vertex

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

=
1
s

(t2 − 4tu + u2 − s2)
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RESULTS
Euclidean Vertex

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

=
1
s

(t2 − 4tu + u2 − s2)
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Amplitude & Cross Section
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RESULTS
Amplitude & Cross Section

• Reconstruct and p0 → − ip0

Numerical Nightmare
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RESULTS
Amplitude & Cross Section

• Reconstruct and p0 → − ip0

• On-shell  dependence → s, t, u

𝒜s = VL(s)
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s (t2 − 4tu + u2 − s2)
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RESULTS
Amplitude & Cross Section

• Reconstruct and p0 → − ip0

• On-shell  dependence → s, t, u

𝒜s = VL(s)
1
s (t2 − 4tu + u2 − s2)

• Cross Section 

dσs

dΩ
=

1
64π2s

|𝒜s |2
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RESULTS
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RGi comparison

• Standard RGi   p = 0, k = s
VL(s) ⟶ G( s,0)

• Euclidean RGi  k → 0, p2 = s
VL(s) ⟶ G(0, s)

• Adapted RGi: use fix point of  VL

VRG(s) =
V*

s + V* M2
pl

RESULTS
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#
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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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[Pastor-Gutiérrez, Pawlowski, Reichert, Ruisi ‘24] 
[Maas, Plätzer, Pressler ’25]
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Outlook
Include  all  the  channels

channel: for ,  t− s → ∞ 𝒜t ∝ VL(t) s2

Full  Amplitude

Contact  term  Γ4ϕ
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Conclusions & Outlook
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! Full  momentum  dependence   

! channel  amplitude  FINITE 

! Indications  for  Unitarity 

! Graviball? 

channel:  for  ,    

Contact  term  

Ghϕϕ(p, z)

s−

t− s → ∞ 𝒜t ∝ VL(t) s2

Γ4ϕ ∼

0.1 0.5 1 5 10 50 100

10-5

10-4

0.001

0.010

0.100

1

10

Thanks  for  your  attention!
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Approximations
Massage the Flow eq.

•  at LO in  gauge


• Neglect matter self-interactions


• Couplings  loop independent 


• Identify all 


• Neglect 


• “1-loop approx” 

ηϕ ≡ 0 α = 0, β = 1

gn,m

gn,m ≡ ghϕϕ

μ = λi = 0

ηh(q) ≡ 0


∂tgk,hϕϕ(p1, p2) = 2 + ∑
j

ηk,j(p2
j ) gk,hϕϕ(p1, p2)+

+2g1/2
k,hϕϕ(p1, p2)

∂tΓ̄hϕϕ
μν 𝒯hϕϕ,μν

𝒩k−1
,

∂tghϕϕ,k(p, z) = (2 + ηh,k)ghϕϕ,k(p, z) + g2
hϕϕ,k(p, z) Diagk(p, z)
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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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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 ℑV( | ⃗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
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Reconstruction
Technical details - Algorithm

1. Select  points from data & sample 


2. Compute ,  and 


3. Compute 


4. Reject if  and select other  random points.


5. Accept otherwise and compute 


6. Repeat 1-5 for each  


7. Repeat 1-6  times  average 6 error bars!

N < M (p(i)
0 , V( | ⃗p | ; p(i)

0 ))

CN(p0) ρM(λ) Vrec(p0)

χ2 =
1
M

M

∑
i=1

(
V ( | ⃗p | ; p(i)

0 ) − Vrec,N ( | ⃗p | ; p(i)
0 ) )

2

χ2 > χ2
T N

VL( | ⃗p | )

| ⃗p |

L = 80 ⇒
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Comparison
Other reconstructions  

!"!# !"#! # #! #!!

!"!!#

!"!#!

!"#!!

#

#!

,   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

!"!# !"$! !"#! $ # $!

!"!$

$! %

$! $%

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


