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Problems: Ostrogradsky instability, Ghosts and Tachyons

• General Relativity as a Quantum Field Theory is perturbatively non-renormalizable 

• Higher Derivative Theories: a class of theories involving higher terms in curvature
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  Historical Review

3

• Asymptotically Free (AF) only with scalar tachyon 
(No Nakanishi-Lautrup ghost)

Julve & Tonin   

Quadratic Gravity RG Equations

• AF without scalar tachyon (Numerical Error) Fradkin & Tseytlin

Avramidi & Barvinski (1985)

(1982)

(1978)

• AF again only with tachyons
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  Historical Review
Quadratic Gravity RG Equations

Avramidi & Barvinski (1985)
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Do these equations really describe the 
momenta dependence of scattering 

amplitudes?

μ = p?
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Gell-Man & Low
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Running couplings from Scattering Amplitudes

p ≫ m

• One-loop renormalized amplitude

A(p, mi, gj) ≃ gj + g2
j log ( p2

m2
i )

• Large logs can be reabsorbed  

perturbativity breaks when 

gi( p̄) = gi + g2
i log ( p̄2

m2
j )

A(p, p̄, mi, gj) ≃ gi( p̄) + g2
i ( p̄)log ( p2

p̄2 )
• Momentum running (p-running) is defined by integrating an infinitesimal shift of p̄

βp̄(g) ≡ p̄
d

dp̄
g(p̄)

-runningp

Gell-Man & Low
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Running couplings from Regulator
Wilson

• Regularization introduces an unphysical energy scale ( ,  , , . . .)Λ k μ

A(p, mi, μ, gj) ≃ gi(μ) + g2
i (μ) + log ( f(mi, p)

μ2 )
• Physics must be independent of   μ Callan-Symanzik equations (RGE):

d
dμ

A(gi, mj, p) = 0 βμ(g) ≡ μ
∂

∂μ
g(μ) ∝

1
ϵ

poles

-runningμ
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βμ
mi=0 = β p̄(g) = βμ

mi≠0(g)
UV Limit
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βμ
mi=0 = β p̄(g) = βμ

mi≠0(g)
UV Limit

[Running of αₛ(Q) PDG 23]

2-Derivatives

   -running & -runningp μ
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Why Higher Derivatives are 
different?
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IR Finite UV Divergent

βμ
mi=0 = β p̄(g) = βμ

mi≠0(g) Up to 𝓞(mi/p)

  2-Derivatives Diagrams
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1
p4
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βp̄(g) = βμ
mi=0(g) ≠ βμ

mi≠0(g) when p̄ ≫ mi

IR  poles are replaced by  not related to UV      1
ϵ log(p2/m2

j ) 1
ϵ (log(μ2/m2

j ))
Mass acts as an IR regulator.

1
p4

1…(p1…pn−1)4 ∫ d4q
N(q, p)

q4
+ …

  4-Derivatives: Mass Regulator

1
p4

1…(p1…pn−1)4 ∫ d4q
N(q, p)

(q2+m2)2
+ …
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Tadpoles & Bubbles

p
q

p

Tadpole

p

q

p

Bubble
q + p

• Considering the propagator:p4 1
m2p2 + p4

m = 0

m ≠ 0

0

∼
𝒜
ϵ

+log ( μ2

m2 )

m = 0

m ≠ 0

∼
𝒜2

p4ϵ
+

𝒜2

p4
log ( μ2

p2 )
∼

𝒜2

p4
log ( m2

p2 )+𝒪 ( m
p )
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How to approach the 
computation?
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Computational Approach
• The relevant information lies in  the two-point  functions

Γ(2)
1−loop =

δ2Γ
δgμνδgαβ

flat

= −
1
2 {2 }
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Computational Approach
• The relevant information lies in  the two-point  functions

Γ(2)
1−loop =

δ2Γ
δgμνδgαβ

flat

= −
1
2 {2 }

Γ1−loop = Shds +
1
2

log S(2)
hds → S + ∫ d4x g{Cμναβ fλ(p2; μ2, m2)Cμναβ + R fξ(p2; μ2, m2)R}

S = ∫ dxd |g | { −
1
2λ

C2 −
1
ξ

R2}
• One compares the EA form factor with the actual diagram computation 
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Effective Action and Form-Factors
•  UV divergent part:

fi,div(p2; μ2, m2) = 2bi
μϵ

ϵ
βμs • d = 4 − ϵ
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Effective Action and Form-Factors

• After the subtraction of the UV divergencies and ϵ → 0

• Then move the renormalization point from m to  close to  p̄ p

fi,ren(p2; μ2, m2) = bi log(μ2/m2)+ci log(m2/p2) bi ≠ ci

•  Absorbe the first term through a finite subtraction: renormalized coupling (scale m).

•  UV divergent part:

fi,div(p2; μ2, m2) = 2bi
μϵ

ϵ
βμs • d = 4 − ϵ

βp(g) ∝ p
d

dp
fi,ren(p2)
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 is not  without Tadpolesβp(g) βμ(g)
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Let’s review some results
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Quadratic Gravity

D. Buccio, J. Donoghue, G. Menezes, R. Percacci Phys.Rev.Lett. 133 (2024) 2, 021604

 Tachyons for (λ < 0, ξ > 0)! !

βμ
λ = −

1
(4π)2

133
10

λ2

βμ
ξ = −

1
(4π)2

5(ξ2 − 36ξλ + 72λ2)
36

-runningμ

Avramidi  
& Barvinski
(1985)

-0.02 0 0.02
-1

0

1

ξ

λ



19Quantum Gravity and Cosmology 2026, Bologna, Italy 

Quadratic Gravity

The red line flows towards AF without Tachyons!
D. Buccio, J. Donoghue, G. Menezes, R. Percacci Phys.Rev.Lett. 133 (2024) 2, 021604

 Tachyons for (λ < 0, ξ > 0)! !

βμ
λ = −

1
(4π)2

133
10

λ2

βμ
ξ = −

1
(4π)2

5(ξ2 − 36ξλ + 72λ2)
36

-runningμ -runningp

Avramidi  
& Barvinski
(1985)

βp
λ = −

1
(4π)2

(1617λ − 20ξ)
90

λ

βp
ξ = −

1
(4π)2

ξ2 − 36ξλ − 2520λ2

36

-0.02 0 0.02
-1

0

1

ξ

λ

-0.02 0 0.02
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0

1

ξ
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Higher-Derivative Scalar Field
• Non-dynamical metric

Shds[φ] =
1
2 ∫ d4x gφ(□2φ + ∇μ(ξ1Rμν + ξ2gμνR)∇ν)φ + φ(λ1C2 + λ2RμνRμν + λ3R2 + λ4 □ R )φ

D. Buccio, L. Parente and O. Zanusso, Phys.Rev.D111 (2025), arXiv: 2410.21475
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Higher-Derivative Scalar Field
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(4π)2βs
1
λ
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1
30

+
ξ1

24
(ξ1 − 4) − 2λ1 − λ2 ,

(4π)2βs
1
ξ

=
1
18

+
ξ1

18
+

5ξ2
1

72
+

ξ2

3
+

ξ1ξ2

3
+ ξ2

2 −
2λ2

3
− 2λ3
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Higher-Derivative Scalar Field
• Non-dynamical metric

(4π)2βs
1
λ

=
1
30

+
ξ1

24
(ξ1 − 4) − 2λ1 − λ2 ,

(4π)2βs
1
ξ

=
1
18

+
ξ1

18
+

5ξ2
1

72
+

ξ2

3
+

ξ1ξ2

3
+ ξ2

2 −
2λ2

3
− 2λ3

(4π)2βs,p
1
λ

=
1
30

+
ξ1

24
(ξ1 − 4) ,

(4π)2βs,p
1
ξ

=
1
18

+
ξ1

18
+

5ξ2
1

72
+

ξ2

3
+

ξ1ξ2

3
+ ξ2

2 − 2λ2
4

•  contribute to tadpole onlyλ1,2,3 •  is linear ( )  contribute to 
bubbles, in tadpoles gives  a total 
derivative

λ4 □ R

-runningμ p-running

Shds[φ] =
1
2 ∫ d4x gφ(□2φ + ∇μ(ξ1Rμν + ξ2gμνR)∇ν)φ + φ(λ1C2 + λ2RμνRμν + λ3R2 + λ4 □ R )φ

D. Buccio, L. Parente and O. Zanusso, Phys.Rev.D111 (2025), arXiv: 2410.21475



21Quantum Gravity and Cosmology 2026, Bologna, Italy 

D. Buccio, L. Parente and O. Zanusso, Phys.Rev.D111 (2025), arXiv: 2410.21475

Higher Derivative Conformal Gravity

Scg[gμν] = ∫ d4x g{ 1
2λ

C2 −
1
ρ

E4}

(4π)2βcg
1
λ

=
199
15

-runningμ -runningp

(4π)2βcg,p
1
λ

=
93
5

I. Antoniadis, P. O. Mazur and E. Mottola,'92
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Is p-running physical?
[Salvio,Strumia,Vitti ’25][Buccio, De Brito, Parente ’25]
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Gauge Dependence

SGF+FP+LN[h, ḡ] = − ∫ d4x ḡ ( 1
2g1

FμYμνFν + c̄μ Yμ
ρ[ ḡρν□̄ + (2g2+1) ∇̄ρ ∇̄ν + R̄ρν ]cν +

1
2

bμYμνbν)

Fμ = ∇̄λhλμ+g2 ∇̄μhν
ν and Yμν = ḡμν□̄+g3 ∇̄μ ∇̄ν−g4 ∇̄ν ∇̄μ

g1,2,3,4  the gauge parameters

D. Buccio, G. P. De Brito and L. Parente, Phys.Rev.D 112 (2025), arXiv: 2507.15835 


Considering Quadratic Gravity Gauge Sector
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Gauge Dependence

D. Buccio, G. P. De Brito and L. Parente, Phys.Rev.D 112 (2025), arXiv: 2507.15835 


𝒞R2 =
18g1(−120λ(8g2(g2+2)(g3 − g4+1) + 8g3−8g4+9)

g3 − g4+1

+
44ξ(g2(g2+2)(g3 − g4+1)+g3 − g4) + 45ξ)

g3 − g4+1
−22320(g2+1)2λ2 − 120(8g2(4g2+5) + 17)λξ + (2g2(89g2+112) + 55)ξ2

𝒞C2 = 90g1(ξ(8g2(g2+2)(g3 − g4+1) + 8g3−8g4+9)

−12λ(26g2(g2+2)(g3 − g4+1) + 26g3−26g4+27))
+(g3 − g4+1)(−305352(g2+1)2λ2 + 60(2(7 − 16g2)g2+37)λξ + 5(4g2ξ + ξ)2)

p
∂λ(p)

∂p
= β(p)

λ =
𝒞C2

311040π2(g2+1)2(g3−g4+1)
p

∂ξ(p)
∂p

= β(p)
λ = −

𝒞R2

10368π2(g2+1)2

The results are clearly depending on the gauge choice
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Conclusions

• Renormalization and running are not equivalent concepts

• In higher derivative theories UV-IR mixing in beta functions

•Momentum beta functions differs from standard ones

• The momentum beta functions are gauge dependent 
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Outlooks

•Compute scattering amplitudes/cross sections. Which asymptotic 
states? 


•Different parametrizations? [Salvio,Strumia,Vitti ’25]


•  Do the same IR contributions appear also with other RG 
approaches?
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Thank you for your attention
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Higher Derivative Conformal Gravity

Scg[gμν] = ∫ d4x g{ 1
2λ

C2 −
1
ρ

E4} ,

  the metric is a dynamical field     only TT-graviton propagates ∙ ∙ gμν = ḡμν + hμν ∙
  Gauge conditions:∙

Fμ = ∇̄λhλμ + β ∇̄μh Yμν = ḡμν□̄ + γ ∇̄μ ∇̄ν − δ ∇̄ν ∇̄μ

SGF+FP = −
1

2α ∫ d4x ḡ{FμYμνFν + ic̄μYμν[ḡνρ□̄ + (2β + 1) ∇̄ν ∇̄ρ + R̄νρ]cρ}
Leading fourth order part of the kinetic term of the traceless graviton   by choice of GF parameters:→ □̄2

α = λ , β = −
1
4

, γ = − 2 , δ = 1
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Computational Approach

• Considering the Graviton Spin Decomposition

Hαβ
μν = Pα

(μPβ
ν) −

1
3

PμνPαβ Sαβ
μν =

1
3

PμνPαβ

Spin-2 (TT) Spin-2 (Scalar)

δ2Γ
δgμνδgαβ

flat

= 2fλHμναβ + 12fξSμναβ + ⋯ ,


