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Higher derivative theories have

I interesting cosmological applications

I improved ultraviolet behavior

An example: quadratic gravity

Lgravity = αR2 + βRµνR
µν + γRµνρσR

µνρσ −
M̄2

Pl

2
R− Λ + δ�R,

(∇µ∇νRµν is dependent: ∇µ∇νRµν = 1
2
�R because of Bianchi identities)

I contains the famous Starobinsky model of inflation

LSt = αR2 −
M̄2

Pl

2
R− Λ,

in agreement with Planck data

I if all terms are kept it is renormalizable
[Stelle (1977); Barvinsky, Blas, Herrero-Valea, Sibiryakov and Steinwachs (2017)]

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.16.953
https://inspirehep.net/record/1598745
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It is possible to rewrite Lgravity:

Lgravity =
R2

6f20
−
W 2

2f22
−
M̄2

Pl

2
R− Λ− ε1G− ε2�R

with

W 2 ≡WµνρσW
µνρσ = RµνρσR

µνρσ − 2RµνR
µν +

1

3
R2

(“squared” of the Weyl tensor)

G ≡ RµνρσRµνρσ − 4RµνR
µν +R2 =

1

4
εµνρσεαβγδR

αβ
µνR

γδ
ρσ = divs.

(Gauss-Bonnet term)
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It is possible to rewrite Lgravity:

Lgravity =
R2

6f20
−
W 2

2f22
−
M̄2

Pl

2
R− Λ− ε1G− ε2�R

↙
leads to a ghost

I Classical (meta)stability? [Ostrogradsky (1850); ... Anselmi (2018); S (2019);
dos Reis, Chapiro, Shapiro (2019); Gross, Strumia, Teresi, Zerilli (2020); Held,
Lim (2021); Held, Lim (2023); Deffayet, Held, Mukohyama, Vikman (2025); Held
(2025); Anselmi, Calcagni (2025); ... ]

I Unitarity? [..., Anselmi (2017); S (2019); Donoghue, Menezes (2019); ... ]

these issues are not discussed in this talk ...

https://babel.hathitrust.org/cgi/pt?id=mdp.39015038710128&view=1up&seq=405
https://arxiv.org/abs/1809.05037v2
http://inspirehep.net/record/1722053
https://arxiv.org/abs/1903.01044
https://arxiv.org/abs/2007.05541
https://arxiv.org/abs/2104.04010
https://arxiv.org/abs/2104.04010
https://arxiv.org/abs/2306.04725
https://arxiv.org/abs/2504.11437
https://arxiv.org/abs/2509.18049v1
https://arxiv.org/abs/2509.18049v1
https://arxiv.org/abs/2510.05276v2
https://arxiv.org/abs/1704.07728
https://arxiv.org/abs/1907.00983
https://arxiv.org/abs/1908.02416
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This talk

→ a discussion of ultraviolet and infrared properties in four-derivative theories in
four-dimensions (focus on quadratic gravity as an example)

Presumably similar infrared properties are shared by two-derivative theories in
two-dimensions (the ghost issue is orthogonal to the issue addressed here)

What infrared properties?

Related to the high-energy behavior of propagators, which can appear in loop integrals
as ∫

ddk

kd
...

Neglecting masses new infrared divergences appear
(regularized by non vanishing masses)

There are also related infrared effects in cross sections even at tree level

Feynman diagrams for processes on Minkowski background will be considered
→ G and �R can be ignored
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Quadratic-gravity propagator

Looking at the terms quadratic in hµν ≡ gµν − ηµν and inverting the corresponding
differential operators one obtains the gravity propagator (in a certain gauge)

Pµν αβ(k) = i
∑

j={0,2}
cjf

2
j Π(j)(k2)P

(j)
µναβ ,

where kµ is the quadri-momentum, c0 = 1, c2 = −2. The P
(j)
µναβ are orthogonal

projectors over the spin components

P
(2)
µνρσ =

1

2
TµρTνσ +

1

2
TµσTνρ −

TµνTρσ

3
,

P
(0)
µνρσ =

TµνTρσ

3
, Tµν = ηµν − kµkν/k2

Spectrum: massless spin-2 graviton + spin-0 and spin-2 particles with masses M0, M2

Π(0)(k2) =
1

k2(k2 −M2
0 )
, Π(2)(k2) =

1

k2(k2 −M2
2 )
,

where M0 ≡ f0M̄Pl/
√

2 and M2 ≡ f2M̄Pl/
√

2.

high-energy limit: Π(j)(k2)→
1

k4

More precisely: Π(2)(k2) =
1

k2(k2 −M2
2 + iEΓ2)

, Π(0)(k2) =
1

k2(k2 −M2
0 + iEΓ0)
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Tree-level infrared effects
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Particle collisions (scattering) in quadratic gravity

Let us focus on the lowest order in the perturbative expansion

�

��

��

��

��


αβ

μν���������� �����
A = SµνP

µναβ(k)Dαβ

s = (p1 + p2)2

Cross sections mediated by hµν contain a factor f2j s
∫
dk2 Π(j)(k2)...

(leads to a power-law divergence as Mj → 0)

In the realistic massive theory, the IR divergences are regularized by Mj . Each massive
graviton contributes to the cross section with a multiplicative enhancement

f2j s

M2
j

∼
s

M̄2
Pl

↙
note that the coupling disappears

As soon as s & M̄2
Pl lots of gravitons are radiated, energy is lost =⇒ effectively one

cannot overcome M̄Pl. If Landau-poles are above M̄Pl one never reaches them
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Example

Graviton mediated 2→ 3 process

�

�

γ

ν

ν

�
�

�

�

γ

ν

ν

�

�

�

�

γ

ν

ν

γ

�

�

�

γ

ν

ν

�

The differential distribution of σ(eē→ γνν̄) is used to infer the cross section for
σ(eē→ γg)

This infrared enhancements have a counterpart at loop level: we will see it at one loop

But the s-dependent infrared enhancement should not be included in the UV running
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Ultraviolet properties

We need to discuss them: infrared and ultraviolet divergences should not be confused
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β functions

Ultraviolet effects lead to β functions

dp

d lnµ
= βp (of all parameters p)

Lmatter = −
1

4
(FAµν)2 +

DµφaDµφa

2
+ ψ̄ji /Dψj −

1

2
(Y aijψiψjφa + h.c.)

−V (φ)−
1

2
(Mijψiψj + h.c.)−

1

2
ξabφaφbR

where

V (φ) =
m2
ab

2
φaφb +

Aabc

3!
φaφbφc +

λabcd

4!
φaφbφcφd,

where all terms are contracted in a gauge-invariant way.
The covariant derivatives are

Dµφa = ∂µφa + iθAabV
A
µ φb Dµψj = ∂µψj + itAjkV

A
µ ψk +

1

2
ωabµ γabψj

I The gauge couplings are contained in the matrices θA and tA

I The spin-connection ωabµ is defined as usual by ωabµ = eaν∂µe
bν + eaρΓ ρµ σe

bσ

I γab ≡ 1
4

[γa, γb]
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Results for β functions (MS scheme)

Gauge couplings

Their contributions to the RGEs cancel!

This was previously noticed in ↖
[Narain, Anishetty (2013)]

Possible explanation:

the graviton is not charged

Possible new gravity contributions

V V

g

V

V V

g

(Rainbow) (Seagull)

Yukawa couplings

We find the one-loop RGE (where C2F ≡ tAtA and tA ≡ “fermion gauge
generators”):

(4π)2
dY a

d lnµ
=

1

2
(Y †bY bY a+Y aY †bY b)+2Y bY †aY b+Y bTr(Y †bY a)−3{C2F , Y

a}+
15

8
f22Y

a

↙

S

Ψ

Ψ

Ψg

S

Ψ

Ψ

g

S

Ψ

Ψ

Ψ

Ψ

g
S

Ψ

Ψ

g

S

Ψ
S

Ψ

Ψ

g

S

https://arxiv.org/abs/1309.0473
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Results for β functions (MS scheme)

RGEs for the quartic couplings

Tens of Feynman diagrams contribute to these RGEs ... we obtain

(4π)2
dλabcd

d lnµ
=

∑
perms

[
1

8
λabefλefcd +

3

8
{θA, θB}ab{θA, θB}cd − TrY aY †bY cY †d +

+
5

8
f42 ξabξcd +

f40
8
ξaeξcf (δeb + 6ξeb)(δfd + 6ξfd)

+
f20
4!

(δae + 6ξae)(δbf + 6ξbf )λefcd

]
+ λabcd

[∑
k

(Y k2 − 3Ck2S) + 5f22

]
,

where the first sum runs over the 4! permutations of abcd and the second sum over
k = {a, b, c, d}, with Y k2 and Ck2 defined by

Tr(Y †aY b) = Y a2 δ
ab, θAacθ

A
cb = Ca2Sδab

(θA are the scalar gauge generators)
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Results for β functions (MS scheme)

RGEs for the scalar/graviton couplings

Complicated calculation (but computer algebra helps!)

(4π)2
dξab

d lnµ
=

1

6
λabcd (6ξcd + δcd) + (6ξab + δab)

∑
k

[
Y k2
3
−
Ck2S

2

]
+

−
5f42
3f20

ξab + f20 ξac

(
ξcd +

2

3
δcd

)
(6ξdb + δdb)
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Results for β functions (MS scheme)

RGE for the gravitational couplings

g g

g

g

g g

η

η

g g

g

g g

g

g g g

η

g

The tadpole diagrams and the ghosts η must be included in the 1PI action

Huge calculation ... (computer algebra practically needed!!)

(4π)2
df22
d lnµ

= −f42
(

133

10
+
NV

5
+
Nf

20
+
Ns

60

)
(4π)2

df20
d lnµ

=
5

3
f42 + 5f22 f

2
0 +

5

6
f40 +

f40
12

(δab + 6ξab)(δab + 6ξab)

Here NV , Nf , Ns are the number of vectors, Weyl fermions and real scalars.

In the SM NV = 12, Nf = 45, Ns = 4.

We confirmed the calculations of [Avramidi, Barvinsky (1985)]

We obtained the RGEs for all massive parameters too

https://inspirehep.net/literature/221541
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Gauge invariance of the MS β functions

Expand a generic bare parameter θbare measuring the strength of a gauge-invariant
term in L as a perturbative series in terms of the renormalized parameter θ:

µ̄d−4θbare = θ +
θ1(θ, ξ)

d− 4
+

θ2(θ, ξ)

(d− 4)2
+ · · ·

where ξ is a gauge parameter (e.g. Rξ).

The θ` for ` ≥ 1 are the coefficients of the poles at d = 4.

Since θbare is ξ-independent

0 = µ̄d−4 dθbare

dξ
=
dθ

dξ
+
∞∑
k=1

1

(d− 4)k
dck(θ, ξ)

dξ

I the renormalized θ and all `-loop θ` must be gauge-independent too

I this implies that the β functions are gauge-independent
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One-loop infrared effects
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Graviton propagator

Consider again

g g

g

g

g g

η

η

g g

g

g g

g

g g g

η

g

but now including both UV divergent and UV finite parts in dimensional regularization
(to observe IR logs)

I M0 and M2 naturally regularize IR divergences → UV and IR effects are
distinguishable

I More general gauge fixing is used to test gauge (in)variance
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Graviton propagator: gauge fixing

More general gauge fixing term in the action

Sgf = −
1

2ξg

∫
d4x fµY

µνfν

Yµν = ∂2ηµν + (dg − 1)∂µ∂ν , fµ = ∂ν
(
hµν −

cg

2
ηµνhαα

)
(purely quadratic in hµν → graviton couplings are unaffected)

Resulting quadratic action

S(2) =
1

2

∫
d4k hµν

[(
−

k4

2f22
+
M̄2

Plk
2

4

)
P (2) +

(
k4

f20
+

3c2gdgk
4

4ξg
−
M̄2

Plk
2

2

)
P (0) +

+
k4

2ξg
P (1) + k4

(cg − 2)2dg

4ξg
P (0l) + k4

√
3cg(cg − 2)dg

4ξg
T (0)

]µνρσ
hρσ

New projectors (with longitudinal tensor Lµν = kµkν/k2) appear

P
(1)
µνρσ =

1

2
(TµρLνσ + TµσLνρ + TνρLµσ + TνσLµρ), P

(0l)
µνρσ = LµνLρσ ,

and T
(0)
µνρσ = P

(0tl)
µνρσ + P

(0lt)
µνρσ with P

(0tl)
µνρσ = TµνLρσ/

√
3 and P

(0lt)
µνρσ = LµνTρσ/

√
3
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Graviton propagator: gauge fixing
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Yµν = ∂2ηµν + (dg − 1)∂µ∂ν , fµ = ∂ν
(
hµν −

cg

2
ηµνhαα

)
(purely quadratic in hµν → graviton couplings are unaffected)

Resulting quadratic action

S(2) =
1

2

∫
d4k hµν

[(
−

k4

2f22
+
M̄2

Plk
2

4

)
P (2) +

(
k4

f20
+

3c2gdgk
4

4ξg
−
M̄2

Plk
2

2

)
P (0) +

+
k4

2ξg
P (1) + k4

(cg − 2)2dg

4ξg
P (0l) + k4

√
3cg(cg − 2)dg

4ξg
T (0)

]µνρσ
hρσ

New projectors (with longitudinal tensor Lµν = kµkν/k2) appear

P
(1)
µνρσ =

1

2
(TµρLνσ + TµσLνρ + TνρLµσ + TνσLµρ), P

(0l)
µνρσ = LµνLρσ ,

and T
(0)
µνρσ = P

(0tl)
µνρσ + P

(0lt)
µνρσ with P

(0tl)
µνρσ = TµνLρσ/

√
3 and P

(0lt)
µνρσ = LµνTρσ/

√
3
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Graviton propagator: tree level

(even more general) gauge fixing, going to d dimensions

S(2) =
1

2

∫
ddk hµν

[
c2P

(2)
µνρσ+c1P

(1)
µνρσ+c0P

(0)
µνρσ+clP

(0l)
µνρσ+ctlP

(0tl)
µνρσ+cltP

(0lt)
µνρσ

]
hρσ

Inverting through orthogonality relations gives the tree-level graviton propagator

Pµν ρσ = i

[
P (2)

c2
+
P (1)

c1
+
clP

(0) + c0P (0l) − ctlP (0tl) − cltP (0lt)

c0cl − ctlclt

]
µνρσ

(ξg , cg , dg) gauge

Pµν ρσ =
i

k2

[−2f2
2P

(2)

k2 −M2
2

+
2ξgP

(1)

k2
+

f2
0

(
P (0) +

√
3cgT

(0)

2−cg

)
k2 −M2

0

+
egP

(0l)

k2 −M2
0

−
4M2

0 ξgP
(0l)

(cg − 2)2dgk2(k2 −M2
0 )

]
µνρσ

where eg = (3c2gf
2
0 + 4ξg/dg)/(2 − cg)

2
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Graviton propagator: one-loop level
Field renormalization:

hµν →
1

√
ZTL

(
hµν −

1

4
ηµνhαα

)
+

1
√
ZT

1

4
ηµνhαα

in dimensional regularization (d = 4− 2ε)

ZT = 1 +
1

(4π)2ε

[
3c2g

4(cg − 2)2
f20 −

eg

4
+ 3ξg

]

ZTL = 1 +
1

(4π)2ε

[
10

9

cg − 4

cg − 2
f22 +

c2g + 12cg − 16

18(cg − 2)2
f20 +

4

3
ξg −

eg

6

]

∑
j={0,2}

{
k4P

(j)
µνρσ

[
cUV
j

(
1

ε
+ ln

µ̄2

M̄2
Pl

)
+ cIRj ln

M2
j

k2

]}
+finite and longitudinal terms

I The coefficients cUV
0,2 reproduce the gauge-independent one-loop β functions of

[Avramidi, Barvinsky (1985)]

I The terms cIR0,2 are found to be different and gauge-dependent (absorbing in

gauge-independent β functions like in [Buccio, Donoghue, Percacci (2024)] is not
possible)

Conclusion confirmed by [Buccio, De Brito, Parente (2025)] (in the gravity
sector) and by [Gomes, Lehum, da Silva (2025)] (in the QED sector)

https://inspirehep.net/literature/221541
https://arxiv.org/abs/2403.02397
https://arxiv.org/abs/2507.15835
https://arxiv.org/abs/2507.15835
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Physical (on-shell) one-loop amplitudes
Prohibitively difficult (for us) in the full gravity sector (beyond the propagator)
→ consider conformally flat metric

gµν(x) =

[
1 +

h(x)

d

]
ηµν ≡ e2σ(x)ηµν ≡ Ω2(x)ηµν

→ the W 2 term vanishes and the Starobinsky action

LSt =
R2

6f20
−
M̄2

Pl

2
R

becomes a scalar action. Also, under a change of field variable h = F (ϕ)

δh =
∏
x

dh(x) ∝ eδ
(d)(0)

∫
ddx ln |F ′(ϕ(x))|

∏
x

dϕ(x), δ(d)(0) =

∫
ddk

(2π)d
= 0

I Still it is not possible to include ln(M2
j /k

2) in β functions

(looking at propagators, that would lead to basis-dependent β functions)

I Process dependent log enhancements (as expected for IR effects)

However, these unusual logs appear in the regime of sub-Planckian energies
(tree-level IR enhancements become large at Planckian energies, and screen
trans-Planckian physics)

→ the enhanced logs are never too big to invalidate perturbation theory
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Conclusions

I We discussed IR enhancements of theories in d dimensions with d derivatives

I The focus was on quadratic gravity, d = 4, but presumably loop results hold also
in d = 2

I IR and UV effects should not be confused

I Tree-level IR effects were studied: at trans-Planckian energies processes become
more favourable when extra gravitons are emitted

I Ultraviolet properties were studied: general one-loop (gauge invariant) β
functions are obtained

I One-loop IR effects were studied: trying to encode IR enhancements in β
functions results in gauge-dependent and field-basis-dependent RGEs

I Outlook: extend the one-loop IR analysis to the full theory
(including spin-2 gravitons and all matter fields)
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Thank you very much for your attention!
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