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Introduction



Higher derivative theories have

P interesting cosmological applications

» improved ultraviolet behavior
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Higher derivative theories have

P interesting cosmological applications

» improved ultraviolet behavior

An example: quadratic gravity
2
Lgravity = aR? + BRuy R* + YRy po R*P7 — %R — A+ 0R,
(VHVY R, is dependent: VAVY R, = %DR because of Bianchi identities)
> contains the famous Starobinsky model of inflation
2
Ly = aR? — %Rf A,

in agreement with Planck data
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Higher derivative theories have

P interesting cosmological applications

» improved ultraviolet behavior

An example: quadratic gravity
2
Zgravity = OéR? + /BR;UJRHV + ’YRuypaR“Vpa - %R — A+ 6DR,
(VHVY R, is dependent: VAVY R, = %DR because of Bianchi identities)
> contains the famous Starobinsky model of inflation
2
Loy = aR? — %Rf A,
in agreement with Planck data

» if all terms are kept it is renormalizable
[Stelle (1977); Barvinsky, Blas, Herrero-Valea, Sibiryakov and Steinwachs (2017)]
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It is possible to rewrite Ly avity:

R w2 M}
ggravity = % - E — %R* A — €1G — GQDR

with
1
”72 — “ruypoﬂruupo' R[_LV[)O'RMVPU 2RMVR[_LV 3 R2

( “squared” of the Weyl tensor)
1
G = Ruvpo RMP° — 4R, R 4+ R? = Ze“”paeagngaBm,R”’épo = divs.

(Gauss-Bonnet term)



It is possible to rewrite Ly avity:

R2 W2 MQ
zgravity = @—ﬂ — %R —A—e61G—e0R

leads to a ghost

» 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); ... ]
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It is possible to rewrite Ly avity:

R2 W2 MQ
zgravity = @—ﬂ — %R —A—e61G—e0R

leads to a ghost

» 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); ... ]

» Unitarity? /..., Anselmi (2017); S (2019); Donoghue, Menezes (2019); ... |

these issues are not discussed in this talk ...
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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

dk

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

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




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
d?k
e
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 OR can be ignored



Quadratic-gravity propagator

Looking at the terms quadratic in hyy = guy — 1y and inverting the corresponding
differential operators one obtains the gravity propagator (in a certain gauge)

Puap(k)=i > c;ffn@EHPY) .
7={0,2}
where k,, is the quadri-momentum, co =1, c2 = —2. The ngaﬁ are orthogonal
projectors over the spin components
5 1 1 Ty Tpo
P;Su)pa = 5 upTvo + ETHUT’/P - Ta
T T,
P = T Ty = — kuk /K

3 b
Spectrum: massless spin-2 graviton + spin-0 and spin-2 particles with masses My, M2



Quadratic-gravity propagator

Looking at the terms quadratic in hyy = guy — 1y and inverting the corresponding
differential operators one obtains the gravity propagator (in a certain gauge)

Pyuaﬁ(k) EY) Z ijJ?H(j)(k2)Pl§i)aB ,
7={0,2}
where k,, is the quadri-momentum, co =1, c2 = —2. The ng)&ﬁ are orthogonal
projectors over the spin components
9 1 TwTpo
P;Su)pa = 5 upTvo + ETHUT’/P - Ta
T T,
Pidpe = T Ty = m — ko /K2

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

1
H(O)(kZ) _ M’ H(Z)(kQ) =

where Mo = foMp1/+v/2 and My = fo Mp1/V/2.

1
k2(k2 — M2)’

; 1
high-energy limit: 1109 (k2) — i




Quadratic-gravity propagator

Looking at the terms quadratic in hyy = guy — 1y and inverting the corresponding
differential operators one obtains the gravity propagator (in a certain gauge)

Puap(k)=i > c;ffn@EHPY) .
7={0,2}
where k,, is the quadri-momentum, co =1, c2 = —2. The ngaﬁ are orthogonal
projectors over the spin components
2 1 Tuqua
P;Su)pa 5 /,LpTl/U + ETuoTup - Tu
T T,
P = T Ty = — kuk /K

3 b
Spectrum: massless spin-2 graviton + spin-0 and spin-2 particles with masses My, M2

1
H(O)(kZ) _ M’ H(Z)(kQ) =

where Mo = foMp1/+v/2 and My = fo Mp1/V/2.

1
k2(k2 — M2)’

; 1
high-energy limit: 1109 (k2) — i

. L IO = -

More precisely: I1(?) (k%) = 2

(k2 — M3 +iET5) © k2(k2 — MZ +iET))



Tree-level infrared effects



Particle collisions (scattering) in quadratic gravity

Let us focus on the lowest order in the perturbative expansion

P qi
' : A = S PP ()2,
scattering S : decay (% (k) Zap
- ,
Do —— s = (p1+p2)
N
T qi

P2

10



Particle collisions (scattering) in quadratic gravity

Let us focus on the lowest order in the perturbative expansion

P qi
' A = S PP ()2,
scattering decay 224 (k)Dap
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Dy s = (p1+p2)
o qi

P2

Cross sections mediated by h,, contain a factor f]?sfde ) (k2)...
(leads to a power-law divergence as M; — 0)
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Particle collisions (scattering) in quadratic gravity

Let us focus on the lowest order in the perturbative expansion

P qi
' : A = S PP ()2,
scattering S : decay (% (k) Zap
, s = (p1 + p2)?
" Dap >
o qi
P2

Cross sections mediated by h,, contain a factor f]?sfde ) (k2)...
(leads to a power-law divergence as M; — 0)

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

2

fjs s

R,
2 \ ]2

Mj Mg,

note that the coupling disappears

As soon as s 2 MFQH lots of gravitons are radiated, energy is lost —> effectively one
cannot overcome Mp. If Landau-poles are above Mp; one never reaches them



Example

Graviton mediated 2 — 3 process

The differential distribution of o(e€ — yvD) is used to infer the cross section for
o(e€e — vg)

11



Example

Graviton mediated 2 — 3 process

The differential distribution of o(e€ — yvD) is used to infer the cross section for
o(e€e — vg)

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

11



Ultraviolet properties

12



Ultraviolet properties

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

12



[ functions

Ultraviolet effects lead to S functions

dp

dlnp i

(of all parameters p)

13



[ functions

Ultraviolet effects lead to S functions

d
P _ Bp (of all parameters p)
dlnp
L Dy DF o = . 1. a
Lmatter = 7Z(F;fv)2 + % + iy — 5(Y¢j¢z‘¢j¢>a +h.c.)

—H(6) = 5 (Mijbithy +he) = ZEwdatrR

where
abcd

4//((25) ab ¢a¢b + abc ¢a¢b¢c

¢a¢b¢c¢dv

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

Dpda = Ouda +i08Viiey  Duth; = 0ty + it5h Vil + wu b ab

» The gauge couplings are contained in the matrices 84 and t4

; ; b ; b b p b
> The spin-connection wy;” is defined as usual by w}” = e%,0,,€” + e, I'j/se"7

> Yab = $[Var 1)

13



Results for 3 functions (MS scheme)

Gauge couplings
Possible new gravity contributions
Their contributions to the RGEs cancel!

Vv
g
This was previously noticed in r\
[Narain, Anishetty (2013)] v v v v
Possible explanation:
the graviton is not charged q

(Rainbow) (Seagull)

Yukawa couplings

We find the one-loop RGE (where Cop = t4t4 and t4 = “fermion gauge
generators” ):

5 dY'®
dlnp

R

1 15
(4m) = 5(YTbeY"—i-Y“Y“’Yb)+2YbYTaYb+YbTr(YTbY“)—3{CQF, Ya}+§f22y“

14
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Results for 3 functions (MS scheme)

RGEs for the quartic couplings

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

dAgbe 1 3
Mﬂ)QdTb: = Z |:§>\abef)\efcd + §{6’A, 0B 5 {04,605} cq — Tryoytoyeytd

perms

4
+§f§5ab5cd + %ﬁaeﬁcf(lseb +68ep)(0pa + 68 1a)

fO (50" +6§06’)(6bf + ngf) efcd] +)‘abcd|:Z(Y2 - 3025) + 5f2

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

Tr(Y1ov?) = Y5698, 0404 = CSedus

(6 are the scalar gauge generators)

15



Results for 3 functions (MS scheme)

RGEs for the scalar/graviton couplings

Complicated calculation (but computer algebra helps!)

2 dﬁab

(471') TR = 1 Aabed (6§cd + (Sed) + (6§ab + (Sab) Z

dlnp 6

_5f3
f2

vk
Yy
3

20+ fEac (écd + gécd) (6&ab + dap)

k
_Ys

2

+

16



Results for 3 functions (MS scheme)

RGE for the gravitational couplings

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

17
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Results for 3 functions (MS scheme)

RGE for the gravitational couplings

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

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

df2 133 Ny Ny N,

4m)2 Y2 - 4( s i)

4™ n Plot 5 T2 e
df? 5 5 I

(4m)? -0 I3 5F3 S8 4 Z 6 + 5% (6ab + 6€0b) (Sab + 68ap)
dlnp 3 6 12

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

In the SM Ny =12, Ny =45, Ny = 4.

We confirmed the calculations of [Avramidi, Barvinsky (1985)]
We obtained the RGEs for all massive parameters too 17
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Gauge invariance of the MS 3 functions

Expand a generic bare parameter 0},,,, measuring the strength of a gauge-invariant
term in £ as a perturbative series in terms of the renormalized parameter 6:

_q- 01(0,6) | 02(0,6)
d=dpg =04 L TS
I ba +d74+(d74)2+

where § is a gauge parameter (e.g. Re).
The 6y for £ > 1 are the coefficients of the poles at d = 4.

Since Opare is £-independent

(oo}

_ ﬂd74 debare _ do Z 1 dck (97 {)

0 e dg (d—ak  de

k=1

» the renormalized 6 and all ¢-loop 6, must be gauge-independent too

> this implies that the 3 functions are gauge-independent



One-loop infrared effects

19



Graviton propagator

Consider again

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

» My and M> naturally regularize IR divergences — UV and IR effects are
distinguishable

> More general gauge fixing is used to test gauge (in)variance

20



Graviton propagator: gauge fixing
More general gauge fixing term in the action

1
sfz——/d‘le YHf,
g 2§g I3

C
Yuu = 8277}“/ + (dg - 1)8;181/7 fu =" (hp,u - Egnpuhaa)

(purely quadratic in hy, — graviton couplings are unaffected)

21



Graviton propagator: gauge fixing
More general gauge fixing term in the action

1
sfz——/d‘le YHf,
g 2§g 14

C
Yiw = 0% + (dg — 1)00y, fu=20" (hw - Egnwhaa)

(purely quadratic in hy, — graviton couplings are unaffected)

Resulting quadratic action

1 Kt M2 K2 k4 3c2dgk* M2 k2
5@ = ,/d4k h”"K_ 72+P71)p(2)+ (72+%79 _Pil)P(O)_;'_
2 2f2 4 f() 469 2
4 2 vpo
+797}3(1) ! (cg ; 2)%dg poD) | pa \/gcg(zg —2)dy T(O)}“ r hpo
g g g

New projectors (with longitudinal tensor L, = kyk, /k?) appear
a 1 (o) _
P,uupo' = i(T,u,pLuo + TuaLup + TVpL;J,o' + TVO'LH«P)7 P,u,z/po' = LuuLpo'z
and T\ 0o = POy + PLOS) with PO = Ty Lpo /V/3 and POY) = L Tho /V/3
21



Graviton propagator: tree level

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

1
S® =2 / dk h |:62P;(L2u)pa 1 Pipo +co P po+e1 P +eu P iy Pﬁ%ﬁ} hee

Inverting through orthogonality relations gives the tree-level graviton propagator

P2 p) p(0) p(ol) _ potl) _ p(oit)
Puv po 7,|: < €0 Ctl Cit ]
nrvpo

c2 c1 CoCp — CiiCrt

22



Graviton propagator: tree level

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

1
S® =2 / dk h |:62P;(L2u)pa 1 Pipo +co P po+e1 P +eu P iy Pﬁ%ﬁ} hee

Inverting through orthogonality relations gives the tree-level graviton propagator

P2 p) p(0) p(ol) _ potl) _ p(oit)
Puv po 7,|: < €0 Ctl Cit ]
nrvpo

c2 c1 CoCp — CiiCrt

(fg,cg,dg) gauge

2 0 V3¢ 7(0)
i T—2f2P® 9¢ pM 15 (P( ) 4 72309 . PO aM2¢, POV
P;u/pU:7|: 2 >+ gz + 2 2 29 2 20 gz 2 2}
k2 | k2 — M2 k k2 — M2 k2 = Mg (cqg —2)%dgk?(k? = M§) ] 10 p0

where ¢4 = (3c§f§ +4€5/dg) /(2 — cg)?

22



Graviton propagator: one-loop level
Field renormalization:

1 1 1 1
ZiTL (h,ull - Znuuhaa> + ﬁznuuhaa

in dimensional regularization (d = 4 — 2¢)

huv —

Zr = 14 1 3cg §2 69 4 3¢
T (4m)2¢ | 4(cg —2)27°0 4 77
1 [10¢yg—4 , c2+12¢g—16 , 4
Zrp =1 (47)2€ [5 g — 2T 18(cy — 2)2 Jo+ 38—

eg
6

23
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Graviton propagator: one-loop level
Field renormalization:

1 1 1 1
ZiTL (h,ull - Zﬁuu’h}ea) + ﬁznuuhaa

in dimensional regularization (d = 4 — 2¢)

huv —

Zr = 14— 5% g2y
T (4m)2¢ | 4(cg —2)27°0 4 77
1 [10cqg—4 2 +12¢4 — 16 4 e
Z = 1 — 2 g 2, Ze _S9
T (47r)2e[9 cg72f2+ 18(cq — 2)2 fot 38—

. 1 ﬂQ M?
Z {k‘lpﬁ%)mf [c}w <6 +1n 2 ) +C§RIHTQJ

j={0,2} 12

}+finite and longitudinal terms

» The coefficients 05{‘2/ reproduce the gauge-independent one-loop 8 functions of
[Avramidi, Barvinsky (1985)]
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Graviton propagator: one-loop level
Field renormalization:

1 1 1 1
ZiTL (h,uu - Zﬁuu’h}ea) + \/7—Tznuuhaa

in dimensional regularization (d = 4 — 2¢)

huv —

Zr = 14— 5% g2y
T (4m)2¢ | 4(cg —2)27°0 4 77
1 [10cqg—4 2 +12¢4 — 16 4 e
Z = 1 — 2 g 2, Ze _S9
T (47)2€ [ 9 cg— 2T 18(cq — 2)2 fot 38—

: 02 M?
4 (7) uv (1 H IR J
E {Ic I |:% <e +In — ) +c; In 2

j={0,2} 12

}+finite and longitudinal terms

» The coefficients cg{g reproduce the gauge-independent one-loop 8 functions of
[Avramidi, Barvinsky (1985)]
» The terms cg{Z are found to be different and gauge-dependent (absorbing in

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

23
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Graviton propagator: one-loop level
Field renormalization:

1 1 1 1
hy,u — ZiTL (h,uu - Zﬁuu’h}ea) + \/7—Tznuuhaa

in dimensional regularization (d = 4 — 2¢)

Zr = 14— 5% g2y
T (4m)2¢ | 4(cg —2)27°0 4 77
1 [10cqg—4 2 +12¢4 — 16 4 e
Z = 1 — 2 g 2, Ze _S9
T (47)2€ [ 9 cg— 2T 18(cq — 2)2 fot 38—

: 02 M?
4 (7) uv (1 H IR J
E {Ic I |:% <e +In — ) +c; In 2

j={0,2} 12

}+finite and longitudinal terms

» The coefficients cg{g reproduce the gauge-independent one-loop 8 functions of
[Avramidi, Barvinsky (1985)]

» The terms cg{Z are found to be different and gauge-dependent (absorbing in

gauge-independent S 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)

23


https://inspirehep.net/literature/221541
https://arxiv.org/abs/2403.02397
https://arxiv.org/abs/2507.15835
https://arxiv.org/abs/2507.15835

Physical (on-shell) one-loop amplitudes
Prohibitively difficult (for us) in the full gravity sector (beyond the propagator)
— consider conformally flat metric

h(z)
Guv (T) = [1 + T} v = €7y, = O (@)
— the W2 term vanishes and the Starobinsky action
R2 2
Loy = g — —EL
615 2

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

(d) Ay In |F' (o(x dk
5h = [ dh(x) o VO f a2 m1F @) T dp(z), 5@ (0) = / 1 =0
x x

24



Physical (on-shell) one-loop amplitudes
Prohibitively difficult (for us) in the full gravity sector (beyond the propagator)
— consider conformally flat metric

h(z)
Guv (T) = [1 + T} v = €7y, = O (@)
— the W2 term vanishes and the Starobinsky action
R2 2
Loy = g — —EL
615 2

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

d
oh = [ dh(z) o« SO J a2 mIF @D [T do(a), 6 (0) :/ 7k
x x

(2md

> Still it is not possible to include In(M? /k?) in 8 functions
(looking at propagators, that would lead to basis-dependent [ functions)

> ‘ Process dependent log enhancements (as expected for IR effects) ‘

24



Physical (on-shell) one-loop amplitudes
Prohibitively difficult (for us) in the full gravity sector (beyond the propagator)
— consider conformally flat metric

h(z)
Guv (T) = [1 + T} v = €7y, = O (@)
— the W2 term vanishes and the Starobinsky action
R2 2
Loy = g — —EL
615 2

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

d
oh = [ dh(z) o« SO J a2 mIF @D [T do(a), 6 (0) :/ 7k
x x

(2md

> Still it is not possible to include In(M? /k?) in 8 functions
(looking at propagators, that would lead to basis-dependent [ functions)

> ‘ 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

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

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

» IR and UV effects should not be confused

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

> Ultraviolet properties were studied: general one-loop (gauge invariant) 3
functions are obtained

» One-loop IR effects were studied: trying to encode IR enhancements in 3
functions results in gauge-dependent and field-basis-dependent RGEs

> Outlook: extend the one-loop IR analysis to the full theory
(including spin-2 gravitons and all matter fields)

25
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