FeynGrav

and Feynman rules for gravity

Dr Boris Latosh

Bogoliubov Laboratory of Theoretical Physics
Joint Institute for Nuclear Research

AQFT 2025


https://github.com/BorisNLatosh/FeynGrav
https://orcid.org/0000-0001-7099-0861

@ Motivation
@ Perturbative Expansion
© Feynman Rules

Q@ FeynGrav

© Conclusion



@ Motivation



Perturbative Quantum Gravity

Gravitons are small quantum metric perturbations
Gravitons and particles with s =2 and m =0
Flat background enforces the Poincare symmetry
The theory is effective

The theory is non-renormalisable

Allows for standard calculations



Perturbative metric expansion
S = N + K hyy
It spawns an infinite series
g =" — kWY KRR O(KY)

Functional integral is the way to quantise the theory

z = [Dlel exp iAlgl) = [ DIH exp [ADy + ]



The theory has an infinite number of interactions
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The standard diagrammatic works
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The issue with the renormalisation

of counterterms

Infinite number Infinite amount

of data

Tree level R

1 coupling

One-loop R, R2 Rﬁy

3 couplings

Two-loop | R, R?, R?,, R3

prr Duvapr "o

13 couplings

Goroff, Sagnotti, Phys.Lett.B 160 (1985) 81
Kallosh, Nucl.Phys.B 78 (1974) 293

Nieuwenhuizen, Wu, J.Math.Phys. 18 (1977) 182


https://doi.org/10.1016/0370-2693(85)91470-4
https://doi.org/10.1016/0550-3213(74)90284-3
https://doi.org/10.1063/1.523128

The solution: the theory is effective
Perturbative expansion breaks when h,,, ~ 71

v = N + R h/w

Perturbative expansion breaks

Perturbative theory breaks

The theory applicable below the Planck scale
No need to use all order of perturbation theory

Infinite number Finite applicability
of counterterms of effective theory




Perturbative quantum gravity
the simplest model of quantum gravity

Standard QFT

Flat background = Scattering amplitudes

Perturbative expansion <>  Effective theory

!

The lack of information
on UV behaviour

T

UV divergences <> Renormalisation



The computational challenge:
interaction rules are huge!

3-graviton vertex contains 171 terms
4-graviton vertex contains 2850 terms

DeWitt, Phys.Rev. 162 (1967) 1239
Sannan, Phys.Rev.D 34 (1986) 1749

Goroff, Sagnotti, Nucl.Phys.B 266 (1986) 709
Prinz, Class.Quant.Grav. 38 (2021) 21, 215003


https://doi.org/10.1103/PhysRev.162.1239
https://doi.org/10.1103/PhysRevD.34.1749
https://doi.org/10.1016/0550-3213(86)90193-8
https://doi.org/10.1088/1361-6382/ac1cc9

Motivation
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Sannan, Phys.Rev.D 34 (1986) 1749


https://doi.org/10.1103/PhysRevD.34.1749

“Furthermore, the graviton n-point vertex Feynman rules with n > 2
for (effective) Quantum General Relativity read:”
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Prinz, Class.Quant.Grav. 38 (2021) 21, 215003


https://doi.org/10.1088/1361-6382/ac1cc9

Goals:

e Develop a framework
to calculate interaction rules efficiently

e Obtain rules for

- General relativity

- Horndeski gravity

- Dirac fermions

- Vector fields

- SU(N) Yang-Mills model

- other theories

e Implement them in a computational package
Latosh, Class.Quant.Grav. 39 (2022) 16, 165006

Comput.Phys.Commun. 292 (2023) 108871
Comput.Phys.Commun. 310 (2025) 109508


https://doi.org/10.1088/1361-6382/ac7e15
https://doi.org/10.1016/j.cpc.2023.108871
https://doi.org/10.1016/j.cpc.2025.109508

@ Perturbative Expansion



Perturbative Expansion

Finite and infinite expansions

8w = Ny + K hyy is a finite expansion
g’ =n" — Kk h*™ 4 --- is an infinite expansions
0u8uv = K Ouhyy is a finite expansion
0.8"" = —g""g"?0n8ys s an infinite expansion

Derivatives and infinite expansions factorise

Examples:
Ruvap = Ol avs — Oulaps + 8" {T pwalous — Tppal ovp}

rOé;U/ = g [auhuoc + al/h;wz - aoahw/]



Perturbative Expansion

Factorisation
A= [d'xv/—gL [guz/a Copr 8751 s \U]

:/d4X \\/ —8 Einfinite [g'uyl{:'finite [guya ra;wa wl

infinite part finite part

e The finite part is calculated explicitly.

e The infinite part is generated
on a compute for each perturbation order.



Perturbative Expansion

Notations

o0
note n P101°"Pn0n
X = § :FL (X) horor =+ hpoo,
n=0

Example
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Perturbative expansion reduces to its coefficients.



Perturbative Expansion

Inverse metric
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Perturbative Expansion

The inverse metric expansion is completely defined.

o

nyo _ nyuvYp101-Pnon .
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Perturbative Expansion

Perturbative expansion for the volume factor
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Perturbative Expansion

Implicit definition with the plain C-tensor
o0
/_g — Z Knc(pnl)ol..-pno'nhplo_l . hpno'n
n=0

The plain C-tensor admits a recurrent relation

1 n
P1O1*PnOn __ k—11p101PkOk ~Pk+10k+1"""Pn0n
o) =52 ST gy G,

2n —

The relation derived with the Jacobi formula

K
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z=1

d
e \/ det [ + z K hy)




Perturbative Expansion

Scaled metric that is only used for calculations

Guv difnw/“'zf‘fh;u/

Infinitesimal scaling action on the volume factor

d K
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Plain C-tensor definition
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Perturbative Expansion

The volume factor coefficient is completely defined.

V= ) K by By
n=0

(V—¢) = (o =1
o 1 o
(V=8) = G = 50
(\/_—g)plalpzag — C(/)21)01P202 — %770101 77/)202 _ %7701,02 nﬂzpl



Perturbative Expansion

Vierbein is also completely defined
Prinz, Class.Quant.Grav. 38 (2021) 21, 215003

00 1
euy — E ' I{n (,27> /uyplal...pndn hp101 .. hpnCTn
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vo__ E nf 2 Vp101-PnCn ..
eﬂ - K ( n ) I:u hﬂ101 thUn
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Here (a) = l‘(b—i—l;;;:l—)b—s—l) are binomial coefficients


https://doi.org/10.1088/1361-6382/ac1cc9

Perturbative Expansion

The following factors mentioned are fully defined
and can be generated by a computer.

V& V—gg", V-gu. V-g,
— U1Vl oV — HiV1 5 [2V2  (3V3
v—88 8" v—88 &8

This is enough for the perturbation theory.
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Feynman Rules

Scalar field
1 2
A:/d4xx/—_g Eguuvmvu(b_m?(bz]
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Feynman Rules

nan
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The number of terms grows with the number of gravitons N
approximately as N12N



Feynman Rules

Dirac fermions
PnOn P2
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P101  P1
Proca field
PnOn pZa)‘Z

. ]- v 01°*Pn0On 7
% - Iﬁnlz(ﬁguag ﬂ)pl v (P1) s (P2)r (Fur)! IAI(Faﬁ)MZAZ
p1o1 pla)\l

+m? (=g gh)"

Fu=—ipr (Fu)” Mp)  (Fu)" 6700 a7,



Feynman Rules

Vector field
1 €
A = d4X V—E8 |:_4g/mgy[3 I:/LVFa[3+§g/L’/gaﬁ V}LAV v(xAﬂ_glw VHEV,,C

Ghost vertex
PnOn _ P2

B (VE) T )

P101 'P1

The vertex cancels out the contribution of non-physical polarisations



Feynman Rules

Vector vertex

pngnakn )\2,P2
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Feynman Rules

SU(N) Yang-Mills

Gravity couples to all kind of energy!

PnOn
p101
PnOn .p17 a

: ( g1 g
}k@ €= —k" g £ (p1), (V—gg")" """

pP101 b



Feynman Rules

SU(N) Yang-Mills
PnOn H3,C,P3
1o,b.py =" ra fFabc [(Pl _ p2)g (\/jggmu;guw)pml...pmn
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o 1225 35 ( (\/jg g/11113g}t2}14) PO (\/jg gl11l14g/12/t3) )"1'“”" ]



Feynman Rules

General relativity
A = (45578 [R5 6T (6T

2 €
:/d4X\/jggWgaﬁgpg <K2) [rwprwﬁrmwrpﬁ”4FW[;FW,(,]

Ghost sector
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Feynman Rules

Graviton propagator

i1
WY A off =135 [nuan,,g + NppMva — mwnaﬂ]

e=2

Ghost propagator



Feynman Rules
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Feynman Rules

s=0 [1,2] Horndeski [2,3]
s=1/2 [1,2] SU(N) Yang-Mills [3]
s=1 [1,2] Axion-like coupling [3]

s=2, m=0 [1,2] Quadratic gravity [3]
s=2,m#0 [3]

[1] Class.Quant.Grav. 39 (2022) 16, 165006
[2] Comput.Phys.Commun. 292 (2023) 108871
[3] Comput.Phys.Commun. 310 (2025) 109508


https://doi.org/10.1088/1361-6382/ac7e15
https://doi.org/10.1016/j.cpc.2023.108871
https://doi.org/10.1016/j.cpc.2025.109508

Q@ FeynGrav



The package is publicly available.
https://github.com /BorisNLatosh /FeynGrav

User
T

FeynGrav Libraries
T

)
FeynCalc | | FeynGravLibrariesGenerator
T
Rules



https://github.com/BorisNLatosh/FeynGrav
https://feyncalc.github.io/

Implemented rules

s=0 Horndeski

s = 1/2| Dirac, SU(N) Yang-Mills

s=1 Maxwell, Proca, SU(N) Yang-Mills,
Axion-like

s=2 General Relativity, Quadratic Gravity,
Massive Gravity

FeynGrav: O (/432)
Mendeley Data: up to O (k*)

Latosh, Mendeley Data, “FeynGrav Libraries”, (2024)


https://doi.org/10.17632/9xrw2jjrbr.2

Example: scalar-graviton vertex

p2
pV ~ = GravitonScalarVertex[{u, v}, pi, p2, m]

P1

i 2
= Em(FVD[ph V|FVD[pa, 11] + FVD[p1, p]FVD[p2, v] + m*MID[u, v] + MTD[u, v|SPD[p1, pg])



Example: graviton scattering amplitude

H4V4,pa H3V3,P3
=GravitonVertex|iuy, V1, p1, fl2, V2, P2, @1, B1, —(p1+p2)]

H2V2,p2 H1v1,P1

X GravitonPropagator|ay, 51, ao, B2, p1 + P2
X GravitonVertex[,ug,, V3, P3, [ta, Va4, Pa, (2, 527 P1+P2]

Evaluation time below 6 minutes

Sannan, Phys.Rev.D 34 (1986) 1749


https://doi.org/10.1103/PhysRevD.34.1749

The complete amplitude on-shell in d =4

K2 1
M—/E—[4(1+h1h3)(1+h2h4)+t4(1 hih)(1— hsha)

(2534352t +2st3)((1+h1h3)(1+h2h4)—(h1+h3)(h2+h4))}

Evaluation time below 15 minute



Example: virtual graviton exchange
Classical case

/j:p% n P> G mymy

2my  2mp  |[ — B

do (G,uml m2)2

dfQ 4 p sin 9

Latosh, Yachmenev, Class.Quant.Grav. 40 (2023) 24, 245008


https://doi.org/10.1088/1361-6382/ad0b38

Quantum case, tree level

2
\ / K
[V -

| —
I \ 4t

<s(s—|— t)—(2s+ t)(m%#—m%)—i—mi‘—kmé)



One-loop level

\ / £ , \ , N -, N -, ~ , N - \ ,
/@\ d:e //b%\ + /@v\\ + /g\ + /%\ + /%\\ + /Iﬁ\ + /,@\\

AN AR AR B

Latosh, Mendeley Data, doi:10.17632/zyn47cnsz3.1, (2023).


https://doi.org/10.17632/zyn47cnsz3.1

Tree level + one-loop level
+ low energy limit

X

{1+O(p§m) }+ G{327T5pcm (my+my) sin g +0 (pZ,) }+O(G2) }



Other examples

J.Exp.Theor.Phys. 136 (2023) 5, 555

with A. Yachmenev, Class.Quant.Grav. 40 (2023) 24, 245008
with M. Park, Phys.Rev.D 110 (2024) 4, 046025

Lanosa, Santillan, arXiv:2504.14434

Bohnenblust, Ita, Kraus, Schlenk, arXiv:2505.15724

Ma, Zeng, arXiv:2502.04332

Cassem, Hertzberg, arXiv:2408.12118

Ewasiuk, Profumo, Phys.Rev.D 111 (2025) 1, 015008

Wang, Battista, Eur.Phys.J.C 85 (2025) 3, 304


https://doi.org/10.1134/S1063776123050023
https://doi.org/10.1088/1361-6382/ad0b38
https://doi.org/10.1103/PhysRevD.110.046025
https://arxiv.org/abs/2504.14434
https://arxiv.org/abs/2505.15724
https://arxiv.org/abs/2502.04332
https://arxiv.org/abs/2408.12118
https://doi.org/10.1103/PhysRevD.111.015008
https://doi.org/10.1140/epjc/s10052-025-13833-7

© Conclusion



Discussion

e Perturbation theory is computable for all orders

e FeynGrav is enough to calculate quantum
gravitational effects in the standard model

e Further development:
- BRST formalism
- Fields redefinition
- New models: massive gravity, SUSY, etc
- Optimisation
- Spinor helicity formalism
and other tools

Thank you for your attention
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