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Preamble



Structure formation
SDSS 
collaborationCAASTRO

Calculate the galaxy n-point functions



N-pt functions
Gil-Marin+, 2014, SDSS BOSS data

2-pt function

3-pt functionTheory (yes)
Data (no)

Theory (no)
Data (yes)

Experimentalist Theorist

Is there a way to push towards non-linear scales 
from 'first principles'?



The (smoothed) EoM
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Separation of scales



Overview on perturbation theory for LSS
Konstandin, Porto, HRLinear:

1-loop 2-loop

After adding 
counter-terms things go 
as expected!



State of the art
1-loop widely applied to data (see e.g. newest DESI results)

Challenges to going to higher-loops: 

- computational time
- structure of bias parameters and counter-terms gets complicated



Part I:
Towards two-loop EFT 



1-Loop: 2dim integral (~seconds)
2-Loop: 5dim integral (~minutes)
3-Loop: 8dim integral (~week)

Fast two-loop evaluation
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Bakx, HR, Chisari, Vlah 2025;

Idea: PCA expand the linear spec

Fast two-loop evaluation



Fast two-loop evaluation

Bakx, HR, Chisari, Vlah 2025;



Fast two-loop evaluation

Bakx, HR, Chisari, Vlah 2025;



Conclusion I
- With two-loop we can go from k~0.11h/Mpc (one-loop) to k~0.26h/Mpc

- Factor 2 in FoM

- 20 to 30% gain in Cosmological parameters 'for free'



Part II: How things change with 
scale?

… Or on how to use a one-loop (renormalization group) to get 
information about higher-loop terms 'for free'

Intuition: (1loop)^n ~ n-loop
(for some part of the integrals domain)



Part II: How things change with 
scale?



Part II: How things change with 
scale? First images of Rubin 



Message to take home

Many things to explore: 
- Systematic construction of operator basis, 
- Systematic renormalization, 
- Cross-checks, 
- More information from galaxy clustering (TBD) 



QFT101
Coupling constants evolve "flow" with the cutoff 

Observables don't depend on the cutoff!

Callan-Symanzik eq:

For the fine-structure constant (QED):

Solution to the RG
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The galaxy bias expansion

From Illustris simulation, 
Haiden, Steinhauser, Vogelsberger, 
Genel, Springel, Torrey, Hernquist, 15

Bias 

Stochastic field

Bias review: Desjacques, Jeong, Schmidt



Renormalizing the bias parameters

Contribution from arbitrarily 
small scales!

In a nutshell, it is an Operator Product Expansion (OPE)

Important: those are the 
same parameters for all 
n-pt functions
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From       -independence to bias running
Then we expand…
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From       -independence to bias running
Then we expand…

HR, Schmidt, 23one-loop:

two-loop: Bakx, Garny, 
HR, Vlah



Solutions Wilson-Polchinski RG-equations
HR, Schmidt 23



Solutions (two-loop) 

Bakx, Garny, 
HR, Vlah

Smallness of two-loop tell us that 
one-loop RG is able to absorb 
important part of higher-loop 
terms



So the 2Loop is small. Why should you care?

We can write EFT loops as: 
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Resumming terms with the RG equations

1Loop RG eq.

Solution 

+…

RG resums the series!

Bakx, Garny, HR, Vlah



What do the solutions of the RG tell us?
We can always 
diagonalize the bias 
basis

If we stop at second-order, we find:

Extending to third-order: Irrelevant

Marginal Relevant

Bakx, Garny, HR, Vlah



PNGs Free term

New interaction

Now a 
coupled set of 
ODEs

Nikolis, HR, Schmidt

Rederivation 
of Dalal+ 07
(in an elegant 
way)



PNGs



Simple expression for how stochastic terms talk to each other 

Simple 
diagrammatic 
interpretation

Stochasticity

HR, Schmidt, 24



Conclusion II

- Cross-check for EFT inference;

- Systematic renormalization (+ stochastic +PNG);

- Systematic renormalization of n-point functions. 
Self-consistent renormalization for P(k), 
B(k1,k2,k3), … 

- (Unambiguously) Define Priors for EFT analysis in

- More information from resummation? TBD!

- Measuring the running in the lattice (Harry's talk)

First images of Rubin 



Thanks a lot!


