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Message to take home

Callan-Symanzik equation:

First two-loop MCMC!
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Cosmology in the era of (subpercent) precise data

CMB LSS
(Planck, ACT, SPT, SO, CMB-S4, Litebird) [(e)BOSS, DESI, Euclid, DES, Kids, LSST, SPHEREX]
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Cosmology in the era of (subpercent) precise data

CMB LSS
(Planck, ACT, SPT, SO, CMB-S4) [(e)BOSS, DESI, Euclid, DES, Kids, LSST, SPHEREX]

After precise data, how to provide precise theory?



Can theory catch up?

Model-independent tools to analyze data.

We learnt a lot from HEP analysis in the last 50yrs. Now that
cosmology is becoming a precise science, can we import HEP
those methods?

OFT to describe n-pt functions




The system and its scales Perturbative
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2-pt function

N-pt functions
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The (smoothed) EoM



Overview on perturbation theory for LSS
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Overview on perturbation theory for LSS
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Overview on perturbation theory for LSS
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Overview on perturbation theory for LSS

Even if we go to
higher-loop
orders and it
converges, it
does not
converge to what
you want...
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Overview on perturbation theory for LSS
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Overview on perturbation theory for LSS
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Overview on perturbation theory for LSS
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Overview on perturbation theory for LSS
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Another important ingredient: bias expansion



From Illustris simulation,

The galaxy bias eXpanSiﬂn Haiden, Steinhauser, Vogelsberger,

Genel, Springel, Torrey, Hernquist, 15
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Bias review: Desjacques, Jeong, Schmidt



The galaxy bias expansion

Important: those are the
same parameters for all
n-pt functions

In a nutshell, it is an Operator Product Expansion (OPE)
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One slide about stochasticity

non-minimal
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Where we stand now

DESI 2024 V: Full-Shape Galaxy

>
DESI Collaboration: A. G. Adame,' J. Aguilar,” S. Ahlen®,?
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Fast two-loop evaluation

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



Fast two-loop evaluation
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Fast two-loop evaluation
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Fast tWO'I.OOp evaluation | Bakx, HR, Chisari, Vlah 2025:;

I One-loop EFT, kmax = 0.11 h/Mpc
B Two-loop EFT, kmax = 0.26 h/Mpc
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Pause to drink some water



A lot of work to go to higher loops!

Can we make our life simpler?
(by complicating it first)

... Or on how to use a one-loop (renormalization group) to get
information about higher-loop terms 'for free'
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How things change with scale?

One-loop (RG) to get information about higher-loop terms 'for free'

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

Method of regions:
(Beneke and Smirnov)

_-4---- - p>>(q(or g<<p): Absorbed by (1loop)"2

Kod vV >~---- - p~q:Intrinsic 2-loop




Renormalizing the bias parameters A

First order:

Second order:

Third order:




The equations
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The (one-loop) solutions



Solutions (one-loop)
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Why should you care?



What do the solutions of the RG tell us? 52 Gamy. HR. Viah
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Why should you care II?



Resumming terms with the RG equations Bakx Garny. HR. Viah
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Resumming terms with the RG equations Bakx Garny. HR. Viah
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Resumming terms with the RG equations Bakx Garny. HR. Viah
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Partial conclusion

1-loop RG resums part of higher-loop contributions (p>>q or g<<p regions)

...But is the other part ('intrinsic 2-loop', p~q region) small?

If YES: amaaaazing, 1-loop RG is doing something

If NO: out, | have to calculate the loops anyway to
get most of info




The (two-loop) solutions



The equations —
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Solutions (two-loop)
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Why should you care IlI?



Measuring the bias running Hsiang-Ming (Harry) Huang,

HR,
A [b/Mpd Fabian Schmidt,
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Conclusions

- Cross-check for EFT inference; First images of Rubin

- Systematic renormalization (+ stochastic +PNG);

- More information from resummation? TBD!

- Still to be understood:

1) RG stability when going to higher-order
2) scales in between which RG can operate
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MOtivation | DESI collaboration
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Linear mUI_ti-tracer Seljak 08, McDonald and Seljak 09

ﬁA —B
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n n

cross-stoch

(PAA = (6464Y = (b + fu)*Pp + 2 (1 + ¢
§ PAZ — (5465) = (b + fu?)(bF + Fu?)PL 4 bt

| PP = (%6%) = (b7 + f1*PPr+ 75 (1 + )




Three problems (with linear MT)

1) Finding tracers with different linear bias;

byt — b7 |




Three problems (with linear MT)

2) Very high number density (low shot noise)

—
o
\

————————— -
~
-
-~_~
-
-
-
-
—
-
-
-

%, /94,




Three problems (with linear MT)
= (6404)" = (b + fu*)?Pr + == (1 + )
3) Cross-stochasticity = (6287 =<bf‘+f“2>(b?+f“2>PLf¢—A—BC§B I

pBB = (0885) = (bF + fu*)* P+ 25 (1 + &5

Rubira and Conteddu 25
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Solving all those problems: Beyond linear theory

Bias expansion

Z — 1= [bo(7) + cco(r)e(z, 7)] O(m,7) + €(, T)
Mg (T) o)

ng(x, T)

dg(,7) =

Find samples with different non-linear bias!

Ab Ab
bp=bp ¥ and b3 =bg £ —-

With Francesco Conteddu

With Thiago Mergulhdo+

ArXiv:

ArXiv: 2504.18245
"' 2108.11363,

| 2306.05474
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. . Notice a few things:
Bias + counter-terms + stochastic - linear bias change
- non-linear scales change
- FoG sample selection

bé bg products break degens (see also Lizancos, Seljak + 25)




Results

Kmax [h/Mpc]

| | ]
3 "~ —— b, —e+— b, —e— b, —— braj/:——’—

= ==
= _____________..-—4 T =
%]
o}

2 T

. | ;
0.12 0.13 0.14 0.15 0.16 Q.17 0.18 0.19 0.20
kmax [A/Mpc]




Three problems (with linear MT)

1)

Finding tracers with different linear bias;

bgt — b7 |
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Three problems (with linear MT)

e B high — {budiow e
1.24t——2=0>5
2
Y . : . : = 107
1) Finding tracers with different linear bias; :
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\ We should find samples
3 1 .  with different tidal bias! \
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Lazeyras, Barreira, Conclusion: Assembly
Schmidt 2021 bias can help a lot!
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Three problems (with linear MT)

2) Very high number density (low shot noise)

—== MT lin (b)
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Three problems (with linear MT)

2) Very high number density (low shot noise)

—== MTlin () —— MTEFT (b))
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Three problems (with linear MT)

3) Cross-stochasticity —- STin

— MT lin (by) Full
*= MT lin (b;) No Cross Spec.
++=« MT lin (b;) No Cross Stoch.
100_

Linear: 10-1-
Gains when
neglecting
Cross
stochastic!
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Three problems (with linear MT)

3) Cross-stochasticity — STEFT --- STln
—— MT EFT (ban) Full —— MT lin (b1) Full
== MT EFT (b.y) No Cross Spec. —-= MT lin (b;) No Cross Spec.
100 | | MT EFT (bay) No Cross Stoch.  =ex= MT lin (b;) No Cross Stoch.
non-Linear: ]
Gains even with cross stoch! ———— |
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Why is MT non-linear better?
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More tracers

2 tracers is the sweet spot
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Unbalanced split
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Unbalanced split already
favours MT!




- Linear MT relies on low shot noise and large b1

COHCI.USlonS difference, this is not the case for non-linear MT
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- Using information about galaxies bias adds a lot!

- Assembly bias can play an important role.
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Wrapping up and concluding







