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What galaxies at long

distances can tell us?
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H—I

A 1 meV

matter-radiation equality] 1 eV
BBN

neutrino decoupling | 1 MeV
Reheating

 / ~105 GeV



CMB

BBN

neutrino decoupling
Reheating

1 meV

matter-radiation equality] 1 eV

1 MeV

 / ~105 GeV

Dark Energy ?

BSM ¢

Neutrino properties ?

Inflation ?



EFT: a natural language to decipher the Universe

CMB
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Galaxies formation:
¢/ On large scales: Equivalence principle

v/ Coarse-grained fluid-like description

Hot Big-Bang:
v/ Weakly-perturbed plasma
¢/ Linear theory

Inflation:
¢/ Near-de Sitter phase

v/ Spontaneously-broken time translation



— In this talk —
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— Plan —

Part 1-"The LSS as a coarse-grained, effective field

Part 2 - The “Pen €5 Paper” approach in action

Part 3 - Insights from galaxies at long distances beyond 2pt



— Effective Field Theory of Large-Scale Structure —

Baumann, Carrasco, Hertzberg, Nicolis, Pajer, Senatore, Zaldarriaga, ... 10-13

Looking from afar, we want to know fields describing matter, baryons, galaxies, etc., e.g., §, & b (5g, v, ...

Ingredients

- Dark matter: Continuity and Euler equations (coarse-grained)
- Gravity: Poisson equation ¥*® ~ &
- Symmetries: Galilean invariance x — x+n, v—v +90 n
Weinberg 03, Kehagias, Riotto, Peloso, Pietroni, Creminelli, Gleyzes, Norefia, Simonovié, Vernizzi 13
Receipe

- Solve dark matter equations perturbatively

- 0=0,+0,+...
- For unknowns, write down all terms allowed by the symmetries with free Wilson coefficients

- (5g:b1 0,+b,0,+...

- For UV-sensitive operation, add counterterms



— Roadmap —







— Dark matter —

review: Bernardeau, Colombi, Gaztanaga, Scoccimarro 01
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— Dark matter —

0°P = g?{zﬁmé
e 1 |
0+ a&;((l +§)v') =0

. 1 . 1
V' + Hv' + =0/ 0;0' + -0, =0
a a
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review: Bernardeau, Colombi, Gaztanaga, Scoccimarro 01
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— Dark matter —

review: Bernardeau, Colombi, Gaztanaga, Scoccimarro 01
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Py =2 / &g [Fa(k — q, )2 Pra(k — al) Pra(q)

Pis = ﬁ/d?’qF3(k,q, —q)P11(k)Pi1(q),

Prm(k,a) = a*Pyy (k) + a* Pys_13(k)



— Dark matter —

3 ki{ ()
0?P = §H2Qm5 oK e { e e~ 4 e K e
1 | T
d+ —0i((L+)v') =0
: ‘ ; | : 1 (P11) (P22) (P13)
vt + Hot + =7 8]"07' + -9;® =0 But divergent integrals !
a a

P —2 / &g [Fa(k — q, )2 Pra(k — al) Pra(q)

Pis = G/d?’qF3(k, q,—q)Pi1(k)Pi1(q),

Vi 4 Early regularisation:
Pmm (k" CL) — a2 Pl 1 (k) —|— a P22_ 13 (k') Scoccimarro & Friedman, Jain & Bertschinger 96

Bernardeau, Crocce, Scoccimarro, Pietroni, Valageas 06-08



— Dark matter —
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— Dark matter —

Baumann, Nicolis, Senatore, Zaldarriaga 10
Carrasco, Hertzberg, Senatore 12

Coarse-graining y
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6(k) ifk<A 1~k
P (k,a) = a?Pr1 (k) + a* Pyy_13(k) oo(k) = { (k) NL

0 otherwise



— Dark matter —

9P, = %Hmmag

R | .
0¢ + —0i((1 + 6¢)vg) =0

Baumann, Nicolis, Senatore, Zaldarriaga 10
Carrasco, Hertzberg, Senatore 12

Coarse-graining y
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Prm(k,a) = a*P1y (k) + a* Pya_13(k)



— Dark matter —

Baumann, Nicolis, Senatore, Zaldarriaga 10
Carrasco, Hertzberg, Senatore 12

3 Coarse-graining /

9x a0
0 (I)K = 2H Qm5£ [ (5(/(:) = 5g(k) +5/4> ]
| . 7
o¢ + ;82((1 & 5@)1)@) =0 / EFT expansion

y 1 .1 1 1 y 52
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— Galaxy bias expansion —

McDonald 06-09, Angulo, Assassi, Baumann, Fasiello, Fujita, Green, Mirbabayi, Schmidt, Senatore, Vlah, Zaldarriaga, ... 14-16

(Galilean inv.) fluctuations stochasticity

t r A \ r—%
5y (w, 1) = / at' f(0:0;0(z, ), 00;(x, '), 0/, i (, V), ka2, )
— —

(spatial) gradients time responses



— Galaxy bias expansion —

McDonald 06-09, Angulo, Assassi, Baumann, Fasiello, Fujita, Green, Mirbabayi, Schmidt, Senatore, Vlah, Zaldarriaga, ... 14-16

(Galilean inv.) fluctuations stochasticity
t s a A ‘ ‘
/ / / / /
5,(2,8) = / at' f(0:0;9 (), By, t), B/, 5 (@, ), mult, )
— "
(spatial) gradients time responses
Remarks ;
t dt”
- Fluid expansion = — zg =x + /t () v(zq(x,t,t),t")
_ Equivalent to Zocal_l'n_tl'me basis up to 4th Order’ w/ D’Amico, Donath, Lewandowski, Senatore 22a
5o(z,t) = f (a,;ajcp(a,-, ), 8v;(x,t), 8/, € (x, £), h:*(t))
_ but not at Sth order! Donath, Lewandowski, Senatore 23

- An equivalent formulation (up to renormalisation) is,

Consider local-in-time expansion & advect with LPT displacements Schmidt 21



— Galaxy bias expansion —

At the end of the day,

/e
n=1 \ Operator Expansion
/ governed by
[“Galaxy” overdensity [Wilson coefficients ] Equivalence Principle
\ ) \\ J \ )

Y Y

& Map coarse-grained 3D “pixel” Parametrize our ignorance of O ((xn) — 0 ((xn) [ 6z 8j (I), az]

short-scale “astro”—physics






— Redshift space —

Matsubara 08, Lewandowski, Senatore, Zaldarriaga, ... 14-16
w/ D’Amico, Donath, Lewandowski, Senatore 22a

A

- Comoving coordinates relation real space to redshift space: & — x + ('U'H . 2)2 ('U'H = / H)

5—>5—|—Z H 1+5)ﬁv§3 3ta 5t
n b=1

- Counterterms are added such that products of local operators
have the correct properties under Galilean transformations ...

- eg, 5’U'ZH 2 Crg 8251/]6?3 [ i]R — [ i]R =i Xi ’

[’ |r = [']R + [v']RX? + [ ]RX" + XX
opv" ]R — [5h’U ]R -+ [5h]RXZ







— Correlation function —

- A pedestrian’s example

dg(w,7) = F (9:0;0(w, 7)), hv; (@, 7), 00, /Iy, €35 (%, ) Jen (7))

59 2 Cl@




— Correlation function —

- A pedestrian’s example

dg(w,7) = F (9:0;0(w, 7)), hv; (@, 7), 00, /Iy, €35 (%, ) Jen (7))

by Dlc10%¢|= b10

by D 302020 = by



— Correlation function —

A pedestrian’s example

dg(w,7) = F (9:0;0(w, 7)), hv; (@, 7), 00, /Iy, €35 (%, ) Jen (7))

dg D c10%°p|= b16 D by (5(1) +6@ 4 5(3)) 2 ké; s
NL

by D 302020 = by



— Correlation function —

A pedestrian’s example

dy(,7) = F (0:0;0(, 7)) 050; (2, 7), 0,0; /iy, €35 (w, 7). en(7)

2
8y Dlc10%¢|= 018 D by (60 + 6@ + 63 4 297 s)

"k
) 2

[(5959> > b2 (Pr1(k) + (6P6@) + 2 (6WsB)Y) 4 2p, 2 k"; Pn(k)J
NI,

(59 D 6232 = 6252



— Correlation function —

A pedestrian’s example

dy(,7) = F (0:0;0(, 7)) 050; (2, 7), 0,0; /iy, €35 (w, 7). en(7)

2
5y D1c107¢|= 016 D by (6 463 4 6®)) 4 62‘9_5(1)

"k
) 2

{(5959> > b2 (Pr1(k) + (6P6@) + 2 (6WsB)Y) 4 2p, 2 k"; P11(k)}
NT,

8y D ca02d0%¢) = bad? D by(6)



— Correlation function —

A pedestrian’s example

dy(,7) = F (0:0;0(, 7)) 050; (2, 7), 0,0; /iy, €35 (w, 7). en(7)

2
8y Dlc10%¢|= 018 D by (60 + 6@ + 63 4 297 s)

"k
) 2

[(5959> > b2 (Py1(k) + (6@6@) + 2 (6WB)Y) + 2b, 2 k"; Pn(k)J
NI,

8y D e300 = bad? D by(69)
[(5959> > 2b1bs (62)62) + b (5252>]




Part 2 - The “Pen €5 Paper” approach in action
One comment.
One technical point.
Some validations.
One example.



— EFT & Galaxy Survey — DM Gal RSD

- Where are we? 5( 3) ‘/ ‘/ ‘/

M v v vV

M’ v v X

data frontiers

0-loop 1-oop 2-loop 3-loop N-loops



One aspect of EFT analyses

The Scale cut



— EFT scale cut —

e What error we make when truncating the EFT expansion?

\
data
Ustat
0.02 1 paL
Q:: 0
~ —— 2L
l P2 \
0.00 : /
Q:“ 0.1
~
I /
——
0.0

0.1 0.2
k [h/Mpc]

w/ D’Amico, Senatore, Nishimichi 21
w/ D’Amico Senatore, Zhao, Cai 21
w/ Simon & Poulin 22

Theory error at I-loop (NLO) = 2-loop (NNLO)

PE=O(k) ~ cors A °(k)
M
1 5 4 B
Por(k) ~ 151(07«,451 + crppt”) k—4P11(k)
R



— EFT scale cut —
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w/ D’Amico, Senatore, Nishimichi 21
w/ D’Amico Senatore, Zhao, Cai 21
w/ Simon & Poulin 22

1. Self-determination of scale cut
from measuring shift upon adding NNLO

1
data
Osys < gastat

2. Automatic calibration of governing scales
such that |c LOl ~ e NLOl ~0(1)

PSS = 0 hiMpe™, A= 0.85hMpe 7,
kSBOSS — 0.7hMpc™!,  kgBOSS = 0.25n Mpc ™!



Disclaimer: Most analyses in this talk are setting w, to BBN preferred value

EFT pipelines

Some validations

> PyBird: betps://github.com/pierrexyz/pybird

w/ D’Amico & Senatore 20

Also: Velocileptors, CLASS-PT; PBJ, FOLPS, CLASS-OneLoop, ...


https://github.com/pierrexyz/pybird

— Tests against simulations —

AIN10%°A,/In10%A Ah/h £Q,/Q
mi*ém

Ang/ng

— Letter €d Chﬂlle ﬂg€ —  w/ D’Amico, Gleyzes, Kokron, Markovic, Senatore,

L, ~(25Gp/h)

0.05

For BOSS 2pt @1-loop

— [blind] PT challenge —
Beutler, Gil-Marin 19
w/ Colas, D’Amico, Senatore, Beutler 19 Vbox 566 (GP C/ b)j
In real space w/ D’Amico, Senatore, Zhao, Cai 21 V ~100V
tot BOSS

. B BN ABFG . D = PT

w/ Nishimichi, D’Amico, Ivanov, Senatore,
Simonovic, Takada, Zaldarriaga 20

see also [Velocileptors]
Chen, Vlah, Castorina, White, 20
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— Tests against simulations — For eBOSS 2pt @1 —loop

— QS 0O — w/ Simon & Poulin 22 — LRG+ELG — [multi-tracers] Zhao ez al. 23

Ivanov & Chudaykin 22 Ivanov 21

B LRG complete EZ, V x 27
B EZmock B LEX complete EZ, V' x 27

A —— LEX complete EZ, w/o stoch., V x 27

\\ |
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1.0}

0.8

o3
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03 04 0.6 0.7 0.8 06 08 1.0
Q,, h (43

1
66 67 68 69




— Pipeline comparison —

For BOSS 2pt @1-loop

N CF EEWm PS W CF+BAO WEE PS+BAO

— Consistency PS vs. CF —

w/ D’Amico, Senatore, Cheng, Cai 21

w
w
T

In10%A,
w
o

im,

010 012 014 0.16
Weam

0.66 0.70

h

0.74 25 30 35 X J . 3 . 0.40 0.2 06 1.0 14
Inlo“’A, Ns Qm Im,



— Pipeline comparison —

For BOSS 2pt @1-loop

EEl WC prior (PyBird)
B EC prior (PyBird)
...... EC prior (CLASSPT)
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— Consistency of BOSS EFT analyses —
PyBird vs. CLASS-PT
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¥ For other comparisons, see also
o6p - i e o [PBJ] Carrilho, Morettia, Pourtsidou 22
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h Wedm n10"0A, ny

o g [CLASS-OneLoop] Linde, Moradinezhad Dizgah, Radermacher, Casas, Lesgourgues 24
m ag Sy



— Pipeline comparison —

— Eudid collaboration — Bose ¢t al. 24

PyBird vs. PBJ vs. MG-Copter (vs. simulations)
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For LSS-S4 2pt @1-loop

— DESI collaboration —
PyBird vs. Velocileptors vs. FOLPS (vs. Abacus simulations.)
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Part 3 - Insights from galaxies at long distances beyond 2pt



BOSS 2+3pt @ 1-loop

[theory] w/ D’Amico, Donath, Lewandowski, Senatore 22a
[code] Anastasiou, Braganga, Senatore, Zheng 22
[analysis] w/ D’Amico, Donath, Lewandowski, Senatore 22b



— Galaxies in redshift space — 2+ 3pt @1-loop

w/ D’Amico, Donath, Lewandowski, Senatore 22a

r,h . 7‘,1L r,h r,h,ct r.h r.h,e

Pl-loop tot. — 11 (P P ) (P P )
r.h . 7'./1 11) r h 11).(,‘t r.h.ct

By e st = By, + (By"'" + By ) + (B + Bi )

r.h r.h,e
P Pra + (Bgja + Bajys ) + (Bm 4 Bm )
LI [ | || '
F2 F2 F3 ]Dlzn

1
B321




— Galaxies in redshift space — 2+3pt @1-loop

w/ D’Amico, Donath, Lewandowski, Senatore 22a

rh,ct
llooptot [ ]+ }PB + Py
r.h r.h rh,(11) ryh,(11),ct
Bl-loop tot. :[Bzu}F (@321 ]‘*‘ By ) + (
rh rh,e
+ (Baa + Bays' ) + (

/> PT contributions
Plrih[bl] ; P{éh[bl,b;;,bs] Pzréh[bl,bz,bs] :

BoR by, bosbs] 5 By Oy, boy bs, bs, bs] ,  BRE[by,s - b

=

6222[1)17 b2a b5] ) ;;2}; D [bh b2, b3a b5a bﬁa bSa blO] J




— Galaxies in redshift space — 2+3pt @1-loop

w/ D’Amico, Donath, Lewandowski, Senatore 22a

r.h rh,c r,h
1 loop tot. l 11 ll (l ll l 13 l) + ‘P22
rh l; r,h,(11) rh,(!I),ct
Bl-loop tot. 211 + 321 + (

+
222 222

/> PT contributions N\ { J+ F J)
Pi*bi), Pj3'[bi,bs,bs] , Pyy'[by,ba,bs]

Byi[b1,ba, bs] ,  Biay""[by, by, b, bs, b
222 [bla b2a b5] Bg’zhf(l [bla b2a b37 b5a bﬁa bSa blO]

B[y, - -, bul

=

J

>  Counterterm contributions

r.h,ct l r,h.e St St St
with insertions of order in fields P [bl’ Ch,15Cr,1) Cro,15 C"U,3] ) P22 G, C3 ]}

1 )
1 response r,h, 11),ct r h,e,(1) St St
2 response BS21 [bl’ ba, bs, Ch,1) Cr,15 Cro 1, c1rv,3] 321 [bl, Cq ,62 g {C } =4,.. ] "
1% stochastic r h,ct

—_—
411 [bla {Ch }'L 150409 Cﬂ',la C7T,5a {CWU,j }j=1»---,7] ) [352};6 5222),0922), Cg222)]].




— Galaxies in redshift space — 2+3pt @1-loop

w/ D’Amico, Donath, Lewandowski, Senatore 22a

- 11 bias / 14 response / 16 stochastic parameters
- All counterterms neccessary & sufficient for 2+3pt renormalisation @1loop

Pl ={PiF (P FIPE™) + (P} P2

rh rh r.hy(11) roh,(11) ct
Bl-loop tot. :[Bzu}F (@321 ]"‘ [B‘m )) +

+ (i i) +

/> PT contributions
Pr'h[bl] Pr’h[bl, b‘;,bs] Pr’h[bl,bm bs] |
211[b11b2)b5] ) 321 1) [blabZab%bSabS] 411[b17 soe abll]

=

Banlbr. ba, bs] . By by, by, bs, bs, b, bs, buo) )
> Counterterm contributions
with insertions of order in fields PT e [bl’ Ch,1; Cr,1) Cro,1, Cﬂ'v»3]]’ F;éh - c§t’ C§t7 C’it]1
21.: :Z:ggg:z @3;2111 s [bla b2) b5a Ch,1,Cr,1y Crro,1 C7rv,3]} B::zqe [bl ) (ﬁta 62 ) {CSt} =4,...,1 ] )
1°* stochastic :Bz,lhl,ct [bla {Ch,,i}izl,...,S, - {Cﬂv,j }j:l,...,?]], [Bngse 15222)’ Cg222)’ Cg222)]].




— Tests against simulations —

Ah/h

Aog/og

0.05

0.00

-0.05

0.2

0.0
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I Nseries P; + By
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* Here fit with BOSS volume covariance
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BOSS 2+3pt @1-loop

w/ D’Amico, Donath, Lewandowski, Senatore 22b

see also Philcox, Ivanov, Cabass, Simonovic, Zaldarriaga, Nishimichi 22
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B Patchy P; + By + B>
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— Best-fit —

Py(k) | k €[0.01,0.23]
By(k) | k € [0.01,0.23]
By(k) | k € [0.01,0.08]

BOSS 2+3pt @1-Loop

w/ D’Amico, Donath, Lewandowski, Senatore 22b
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BOSS 2+3pt @1-loop

w/ D’Amico, Donath, Lewandowski, Senatore 22b
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> error reduction from P to P+B:
13%on Q2 18% on b 30%on o,

. = mean + o Qi h o8
- +0.012 +0.049
- P, 0.308 £0.012 | 0.68913:212 | 0.81910-049
: Py + B°°P 4 Biree | 0.31140.010 | 0.692 +0.011 | 0.794 + 0.037
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See also [tree-level 3pt] Ivanov, Philcox, Cabass, Nishimichi, Simonovic,Zaldarriaga 23



— wCDM — BOSS 2+3pt @1-Loop

w/ Spaar 23
base = Planck + ext-BAO + PanPlus
wCDM
base base+BAO base+2pt base+2pt+3pt (tree) [ base+2pt+3pt (1loop) |
w | —0.982 £0.027 | —0.987 £ 0.026 | —0.996 + 0.026 —1.010 £ 0.025 . —0.975 £ 0.019

— base+2pt ~ 30% improvement
= base+2pt+3pt
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> First combined analysis w/ BOSS 2+3pt @1-loop

> ... with actual improvements over Planck + BAO!
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— A (not so) new strategy for extracting cosmology from galaxy surveys —

— The “Pen & Paper” approach —

\

“Cheap”
- VVEIZDZ—deﬁned, principle-based framework for predicting galaxy correlators at large scales
- Flexible exploration: for modification at background / linear level only, it is Plug €5 Play

- “Little margin for mistakes”

- Parametric control over theory error
- Assumptions are as geneml as possible: We work only with Equivalence Principle!

- “Green”

- Likelihood is analytic (vs. simulation / ML based inference)
- Iterations (over codes, models, etc.) are cheap

(€4 o . »
- “Historical
- Observational systematics, at least at the 2pt level, are well studied

“Benchmark”

- NO reason to NOT do it
- Indeed now standard in DESI / Euclid

\



— Open questions —

There are limitations...

- Mildly nonlinear scales only. What to do with the small scales? SBI? Talks Chang?
- Many parameters to marginalise over our ignorance. Prior-informed analysis?

Beyond 2pt, mainly a data analysis frontier

1

Need better estimation of covariance for 3pt

No estimators beyond 3pt

Systematics are not well understood

Forward-model-based Inference is promising Talks Beatriz & Ivana?

1

1

1



— Last comment —

- Thave the computer. Why not do full Field-Level Inference?

— Short answer —

Scale cuts
at Field Level

& on Correlators

are not One-to-One

0-loop 1-oop 2-loop 3-loop N-loops



— Last comment —

- Thave the computer. Why not do full Field-Level Inference?

— Short answer —

Scale cuts
at Field Level

& on Correlators

are not One-to-One

Thank you!

0-loop 1-oop 2-loop 3-loop N-loops



