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Abstract: Major improvements in the theoretical aspects of Cosmology have been possible in recent years due to QFT-inspired methods, sut
effective field theory of large-scale structure (EFTOofLSS). In this talk, | will explore further connections between high-energy physics
cosmology. | will present a systematic approach to renormalizing the galaxy bias parameters using path integrals and a finite cutoff scale -
derive the differential equations of the Wilson-Polchinski renormalization group that describe the evolution of the finite-scale bias parameter
?, analogous to the ?-function running in QFT. | will then discuss how the RG-flow of EFTofLSS can lead to improvements in the extracti
cosmological parameters and also serve as a tool for sanity checks.
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Message to take home

We derive the Callan-Symanzik equation for the
galaxy bias parameters:

db;
dA

dbsz
dA

dbg,
dA

Many things to explore:

systematic construction of operator basis and their priors,
systematic renormalization of n-point functions,

extra cross-checks,

more information from galaxy clustering (to be investigated)
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Cosmology in the era of (subpercent) precise g

CMB LSS
(Planck, ACT, SPT, SO, CMB-54) (BOSS, eBOSS, DESI,
Euclid, DES, Kids)

“.I‘I()S.‘s‘ + ¢BOSS guasar nﬁ;nrﬂ]‘m kG >
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More data is leading to more tensions

Henrique Rubira

Chen, White, +, 22
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Can theory catch up?

We should be able to provide:

1) Models to be easily checked. How to address those tensions
(once we take them seriously)?

- Hard to be consistent with CMB, Supernova, LSS;
- What is well-motivated from the particle-physics perspective?

2) 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?
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Henrique Rubira

Part 1: Models
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The HO Tension — P |

Henrique Rubira

Early DE (canonical) models

or=sfp-oe(3)]

Mcdonough, Hill, lvanov,
Posta, Toomey

0.001 0.0703 0.14
fepE

Beyond-canonical: e.g., Phase transitions in the early Universe
L3

I LCDM —— NEDE (§2, =0) I NEDE (2, > 0)

" | Base w/ SHOES and LS5 ' Cruz, Niedermann, Sloth; ++

1 | Garny, Niedermann, Sloth, HR,
(To appear)

Basew/LSS | Basew/ SHOES

0.85

o0
9 gs0 )

0.75

e e L 1 | Interesting connection
Ho [km/s/Mpd] Hy [km/s/Mpd] Ho. [km/s/Mpc] Ho [km/sfMpd] with GWs (NANOGravy, ...)!
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Aside N

Henrique Rubira

Higgsless simulations of PTs

New simulation scheme for GWSs from PTs

Advantages: fast, shocks, non-linear, Higgsless,
different frequsncies...

Qs (9/90)°
oW 1+ (q/90)2[1 + (¢/q1)7]

Ryusuke Jinno,
Thomas Konstandin, HR, Isaac Stromberg

see 2002.11083, 2010.00971, 2108.11947/,
2209.04369, 2302.06952 \
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The S8 Tension

Heymans, Troster +, 20

Henrique Rubira

1.1
B BOSS+KVA450 (Troster et al. 2020)
[0 DES YI 3 x 2pt (DES Collaboration 2018)
| B KiDS-1000+BOSS+2dFLenS 3 x 2pt
01 B Flanck TTTEEE+lowE
0.9 -
< 'S
0.8 4
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0.6 T T T
D ) D o]
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02 = — [ dkk2P(k,2) [W(kR)|?
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° ETHOS (Effective th f struct '
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Heymans, Troster +, 20
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What is the reason why IDM-DR lifts S8? |

Henrique Rubira

n =70

HR, Mazoun, Garny —— Planck + BAO + RSD
—— Planck + BAO + FS
Planck + BAO + FS + KiDS

20

8.5

logo(@dar/[Mpe] ')

This feature in
the MCMC
shows one
parameter
direction that
addresses S8!

0.4733 8.5 20.743 0.795 0.847
lOgll)(atlnrk/{,'\”Ipc]"l) 88
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What is the reason why IDM-DR lifts S8?

n =70

Henrique Rubira

Milder suppression for

HR, Mazoun, Garny — E:act:gigi? longer times
=— anc
Planck + BAO + FS + KiDS 10!
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No solution to S8
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Fa(p1) Fa(pa) Fal

Connecting COSMO to HEP

1 v s
L= —§tr(F‘uuF” ) i X(Z’Y#D;L - mx)X

x(p2) () s-channel x(pg) xps) (b) u-channel

t-diagram introduce a log-divergerce
2 4
e i
o ToM_pR = a2 pre 472 ot 4 + O o(ﬂ)}
Non-relativistic limit TDR <& My, IDM-DR alsmxm)ﬂ{ br [Inag ' +co+c1gq + O(gy)] # ~
Weak coupling limit gd << 1 For the first time those contributions were calculated in that context
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o T S T
: 0. 03 0.4
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N=1pR/ Ty
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Interacting DM-DR (with Mathias Garny, Asmaa Mazo

Testing with clusters: Preliminary (Mazoun, Bocquet, Garny, Mohr, HR, Vogt)

IDM mock LCDM mock

—— Planck k

B CMB-S4x Euclid —— Planck

Bl CMB-S4xEuclid
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What is the reason why IDM-DR lifts S8?

n=~0

Milder suppression for

HR, Mazoun, Garny —— Planck + BAO + RSD longer times
—— Planck + BAO + FS
Planck + BAO + FS + KiDS 10! 77
— i)
— n=32 f
10(]_ — a=4 / /I
& /
= /
{21
20 ‘:4| 10—1_. __ |
& g
= S ng
= 10724
585
= g
E 1 10 102 104 100 10%
: . = >
This feature in 3 — 4
0.847 =
the MCMC
shows one % "
A 0.795 | S
pPa rameter — I e -
direction that ’ i
0. 0,795
addresses S8! LW i s
0801 0.287 0.4733 85 20.743 0.795 0.847 ; . i o :
E logm(ﬂqlm‘k/li\lpc]—l) SS 0.095 0275 0,455 ﬁ = 177 0095 0,275 0,45 mi:?.s\ - 177

No solution to S8

Pirsa: 23120032 Page 16/61




Interacting DM-DR (with Mathias Garny, Asmaa Mazo

Testing with clusters: Preliminary (Mazoun, Bocquet, Garny, Mohr, HR, Vogt)

IDM mock LCDM mock

— Planck

Bl CMB-S4xEuclid
\ B Planck+CMB-S4x Euclid
0.36 -
034
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Part 2: Tools (EFTofLSS)
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verful

Henrique Rubira

CAASTRO

=]
w
=
Redshift 2

/ SDSS
S collaboration
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On why (EFTof)LSS is so powerful

Baumann, Nicolis, Senatore, Zaldarriaga,
lvanov, Philcox, Garny, Vlah, Schmidt, D'Amico, Zhang
Kokron, Wadekar, Chen, Scoccimarro, HR, (many others)

Henrique Rl.bi! a

P99 (2. k) =( (b)Y P (2, k) + Prp (2, k)] @62( k) + Qbibg,)Tg, (2, k)

4
+ + 5 Foa(2,k) + &5252(%;&')

+ (bg,)” Yoa0, (2, k) +(babg, Tszg, (2. k) +Po2;(p k)€ Pec (3, F)

g

Bias expansion Stochasticity

CAASTRO

SDSS
collaboration
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why (EFTof)LSS is so powerful ’

Henrique RLbil a

Baumann, Nicolis, Senatore, Zaldarriaga,
lvanov, Philcox, Garny, Vlah, Schmidt, D'Amico, Zhang
Kokron, Wadekar, Chen, Scoccimarro, HR, (many others)

P99z, k) =((b1)°)Pian (2, k) + Pur (2, ) @59@ k) + 0bibg,)Tg, (2, k)

,‘ fgg(z, k) + agzaz(z,k)

Bias expansion Stochasticity
CAASTRO
Cons: many free parameters
L
Pros:
- full (correct) non-linear parametrization

SDSS - trivially generalized to higher-order
collaboration n-point function and other models

e SR
g
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On why (EFTof)LSS is so powerful

Success in blinded analysis
(Nishimichi et al)

Henrique Rubira

State of the art of BOSS analysis:
Bispectra multipoles
(lvanov, Philcox, +)
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On why (EFTof)LSS is so powerful

Success in blinded analysis
(Nishimichi et al)

Henrique Rubira

State of the art of BOSS analysis:
Bispectra multipoles
(lvanov, Philcox, +)
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The 3-loop calculation

s

(In collaboration with Thomas Konstandin + Rafael P ‘

Henrique Rubira

Piloop = Pioop — 2(2m)(c31) + 2y + S3(3))k° Po — 2(2)(Zay + 32k Py

2m)c2 k> Py + (27r)2((c§(1))2 = 2c§(2)c§(1)) K Py + (21)*(c2y)) K Py

T
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— 2
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— 2(2m)*(eaqr) + caz)k Py — 2(2m) )k Py + 2(27) ¢S caqayk® Po

=+ Q(Qw)zci(l)clquad(l)k'4pquad “ & (2w)2cstochk4 - 2(27r)2c4,q11it(lk4pquad
— 2(27)3cek® Py.
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series
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On why (EFTof)LSS is so powerful Fendigue RLbir

Success in blinded analysis

(Nishimichi et al) _
State of the art of BOSS analysis:

0.2 Bispectra multipoles
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The 3 - loop calCUIation (In collaboration with Thomas Konstandin + Rafael P ‘\

Henrique Rubira

PSioop = Poloop — 2(2m)(clqy + ) + c23))K>Po — 2(27) () + 32y K Py

3-loop — + 3-loop —

2m) ) k* P + 27TJ2((62. Y+ QCg(Z)ci(l)) K1Py + (2m)*(cy)) k" Py

2(27) (Ca,quad(1) + €2,quad(2) )k Pauad — 2(27)cy qudd(l)kzP uad(2)
2(2m)%(caqry + caz))k Po — 2(2m) cqyk* Py + 2(21) >3 1 cay K Po
2(27m)%c3 e, (1) Prand 4 (21 Ptk = 2(27) €4 quaah® Pos
(27r)3(’5k6P0
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0.008 |

EFT as an asymptotic
series

0.006 |

]

o<
0.004 -

0.002 |

0.000 L t v .
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

kgt [h/Mpc|

Pirsa: 23120032 Page 26/61



Multi-tracer 2306.05474, 2108.11363, In collaboration with Mergulhao, Voivc
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. . . o . K
Mulu-tracer 2306.05474, 2108.11363, In collaboration with Mergulhdo, Voive ‘L

Henrique Rubira

ingle-tracer: n = ny, Multi-tracer: 2 = oy
— ;
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EFTofLSS via Wilson Polchinski

Z[J] - /quin CXp (SO[Cbin] + qubz[gbln]) with SO[Qbin] — —%qﬁ?’ [P(A)_l]?lj(bj

We use 82

SInce (g ... gin) = Jquin O [Pin] - - - B [Bin]e0LPn]
OJA ...0J)

da=l

.
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EFTofLSS via Wilson Polchinski

¢'[P(A)™ ]i;¢’

DO | =

2] = [ Dow o (Siou] + (o)) win  Soloal = -

We use aZ Since <¢z1 5 ¢zn> = /Dﬁbin gbil [Gbin] . gzﬁi”' [d)in]GSU[Qf)in]
O ... 0dn |z, g
: . : | - _
dspr = Kspr; Oin + 5 KSpr i iy + -+

2

d Kh Jn T ((M)UKJI ‘In Uf%; (

1 J *In
dA 11+*tm dA 1j11+im )( )ngl lekKji:_}l_l zm)
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EFTofLSS via Wilson Polchinski

Z[J] — /D(bin eXp (SO[Cbin] + qubz[cbln]) with SO [¢in] — _%¢i[P(A)_1]ij¢j

: : n : - Soldin
S i e (g ) = / Din ¢ [Ga] -+ " [Bua] 1
B .. 8T |y
Advantages:
- Path integral formulation

1 - Systematic generation EFT structure
quPT = KSPT; + KSPTgk qb qﬁm + - (coefficients are closed under RG flow)

2 - Keeps'small (yet-perturbative) modes in

the theory

d 1 (dP"Y P9 < _
KJI “Jn — _ | = Kjl Jn KJl o K{”_-i-l Jn
(@ WEE@ )]
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The LSS Renormalization Group
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EFTofLSS via Wilson Polchinski sl o

Z[J] — /qu)in eXp (SO[Cbin] + qubz[ﬁbm]) with SO[¢in] — _%Qbi[P(A)_l]ijéj

We use 02

SINce (g ... gin) = /D¢5in O [pin] - - - O [Bin]e0LPn]
OJA ...0J)

dx=0
Advantages:
- Path integral formulation
Systematic generation EFT structure

: 1 -
SpT = KSPT; + QKSPTgk Q5 (yﬁm + - (coefficients are closed under RG flow)
- Keeps small (yet-perturbative) modes in

the theory

Kh Ji Kjl?%—l"‘jr? )

d g 1 (dPT o dPTE
dAKgl sz - —5 (dj\ Kiﬂlj?’m Z Z ( ) ( ) 11tk " Jlk41tm
‘ =0 =0 \
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The LSS Renormalization Group
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Preamble 1... OFT101

Renormalization group: coupling constants

evolve with the cutoff ("flow"). Callan-Symanzik equation:
Observables don't depend on the cutoff! 89 .
= B(9)
9 A 8 111 19
1
3
Ex
QED e) = .
Ble) 1272
QCD: B(g) = — ll_ns_an g
B 6 3 ) 16n2
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Preamble 2... Historical overview and frameworks

- Dim Reg, scale transformations and
applications to QED: Stueckelberg,
Petermann, Gell-Mann, Low ~1953

- RG in condensed matter: Kadanoff, 1966

-  RG in the continuum, derivation of RG
equations and critical phenomena:
Callan and Symanzik 1970, Kenneth
Wilson, 1970/71 (Nobel Prize 1982)

- RGvia path integrals: Polchinski, 1984

Henrique Rubira

Framework 1 (a la Wilson/Polchinski):
d _
AL Z[J] =0

Sliding cutoff,
integrate out modes between cutoffs

A— AN

Framework 2:
Sliding renormalization conditions (e.g.
Dim Reg), no UV regulator

dg
amu*ﬁ@)

‘ - More practical for computations \
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Preamble 3... The galaxy bias expansion

From lllustris
simulation,

Haiden, Steinhauser,
Vogelsberger, Genel,
Springel, Torrey,
Hernquist, 15

(a) dark matter

ng(x, )

dg(x,7) = ) 1= Z bo(T) + ceo(T)e(x, 7)| O, 7) + €(x, 7)
| : 0
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Preamble 3... The galaxy bias expansion

Bias and stochastic

Stochastic field

parameters

p——

dg(x,7) = n%i?;;) —1= EO: @T) +lce.o(T|e(z, )] O(zc,'rb +@

Openators:

First order:

Second order:
Third order:

0}
521 g27
6%, 6Ga, T'3, G3;

‘ Bias review: Desjacques, Jeong, Schmidt \
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Renormalizing the bias parameters

dgl; ) == —1= Z [bo(7) + ceo(T)e(z, 7)] O(x, T) + €(x, T)

9

OBlk) = [ dnk— pr.a)Solpr,-.pa)ip1) - d(py) TR
Plobn 1rst order: ;

Second order: 52, Ga ;
Third order: | 6%, Gy, T's, Gs:

Contribution from

‘ arbitrarily small scales! |
|
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Renormalizing the bias parameters

59(58,7)5”%(3'(3;;—)—1:2[1)9( )+c€o :c'r O? +e%m'r
g
© + counter-terms (A )

A

O8] (k) = / op(k — P1.n)So(P1, - - Pr)d(P1) - - 0(Pn)

First order: o ;

2
econd order: | ¢ :
Notation: S ’ g2’
o Third order: | 6, §Ga, T's, G3:
[[O]] p— +counter-terms (/)
How to determine the Contribution from
renormalization condition? arbitrarily small scales!
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