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Sources of cosmological information

CMB anisotropies
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Precision cosmology

For standard cosmological model, Planck constrains parameters to sub-percent level:
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Power spectrum information helps to improve precision,

by breaking geometric degeneracies of CMB ( Hy vs €2,,,)
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CMB vs LSS

CMB is a 2D surface

Large Scale Structure (LSS)
probes a 3D volume
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At large ¢ , limited by fluctuations
of late-time origin

At large k , limited by our ability to make
robust predictions on mildly non-linear scales

[Smith, Ferraro, 1607.01769] [Dodelson, Schmidt, 2020]
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Looking ahead: estimate number of modes

[Sailer, Castorina, Ferraro, White, 2106.09713]
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Looking ahead: estimate number of modes

[Sailer, Castorina, Ferraro, White, 2106.09713]

10°
Excluded by cosmic variance
102 f? years
2 j CMB-$4 —
‘g 0 . e — L —
: M B:io ~10-15 years
T 107+ ]
o ‘ _ ‘l
— e g
10-14 K Bty — SpecTel PUMA-32K
w—= MegaMapper PUMA-5K
=== DESI/EUCLID
102 T T T T T T T T T T
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 2.9 6.0

Marilyn Chung/LBNL

Prospects for a S5 spectroscopic survey are encouraging

p P
*swu\*' L2

DESI: first data Euclid: first data :
release 2024 release 2025




Outline

e LSS in the standard cosmological model

* Beyond the standard model: dark forces




Calculating LSS observables

S SO

Fundamental physics makes predictions for d,,(k,a) = ﬁp—
. _ - ong
But we observe galaxies (angle and redshift): d&,(k,a) = —
g

- - - - power spectrum
<5g(k1)5g(k2)> — (27)35(3)(k1 + k2 Pg(kl)
(50 )3y ()3, () = (28O Ey + B+ FaBy v, b )

bispectrum

Galaxy overdensities track matter overdensities: systematic expansion

b 3
8y = b16m + 525,%1 b K K7 + ..

(time-dependent) bias parameters

Ki; = (ViV;/V? ~68i;/3)0m . .
encoding physics on halo scales

-4 galaxy correlators are expressed in terms of correlators of underlying field(s)

[our analysis is in redshift space; here show real space for simplicity] 8



Calculating LSS observables in LCDM

Start from Boltzmann equation for collision-less fluid, in matter domination

for sub-horizon scales: |
(9m — V@v;’n)

8 4O +Vi(6mvl ) =0,

3 . . 1 —
0, + HO,, + 57‘[2(57,1 + Vi(v],Vjv,,) = ﬁ—mvivg
effective stress-energy tensor,
EFT of LSS accounting for short-scale physics
(not a perfect fluid)

ViVt = o V25, 4 ...

/1

counterterm

[Senatore; Baumann, Nicolis, Zaldarriaga,
Carrasco, Hertzberg, 2010-2012]



Calculating LSS observables in LCDM

Start from Boltzmann equation for collision-less fluid, in matter domination

for sub-horizon scales: |
(0, = Vv )

8 4O +Vi(6mvl ) =0,
3 _ : 1 >
O+ HOm + SH0m + Vi(0], Vi) = —ViV;7h

m

Perturbative solution has the form

initial fluctuation, at ~ matter/radiation equality

- d3 k 8ol - -
b (F,) = Dim(ali(F) + 3 Dina / H s (F = oK)l )
/)v =1
linear growth factor: \

Dy, (a) = a

LCDM non-linear kernels

d I
time- and space-dependences factorize (mode coupling)

All time dep. encoded by linear growth factor



Success of LSS program for LCDM

These results enabled perturbative calculation of galaxy correlation functions

« Modeling of power spectrum and bispectrum at one loop, up to kmax =~ 0.2 hMpC_l

» Bias coefficients and counterterms are treated as nuisance parameters

and fit to data --~J» very robust approach

Full-shape analysis of BOSS data with BBN prior
adds important new information beyond Planck
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Going BSM

EFT of LSS has been applied with great success within LCDM.

With DESI & Euclid data in sight, what new physics can be probed?
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Examples: drop/rise at small scales, new features in BAO, DM self-interactions, ...
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Going BSM

EFT of LSS has been applied with great success within LCDM.

With DESI & Euclid data in sight, what new physics can be probed?
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Extending EFT of LSS to BSM allows us to use info from full shape of power spectrum

- robust discovery potential
13
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* Beyond the standard model: dark forces




Dark forces

(Nightmare) scenario:
gravity

Standard Model "VVVVVVVVVVVVV Dark Sector

But cosmology and astrophysics can still probe nature of dark sector:

gravity om V'V V Vg
Standard Model \VVVVVVVVVVVVV
Is there a new force

between DM particles?



A toy model <
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scalar mediator
effect of interaction can be seen

2L O —m2x? — kp X2
D T XT T RPX as field-dependent mass for DM



A toy model <
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scalar mediator
effect of interaction can be seen

2L O —m2x? — kp X2
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Define new scalar potential s = G/%¢ Gs =
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scalar mediator
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A toy model <
Y /

scalar mediator
effect of interaction can be seen

2L O —m2x? — kp X2
D T XT T RPX as field-dependent mass for DM

Define new scalar potential s = G'1/2¢ Gs =

2L — _(ax)2 _ mi(s)x2 [Qé: (83)2 — %m?sz + C’)(l/G?ﬂ

scalar mediator

Three parameters

G, Here focus on
47TGN

1. Strength of dark force, [ =

« long-range interactions m,/Hy < 10°
2. Range of dark force, mg
« 100% of DM is interacting  fy ~ 1

3. Fraction of DM that is interacting, fy

H(] ~ 1()_:)):; eV



Results

As [MPC]
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e

Full-shape of power spectrum will probe strength of new forces

at least down to 0.002 x gravity

[Bottaro, Castorina, Costa, Redigolo, Salvioni to appear]
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Results

As [Mpc]
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[Bottaro, Castorina, Costa, Redigolo, Salvioni to appear]
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Evolution of scalar background

Present density is subleading effect,
S is only a force mediator

—

energy density 107t

fraction

Dominated by kinetic energy at all times,

W :ﬁs/ﬁs ~ +1
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S is sourced by DM density,
§" + 2H5 + a*m35 + Gsa’p, =0

(mS SJ HO) 21



Main physical effects

1) Modified background evolution impacts cosmological distances: distance (z) oc H ™!

DM transfers DM energy density _  _ _(3+47,) H  Bff, a
X

lo
energy to scalar redshifts faster Hcpwm 2 % Qeq

large log (~ 8 at small redshift)
due to long-range nature of force

2) Enhanced growth of matter fluctuations /

- 0 a -
om(F,a) = (1+ 282 log — )OSPM(F.a)

eq

Relative fluctuations between
DM and baryons also generated:
EP violation (6, = 0y — 0p)

5. (k,a) = gﬂfxéngM(E, a) but not log-enhanced:
subleading (for f, ~ 1)
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Physical scales are little affected
at last scattering (effects of new force

negligible until equality)

Main effect is modification of distance

from today to last scattering

!

peaks and troughs shift compared to LCDM

observer

J. Lesgourgues
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Non-linear predictions

One-loop calculation of galaxy power spectrum is needed to compare to data

consistently develop EFT of LSS for long-range dark forces

Keeping only leading log-enhanced terms, structure of nonlinear corrections is same as LCDM,

but with modified linear growth factor

n

S (K, a) = Dyp(a)do(k) + Z D1 (a /H &k 50 2)35(3) (/2 _ Z Q)Fn(lz;’l, k)
=

Dim(a) = <1 + gﬁfi a ) DEPM ()

€q

same nonlinear kernels as in LCDM

[modulo not-log-enhanced corrections]



Dark force vs galaxy bias

2 4
D D
One-loop galaxy power spectrum: P, ~b? (Dc—lg'}w) PIOM 4 b3 (ZDC%) PSON
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12 . a 2% . a
x (1+gﬁfxlog aeq) o (1+€folog aeq)

((Sg = bl(sm + .. )

4 3 =0.05
107+ . .
At linear level, increase of power
g So00r can be absorbed by bias parameter
2 b
ad b% — 1 121 —
1000} -_ + 5 0flog o=
500+
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k [IL\[])('_I]
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Dark force vs galaxy bias
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Results

Planck18 TT,TE,EE
+BAO

igfjipun Shape CMB alone gives 3 < 0.01, but suffers from the

FRUMAMegaMapper. - geometric 2, - Ho degeneracy

0.28r
1S 0.24f BAO breaks degeneracy, improving constraint by factor 2

0.20r

sl Including full shape of BOSS power spectrum gives limited

@ 0,010l improvement, because b is poorly measured in BOSS

0.005F

2.2r

_2.0¢ T .

1.8} 1 1

Euclid will improve constraint strongly, thanks to increased

precision on by : 5 < 0.002

b
L4
®

L . . . . . . ) BOSS analysis with PyBird [D’Amico, Senatore, Zhang 2003.07956]
70 75 022 0.26 0.005 0.015 1.8 2.0 Forecasts with FishLSS [Sailer, Castorina, Ferraro, White 2106.09713]
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The Q,, - Hy degeneracy of CMB is enhanced by new physics: 81 Hot Qnl
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[DESI 2404.03002]
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See also [Craig, Green, Meyers, Rajendran 2405.00836],
(modification of background cosmology was not included)

29

First DESI results,
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[DESI 2404.03002]
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DESI BAO :

[DESI 2404.03002]
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1073
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Results
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[Bottaro, Castorina, Costa, Redigolo, Salvioni to appear]
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Mediator heavier than H,,

................................

0.01¢ 5"+ 2H5 + a®m?5 + Ga’p, = 0
0.00
-0.01F ms
L= =10
§ oo " Ho
-0.03¢ - When mass term and DM source term
‘0'04'5 become comparable, scalar begins to oscillate
_00sk 3 = 0.01 ] B
TR TS BT . — transition from ws; = +1 to (ws)er =0
log a
mS
—2 =10
: . : , . . Ho
equality 102 B
Dy At late times, fraction of energy density in mediator
Prot is strongly enhanced wrt massless case,
0.010
, 5 H
massive massless 2 eq
~ — x log® —=
fS 4 fS g ms
00015 3 — (.01

(f;nassloss _ ﬁfi/g) 33



Matter fluctuations receive two corrections:

Py, (k)/ Py (k) acom

1.2

Power spectrum

6 a 3 a
O~ 1+ =BF2log 2= — = f,log — | §PM

Enhanced growth as long

as mediator is massless

ratio to LCDM power spectrum
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Late-time suppression due to s fraction

which does not cluster

v

dominates due to

log? - enhanced s fraction

Jeans scale of the mediator

1/2
ky(a) ~ 4 x 1074 a1/4 (%) h Mpc™?
0

For the mass range considered kj; < Eeq
so EFT of LSS does not require modification

wrt massless case
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mg/Hy = 1072
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Conclusion

 EFT of LSS applied successfully in standard cosmology

« DESI/ Euclid data are here / imminent, time to put BSM ideas to test

+ Extending EFT of LSS to BSM is robust path to potential discoveries

Extend EFT of LSS to massive mediators

—4 probe larger masses for which kj > keq

[in progress]

Full analysis including relative fluctuations
——p  probe DM fraction f, < 1 [inprogress]

le+05 le+04
1 1

As  [Mpc]
le+03 le+02 10 1 0.1
1 1 1 1 1

E-—-—-—-} Mediator is a fraction of DM today

10-2{ Planck ,

1 1

"

L}

]

1

1

" 1

+ Euclid !

1

1073 4

{1 + MegaMapper !

1

"

4 ]

Mediator is massless |

at all times '
4——: *preliminary*
SRS SN s L S ——
1072 107! 1 10 102 10® 10* 10°

ms/Ho

36




Conclusion

 EFT of LSS applied successfully in standard cosmology

« DESI/ Euclid data are here / imminent, time to put BSM ideas to test

+ Extending EFT of LSS to BSM is robust path to potential discoveries
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Naturalness <
/

scalar mediator
effect of interaction can be seen

2L O —m2x? — kp X2
D T XT T RPX as field-dependent mass for DM

Define new scalar potential s = G/%¢ Gs =

2L — _(ax)2 _ mi(s)x2 [Qé: (83)2 — %m?sQ + C’)(l/G?ﬂ

scalar mediator |
H(] =~ 10733 PV

Scalar mass should be at least of size generated by DM loops




Naturalness <
/

scalar mediator
effect of interaction can be seen

2L O —m2x? — kp X2
D T XT T RPX as field-dependent mass for DM

l€2

Define new scalar potential s = G1/%p G
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Hubble and distances

B =0.01
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Comparison to bullet cluster constraints

[Bogorad, Graham, Ramani 2311.07648]

Attractive Self-Interactions
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