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EFT - based Full Shape Analysis
CMB: LSS:

CMB and LSS probe different scales, different redshifts
different physics !

Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

Parameters:
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Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

LSS is 3d —> contains orders of magnitude more information
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Information in Galaxy Surveys
New data are coming!

Boston (February 23rd, 2023) 04/20Giovanni Cabass (IAS)
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CMB, finished

A new level of precision!

MegaMapper/SpecS5

CMB: LSS:
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PT (EFT) for LSS :

data 1-loop IR resummed
linear theory

0.00 0.05 0.10 0.15 0.20
0

500

1000

1500

2000

Wavenumber k, h Mpc-1

k
P
(k
),
[h

-1
M
pc

]2

Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

EFT for Large Scale Structure:

horizonHalo formation effective fluid
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[5 Gpc]

Baumann (2012), Nicolis, Carrasco, Senatore, Zaldarriaga, 
White, Chen, Vlah, Schmidt, Pajer, Baldauf, Hertzberg+++ Blas, Garny,  MI,  Sibiryakov (2015)

Time-sliced perturbation theory 
(TSPT)



Checks of EFT: data challenges

l=0

l=2

0.02 0.04 0.06 0.08 0.10 0.12
0

500

1000

1500

2000

k, h Mpc-1

kP
l(k

),
[M
pc

/h
]2
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Figure 5: Comparison of the data for the monopole and the quadrupole (the error bars are

there, barely visible) with the best-fit model.

Figure 6: The residuals for the monopole and the quadrupole, for the best-fit model. The fit

is good, with �2/dof = 12/(24� 9).
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Figure 5: Comparison of the data for the monopole and the quadrupole (the error bars are

there, barely visible) with the best-fit model.
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Figure 6: The residuals for the monopole and the quadrupole, for the best-fit model. The fit

is good, with �2/dof = 12/(24� 9).
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Nishimichi, Takada, MI,  Simonovic, Zaldarriaga, D’Amico, Senatore, Zhang (2020)

White, Chen, Vlah, Castorina (2021)



Beyond - 2pt Challenge

E. Krause, MI, Philcox, Akitsu, Pallejero ++’24 
Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

Consider participating if you haven’t yet! 



Schmittfull++’18, Nguen, Schmidt ++
Modi, White +++

Schmittfull, Simonovic, MI, Philcox, Zaldarriaga’20

Field-level comparison
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FIG. 1. A typical HOD mock galaxy distribution from our set (left), field-level EFT fit to it (center), and the residuals (right).

The overdensity field has been smoothed with a R = 4h�1Mpc 3D Gaussian filter and the depth of each panel is ⇡ 60h�1Mpc.

Note that the constant coe�cients here are di↵erent from

those of [62] because we use the Eulerian bias parame-

ters from Eq. (4) (matched at the cubic order), while the

parameters used in [62] are more closely related to the

Lagrangian bias parameters. The cubic operator S̃3 is

the shifted version of

S3 =  2(q) · r�1(q) , (10)

which is produced by the second order displacement  2.

Note that the presence of this operator is enforced by the

equivalence principle.

In practice, we use public Hi-Fi mocks
3 to produce

the EFT forward model. A typical snapshot generated

with the field-level EFT forward model and its resid-

ual with the original simulated galaxy field are shown

in Fig. 1.

We extract the bias parameters from the k ! 0 limit

of the transfer functions using Eq. (9). In practice we

use kmax = 0.4 hMpc�1, for which the one-loop EFT

models are reliable [83, 84]. We have checked that a more

conservative choice of kmax = 0.3 hMpc�1 gives results

consistent with those of kmax = 0.4 hMpc�1, but with a

somewhat larger scatter in their distribution. This is the

reason we adopt kmax = 0.4 hMpc�1 as a baseline choice.

To account for the scatter in transfer functions on large

scales, we adopt error weights for k-bins based on the

number of Fourier modes. For b2, bG2 , b3, we fit the trans-

fer functions with a polynomial c0+c2k2+c4k4, and then

3
https://github.com/andrejobuljen/Hi-Fi_mocks

match c0 to the constant values of bias parameters in

Eq. (9). As far as �1 is concerned, we calculate the power

spectra and cross-spectra of shifted operators in Eq. (9),

and use them, along with the best-fit values of b2 and bG2

from the previous step, to fit the transfer function at low

k, which yields br2� and b�3 . Plots with typical transfer

functions fits can be found in Appendix A.

The final ingredient that we need is the distribution of

stochasticity parameters, characterizing the power spec-

trum of the " field. In practice, we calculate the error

power spectrum as

Perr(k) = h|�HOD
g (k) � �EFT

g (k)|2i . (11)

Theoretical consistency dictates that on large scales it

should match the EFT prediction for the stochastic con-

tribution to the galaxy power spectrum [9, 27, 62]

Perr(k) =
1

n̄

 
1 + ↵0 + ↵1

✓
k

kNL

◆2
!

, (12)

where n̄ = V/Ngal is the number density of mock galax-

ies (V being the simulation box volume), and we chose

kNL = 0.45 hMpc�1 following [27]. Note that the EFT

fitting pipelines (e.g. [9, 27]) use parameters Pshot and a0

that are similar to our ↵0 and ↵1, respectively. However,

as we discuss in detail later, these “standard” EFT mod-

els also absorb additional contributions into the stochas-

tic parameters, which make them somewhat di↵erent

from our ↵0 and ↵1.

Before closing this part, let us comment on errors in

our measurements of bias parameters. There are two

main sources of errors: the residual UV-dependence of
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FIG. 1. A typical HOD mock galaxy distribution from our set (left), field-level EFT fit to it (center), and the residuals (right).

The overdensity field has been smoothed with a R = 4h�1Mpc 3D Gaussian filter and the depth of each panel is ⇡ 60h�1Mpc.

Note that the constant coe�cients here are di↵erent from

those of [62] because we use the Eulerian bias parame-

ters from Eq. (4) (matched at the cubic order), while the

parameters used in [62] are more closely related to the

Lagrangian bias parameters. The cubic operator S̃3 is

the shifted version of

S3 =  2(q) · r�1(q) , (10)

which is produced by the second order displacement  2.

Note that the presence of this operator is enforced by the

equivalence principle.

In practice, we use public Hi-Fi mocks
3 to produce

the EFT forward model. A typical snapshot generated

with the field-level EFT forward model and its resid-

ual with the original simulated galaxy field are shown

in Fig. 1.

We extract the bias parameters from the k ! 0 limit

of the transfer functions using Eq. (9). In practice we

use kmax = 0.4 hMpc�1, for which the one-loop EFT

models are reliable [83, 84]. We have checked that a more

conservative choice of kmax = 0.3 hMpc�1 gives results

consistent with those of kmax = 0.4 hMpc�1, but with a

somewhat larger scatter in their distribution. This is the

reason we adopt kmax = 0.4 hMpc�1 as a baseline choice.

To account for the scatter in transfer functions on large

scales, we adopt error weights for k-bins based on the

number of Fourier modes. For b2, bG2 , b3, we fit the trans-

fer functions with a polynomial c0+c2k2+c4k4, and then

3
https://github.com/andrejobuljen/Hi-Fi_mocks

match c0 to the constant values of bias parameters in

Eq. (9). As far as �1 is concerned, we calculate the power

spectra and cross-spectra of shifted operators in Eq. (9),

and use them, along with the best-fit values of b2 and bG2

from the previous step, to fit the transfer function at low

k, which yields br2� and b�3 . Plots with typical transfer

functions fits can be found in Appendix A.

The final ingredient that we need is the distribution of

stochasticity parameters, characterizing the power spec-

trum of the " field. In practice, we calculate the error

power spectrum as

Perr(k) = h|�HOD
g (k) � �EFT

g (k)|2i . (11)

Theoretical consistency dictates that on large scales it

should match the EFT prediction for the stochastic con-

tribution to the galaxy power spectrum [9, 27, 62]

Perr(k) =
1

n̄

 
1 + ↵0 + ↵1
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where n̄ = V/Ngal is the number density of mock galax-

ies (V being the simulation box volume), and we chose

kNL = 0.45 hMpc�1 following [27]. Note that the EFT

fitting pipelines (e.g. [9, 27]) use parameters Pshot and a0

that are similar to our ↵0 and ↵1, respectively. However,

as we discuss in detail later, these “standard” EFT mod-

els also absorb additional contributions into the stochas-

tic parameters, which make them somewhat di↵erent

from our ↵0 and ↵1.

Before closing this part, let us comment on errors in

our measurements of bias parameters. There are two

main sources of errors: the residual UV-dependence of

EFTSimulation

MI, Cuesta-Lazaro, Mishra-Sharma, 
Obuljen, Toomey’24

Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

Success of the EFT is 
not due to fitting 
parameters



https://github.com/Michalychforever/CLASS-PT

Velocileptors, Spinosaurus, CLASS-PT, PBJ, PiBird, CLASS-1loop, FAST-PM, etc. 

real space: Pmm, Pgm, Pgg

redshift space: P0,P2,P4,++

RSD Bispectrum: tree +1loop

LOS-dependent operators

PNG fNL loops

all in <1second!    

CLASS-PT: a universal EFT calculator

Coming up soon:

Many codes in the market:

Happy coding!

Field level transfer functions

Chudaykin, MI, Philcox Simonovic (2020)

https://github.com/Michalychforever/CLASS-PT


Re-analysis of public BOSS 3x2pt + 3x3 pt data

[km/s/Mpc]

MI, Simonovic, Zaldarriaga (2019), Philcox, MI (2021) ++
D’Amico, Kokron++(2019), Chen, White, Vlah (2021)
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BOSS (our pipeline)
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Re-analysis of public BOSS 7x2pt + 3x3 pt data

strongest PT-based constraints! 

Tension w Planck is growing!
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Chen, MI, Philcox, Wenzl, to appear!
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EFT for Lyman alphaSummary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

Symmetries: LOS rotations (SO(2)), equivalence principle 

just like for galaxies, there would be no selection e↵ects, and the bias expansion

would take the form (3.7) at the lowest order. The nonlinear mapping, however,

breaks the conservation of tracer number density [79] and forces us to introduce line-

of-sight selection e↵ects. At linear order, and in the rest frame of a neutral hydrogen

cloud, we should write

F � F̄

F̄
⌘ �F = b1� + b⌘ẑ

iẑj@i@j� , (3.11)

where F̄ ⌘ hF i is the mean transmitted flux. In linear theory the tidal field is related

to the velocity gradient ⌘ defined in Eq. (3.5), so that one can re-write the above

expression as

�F = b1� + b⌘⌘ , (3.12)

The new selection-dependent parameter b⌘ will be referred to as “velocity gradient

bias” in what follows [80]. The linear model (3.12) produces the well-known tree-level

result

Ptree(k, µ) = (b1 � b⌘fµ
2)2Plin(k) , (3.13)

which is a simple generalization of the Kaiser formula for galaxies [122]. We stress

that Eq. (3.11) is not the most general expression. As in the context of galaxies,

a consistent bias expansion should depend on the history of the relevant operators

along their fluid trajectories xfl(x, ⌧) (x is the last point of the trajectory) [83, 85,

116, 118, 123],16

�F (x, ⌧) �
Z

⌧

T (⌧, ⌧ 0)O(⌧ 0,xfl(x, ⌧
0)) , (3.14)

where ⌧ is conformal time. Using the matter equations of motion, the dependence on

the fluid trajectory and time can be Taylor expanded and summed up into a finite

number of linearly independent terms, which eventually reproduce the local-in-time

bias expansion similar to Eq. (3.12). All in all, it is important to keep in mind that

the bias expansion is intrinsically non-local in time, but for the purposes of the one-

loop power spectrum calculation this non-locality is irrelevant, so we will proceed

with the local in time expansion.

It is straightforward to generalize the bias model (3.12) to operators that are

higher order in the linear density field. Specifically, Ref. [86] showed that a general

selection-dependent biased tracer has the following deterministic bias model up to

16In analogy with the smoothing scale of the Lyman alpha fluctuations [101], one may say that
the Lyman alpha bias parameters in general are expected to depend on the whole reionization
history of the Universe.
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iẑj@i@j� , (3.11)

where F̄ ⌘ hF i is the mean transmitted flux. In linear theory the tidal field is related

to the velocity gradient ⌘ defined in Eq. (3.5), so that one can re-write the above

expression as

�F = b1� + b⌘⌘ , (3.12)

The new selection-dependent parameter b⌘ will be referred to as “velocity gradient

bias” in what follows [80]. The linear model (3.12) produces the well-known tree-level

result

Ptree(k, µ) = (b1 � b⌘fµ
2)2Plin(k) , (3.13)

which is a simple generalization of the Kaiser formula for galaxies [122]. We stress

that Eq. (3.11) is not the most general expression. As in the context of galaxies,

a consistent bias expansion should depend on the history of the relevant operators

along their fluid trajectories xfl(x, ⌧) (x is the last point of the trajectory) [83, 85,

116, 118, 123],16

�F (x, ⌧) �
Z

⌧

T (⌧, ⌧ 0)O(⌧ 0,xfl(x, ⌧
0)) , (3.14)

where ⌧ is conformal time. Using the matter equations of motion, the dependence on

the fluid trajectory and time can be Taylor expanded and summed up into a finite

number of linearly independent terms, which eventually reproduce the local-in-time

bias expansion similar to Eq. (3.12). All in all, it is important to keep in mind that

the bias expansion is intrinsically non-local in time, but for the purposes of the one-

loop power spectrum calculation this non-locality is irrelevant, so we will proceed

with the local in time expansion.

It is straightforward to generalize the bias model (3.12) to operators that are

higher order in the linear density field. Specifically, Ref. [86] showed that a general

selection-dependent biased tracer has the following deterministic bias model up to

16In analogy with the smoothing scale of the Lyman alpha fluctuations [101], one may say that
the Lyman alpha bias parameters in general are expected to depend on the whole reionization
history of the Universe.

– 12 –

Desjasques, Jeong, Schmidt (2018), Ivanov (2023)
5

0.80 0.85

�8

0.05

0.10

0.15

X
m

⌫
[e

V
]

0.04 0.10 0.16X
m⌫ [eV]

P18B

P18B + EFTxLy↵

EFTxLy↵

0.0025 0.0050 0.0075 0.0100 0.0125 0.0150 0.0175 0.0200

k�, (km/s)�1

10�1

100

k
k
P

1
D
(k

k
)

z=3.2

z=3.4

z=3.6

z=3.8

z=4.0

z=4.2

FIG. 1. Left panel: constraints on the mass fluctuation amplitude �8 from the EFT-based full-shape Ly↵ likelihood (EFTxLy↵)

presented in this work. We also display Planck 18 CMB + BOSS DR12 BAO (P18B) results for �8 and the sum of neutrino

masses
P

m⌫ , and the results of the joint analysis of the P18B + EFTxLy↵ data. Right panel: 1-dimensional Ly↵ flux power

spectrum data from SDSS DR14 in the range 3.1 < z < 4.3 (central values of redshifts are quoted), along with EFT best-fit

curves. Errorbars shown correspond to diagonal elements of covariance matrices with systematic weights included.

emulator [47]. The resulting synthetic spectra roughly

match the real SDSS data.

Our 1D mocks do not provide 3D information needed

to constrain the EFT bias parameters, but we can use

them for an additional re-calibration of the 1D countert-

erms C0 and C2 that appear at the 1D level. We find

that the EFT model with 3D non-linear bias parameters

fixed to priors from Sherwood and 1D counterterms de-

termined by functions Cn(b1) (n = 0, 2) extracted from a

combination of Sherwood and LaCE simulations provides

a good description of the SDSS data, as estimated based

on the �
2 statistic. Therefore, we adopt this modeling

choice as our baseline. It is always possible to widen or

remove some priors, which will lead to more conservative

but less constraining results.

Several options are available for the description of the

redshift evolution of EFT parameters. The most conser-

vative choice is to fit the EFT parameters independently

in each bin, see e.g. [64]. An alternative is to assume a

smooth evolution of the free EFT parameters as a func-

tion of redshift as was done e.g. in [56]. We found that

the former option works better (in terms of the �
2 statis-

tic), and it also provides more flexibility. This choice,

which we adopt as a baseline, results in 12 free parame-

ters for 6 redshift bins in the fit.

As far as the cosmological parameters are concerned,

our Fisher matrix analysis suggests that with the above

baseline settings we can obtain constraints competi-

tive with other probes only for the mass fluctuation

amplitude �8, at the level of few percent. Adding

other parameters to the fit leads to strong degen-

eracies that cannot be broken at the level of the

1D FPS data. Thus, our main analysis will have

free �8 and other cosmological parameters fixed to a

fiducial cosmology consistent with the Planck baseline

⇤CDM model. These are {!b, !cdm, ns, h,
P

m⌫} =

{0.02215, 0.12, 0.961, 0.678, 0}.

Results. To start o↵, we validate our pipeline on mock

data generated with the LaCE emulator. Applying our

pipeline to the LaCE mocks in the range 3.2  z  4.2, we

have found that after re-calibration of Cn, it recovers the

input value of �8 with 0.3% accuracy, which corresponds

to ⇡ 15% of the statistical error. This suggests that

the theory systematic error of our baseline analysis is

negligible.

Applying the same pipeline to the actual SDSS data we

find the marginalized constraint �8 = 0.841±0.017 in the

baseline analysis. The best-fit �
2 = 170 for 197 degrees

of freedom, indicating an excellent fit to data. (Note

that our covariance matrix includes diagonal systematic

MI, Toomey, Karacayli (2024)

Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

SDSS DR14 re-analysis:

+…
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Beyond Standard Model Extensions

Exotic Energies Dark Matter Inflation
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Exotic Energy Before Recombination 

Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

EFTxFS: new channel to break CMB degeneracies
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FIG. 4: Non-linear matter power spectrum P (k) at z = 0
for ⇤CDM and EDE models that fit the primary CMB, dis-
tances, and SH0ES data. The change in �8 in the EDE sce-
nario can be seen as the relative increase in P (k) in the range
0.1h/Mpc . k . 1h/Mpc (although �8 is computed from the
linear rather than non-linear power spectrum). This increase
is due primarily to shifts in the “standard” cosmological pa-
rameters in the EDE model, rather than the e↵ects of the
EDE itself. The model parameters are the same as in Fig. 3
(see Eqs. (7) and (10)).

dark energy domination. Quantitatively, we confirm this
intuition by computing the wavenumber kc corresponding
to the size of the comoving horizon at zc, when the EDE
has maximal influence on the dynamics. For the fiducial
model considered in this section with log

10
(zc) = 3.562,

we find kc ⇡ 0.03 h/Mpc. Fig. 6 clearly shows increas-
ing suppression for modes with k > kc as fEDE increases,
which makes sense as these modes are all within the hori-
zon at that time. There is also some suppression for
modes with slightly lower k, as these modes re-enter the
horizon while the EDE is still a non-negligible contribu-
tion to the cosmic energy budget.

Finally, to contextualize the EDE impact on LSS,
we consider a comparison between the matter power
spectrum in EDE and a model consistent with DES-Y1
measurements of photometric galaxy clustering, galaxy-
galaxy lensing, and cosmic shear two-point correla-
tion functions [38]. The latter yield constraints S8 =
0.773+0.026

�0.020 and ⌦m = 0.267+0.030
�0.017. The DES measure-

ments are generally insensitive to the other ⇤CDM pa-
rameters, and we adopt Planck 2018 [5] TT+TE+EE
best-fit values ns = 0.9649, h = 0.6727, ⌧reio = 0.0544,
and ⌦bh

2 = 0.02237 to complete the model. The ampli-
tude As is set by CLASS to reproduce the DES measure-
ment of �8, which gives As = 2.788⇥10�9. We consider a

FIG. 5: Ratio of the EDE and ⇤CDM non-linear matter
power spectra at z values chosen to be the midpoints of the
redshift bins used in the DES-Y1 analysis (and at z = 0 in
red). The model parameters are the same as in Fig. 3.

redshift z = 0.525, corresponding to the central redshift
bin of DES.

A comparison of P (k) in the best-fit EDE and ⇤CDM
models of [26], Eqs. (7) and (10), and the model consis-
tent with DES-Y1 is shown in Fig. 8. The blue shaded
region corresponds to the approximate range of comoving
wavenumbers probed the DES angular correlation func-
tions, which span the range 2.50 < ✓ < 2500, with a
lower scale cut imposed at comoving separations R ⇡ 2-
12 Mpc/h, depending on the observable. In particular,
the right panel of Fig. 8 displays the ratio of P (k) pre-
dicted by the EDE model to that inferred by DES in
⇤CDM; this shows an even greater suppression of power
on large scales than in Fig. 4, and an even greater en-
hancement on small scales. The enhancement on small
scales can again be understood in terms of the physi-
cal CDM density ⌦ch

2, which is ⌦ch
2 = 0.0984 for DES

(with h and ⌦bh
2 fixed by Planck), but ⌦ch

2 = 0.1306
in the EDE model.

The suppression on large scales, which is beyond the
observable range of DES or other current surveys, is
driven by the significant shift in As, enhanced by the shift
in ns, and to a lesser extent by the significant shift in the
matter density ⌦m, which is ⌦m = 0.267 for DES and
⌦m = 0.303 for the EDE model parameters in Eq. (7).

V. DATA SETS

We consider the following data sets in our MCMC anal-
yses:

Early DE

MI, McDonough, Hill, Toomey, ++ (2020)

Self-interacting Neutrinos

He, Rui, MI, Gluscevic (2023)

Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

Energy injections can address Hubble tension

Karwal, Kamionkowski (2016) ++ Kriesch++ (2020)Cyr-Racine++ (2014)



High Precision Dark Matter Probe

Imagine two DM components, one is not exactly cold
Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

~ there’s a Jeans scale beyond which it won’t cluster!
Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential
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Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

Galaxy PS is a direct probe of dark matter fluctuations

Laguë++’21,  
Rogers, Laguë, MI++’23



Axion Dark Matter constraints 

Rogers, Laguë, MI, Akitsu, Cabass, Philcox ++ (2023)



DM - baryon interactions

3

that remains constant for z > 103 and scales linearly
with z for z . 103 is used to reproduce the e↵ect of
V

2
RMS on R� with a precision adequate for cosmolog-

ical analyses (Tseliakhovich & Hirata (2010); Dvorkin
et al. (2014)). To solve the Boltzmann equations of
presence of IDM, we use a modified version of the Boltz-
mann solver CLASS, which allows for DM-baryon scatter-
ing parameterized by a momentum transfer cross section
as � = �0v

n (Gluscevic & Boddy (2018); Boddy et al.
(2018)), where n = 0, in the case of velocity-independent
scattering.

In order to make a prediction for late-time evolution
of the matter power spectrum, on scales corresponding
to galaxy clustering, weak lensing, and related LSS ob-
servables, we merge the modified IDM CLASS code with
a CLASS-PT module, previously developed as a tool for
computation of the LSS power spectra in mildly non-
linear regime Baumann et al. (2012); Carrasco et al.
(2012); Cabass et al. (2022).1 CLASS-PT is a non-linear
perturbation theory extension of CLASS that calculates
non-linear 1-loop corrections to the linear matter power
spectrum, and outputs the redshift-space galaxy power
spectrum (Chudaykin et al. (2020)).

The formalism implemented in CLASS-PT rests on the
e↵ective theory of LSS, which should, in principle, be
modified in the presence of non-gravitational interac-
tions between baryons and DM (see e.g. Senatore & Zal-
darriaga (2017); Lewandowski et al. (2015) for cases of
massive neutrinos and the baryon-DM fluid, in the ab-
sence of direct coupling). However, in case of velocity-
independent interaction, DM-baryon scattering only af-
fects the evolution of matter perturbations at very high
redshifts, where non-linear e↵ects are entirely negligi-
ble. At redshifts relevant to galaxy surveys, the mean
free path associated with the DM-baryon interactions
exceeds particle horizon, and the evolution of structure
proceeds as in ⇤CDM, with a suppressed initial power
spectrum, shown in Figure 1.2,3 This means the stan-
dard implementation of CLASS-PT is entirely applicable
to predicting late-time LSS observables in our scenario
of interest.

3. DATA AND ANALYSIS METHODS

1
https://github.com/Michalychforever/CLASS-PT

2
We show that DM-baryon interactions only impact the evolu-

tion of matter perturbations at redshifts before recombination in

Appendix A.

3
In Figure 1, the residual of the linear matter power spectrum

lies higher than that of the total matter power spectrum in some

cases–this is because the linear and total IDM spectra are normal-

ized to their respective CDM counterparts, and the total CDM

spectrum sometimes experiences more enhancement than IDM.
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Figure 1. Percent di↵erence between the matter power
spectrum for an IDM cosmology with DM-baryon scattering
and collisionless CDM cosmology. The linear power spec-
trum is shown in green, and the total power spectrum is
shown in orange. The lines are generated with the best-
fit parameter values from a joint Planck + BOSS + DES
analysis of the IDM model with a DM mass of 1 MeV, and
interacting fraction f� = 10%. The shaded bands designate
the uncertainty in reconstructed matter power spectrum that
corresponds to a 1� uncertainty around these best-fit param-
eter values. An increase in the interaction cross section and
in the interacting fraction lead to a greater suppression in
P (k), while the former also shifts the onset of suppression to
larger scales. VG: lets consider cutting o↵ this figure at the
end of teh grey shaded region and removing footnote related
to it.

VG: title of sec 3 is hanging at the bottom of the page,
see if you can change formatting. removing footnote 3
might resolve this.

We analyze the full Planck 2018 TT, TE, EE, and
lensing power spectra (Aghanim et al. (2020a)), along
with anisotropic galaxy clustering data from BOSS
DR12 at z = 0.38 and 0.61 (Ivanov et al. (2020b,c), see
also Zhang et al. (2022); Chen et al. (2022)). As in Chu-
daykin et al. (2021); Philcox & Ivanov (2022), our anal-
ysis is performed up to kmax = 0.2 h/Mpc for the galaxy
power spectrum multipoles, from 0.2 < k < 0.4 h/Mpc
for the real-space power spectrum proxy Q0 (Ivanov
et al. 2022b), and up to kmax = 0.08 h/Mpc for the
bispectrum monopole (Ivanov et al. 2022a; Philcox &
Ivanov 2022).4 We also add the post-reconstructed
BOSS DR12 BAO data to this dataset following Philcox
et al. (2020). We stress that our EFT-based full-
shape analysis is quite conservative as we consistently

4
Our BOSS full-shape likelihood for CLASS-PT is publicly available

at https://github.com/oliverphilcox/full shape likelihoods.
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Figure 3. 68% and 95% confidence-level marginalized
posterior distributions of relevant parameters for ⇤CDM
from Planck (black) and our fractional DM-baryon interact-
ing model (colored) from di↵erent combinations of Planck,
BOSS, and DES data. The gray bands show the DES
measurement of S8. The bottom right-hand panel shows
a 2.6� preference for non-zero interactions between DM and
baryons under a combined Planck, BOSS, and DES analysis.

In particular, Figure 3 shows that the combined Planck
+ BOSS + DES analysis returns a mean �0 value of
1.34+0.51

�0.67 ⇥ 10�25 cm2.
In Table 1, we show the mean and best-fit values of

relevant parameters from a Planck + BOSS + DES anal-
ysis of the f� = 10%, m� = 1 MeV model, as well as the
�

2 statistics. The mean value of a given parameter is
taken to be the maximum of the marginalized posterior
distribution for that parameter, and the best-fit value
is the value of that parameter at the global maximum
of the likelihood. We present the full list of constraints
on all cosmological parameters for this scenario in Ap-
pendix B, and we show full posterior distributions for
this model in Appendix D. The f� = 10%, m� = 1 MeV
IDM model and ⇤CDM present similar �

2 values when
analyzed under Planck only; however, we find ��

2 =
�3.48 once we include BOSS data, and ��

2 = �6.7
once we include the DES prior on S8, corresponding to a
2.6� preference for non-zero interactions. We note that
the preference for non-zero DM-baryon interactions is
present even in the BOSS data alone: the IDM fit that
contains a single additional free parameter reduces �

2

by 3.02, compared to the CDM model. We find that
our fractional IDM model shows a consistent preference
over CDM, regardless of DM interacting fraction; this is
discussed further in Appendix C. Finally, we note that
the best-fit value of �0 in Table 1 is somewhat shifted

with respect to the posterior mean, due to inherent lim-
itations of the MCMC sampler; we discuss this further
in Appendix D.

5. DISCUSSION

Our results have general implications in the search
for a model that may restore concordance between cos-
mological data sets. Firstly, we the initial power spec-
trum capable of alleviating the S8 tension H0 tension
the same. This power spectrum is shown in Figure 1,
generated with the best-fit parameter values from a joint
Planck, BOSS, and DES analysis of our fractional IDM
model. We show both the linear matter power spectrum
and the total matter power spectrum, each normalized
to their respective ⇤CDM counterpart. An increase or
decrease in �0 shifts the cuto↵ in the power spectrum
to larger or smaller scales, respectively. This feature is
what allows this model to fit both LSS and CMB data
so well, as it seems that both datasets are very sensitive
to the position of this cuto↵. It is also worth noting that
the shape of our best-fit power spectrum looks similar
to those found in other proposed solutions to S8, such as
the DM-DE drag in Poulin et al. (2022). However, our
model is much more robust against the data analyzed;
in IDM, interactions between dark matter and baryons
a↵ect the early universe and still fit LSS and CMB data,
whereas in DM-DE drag, late universe edits resolve the
S8 tension without any modifications to the CDM im-
print on the CMB. Because our model must fit both
CMB and LSS data, we have less degrees of freedom in
our analysis, which makes our marked improvement in
��

2
min especially noteworthy.

Secondly, we stress that all of our posteriors over-
lap regardless of data combination except for the IDM
BOSS posteriors, as seen in Appendix D where we dis-
play full posterior distributions for the m� = 1 MeV,
f� = 10% model. The same cannot be said for ⇤CDM;
in ⇤CDM, posteriors for As and �8 do not fully over-
lap when comparing a Planck analysis to a BOSS +
DES analysis (Ivanov et al. (2020b); Philcox & Ivanov
(2022)). Therefore, our fractional IDM model provides
a better fit to both Planck and LSS data than ⇤CDM.
This result is extremely meaningful for DM detection
e↵orts–while we do not claim to have detected DM, our
results indicate that fractional DM-baryon interactions,
or models with similar physics, show promise of being
the new concordant cosmological model that replaces
⇤CDM. In fact, the shape of the power spectrum we
obtain with our model is characteristic for cosmologies
in which a fraction of DM interacts with other parti-
cles (neutrinos, photons, etc.). Future work should un-
doubtedly explore these interacting scenarios–given our
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Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

motivated by direct detections
Gluscevic, Boddy (2018)
Slatyer, Wu (2018)

Dvorkin, Blum, Kamionkowski ++ (2014)

Adam He, MI, Rui, Gluscevic (2023)



Constraints on Single-Field Inflation with LSS
Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

Effective Lagrangian 
Cheung, Creminelli, Senatore ++ (2007)
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Non-local primordial non-Gaussianity (NLPNG) is a smoking gun of interactions in single-field

inflationary models, and can be written as a combination of the equilateral and orthogonal templates.

We present the first constraints on these from the redshift-space galaxy power spectra and bispectra

of the Baryon Oscillation Spectroscopic Survey (BOSS) data. These are the first such measurements

independent of the cosmic microwave background fluctuations. We perform a consistent analysis that

includes all necessary nonlinear corrections generated by NLPNG, and vary all relevant cosmological

and nuisance parameters in a global fit to the data. Our conservative analysis yields joint limits on

the amplitudes of the equilateral and orthogonal shapes, f equil
NL = 940 ± 600, fortho

NL = �170 ± 170

(both at 68% CL). These can be used to derive constraints on coe�cients of the e↵ective single-field

inflationary Lagrangian; in particular, we find that the sound speed of inflaton fluctuations has the

bound cs � 0.013 at 95% CL. Fixing the quadratic galaxy bias and cosmological parameters, the

constraints can be tightened to f
equil
NL = 260± 300, fortho

NL = �23± 120 (68% CL).

Introduction — Cosmology is the interface between

particle physics and general relativity. Nothing exem-

plifies this more than inflation – a primordial accelerated

expansion of the Universe that may have happened at

energy scales as high as 1014 GeV. Inflation naturally

generates quantum fluctuations that provide the seeds

for the formation and clustering of matter and galaxies.

Thus, observations of the large-scale structure of our Uni-

verse allow us to probe physics at these extremely high

energies, inaccessible to present-day particle accelerators.

There are three main questions about inflation one may

ask: What is its energy scale? How many degrees of

freedom generated density fluctuations? How fast did

these degrees of freedom propagate? While significant

e↵orts have been devoted to answering the first question,

by constraining the amplitude of primordial gravitational

waves, the latter two require a probe of deviations of the

initial density fluctuations from a Gaussian distribution,

known as primordial non-Gaussianity (PNG).

The simplest observable encoding PNG is the bispec-

trum, B⇣ , of the primordial metric curvature perturba-

tion ⇣. Due to translational and rotational invariance, B⇣

is a function of the moduli of three momenta, k1,k2,k3,

which form a closed triangle. A bispectrum peaking at

squeezed triangles, k1 ⌧ k2 ⇡ k3, is a generic signa-

⇤ gcabass@ias.edu
† Einstein Fellow; ivanov@ias.edu

ture of particle interactions in multi-field inflation [1–9],1

i.e. where more than one degree of freedom is light during

inflation. This type of PNG is called “local”. In contrast,

a bispectrum peaking at equilateral (k1 ⇡ k2 ⇡ k3) or

flattened (k1 ⇡ k2 ⇡ k3/2) triangles is a peculiar feature

of interactions in single-field inflation [12–19], which has

only one degree of freedom (inflaton). This kind of “non-

local” primordial non-Gaussianity (NLPNG) can be rep-

resented as a linear combination of two basis shapes, equi-

lateral and orthogonal [19], with amplitudes f
equil
NL and

f
ortho
NL respectively.

Symmetries of inflation also dictate a relationship be-

tween the inflaton speed of sound and the strength of

nonlinear interactions that generate NLPNG [17]. In par-

ticular, there is a theorem stating that PNG can be large

if and only if the sound speed is small [20, 21]. This

allows one to constrain the propagation speed of the in-

flaton from the observed level of NLPNG.

Up to now, the only source of information on NLPNG

has been the cosmic microwave background (CMB) tem-

perature and polarization data [11, 22]. In particular,

Planck 2018 data yield f
equil
NL = �26 ± 47, f

ortho
NL =

�38 ± 24 (both at 68% CL) [11]. In theory, one can

obtain better constraints with upcoming galaxy surveys,

1 These shapes also appear in ekpyrotic alternatives to inflation

(see Ref. [10] for a review), but they typically produce strong

PNG incompatible with data [11].

Cabass, MI, Philcox ++(2022a, 2022b)
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f local
NL = �33± 28

BOSS limits:
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f equil
NL = 260± 300
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fortho
NL = �23± 120

see also Castorina, D’Amico, +++

Interactions, speed of propagation, 
+ #of fields

More detail in Oliver’s talk next!



Cosmological Collider in Action

Arkani-Hamed, Maldacena (2015)

Chan, Wang (2009)

Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

Decay of massive particles during inflation

Cabass, Philcox, MI, Akitsu+(2024)

The Cosmological Collider & the Cosmological Bootstrap

Boston (February 23rd, 2023) 02/20Giovanni Cabass (IAS)

Computing the impact of exchange of massive spinning fields is almost impossible with 
standard perturbative techniques:

19

Bootstrap

-> let’s bypass time evolution!

locality -> boundary ODE for simple building blocks
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Figure 5: The four-point exchange diagram of ' mediated by a massive scalar.

It is noteworthy that, for physical values of energies (namely {ka, s} ⇢ R+), F�� and F+� are

given by the complex conjugates of F++ and F�+. Moreover, dilatation symmetry implies that

the correlators of ' scale as

h'(�k1) . . . '(�kn)i0 =
1

�2n�3
h'(k1) . . . '(kn)i0 . (3.19)

As a result, F±± and F±⌥ can be expressed as

F±±(ka; s) =
1

s
F̂±±(u, v) , F⌥±(ka; s) =

1

s
F̂±⌥(u, v) , (3.20)

from which it follows that

F =
1

s
F̂ (u, v) , F̂ = F̂++ + F̂�� + F̂+� + F̂�+ . (3.21)

where we have defined the energy ratios

u ⌘
s

k1 + k2
, v ⌘

s

k3 + k4
. (3.22)

For physical configurations, the triangle inequality implies that

0  u  1 , 0  v  1 , physical configurations. (3.23)

However, relating our diagrams to F will incorporate the analytic continuation of F as a function

of ka(a = 1, . . . , 4) and s (or equivalently F̂ as a function of u and v) in a domain that should at

least cover all the real and positive values of u and v (especially the region defined by u > 1 and

v > 1).

The single-exchange diagrams of ⇡ can be related to the soft limit of the quantity F defined above

by means of appropriate weight-shifting operators. Using the relationships (3.14) and (3.11) we

infer that

• using (3.14) inside the in-in expressions of all diagrams, the quadratic vertex

⌘�3@⌘⇡
±
c (k, ⌘)�±(k, ⌘)
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B(k1, k2, k3) =

• It is crucial that the weight-shifting operators only depend on boundary kinematics.

• A major simplification occurs in that, based on Feynman rules for the individual 
diagrams, one can see that the single exchange diagrams for massless field can be 
related to a single de Sitter seed four-point function for a conformally coupled field
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Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

First constraints (using BOSS)

More detail in Oliver’s talk next!



Improving EFT with Simulation - based priors

Philcox, MI, Cabass, Simonovic, Zaldarriaga (2022)

Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

Marginalization over nuisance parameters is the main show stopper

Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

One can get better priors from simulations 
(HOD, hydro, abundance matching, etc.)

MI, Cuesta-Lazaro, Mishra-
Sharma, Obuljen, Toomey’24

see also Sullivan, Seljak, Singh’ 21



HOD-based priors
6

FIG. 2. The joint distribution of EFT and HOD parameters extracted from 10,500 HOD mocks for BOSS-like galaxies. Density

levels correspond to two-dimensional 1-� and 2-� intervals (i.e. 39.3% and 86.5% of samples). Individual samples are also

shown as dots. They are especially pronounced in the tails.
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Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

>10,000 mocks Normalizing flows Priors for EFTxFS
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⇡ 40% Improvement!

MI, Cuesta-Lazaro, Mishra-Sharma, 
Obuljen, Toomey’24
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FIG. 5. Corner plots with 2d and 1d marginalized posterior distribution of the PNG parameters from the full BOSS DR12

dataset and the galaxy bias parameters from BOSS NGC high-z sample. HOD priors on bias parameters are shown in gray.

Bias parameters for other samples are shown in Appendix. Density levels correspond to 68% and 95% CL.

in all, the redshift dependence of the EFT parameters is

adequately captured by variations of HOD parameters at

the current precision level.

Our main results are displayed in figure 5 and in ta-

ble I. A corner plot with EFT parameters for each chunk

can be found in Appendix A. The first relevant obser-

vation is that the posteriors for non-linear galaxy bias

parameters shrink significantly after applying the HOD

priors. In particular, the 1d marginalized errorbars on

b2, bG2 and b�3 shrink by a factor of few. To quantify the

improvement in a more rigorous manner, we introduce a

figure of merit (FoM) for bias parameters, defined along

the lines of the FoM for the dark energy equation of state.

Namely, for each individual BOSS data slice we write

FoMbias = [det C(b1, b2, bG2 , b�3)]
�1/2 , (19)

where C is the covariance matrix of the bias parameters

after marginalizing over other parameters in the chain.

In the Gaussian case, our FoM is proportional to the in-

verse volume of the 4-dimensional ellipsoid enclosing the

Baryons fall in halos
and form galaxies

This physics constrains b2,
but this info is missing in EFT



Summary

Novel ways to test new physics

Cosmo. parameters similar to CMB  - better in future

EFT/PT - robust analytic tool for LSS

Many O(1) question on inflation, DM and exotic 
energies can be answered with future LSS surveys

Thank you!


