Journal of Cosmology
and Astroparticle
Physics

PAPER « OPEN ACCESS You may also like

DESI forecast for dark matter-neutrino interactions '—Li;fé”giré}?s‘gfﬁ”%ﬁg'o'??é?';;éi'w";”d‘giunq
of an Electrifie assenger Car Powertrain

US| ng E FTOfLSS P Drichel, M Jaeger, M Méller-Giebeler et

al.

- CosmicNet Il: emulating extended
cosmologies with efficient and accurate
neural networks
Sven Gunther, Julien Lesgourgues,
Georgios Samaras et al.

To cite this article: Markus R. Mosbech et al JCAP05(2025)040

- COZMIC. I. Cosmological Zoom-in
Simulations with Initial Conditions Beyond
Cold Dark Matter
Ethan O. Nadler, Rui An, Vera Gluscevic
etal.

View the article online for updates and enhancements.

This content was downloaded from IP address 141.52.248.1 on 10/07/2025 at 07:53


https://doi.org/10.1088/1475-7516/2025/05/040
/article/10.1088/1757-899X/1097/1/012010
/article/10.1088/1757-899X/1097/1/012010
/article/10.1088/1757-899X/1097/1/012010
/article/10.1088/1475-7516/2022/11/035
/article/10.1088/1475-7516/2022/11/035
/article/10.1088/1475-7516/2022/11/035
/article/10.3847/1538-4357/adceef
/article/10.3847/1538-4357/adceef
/article/10.3847/1538-4357/adceef

ournal of €osmology and Astroparticle Physics

An IOP and SISSA journal

RECEIVED: November 7, 2024
REVISED: March 4, 2025
ACCEPTED: April 12, 2025
PUBLISHED: May 16, 2025

DESI forecast for dark matter-neutrino interactions
using EFTofLSS

Markus R. Mosbech®,*? Santiago Casas,*¢ Julien Lesgourgues®,% Dennis Linde ®,?

Azadeh Moradinezhad Dizgah®,° Christian Radermacher®? and Jannik Truong ®®/f
@ Institute for Theoretical Particle Physics and Cosmology (TTK), RWTH Aachen University,
D-52056 Aachen, Germany

b Institute for Theoretical Particle Physics (TTP), Karlsruhe Institute of Technology (KIT),
76128 Karlsruhe, Germany

¢Institute of Cosmology and Gravitation, University of Portsmouth,

Dennis Sciama Building, Burnaby Road, Portsmouth, PO1 3FX, U.K.

4 Department of Mathematical, Physical and Computer Sciences, University of Parma,
48124 Parma, Italy

€ Laboratoire d’Annecy de Physique Théorique (CNRS/USMB),

F-7/940 Annecy, France
f Department of Physics, University of California,

Berkeley, CA 94720, U.S.A.

E-mail: mosbech@physik.rwth-aachen.de, casas@physik.rwth-aachen.de,
lesgourg@physik.rwth-aachen.de, dennis.linde@unipr.it,
azadeh.moradinezhad@lapth.cnrs.fr,
christian.radermacherl@rwth-aachen.de, jannik@berkeley.edu

ABSTRACT: We apply the Effective Field Theory of Large Scale Structure (EFTofLSS) to
non-standard models of dark matter with suppressed small-scale structure imprinted by early-
time physics, here exemplified by interacting dark matter (IDM) coupled to standard model
neutrinos, and cross-check that the EFTofLLSS has no trouble replicating the real-space halo-
halo power spectrum from N-body simulations. We perform forecasts for a DESI ELG-like
experiment using the redshift-space power spectrum and find that, under very conservative
priors on these parameters, the EFTofLLSS is not expected to yield strong constraints on dark
matter interactions. However, with a better understanding of the evolution of counterterms
and stochastic terms with redshift, realistic IDM models could in principle be detected using
the full-shape power spectrum analysis of such a spectroscopic galaxy survey.
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1 Introduction

So far, the standard ACDM model of cosmology has proved to be a very good description of
our universe [1], with some caveats such as e.g., the Hy and og tensions [2] and the recent dark
energy hints from DESI [3]. However, this model relies on two components whose natures
are not well understood: dark energy, which in the standard picture takes the form of a
cosmological constant A, and dark matter (DM), which in the baseline model is assumed to be
non-interacting and cold. Of course, the assumption of the cold dark matter (CDM) is not truly
a physical description of the DM particle, but rather a description of its apparent macroscopic
behaviour. A significant amount of effort has been devoted to proposing particle physics
models that can satisfy both cosmological observations and laboratory constraints, while also
being produced in suitable quantities in the early universe. [4-8]. Such models will often
lead to non-zero couplings with standard model particles, which could potentially give rise to
signals in our experiments, or alternatively constrain the possible parameter space through
the absence of detections [9-14]. Cosmological observations have also been key in constraining
the possible parameter space of different types of dark matter models, setting limits on
interactions with baryons [15-26], photons [15, 17, 19, 20, 26-39], neutrinos [15, 17, 34, 40—
48], dark radiation species [26, 49-58], DM self-interactions [15, 17, 59-68], as well as warm
DM models [69-78], and axion DM models [79-83].

The high-precision data expected from upcoming Stage IV galaxy surveys, including
DESI [84] and Euclid [85, 86], are poised to provide critical constraints on the unknown
nature of the Universe’s dark components, potentially offering unprecedented insights into
the properties of dark matter and dark energy. To fully utilise the data coming from
these experiments, it is necessary to make accurate predictions beyond just the linear level.
The traditional method of computing non-linear predictions is via cosmological N-body
simulations [87], however, such simulations are expensive, requiring upwards of thousands
of CPU hours per realisation of the cosmological parameters, and thus not suitable for e.g.,
Markov-Chain-Monte-Carlo (MCMC) parameter inference. One way to get around this is



by using emulators to interpolate in a grid of simulations [88-91], but this still requires the
relatively expensive computation of a grid of simulations, and a new emulator needs to be
trained for each model to be tested. Another traditional method is via halo model based
calculations [92-97], which are calibrated using N-body simulations and provide very efficient
computation of the non-linear matter power spectrum. However, in general these are tuned
for ACDM cosmologies (sometimes including neutrino masses), meaning that they are not
necessarily applicable for e.g., IDM models without serious modifications. An approach
developed more recently consists in modelling the full observable galaxy power spectrum
using the effective field theory of large scale structure (EFTofLLSS), an extension of standard
perturbation theory consistently taking into account the back-reaction of small scales onto
observable scales, as well as galaxy-DM biasing, redshift space distortions, and the impact
of large bulk velocities [98-109].

In this paper, we employ the EFTofLLSS power spectrum predictions to forecast the
sensitivity of upcoming Stage IV spectroscopic surveys, using DESI-like specifications, in
constraining the dark matter scattering rate. We restrict our analysis to DM-neutrino
scattering, but it is expected that our results can be generalised to other models showing
similar suppressed matter power spectra, as long as the late-time growth function remains
scale independent [110, 111]. For the remainder of this work, the abbreviation IDM will
therefore only refer to DM-neutrino scattering, unless otherwise noted.

This paper is structured as follows: in section 2, we provide a short description of our
DM-neutrino scattering model, in section 3 we provide a short description of the EFTofLLSS
and our implementation (for more detail see ref. [109]), in section 4 we provide our forecast for
DESI, and in section 5 we draw our conclusions. In appendix A we present a comparison of the
EFTofLSS against simulations of the IDM model focusing on real-space halo power spectrum.

2 Dark matter-neutrino interactions

The scattering of DM off neutrinos would lead to a suppression of the primordial density
fluctuations below a “collisional damping scale” [17] and affect both the CMB and matter
powers spectrum. If only part of the DM is interacting, this effect is smaller, as the non-
interacting CDM can collapse as usual and form gravity wells for the IDM to fall into after
its decoupling. This can be seen in figure 1, which shows the linear power spectrum of two
different IDM scenarios, contrasted with standard CDM. On even smaller scales (relative to
the suppression scale), such models will generally exhibit dark acoustic oscillations, produced
from the effective pressure in the coupled fluid, analogously to the baryon acoustic oscillations
imprinted from the tightly coupled baryon-photon fluid prior to recombination. Similar
suppression of small-scale power from collisional damping is expected for any model with
interactions between DM particles and relativistic species in the early universe [112], such
as photons [15, 26, 34, 37|, or dark radiation [26, 57, 58, 113, 114].

Limits on the scattering rate between DM and neutrinos have been derived previously
from fits to CMB data [42, 43]. These limits could be improved with new data on the matter
power spectrum, provided that the effect is correctly modelled on non-linear scales.

In this work we assume a scattering interaction between dark matter and standard model
neutrinos, as described in refs. [42-44]. A coupling between neutrinos and dark matter has



been suggested as a possible source of the non-zero neutrino masses, and such couplings
are exceedingly difficult to probe in laboratory experiments because of the weak coupling
between neutrinos and other standard model particles [115-117]. We use the approximation
of massless neutrinos for the sake of simplicity in the EFTofLLSS calculations, but this is
unlikely to have a large impact on the final constraints, as the inclusion of neutrino masses
has been shown to only have minor effects on the bounds of the interaction strength [45, 48].

We describe the interaction strength using the effective parameter introduced in [27],

My

Oux -1
o= I , 2.1
L <100 GeV> (2.1)

where o7y, ~ 6.65 x 1072 m? is the Thomson scattering cross-section, my is the dark matter
particle mass, and o, is the elastic scattering cross section between interacting DM particles
and neutrinos. As it describes a scattering probability, it will always be positive or zero. The
mass factor is included in the definition of the interaction strength to avoid a parameter
degeneracy between the scattering cross section and the DM particle mass, as the interaction
rate is proportional to the scattering cross section and the DM particle number density.
The updated Euler equations for dark matter and neutrinos can be derived from the matrix
element of the coupling following the approach of ref. [114], and are then given as [27, 40-44]

6, = K2 + k2 Clay _ U,,) (8- 6y), (2.22)

] 2 4py .

b = k2 — HO, — Y0, —6,), (2.2b)
3px

where ¢, and 6, are the neutrino and interacting DM velocity divergences, k is the comoving
wave number, ¥ is the Newtonian gauge gravitational potential, A is the conformal Hubble
parameter, p, and p, are the neutrino and interacting DM energy densities, and ¢, and o,
are the neutrino density perturbation and anisotropic stress, respectively. The interaction
rate [ is given through,

M= A0px Ty = AUyx Py (2.3)

OTh
100 GeV
where n, is the interacting DM particle number density.

We restrict our analysis to the simplest form of interaction, using a temperature inde-
pendent cross section. In terms of the underlying particle physics model, this matches a
subset of the simplified models presented in ref. [117], namely models with a scalar DM and
a Fermionic mediator, or vector DM with a Dirac mediator, where the DM and mediator
particles are mass degenerate. There are no specific assumptions on the mass of the DM
particle other than it has to be heavy enough that it can be approximated to be at rest for
the interaction, i.e. it is non-relativistic and has a mass much larger than the neutrino energy.

We implement the interaction equations of refs. [44, 45] in a modified version of CLASS [118§]
using the IDM implementation of ref. [26].!

LA public version of CLASS with these interactions implemented is currently available at https: //github.c
om/MarkMos/CLASS nu-DM. They will also be included in a future release on the main CLASS repository.
For the purposes of this analysis, we use the massless neutrino approximation, but both cases will be available
in the code.


https://github.com/MarkMos/CLASS_nu-DM
https://github.com/MarkMos/CLASS_nu-DM
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Figure 1. Linear and EFTofLLSS matter power spectrum at redshift z = 0 for two IDM scenarios,
with 50% and 90% IDM, respectively, as well as standard CDM for reference. For the nonlinear power
spectrum we have set counterterms to zero. It is evident that the scenario with the larger IDM fraction
is more suppressed, but for both models the suppression starts at the same scale, as they have the
same interaction strength u,,.

3 Effective field theory of large scale structure

The EFTofLSS [98-108] is an extension of standard perturbation theory that systematically
incorporates three sources of nonlinearity in biased tracers of dark matter: nonlinearity in the
dark matter distribution due to gravitational clustering, nonlinearity in the tracer-dark matter
biasing relation, and nonlinearity arising from the peculiar velocities of tracers, which leads
to redshift-space distortions. Additionally, the EFTofLLSS addresses the impact of small-scale
density and velocity fluctuations — which cannot be modeled perturbatively — on the
overdensities of dark matter and biased tracers at large scales. It also consistently accounts
for large-scale bulk flows that induce significant displacements in the matter density field,
thereby affecting baryon acoustic oscillations, through the process of infrared resummation.
By combining these elements, the power spectrum of biased tracers at the one-loop level
includes several loop contributions, each weighted by different products of bias parameters,
along with a set of counterterms to account for the impact of small-scale nonlinearities and
additional terms to model stochasticity in the tracer-dark matter relation. Although these
parameters could theoretically be predicted using highly accurate simulations of galaxies,
current practice treats them as nuisance parameters that are marginalized over.

Over the last few years, the EF TofL.SS predictions (in Lagrangian and Eulerian space) have
been implemented in several publicly released codes, including CLASS-PT [119], PyBird [120],
and Velocileptors [121, 122]. In this paper, we use a new module of the CLASS? Boltz-
mann code [118, 123], CLASS-OneLoop, which is described in ref. [109] and is planned to
be released soon.

https://github.com/lesgourg/class_ public.


https://github.com/lesgourg/class_public

For a tractable and efficient numerical implementation of the EFTofLSS, most of the
recent analytic papers and codes rely on the assumption that, in Fourier space, linear
cosmological perturbations (matter density/velocity and metric fluctuations) have a separable
time and wavenumber dependence. This assumption is exact in the minimal ACDM model
with negligible neutrino masses, and still remains very good when small neutrino masses
are taken into account. For non-minimal DM models that would imply a strongly scale-
dependent linear growth rate, the accuracy of existing EFTofLL.SS codes is not a given, and
their implementation would need to be scrutinized. Fortunately, in our case and for realistic
values of the interaction rate wu,,, DM decouples from neutrinos early enough to preserve
a scale-independent growth rate at all redshifts relevant for non-linear structure formation,
such that EFTofLLSS codes are directly applicable. In appendix A, we confirm that the
EFTofLLSS prediction can reproduce the halo-halo power spectrum extracted from N-body
simulations of the IDM model.

CLASS-OneLoop features default numerical precision settings that are crucial to obtain
well-converged loop integrals or a well-behaved log-Fourier transformation of the input linear
power spectrum. These settings may fail for input linear spectra very different from that of
the vanilla. ACDM model, for instance due to unconverged integrals. In this work, we limit
ourselves to the study of models with at least 10% of CDM (that is, fipym < 0.9). Within this
range, we have confirmed that the CLASS-OneLoop results are always converged numerically.

For the definition of EFTofLSS parameters, we rely on the CLASS-OneLoop parameter-
ization, which is based on the convention in [121] and detailed in [109]. When modelling
the one-loop galaxy power spectrum in real space at a given redshift, we have four bias
parameters (by, ba, bg,, br, ), one counter-term cg, and two stochastic parameters (sg, s1). For
the one-loop galaxy power spectrum wedges in redshift space, we have the same four bias
parameters, four counter-terms (cg, ¢1, 2, ¢3), and four stochastic terms (sg, s1, 2, $3).°

There is an on-going debate on the role of priors on nuisance parameters in the EFTofLLSS.
Some works have raised the issue that, when fitting the ACDM model to current LSS data, the
posterior of some cosmological parameters tends to be prior-dominated [124-126]. However,
given the increased sensitivity of Stage-IV surveys, this should no longer be the case in the
near future [124, 125]. However, for extended cosmologies, this remains to be checked case-
by-case: in models where a given physical effect (for instance, the effect of a DM interaction)
would be degenerate with one (or more) EFTofLSS parameter(s), the theory would not be
predictive enough in the context of this model (unless informative priors on these EFTofLSS
parameter can be obtained from simulations).

In sensitivity forecasts based on the EFTofLLSS, the most optimistic assumption is that
EFTofLSS parameters will be accurately measured in the future, allowing them to be fixed
to specific fiducial values. In contrast, the most pessimistic assumption involves using non-
informative priors and marginalizing over each parameter. Intermediate assumptions can
also be made by adopting Gaussian priors on these parameters or by reducing their number
through physically motivated relations among them. In the future, we expect that such
priors and relations could be robustly inferred from simulations. There have been several

3Ref. [109] showed that s; is mostly degenerate with other parameters. Thus, in the following, we can limit
ourselves to varying the three parameters (so, s2, s3). Note that s3 is often refereed to as s4 in other works.



recent works exploring the utility of simulations to obtain physically-motivated priors on
EFTofLSS nuisance parameters, see e.g., [127-129].

In the MCMC sensitivity forecasts of section 4, which relies on a mock likelihood
mimicking the properties of the DESI ELG sample and involving four redshift bins, we will
stick to a mildly optimistic assumption concerning the four bias parameters: we will consider
that their dependence on redshift is known from simulations, and thus, that each of them
is known up to a free normalization parameter,

bgz (Z) = UGy bg(gi(z) ) bFS (Z) = Urs blfl(gi(z) ) (31)

with flat uninformative priors on (51, bo, ng, 5r3). The fiducial values of bg,, br, are chosen
according to the co-evolution model while by follows a polynomial fit; this is the same
approach as used in [109]. This co-evolution picture assumes that there were initially no
biases associated with the tidal field. This implies that the late-time tidal biases (bg,,br,)
are fully determined by local-in-matter biases (b1,b2) through the late-time gravitational
evolution [130]. Since the interaction affects relatively small scales (comoving scales smaller
than the sound horizon of the coupled fluid at DM-neutrino kinetic decoupling®) and decouples
long before the onset of non-linear structure formation, it neither modifies the dynamics
on large scales, nor induces a scale-dependency within the growth, thus we might assume
the co-evolution to hold similarly to ACDM in our case. For the seven counter-terms and
stochastic parameters, we compare three assumptions:

¢ In the pessimistic case, we assume seven independent parameters in each of the four
redshift bins, with flat uninformative priors. We marginalize over all 28 counterterms
and stochastic parameters, meaning that we have a total of 32 nuisance parameters.

e In the optimistic case, like for the biases, we assume that the redshift dependence of
each parameter is known (for simplicity, we consider that they are independent of z, but
our forecast would return similar sensitivities if we assumed a fixed redshift evolution).
We then marginalize over only seven counter-term and stochastic parameters, meaning
that we have a total of 11 nuisance parameters. These assumptions are the same as in
the DESI forecast presented in [109].

o In the intermediate case, we implement Gaussian priors on each counterterm (in each
redshift bin) as well as on the overall normalization of the biases according to the same
prescription as [124]. Then, we have the same nuisance parameters as in the pessimistic
case, but with additional prior information. To be precise, we impose a Gaussian prior
with zero mean and a standard deviation of 30 (Mpc/h)? on each of the 28 counterterms,
and a Gaussian prior with zero mean and a standard deviation of 1 for the four bias
functions b;(2) evaluated at the mean redshift z of the survey. For the particular case
of br,(Z), the mean is shifted from 0 to (23/42)[b1(2) — 1].

4The exact decoupling time, and thus suppression scale, is set by the interaction strength, with a weaker
interaction decoupling earlier and thus having a suppression scale at larger k. See figure 1 for an example.



In all three cases, taking advantage of the fact that counter terms and stochastic parameters
enter linearly in the expression of the galaxy power spectrum, we marginalize over them
analytically, using the same method as in appendix A of [131].

4 DESI forecast

We limit our analysis to the ELG-like sample of DESI, which will comprise about one third of
all DESI tracers. Our forecast is performed using MontePython,” and employing an updated
version of the DESI-ELG likelihood described in ref. [109].% This updated version makes use
of analytical marginalization [131, 132] over EFT counterterms and stochastic terms. Along
with several other small tweaks, this considerably speeds up the convergence of our MCMC
chains.” The updated version of the likelihood will be released on the public MontePython
repository at the same time as CLASS-OneLoop. The survey specifications for the ELG
sample are shown in table 1, including redshift ranges, corresponding bin volumes, mean
number densities, and linear biases. Although the bias parameter br, enters the galaxy power
spectrum linearly, we do not perform an analytic marginalization over it in order to retain
the ability to plot marginalized posteriors and contours for all bias parameters.

We perform our analysis with two different fiducial cosmologies, a 100% CDM fiducial
to ascertain the total constraining power of the DESI ELG sample in the case of a universe
without suppressed structure formation, as well as a 90% IDM fiducial scenario to determine
the discovery power, in case our universe would resemble such a scenario. The fiducial
values of cosmological parameters and the assumed priors are listed in table 2, For each
of the relative bias normalization parameter b; defined in (3.1), we use a fiducial value of
1. For the counterterms and stochastic terms we use {cy, c1, c2,c3} = {—10,20, 20,20} and
{s0, 52,83} = {0,0,0}, following ref. [109].

We also examine the different levels of prior information on the biases, counterterms,
and stochastic terms, presented as pessimistic, optimistic and intermediate at the end of
section 3. Additionally, we always use a Gaussian Big Bang Nucleosynthesis (BBN) prior
on wy, centered on our assumed fiducial value and with a width o(wy) = 0.00036 reflecting
the current BBN sensitivity [133].

4.1 Optimistic results

We begin by focusing on the case of optimistic priors on EFTofLLSS parameters, corresponding
to 11 free nuisance parameters with known redshift dependencies. We present our results in
figure 2 for a pure CDM fiducial model, and in figure 3 for a fiducial model with 90% IDM.
In each figure, the two fitted models assume either pure CDM or 90% of IDM (blue and red
respectively, in figures 2 and 3). Note that the pure CDM model is always nested in the IDM
model: it corresponds to the limit of a negligible interaction rate, u,, — 0.

Shttps://github.com/brinckmann/montepython_ public.

5The likelihoods utilizing CLASS-OneLoop will be publicly available on MontePython git repository upon
the release of the code.

"For instance, even in the pessimistic case, we could get 6 chains to converge on a timescale of hours using
24 cores on a laptop.


https://github.com/brinckmann/montepython_public

Zmin Zmax | Ve(2) [Gpc® h™3] ng(z) [10~4Mpc=3 h3] | bi(2)
0.6 0.85 6.680 5.811 1.223
0.85 1.1 9.045 8.010 1.373
1.1 1.35 10.811 4.023 1.527
1.35 1.7 17.081 0.915 1.716

Table 1. Parameters for a DESI ELG-like 4 bin survey, redshift bin edges zmin and zmax, comoving
bin volume V,(z), galaxy number density ny(z), and linear bias b;(z). The likelihood is described in
detail in ref. [109].

Parameter Fid. Value Prior
Wh 0.0224 N (0.022445,0.00036)
Wm 0.1424 Flat, unbounded
h 0.6736 Flat, unbounded
Ng 0.9649 Flat, unbounded
In 100 A 3.0448 Flat, unbounded
CDM IDM90
fidm 0 0.9 Not varied
Upy / 5x107° Flat, u,, >0

Table 2. Cosmological parameters for each fiducial model and the priors used in the DESI ELG fore-
cast.

As a preliminary check, we perform an MCMC run assuming pure CDM both in the
fiducial model and in the fitted model. In this case, as expected, we correctly recover all
cosmological and bias parameters, with unbiased marginalized posteriors.

In a second step, we fit the same pure CDM fiducial model with the 90% IDM model.
This is useful to estimate the sensitivity of the experiment to the DM-neutrino interaction
rate. This run also correctly recovers all parameters, with now a small bias (of less than 10)
on the parameters that are most correlated with w,,, namely the primordial amplitude A
and some of the bias parameters. This reflects the fact that the effect of an interaction can
to some extent be counteracted by shifting the amplitude and biases. The most interesting
conclusion from this run is that a DESI ELG-like sample should be able to set a credible
interval for the DM-neutrino interaction strength bounded by u,, < 3.5 10~° at the 95%
confidence level (C.L.), which would be a stronger limit than that from current CMB and
BAO data from Planck, ACT, SPT and BOSS, see ref. [48].

Using a fiducial cosmology with the same values for the standard cosmological parameters,
but containing 90% IDM with u,, = 5 X 107°, we also find that the MCMC accurately
recovers the fiducial values when letting w,, vary, setting a credible interval on the interaction
strength of u,, = 6.173§ x 107 (95% C.L.), and thus showing a preference for IDM over
CDM at the ~ 30 level. The fact that the posterior is centered on 6 rather than 5 x 107°
could be a prior effect, as a flat u,, > 0 prior was used. Running a CDM-only MCMC with
the IDM fiducial cosmology, the fiducial cosmological and bias parameters are recovered to
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Figure 2. Triangle plot of the one-dimensional posteriors and two-dimensional (68% and 95%)
iso-credibility contours of the MCMC chains using a CDM-only fiducial and constant counterterms,
with fiducial values marked with black lines. It is evident that the fiducial parameter values are well
recovered using both the CDM-only (as in fiducial) and 90% IDM models, indicating that such an
experiment can yield robust limits on the DM-neutrino interaction strength.

within ~ 1o, but with shifted central values for As and bias parameters in particular, see
figure 3. There is a slight change in ng as well, since at large k, where the power spectrum
is suppressed by the interaction, the changed slope could be mimicked by a change in the
primordial tilt. However, since this effect is scale-dependent, a slight change in the tilt and
amplitude will be a “compromise solution”, slightly improving the fit at large k without
worsening the fit at small £ too much. This shows again that the model may try to mimick
the IDM effect with a shifted value of these parameters. However, the quality of the best



fit is worse,® with Ax? = —6.88, defined as

2 _ 9 2
AX” = Xmin,IDM — Xmin,CDM> (4.1)

or an Akaike information criterion of AAIC = —4.88, defined as
AAIC = X12nin,IDM - X?nin,CDM + 2(Nmpm — Nepwm), (4.2)

where N; is the number of model parameters of model 7. Having 90% of the dark matter
interacting is almost equivalent to all of the dark matter interacting, so leaving this fraction
fixed, we treat the IDM90 model as having only one extra free parameter relative to ACDM,
indicating a weak preference for the interacting model [134, 135]. However, this analysis relies
on strong assumptions on the stochastic parameters and counterterms. More conservative
assumptions can considerably decrease the constraining power, as described in section 4.2.

4.2 Comparison with intermediate and pessimistic cases

Our optimistic case assumes the counterterms and stochastic terms are redshift-independent
parameters. If instead, we considered these parameters to have a known redshift evolution
and an unknown overall amplitude, as we are doing for the bias parameters, we would obtain
similar forecast errors, since the number of free parameters and the degree of uncertainty
would be identical. In the future, simulations of galaxy populations with properties that match
those of observed samples may provide better insight into the redshift dependence of these
parameters, but probably within some remaining uncertainty. On the most conservative side,
we may assume that the redshift dependence is totally unconstrained and that counterterms
and stochastic terms are independent from each other in each redshift bin, which corresponds
to our pessimistic case. We expect that the pessimistic and optimistic cases bracket realistic
constraints from the actual observational data. Our intermediate case, which features
additional Gaussian priors, is an example of possible intermediate assumptions, with prior
widths set in a relatively arbitrary way.

The posteriors for the intermediate and pessimistic cases are shown in figures 4 and 5,
along with the optimistic case for reference.

The pessimistic case shows greatly reduced constraining power for the interaction strength
U,y as well as all four bias parameters. Additionally the pessimistic case finds a significantly
biased value of u,, for the IDM90 fiducial cosmology with the posterior centered at a value
more than 1o larger than the fiducial. However, the posteriors on the other cosmological
parameters generally do not show significant change, except for a small shift in Ay (which
makes sense, as this is the cosmological parameter showing greatest degeneracy with the
interaction strength). With the CDM fiducial, the pessimistic case yields an upper limit
for the interaction strength of wu,, < 3.9 x 107* (95% C.L.), which is the same order of
magnitude as Planck CMB constraints [45]. All upper limits and inferred values are collected
in table 3. It was to be expected that the parameter most affected by the pessimistic

8We note that the x? used here is provided after the marginalization over stochastic- and counterterms. We
expect both scenarios to be roughly equally penalised by this. Additionally, since we are not using a physically
motivated model for the value of these parameters, using the marginalized x? should be a conservative choice,
avoiding potentially fine-tuned values.
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Figure 3. Triangle plot of the ne-dimensional posteriors and two-dimensional (68% and 95%) iso-
credibility contours of our MCMC chains using a 90% IDM fiducial, with fiducial values marked with
black lines, including only those parameters with significant difference between the 90% IDM and
CDM chains. It is evident that the fiducial parameter values are well recovered with the 90% IDM
models, while there are ~ 1o shifts in central values recovered in the CDM only chains.

assumption would be u,,, since this is the only cosmological parameter in our analysis that
affects the power spectrum only on small (mildly non-linear) scales, and thus, which can
have a strong correlations with EFT parameters. The fact that Ag is also slightly impacted
simply follows from the small correlation between this parameter and u,,. All chains are
well converged with R — 1 < 0.01 for all parameters, except the bs bias in our pessimistic
analysis with CDM prior, which has R — 1 ~ 0.02.

In the intermediate case, the constraining power is also significantly reduced compared
to the optimistic case, but not to the same extent as the pessimistic case. The posteriors



95% CL upper limit (CDM fid.)
Optimistic <349 x107°
Intermediate <248 x 1074
Pessimistic <3.93 x107*
Mean +20 (IDM9O fid.)
Optimistic 6.087398 x 1075
Intermediate 1.542:2% x 1074
Pessimistic 2.5412:90 x 1074

Table 3. Forecast upper limits (for CDM fiducial) and inferred values (for IDM90 fiducial) of the
interaction parameter u, .

of the biases are also significantly narrowed. It is not obvious if this is solely due to the
imposed priors on the biases themselves, or if the priors on counterterms also play a role due
to possible degeneracies. With the CDM fiducial, the upper limit on the interaction strength
is reduced to u,, < 2.5 % 10~*, which is a minor improvement. Using the IDM90 fiducial,
the result also remains biased towards stronger interactions with the posterior centered
lo above the fiducial. The difference in the constrains on Ay between the pessimistic and
intermediate cases is driven by the better constraint on b; due to the imposed prior, since
these two parameters are highly degenerate.

Overall, the impact of loosening our assumptions on stochastic terms and counterterms
indicates that there is a significant degeneracy between the interaction parameter u,, and the
stochastic contributions or counterterms. Our results in the intermediate and the pessimistic
cases indicate that in the absence of well-motivated informative priors on these nuisance
parameters, the limits on dark matter-neutrino interactions from galaxy clustering power
spectrum using the EFTofLSS model will likely not to be competitive with those from the
CMB. If the assumptions on the redshift evolution of the four bias parameters were loosened,
this could lead to similar degradation in constraining power. This conclusion is expected to
be extendable to other models with small-scale suppression of linear matter power spectrum.
However, the constraining power observed in the optimistic case suggests that improved
constraints may be achievable in the future provided that a physically-motivated model for
the redshift dependence of the EFTofLSS parameters can be established.

5 Conclusion

In this work, we have investigated the applicability of EFTofLSS for constraining exotic dark
matter scenarios beyond standard CDM, as exemplified by DM-neutrino scattering, with
spectroscopic galaxy surveys. In presence of such an interaction, the shape of the matter
power spectrum is altered in the early universe while the growth factor and growth rate
remain scale-independent during structure formation. Thus, the EFTofLSS formalism can
be employed to predict the galaxy power spectrum in redshift space, in the same way as
for ACDM. In appendix A, we confirm that the EFTofLLSS prediction can reproduce the
real-space halo-halo power spectrum extracted from N-body simulations of IDM models.
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Figure 4. Triangle plot of the 2d posteriors of the optimistic (green), intermediate (blue), and
pessimistic (red) analyses with a CDM fiducial cosmology. It is clear that stronger priors on stochastic
and counterterms greatly improve the constraining power for u,, in particular.

In our main analysis, we performed a sensitivity forecast for the parameters of the
IDM model, assuming that the redshift space power spectrum is measured by an ELG-like
sample of the DESI survey. We use a parametrization of the redshift evolution of the biases
described in our previous work [109] to reduce the freedom in the EFT parameters. By
using analytic marginalization over the counterterms and stochastic terms, we can also relax
some of the optimistic assumptions of ref. [109], allowing the EFTofLSS counterterms to
vary independently in each redshift bin. We perform four MCMC forecasts, using either a
pure CDM or a 90% IDM cosmology as a fiducial model and as a fitted model, to determine
both constraining and discovery power.
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Figure 5. Triangle plot of the 2d posteriors of the optimistic (green), intermediate (blue), and
pessimistic (red) analyses with a 90% IDM fiducial cosmology. Again, it is clear that stronger priors
on stochastic and counterterms greatly improve the constraining power for u,, in particular.

Our most optimistic forecast keeps the counterterms and the parameters describing
stochastic contributions constant in redshift as in the analysis of ref. [109], yielding strong
constrains on the interaction strength, more constraining that the current SPT and ACT CMB
constraints of ref. [48]. However, the optimistic forecast is probably unrealistic, unless future
developments enable us get insight into the redshift dependence of the EFTofL.SS nuisance
parameters. We therefore run also a pessimistic case, letting them vary independently in
each redshift bin, and an intermediate case, putting Gaussian priors on the counterterms and
biases. In both the intermediate and pessimistic cases, the constraining power is significantly
reduced, the uncertainties increasing by an order of magnitude and the inferred interaction
strength showing significant bias.



Our conclusion is therefore that under conservative assumptions for the least-constrained
nuisance parameters, namely the counterterms and stochastic contributions, EFTofLLSS is
currently not able to significantly improve constraints on dark matter models with suppressed
small scale structure. However, our optimistic forecast indicates that the constraining power
could in principle be greatly improved with a better understanding of these parameters, as
illustrated by figures 4 and 5. The inclusion of higher-order statistics — like the bispectrum

— may help in breaking degeneracies between DM parameters and stochastic parameters or
counterterms, and is left for a future study.
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A Comparison with N-body simulations

We perform a preliminary check to ensure that EFTofLLSS can reproduce simulation results
for our IDM models. For this, we run a suite of N-body simulations covering the scales and
redshift range of interest. We use N = 5123 particles and a box size of 512 Mpc/h, producing
a simulation with 90% IDM, and one with 50% IDM, as well as a 100% CDM simulation for
comparison. We fix the interaction strength at w,, =5 x 1075 (roughly matching the best-fit
values of [48]). This value of u,, is likely already in tension with the galaxy luminosity
function [136], so we expect that being able to fit this and weaker interactions (i.e. CDM-only)
means the method should be applicable across realistic values of the interaction strength.

We perform our simulations with the code Gadget-4 [137] using initial conditions gen-
erated from linear CLASS spectra with the built-in ngenic algorithm, passing as an input
the power spectra computed with our modified version of CLASS. The rest of the simulation
parameters are listed in table 4. We output snapshots at redshifts zou, = [0.5, 1, 1.5, 2].

We use Gadget-4’s on-the-fly FoF and subfind halo finders to generate our halo catalog.
From these, we use nbodykit [138] to compute the halo-halo power spectrum Py (k) at
each redshift.

Keeping cosmology fixed, we fit the EFTofLSS parameters to the simulation results,
letting the parameters vary freely at each redshift. We find that both the IDM and CDM
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Wm 0.31

Wh 0.049

A | 211 x 1079
N 0.968

h 0.678

Zini 63

uyy | {0, 5 x 107°}

Table 4. Cosmological parameters of the two simulations. For u,,, the value 0 (meaning 100%
non-interacting CDM) is used for the comparison simulation, while 5 x 107° is used as an example of

an interacting scenario.

Pun(k) [(Mpe/h)3)

Pui (k) [(Mpe/h)?)

IDM90 Simulation

10°

104 -

z2=05 —— One Loop (IDM)
=== One Loop (CDM)
¢  Simulation

z=1

10° 4

104 4

z=15

107!
k [h/Mpc]

107!

Figure 6. Halo-halo power spectrum from the 90% IDM N-body simulation and CLASS-OneLoop
best-fit for the, showing a good agreement at all relevant redshifts. When letting all EFT parameters
vary, it is clear that the CDM model can fit simulations roughly as well as IDM, enough for the models
to be indistinguishable. The residuals are shown in figure 7.

models are able to reproduce the 90% IDM simulation results, to within the errorbars of
the simulation, as illustrated in figures 6 and 7.
A full validation study against simulation results in redshift space and varying cosmological

parameters will be presented in forthcoming work.
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Figure 7. Residuals of the CLASS-OneLoop best-fit results relative to the simulation. The results
generally fall within the 1 and 20 regions, shown as dark and light grey bands, as expected for a good
fit. These regions are obtained from the Gaussian covariance of the simulation.
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