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Self-interacting neutrinos in light of large-scale structure data
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We explore a self-interacting neutrino cosmology in which neutrinos experience a delayed onset of free-
streaming. We use the effective field theory of large-scale structure (LSS) to model matter distribution on
mildly nonlinear scales within the self-interacting neutrino cosmology for the first time. We perform the
first combined likelihood analysis of BOSS full-shape galaxy clustering, weak lensing, and Lyman-a forest
measurements, together with the cosmic microwave background (CMB) data from Planck. We find that the
full dataset strongly favors presence of a flavor-universal neutrino self-interaction, with a characteristic
energy scale of order 10 MeV. The preference is at the ~5¢ level and is primarily driven by the Lyman-a
forest measurements and, to a lesser extent, the weak lensing data from the Dark Energy Survey (DES). The
self-interacting neutrino model eases both the Hubble tension and the Sg tension between different
cosmological datasets, but it does not resolve either. Finally, we note a preference for a nonzero sum of
neutrino masses at the level of ~0.3 eV under this model, consistent with previous bounds. These results
call for further investigation in several directions, and may have significant implications for neutrino
physics and for future new-physics searches with galaxy surveys.
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I. INTRODUCTION

Since the discovery of neutrino oscillations and the
resulting implication that neutrinos are not massless, the
neutrino sector of the Standard Model (SM) has received
renewed attention as a potential window into physics
beyond the SM. In particular, the existence of neutrino
mass may imply that neutrinos experience additional coup-
lings to particles that have not yet been observed [1]. While
there are a number of terrestrial experiments capable of
probing neutrino interactions [2-5], cosmological obser-
vations also offer a rich landscape of complementary
information that may be used to explore and constrain
the neutrino sector. For instance, cosmic microwave back-
ground (CMB) data from the Planck satellite and baryon
acoustic oscillation (BAO) measurements from galaxy
redshift surveys have placed a competitive upper limit
on the sum of neutrino masses » . m, < 0.12 eV [6]. More-
over, [7-47] have found that cosmological data are capable
of detecting new interactions in the neutrino sector,
particularly those that would change the free-streaming
nature of neutrinos after they decouple from the SM.

Cosmological studies have focused on parametrizing the
neutrino self-interaction rate as I', o G2 T, where G is a
Fermi-like coupling constant that describes a four-fermion
interaction, and T, is the background temperature of the
neutrinos. An example model that would produce such an
interaction rate is neutrino self-scattering through a massive
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scalar particle ¢ [48]. In the presence of self-interactions,
neutrino free-streaming is delayed, which leaves an imprint
on matter clustering in the early and late universe. In
particular, neutrino self-scattering reduces the size of the
sound horizon at recombination, increasing the value of
H, [49]. Related to this effect, the net phase shift in the
CMB acoustic peaks produced by neutrino free-streaming
in standard cosmology [50-52] is absent if neutrinos
feature self-scattering [53]. Finally, the self-interactions
suppress power and alter the linear matter power spectrum
P(k) at small scales in a scale-dependent manner, testable
by a variety of cosmological probes; see Fig. 1.
References [53] and [54] have found that a significant
self-interaction between neutrinos provides a good fit to
CMB data from the Planck and ACT experiments. More
precisely, the CMB anisotropy is consistent both with
no interaction, as well as with a sizeable value of the
self-coupling constant G [55-58]. In other words, when
analyzing only CMB data, the 1D marginalized posterior
probability distribution for the Gy parameter is found to
be bimodal, featuring a high-probability mode consistent
with ACDM cosmology (previously dubbed ‘“moderately
interacting mode” MIv [53] because of its nonzero best-fit
value of Ggy), and a “strongly interacting mode” Slv, at
G ~0.03 MeV~2. In addition, the best-fit cosmology
with a large neutrino self-coupling was shown in [53]
to be consistent with an increased value of the Hubble
parameter H, in the CMB analysis, which alleviates the
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FIG. 1. Ratio of the linear matter power spectra for a self-

interacting neutrino cosmology and ACDM cosmology, using
best-fit parameters from an analysis of the entire dataset
(Planck + LSS). The three colored curves differ only in the
value of the self-coupling constant G.g: green represents the best-
fit value, while the orange and the blue correspond to weaker
couplings. The black curve corresponds to the best-fit parameters
from an all-data analysis of the ACDM + > m, model. All
curves are divided by the best-fit power spectrum from a Planck—
only analysis of ACDM. The light and the dark shaded regions
roughly indicate the ranges of scales probed by BOSS and DES,
respectively, and the dashed vertical line approximately corre-
sponds to the Lyman-« forest measurements. An increase in G
shifts the bumplike feature toward larger physical scales and is
associated with a later onset of neutrino free-streaming.

Hubble tension between the CMB and the late-time
measurements of the expansion rate. On the other hand,
posteriors analyses of Planck data in [32] indicated that a
strong neutrino self-coupling could not ease the Hubble
tension any more than a variable N ; parameter. However,
while numerous beyond-cold-dark-matter (beyond-CDM)
models have been shown to alleviate cosmological ten-
sions, few have been able to simultaneously address the
Hubble tension and the Sy tension—the mild discrepancy
in the late-time amplitude of matter perturbations Sg, as
inferred from the CMB and from the large-scale structure
(LSS) probes [59]. Self-interacting neutrinos are a potential
solution to both tensions [53].

Previous analyses of the interacting-neutrino model
have treated the CMB measurements alone. In this work,
uniquely enabled by employing the effective field theory
(EFT) of LSS [60-63], we present the first joint analysis
of the bulk of available LSS data in the context of the
self-interacting neutrino model, together with the CMB
anisotropy from Planck." Specifically, we use data from the

'While working on this paper, we became aware of work [64]
that carried out an analysis of the BOSS full-shape power
spectrum in the context of self-interacting neutrinos, without
considering the CMB. When they overlap, our results agree.

Baryon Oscillation Spectroscopic Survey (BOSS), Lyman-
a forest measurements from the Sloan Digital Sky Survey
(SDSS eBOSS), and weak lensing measurements from the
Dark Energy Survey (DES). We combine the LSS mea-
surements with Planck measurements of the CMB primary
and lensing anisotropy, modeling all CMB and LSS
observables self-consistently.

To capture cosmological effects of massive self-interact-
ing neutrinos, our key analyses include the self-coupling
constant G and the sum of the neutrino masses »_ m,, in
addition to the six standard ACDM cosmological para-
meters. Taking all datasets at face-value, we find that a
delayed onset of neutrino free-streaming consistent with a
flavor-universal neutrino self-interaction is preferred to the
ACDM cosmological model, providing a good fit to all
LSS data and to the Planck temperature, polarization, and
lensing anisotropy measurements. The best-fit coupling
constant is Gy ~ (10 MeV)™2, consistent with the SIv
mode reported in [54]. The strong-coupling mode of the
posterior is favored over zero-coupling when DES data are
included in the analysis; with the addition of Lyman-a
forest data, the posterior retains only the strongly coupled
neutrino self-interaction mode. Consistent with the pre-
vious CMB-only analysis [53], we find that neutrino self-
scattering marginally eases—though does not resolve—
cosmological tensions. Finally, we find that the best-fit
cosmology features a nonvanishing sum of neutrino
masses, both within ACDM and after including neutrino
self-interactions. These results could have important impli-
cations for neutrino physics and for the concordance model
of cosmology, and they warrant further detailed investiga-
tion with existing and upcoming datasets.

This paper is organized as follows. In Sec. II, we describe
the neutrino cosmology and the EFT of LSS in the context of
neutrino self-scattering. We describe the choice of data in
Sec. III and the analysis in Sec. IV. In Sec. V, we present our
results. We discuss their implications and conclude in Sec. V1.

II. DISTRIBUTION OF MATTER

In a self-interacting neutrino cosmology, the Boltzmann
equations for the massive neutrino multipoles v, contain
additional collision terms that account for neutrino self-
scattering [53]. In synchronous gauge, the Boltzmann
equations are
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where ¢ is the magnitude of the comoving momentum,

e =/ + a®m2, £V is the background neutrino distribu-
tion function, 7', is the present-day temperature of the neu-
trinos, /4 and 7 are the standard metric perturbation variables,
and A(x), Bs(x), and D,(x) are functions that capture the
collision term at first order in perturbation theory. In the
massless case, the neutrino multipole hierarchy simplifies to

oF, £ 41 ¢
Lt k(~——F,y———F
o © <2f+1 T2+ f“)

2 (oh 2 (oh oy
S =6p-Z(=+6=—]0
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where F, are the massless neutrino multipoles and a, is a
coefficient calculated from an integral over A(x), B,(x), and
D,(x). See [53] for a detailed description of the collision
terms A(x), B,(x), D,(x), and a,.

We configure the Boltzmann solver CLASS [65] to allow
for neutrino self-interactions as given by these modified
Boltzmann equations. Following [53], we precompute A,
B, and D, on a 5-point grid of ¢/T, values and access
them via an interpolation routine as the equations are
solved; similarly, we precompute «, for the case of
massless neutrinos. Also following [53], we assume that
the neutrino sector is comprised of one massive neutrino
and allow the remaining number of massless neutrino
species to vary. We implement a tight-coupling approxi-
mation in which multipoles £ > 2 are set to zero until the
neutrino self-interaction rate falls below 1000 * aH, where
H is the Hubble parameter.

We merge this modified CLASS's code with CLASS-PT [66],2
which is tailored to compute LSS power spectra in the mildly
nonlinear regime. CLASS-PT calculates nonlinear 1-loop
corrections to the linear matter power spectrum, and outputs
the redshift-space galaxy power spectrum. CLASS-PT uses the
EFT of LSS [60-63] to model the redshift-space galaxy
power spectrum from 0.01 < k < 0.2 h/Mpc; in the context
of neutrino self-interactions, the EFT should in principle be
modified to account for such a scenario. However, nonlinear
effects are entirely negligible at the high redshifts where
neutrino self-interactions shape the evolution of matter
perturbations. At the same time, neutrino self-interactions
are effectively halted at the lower redshifts relevant for galaxy
surveys, where matter distribution evolves as in ACDM, but
with a modified initial power spectrum; see Fig. 1. Thus, the
standard version of CLASS-PT is apt for predicting late-time
LSS observables in the context of self-interacting neutrinos.”

2https://github.com/Michalychforever/CLASS—PT.

Note that typical neutrino masses in our chains go up to
m, ~ 0.5 eV, for which corrections beyond the current CLASS-PT
implementation [67] may be marginally important, see [68,69].
We leave their detailed incorporation along the lines of [70] for
future work.
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FIG. 2. The slope of the linear matter power spectrum is shown
for a self-interacting neutrino cosmology and ACDM, generated
with best-fit parameter values from an analysis of the entire
dataset (Planck + LSS). The parameters for the self-interacting
cases are chosen in the same way as in Fig. 1. The data point
indicates the slope measurement derived from the Lyman-a
forest, with a 2¢ uncertainty.

We display the effect of neutrino self-interactions on the
matter power spectrum in Fig. 1 and on its slope in Fig. 2.
In both cases, we use the Planck—only best-fit cosmology
for our ACDM calculations; for the self-interacting neu-
trino cosmology, we use the best-fit parameters derived
from the entire dataset, with LSS included. The three
colored curves only differ by the value of G, illustrating
the effect of the increase in the self-coupling on cosmo-
logical perturbations. We note that the green curve is
preferred by the data, while the other two (with weaker
interaction strengths) are disfavored. We also note that the
power suppression resulting from self-interactions is pro-
gressively more pronounced on smaller scales. At the same
time, the scale of the particle horizon at neutrino decou-
pling shows up as a bump-like feature prior to the onset
of power suppression, altering both the slope and the
amplitude of the power spectrum in a scale-dependent
manner; this feature occurs at larger k values for weaker
self-interactions. All of these effects combined produce a
characteristic k—dependent alteration to P (k).

III. DATA

We analyze a combination of the following datasets:

(1) Planck: Planck 2018 CMB plik lite high-7
TT/TE/EE likelihood, along with the commander
low-Z TT likelihood and the smica lensing like-
lihood [71].

(i) BOSS: anisotropic galaxy clustering data from
BOSS DR12 at z=0.38 and 0.61 [67,72,73].
As in [74,75], our analysis is performed up to
kmax = 0.2 h/Mpc for the galaxy power spectrum
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multipoles, from 0.2 < k < 0.4 h/Mpc for the real-
space power spectrum proxy Qg [76], and up to
kmax = 0.08 h/Mpc for the bispectrum monopole
[75,77].4 We also add post-reconstructed BOSS
DR12 BAO data following [80].

(iii) Lyman-a: 1D Lyman-a flux power spectrum from
SDSS DR14 BOSS and eBOSS quasars [84]. We
use the compressed version of this likelihood pre-
sented as a Gaussian prior on the model-independent
amplitude and slope of the power spectrum at a
pivot redshift z, =3 and wave number k, =
0.009 s/km ~ 1 h/Mpc [85].

(iv) DES: weak lensing data from year 3 of the Dark
Energy Survey (DES-Y3), in the form of a Gaussian
prior on Sg: 0.776 = 0.017 [86].

In our EFT-based full-shape analysis, we consistently
marginalize over all necessary nuisance parameters that
capture galaxy bias, baryonic feedback, nonlinear redshift
space-distortions, etc. [751.° Our analysis is thus robust
to the specific details of galaxy formation physics. We
also apply our BOSS galaxy clustering data to the self-
interacting neutrino scenario without any ACDM assump-
tions; namely, we do not use the “compressed” BOSS
likelihood containing BAO and RSD parameters that are
derived with a fixed Planck-like ACDM template [73,88].
As in [73], our EFT-based likelihood includes galaxy
power spectrum shape information that the standard BOSS
likelihood does not contain [72]. Finally, we verify that
there are no degeneracies of the EFT bias parameters with
any of our physical parameters of interest.

The choice we make to impose a DES prior on Sg is
equivalent to adding the complete DES-Y3 dataset to our
analysis, as DES measures Sg to be the same value for
ACDM, WDM, and ACDM extensions [86,89-91]. The
value of Sg is therefore independent of the choice of the
cosmological model, as long as the late-time growth of
structure is not modified; this is indeed the case for the
interacting-neutrino model. Moreover, Sg is the primary
directly observed principle component of the weak lensing
data; it is thus close to being a model-independent quantity.

“The BOSS full-shape likelihood that we use is available at
https://github.com/oliverphilcox/full_shape_likelihoods, see [75]
for more detail. Also see [78,79] for alternative but equivalent
likelihoods.

>Additional LSS data, e.g. power spectra of eBOSS emission
line galaxies (ELG) [81] and quasars (QSO) [82], as well as
BOSS bispectrum multipoles [83], do not sharpen cosmological
constraints significantly. Besides, the eBOSS QSO and ELG
measurements are noticeably affected by observational system-
atics, which complicate their interpretation. Given these reasons,
we do not include these datasets in this analysis.

Our priors are significantly wide to ensure that our main
cosmological results are unbiased (cf. [87]), and not driven by the
priors on nuisance parameters. We also note that our priors are
motivated directly by the physics of BOSS red luminous galaxies
[74], and are fully consistent with the posteriors. See [79] for
another prior choice.

Therefore, we safely leave details of the full calculation
of the DES-Y3 likelihood in context of neutrino self-
interactions for future work.

Finally, we note that the data we chose to analyze,
including BOSS, Lyman-a, and DES, are good proxies
for the information gleaned from LSS, but they do not
represent the complete set of data currently available. In
particular, we did not consider weak lensing from KiDS-
1000 and HSC-Y3 because they have non-negligible
covariance with the datasets we consider; this covariance
is not yet available and must be modeled to analyze all
these data in tandem [92]. This task is beyond the scope of
our work. Furthermore, we do not analyze supernovae data
from Pantheon+ [93], since this data would solely constrain
Q,,, a background quantity that does not change from its
ACDM value under neutrino self-interactions. Finally, we
do not include eBOSS DR16 BAO data in our analysis,
but we expect this data to further prefer a delayed onset
of neutrino free-streaming, as was the case in previous
analyses [53,54]. Likewise, eBOSS DR16 has not yet been
fully converted into a full-shape likelihood, so we do not
include it here. A dedicated future study is warranted to
analyze together all these datasets under cosmological
models beyond ACDM.

IV. ANALYSIS

We use a modified cLASS code and MontePython and MultiNest
samplers to perform likelihood analyses [65,94,95]. We
assume that the neutrino sector consists of one massive
neutrino and that the rest of the species are massless (see
Sec. 11).” We use the standard big bang nucleosynthesis
(BBN) predictions for the primordial helium abundance Yy,
following [53,54].

In each posterior analysis, we vary all standard cosmo-
logical parameters: the baryon density @,, DM density @,
angular size of the sound horizon 6, optical depth to
reionization 7;,, fluctuation amplitude Ay, and spectral
index ng. For the interacting-neutrino cosmology, we set
the effective self-coupling constant G and the sum of the
neutrino masses Y | m, as additional free parameters of the
fit; we label this as our “baseline” model, Gy + > m,.
Unless otherwise noted, we fix Ny = 3.046 to its stan-
dard-model value in our runs. Analogously, we consider an
extended~ACDM model where we vary > m,, and label it
as ACDM + > m,. Separately, for ease of comparison
of our results with previous studies, in Appendix C we
consider cosmologies where N is another free parameter
of the fit, in both the extended ACDM model and in the
self-interacting neutrino cosmology; however, we note that
the self-interacting neutrino model considered here does
not require a departure of Ny from its standard-model
value.

"We do not expect this assumption to affect our results, as
confirmed by [53,54].
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In our sampling runs, we assume broad flat priors on
all cosmological parameters listed above, a log-flat prior
on G, and a Gaussian prior on 7., = 0.065 £ 0.015 as
a stand-in for low-Z EE data® [54]. We limit the upper
bound of our prior on log;o(G. MeV?) to —0.5, as the
equations of motion become too stiff for CLASS to evolve
at log,o(Ger MeV?) > —0.5 [58]. We do not expect this
choice to impact our results, as our chains show good
convergence to best-fit values well within our chosen prior
range. We extend our analyses to smaller neutrino self-
couplings, sampling down to logo(Gey MeV?) = 7.
This is essential because the LSS data probe scales down
to k ~ 1 h/Mpc, which are sensitive to interaction strengths
as low as 1og;o(Ger MeV?) ~ —6.

In our MultiNest runs, we set the number of live points
to 1000, the target sampling efficiency to 0.8, and the
accuracy threshold for the log Bayesian evidence to 20%,
ensuring that our analysis is optimized for parameter
estimation. We repeat a subset of our runs for 2000 live
points to ensure that we do not miss any high-probability
modes in the posterior, and we find no difference. We also
check that in the cases where the posterior is not multi-
modal, MCMC returns consistent results with nested
sampling.

V. RESULTS

In Fig. 3, we show the 2D posterior probability dis-
tributions for key cosmological parameters, obtained
from two different datasets: Planck only (orange and black)
and a combination of all data described in Sec. III
(Planck + BOSS + Lyman-a + DES). We analyze each
dataset under two different cosmological models: the self-
interacting neutrino cosmology (G.g + > m,; orange and
red), and the extended standard cosmology (ACDM+
> m,; black and gray). All the results are derived assuming
N = 3.046 fixed.

In the Planck—only analysis of G + Y m,,, we find that
the posterior probability distribution is bimodal, consistent
with the results from previous literature [54]. While the
weak neutrino self-coupling (with a negligible delay in
neutrino free-streaming) is statistically preferred in this
case, a strong coupling is also consistent with the Planck
data. However, when the LSS likelihoods are included, the
posterior mode consistent with ACDM is disfavored, and
only the strongly coupled mode of the posterior persists;
see the bottom right panel of Fig. 3. The peak of the 1D
marginalized posterior is at log(Gey MeV?) = —1.7310,
corresponding to a delay of free-streaming until z ~ 8300,
where the uncertainty captures the 95% credible interval. In
other words, the inclusion of the LSS data leads to a drastic

*We test the difference between adding the full low-¢ EE
likelihood to our analysis and using the tau prior as a proxy in
Appendix D, and find no appreciable difference.

increase in the significance of strong neutrino self-
coupling, as compared to the Planck—only analysis.

In order to understand whether this preference is driven
by the effects of the neutrino mass, or by the effects of
neutrino self-interactions on matter clustering, we compare
the quality of the fit for the interacting neutrino model to
the quality of the fit for the standard ACDM model, as well
as an extended ACDM + ) m, model (where the sum of
neutrino masses is an additional free parameter). We find
that the addition of neutrino self-interactions, rather than
the sum of the neutrino masses, drives the improvement
in the fit. Concretely, comparing x> of the self-interacting
model to that of ACDM and ACDM + > m,, we find a
difference of Ay?> = —30.01 and —28.44, respectively. This
translates to a 5.30 preference for strong neutrino self-
coupling, as compared to the standard cosmology.

Table 1 displays the breakdown of Ay? contributions
from each dataset. The Lyman-a forest data dominate the
preference toward the neutrino self-interacting model over
ACDM, with DES adding a subdominant contribution; the
rest of the datasets are largely agnostic in this sense. This
preference can be understood in the context of modifica-
tions to the linear matter power spectrum P(k), caused by
neutrino self-scattering. As discussed in Sec. I, the inter-
actions lead to a bump-like feature at k ~ 0.2 1/Mpc, and a
subsequent suppression at smaller scales, altering both the
amplitude and the slope of P(k) in a scale-dependent
manner; see Figs. 1 and 2. Combined with the lower A
and ng values preferred in this model, the neutrino self-
interaction produces a suppression at the pivot scale
k, ~1 h/Mpc, better fitting the Lyman-a measurements.
At the same time, the scale-dependent suppression of
power is also mildly favored by the DES prior on Sg,
adding to the overall quality of the fit.

As noted in [53,54], there are significant parameter
degeneracies in the interacting-neutrino model; in many
instances, they result in reconciliation of the best-fit
parameter values inferred from the CMB, LSS, and other
probes. For example, we confirm that the G; + > m,
model marginally eases the H, tension between the
CMB + LSS and the supernova measurements from Super-
nova H for the Equation of State (SHyES) survey [96,97],
as shown in Fig. 3. Specifically, the tension between
SHES and Planck + BOSS + Lyman-a + DES is at 4.8¢
under the ACDM + Zm,, model, but it reduces to 4.1c
under the self-interacting neutrino model. This indicates
that a combined analysis of early and late time probes of the
expansion may show an even stronger preference for the
Gegr + > m, model in comparison to ACDM + > m,,. At
the same time, we see a minor reduction in the Sg tension
between DES and Planck + BOSS + Lyman-a+ DES
data; the tension is eased from 2.26 in ACDM + > m,, to
1.70 when self-interactions are added. However, we note
that we have included a prior on Sg from DES in our
analysis, pulling our results toward the DES value for Sg.

103527-5



HE, AN, IVANOV, and GLUSCEVIC

PHYS. REV. D 109, 103527 (2024)

I Planck: self-interacting neutrinos
I All data: self-interacting neutrinos
—— Planck: extended ACDM
Bl All data: extended ACDM
l T
70 = -
o
m 66 -
62 —
| |
0sC T T 1T T T T u
— 0.6 4 4
3
S oaf 1 -
02 -+ .
| | | |
T T T T T T
& — — —
—2F —_— — —
%
=
t
<A T T }
=
o0
g 6k 1 1 -
| | | | | 1 | | | |
0.80 0.85 62 66 70 0.2 0.4 0.6 —6 —4 -2
2
Sg Hy > my [eV] log(Get MeV?)

FIG. 3.

68%, 95%, and 99% confidence-level contours for a 2D marginalized posterior distribution of a subset of cosmological

parameters for two models: the self-interacting neutrino model (referred to as G.; + Y m, in the text) and the extended standard
cosmology (ACDM + > m,). We show the results of a Planck-only analysis and of a combined analysis of Planck, BOSS, Lyman-«,
and DES data (labeled as “all data”), for both models; the former recovers the results of previous work, which the latter shows the key
novel result of the present work. The blue and teal shaded bands show the SHoES measurement of H and the DES prior on Sg,
respectively. We note that the interacting-neutrino model mildly reduces both the Hubble tension and the Sg tension between different

datasets.

A dedicated future analysis is thus needed to fully under-
stand the impact of the neutrino interactions on the Sy
tension.

It is interesting to note that allowing for neutrino self-
scattering also leads to a 3.5¢ preference for a nonzero sum
of neutrino masses, with the maximum of the marginalized
ID posterior at »_ m, =0.23 £0.13 eV at 95% confi-
dence, consistent with the bounds from neutrino oscillation
experiments [98], and in agreement with previous Planck
collaboration bounds [6]. This finding is also consistent
with the >2¢ preference for nonvanishing neutrino mass
found in previous Planck—only analyses of self-interacting

neutrinos in [53]; the preference for nonvanishing neutrino
mass arises from the need to suppress the amplitude of
matter fluctuations at late times, as measured by CMB
lensing in their analysis. It is thus unsurprising that, when
analyzed with more LSS datasets which prefer a lower
amplitude of matter fluctuations at late times, this model
finds an even greater preference for nonvanishing neutrino
mass. We also note a ~2¢ preference for a nonzero sum of
neutrino masses in our all-data analysis even for the
ACDM + 3" m, model (3" m, =0.119711% eV at 95%
confidence).
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TABLE I Ay2, for our baseline self-interacting neutrino
model G + > m,, compared to ACDM and an interaction-
free extension of ACDM in which > m, is a free parameter
(ACDM + > m,). Rows present individual contributions from
different subsets of data to the full analysis of Planck+
BOSS + Lyman-a + DES.

Ay? with respect Ay? with respect

Data set to ACDM + > m, to ACDM
Planck low—¢ TT —-0.01 -+0.09
Planck high—¢ —-0.90 -1.52
Planck lensing —0.08 —0.18
BOSS +0.38 —1.53
Lyman-a —24.91 -26.02
DES -2.78 —-1.03
T prior -0.14 +0.18
Total —28.44 —30.01

We list the full set of constraints on all cosmological
parameters for a Planck + BOSS + Lyman-a + DES
analysis of the G + > m, model in Appendix A, and
we show full posterior distributions for the Gg + > m,
model in Appendix B. In Appendix C, we repeat our key
analyses with the effective number of relativistic species
N as an additional free parameter in the fit. We note that
the self-interacting neutrino model we consider in this work
does not require deviation from the standard value of N
by default; however, for ease of comparison of our results
with previous literature, and to explore parameter degen-
eracies with commonly considered extensions of the
standard cosmological model, we provide this analysis
as well.

VI. DISCUSSION AND CONCLUSIONS

We considered a cosmological scenario in which flavor-
universal neutrino self-interactions through a massive
mediator particle, occurring in the early universe, delay
the onset of neutrino free-streaming. We used the EFT of
LSS to model matter distribution on mildly nonlinear scales
within the self-interacting neutrino cosmology for the first
time. This enabled us to perform the first cosmological
search for evidence of neutrino self-interactions using a
combination of LSS data, including BOSS, eBOSS, and
DES, along with the CMB measurements from Planck.
While previous CMB-only analyses found consistency
with weak neutrino self-coupling, we find that the full
dataset strongly favors presence of neutrino self-scattering.
In other words, we recover a single-mode posterior prob-
ability distribution for the neutrino self-coupling constant
G, peaked at log(Gey MeV?) = —1.7370% at 95% con-
fidence. The LSS data contributes to a substantial ~5¢
preference for the strongly coupled mode over ACDM,
when all the data are analyzed in combination; this
preference is driven by Lyman-a and, to a lesser extent,

DES. The reported preference persists even when the sum
of neutrino masses is allowed as a free parameter within the
ACDM cosmology. Interestingly, we find that the combi-
nation of all data shows a preference for a nonvanishing
sum of neutrino masses, at a level consistent with previous
results from Planck. Furthermore, the delay in neutrino
free-streaming lowers the amplitude of matter fluctuations
in the late universe, marginally easing the Sg tension
between LSS and CMB. Finally, neutrino self-scattering
also decreases the size of the sound horizon, easing the
tension between the early universe measurements of H,,
and the supernova data. Our key result is shown in Fig. 3.

The success of the interacting-neutrino model in fitting
all the data simultaneously arises from subtle degene-
racies in various standard cosmological parameter values,
which all combine to give rise to the characteristic scale-
dependence of the linear matter power spectrum, shown in
Figs. 1 and 2. However, the data that drive the preference
for self-interactions are not sensitive to the detailed scale-
dependence of P(k). Namely, the Lyman-« forest traces the
amplitude and the slope of P(k) in a narrow range of scales
around k ~ 1 h/Mpc, while DES data is sensitive to the
P(k) amplitude around k ~ 0.2 h/Mpc; finally, Planck has
an integrated sensitivity to a broad range of larger scales.
Our results can thus be more broadly interpreted as an
indication of a scale-dependent alteration in P(k), which
resembles the broad features produced by self-interacting
neutrinos.

We further emphasize that the approach we adopted in
this study was to take all datasets at face value when
evaluating the viability of the neutrino self-interactions.
However, it is possible that the likelihoods associated with
the LSS or the CMB data are affected by unknown
systematic effects, which may bias our results. We espe-
cially note that the reported preference for nonvanishing
self-interaction is sensitive to the accuracy of the power
spectrum reconstruction from Lyman-a measurements.
Indeed, tensions between the BOSS/eBOSS Lyman-a data
and the Planck ACDM model were previously reported
[84,99,100], but were not explored with a full combination
of LSS and CMB data. Further insight may come from
alternative approaches to the modeling of the Lyman-a
forest power spectrum [101], as well as from its interpre-
tation within new-physics models [100,102].

The results presented in this study call for further
investigation in several additional directions. First, self-
scattering neutrinos suppress structure on a large range
of scales, potentially affecting other observables beyond
those considered in this study. For example, the Milky
Way satellite galaxy census currently limits the suppression
of power to ~30% compared to ACDM [103,104], at
k ~ 30 h/Mpc. Forthcoming galaxy surveys with Vera C.
Rubin Observatory [103-105] and other facilities [106,107]
will tighten this uncertainty further [103,108-110], putting
pressure on all beyond-CDM models that alter the matter
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power spectrum on small scales. The decrement of power
appearing in the self-interacting neutrino model may also
lead to signals at the level of precision projected for the
Simons Observatory measurements [111]. A holistic con-
sideration of the growth of structure in massive interacting-
neutrino cosmologies and its implications for upcoming
observations is also warranted [112]. In addition, neutrino
self-interactions require shifts in various cosmological para-
meters, including the sum of neutrino masses, in order to
retain a good fit to the data. This implies that high-precision
cosmological searches for > m,, will provide critical infor-
mation about neutrino interactions as well.

On the theory side, the preference for a delayed onset of
neutrino free-streaming calls for a consideration of different
types of particle interactions that could cause this delay.
Different models for the interactions are constrained by
experiments and astrophysical observations [113-144], and
a flavor-universal coupling where all three standard neu-
trinos interact and experience a delay in free-streaming
may not be consistent with laboratory bounds, under this
specific interaction model. On the other hand, laboratory
experiments are already probing neutrino interaction phys-
ics at relevant levels [32,137,141] and a flavor-specific
neutrino self-interaction may be consistent with laboratory
data and with cosmological observations. A dedicated

TABLE II

analysis combining laboratory results with cosmological
searches for neutrino self-scattering is also timely.
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APPENDIX A: FULL COSMOLOGICAL
PARAMETER CONSTRAINTS

In Table II, we show the full set of cosmological
parameter constraints for a Planck + BOSS + Lyman-a +
DES analysis of the self-interacting neutrino model
Ger + > m,. In Table III, we show the full set of
cosmological parameter constraints for a Planck +
BOSS + Lyman-a + DES analysis of the ACDM +
>~ m,, model.

Full parameter constraints for a Planck + BOSS + Lyman-a + DES analysis of our baseline self-

interacting neutrino model Gy + > m,,. Bounds for standard cosmological parameters are given in the top half of
the table, and bounds on Planck and EFT bias parameters are given in the bottom half. The maximum of the full
posterior is labeled “Best fit,” and the maxima of the marginalized posteriors are labeled “Marginalized max.” The
superscripts (1), (2), (3), (4) of the galaxy bias parameters b, by, bg, signify respectively the NGC z = 0.61, SGC
z=0.61, NGC z =0.38, SGC z = 0.38 BOSS DR12 data chunks.

Parameter Best fit Marginalized max +o 95% lower 95% upper
100 w, 2.272 2.271 £0.013 2.245 2.297
W, 0.1192 0.1191 + 0.0009 0.1174 0.1209
100 6, 1.0467 10466500088 1.0458 1.0473
In(10'04,) 3.018 3.02 +0.022 2.976 3.065

ng 0.9447 0.9448 + 0.0033 0.9382 0.9513
Treio 0.0743 0.0741470011 0.05029 0.09824
10g10(Gefr MeV?) -1.722 —-1.7312500%3 -1.827 —1.645
S m, [eV] 0.211 02310065 0.104 0.359
Zreio 9.555 9,518j11;ggg 7.248 11.61

Qu 0.6905 0.6884-0:9073 0.6741 0.7027
Yie 0.248 0.248 + 5.5¢ — 05 0.2479 0.2481
H, 68.255 68.072103%% 66.925 69.273
10794, 2.044 2.049+0.04 1.961 2.144
oy 0.7973 0794709127 0.7702 0.8187
Sg 0.81 0.809 4+ 0.01 0.79 0.828

(Table continued)
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TABLE II. (Continued)

Parameter Best fit Marginalized max +o 95% lower 95% upper
Aplanck 0.99913 1.00038 10 60745 0.99541 1.00533
b\l 2.032 2.041 £0.048 1.945 2.137
bV —0.5424 —0.41191923% —1.4523 0.7166
by —0.4111 —0.307+9:2804 —0.8695 0.248
b 2.224 220210957 2.087 2315
b —0.5069 —0.3663108126 —1.5416 0.9082
be) —0.0416 —0.144610323¢ —0.7735 0.5084
b 1.968 1.95720 04 1.866 2.047
b —0.2203 —0.12667 074515 -1.0708 0.8535
b —0.3043 —0.33831037% —0.8567 0.1933
b 1.981 1.993 +0.057 1.879 2.104
b 0.0936 ~0.3868103374 —1.4514 0.7244
p@ —0.2312 —0.366103197 —0.9774 0.2646

TABLE III.  Full parameter constraints for a Planck + BOSS + Lyman-a + DES analysis of the ACDM + > m,
model. Bounds for standard cosmological parameters are given in the top half of the table, and bounds on Planck
and EFT bias parameters are given in the bottom half. The maximum of the full posterior is labeled “Best fit,” and
the maxima of the marginalized posteriors are labeled “Marginalized max.” The superscripts (1), (2), (3), (4) of the
galaxy bias parameters by, by, bg, signify respectively the NGC z = 0.61, SGC z = 0.61, NGC z = 0.38, SGC
z=0.38 BOSS DR12 data chunks.

Parameter Best fit Marginalized max +o 95% lower 95% upper
100 o, 2.237 2.244 £0.013 2.218 2.269
o, 0.1197 0.1192 £ 0.0009 0.1174 0.1209
100 0, 1.0419 1.0419 £ 0.00029 1.0413 1.0425
In(10'04,) 3.05 3.054100% 3.01 3.098
n 0.9584 0.9603 70005 0.9539 0.9668
Treio 0.0557 0.05969 01 0.03662 0.08363
>om, [eV] 0.147 0.119700% 0.008 0.237
Zreio 7.841 8.174-1% 5.78 10.421
Q\ 0.6771 0.6835-0:007% 0.668 0.698
Yhe 0.2478 0247913305 0.2478 0.248
Hy 66.714 67.2121087 66.006 68.393
10794, 2.111 2.12+0.048 2.028 2216
oy 0.7892 0796100126 0.7719 0.8178
Sg 0.819 0.8175 £ 0.009 0.799 0.835

(Table continued)
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TABLE IIL. (Continued)

Parameter Best fit Marginalized max +o 95% lower 95% upper
Aplanck 1.00098 100002709923 0.99517 1.00493
bV 2.051 2.036 + 0.048 1.942 2.131
bV -0.4228 ~0.5467+03306 -1.607 0.5817
bé}z) —0.3297 —0.42102817 —-0.9706 0.133
b 221 2.17915020 2.066 2.293
b2 0.4694 —0.43887 03872 —1.6424 0.8124
b(gzz) —0.1038 -0.23367 03550 —-0.9018 0.4466
b 1.97 1.94 4 0.046 1.851 2.031
b 0.0871 ~0.196104773 —1.1501 0.814
bgj -0.2893 —0.4137792838 -0.9674 0.1417
bl 1.971 19791905 1.867 2.089
b(24) -0.4912 _0_4373ng»55§999 —1.4906 0.7024
p@ —-0.5116 —0.4285103218 —1.0545 0.2202
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APPENDIX B: THE FULL POSTERIOR PROBABILITY DISTRIBUTION

In Fig. 4, we show the full marginalized posterior distributions for all relevant parameters in a Planck + BOSS +
Lyman-a + DES analysis of our baseline self-interacting neutrino model G + Y m,, with Nz fixed at 3.046.
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B All data: Geg+Y. M
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Bl Al data: ACDM+Y"m,
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FIG. 4. 68%, 95%, and 99% confidence level marginalized posterior distributions of all cosmological parameters for ACDM + > m,
(gray and black) and for the self-interacting neutrino model G.¢; + > m,, (colored), from a combined analysis of Planck, BOSS, Lyman-
a, and DES data (labeled as “all data”) and a Planck-only analysis. The blue and teal shaded bands show the SHyES measurement of H,
and the DES measurement of Sg, respectively.
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APPENDIX C: IMPLICATIONS OF ADDITIONAL
RELATIVISTIC SPECIES

We now consider cosmologies that feature additional
relativistic degrees of freedom. We emphasize that our main
results focus on neutrino self-coupling as a method of
reconciling the inconsistency between Planck CMB data
and LSS data. Our analysis in this section explores varying
Ny as an alternative way of reconciling this discrepancy.
We label the corresponding extension of the standard
cosmology as ACDM + " m,, + N and the extension of
the interacting-neutrino cosmology as Gg + > m, + Ng.
In Fig. 5, we show the 1D posterior probability distribution
for the self-coupling constant Gy, obtained from four
different analyses: Planck—only analyses of G + > m,
and Gg + Y _m, + N, and Planck+BOSS + Lyman-a +
DES analyses of Gy + > m, and G + > m, + N
Regardless of the choice of additional free parameters,
the inclusion of the LSS data leads to an increase in the
significance of the strongly interacting regime as compared
to the Planck—only analysis, but the relative significance is
different depending on the chosen parameter space.

As compared to the ACDM + > m,, + N4 model, the
Geir + > my, + N with G consistent with the SIv mode
presents a mild improvement in fit, Ay2, = —3.62, corre-
sponding to a 1.90 preference for strong neutrino self-
interactions. In this scenario, however, the inferred mean

————— Planck Planck + BOSS + Lyman-a + DES
/‘§—::§\
] ANIS
" NIVANY
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| Q
! \
i W\
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| )}
| “
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\
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logo(Gesr MeV2)

FIG. 5. 1D marginalized posterior distribution for the neutrino
self-interaction coupling parameter G.g. We show the posterior
derived from a joint analysis of Planck, BOSS, Lyman-a, and
DES data (solid) as well as the same posterior obtained from a
Planck-only analysis (dashed); the red corresponds to the analysis
where N = 3.046 is fixed at its standard model value, while the
blue lines correspond to the case where it is a free parameter of
the fit. In all four cases, the sum of the neutrino masses is a free
parameter of the fit. We note that the addition of LSS data
enhances the statistical significance of the strongly interacting
posterior mode in comparison to ACDM, regardless of whether or
not N is a free parameter.

TABLE IV. A)(fmn for the strongly coupled mode (SIv) of the
Ger + > m, + Ny model, compared to ACDM + > m,+
N Rows present individual contributions from different sub-
sets of data to the full analysis of Planck+ BOSS +
Lyman-a + DES.

Ay? with respect to

Data set ACDM + >~ m, + Ny
Planck low—¢ TT —1.06

Planck high—¢ -3.90

Planck lensing —-0.08

BOSS -1.72
Lyman—a +1.23

DES +2.31

7 prior -0.4

Total -3.62

value for Ng under ACDM + > my, + Noggis Nep = 2.5 £
0.21 at 95% confidence, which is difficult to model in
standard cosmology [146,147]. Table IV displays the break-
down of Ay? contributions from each dataset for the G.; +
> m, + Ny model, as compared to ACDM + > m,+
Ngr- We show full posterior distributions for a Planck +
BOSS + Lyman-a + DES analysis of the G + > m, +
N model and the ACDM + > m,, + N model in Fig. 6.

The low N measured by ACDM + > m, + N can
be understood in terms of the Lyman-a data’s preference for
a lower A, and n,, which are degenerate with both N and
G- In order to fit both this data and the high-Z tail of the
Planck TT spectrum, the ACDM + Y m, + Nz model
significantly decreases N from its standard value. This is
contrasted with the G + > m, + N model’s ability to
toggle G and thereby offset the effect of a lower A and ng
on the high-Z tail of the TT spectrum, without adjusting
Nggr. N remains consistent with the three known neutrino
species under the G + > m, + N model, with a mean
value of N = 3J_r8§71 at 95% confidence; see Fig. 6.

Since N is highly degenerate with H,, the ACDM +
> m, + N model measures an Hy value of 64.4 £ 1.5 at
95% confidence, inflating the tension between SH)ES and
Planck 4+ BOSS + Lyman-a 4+ DES for this model to
6.76. However, the SIv mode of the G + > m, + Neg
model retains an H,, tension of 3.8¢ under this extended
analysis. At the same time, we see no significant effect of
the G + > m, + Ny model on the Sg tension between
DES and Planck + BOSS + Lyman-a + DES data; the
tension is only slightly reduced, from 1.83¢ in ACDM +
>>m, + Ny to 1.676 when self-interactions are added.
This is indeed due to the ACDM + ) m, + N model’s
lower measurement of A, and ng, which decreases its
measured value of Sg.

In Table V, we show the full set of cosmological
parameter constraints for a Planck + BOSS + Lyman-a +
DES analysis of the strongly interacting mode in the
Ger + > m, + N model. In Table VI, we show the full
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FIG. 6. 68% and 95% confidence level marginalized posterior distributions of all cosmological parameters for ACDM + > m,, + N
(gray and black) and for the strongly interacting mode of the G + 3 m, + N model (colored), from a combined analysis of Planck,
BOSS, Lyman-a, and DES data (labeled as “all data”) and a Planck-only analysis. The blue and teal shaded bands show the SHyES

measurement of H, and the DES measurement of Sg, respectively.
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TABLE V. Full parameter constraints for a Planck + BOSS + Lyman-a 4+ DES analysis of the strongly
interacting mode in the G + > m, + N model. Bounds for standard cosmological parameters are given in
the top half of the table, and bounds on Planck and EFT bias parameters are given in the bottom half. The maximum
of the full posterior is labeled “Best fit,” and the maxima of the marginalized posteriors are labeled “Marginalized
max.” The superscripts (1), (2), (3), (4) of the galaxy bias parameters by, b, bg, signify respectively the NGC
z=0.61, SGC z = 0.61, NGC z = 0.38, SGC z = 0.38 BOSS DR12 data chunks.

Parameter Best fit Marginalized max +o 95% lower 95% upper
100 a, 2.254 22670018 2.233 23
o, 0.1177 0118410902 0.1138 0.1236
100 6, 1.0466 104660 (0036 1.0458 1.0474
In(10'04,) 3.006 3.0171 008 2.968 3.065
n 0.9387 0.9438+0.0047 0.9345 0.954
Trio 0.0663 0.073451001%3 0.04913 0.09671
log,o(Ger MeV?) -1.757 ~1.732 £0.051 —1.825 -1.635
Negt 2.929 300310136 2.731 3312
m, [eV] 0.162 0.22310071 0.085 0.376
-0.073
Zreio 8.802 9.442711%9 7.09 11.543
Q, 0.6893 0.6881 £ 0.0071 0.6741 0.7027
Yhe 0.2463 0.2474 £ 0.002 0.2435 0.2515
Hy 67.607 67.84410864 66.11 69.696
10794, 2.02 2.044 +0.05 1.946 2.142
o3 0.8004 0.7931%03 6 0.7693 0.8166
Sg 0.815 0.809 == 0.009 0.79 0.828
Aptanck 1.00176 1.0004410:00245 0.99538 1.00544
bV 2.058 20410049 1.942 2.136
bV 0.1562 —0.40597 02402 —1.4846 0.7833
bgj —0.1448 —0.3108 102808 -0.8518 0.2444
b 2.187 220410057 2.089 2.323
b —0.5872 ~0.36920.3895 —1.5428 0.8389
be) —0.4588 —0.14941034 -0.8118 0.5243
b 1.938 1.9575000 1.865 2.048
by 0.0329 —0.126510254 —1.0877 0.8468
b(g? —0.3404 —0.33787 02714 —0.8894 0.2206
b 1.954 1.9950.05¢ 1.878 2.11
b —1.009 —0.385370334¢ -1.4376 0.7778
b —0.5242 —0.3641103164 -0.979 0.267
2
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TABLE VL

Full parameter constraints for a Planck + BOSS + Lyman-a + DES analysis of the ACDM +

>~ m, + N model. Bounds for standard cosmological parameters are given in the top half of the table, and bounds
on Planck and EFT bias parameters are given in the bottom half. The maximum of the full posterior is labeled “Best
fit,” and the maxima of the marginalized posteriors are labeled “Marginalized max.” The superscripts (1), (2), (3), (4)
of the galaxy bias parameters by, b,, bg, signify respectively the NGC z = 0.61, SGC z = 0.61, NGC z = 0.38,

SGC z = 0.38 BOSS DR12 data chunks.

Parameter Best fit Marginalized max +o 95% lower 95% upper
100 2.2 2.204 £ 0.015 2.174 2.234
o, 0.1094 0.1105 + 0.002 0.1068 0.1142
100 6, 1.0435 1.0433 £ 0.00041 1.0425 1.0441
In(10'04) 3.018 3.0267 005 2.985 3.068
n 0.9453 0.9462 4 0.0043 0.9376 0.9547
Treio 0.05542 0.05821 09154 0.03699 0.08013
Nest 2.464 2.502516¢ 2.293 2.711
S m, [eV] 0.042 0.06:002! >0 0.141
Znio 7.636 7.89311 08 5.726 9.937
Q, 0.6836 0.6792 + 0.0067 0.6656 0.6923
Yhe 0.2395 0.2401 £ 0.002 0.2369 0.2432
Hy 64.567 64.44310737 62.945 65.951
10194, 2.045 2.061700% 1.978 2.151
oy 0.7835 0.7844%010% 0.7643 0.8027
Ss 0.805 0.811 + 0.009 0.793 0.828
Aplanck 0.99992 0.99997 00021 0.99506 1.00482
piY 2.039 2.04700:8 1.948 2.131
bg ) —-0.425 —0.5502" 350 -1.6134 0.623
b -0.3101 —0.4401102785 -1.0028 0.1251
) .
b 2.179 21871000 2.077 2.297
bf) -0.7274 —0.441510:292¢ —-1.6304 0.8637
b2 -0.5534 —0.256503479 -0.9316 0.4245
g :
b 1.929 1.945 4 0.044 1.858 2.032
by -0.0705 —0.1502+94776 -1.0947 0.8723
b -0.2667 —0.416910278, —0.9594 0.1389
bl 1.952 1.9897002; 1.88 2.094
b -0.8715 —0.415510:362 -1.4778 0.7047
b -0.2636 0427310301 -1.0412 0.2062
) ;

set of cosmological parameter constraints for a Planck +
BOSS + Lyman-a + DES analysis of the ACDM +
> m, + N model. Allowing for neutrino self-scattering
with a varying N again leads to a > 3¢ preference for a
nonzero sum of neutrino masses, with the mean value at
Som, =022%017 eV at 95% confidence. We note no
preference for a nonzero sum of neutrino masses in our
all-data analysis of the ACDM + > m,, + N model, as
opposed to the ~2¢ preference in the ACDM + > m,
model discussed earlier.

APPENDIX D: THE EFFECT OF LOW-¢
POLARIZATION DATA

We explore the impact of using the Planck SimAll
low-£ EE likelihood in our analysis, rather than the tau
prior stand-in discussed in the main text. As reported in
[148], using a tau prior as a proxy for low-£Z EE data
leads to inflated values of A, ng, and 7., in a Planck
analysis of the ACDM model. We show posteriors
for a Planck + BOSS + Lyman-a 4 DES analysis of the
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68% and 95% confidence level marginalized posterior distributions of all cosmological parameters for ACDM + > m,, from a

combined analysis of Planck, BOSS, Lyman-a, and DES data with low-£ polarization data included (labeled as “all data (IlowE)” in red)
and a combined analysis of Planck, BOSS, Lyman-a, and DES data with a tau prior stand-in for low-¢ polarization data (labeled as “all
data (tau prior)” in gray). The blue and teal shaded bands show the SHyES measurement of H, and the DES measurement of Sg,

respectively.

ACDM + > m, model in Fig. 7, where the Planck data
includes all the aforementioned data as well as the low-¢
EE likelihood. We also show posteriors for a Planck +
BOSS + Lyman-a + DES analysis of the Gz + Y. m,
model in Fig. 8. Indeed, the inclusion of low-# polarization

103527-16

data shifts the measured values of Ay, n,, and 7, to lower
values, for both ACDM+ > m, and G+ > m,.
However, all of the other cosmological parameters remain
the same as in the analysis where the tau prior is used as a
stand-in for low-Z EE data, save for a minor shiftin > m,,.
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FIG. 8. 68% and 95% confidence level marginalized posterior distributions of all cosmological parameters for G + > m,, from a

combined analysis of Planck, BOSS, Lyman-a, and DES data with low-£ polarization data included (labeled as “all data (IlowE)” in red)
and a combined analysis of Planck, BOSS, Lyman-a, and DES data with a tau prior stand-in for low-¢ polarization data (labeled as “all
data (tau prior)” in gray). The blue and teal shaded bands show the SHyES measurement of H, and the DES measurement of Sg,

respectively.

In addition, the G + > m, model retains a 4.9¢ prefer-
ence over the ACDM + > m, model with large-scale
polarization data included, reiterating the ~5¢ preference
reported in the main text. We show in Table VII the

breakdown of Ay? contributions from each dataset for the
Gesr + > m, model, as compared to ACDM + > m,. We
therefore conclude that the tau prior used in our analysis
does not have any appreciable effect on our results.
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TABLE VIL A;(ﬁlin for the Gy + > m, model, compared to ACDM + Y m,. Rows present individual
contributions from different subsets of data to the full analysis of Planck + BOSS + Lyman-a 4+ DES, which

includes low-# polarization data.

Data set

Ay? with respect
to ACDM + ) m,

Planck low—-¢ TT
Planck low—¢ EE
Planck high-¢
Planck lensing
BOSS

Lyman-o

DES

Total

-0.13

+0.99
+0.15
—0.14

—1.12
-22.18
—1.87

—24.3
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