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Abstract

The baryon acoustic oscillation (BAO) analysis from the first year of data from the Dark
Energy Spectroscopic Instrument (DESIT), when combined with data from the cosmic mi-
crowave background (CMB), has placed an upper-limit on the sum of neutrino masses,
>>m, < 70 meV (95%). In addition to excluding the minimum sum associated with the
inverted hierarchy, the posterior is peaked at > m, = 0 and is close to excluding even the
minumum sum, 58 meV at 2¢. In this paper, we explore the implications of this data for
cosmology and particle physics. The sum of neutrino mass is determined in cosmology from
the suppression of clustering in the late universe. Allowing the clustering to be enhanced,
we extended the DESI analysis to > m, < 0 and find > m, = —160 £+ 90 meV (68%),
and that the suppression of power from the minimum sum of neutrino masses is excluded
at 99% confidence. We show this preference for negative masses makes it challenging to
explain the result by a shift of cosmic parameters, such as the optical depth or matter
density. We then show how a result of > m, = 0 could arise from new physics in the
neutrino sector, including decay, cooling, and/or time-dependent masses. These models
are consistent with current observations but imply new physics that is accessible in a wide
range of experiments. In addition, we discuss how an apparent signal with »_m, < 0 can
arise from new long range forces in the dark sector or from a primordial trispectrum that
resembles the signal of CMB lensing.
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1 Introduction

The cosmological measurement of the sum of neutrino masses, > m,, is one of the most
anticipated results from the coming generation of cosmic surveys [1-3]. From the mea-
surement of neutrino flavor oscillations [4], which precisely determine the mass-squared
splittings between neutrino mass eigenstates, it can be inferred that the sum of neutrino
masses is necessarily greater than 58 meV. This provides a concrete prediction within
the standard cosmological model that should be measurable (or detectable) with planned
observations [5, 6].

The Dark Energy Spectroscopic Instrument (DESI) [7] is expected to provide the nec-
essary increase in sensitivity to Y m, to measure the minimum sum at 2 to 3o [5,6].
Cosmological measurements of neutrino mass rely on the measurement of the clustering
of matter on scales smaller than the free-streaming length of neutrinos [1]. A universe
containing massive neutrinos will exhibit suppressed matter clustering compared to a uni-
verse with only massless neutrinos. This measurement can be achieved by combining
observations of the cosmic microwave background (CMB) with the measurement of the
baryon acoustic oscillations (BAO). The amplitude of clustering can be determined from
the measurement of the CMB lensing power spectrum, and this amplitude is compared to
what would be expected in a universe with only massless neutrinos [8]. In the absence of
massive neutrinos, the amplitude of matter clustering is determined by the matter density
and the primordial amplitude of scalar fluctuations. Measurements of the CMB angular
power spectra allow for a determination of the primordial fluctuation amplitude. BAO
measurements are needed to measure the abundance of non-relativistic matter to sufficient
accuracy to isolate the effect neutrino mass [9].

The release of the first year BAO analysis with DESI [10], combined with data from the
CMB (Planck 2018 [11,12] and ACT DR6 lensing [13,14]), showed a remarkable upper-limit
on Y m,, reaching

> my, < T0meV (95%) . (1.1)

This is consistent with an earlier constraint from (e¢)BOSS of > m, < 82 meV [15] using
CMB+BAO+Shape parameters (see also [16]). The DESI result is sufficient to exclude the
minimum mass for an inverted neutrino mass hierarchy, 100 meV, at ~ 30. However, what
is also noteworthy is that the posterior peaks at > m, = 0 and is very close to putting 58
meV in tension with observations.

In this paper, we will explore the current constraints on ) m,, and what an exclusion of
> > m, = 58 meV would mean for cosmology and particle physics. First, we will examine the
current measurement and how it depends on different types of surveys. One particularly
noteworthy aspect of the DESI measurement is that it appears to favor > m, < 0, though
that region of parameter space was excluded from the DESI analysis by imposing a prior
that > m, is positive. Although negative neutrino masses are unphysical, a preference
in the data for > m, < 0 may simply reflect an excess of clustering in the late universe,
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Figure 1: Posterior of neutrino mass in eV inferred from Planck + ACT Lensing + DESI data.
The blue line shows constraints on a model with a physical neutrino mass, the orange line shows
constraints where the neutrino mass is parametrized as an effect on the CMB lensing power
spectrum and restricted to be positive, and the green line shows constraints on a parametrized
neutrino mass that is allowed to be negative. The best fit for the parametrized neutrino mass is
> my, = —160 meV, and the minimal neutrino mass of 58 meV is disfavored at 30. For details
about the parametrization of negative neutrino mass and the data sets used, see Section 2.2.

rather than a deficit caused by free streaming neutrinos. We use this idea to define a
neutrino mass, » m,, that is allowed to be negative and perform the same analysis as
DESI without the positive mass prior. We find that that data does prefer negative mass,
> m, = —160+£90 meV (68%), and corresponds to a 30 exclusion of the minimum neutrino
mass. The full posterior is shown in Figure 1.

The preference of the current measurement for negative Y m,, is particularly impor-
tant as it affects the bias in the measurement of cosmic parameters, particularly the optical
depth, 7, that would be required to explain the current limits. For ¢ > 30, the CMB is

~27_where A, is the amplitude of primordial scalar

only sensitive to the combination Agze
fluctuations. The determination of 7 is therefore essential for determining A, and suppres-
sion of power a late times, but requires (challenging) large angular scale measurements of
the CMB. It is plausible that > m, = 0 could be explained by a statistical or systematic
shift in 7, but it is far more challenging to explain ) m, = —160 meV in this way.

An absence of the neutrino mass signal, while forbidden in the Standard Model (plus
neutrino masses), could be a natural consequence of a wide variety of beyond the Standard
Model (BSM) scenarios. The most straightforward mechanisms to eliminate the signal
would be to eliminate the SM neutrinos via decay (or annihilation), cool the neutrinos so
that they behave like dark matter, or change their mass over cosmological history. Simple

models for all three scenarios can be derived from new interactions in the neutrino sector



that are weakly constrained by experiments. On the other hand, the CMB does provide
stringent constraints on the parameter space of these models, as measurements of N.g
are in good agreement with the expected temperature [17] and free-streaming [18-20] of
the cosmic neutrino background (CvB). Nevertheless, there have been hints of neutrino
interactions [21-25] in cosmic data that may also point to new physics of this kind.

Negative neutrino masses, Y m,, < 0, are representative of enhanced clustering of mat-
ter, rather than any physical property of the neutrinos themselves. This kind of enhanced
clustering can be achieved by changing the long range forces that act on matter. We discuss
one simple mechanism, which is to introduce a new scalar force that acts only on the dark
matter. Such forces are more weakly constrained than fifth forces acting on SM particles
and thus could explain our signal without being in tension with other constraints. Alterna-
tively, a CMB lensing measurement with » m, < 0 points to a larger than expected CMB
trispectrum, which could result from a non-zero primordial trispectrum. These scenarios
will all be testable with current and/or future cosmic data.

This paper is organized as follows: In Section 2, we review the measurement of > m,,
and extend the analysis to negative masses. We discuss what shifts in cosmic data would
be required to make these measurements consistent with conventional neutrino physics. In
Section 3, we present models that could explain ) | m, = 0 with new physics in the neutrino
sector. In Section 4, we present models that could explain a cosmological inference of
negative neutrino masses. We conclude in Section 5. Appendix A, we review the physics
origin of the suppression of structure due to massive neutrinos.

2 Neutrino Mass and DESI

2.1 How Neutrino Mass is Measured

In order to understand what an apparent measurement of » _m, = 0 would mean, we first
need to review exactly what measurements allow us to infer Y m, (see also [26,27] for
review). We will assume that Y m, &~ 60 meV, as this is the minimum sum consistent
with neutrino oscillation experiments and is therefore the minimum value that would need
to be excluded in order to favor ) m, = 0.

Cosmic neutrinos are relativistic in the early universe, but become non-relativistic
when their propagation speed, ¢,, drops well below the speed of light. In a ACDM + m,,
cosmology, the typical neutrino speed is given by

20 meV

my

_ <pu> _ 3T,
v m, m,

~1.0x 1072 ( ) (1+42), (2.1)

where we have set ¢ = 1. As a result, the redshift where the heaviest neutrino becomes
non-relativistic is 2z, =~ 100. For z < z,, the energy density of neutrinos redshifts like



non-relativistic matter so that
Q= Qe+ +Q, . (2.2)

However, the neutrinos are still sufficiently hot that they do not cluster on scales below
their effective Jeans scale. In terms of wavenumber, this free-streaming scale is given by

3aH 1 d>om
ki =14/=— = 0.04hMpc™' = . 2.3
f \/;cy pe X 1+ 2 (58meV) (2:3)

Because neutrinos don’t cluster, the amplitude of clustering of matter, defined by the

matter power spectrum
P(k) = (6 (k)om(K))" , (2.4)

is suppressed on scales smaller than the neutrino free-streaming scale k > kg

142,
1+ 2

PEM) (> oy, 2) & (1 —2f, — g folog ) P =0 (> oy, 2) (2.5)
where f, = Q,/Q,, is the fraction of non-relativistic matter in the form of neutrinos,
Om = O0pm/pm is the density contrast of non-relativistic matter, and the prime on the
correlation function means that the delta function has been omitted. The suppression in
this formula is the result of two distinct physical effects (see Appendix A for a derivation).
The first term, —2f,,, reflects the reduced fraction of matter that is actually clustering. The
second, —g f, log 22 is due to reduced rate of growth of the dark matter perturbations

142z
in the presence of matter that doesn’t cluster. Using

Qh*=6x10" (58211::3\/) — f,m4x107°, (2.6)

the suppression of the matter power spectrum at z = 1 is expected to be
Ppeme=ssmeV) (s e 2) & (1 — 0.02) P =0 (k> kg, 2) (2.7)

Therefore, the signal we are looking for is a 2% suppression of power on small scales around
z=0(1).

Galaxy surveys like DESI do not directly measure P(k) and instead primarily measure
the clustering of galaxies. The power spectrum of galaxy overdensity has an overall ampli-
tude that depends on the details of galaxy formation, and the baryonic physics inherent in
galaxy formation is understood with insufficient precision to directly extract the amplitude
of P(k) from these measurements. The best current measurements of the matter power
spectrum come from gravitational lensing of the CMB. The CMB lensing convergence



power spectrum C}* is given in the Limber approximation by [28§]

70 2

N — 1)

R T ). (25)
‘ " (110 — 1) (110 — 1)

where 7 is the conformal time with 7n, and 7, denoting the times of recombination and

z = 0 respectively. We also defined Py as power spectrum of the Weyl potential, ¥, which

can be written in terms of the matter power spectrum as

_ 995, () H (n) P(k;n)
872 ko

Py (k;n) (2.9)
Using the fact that the matter power spectrum is proportional to the primordial scalar
amplitude A, we see that the amplitude of the CMB lensing power spectrum scales as

CFr oc (Qh*)2 A, (1 - 0.02&#) : (2.10)
Therefore, in order to measure a three-percent suppression of the lensing power spectrum,
we must determine the physical matter density €,,h? (where h = Hy/(100 kms™! Mpc™?)
is the dimensionless Hubble constant) and the primordial scalar amplitude Ay to much
better than three-percent accuracy.

The main impact of DESI on the cosmological neutrino mass constraint is to provide a
precise measurement of w,, = ,,h? through the constraint on the expansion history from
BAO. The impact of changing w,,, on the CMB lensing power spectrum is shown in Figure 2
(for > m, = 0 and compared to the change from introducing > m, > 0). The reduction
of wy, by 1.7% is roughly equivalent to introducing > m, = 58 meV, which implies that a
20 measurement of the minimum sum requires roughly 0.8% precision in the measurement
of w,,.

2.2 Negative Neutrino Mass

The physical sum of neutrino masses is of course restricted to be positive. However, the
combination of cosmological observables that we use to infer the mass of neutrinos are
not restricted in this manner. We show in this subsection that the CMB+DESI data in
fact prefer a negative neutrino mass (already hinted at in eBOSS [29]), corresponding to
increased matter clustering compared to a model with only massless neutrinos.

In order to measure the preference of cosmological data for negative neutrino mass, we
require an implementation of the effects of neutrino mass that is allowed to take either
sign. The Boltzmann codes CAMB [30,31] and CLASS [32] model neutrino mass in a way
that is subject to the physicality constraint » m, > 0. We modified CAMB to include a
new parameter, » 7, which is designed to mimic the effects of neutrino mass, but which
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Figure 2: Comparison of the fractional change to the CMB lensing power spectrum from changes
to Q,,h% and the introduction of a non-zero neutrino mass.

is not restricted to be positive. Our new parameter simply scales the CMB lensing power
spectrum in the same manner that would be expected from Y m,. Specifically, we de-
termine the fractional change A,(>_m,) = C;*[>_m,]/C;*[>_m, = 0] at fixed values of
Hy, W, and wy. Once calibrated on positive values of neutrino mass, the effects of >,
can then be straightforwardly calculated for negative values as well. In the ACDM+> " m,
cosmology, observables are computed with the physical Y m, = 0 and the CMB lensing
power spectrum is computed as C;* = A,(>_m,)C;*[>_m, = 0]. The temperature and
polarization CMB power spectra are lensed using this modified CMB lensing power spec-
trum such that the set C/T, C7, CFF  Cp* is calculated self-consistently for each point
in parameter space.

This prescription is very similar, though not identical, to the effects of the physical
neutrino mass in the regime > m, > 0. In particular, the physical neutrino mass in the
ACDM+> " m,, cosmology contributes to the non-relativistic matter density today 2, =
Q + Q.+ Q. In our ACDM+> 1, cosmology, there is no neutrino contribution to
Q,,. As a result, we anticipate that »_ m, should exhibit slightly weaker constraints
than the physical > m, when measured using the same data combination. To check this,
we derive constraints on three cosmological models: a model with a physical neutrino
mass ACDM+> " m,,, a model with our parametrized neutrino mass restricted to positive
values ACDM+(>_m, > 0), and finally a model with our parametrized neutrino mass



with no restriction on sign ACDM+>  m,. We analyze each model using the same data
combination.

Boltzmann calculations were carried out using our modified version of CAMB [30, 31].
We utilized the likelihood for CMB temperature and polarization from Planck’s 2018 data
release [11], along with the combination of ACT DR6 [13,14] and Planck CMB lensing [12],
and DESI BAO [10,33,34]. This combination of data is the same as that used by the DESI
team to derive cosmological constraints [10]. Our analysis was performed with cobaya [35],
using the Markov chain Monte Carlo sampler adapted from CosmoMC [36,37] using the
fast-dragging procedure [38]. Analyses were run until the Gelman-Rubin statistic was
R—1<0.01.

The results are presented in Table 1 and Figure 3. Notice that the parameter constraints
in the ACDM+) " m, and ACDM+(>_m, > 0) models are nearly identical, showing only
slightly weaker constraints on ), as compared to the physical > m,. This excellent
agreement justifies our prescription for modeling the effects of neutrino mass, with the
slightly weaker constraints on 1, expected from the differing treatment of €2, in the
two models. Notice that in the ACDM+)_ m, model, the best-fit value for »_ m, is
—160 meV, showing a preference for negative neutrino mass, and disfavoring even the
minimal sum of neutrino masses inferred from flavor oscillation experiments at 3o.

We also note in passing that in the ACDM+) m, model, the best-fit value for Sg =
08(9,,/0.3)%% is lower than in ACDM+>_ m,, by about 1.5¢ and has 40% larger error bars
(and is also smaller than the value inferred with Planck in the ACDM model, for which
Sg = 0.830 + 0.013 [17]), representing a somewhat smaller Sg tension [39] when neutrino
mass is allowed to be negative.

2.3 Influence of Cosmic Parameters
Optical Depth

The measurement of A, is limited by our understanding of the optical depth to reionization,
7. Thomson scattering of CMB photons into and out of the line of site by free electrons
present after reionization suppresses the amplitude of CMB fluctuations. The observed
amplitude of the CMB power spectrum is thereby reduced on small angular scales. CMB
observations primarily constrain the combination [17]

Age™® = (1.884 4 0.011) x 1077 . (2.11)

This should be contrasted with the much less precise measurement of the primordial am-
plitude [17]
A, = (2.100 4+ 0.030) x 1077 . (2.12)



ACDM+>"m, ACDM+(> 7, >0) ACDM+S .,

Parameter 68% limits 68% limits 68% limits
log(10™°A,) 3.051 £ 0.014 3.0535:51% 3.030 £ 0.017
g 0.9692 + 0.0037 0.9686 + 0.0036 0.9708 + 0.0038
1000y;c 1.04112 + 0.00029 1.04111 +0.00029  1.04118 = 0.00029
Qph? 0.02249 = 0.00013 0.02248 £ 0.00013  0.02255 & 0.00014
Q.h? 0.11852 = 0.00088 0.11880 £ 0.00088  0.11780 = 0.00097
S m, (O ) < 0.0741 (95% CL) < 0.0926 (95% CL) —0.15610:093
Treio 0.0585 =+ 0.0074 0.058875:50%2 0.0510 £ 0.0083
H, 68.33 & 0.43 68.43 & 0.40 68.87 & 0.45
Qmh? 0.14131 = 0.00084 0.14127 £ 0.00083  0.14036 = 0.00092
o8 0.817510 0% 0.8246™0 0oe0 0.8123 & 0.0078
Sg = 05(0,/0.3)%%  0.8212 + 0.0096 0.827 & 0.010 0.807 & 0.013

Table 1: Parameter constraints from Planck + ACT lensing + DESI BAO in the three models
described in the text. All constraints are given as 68% limits, except for the upper limits on
the neutrino mass when it is restricted to be positive, which are reported as 95% CL. Values of
neutrino mass are reported in eV and Hy in kms~! Mpc~!. In the ACDM+> m, model, the
data favors a negative neutrino mass and disfavors the minimal physical neutrino mass of 58 meV
at 3o.

Noting that for these same analyses,
7 =0.0544 £ 0.0073, (2.13)

the error on A, can be directly attributed to the error in 7 and not the error in the
measurement of Agze=?7.

Of all the cosmological parameters defining ACDM, the optical depth is the most
challenging to measure. For ¢ > 30, its effects on the CMB are completely degenerate
with Ag. It is only on large angular scales that the optical depth leaves a unique imprint,
through the production of CMB polarization and the associated ‘reionization bump’ in the
polarization power spectrum. The history of these measurements, shown in Figure 4 has
involved significant changes in the central value with relatively small changes in sensitivity.

It is natural to wonder if the apparent measurement of > m, = —160 meV could also
be attributed to an error in the measurement of 7. For this to be possible, we would need
the true value of A, to be roughly 8.8% larger, so that the current measurement of the

lensing includes the expected suppression of P(k) relative to As. This would require a
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Figure 3: Triangle plot showing parameter constraints from Planck + ACT lensing + DESI BAO
in three models described in the text and shown in Table 1. For the purposes of this plot, we
treat the physical neutrino mass and our parametrized version on the same footing. Dashed lines
show vanishing neutrino mass >, m, = 0 and the minimal sum of neutrino mass >, m, = 58 meV.
Values of neutrino mass are reported in eV and Hy in kms~! Mpc™.

value of the optical depth larger than that inferred from Planck 7 = Tpjanac + 07, such that
207 = 0.088. Using Tpanckis = 0.054 and oppanccis = 0.0073, this would require

True = 0.098 = TPlanckls + 6-00Planck18 . (214)
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History of the 7 Measurement
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Figure 4: The historical measurement of the optical depth, 7, from WMAP data [40-44] and
Planck [17,45-48] by year of publication. The horizontal solid (dashed) blue line indicates the
central value of 7 that would be to move the peak of the DESI+CMB the > m, posterior from
-160 meV (0 meV) to 58 meV.

Similarily, if we take 7 = 0.051 + 0.006 or 7 = 0.058 4 0.006 from [47] and [48], we would
require shifts of 7.80 or 6.70 respectively. For comparison, to shift > m, = 0 to 58 meV
only requires A, to be 2.5% larger, which can be accomplished by a 7 = 0.066 which is a
1.70 upward shift. Both lines are shown in Figure 4 and are consistent with some historical
measurements; thus a systematic offset in the more recently inferred values of the optical
depth is a plausible explanation for preference for negative neutrino mass. Yet, due to the
magnitude of the difference it is unlikely to be the result of a statistical fluctuation.

One of the key challenges with the optical depth is that it is very difficult to measure
with ground-based surveys (although it is currently being pursued, for example, by the
Cosmology Large Angular Scale Surveyor (CLASS) collaboration [49,50]). The results of
DESTI alone point to the need for a confirmation of the Planck measurement of the optical
depth, and in principle an improvement to the cosmic variance limit of o(7) = 0.002.
This would be possible with another satellite, such as LiteBird [51]. However, there is the
more immediate potential of balloon-based observations which could reach similar levels
of sensitivity [52]. Other longer term possibilities include using measurements of cross-
correlations between the CMB and galaxy surveys to eliminate the need for an optical
depth measurement [53,54] or to use measurement the patchy kinetic Sunyaev-Zeldovich
effect to constrain the physical model of reionization [55-57], both of which might be
possible with CMB-54 [58].
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History of the Q,,h? Measurement
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Figure 5: The historical measurement of the matter density, Q,,h?, from WMAP data [40-43]
and Planck [17,45] by year of publication. The black Planck+DESI point is the result of our
reanalysis of ACDM+> m,, using the same priors as [10]. The horizontal solid (dashed) blue line
indicates the central value of §,,h? that would be required to move the peak of the CMB+DESI
>~ m, posterior from -160 meV (0 meV) to 58 meV.

Matter Content

The measurement of the matter density w,, is equally important to the measurement of
> m,, as the optical depth. The primary CMB directly determines w,, through its influence
on the height and locations of the acoustic peaks. This is, in part, why the CMB alone is
capable of producing very stringent bounds on Y m,, e.g. > m, < 240 meV (95%) from
Planck TTTEEE + lensing [17].

Improvements in the measurement to w,, beyond the CMB has been driven by BAO
measurements, most recently with DESI. As shown in Figure 5, the BAO has played a
significant role in reducing uncertainty, but has been consistent with the measurements
from the CMB data on which the BAO is calibrated. Like the measurement of the optical
depth, there was a significant improvement from WMAP to Planck. However, unlike 7, the
Planck measurements of w,, have been stable with the inclusion of more data, including
from polarization and the BAO.

The measurement of w,, needs to be accurate to less than 0.8% in order to permit a
reliable measurement of ) m,. While this is a high standard, we have the benefit that
wy, will be measured using a number of different CMB surveys that can be combined with
several large-scale structure (LSS) surveys. Any large shifts in w,, due to systematic effects

13



should be different for different surveys and thus from planned measurements alone, we
should be able to determine a robust value of w,, and/or identify systematic issues. This is
in sharp contrast to the optical depth, of which Planck is currently the only measurement
at the needed accuracy, and it is unclear if near term observations will reproduce or exceed
their sensitivity.

It is well known that introducing dynamical dark energy, e.g. in the form of wy # —1
and w, # 0, significantly weakens ' the neutrino mass constraints [61]. This is for the
simple reason that if we allow for more free parameters in the expression for H(z) at low
redshifts, we cannot measure w,, at the accuracy needed to determine »  m,. However, this
will typically require fairly significant changes to the content and history of the universe.
Leaving the content of the universe fixed, we will see that the neutrino mass signal can
be explained with changes to the micro-physics in the neutrino and/or dark sector that
otherwise leave the rest of cosmological history intact.

CMB Lensing

Weak gravitational lensing of the CMB perturbs the path of photons, so that the apparently
location on the sky is perturbed from the true direction 7' = n + d(n), where @(n) is
deflection angle [28]. Since the gravitational lensing is time-independent on the scales of
observations, the maps of the CMB temperature anistropies (for example) are also modified
by the same effect,

Tiensea (1) = Totensea (7 + (1)) | (2.15)

The deflection angle is related to the gravitational potential via the lensing potential ¢(7n),
via @ = V¢ and

N 10 N — 1N, B ﬁ
o) = =2 [ e (i) 210

where U is the Weyl potential and 7, is the conformal time of CMB last scattering.
We can understand the main influence of lensing on the CMB by Taylor expanding

ﬂensed (ﬁ) ~ Tunlensed (ﬁ) + vﬁT : vﬁ(b + O(¢2> . (217>

For a small patch of sky, we can Fourier transform n — ¢ so that the dot product is
replaced with a convolution

ﬁ &L - - o Yo
ﬂensed (f) ~ Tunlensed (f) - / — L (f - L)Tunlensed (ﬁ - L)¢(L) + O(¢2) . (218)

™

Tmposing Y. m, > 0, it has been observed that constraints from current data on neutrino mass can
tighten when marginalizing over some models of non-phantom dynamical dark energy [59,60]. While the
Cramer-Rao bound requires that the statistical uncertainty must increase, a shift of the central value to
more negative values could explain this behavior.
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This will induce a non-vanishing correlation between different Fourier modes,

<ﬂensed (_jﬂensed (E — Z)>T = 5(E)C£TT,unlensed

17> = = I .
+ % [(L . ) . LC'J[%T:,anensed + /. LCZT,unlensed] (b(L) + O<¢2>, (219>

CZ Tounlensed 4o i1 the unlensed temperature power spectrum, and the subscript 7'

where
on the left-hand side refers to an ensemble average over the unlensed CMB temperature
realization. As the L # 0 correlations would vanish without lensing, we can reconstruct
QS(E) from the presence of these correlations [62]. Estimating the CMB lensing power
spectrum can therefore be achieved by measuring the temperature four-point function.
Lensing also induces a measurable smoothing effect on the acoustic peaks of the CMB
power spectrum, from convolving the unlensed power spectrum with the lensing power
spectrum at second order.

Once the lensing potential is reconstructed, it can be used to calculate the power
spectrum of lensing, remove lensing from the CMB maps [63-65], and/or cross-correlate
with other data. For the neutrino mass, the only piece of information we need it the power
spectrum of the lensing map C’#. This is the same information that is contained in the
connected trispectrum of the temperature, as gb(E) was determined from a temperature two-
point function. As shown in Figure 2, > m, = 58 meV causes a roughly 2-3% suppression
of the lensing power, while Y m, = —160 meV is a 6-9% enhancement.

The reconstruction of the lensing map is a non-trivial process that could be influ-
enced by other effects that correlate modes in the temperature maps. For example, it
is known that the non-Gaussian statistics of unresolved foregrounds can induce biases in
these maps [66]. Furthermore, these same correlations are relevant to the covariance of
the primary CMB and thus are important for measurements of any other cosmological
parameters. Yet, it is also noteworthy that the neutrino mass measurement not sensitive
to non-linear effects in the matter power spectrum. Using current CMB data, the lensing
map is too noisy to resolve modes that are strongly influenced by non-linear evolution.
Yet, even with future data, such as from CMB-S4, these modes can be removed from the

analysis with no loss of sensitivity to > m, [26].

3 Vanishing Neutrino Mass

In this section, we will explore mechanisms for eliminating the signal of > m, > 58 meV,
while being consistent with > m, > 0. The common element of all these models is that
we will reduce or eliminate the suppression of power by directly altering the behavior of
the neutrinos. In the next section, we will consider changes to the growth of structure
beyond just the neutrinos, which could allow for an apparent enhancement of structure,
which might be interpreted as > m, < 0.
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3.1 Decays

Perhaps the most obvious way to reconcile a cosmological indication of ) m, = 0 with
the nonzero masses implied by neutrino oscillations is if massive neutrinos decay into
massless degrees of freedom on cosmological timescales. While the two heaviest neutrino
mass eigenstates are already unstable within the Standard Model, their lifetimes are far
greater than the age of the universe (7, < (h)*/m3, where (h) ~ 246 GeV is the vacuum
expectation value of the Higgs field). Neutrino decays on cosmologically relevant timescales
would therefore be unambiguous evidence of new physics, above and beyond the origin of
neutrino masses.

While decays involving photons are strongly constrained by CMB spectral distor-
tions [67], decays into dark radiation (and either an active or sterile neutrino) are con-
sistent with current limits over a wide range of lifetimes. A lower bound comes from the
requirement that the decays and inverse decays of relativistic neutrinos do not prevent free
streaming, 7, 2 4 x 10°s(m,,/0.05eV)® [68]. On the upper end, the maximum neutrino
lifetime that can erase the cosmological signal of neutrino masses depends on the mass
spectrum [69-73]. For the minimum masses implied by neutrino oscillations, the lifetime
of the massive neutrinos should be roughly an order of magnitude shorter than the age of
the universe, 7, < 4 x 10'®s. For the sum of neutrino masses to be observable at KATRIN

(sensitive to m,, as small as 0.2 eV [74], which translates to > m, ~ 0.6 eV), the maxi-

mum lifetime of all the active neutrinos should be around two orders of magnitude smaller,
7, <4 x 10Ms.

There are a variety of possible decay modes. Two-body decays of massive neutrinos
necessarily proceed into a fermion and a boson, with the former either an active or sterile
neutrino, and the latter a scalar ¢ or vector Z’. As the masses of the bosons increase,
the two-body decay channels close and the bosons instead mediate three-body decays
into active and sterile neutrinos. As the viable parameter space for three-body decays is
considerably more constrained, here we will restrict our attention to the two-body decays.

In the neutrino mass basis, decays into a (pseudo)scalar arise via couplings of the form

Nij Nij -

Ly D TJVingzﬁ + 77Vw51/j¢ + h.c. (i,7=1,...4), (3.1)
where ¢ = 1,2,3(4) denote the primarily active (sterile) neutrino mass eigenstates; for
definiteness we assume the neutrinos are Majorana. Assuming the lightest active or sterile
neutrinos are much lighter than the heavy neutrinos, the corresponding lifetime for decay
via the pseudoscalar coupling is [71]

2
. 10715
(v = vj¢) = 7x 10"s x (0 056\/) ( 0 > ) (3.2)

32
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For two-body decays into active neutrinos to reconcile oscillation splittings with a cosmo-
logical measurement of > m, = 0, necessarily m,, ~ 0.05 eV. Erasing the energy density
in massive neutrinos without spoiling free streaming then implies 4 x 1071 < A A <
4 x 10710 [75-79]. The situation is analogous for decays into sterile neutrinos, although in
this case the overall mass scale of active neutrinos may be significantly increased [72].

While the dimensionless couplings required to erase the cosmological neutrino mass
signal are small, they are nicely compatible with expectations from UV-complete models.
For example, models with spontaneously broken global horizontal lepton flavor symmetries
[80] give rise to a goldstone mode coupling to neutrinos as in Eq. (3.1). In such models
the off-diagonal pseudoscalar couplings S\ij are generated via mixing between heavy sterile
and light active neutrinos of order :\ij &~ /MMy, /f, where f is the scale of spontaneous
symmetry breaking. The desired size of X corresponds to 50 MeV < f <5 TeV, implying
new physics associated with neutrino mass generation around the TeV scale.

Alternately, decays into a vector arise via couplings of the form

L R
Lz D %Z{L l?i’}/“PLl/j + %Z{L 174’}/HPRV4 + h.c. (Z,] =1,... 4) s (33)

which set a lifetime via two-body decays of order

. 3 Va4 L 2
(v = ;7)) =7 x 10'7s x (0 Sjjv> (E)()ZT/;]\Z/J : (3.4)

For two-body decays into active neutrinos to erase the cosmological neutrino mass signal
without spoiling free streaming requires 100 MeV < mz /g* < 10TeV, along with mz <
m,,. The situation is analogous for decays into sterile neutrinos, modulo the greater
freedom in the active neutrino masses.

As in the scalar case, the dimensionless couplings required to erase the cosmological
neutrino mass signal are nicely compatible with expectations from UV-complete models.
For instance, in a model with a gauged lepton flavor symmetry such as U(1)z,—, broken
at a scale f, we have f = mz /g* and the preferred range of decay couplings once again
suggests new physics around the TeV scale. The preferred range of couplings and masses
is also compatible with current limits, with the most stringent direct bounds mz /gt >
1.3 GeV coming from monolepton + missing energy searches at the LHC [81].

3.2 Annihilation

The cosmological neutrino mass signal may alternately be erased if the cosmological pop-
ulation of massive neutrinos annihilates away into light states at late times [82]. For
simplicity, consider the case of a single light (pseudo)scalar coupling to neutrinos, as in
Eq. (3.1). Whereas neutrino decays require off-diagonal couplings in the mass basis, an-
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nihilation is efficient even when the largest couplings are diagonal. For annihilations to
effectively deplete the relic neutrino abundance, the couplings A, A should be large enough
to keep ¢ in thermal equilibrium with neutrinos until after the neutrinos become non-
relativistic, at which point the neutrinos annihilate efficiently via vv — ¢¢. The relic
neutrino population is effectively erased provided A, A > 1075. However, such large cou-
plings bring ¢ into thermal equilibrium before big bang nucleosynthesis (BBN), and the
model is ruled out by a combination of free-streaming requirements and CMB bounds on
Neff.

However, mild variations on this scenario remain consistent with current cosmological
bounds [83]. One natural possibility is for the active neutrinos to coannihilate into sterile
neutrinos via a scalar or pseudoscalar ¢ through the couplings in Eq. (3.1). Avoiding ef-
ficient coannihilation while neutrinos are still in thermal equilibrium implies my S MeV,

while ending coannihilation before recombination implies m, 2 eV. Within this mass
mg
keV

ing at recombination requires A\, A <5 x 1073 x ().

The above bounds are based on the direct coupling of active neutrinos to ¢. These are

. . . X 1/2 . .
range, efficient conversion requires A\, A > 5x 107 x ( ) / , while preserving free stream-

significantly weakened if the active neutrino couples to ¢ via light right handed neutrinos.
In this case, in the early universe, the mixing of relativistic active neutrinos to the right
handed neutrino is suppressed by the small neutrino mass, suppressing annihilation at early
times. At low redshift, the mixing of non-relativistic neutrinos is unsuppressed, leading
to enhanced annihilation that can also explain this signal. We briefly comment on this
possibility in Section 3.4.

3.3 Cooling and Heating

The origin of the neutrino mass signal in the matter power spectrum is that the neutrinos
are cold enough to redshift like matter, but not cold enough to cluster like matter. Natu-
rally, we could eliminate this signal by either heating or cooling the neutrinos. However,
any large change to the temperature would have to come after recombination, as the mea-
surement Neg = 2.99 + 0.33 (95%) [17] is in precise agreement with the neutrino density
predicted by the Standard Model [84-89] and inferred from BBN [90].

Cooling the neutrinos can be an effective strategy if they can be cooled enough to
reduce the free-streaming scale below the nonlinear scale, or equivalently kg > knp =
O(1) hMpc™t. Recall that the free-streaming scale is defined by

3aH
figg = 4] 2 — | .
= V32 (3
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where the neutrino speed in the Standard Model is given by

o0 meV

my

_ () 3T,

Ly =
my my

~1.0x 1072 ( ) (1+2), (3.6)

As a result, the free-streaming scale as a function of the neutrino temperature is

1.95K 1
— 0.04hMpe ! (2= . .
() = 0.04 2 Mpe (58meV> 8 (Tl,(z:O)l—i-z) (3.7)

The role of the z-dependence puts a somewhat non-trivial requirement on 7,. At a mini-
mum, if we have kg(z ~ 100) > 0.1 h Mpc™!, then we could expect the neutrinos to cluster
on the scales in the linear regime of our late time observations. Less conservatively, we
require kg(z = 0) > 0.1 h Mpc™'. Together, these imply we need to cool the neutrinos by
a factor of 10 to 1000 at redshifts z < 1000 to avoid the neutrino mass signal.

Solving for the coupled linear evolution of the dark matter, baryon, and neutrinos
numerically (see Appendix A), Figure 6 shows the suppression as a function of the neutrino
temperature as z = 0, 7, for the minimum sum of neutrino masses, > m, = 58 meV. From
these numerical results, we can conclude that 7, < O(1) x 1072 K at z = 0 is sufficient to
move the free-streaming signal to the non-linear regime, assuming that neutrino cooling
occurs near z = 100.

A natural mechanism for cooling the neutrinos is through interactions with dark matter.
The dark matter is cold and therefore is a natural heat sink for the neutrinos. It is
straightforward [91] to couple a right-handed neutrino, N, to dark matter, y at low-
redshifts through a light mediator ¢,

L D gyvdNN + g, oxx + m?¢*> + myNN + ALN +m, xx - (3.8)

Scattering between the dark matter and neutrinos scales as T,,% and thus avoids the con-
straints at earlier times (and higher temperatures) from BBN and the CMB [92].

In order to cool the neutrinos and reproduce the clustering in a ) m, = 0 universe, it
is important that the scattering between neutrinos and dark matter is ineslatic. This could
be achieved through a number of mechanisms such a additional dark radiation coupled to
X or having nearly degenerate states associated with y (like would occur with atomic dark
matter, for example). This allows the dark matter to absorb energy from the neutrinos
and allows for T, to decrease. In the above model, gn ~ g, ~ 107" is sufficient to bring
these two sectors into equilibrium at z < 100 [91] and any efficient process for absorbing
the neutrino’s energy would lead to an effecive > m, = 0 signal.

One could also consider the case where y is a single particle sub-component of the dark
matter with total energy fraction f,. Without any additional light states, the scattering
between v and y is purely elastic. In this scenario, the effect of the coupling is create a
neutrino-dark matter fluid, much like the photon-baryon fluid that fills the universe before
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Figure 6: Suppression of P, (k) for }  m, = 58 meV and various neutrino temperatures at redshift
zero, T,(z = 0). As the suppression is a percent level effect, it will only be observable in the
linear regime k < 0.1 hMpc~!. We see that cooling to T, < 0.02 K, or cooling by factor of 100,
is sufficient to eliminate the signal of free-streaming neutrinos.

recombination, with a free-streaming scale:

L (KRN Zm,
ke =~ 0.05 h Mpc™! X o2 = . .
s ~ 0.05 h Mpc™ X ( T 78 oV (3.9)

The amplitude of the suppression on scales k& > kg is proportional to f, + f,, the total
energy fraction in this fluid. As a result, even if we could couple to all the dark matter so
that ke = 0.8 h Mpe ™!, the suppression is large enough to be constrained by the Lyman-o
forest [93-96] or counts of satellite galaxies [97,98].

Heating the neutrinos to avoid the suppression of matter clustering requires that the
neutrino speed, shown in Eq. (3.6), remain near unity throughout cosmic history. This
could be achieved by increasing T, by a factor of ~ 100 in the regime 1000 2 z = 100;
however, this would correspond to increasing the energy density of the cosmic neutrino
background (CvB) by at least the same factor (assuming no change to the number density
of neutrinos). The extra energy density acquired by neutrinos needs to be transferred
from another component, with the dark matter serving as the natural candidate during
the matter-dominated era. A transfer of energy from the dark matter to the CvB will
have similar cosmological effects as models of dark matter decaying into dark radiation,
which are subject to constraints from observations of the matter power spectrum and of
the CMB that arise from a larger late-time integrated Sachs-Wolfe effect as compared to
a standard cosmological history [99-102]. Current constraints set an upper limit of about
4% of dark matter decaying into radiation after recombination [102], comparable to the
fraction of energy density that would need to be transferred from dark matter to heat the
CvB in order to keep neutrinos relativistic until the present time.
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3.4 Time Varying Mass

The tension between the DESI data and the laboratory measurement of neutrino masses
can also be alleviated if the mass of the neutrino is not a constant in either time or space.
For example, it might be the case that neutrinos had a smaller mass in the early universe
(until around z ~ 10) but then subsequently had their mass change by O (1), as suggested
in [103-105]. Alternately, it could be the case that the neutrino is a chameleon which
acquires a larger mass near high density matter [106] but is otherwise lighter in the low
density of the cosmos that is relevant to DESI and CMB lensing. For the purposes of
illustration of this concept, in this paper, we study the possibility that the neutrino mass
evolved in time and leave further exploration of potential chameleonic nature of neutrinos
for future work.

To realize the phenomenology of lower mass neutrinos that become more massive around
z ~ 10, consider the following terms of the Lagrangian (3.8):

L D yhLN + gn¢NN +m*¢* . (3.10)

10 meV
(h)
to the current neutrino mass ~ 10 meV (per neutrino). Observe that when gy¢ > y(h)

We take the Yukawa coupling y ~ so that the neutrino’s Dirac mass is comparable
the phenomenology is identical to that of the conventional “see-saw” mechanism and thus
the neutrino mass will be light. When gy¢ < y(h), the Dirac mass will dominate and
equal the desired present day value. The cosmological evolution of (¢) naturally leads to
such a change due to the fact that (¢) is sourced by the CvB, whose number density drops
as the universe expands.

To illustrate this dynamic, let us pick some example numbers. Suppose we assume

that the neutrino mass was around ~ 1 meV in the early universe. Such neutrinos would
m7z\2/3
[91], independent of the temperature of the neutrinos. Once the neutrinos become non-

relativistic, (¢) scales with the number density of the CvB and we get (@) ~ gNZ;—z. When

be relativistic until z ~ 10. When they are relativistic, the CvB sources (¢) ~ gy

(¢) drops, the neutrinos become more massive, approaching their Dirac mass. The main
constraint on this scenario is the bound gy < 5x 1078 in order to ensure that the neutrinos
do not annihilate into ¢ when they are light (in fact, if they do, the situation reduces to
the annihilation scenarios considered earlier). Setting gy ~ 1078 and m ~ 107!2 eV, we
see that at early times the neutrino mass is around ~ 1 meV. These neutrinos become
non-relativistic around z ~ 10. The subsequent drop in (¢) raises the neutrino mass to
around ~ 20 meV today (per neutrino).

3.5 Mirror Sectors and Relation to the Hubble Tension

The deviation from ACDM for ) m,, is roughly consistent with the suggestion that new
physics might only impact dimensionful parameters [107,108]. The CMB and LSS directly
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measure dimensionless quantities (angles, redshifts) and thus are not directly related to
dimensionful quantities like Hy and »_ m,. This idea was put forward in Refs. [107, 108]
to explain the Hubble tension. They realized this concept by introducing a mirror of the
Standard Model in the dark sector, such that the gravitational signals remained unchanged
but the Standard Model densities could be rescaled.

Naturally, such a model could also easily explain the apparent > m, & 0, by having
massless neutrinos in the hidden sector. This would leave the other gravitational signals
unchanged, but reduce the total gravitational influence of the Standard Model neutrinos.
This dilutes ) m, by the fraction of matter in the hidden sector to the mirror sector, and
thus requires the Standard Model to be a small component of the total matter density.
Unlike some of the other solutions to > m,, this requires an order one change to the
universe and thus is difficult to make compatible with all observations. For example, BBN
is sensitive to the physical baryon density and thus is not compatible with the simplest
implementations of this idea.

Interestingly, the suggestion that there could be multiple copies of the Standard Model
with different mass parameters is a natural consequence of several recent mechanisms for
solving the hierarchy problem [109-111]. However, these hidden sector typically increase
Neg > 3.044 and ) m, > 58 meV. Without fine tuning these models to take the form
of those described in Refs. [107,108], observations that favor > m, < 58 meV severely
constrain these models.

4 Negative “Neutrino Mass”

The possibility of an apparent measurement with > m, < 0 would be most naturally
explained by an increase in the amount of clustering in the late universe, or at least an
apparent increase as measured through gravitational lensing of the CMB. Even if neutrinos
were truly massless Y m,, = 0, this would require a change to the formation of structure or
the statistical properties of the CMB. Such a mechanism could also erase the signal from
conventional massive neutrinos and thus need not involve a change to the neutrino sector
at all. In this section, we will explore representative examples of how this signal could
arise. We will consider physically increasing the amount of clustering through a new long
range force, and creating a apparent increase in lensing through changes to the statistics of
the primordial density fluctuations. Both classes of ideas lead to observable consequences
that may already be testable with existing cosmological data.

4.1 Dark Matter with Long Range Forces

The most direct approach to enhancing the clustering of matter is to increase the strength
of the long range force between dark matter particles. Such long range forces are very well
constrained for ordinary matter, from tests of the equivalence principle [112]. However,
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if this new force is limited to the dark matter, it would evade most simple equivalence
principle tests. It will nonetheless have observable implications for gravitational dynamics
that impact structure on galactic [113-116] and cosmological scales [117,118]. Interest-
ingly, any such force would also violate the single-field consistency conditions for large-scale
structure and thus would leave a measurable non-Gaussian imprint on cosmological corre-
lators [119-121], in addition to the any change to the power spectrum.

Following [118,121, 122], suppose we introduce a massless field ¢ that couples only to
the dark matter with a r—2 force similar to Newtonian gravity. This force will modify the
momentum conservation equation for the dark matter,

1
(D + ayp) , V2o = a87G peamOedm - (4.1)

ucdm + Hucdm = _a

The resulting linear growth of the dark matter and baryons at k > kg where 6, = 0, is
described by

. A . 9

5cdm + gécdm = @ [(1 - fl/ - fb)(l + 2042)5(:dm + fbab} ) (42)
. 4. 9
oy + §5b =32 (1= fu = fo)0cam + foob)] - (4.3)

We will define the new growth term as (1 — f, — f3)(1 + 2a?) = 1 + ¢, so that e controls
the change to the linear evolution. Taking deqm = t” and 0, = £deqm We find

A=)y et e =0, 6-D+er-; (g +Eh) =0. (44)

To linear order in € and f, one finds the growing solution

Vzg—i—g(e—i-fb), £=1-(2a%) . (4.5)

(@4

In the presense of this new long range force, the power spectrum is therefore modified

1+ 2z,
1+ 2

PEXm) (k> ky, 2) ~ (1 —2f, + g(e + f,) log > pl0lme=0) (k> ke 2) . (4.6)
Here z, is the redshift where the long-range force becomes important. In most simple mod-
els, z, is the redshift of horizon entry k = a(z,)H (z,). This would make the above signal
scale dependent and thus would not mimic the neutrino signal. As a result, cosmological
constraints already exclude av < 0.01 [117,118]. Therefore, it is important that z, is a
k-independent constant and that the field ¢ only becomes important at late times. In this
case, if we assume the minimum Y m,, so that f, =4 x 1073, as derived in Equation (2.6),
we could explain an apparent > m, ~ —160 meV with a? =7 x 1073,

A phase transition, or some other time- or temperature-dependent physics could change
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the mass of ¢ so that it became massless at z, ~ 100. This would imply equivalence
principle violation for the dark matter at later times. Current constraints [113-116] likely
require a? < 1 but have not been explored in detail. In addition, this type of equivalence
principle violation leaves a number of cosmological [121] and astrophysical signals [123]
that could be observed in near-term surveys and experiments. For example, the change
to the evolution of matter also alters the galaxy bispectrum in a way that breaks the
single-field consistency conditions. This effect is sufficient to measure o > 1072 [121] for
a quasi-realistic survey.

4.2 Primordial Trispectrum

The trispectrum (four-point function) of the CMB plays two significant roles in the mea-
surement of neutrino mass. First, gravitational lensing induces a connected four point
function, and measuring the trispectrum allows us to reconstruct the lensing power spec-
trum. Secondly, the trispectrum is also what determines the variance of the primary CMB
which sets the uncertainty in all our cosmic parameters [124,125].

A primordial trispectrum of the appropriate shape could mimic the effect of lensing and
thus could lead to an apparent increase in the lensing amplitude. Both lensing and primor-
dial trispectra can be measured using the same class of estimators defined in Ref. [126].
Concretely, we could couple the inflaton to an additional field, o(Z), that modulates the
amplitude of the adiabatic fluctuations, {(¥), by a term

¢(&) = Ca(@) + /TR la(@)o(T) - (4.7)

where (¢(Z) and o(Z) are Gaussian random fields. This modulation leads to a connected
trispectrum

!/
<CE1CE2§I%3§I%'4> = 7P (k1) Pe(k3) Py (|k1 + k2|) + permutations
T (K1, ko, ks, ks) - (4.8)

This is not equivalent to the lensing signal because it is a three-dimensional correlation
between the modes, rather than two dimensional. Bounds on this kind of non-Gaussianity
for a scale invariant o, P, ~ P, have been derived from the CMB and yield 7™ < 1700
(95%) [127]. However, if the power spectrum of o were taken to be scale dependent to
be degenerate with the lensing potential, ¢(E), it would be projected out of that analysis.
Following Ref. [128] (see also Refs. [129,130]), we can estimate how correlated the proposed
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trispectrum would be with the local model using the Fisher matrix,

/ !/
PTLT) =V / BEd it (G 055 (SR, 20 (L)
v (2m)12 Fe (k) Pe (ko) Fe (ks) P (ka) K
(4.9)
where V o< k3 is the survey volume. The ratio of the off-diagonal to diagonal terms defines

the correlation coefficient between 7g; and 7o, C(1g, 7o), which is approximately

C(TKIL Tll\?fal) ~ dekPU(k)PC(k) .
7 T EBRP (k)2 [ [ kP (k)2

To match the CMB lensing power, we should choose P, (k) o P, (k) so that it takes a
similar form to the lensing signal. We therefore require P, (k) — 0 as k — 0, P, o< k=2 as

(4.10)

k — 0o, and have a maximum at some k = k,. We would then expect the correlation to be
suppressed by C(75., 7o) & (kmin/kx)® < 1. In this regard, the shape of P,(k) may not
have to be finely tuned to contribute to the observed lensing trispectrum without violating
other CMB trispectrum constraints. Other trispectrum shapes, like those considered in
Refs. [128,131] are usually scale invariant and peak in equilateral configurations where
k ~ Kmax-

Although this signal would be degenerate with lensing in the CMB, it would be in-
troduce non-Gaussianity in the late universe that could be measured through the galaxy
power spectrum [132] (via scale-dependent bias [133,134]) or cross-correlations between the
CMB and LSS [135]. CMB lensing is currently measured at 400 [12-14,136] and therefore
a trispectrum mimicking a 2.5%-7.5% shift in the lensing amplitude would visible at the
1-30 level. Given that the current constraints on primordial non-Gaussianity from related
models are at least an order of magnitude weaker than Planck constraints [137], we do
not expect? current galaxy survey data to be sensitive to such a trispectrum. However,
data from DESI, Euclid [138], and particularly SPHEREx [139] are expected to be up to
an order of magnitude more sensitive than Planck to this type of non-Gaussian signature.
Concretely, SPHEREX is expected to be sensitive to 7z, = 130 at 20 [140] which is roughly
10 times the sensitivity of Planck [131].

A second possibility is that additional contributions to the trispectrum could increase
the true uncertainty in cosmic parameters. This could increase the probability that value
of A, determined from the primary CMB is simply a statistical outlier. Specifically, a large
primordial trispectrum increases the deviation of parameters from their mean values. One
model that achieves such behavior is disorder in single field inflation [141]. In these models,
random features in the inflationary potential introduce, on average, a trispectrum that is
identical the Gaussian noise but with a larger or smaller amplitude. One can achieve a

2We are not aware of published constraints on 7y, from current galaxy survey data in which we can
directly compare Planck.
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similar effect on ) m, [142] from super-sample covariance [143], through a large amplitude
of local-term non-Gaussianity (e.g. 7). To be consistent with CMB constraints, the
effective amplitude 7y, would have to be scale-dependent to avoid the direct constraints
from the CMB trispectrum.

5 Conclusions

The exclusion of the minimum sum of neutrino masses, from either the inverted or normal
hierarchy, is a remarkable statement of the power of cosmological data. At these masses,
neutrinos form only a fraction of a percent of the total energy density of the universe. The
presence of cosmic neutrinos has been robustly established during the era of nucleosyn-
thesis [90] (BBN) and recombination [17] (CMB), through the measurement of Neg and
therefore their small but measurable impact on the late universe was to be expected. As
we have no simple path to a direct measurement of cosmic neutrinos on earth, cosmological
observations provide a novel window into the universe, capable of revealing new secrets.

The recent BAO measurements from DESI enrich this story. Allowing Y m, < 0, as
an indication of enhanced of clustering, we find data from CMB+DESI constrains » , m, =
—160£90 meV (68%), excluding at about 3o even the minimum neutrino masses consistent
with neutrino oscillation experiments. Yet, we showed that this measurement can be
naturally explained by new physics in the neutrino and/or dark sectors that is otherwise
weakly constrained by other experiments and observations. A measurement consistent with
>~ m, = 0 could be naturally explained by neutrino decays, cooling, or time-dependent
neutrino masses, pointing to new physics coupled to neutrinos and potentially dark matter
(sectors). Achieving »_ m, < 0 requires physics beyond the neutrino sector but could be
explained by new long range forces for dark matter or changes to the primordial statistics.
Each class of models naturally suggests signals that could be present in existing data or
testable with near term experiments or observations.

It is important that the measurement of > m,, from the CMB and DESI is incompatible
with a wide range of proposals for BSM physics that are also otherwise unconstrained.
Light but massive relics [144] are extremely common in models of BSM physics, including
many approaches to the hierarchy problem, explanations of dark matter, models including
light gravitinos [145,146], etc. These necessarily contribute positively to Neg and > m,,
and thus would further exacerbate the tension with the minimum sum of neutrino masses.
As a result, any such model would have to incorporate additional physics, of the kind
discussed in this paper, in addition to the new physics relevant to these problems. It is
interesting that our results from neutrino decay point to a possible origin from new physics
at 10-100 TeV, which could provide a common origin for both effects.
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A The Suppression of Clustering

In this appendix, we review the calculation of the linear growth of structure in a universe
with massive neutrinos. This calculation explains the suppression of small scale power due
to neutrino free streaming, which is the dominant cosmological signal responsible for the
constraints on y_ m,,.

Following [27], we define the density contrasts of the dark matter and baryons as
Oop = Lean®OPn a1 the neutrinos, 8, = %. Energy and momentum conservation of these

Pedm+Pb
species after recombination is then described by the coupled equations

oo (k) — a YkPug, =0,  6,(k,t) —a'k*u, =0, (A1)

and

) 1 ) 1 2
Uep + Hugy = —— @, u, + Hu, = ——® — £, . (A.2)
a a a
Here we have defined the scalar velocity potential u; for each species as v; = V. Finally,

® is the Newtonian gravitational potential, which obeys
V20 = 471G (ﬁcb(scb + ﬁ,,(sy) . (AB)

In a matter dominated universe, H? oc a~® which implies that a(t) oc t** and py, o< t72.
Differentiating these equations allows us to eliminate the velocity potential to find two
second-order equations

Sov 3500 = = U+ (1= f)da) (A4)

ot b= ot o [+ (L= )] (A5)
where k22?2 kP (py) Q,

a = 2@’2’ :k—fzs, C”Emy’ fl,EQ—m. (A.6)

From here, one can solve these equations numerically to understand the influence of the
neutrinos on the matter fluctuations in the linear regime.

In the regime a > 1, it easy to understand the solutions as follows: the homogeneous
equation for d, (i.e. 4, ~ 0) can be solved to find that d, oc /6 — 0 as t — co. We can
also solve the inhomogeneous equation with 6, = £d.p to find € oc 1/a — 0. Therefore we
can focus on dy, with 6, = 0. Taking the ansatz d., = t” and J, = 0, we get
21— 1,) 2

=0y =2~ 2f+O(f) (A7)

4
Ty =D +37- 3

3 3
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where we kept only the growing solution with v > 0. In a matter-dominated universe,
H? o a3 which implies that a(t) oc ¥, and therefore

Oeb (K, 1) 7 Oc (K, 1, )a(t)—35/5 (A.8)

where 1+ 2, = a(t,)”!. Finally, since p,, = pep + po, the total matter density contrast
Om = 0pm/Ppm is given by

= o 5pcb + 50:/

(1) = === = (o) = (1= fo)dan(E: tu)a(t)' 7
3 14z,
~ (5Cb<1—f,,—5f,,log1+z) ) (A.9)

This gives rise to the suppression of the power spectrum

1+ 2,
1+ 2

P (k> ke, 2) ~ (1 —2f, — gfu log > PEm=0 (ks ke 2) (A.10)

In this regard, we see that the suppression is a straightforward consequence of the linear
evolution.
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