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FIG. 3. The neutrino e!ect at z = 0.3 on the linear power
spectrum of cold dark matter and baryons, Pcb(k), com-
pared to the massless case, for fixed cosmological parameters,
(h, ωb, ωcdm, As, ns, ε). The range of scales used in the DESI
full-shape power spectrum analysis is shown as a gray band.

The strong connection between
∑

mω and !m is dis-
cussed extensively in [157].

Finally, we consider the case where (ω→, εb, εcdm) are
all constrained by the CMB. This amounts to the inter-
section of the two cases considered before: with greater
precision on !m due to the additional leverage of a dis-
tance measurement at z→, with the degeneracy between
!ω and !cb broken, and with rd calibrated, we obtain
tight constraints on

∑
mω and !m that approach the

limits obtained from the full combination of DESI and
CMB-nl (CMB without lensing), as shown respectively
by the purple and black open contours in Fig. 2. As
expected, the latter combination o”ers still more con-
straining power, because CMB-nl data depend on neu-
trino masses through other e”ects, such as the integrated
Sachs–Wolfe e”ect, the lensing-induced smoothing of the
acoustic peaks, and the damping tail. Among these, the
lensing e”ect is particularly potent.

B. Growth of structure

Another prominent e”ect of massive neutrinos is a sup-
pression of the growth of cosmic structure on small scales.
This e”ect is caused by the thermal phase-space distribu-
tion, as neutrinos escape regions smaller than a typical
free-streaming length due to their large thermal veloci-
ties. Since neutrinos still contribute to the Hubble expan-
sion, as in Eq. (14), but cluster less e#ciently on small
scales, the growth of density perturbations is reduced.
This produces a characteristic scale-dependent suppres-
sion of the matter power spectrum, Pm(k), as depicted in
Fig. 3. The magnitude of this e”ect, $Pm/Pm → ↑8fω

[160, 161] (with the precise scaling dependent on which
parameters are kept fixed), is significant even for neutrino

0.00 0.05 0.10 0.15 0.20P
m� [ eV ]

0.0

0.5

1.0

P
/P

m
ax

�CDM

DESI DR1 BAO + CMB

DESI DR2 BAO + CMB (Baseline)

DESI DR2 BAO + CMB (plik)

DESI DR2 BAO + CMB (L-H)

CMB

FIG. 4. Constraints on
∑

mω from di!erent combinations
of DESI BAO and CMB data. The CMB dataset includes
Planck low-ϑ TTEE [53] and high-ϑ TTTEEE (PR4 CamSpec)
[123, 126] and Planck [54] and ACT [55] lensing. Shown are
results for the CMB alone, CMB combined with DESI DR1
BAO or DR2 BAO, where the latter is our baseline result.
Also shown are variations from the baseline for alternative
CMB likelihoods: PR3 plik [53] or PR4 L-H [124, 125]. The
vertical dashed lines and shaded regions indicate, from left to
right, the minimum masses corresponding to the normal and
inverted mass ordering scenarios.

mass fractions, fω ↓ !ω/!m, well below one percent.
BAO measurements are blind to neutrino free stream-

ing. However, this information can be captured by prop-
erly modeling the full-shape galaxy power spectrum. We
will present constraints from the full-shape analysis of
DR1 galaxies in Section VI.

IV. STANDARD NEUTRINO RESULTS

In this section, we report our baseline constraints on
the sum of neutrino masses,

∑
mω , and on the e”ective

number of relativistic species, Ne! , in the early Universe.
We also present results on the preference for the normal
mass ordering and constraints on the lightest neutrino
mass. Finally, we investigate the impact of di”erent CMB
likelihoods and supernova datasets.

A. Baseline neutrino mass constraints

We first report the baseline constraint on the sum of
neutrino masses,

∑
mω , described in the companion pa-

per [44]. Assuming the %CDM model and adopting a de-
generate mass spectrum accompanied only with a prior
that

∑
mω > 0, the combination of DESI DR2 BAO with

• Cosmology with CDM:     eV(95%, Planck+ACT+SPT+DESI) 

• Laboratory (oscillations): -  eV (95%, Normal Hierarchy), 
•                                              -  eV (95%, Inverted hierarchy)

Λ Σmν < 0.055

Σmν > 0.058
Σmν > 0.098

Camphuis et al. 2506.20707

Calabrese et al. 2503.14454

CMB
CMB+BAO

Posterior
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PosteriorNow favoured by combination of reactor and accelerator long-
baseline experiments including JUNO: 

normal hierarchy favoured at  

JUNO Preliminary, June 2026 (Neutrino26, PASCOS26) 

2.3σ

2026 June 23, Sheffield PASCOS 2026 | LU Xianguo 卢显国, Warwick 18

JUNO First Measurement of ∆𝒎𝟑𝟏
𝟐

❑ Δm2
31 from reactor and accelerator neutrinos should align at the right mass ordering [1]

❑ Adopt the NuFit-LBL results from [2]: normal mass ordering is favored at Δχ2 = 4.86

[1] H. Nunokawa, S. Parke and R.Z. Funchal, Phys. Rev. D 72 (2005) 013009; Y. F. Li et al., Phys. Rev. D 88, 013008 (2013)
[2] NuFIT 6.0 (JHEP 12 (2024) 216 [arXiv:2410.05380]), www.nu-fit.org and M. Maltoni private communication
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bring evidence for non-zero mass while assuming CDM…Λ
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that
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Explaining the  tension Σmν

1. Statistical fluke, unaccounted systematics, future observations may still 
bring evidence for non-zero mass while assuming CDM…Λ

2. We live in a neutrinoless Universe

1. e.g. decay into massless (pseudo)scalar νiν̄i ⟶ ϕ

e.g. Beacom et al. astro-ph/0404585, Escudero et al. 2007.04994,  
        Barenboim et al. 2011.01502, Franco Abellan et al. 2112.13862,  
        Craig et al. 2405.00836
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1. Statistical fluke, unaccounted systematics, future observations may still 
bring evidence for non-zero mass while assuming CDM…Λ

2. We live in a neutrinoless Universe

1. e.g. decay into massless (pseudo)scalar νiν̄i ⟶ ϕ

3. Neutrino mass bounds are (cosmological) model-dependent and CDM is 
not the right framework (as suggested by other tensions; common origin 
and solution?)

Λ

e.g. Beacom et al. astro-ph/0404585, Escudero et al. 2007.04994,  
        Barenboim et al. 2011.01502, Franco Abellan et al. 2112.13862,  
        Craig et al. 2405.00836
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• Geometrical effect [ , H(z)]: strong (BAO+CMB peak scale:  eV , 95%) 

• Early ISW effect on CMB: subdominant (WMAP alone:  eV, 95%) 

• Free-streaming effect on : subdominant from galaxy full-shape 

• Free-streaming effect on CMB 4-point: subdominant  

• Free-streaming effect on CMB 2-point TT,TE,EE: strong 
                                                                    (CMB data indicates significant lensing effect)

dA(z) < 0.1

< 1.2

P(k)

Testable cosmological effects of Σmν

Elbers et al. 2407.10965, LoVerde & Weiner 2410.00090, Sharma & JL 2510.15835, …
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• CMB peak / BAO scale measure    and    at  

•  = expansion history normalised to 1, depends on: 

• DE parameters ( , , , …), 
• curvature ( ),  
• neutrino mass ( ), … 

• In CDM: only        and          (  ) 

[H0rd] / H0
H(z) [H0rd,s] /∫

z

0

H0
H(z̃) dz̃ ≠ z

H(z)
H0

ΩΛ = 1 − Ωm w0 wa
Ωk

Σmν

Λ H0rd Ωm = 1 − ΩΛ

Role of CMB/BAO tension
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• CMB peak / BAO scale measure    and    at  

• Tension in CDM:
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FIG. 5. Constraints on the parameter combination H0rd and on the matter density, !m, both of which are measured to high
precision by DESI BAO, and on the sum of neutrino masses,

∑
mω , from the combination of DESI BAO and CMB data (both

for DR1 and the new DR2) and from CMB data alone. The contours represent the 68% and 95% probability regions. The
figure shows how the DESI preference for lower !m and higher H0rd, compared to the CMB, leads to upper limits on the sum
of neutrino masses that are stronger than expected from forecasts.

CMB data yields an upper limit of

DESI DR2 BAO + CMB:
∑

mω < 0.0642 eV (95%),
(15)

with a marginalized uncertainty of ω(
∑

mω) = 0.020 eV.
As will be discussed below, this is stronger than ex-
pected from forecasts [162, 163]. This constraint is ob-
tained using our baseline CMB dataset, which we refer
to simply as ‘CMB’ throughout the paper. This dataset
includes both CMB lensing reconstruction from Planck
PR4 and ACT [54–56], the low-ε SimAll and Commander

likelihoods [53] and the high-ε CamSpec likelihood [126].

The corresponding marginalized posterior distribution is
shown in Fig. 4, demonstrating the → 20% improvement
compared to DESI DR1 BAO.

The power of CMB and BAO measurements to con-
strain the sum of neutrino masses is illustrated by Fig. 5.
Within the !CDM model, there is a geometric degen-
eracy between CMB constraints on

∑
mω and the basic

parameters H0 and ”m, as each impact the cosmic ex-
pansion rate at late times, thereby changing the distance
to the surface of last scattering and shifting the angu-
lar size of CMB anisotropies. This degeneracy can be
broken with measurements of the BAO distance scale at
late times. The figure demonstrates that DESI DR1 BAO
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+ additional integral constraints from  

distant (uncalibrated) supernovae (Pantheon+, Union, DES)
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• CMB/BAO tension in CDM:  can only make things worse 

• already a moderate tension with  : 

• CMB 2-point worsens it, but tension fundamentally driven by geometrical effect 

Λ Σmν > 0

Σmν = 0

Role of CMB/BAO tension
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FIG. 5. Constraints on the parameter combination H0rd and on the matter density, !m, both of which are measured to high
precision by DESI BAO, and on the sum of neutrino masses,

∑
mω , from the combination of DESI BAO and CMB data (both

for DR1 and the new DR2) and from CMB data alone. The contours represent the 68% and 95% probability regions. The
figure shows how the DESI preference for lower !m and higher H0rd, compared to the CMB, leads to upper limits on the sum
of neutrino masses that are stronger than expected from forecasts.

CMB data yields an upper limit of

DESI DR2 BAO + CMB:
∑

mω < 0.0642 eV (95%),
(15)

with a marginalized uncertainty of ω(
∑

mω) = 0.020 eV.
As will be discussed below, this is stronger than ex-
pected from forecasts [162, 163]. This constraint is ob-
tained using our baseline CMB dataset, which we refer
to simply as ‘CMB’ throughout the paper. This dataset
includes both CMB lensing reconstruction from Planck
PR4 and ACT [54–56], the low-ε SimAll and Commander

likelihoods [53] and the high-ε CamSpec likelihood [126].

The corresponding marginalized posterior distribution is
shown in Fig. 4, demonstrating the → 20% improvement
compared to DESI DR1 BAO.

The power of CMB and BAO measurements to con-
strain the sum of neutrino masses is illustrated by Fig. 5.
Within the !CDM model, there is a geometric degen-
eracy between CMB constraints on

∑
mω and the basic

parameters H0 and ”m, as each impact the cosmic ex-
pansion rate at late times, thereby changing the distance
to the surface of last scattering and shifting the angu-
lar size of CMB anisotropies. This degeneracy can be
broken with measurements of the BAO distance scale at
late times. The figure demonstrates that DESI DR1 BAO
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of neutrino masses that are stronger than expected from forecasts.

CMB data yields an upper limit of

DESI DR2 BAO + CMB:
∑

mω < 0.0642 eV (95%),
(15)
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As will be discussed below, this is stronger than ex-
pected from forecasts [162, 163]. This constraint is ob-
tained using our baseline CMB dataset, which we refer
to simply as ‘CMB’ throughout the paper. This dataset
includes both CMB lensing reconstruction from Planck
PR4 and ACT [54–56], the low-ε SimAll and Commander

likelihoods [53] and the high-ε CamSpec likelihood [126].

The corresponding marginalized posterior distribution is
shown in Fig. 4, demonstrating the → 20% improvement
compared to DESI DR1 BAO.

The power of CMB and BAO measurements to con-
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Within the !CDM model, there is a geometric degen-
eracy between CMB constraints on

∑
mω and the basic

parameters H0 and ”m, as each impact the cosmic ex-
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Role of CMB/BAO + Hubble tension

2

trino oscillations,
Õ
<a > 0.059 eV, significantly degrades

the DESI constraint to
Õ
<a < 0.113 eV (95%) [18]. This

dependence on a priori assumptions also calls into question
the

Õ
<a � 0 prior. Only by relaxing this constraint, can we

assess whether cosmological data are compatible with physical
neutrino masses, determine the sensitivity of the data indepen-
dently of the prior, and reveal the dependence of the central
value on the data and choice of cosmological model.

Previously, [45] extended the posterior distribution to neg-
ative values by fitting a Gaussian distribution to %(Õ<a).
In this way, the combination of Planck and SDSS BAO gaveÕ
<a = �0.026 ± 0.074 eV (68%). More recently, [44] ex-

tended the analysis to negative neutrino masses by expressing
the effect of neutrinos on the CMB in terms of �lens (

Õ
<a),

finding
Õ
<a = �0.16±0.09 eV (68%) from Planck, ACT, and

DESI BAO. However, neither approach can fully characterize
the effects of

Õ
<a < 0, such as the impact on the expansion

history, as probed by DESI, or capture parameter correlations
independently of �lens. In this work, we introduce a model that
extends the domain to negative masses in a complete and self-
consistent manner and examine the preference for

Õ
<a < 0.

II. NEGATIVE NEUTRINO MASSES

Formally, the Friedmann equations that govern the expan-
sion of space depend only on the neutrino masses squared, <2

8 ,
via expressions like

⌦a (0) =
#a’
8=1

8⌧)4
a

3c�2
0

π 1

0

G2
q
G2 + 02<2

8 /)2
a

1 + 4G
dG, (1)

where #a is the number of neutrino species, )a the present-
day neutrino temperature, and �0 the Hubble constant. Only
at late times, when the neutrinos become non-relativistic and
the 02<2

8 /)2
a term dominates, does this expression reduce to

the well-known approximation

⌦a ⇡
Õ
<a

93.14⌘2 . (2)

The strict dependence on <2
8 remains true at the perturba-

tion level. Hence, an alternative approach is needed to ex-
tend cosmological calculations to negative masses. The ef-
fect of Eq. (1) is to produce a greater radiation density while
neutrinos are relativistic and a greater matter density once
neutrinos become non-relativistic. Without attributing the
effect to neutrinos, a phenomenological term of the form,
⌦a,eff (0) = ^⌦a (0), would behave in the opposite way for
^ < 0, reducing the radiation density at early times and the
matter density at late times. To make contact with terrestrial
constraints, we could reinterpret such a term as an effective cos-

mological neutrino mass parameter,
Õ
<a,eff ⌘ 93.14⌘2 ⌦a,eff.

Rather than explicitly implementing a term like ⌦a,eff (0),
we accomplish the same with the following operational defini-
tion. For simplicity, we restrict to the case where all masses are
either positive or negative. For any cosmological observable
- , such as the CMB temperature power spectrum, - = ⇠TT
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FIG. 1. Constraints on the effective neutrino mass,
Õ
<a,eff, the

Hubble constant, �0, and the amplitude of matter fluctuations, f8,
from Planck temperature and polarization data [32, 39, 46], assuming
⇤CDM. The degeneracy between these parameters can be broken with
measurements of the expansion history. Shown are the ±1f bounds
from DESI BAO, combined with a Big Bang nucleosynthesis (BBN)
prior on ⌦b⌘

2 [16, 17], and the SH0ES measurement of �0 from
the local distance ladder [47]. The unphysical regime,

Õ
<a,eff < 0,

is grey and the dotted lines indicate the lower bounds from neutrino
oscillations for the normal ordering (NO) and inverted ordering (IO).

and a set of fixed parameters, ) = {lb,lc, \s, g, �B , =B}, we
define the prediction for the effective neutrino mass,

Õ
<a,eff,

as a first-order Taylor expansion around the massless case,

-
Õ
<a,eff

) ⌘-
Õ
<a=0

) + sgn(Õ<a,eff)
h
-

|Õ<a,eff |
) �-

Õ
<a=0

)

i
, (3)

where sgn is the sign function and -
|Õ<a,eff |
) is the prediction

for a cosmological model with positive neutrino masses |<8 |.
A key advantage of this approach is that one recovers exactly
the physical neutrino model for

Õ
<a,eff =

Õ
<a � 0. More-

over, by extrapolating in data space rather than in parameter
space, one need not assume a functional form for the marginal-
ized posterior distribution, nor make any assumptions about
parameter correlations. We implemented this model in the
Boltzmann code CLASS [48, 49] and the cosmological sam-
pling code cobaya [50]. We apply the model to the latest
BAO measurements from DESI [16, 17] and CMB temper-
ature and polarization measurements from Planck, using the
low-✓ Commander likelihood [32] and the high-✓ CamSpec like-
lihood [39, 46] based on the final data release (PR4). In some
cases, we also include CMB lensing measurements based on
ACT DR6 [51–53] and Planck PR4 lensing maps [54]. Our
primary analysis is explicitly blind to the constraints from neu-
trino oscillations. In this case, we assume a degenerate mass
spectrum with #a = 3 species and <a,eff ⌘ <1 = <2 = <3.
We use a uniform prior, <a,eff 2 [�1.5, 1.5] eV. When we
perform a combined analysis of cosmological data and labora-
tory constraints, we adopt Gaussian likelihoods on �<2

21 and
|�<2

31 |, based on global fits to the experimental data [11], and
fix <1,<2,<3 in terms of �<2

21, |�<2
31 |, V, and <lightest, with

a uniform prior on <lightest 2 [0, 0.5] eV [55].

CMB 
(Peak position 
+ early ISW + lensing) 

BAO (+BBN)
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Adapted from Elbers et al. 2407.10965
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trino oscillations,
Õ
<a > 0.059 eV, significantly degrades

the DESI constraint to
Õ
<a < 0.113 eV (95%) [18]. This

dependence on a priori assumptions also calls into question
the

Õ
<a � 0 prior. Only by relaxing this constraint, can we

assess whether cosmological data are compatible with physical
neutrino masses, determine the sensitivity of the data indepen-
dently of the prior, and reveal the dependence of the central
value on the data and choice of cosmological model.

Previously, [45] extended the posterior distribution to neg-
ative values by fitting a Gaussian distribution to %(Õ<a).
In this way, the combination of Planck and SDSS BAO gaveÕ
<a = �0.026 ± 0.074 eV (68%). More recently, [44] ex-

tended the analysis to negative neutrino masses by expressing
the effect of neutrinos on the CMB in terms of �lens (

Õ
<a),

finding
Õ
<a = �0.16±0.09 eV (68%) from Planck, ACT, and

DESI BAO. However, neither approach can fully characterize
the effects of

Õ
<a < 0, such as the impact on the expansion

history, as probed by DESI, or capture parameter correlations
independently of �lens. In this work, we introduce a model that
extends the domain to negative masses in a complete and self-
consistent manner and examine the preference for

Õ
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Formally, the Friedmann equations that govern the expan-
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where #a is the number of neutrino species, )a the present-
day neutrino temperature, and �0 the Hubble constant. Only
at late times, when the neutrinos become non-relativistic and
the 02<2

8 /)2
a term dominates, does this expression reduce to

the well-known approximation

⌦a ⇡
Õ
<a

93.14⌘2 . (2)

The strict dependence on <2
8 remains true at the perturba-

tion level. Hence, an alternative approach is needed to ex-
tend cosmological calculations to negative masses. The ef-
fect of Eq. (1) is to produce a greater radiation density while
neutrinos are relativistic and a greater matter density once
neutrinos become non-relativistic. Without attributing the
effect to neutrinos, a phenomenological term of the form,
⌦a,eff (0) = ^⌦a (0), would behave in the opposite way for
^ < 0, reducing the radiation density at early times and the
matter density at late times. To make contact with terrestrial
constraints, we could reinterpret such a term as an effective cos-

mological neutrino mass parameter,
Õ
<a,eff ⌘ 93.14⌘2 ⌦a,eff.

Rather than explicitly implementing a term like ⌦a,eff (0),
we accomplish the same with the following operational defini-
tion. For simplicity, we restrict to the case where all masses are
either positive or negative. For any cosmological observable
- , such as the CMB temperature power spectrum, - = ⇠TT
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FIG. 1. Constraints on the effective neutrino mass,
Õ
<a,eff, the

Hubble constant, �0, and the amplitude of matter fluctuations, f8,
from Planck temperature and polarization data [32, 39, 46], assuming
⇤CDM. The degeneracy between these parameters can be broken with
measurements of the expansion history. Shown are the ±1f bounds
from DESI BAO, combined with a Big Bang nucleosynthesis (BBN)
prior on ⌦b⌘

2 [16, 17], and the SH0ES measurement of �0 from
the local distance ladder [47]. The unphysical regime,

Õ
<a,eff < 0,

is grey and the dotted lines indicate the lower bounds from neutrino
oscillations for the normal ordering (NO) and inverted ordering (IO).

and a set of fixed parameters, ) = {lb,lc, \s, g, �B , =B}, we
define the prediction for the effective neutrino mass,

Õ
<a,eff,

as a first-order Taylor expansion around the massless case,

-
Õ
<a,eff

) ⌘-
Õ
<a=0

) + sgn(Õ<a,eff)
h
-

|Õ<a,eff |
) �-

Õ
<a=0

)

i
, (3)

where sgn is the sign function and -
|Õ<a,eff |
) is the prediction

for a cosmological model with positive neutrino masses |<8 |.
A key advantage of this approach is that one recovers exactly
the physical neutrino model for

Õ
<a,eff =

Õ
<a � 0. More-

over, by extrapolating in data space rather than in parameter
space, one need not assume a functional form for the marginal-
ized posterior distribution, nor make any assumptions about
parameter correlations. We implemented this model in the
Boltzmann code CLASS [48, 49] and the cosmological sam-
pling code cobaya [50]. We apply the model to the latest
BAO measurements from DESI [16, 17] and CMB temper-
ature and polarization measurements from Planck, using the
low-✓ Commander likelihood [32] and the high-✓ CamSpec like-
lihood [39, 46] based on the final data release (PR4). In some
cases, we also include CMB lensing measurements based on
ACT DR6 [51–53] and Planck PR4 lensing maps [54]. Our
primary analysis is explicitly blind to the constraints from neu-
trino oscillations. In this case, we assume a degenerate mass
spectrum with #a = 3 species and <a,eff ⌘ <1 = <2 = <3.
We use a uniform prior, <a,eff 2 [�1.5, 1.5] eV. When we
perform a combined analysis of cosmological data and labora-
tory constraints, we adopt Gaussian likelihoods on �<2

21 and
|�<2

31 |, based on global fits to the experimental data [11], and
fix <1,<2,<3 in terms of �<2

21, |�<2
31 |, V, and <lightest, with

a uniform prior on <lightest 2 [0, 0.5] eV [55].
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trino oscillations,
Õ
<a > 0.059 eV, significantly degrades

the DESI constraint to
Õ
<a < 0.113 eV (95%) [18]. This

dependence on a priori assumptions also calls into question
the

Õ
<a � 0 prior. Only by relaxing this constraint, can we

assess whether cosmological data are compatible with physical
neutrino masses, determine the sensitivity of the data indepen-
dently of the prior, and reveal the dependence of the central
value on the data and choice of cosmological model.

Previously, [45] extended the posterior distribution to neg-
ative values by fitting a Gaussian distribution to %(Õ<a).
In this way, the combination of Planck and SDSS BAO gaveÕ
<a = �0.026 ± 0.074 eV (68%). More recently, [44] ex-

tended the analysis to negative neutrino masses by expressing
the effect of neutrinos on the CMB in terms of �lens (

Õ
<a),

finding
Õ
<a = �0.16±0.09 eV (68%) from Planck, ACT, and

DESI BAO. However, neither approach can fully characterize
the effects of

Õ
<a < 0, such as the impact on the expansion

history, as probed by DESI, or capture parameter correlations
independently of �lens. In this work, we introduce a model that
extends the domain to negative masses in a complete and self-
consistent manner and examine the preference for

Õ
<a < 0.

II. NEGATIVE NEUTRINO MASSES

Formally, the Friedmann equations that govern the expan-
sion of space depend only on the neutrino masses squared, <2

8 ,
via expressions like

⌦a (0) =
#a’
8=1

8⌧)4
a

3c�2
0

π 1

0

G2
q
G2 + 02<2

8 /)2
a

1 + 4G
dG, (1)

where #a is the number of neutrino species, )a the present-
day neutrino temperature, and �0 the Hubble constant. Only
at late times, when the neutrinos become non-relativistic and
the 02<2
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a term dominates, does this expression reduce to

the well-known approximation

⌦a ⇡
Õ
<a

93.14⌘2 . (2)

The strict dependence on <2
8 remains true at the perturba-

tion level. Hence, an alternative approach is needed to ex-
tend cosmological calculations to negative masses. The ef-
fect of Eq. (1) is to produce a greater radiation density while
neutrinos are relativistic and a greater matter density once
neutrinos become non-relativistic. Without attributing the
effect to neutrinos, a phenomenological term of the form,
⌦a,eff (0) = ^⌦a (0), would behave in the opposite way for
^ < 0, reducing the radiation density at early times and the
matter density at late times. To make contact with terrestrial
constraints, we could reinterpret such a term as an effective cos-

mological neutrino mass parameter,
Õ
<a,eff ⌘ 93.14⌘2 ⌦a,eff.

Rather than explicitly implementing a term like ⌦a,eff (0),
we accomplish the same with the following operational defini-
tion. For simplicity, we restrict to the case where all masses are
either positive or negative. For any cosmological observable
- , such as the CMB temperature power spectrum, - = ⇠TT

✓ ,

SH0ES

DESI + BBN

�1.5 �1 �0.5 0 0.5

65

70

75

80

Õ
<a,eff [ eV ]

�
0
⇥ km

s�
1

M
pc

�1
⇤

0.8

0.9

1

f8
NO
IO

FIG. 1. Constraints on the effective neutrino mass,
Õ
<a,eff, the

Hubble constant, �0, and the amplitude of matter fluctuations, f8,
from Planck temperature and polarization data [32, 39, 46], assuming
⇤CDM. The degeneracy between these parameters can be broken with
measurements of the expansion history. Shown are the ±1f bounds
from DESI BAO, combined with a Big Bang nucleosynthesis (BBN)
prior on ⌦b⌘

2 [16, 17], and the SH0ES measurement of �0 from
the local distance ladder [47]. The unphysical regime,

Õ
<a,eff < 0,

is grey and the dotted lines indicate the lower bounds from neutrino
oscillations for the normal ordering (NO) and inverted ordering (IO).

and a set of fixed parameters, ) = {lb,lc, \s, g, �B , =B}, we
define the prediction for the effective neutrino mass,

Õ
<a,eff,

as a first-order Taylor expansion around the massless case,

-
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where sgn is the sign function and -
|Õ<a,eff |
) is the prediction

for a cosmological model with positive neutrino masses |<8 |.
A key advantage of this approach is that one recovers exactly
the physical neutrino model for

Õ
<a,eff =

Õ
<a � 0. More-

over, by extrapolating in data space rather than in parameter
space, one need not assume a functional form for the marginal-
ized posterior distribution, nor make any assumptions about
parameter correlations. We implemented this model in the
Boltzmann code CLASS [48, 49] and the cosmological sam-
pling code cobaya [50]. We apply the model to the latest
BAO measurements from DESI [16, 17] and CMB temper-
ature and polarization measurements from Planck, using the
low-✓ Commander likelihood [32] and the high-✓ CamSpec like-
lihood [39, 46] based on the final data release (PR4). In some
cases, we also include CMB lensing measurements based on
ACT DR6 [51–53] and Planck PR4 lensing maps [54]. Our
primary analysis is explicitly blind to the constraints from neu-
trino oscillations. In this case, we assume a degenerate mass
spectrum with #a = 3 species and <a,eff ⌘ <1 = <2 = <3.
We use a uniform prior, <a,eff 2 [�1.5, 1.5] eV. When we
perform a combined analysis of cosmological data and labora-
tory constraints, we adopt Gaussian likelihoods on �<2

21 and
|�<2

31 |, based on global fits to the experimental data [11], and
fix <1,<2,<3 in terms of �<2

21, |�<2
31 |, V, and <lightest, with

a uniform prior on <lightest 2 [0, 0.5] eV [55].
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trino oscillations,
Õ
<a > 0.059 eV, significantly degrades

the DESI constraint to
Õ
<a < 0.113 eV (95%) [18]. This

dependence on a priori assumptions also calls into question
the

Õ
<a � 0 prior. Only by relaxing this constraint, can we

assess whether cosmological data are compatible with physical
neutrino masses, determine the sensitivity of the data indepen-
dently of the prior, and reveal the dependence of the central
value on the data and choice of cosmological model.

Previously, [45] extended the posterior distribution to neg-
ative values by fitting a Gaussian distribution to %(Õ<a).
In this way, the combination of Planck and SDSS BAO gaveÕ
<a = �0.026 ± 0.074 eV (68%). More recently, [44] ex-

tended the analysis to negative neutrino masses by expressing
the effect of neutrinos on the CMB in terms of �lens (

Õ
<a),

finding
Õ
<a = �0.16±0.09 eV (68%) from Planck, ACT, and

DESI BAO. However, neither approach can fully characterize
the effects of

Õ
<a < 0, such as the impact on the expansion

history, as probed by DESI, or capture parameter correlations
independently of �lens. In this work, we introduce a model that
extends the domain to negative masses in a complete and self-
consistent manner and examine the preference for

Õ
<a < 0.
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where #a is the number of neutrino species, )a the present-
day neutrino temperature, and �0 the Hubble constant. Only
at late times, when the neutrinos become non-relativistic and
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a term dominates, does this expression reduce to

the well-known approximation

⌦a ⇡
Õ
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93.14⌘2 . (2)

The strict dependence on <2
8 remains true at the perturba-

tion level. Hence, an alternative approach is needed to ex-
tend cosmological calculations to negative masses. The ef-
fect of Eq. (1) is to produce a greater radiation density while
neutrinos are relativistic and a greater matter density once
neutrinos become non-relativistic. Without attributing the
effect to neutrinos, a phenomenological term of the form,
⌦a,eff (0) = ^⌦a (0), would behave in the opposite way for
^ < 0, reducing the radiation density at early times and the
matter density at late times. To make contact with terrestrial
constraints, we could reinterpret such a term as an effective cos-

mological neutrino mass parameter,
Õ
<a,eff ⌘ 93.14⌘2 ⌦a,eff.

Rather than explicitly implementing a term like ⌦a,eff (0),
we accomplish the same with the following operational defini-
tion. For simplicity, we restrict to the case where all masses are
either positive or negative. For any cosmological observable
- , such as the CMB temperature power spectrum, - = ⇠TT
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FIG. 1. Constraints on the effective neutrino mass,
Õ
<a,eff, the

Hubble constant, �0, and the amplitude of matter fluctuations, f8,
from Planck temperature and polarization data [32, 39, 46], assuming
⇤CDM. The degeneracy between these parameters can be broken with
measurements of the expansion history. Shown are the ±1f bounds
from DESI BAO, combined with a Big Bang nucleosynthesis (BBN)
prior on ⌦b⌘

2 [16, 17], and the SH0ES measurement of �0 from
the local distance ladder [47]. The unphysical regime,

Õ
<a,eff < 0,

is grey and the dotted lines indicate the lower bounds from neutrino
oscillations for the normal ordering (NO) and inverted ordering (IO).

and a set of fixed parameters, ) = {lb,lc, \s, g, �B , =B}, we
define the prediction for the effective neutrino mass,

Õ
<a,eff,

as a first-order Taylor expansion around the massless case,
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where sgn is the sign function and -
|Õ<a,eff |
) is the prediction

for a cosmological model with positive neutrino masses |<8 |.
A key advantage of this approach is that one recovers exactly
the physical neutrino model for

Õ
<a,eff =

Õ
<a � 0. More-

over, by extrapolating in data space rather than in parameter
space, one need not assume a functional form for the marginal-
ized posterior distribution, nor make any assumptions about
parameter correlations. We implemented this model in the
Boltzmann code CLASS [48, 49] and the cosmological sam-
pling code cobaya [50]. We apply the model to the latest
BAO measurements from DESI [16, 17] and CMB temper-
ature and polarization measurements from Planck, using the
low-✓ Commander likelihood [32] and the high-✓ CamSpec like-
lihood [39, 46] based on the final data release (PR4). In some
cases, we also include CMB lensing measurements based on
ACT DR6 [51–53] and Planck PR4 lensing maps [54]. Our
primary analysis is explicitly blind to the constraints from neu-
trino oscillations. In this case, we assume a degenerate mass
spectrum with #a = 3 species and <a,eff ⌘ <1 = <2 = <3.
We use a uniform prior, <a,eff 2 [�1.5, 1.5] eV. When we
perform a combined analysis of cosmological data and labora-
tory constraints, we adopt Gaussian likelihoods on �<2

21 and
|�<2

31 |, based on global fits to the experimental data [11], and
fix <1,<2,<3 in terms of �<2

21, |�<2
31 |, V, and <lightest, with

a uniform prior on <lightest 2 [0, 0.5] eV [55].
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trino oscillations,
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<a > 0.059 eV, significantly degrades

the DESI constraint to
Õ
<a < 0.113 eV (95%) [18]. This

dependence on a priori assumptions also calls into question
the

Õ
<a � 0 prior. Only by relaxing this constraint, can we

assess whether cosmological data are compatible with physical
neutrino masses, determine the sensitivity of the data indepen-
dently of the prior, and reveal the dependence of the central
value on the data and choice of cosmological model.

Previously, [45] extended the posterior distribution to neg-
ative values by fitting a Gaussian distribution to %(Õ<a).
In this way, the combination of Planck and SDSS BAO gaveÕ
<a = �0.026 ± 0.074 eV (68%). More recently, [44] ex-

tended the analysis to negative neutrino masses by expressing
the effect of neutrinos on the CMB in terms of �lens (

Õ
<a),

finding
Õ
<a = �0.16±0.09 eV (68%) from Planck, ACT, and

DESI BAO. However, neither approach can fully characterize
the effects of

Õ
<a < 0, such as the impact on the expansion

history, as probed by DESI, or capture parameter correlations
independently of �lens. In this work, we introduce a model that
extends the domain to negative masses in a complete and self-
consistent manner and examine the preference for

Õ
<a < 0.

II. NEGATIVE NEUTRINO MASSES

Formally, the Friedmann equations that govern the expan-
sion of space depend only on the neutrino masses squared, <2

8 ,
via expressions like

⌦a (0) =
#a’
8=1

8⌧)4
a

3c�2
0

π 1

0

G2
q
G2 + 02<2

8 /)2
a

1 + 4G
dG, (1)

where #a is the number of neutrino species, )a the present-
day neutrino temperature, and �0 the Hubble constant. Only
at late times, when the neutrinos become non-relativistic and
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a term dominates, does this expression reduce to

the well-known approximation
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93.14⌘2 . (2)

The strict dependence on <2
8 remains true at the perturba-

tion level. Hence, an alternative approach is needed to ex-
tend cosmological calculations to negative masses. The ef-
fect of Eq. (1) is to produce a greater radiation density while
neutrinos are relativistic and a greater matter density once
neutrinos become non-relativistic. Without attributing the
effect to neutrinos, a phenomenological term of the form,
⌦a,eff (0) = ^⌦a (0), would behave in the opposite way for
^ < 0, reducing the radiation density at early times and the
matter density at late times. To make contact with terrestrial
constraints, we could reinterpret such a term as an effective cos-

mological neutrino mass parameter,
Õ
<a,eff ⌘ 93.14⌘2 ⌦a,eff.

Rather than explicitly implementing a term like ⌦a,eff (0),
we accomplish the same with the following operational defini-
tion. For simplicity, we restrict to the case where all masses are
either positive or negative. For any cosmological observable
- , such as the CMB temperature power spectrum, - = ⇠TT

✓ ,

SH0ES

DESI + BBN

�1.5 �1 �0.5 0 0.5

65

70

75

80

Õ
<a,eff [ eV ]

�
0
⇥ km

s�
1

M
pc

�1
⇤

0.8

0.9

1

f8
NO
IO

FIG. 1. Constraints on the effective neutrino mass,
Õ
<a,eff, the

Hubble constant, �0, and the amplitude of matter fluctuations, f8,
from Planck temperature and polarization data [32, 39, 46], assuming
⇤CDM. The degeneracy between these parameters can be broken with
measurements of the expansion history. Shown are the ±1f bounds
from DESI BAO, combined with a Big Bang nucleosynthesis (BBN)
prior on ⌦b⌘

2 [16, 17], and the SH0ES measurement of �0 from
the local distance ladder [47]. The unphysical regime,

Õ
<a,eff < 0,

is grey and the dotted lines indicate the lower bounds from neutrino
oscillations for the normal ordering (NO) and inverted ordering (IO).

and a set of fixed parameters, ) = {lb,lc, \s, g, �B , =B}, we
define the prediction for the effective neutrino mass,

Õ
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as a first-order Taylor expansion around the massless case,
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where sgn is the sign function and -
|Õ<a,eff |
) is the prediction

for a cosmological model with positive neutrino masses |<8 |.
A key advantage of this approach is that one recovers exactly
the physical neutrino model for

Õ
<a,eff =

Õ
<a � 0. More-

over, by extrapolating in data space rather than in parameter
space, one need not assume a functional form for the marginal-
ized posterior distribution, nor make any assumptions about
parameter correlations. We implemented this model in the
Boltzmann code CLASS [48, 49] and the cosmological sam-
pling code cobaya [50]. We apply the model to the latest
BAO measurements from DESI [16, 17] and CMB temper-
ature and polarization measurements from Planck, using the
low-✓ Commander likelihood [32] and the high-✓ CamSpec like-
lihood [39, 46] based on the final data release (PR4). In some
cases, we also include CMB lensing measurements based on
ACT DR6 [51–53] and Planck PR4 lensing maps [54]. Our
primary analysis is explicitly blind to the constraints from neu-
trino oscillations. In this case, we assume a degenerate mass
spectrum with #a = 3 species and <a,eff ⌘ <1 = <2 = <3.
We use a uniform prior, <a,eff 2 [�1.5, 1.5] eV. When we
perform a combined analysis of cosmological data and labora-
tory constraints, we adopt Gaussian likelihoods on �<2

21 and
|�<2

31 |, based on global fits to the experimental data [11], and
fix <1,<2,<3 in terms of �<2

21, |�<2
31 |, V, and <lightest, with

a uniform prior on <lightest 2 [0, 0.5] eV [55].
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dependence on a priori assumptions also calls into question
the
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<a � 0 prior. Only by relaxing this constraint, can we

assess whether cosmological data are compatible with physical
neutrino masses, determine the sensitivity of the data indepen-
dently of the prior, and reveal the dependence of the central
value on the data and choice of cosmological model.

Previously, [45] extended the posterior distribution to neg-
ative values by fitting a Gaussian distribution to %(Õ<a).
In this way, the combination of Planck and SDSS BAO gaveÕ
<a = �0.026 ± 0.074 eV (68%). More recently, [44] ex-

tended the analysis to negative neutrino masses by expressing
the effect of neutrinos on the CMB in terms of �lens (
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finding
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DESI BAO. However, neither approach can fully characterize
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day neutrino temperature, and �0 the Hubble constant. Only
at late times, when the neutrinos become non-relativistic and
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a term dominates, does this expression reduce to

the well-known approximation

⌦a ⇡
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93.14⌘2 . (2)

The strict dependence on <2
8 remains true at the perturba-

tion level. Hence, an alternative approach is needed to ex-
tend cosmological calculations to negative masses. The ef-
fect of Eq. (1) is to produce a greater radiation density while
neutrinos are relativistic and a greater matter density once
neutrinos become non-relativistic. Without attributing the
effect to neutrinos, a phenomenological term of the form,
⌦a,eff (0) = ^⌦a (0), would behave in the opposite way for
^ < 0, reducing the radiation density at early times and the
matter density at late times. To make contact with terrestrial
constraints, we could reinterpret such a term as an effective cos-

mological neutrino mass parameter,
Õ
<a,eff ⌘ 93.14⌘2 ⌦a,eff.

Rather than explicitly implementing a term like ⌦a,eff (0),
we accomplish the same with the following operational defini-
tion. For simplicity, we restrict to the case where all masses are
either positive or negative. For any cosmological observable
- , such as the CMB temperature power spectrum, - = ⇠TT
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FIG. 1. Constraints on the effective neutrino mass,
Õ
<a,eff, the

Hubble constant, �0, and the amplitude of matter fluctuations, f8,
from Planck temperature and polarization data [32, 39, 46], assuming
⇤CDM. The degeneracy between these parameters can be broken with
measurements of the expansion history. Shown are the ±1f bounds
from DESI BAO, combined with a Big Bang nucleosynthesis (BBN)
prior on ⌦b⌘

2 [16, 17], and the SH0ES measurement of �0 from
the local distance ladder [47]. The unphysical regime,

Õ
<a,eff < 0,

is grey and the dotted lines indicate the lower bounds from neutrino
oscillations for the normal ordering (NO) and inverted ordering (IO).

and a set of fixed parameters, ) = {lb,lc, \s, g, �B , =B}, we
define the prediction for the effective neutrino mass,

Õ
<a,eff,

as a first-order Taylor expansion around the massless case,
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where sgn is the sign function and -
|Õ<a,eff |
) is the prediction

for a cosmological model with positive neutrino masses |<8 |.
A key advantage of this approach is that one recovers exactly
the physical neutrino model for

Õ
<a,eff =

Õ
<a � 0. More-

over, by extrapolating in data space rather than in parameter
space, one need not assume a functional form for the marginal-
ized posterior distribution, nor make any assumptions about
parameter correlations. We implemented this model in the
Boltzmann code CLASS [48, 49] and the cosmological sam-
pling code cobaya [50]. We apply the model to the latest
BAO measurements from DESI [16, 17] and CMB temper-
ature and polarization measurements from Planck, using the
low-✓ Commander likelihood [32] and the high-✓ CamSpec like-
lihood [39, 46] based on the final data release (PR4). In some
cases, we also include CMB lensing measurements based on
ACT DR6 [51–53] and Planck PR4 lensing maps [54]. Our
primary analysis is explicitly blind to the constraints from neu-
trino oscillations. In this case, we assume a degenerate mass
spectrum with #a = 3 species and <a,eff ⌘ <1 = <2 = <3.
We use a uniform prior, <a,eff 2 [�1.5, 1.5] eV. When we
perform a combined analysis of cosmological data and labora-
tory constraints, we adopt Gaussian likelihoods on �<2

21 and
|�<2

31 |, based on global fits to the experimental data [11], and
fix <1,<2,<3 in terms of �<2

21, |�<2
31 |, V, and <lightest, with

a uniform prior on <lightest 2 [0, 0.5] eV [55].
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Õ
<a),

finding
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fect of Eq. (1) is to produce a greater radiation density while
neutrinos are relativistic and a greater matter density once
neutrinos become non-relativistic. Without attributing the
effect to neutrinos, a phenomenological term of the form,
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^ < 0, reducing the radiation density at early times and the
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<a,eff ⌘ 93.14⌘2 ⌦a,eff.
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FIG. 1. Constraints on the effective neutrino mass,
Õ
<a,eff, the

Hubble constant, �0, and the amplitude of matter fluctuations, f8,
from Planck temperature and polarization data [32, 39, 46], assuming
⇤CDM. The degeneracy between these parameters can be broken with
measurements of the expansion history. Shown are the ±1f bounds
from DESI BAO, combined with a Big Bang nucleosynthesis (BBN)
prior on ⌦b⌘

2 [16, 17], and the SH0ES measurement of �0 from
the local distance ladder [47]. The unphysical regime,

Õ
<a,eff < 0,

is grey and the dotted lines indicate the lower bounds from neutrino
oscillations for the normal ordering (NO) and inverted ordering (IO).

and a set of fixed parameters, ) = {lb,lc, \s, g, �B , =B}, we
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where sgn is the sign function and -
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) is the prediction

for a cosmological model with positive neutrino masses |<8 |.
A key advantage of this approach is that one recovers exactly
the physical neutrino model for

Õ
<a,eff =
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<a � 0. More-

over, by extrapolating in data space rather than in parameter
space, one need not assume a functional form for the marginal-
ized posterior distribution, nor make any assumptions about
parameter correlations. We implemented this model in the
Boltzmann code CLASS [48, 49] and the cosmological sam-
pling code cobaya [50]. We apply the model to the latest
BAO measurements from DESI [16, 17] and CMB temper-
ature and polarization measurements from Planck, using the
low-✓ Commander likelihood [32] and the high-✓ CamSpec like-
lihood [39, 46] based on the final data release (PR4). In some
cases, we also include CMB lensing measurements based on
ACT DR6 [51–53] and Planck PR4 lensing maps [54]. Our
primary analysis is explicitly blind to the constraints from neu-
trino oscillations. In this case, we assume a degenerate mass
spectrum with #a = 3 species and <a,eff ⌘ <1 = <2 = <3.
We use a uniform prior, <a,eff 2 [�1.5, 1.5] eV. When we
perform a combined analysis of cosmological data and labora-
tory constraints, we adopt Gaussian likelihoods on �<2

21 and
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31 |, based on global fits to the experimental data [11], and
fix <1,<2,<3 in terms of �<2
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31 |, V, and <lightest, with

a uniform prior on <lightest 2 [0, 0.5] eV [55].
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Any model relaxing CMB/BAO tension also relaxes neutrino mass bound ! 

1. Add freedom in expansion history 

2. Add freedom in lensing effects in 2-point CMB 

3. Add freedom in     CMB peak scale relationθs ↔

DESI (Elbers et al.) 2503.14744 

How to relax the neutrino mass bound?
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FIG. 5. Constraints on the parameter combination H0rd and on the matter density, !m, both of which are measured to high
precision by DESI BAO, and on the sum of neutrino masses,

∑
mω , from the combination of DESI BAO and CMB data (both

for DR1 and the new DR2) and from CMB data alone. The contours represent the 68% and 95% probability regions. The
figure shows how the DESI preference for lower !m and higher H0rd, compared to the CMB, leads to upper limits on the sum
of neutrino masses that are stronger than expected from forecasts.

CMB data yields an upper limit of

DESI DR2 BAO + CMB:
∑

mω < 0.0642 eV (95%),
(15)

with a marginalized uncertainty of ω(
∑

mω) = 0.020 eV.
As will be discussed below, this is stronger than ex-
pected from forecasts [162, 163]. This constraint is ob-
tained using our baseline CMB dataset, which we refer
to simply as ‘CMB’ throughout the paper. This dataset
includes both CMB lensing reconstruction from Planck
PR4 and ACT [54–56], the low-ε SimAll and Commander

likelihoods [53] and the high-ε CamSpec likelihood [126].

The corresponding marginalized posterior distribution is
shown in Fig. 4, demonstrating the → 20% improvement
compared to DESI DR1 BAO.

The power of CMB and BAO measurements to con-
strain the sum of neutrino masses is illustrated by Fig. 5.
Within the !CDM model, there is a geometric degen-
eracy between CMB constraints on

∑
mω and the basic

parameters H0 and ”m, as each impact the cosmic ex-
pansion rate at late times, thereby changing the distance
to the surface of last scattering and shifting the angu-
lar size of CMB anisotropies. This degeneracy can be
broken with measurements of the BAO distance scale at
late times. The figure demonstrates that DESI DR1 BAO
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CMB data yields an upper limit of

DESI DR2 BAO + CMB:
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pected from forecasts [162, 163]. This constraint is ob-
tained using our baseline CMB dataset, which we refer
to simply as ‘CMB’ throughout the paper. This dataset
includes both CMB lensing reconstruction from Planck
PR4 and ACT [54–56], the low-ε SimAll and Commander

likelihoods [53] and the high-ε CamSpec likelihood [126].

The corresponding marginalized posterior distribution is
shown in Fig. 4, demonstrating the → 20% improvement
compared to DESI DR1 BAO.

The power of CMB and BAO measurements to con-
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Within the !CDM model, there is a geometric degen-
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pansion rate at late times, thereby changing the distance
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1. Add freedom in late expansion history: dynamical dark energy

• dynamical DE with e.g. CPL parametrisation: w(z) = w0 + wa z /(1 + z)
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FIG. 7. Constraints on
∑

mω from our baseline combination (DESI DR2 BAO with CMB) and with the addition of di!erent
SNe datasets, Pantheon+ [127, 128], Union3 [129] and DESY5 [130], for ”CDM (left) and w0waCDM (right). The impact of
the choice of SNe sample is significantly greater in w0waCDM, while the choice of CMB likelihood is more important in ”CDM.

As, and optical depth, ω . These di!erences, while impor-
tant in their own respect, do not appear to be directly re-
sponsible for the o!sets between the resulting constraints
on the summed neutrino mass.

One of the key di!erences in the three likelihoods, that
may be driving the subtle di!erences in neutrino mass,
are their reported measurements of Alens [178–180], a
phenomenological parameter that scales the amplitude of
the lensing potential. Original results from plik resulted
in values of Alens > 1 at greater than 2ε significance.
Subsequent analysis with CamSpec reduced this anomaly.
For L-H, the obtained values of Alens are slightly smaller
still and consistent with unity. The exact causes of the
lensing anomaly are complex and may be due to a com-
bination of choices in data processing and modeling.

In combination with DESI DR2 BAO, the plik and
CamSpec likelihoods from Planck provide similar con-
straints of

∑
mω < 0.0691 eV and

∑
mω < 0.0642 eV,

respectively. Although Alens is less discrepant from unity
in CamSpec than in plik, perhaps suggesting a relaxation
of the neutrino mass limit, CamSpec also uses more data
from Planck PR4 and provides tighter parameter con-
straints overall. For L-H, the upper limit is significantly
larger,

∑
mω < 0.0774 eV. The broader constraints from

L-H remain even when incorporating the squared mass
splittings for the normal or inverted mass orderings. See
Fig. 4 for a comparison of the 1D marginalized posterior
distributions when adopting the di!erent likelihoods.

E. Impact of SNe data

Within the ”CDM framework, we find that the influ-
ence of the three ensembles of Type Ia supernovae on

neutrino mass is significantly weaker than that of the
selected CMB likelihood, provided that BAO data are
included. In all cases, the constraints are slightly re-
laxed compared to the case without SNe, and accompa-
nied by higher values of #m and lower values of H0. For
our baseline CMB likelihood (CamSpec), Union3 gives the
strongest limit of

∑
mω < 0.0674 eV, while Pantheon+

gives
∑

mω < 0.0704 eV. DESY5 generally pushes the
constraints to larger values, yielding

∑
mω < 0.0744 eV.

However, within ”CDM, the o!sets between CMB like-
lihoods dominate (see Table II). In the absence of DESI
BAO, the impact of SNe is more significant [e.g. 157], but
our focus here is on the case with BAO included.

Once we move to a dynamical dark energy in the w0–
wa parameter space, the di!erences between the CMB
likelihoods are relatively smaller. For DESY5, we find
similar constraints of

∑
mω < 0.129 eV for plik and∑

mω < 0.133 eV for CamSpec, while for L-H the upper
limit is

∑
mω < 0.148 eV. On the other hand, changing

the SNe dataset produces considerably larger di!erences
in the constraints, as can be seen from Fig. 7. With Pan-
theon+, the upper limit is given by

∑
mω < 0.117 eV,

while this is
∑

mω < 0.139 eV with Union3 and
∑

mω <

0.129 eV for DESY5. These di!erences are driven by
their relative departures from ”CDM, which is largest
for Union3 and smallest for Pantheon+ (see Fig. 13 for
the case with e!ective neutrino masses) and their rel-
ative constraining power, which is similarly highest for
Pantheon+ and lowest for Union3. The departures from
”CDM can be related to shifts in #m compared to the
values preferred by BAO and CMB, when the respec-
tive dataset is analyzed in the ”CDM model [181]. All
three SNe samples are consistent with higher values of
#m, but they are not entirely independent. The high-
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tant in their own respect, do not appear to be directly re-
sponsible for the o!sets between the resulting constraints
on the summed neutrino mass.

One of the key di!erences in the three likelihoods, that
may be driving the subtle di!erences in neutrino mass,
are their reported measurements of Alens [178–180], a
phenomenological parameter that scales the amplitude of
the lensing potential. Original results from plik resulted
in values of Alens > 1 at greater than 2ε significance.
Subsequent analysis with CamSpec reduced this anomaly.
For L-H, the obtained values of Alens are slightly smaller
still and consistent with unity. The exact causes of the
lensing anomaly are complex and may be due to a com-
bination of choices in data processing and modeling.

In combination with DESI DR2 BAO, the plik and
CamSpec likelihoods from Planck provide similar con-
straints of

∑
mω < 0.0691 eV and

∑
mω < 0.0642 eV,

respectively. Although Alens is less discrepant from unity
in CamSpec than in plik, perhaps suggesting a relaxation
of the neutrino mass limit, CamSpec also uses more data
from Planck PR4 and provides tighter parameter con-
straints overall. For L-H, the upper limit is significantly
larger,

∑
mω < 0.0774 eV. The broader constraints from

L-H remain even when incorporating the squared mass
splittings for the normal or inverted mass orderings. See
Fig. 4 for a comparison of the 1D marginalized posterior
distributions when adopting the di!erent likelihoods.

E. Impact of SNe data

Within the ”CDM framework, we find that the influ-
ence of the three ensembles of Type Ia supernovae on

neutrino mass is significantly weaker than that of the
selected CMB likelihood, provided that BAO data are
included. In all cases, the constraints are slightly re-
laxed compared to the case without SNe, and accompa-
nied by higher values of #m and lower values of H0. For
our baseline CMB likelihood (CamSpec), Union3 gives the
strongest limit of
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mω < 0.0674 eV, while Pantheon+

gives
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mω < 0.0704 eV. DESY5 generally pushes the
constraints to larger values, yielding
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However, within ”CDM, the o!sets between CMB like-
lihoods dominate (see Table II). In the absence of DESI
BAO, the impact of SNe is more significant [e.g. 157], but
our focus here is on the case with BAO included.

Once we move to a dynamical dark energy in the w0–
wa parameter space, the di!erences between the CMB
likelihoods are relatively smaller. For DESY5, we find
similar constraints of
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mω < 0.129 eV for plik and∑
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0.129 eV for DESY5. These di!erences are driven by
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for Union3 and smallest for Pantheon+ (see Fig. 13 for
the case with e!ective neutrino masses) and their rel-
ative constraining power, which is similarly highest for
Pantheon+ and lowest for Union3. The departures from
”CDM can be related to shifts in #m compared to the
values preferred by BAO and CMB, when the respec-
tive dataset is analyzed in the ”CDM model [181]. All
three SNe samples are consistent with higher values of
#m, but they are not entirely independent. The high-

DESI (Elbers et al.) 2503.14744 

• 2 tensions solved (not Hubble) 

• plays well with SNIa (higher  possible) 

• theoretical issues (phantom DE, …)
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2. Add freedom in lensing effects in 2-point CMB

• Amplitude of primary CMB spectra given by  

• Degeneracy  only lifted by small-scale CMB polarisation: 

Measurement of reionisation optical depth   dominated by 

Planck 

• Amplitude of CMB lensing effects given approx. by   

•  degeneracy         Allison et al. 2005, Liu et al. 2005, Archidiacono et al. 2006, …

e−2τAs

τ ↔ As

τ = 0.054 ± 0.007

(1 − 8fν) As

τ ↔ Σmν
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2. Add freedom in lensing effects in 2-point CMB

Higher  

Higher  (from CMB), more CMB lensing 

 Higher  still compatible with observed CMB lensing (CMB 2-point)  

Intersection between BAO and CMB contours with higher  / lower  

Resolution of CMB/DESI and  tensions without dynamical DE 

(  also slightly larger: reduced tension)   

All 3 tensions removed/reduced with 

τ

As

Σmν

H0rd Ωm

Σmν

H0

τ ≃ 0.055 ⟶ ∼ 0.09

Sailer et al. 2504.16932, Jhaveri et al. 2504.21813, 2606.20795, 
Sullivan et al. 2606.30903 
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FIG. 5. Constraints on the parameter combination H0rd and on the matter density, !m, both of which are measured to high
precision by DESI BAO, and on the sum of neutrino masses,

∑
mω , from the combination of DESI BAO and CMB data (both

for DR1 and the new DR2) and from CMB data alone. The contours represent the 68% and 95% probability regions. The
figure shows how the DESI preference for lower !m and higher H0rd, compared to the CMB, leads to upper limits on the sum
of neutrino masses that are stronger than expected from forecasts.

CMB data yields an upper limit of

DESI DR2 BAO + CMB:
∑

mω < 0.0642 eV (95%),
(15)

with a marginalized uncertainty of ω(
∑

mω) = 0.020 eV.
As will be discussed below, this is stronger than ex-
pected from forecasts [162, 163]. This constraint is ob-
tained using our baseline CMB dataset, which we refer
to simply as ‘CMB’ throughout the paper. This dataset
includes both CMB lensing reconstruction from Planck
PR4 and ACT [54–56], the low-ε SimAll and Commander

likelihoods [53] and the high-ε CamSpec likelihood [126].

The corresponding marginalized posterior distribution is
shown in Fig. 4, demonstrating the → 20% improvement
compared to DESI DR1 BAO.

The power of CMB and BAO measurements to con-
strain the sum of neutrino masses is illustrated by Fig. 5.
Within the !CDM model, there is a geometric degen-
eracy between CMB constraints on

∑
mω and the basic

parameters H0 and ”m, as each impact the cosmic ex-
pansion rate at late times, thereby changing the distance
to the surface of last scattering and shifting the angu-
lar size of CMB anisotropies. This degeneracy can be
broken with measurements of the BAO distance scale at
late times. The figure demonstrates that DESI DR1 BAO
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Within the !CDM model, there is a geometric degen-
eracy between CMB constraints on

∑
mω and the basic

parameters H0 and ”m, as each impact the cosmic ex-
pansion rate at late times, thereby changing the distance
to the surface of last scattering and shifting the angu-
lar size of CMB anisotropies. This degeneracy can be
broken with measurements of the BAO distance scale at
late times. The figure demonstrates that DESI DR1 BAO

[Planck CamSpec + ACT DR6]

BAO BAO

CMB 
peak

CMB all 
(2-point+4-point)

CMB 
peak

Any model relaxing CMB/BAO tension also relaxes neutrino mass bound ! 

1. Add freedom in expansion history 

2. Add freedom in lensing efects in 2-point CMB 

3. Add freedom in     CMB peak scale relationνs Σ
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2. Add freedom in lensing effects in 2-point CMB

• PROS:  
• Solve / reduce 3 tensions without new physics. 

• Low  (68%) only from Planck. 

• High  compatible with WMAP:  (68%) 

•  measurement by Planck difficult due to foregrounds. 

• CONS: 

• Planck / WMAP posteriors compatible ( ), 

much higher S/N in Planck. 
• Not so many polarised foregrounds on large 

angular scales (thermal dust). 

• Previous tensions reformulated as a new   “tension on ”  

• Still ~1.5-2  with high  from SNIa [may worsen when adding weak lensing]

τ = 0.054 ± 0.007
τ τ = 0.089 ± 0.014

τ

∼ 2σ

∼ 5σ τ
σ Ωm

Planck Collaboration: The cosmological legacy of Planck
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Fig. 4. Frequency dependence of the main components of the submillimetre sky in temperature (left) and polarization (right; shown
as P =

p
Q2 + U2). The (vertical) grey bands show the Planck channels, with the coloured bands indicating the major signal and

foreground components. For temperature the components are smoothed to 1� and the widths of the bands show the range for masks
with 81–93 % sky coverage. For polarization the smoothing is 400 and the range is 73–93 %. For steep spectra, the rms shown here
is dominated by the largest angular scales. But as shown by Fig. 5, on much smaller angular scales in regions far form the Galactic
plane, the foreground signals fall far below the cosmological signal (except at the lowest `, in polarization).

0 500 1000 1500 2000 2500
ℓ

D
ℓ

[µ
K

2
]

Model
∑

FG

cib

sz

ps

dust TT

CMB

∆ Noise

Data

143 × 143

0 500 1000 1500 2000
ℓ

D
ℓ

[µ
K

2
]

Model
∑

FG

dust EE

CMB

∆ Noise Data

143 × 143

Fig. 5. Angular scale dependence of the main components of the submillimetre sky at 143 GHz in temperature (left) and E-type
polarization (right). These power spectra, D` = `(` + 1) C`/(2⇡), give approximately the contribution per logarithmic interval to
the variance of the sky fluctuations. They are computed within the sky regions retained for the cosmological analysis (57 % of the
143 GHz sky for the temperature and 50 % for polarization, in order to mask the resolved point sources and decrease the Galactic
contributions). The grey dots are the values at individual multipoles, and the large black circles with error bars give their averages
and dispersions in bands. The data (corrected for systematic e↵ects) are very well fit by a model (cyan curves) that is largely
dominated by the CMB fluctuation spectra (light blue curves, mostly inside the model), with a superposition of foreground emission
(orange curves) dominated by dust at large scales (red curve), together with a noise contribution (dotted line). We note, however,
that foreground emission actually dominates the “reionization bump” at the lowest polarization multipoles. The grey shaded area
shows the area in temperature which is not used for cosmology.

Planck detects many types of di↵use foregrounds, which
must be modelled or removed in order to study the primary CMB
anisotropies. The separation of the di↵use emission into com-
ponent maps is described in Planck Collaboration IX (2016).
At frequencies below 50 GHz, the total intensity is dominated
by free-free (bremsstrahlung from electron-ion collisions), syn-

chrotron, and spinning dust emission, while polarization is
dominated by synchrotron emission from relativistic cosmic
ray electrons spiralling in the Galactic magnetic field (e.g.,
Planck Collaboration XXV 2016). At higher frequencies (above
100 GHz) the total intensity is dominated by thermal dust emis-
sion from our Galaxy (extending to high Galactic latitudes and

11
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2. Add freedom in lensing effects in 2-point CMB

• High-  solutions might be compatible with astrophysics:  

• Lyman-  in quasar spectra: reionisation ends around  

• patchy kinetic SZ effect: most Universe reionised very quickly 

• Compatible with  assuming 

Pop III.1 star flash-ionisation 

followed by inhibition and cooling 

• Model also explains early SMBH 

• Requires BSM physics: early mini-halos with heating by DM annihilation

τ

α z ≃ 6.5

τ ∼ 0.09

3

The defining feature of the Pop III.1 flash-ionization
framework is its self-regulation. Regions with enhanced
ionization inhibit further Pop III.1 star formation by cat-
alyzing H2 and HD formation, which promotes cooling
and fragmentation in metal-free halos. These regions
form significantly less massive and less luminous Pop
III.2 stars (T. H. Greif & V. Bromm 2006) (see also A.
Loeb & S. R. Furlanetto 2013, Ch. 5.3). Therefore, the
feedback radius sets the abundance of ionizing sources
and SMBHs. The cosmological impact of Pop III.1 flash
ionization can be e!ectively parameterized by the isola-
tion distance diso (N. Banik et al. 2019; J. Singh et al.
2023; V. Cammelli et al. 2025). More recently, M. A.
Petkova et al. (2026) presented a version of the model in
which self-regulated feedback from Pop III.1 stars yields
a fiducial SMBH abundance of nSMBH → 0.1 cMpc→3.

By regulating the growth and merging of ionized re-
gions, the Pop III.1 framework may suppress the fluctua-
tions in the ionized momentum that source pkSZ power
on observationally relevant scales, ω → 3000. During
cosmic dawn these poles correspond to length scales of
→ 20 cMpc, much larger than the diso scale. We investi-
gate this possibility as follows. §2 describes the evolution
of the globally averaged ionization fraction in the flash
ionization scenario. §3 describes simulation setup and
source seeding prescriptions used to explore clustering
and isolation e!ects. Results are discussed in §4, and
we conclude in §5. We adopt a flat !CDM cosmology
with parameters as follows: h = 0.68, ”m = 0.305,
”! = 0.695, ”b = 0.048, ε8 = 0.82, and ns = 0.9667.

2. POP III.1 FLASH IONIZATION MODEL
We adopt a flash ionization history from J. C. Tan

(2025); J. C. Tan & E. Komatsu (2025) and combine
it with a baseline Pop II only reionization model. The
ionization fraction during the Pop III.1 flash is modeled
as a linear function of cosmic time t, while the subsequent
recombination phase is modeled as an exponential decay

x̄III.1(z) =





x̄max

t→ton
tflash→ton

zon ↑ z > zflash

x̄max exp
(
↓ t→tflash

trec

)
zflash ↑ z > zo!

.

(1)

where x̄max is the maximum ionization fraction at zflash,
zon and zo! describe the duration of Pop III.1 phase (see
§3.1), and the modified recombination time scale trec is

trec ↔ 55Myr
(
1 + zflash

21

)→3

, (2)

assuming an IGM clumping factor of 3. This factor ap-
proximates the e!ect of gas cooling via Thomson scatter-
ing over CMB photons and Hubble expansion in the post-
flash period. At lower redshifts, reionization is driven by
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Figure 1. Model ionization histories used in our amber

runs. Top: globally averaged, mass-weighted free electron
fraction, defined to be unity when Hydrogen and Helium
are fully ionized. We assume that Helium is singly ionized
for z > 3 and doubly ionized for z → 3. The green region
denotes required end of reionization from the Lyω forest.
Bottom: Corresponding cumulative CMB optical depths.

Pop II stars residing in galaxies. We adopt a baseline
history x̄gal(z) parameterized by midpoint zmid = 7.17,
duration #z = 5.8, and asymmetry Az = 3.0, imple-
mented using the Weibull form of H. Trac et al. (2022).
This baseline is consistent with both Lyϑ forest and pkSZ
constraints (C. Cain et al. 2025).

Because the two ionization episodes are separated by
significant cosmic time, we may model the full reioniza-
tion history as

x̄e(z) = max [x̄gal(z), x̄III.1(z)] . (3)

The gas nearly recombines by the end of the Pop III.1
phase (z ↭ zo!) so that the subsequent galaxy-driven
phase is mostly independent of the flash. Figure 1 shows
the reionization histories used in this work and their
corresponding optical depths.

Aggarwal et al. 2606.19459 
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3. Change   CMB peak scale relationθs ↔

• CMB observations constrain  

• Relation   inferred from fitting full spectra to data 

•  gives geometrical constraint complementary to BAO 

• Relation  independent of CDM parameters 

• With additional dark radiation, neutrino drag effect:      
                    Bashinsky & Seljak astro-ph/0310198; JL et al, Neutrino Cosmology, CUP 2013 
• Tiny effect, but relevant for CMB (not BAO: error bars on )

lpeak
n

lpeak
n ↔ θs

θs = rs/ra(zdec)

lpeak
n ↔ θs Λ

lpeak
n ↔ θs + δθ(ΔNeff)

θs
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DESI (Elbers et al.) 2503.14744 

How to relax the neutrino mass bound?
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FIG. 5. Constraints on the parameter combination H0rd and on the matter density, !m, both of which are measured to high
precision by DESI BAO, and on the sum of neutrino masses,

∑
mω , from the combination of DESI BAO and CMB data (both

for DR1 and the new DR2) and from CMB data alone. The contours represent the 68% and 95% probability regions. The
figure shows how the DESI preference for lower !m and higher H0rd, compared to the CMB, leads to upper limits on the sum
of neutrino masses that are stronger than expected from forecasts.

CMB data yields an upper limit of

DESI DR2 BAO + CMB:
∑

mω < 0.0642 eV (95%),
(15)

with a marginalized uncertainty of ω(
∑

mω) = 0.020 eV.
As will be discussed below, this is stronger than ex-
pected from forecasts [162, 163]. This constraint is ob-
tained using our baseline CMB dataset, which we refer
to simply as ‘CMB’ throughout the paper. This dataset
includes both CMB lensing reconstruction from Planck
PR4 and ACT [54–56], the low-ε SimAll and Commander

likelihoods [53] and the high-ε CamSpec likelihood [126].

The corresponding marginalized posterior distribution is
shown in Fig. 4, demonstrating the → 20% improvement
compared to DESI DR1 BAO.

The power of CMB and BAO measurements to con-
strain the sum of neutrino masses is illustrated by Fig. 5.
Within the !CDM model, there is a geometric degen-
eracy between CMB constraints on

∑
mω and the basic

parameters H0 and ”m, as each impact the cosmic ex-
pansion rate at late times, thereby changing the distance
to the surface of last scattering and shifting the angu-
lar size of CMB anisotropies. This degeneracy can be
broken with measurements of the BAO distance scale at
late times. The figure demonstrates that DESI DR1 BAO

12

9500 10000

H0rd [ km s�1 ]

0.1

0.2

0.3

P
m

�
[e

V
]

0.30

0.35

�
m

0.30 0.35

�m

0.1 0.2 0.3
P

m� [ eV ]

CMB

DESI DR2 BAO

DESI DR1 BAO + CMB

DESI DR2 BAO + CMB (Baseline)

FIG. 5. Constraints on the parameter combination H0rd and on the matter density, !m, both of which are measured to high
precision by DESI BAO, and on the sum of neutrino masses,

∑
mω , from the combination of DESI BAO and CMB data (both

for DR1 and the new DR2) and from CMB data alone. The contours represent the 68% and 95% probability regions. The
figure shows how the DESI preference for lower !m and higher H0rd, compared to the CMB, leads to upper limits on the sum
of neutrino masses that are stronger than expected from forecasts.

CMB data yields an upper limit of

DESI DR2 BAO + CMB:
∑

mω < 0.0642 eV (95%),
(15)

with a marginalized uncertainty of ω(
∑

mω) = 0.020 eV.
As will be discussed below, this is stronger than ex-
pected from forecasts [162, 163]. This constraint is ob-
tained using our baseline CMB dataset, which we refer
to simply as ‘CMB’ throughout the paper. This dataset
includes both CMB lensing reconstruction from Planck
PR4 and ACT [54–56], the low-ε SimAll and Commander

likelihoods [53] and the high-ε CamSpec likelihood [126].

The corresponding marginalized posterior distribution is
shown in Fig. 4, demonstrating the → 20% improvement
compared to DESI DR1 BAO.

The power of CMB and BAO measurements to con-
strain the sum of neutrino masses is illustrated by Fig. 5.
Within the !CDM model, there is a geometric degen-
eracy between CMB constraints on

∑
mω and the basic

parameters H0 and ”m, as each impact the cosmic ex-
pansion rate at late times, thereby changing the distance
to the surface of last scattering and shifting the angu-
lar size of CMB anisotropies. This degeneracy can be
broken with measurements of the BAO distance scale at
late times. The figure demonstrates that DESI DR1 BAO
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Any model relaxing CMB/BAO tension also relaxes neutrino mass bound ! 

1. Add freedom in expansion history 

2. Add freedom in lensing efects in 2-point CMB 

3. Add freedom in     CMB peak scale relationνs Σ
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3. Change   CMB peak scale relationθs ↔

•  can solve CMB/BAO tension and reduce Hubble tension 

• Strong upper bounds from BBN and CMB full shape (damping tail) 

•  may increase after BBN (entropy release in dark sector) 

• Free-streaming DR disfavoured by CMB, self-interacting DR less constrained 

Example: sterile neutrino with secret interactions (mediated by pseudo-scalar) 

• Interaction  with  

• Non-trivial evolution of sterile neutrino + scalar fluid 
•  increasing after BBN,  
• self-interacting before decoupling,  
• annihilation into massless pseudo-scalar in recent universe. 

ΔNeff > 0

ΔNeff

ℒ ∼ ϕ ν̄4 γ5 ν4 mϕ ≃ 0, mν4
∼ eV

ΔNeff
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3. Change   CMB peak scale relationθs ↔

•  can solve CMB/BAO tension and reduce Hubble tension 

• Strong upper bounds from BBN and CMB full shape (damping tail) 

•  may increase after BBN (entropy release in dark sector) 

• Free-streaming DR disfavoured by CMB, self-interacting DR less constrained 

Example: sterile neutrino with secret interactions (mediated by pseudo-scalar) 

• Interaction  with  

• Non-trivial evolution of sterile neutrino + scalar fluid 
•  production through oscillations, suppressed by interactions: , 
•  recouple well before recombination: self-interacting DR,  
• annihilation  just before recombination :  increases.

ΔNeff > 0

ΔNeff

ℒ ∼ ϕ ν̄4 γ5 ν4 mϕ ≃ 0, mν4
∼ eV

ν4 ΔNeff < 1
ν4 + ϕ

ν4 ν̄4 → ϕ (mν4
∼ T ) ΔNeff

Archidiacono et al. astro-ph/1404.5915
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3. Change   CMB peak scale relationθs ↔

Recoupled Dark Radiation  Sharma, Archidiacono, JL 2605.18716  

• CMB/BAO tension solved, no need for dynamical DE 

• Neutrino tension solved:  eV (95%, Planck+SPT+DESI-DR2) 

• Hubble tension reduced:  (Planck+SPT+DESI-DR2) 

• Small decrease in : not favoured by SNIa, but insignificant (stays at )

Σmν < 0.10

6σ ⟶ 2.4σ

Ωm ∼ 2σ
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FIG. 3. 68% and 95% marginalised constraints on !m and
H0 rd in ”CDM (blue filled contours for CMB only, grey filled
contours for DESI DR2 BAO only) and in the pseudoscalar
model (orange empty contours for CMB only, red empty con-
tours for CMB + DESI DR2 BAO).
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FIG. 4. Bestfit prediction of the isotropic BAO distance
(DV /rd) in the pseudoscalar model (dashed orange line for
CMB only, dot-dashed green line for CMB+DESI DR2 BAO)
compared to DESI DR2 BAO measurements [1]. All data
points and predictions are normalised to the CMB best-
fit in ”CDM. In all models the neutrino mass is fixed to∑

mω = 0.06 eV.

keeping the neutrino mass fixed at the minimum value al-
lowed by oscillations experiments,

∑
mω = 0.06 eV (see

Fig. 4). Thus, if the summed active neutrino mass was
varied, the data would not push it to tiny (or even ‘neg-
ative’) values. When DESI DR2 BAO data are included,
the analysis yields a preference for a nonzero interact-
ing sterile neutrino component, Nωs,ε = 0.253 ± 0.094,
with a mass only constrained to mωs = 5.8 ± 2.2 eV
within our prior range. The Hubble parameter is now
H0 = 70.01 ± 0.74 km/s/Mpc, reducing the SH0ES ten-
sion to 2.4ω. As expected from Fig. 3 and 4, the fractional
matter density further decreases to !m = 0.2991±0.0037,
and the overall fit improves substantially relative to

”CDM, #ε
2 = →8.98. If we vary the summed active

neutrino mass, we obtained
∑

mω < 0.10 eV at 95% CL,
consistent with oscillation experiments (see Fig. 6 in the
Appendix). Finally, we checked that adding Type Ia su-
pernovae data from Pantheon+ [77] does not alter our
results.

DISCUSSION AND CONCLUSIONS

In this work, we have shown that a recoupled inter-
acting radiation component can reconcile current CMB
and DESI BAO measurements while removing the appar-
ent cosmological preference for a tiny (if not ‘negative’)
summed neutrino mass.

In the specific realization considered here, sterile neu-
trinos interacting through a light pseudoscalar mediator
provide an excellent fit to current CMB and BAO data
and reduce the Hubble tension to the 2.4ω level. The
success of the model originates from a distinctive cosmo-
logical evolution. After recoupling, the sterile neutrino
plus pseudoscalar system behaves as a tightly coupled
fluid rather than as free-streaming radiation, modifying
the CMB acoustic structure. Subsequently, sterile neu-
trinos annihilate into pseudoscalars, preventing the late-
time suppression of structure characteristic of light relics.
This combination naturally improves the consistency be-
tween CMB and DESI BAO measurements, and removes
the apparent conflict between cosmological data and the
lower bound on neutrino masses implied by oscillation
experiments.

The viability of the pseudoscalar model should be fur-
ther tested using DESI full shape measurements [78] and
forthcoming large scale structure data, which we leave
for future work.

Finally, although the framework considered here is mo-
tivated by sterile neutrinos, the results are more general.
Any new light particle that recouples through a light
mediator around recombination and subsequently anni-
hilates into the mediator could generate a similar phe-
nomenology, alleviating the discrepancy between CMB
and DESI BAO, the neutrino mass problem, and the
Hubble tension.
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CMB CMB+DESI DR2 BAO

Parameter !CDM Pseudo-Scalar !CDM Pseudo-Scalar

H0 [km/s/Mpc] 67.37 ± 0.37 69.2 ± 1.1 68.12 ± 0.26 70.01 ± 0.74

!bh
2 0.02220 ± 0.00011 0.02231 ± 0.00013 0.02229 ± 0.00010 0.02237 ± 0.00012

!ch
2 0.11954 ± 0.00086 0.1230 ± 0.0022 0.11785 ± 0.00059 0.1236 ± 0.0022

ln(1010
As) 3.054 ± 0.011 3.059 ± 0.011 3.066 ± 0.012 3.063 ± 0.011

ns 0.9647 ± 0.0035 0.9720 ± 0.0060 0.9688 ± 0.0032 0.9762 ± 0.0049

ωreio 0.0595 ± 0.0057 0.0609 ± 0.0061 0.0664 ± 0.0065 0.0632 ± 0.0061

Nωs,ε → < 0.40 → 0.252 ± 0.093

mωs → n.c. → > 2

”m 0.3139 ± 0.0051 0.3050 ± 0.0070 0.3033 ± 0.0034 0.2991 ± 0.0037

rdrag 147.41 ± 0.20 145.2 ± 1.3 147.76 ± 0.17 144.7 ± 1.1

ω8 0.8171 ± 0.0038 0.8247 ± 0.0066 0.8169 ± 0.0040 0.8279 ± 0.0065

S8 0.8358+0.0074
→0.0081 0.8315 ± 0.0086 0.8214 ± 0.0058 0.8266+0.0067

→0.0070

ε
2

min 11853.3 11850.44 11870.68 11861.7

TABLE I. Mean values and 68% credible intervals for the cosmological parameters and for selected derived parameters in
!CDM and in the pseudoscalar model, obtained either with the baseline CMB dataset alone or in combination with DESI DR2
BAO. We also report the minimum ε

2 values at the best fit.
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FIG. 6. 1D posterior on the sum of active neutrino masses in
the pseudoscalar model (solid black line) and in !CDM (solid
red line) obtained by fitting CMB+DESI DR2 BAO data.
The dashed grey vertical lines show the minimum

∑
mω in

normal (pink shade) and in inverted (blue shade) ordering

EQUILIBRATION

After recoupling between sterile neutrinos and pseu-
doscalars, oscillations and collisions may in principle
equilibrate sterile and active neutrinos [80–82]. However,
for g → 3 ↑ 10→6 the e!ective interaction rate ”e! =
1
2 sin2(2ωm)”s exceeds the expansion rate at T ↭ 10 eV,
close to the onset of sterile neutrino annihilations. As
a results, complete equilibration is never achieved. Al-
though flavour conversion becomes e#cient at late times,
sterile neutrinos simultaneously become nonrelativistic
and annihilate into pseudoscalars, preventing the estab-

lishment of a common thermal bath. Nevertheless, here
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FIG. 7. Marginalised 68% and 95% contours and 1D posteri-
ors for Nωs,ε, mωs , and fint obtained by fitting CMB alone in
the pseudoscalar model, with (red) and without (blue) partial
equilibratio.

we investigate the impact of a partial equilibration by
varying the fraction of Ne! behaving as a fluid with pseu-
doscalar interactions. We vary the total Ne! and the
fraction fint, defining Nωs,ε = fintNe! , while the free
streaming component is (1↓fint)Ne! . In this case we as-
sume that all neutrino species are massless. Using CMB
only data, we find Ne! = 3.20± 0.17 and fc < 0.12 (95%
CL). (see fig 7). This confirms that current CMB data

10

FIG. 6. 1D posterior (left panel) and profile likelihood (right panel) on the sum of active neutrino masses in the pseudoscalar
model (black lines) and in !CDM (red lines) obtained by fitting CMB+DESI DR2 BAO data. The vertical dashed grey lines
show the minimum

∑
mω in normal (pink shade) and in inverted (blue shade) ordering. In the right panel, we extended the

summed mass to e!ectively negative values by analytic extrapolation (as defined, e.g., in [5, 6]) and fitted a parabola through
the minimized ω

2 values.

altered by supernovae data. Type Ia supernova data tend to prefer a slightly larger value of !m than CMB+BAO data.
This is true for both ”CDM and our pseudoscalar model. With our baseline CMB+BAO dataset, the pseudoscalar
model prefers values of !m compatible with Pantheon+ [87] at the 1.9ω level (versus 1.7ω for ”CDM) and with Union3
[88] at the 2.2ω level (versus 2.0ω for ”CDM). For ”CDM, we find #ε

2
SNIa = 2.6 between the best fit to Pantheon+

data alone or to CMB+BAO+Pantheon+. For the pseudoscalar model, #ε
2
SNIa = 3.4 is only slightly larger. Thus, the

level of compatibility between CMB+BAO and supernova data is reasonnable and roughly the same in the ”CDM and
pseudoscalar models. When fitting our baseline CMB+BAO data, the preferred values of !m are slightly smaller in
the pseudoscalar model than in the ”CDM case, but given the relatively large error bar of supernovae data, this does
not penalize the pseudoscalar model in a significant way. We also show in Fig. 7 shows that adding either Pantheon+
or Union3 data to our baseline dataset has a negligible impact on the posteriors of the pseudoscalar parameters, as
well as on !m and H0rd. Thus, our conclusions are not altered by the inclusion of supernovae data.

INCLUDING ACT DR6

We did not incorporate ACT DR6 primary anisotropies in our dataset because of a known → 3ω tension between
the ACT DR6 and SPT+DESI data sets in models with varying Ne! . For instance, in the ”CDM+Ne! case, the
ACT DR6 likelihood gives Ne! = 2.60+0.21

→0.29, while SPT-3G+DESI-DR2 gives Ne! = 3.53 ± 0.23, corresponding to a
3.0ω tension.

If the ACT DR6 likelihood was correct and the tension arose from unaccounted systematics in other data sets, our
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2 does
not improve relative to ”CDM, #ε

2 = ↑0.01. The possibility to solve the Hubble tension is also reduced, since in the
pseudoscalar model we get H0 = 68.23 ± 0.56, while with the same data the ”CDM model gives H0 = 67.73 ± 0.37.
Our findings are consistent with the ACT DR6 analysis showing a preference for Ne! < 3.044 [42].

The preference of ACT DR6 for Ne! < 3.044 is usually attributed to the high-ϑ temperature and polarisation spectra
not falling as quickly as in other CMB measurements, see, e.g., Figures 41 and 42 in [94]. This di$erence is not yet
understood. There are some speculations regarding the di$erent treatment of foregrounds and/or polarized beam
uncertainties across di$erent experiments. It is interesting to note that the reanalysis of Planck, ACT and SPT data
with a unified foreground model presented in [95] yields a combined measurement Ne! = 3.031 ± 0.130 (statistical) ±
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• PROS:  

• Requires new physics to solve / reduce 3 tensions, but grounded on 

solid particle physics 

• Existence of light sterile neutrinos still debated after MiniBoone.        

New experiment under discussion.                     Diaz et al. 1906.00045 

• CONS: 

• Works well with Planck+SPT, not Planck+SPT+ACT  

• ACT: stronger bound on  (68%, Planck+ACT)  

• Recoupled DR model requires 

Neff = 2.73 ± 0.14

Neff ∼ 3.1 − 3.2
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73

Figure 41. Ratio of the ACT and Planck temperature and E-mode power spectra with respect to the best-fit models from Planck
(Table 2 of Planck Collaboration (2020d), TT,TE,EE + lowE), ACT, and the combined Planck+ACT (P-ACT) analysis. We do
not plot temperature data above ω = 2000 due to the strong bin-to-bin correlations introduced by the foreground marginalization
(see Figure 34). Planck and ACT exhibit good agreement on overlapping scales. However, the Planck best fit, when extrapolated
to small scales, mildly underestimates the small-scale power measured by ACT, while the ACT best fit, when extrapolated to
large scales, underestimates the large-scale power measured by Planck. In contrast, the P-ACT best-fit model is a good fit to
both datasets across all scales.

ACT (Louis et al.) 2503.14452
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Appendix D: Extensions

Fig. D.1: Posterior distributions for AL (left), Σmω (center), and Neff (right) using Planck, ACT, or SPT, and their combination. The
dashed lines on the left plot represent the posterior distribution with a prior on the reionisation optical depth, ε = N(0.057, 0.006).

D.1. Amplitude of the gravitational lensing, AL

We vary AL for the three CMB datasets and derived the corresponding marginal posteriors, shown in Fig. D.1. For all datasets,
the recovered values of AL are consistent with unity, indicating that the smoothing of the acoustic peaks in the CMB spectra is
compatible with ΛCDM expectations:

AL = 1.042 ± 0.052 (Planck)
AL = 0.881 ± 0.175 (ACT)
AL = 0.833 ± 0.174 (SPT)

For Planck, the result is fully consistent with T24, which report AL = 1.039 ± 0.052. The uncertainties for ACT and SPT are larger,20
primarily due to the degeneracy with As and ε, which remains unresolved without additional constraints on the reionisation optical
depth. When a prior on ε is applied, ε = N(0.057, 0.006), we obtain AL = 1.027 ± 0.058 for ACT and AL = 0.961 ± 0.089 for SPT,
values that are closer to those reported in L25 and C25, respectively.

D.2. Sum of the neutrino masses, Σmω

Figure D.1 shows the posterior distributions for the sum of the neutrino masses, Σmω. No evidence for a non-zero neutrino mass is
found, and we report the following upper limits:

Σmω < 0.402 eV (95% CL, Planck)
Σmω < 1.120 eV (95% CL, ACT)
Σmω < 1.447 eV (95% CL, SPT)

D.3. Effective number of relativistic species, Neff25

Figure D.1 shows the posteriors for Planck, ACT, SPT, and their combination when we consider the Neff extension. The individual
datasets yield:

Neff = 3.20+0.21
→0.23 (Planck)

Neff = 2.45+0.17
→0.25 (ACT)

Neff = 3.23+0.32
→0.38 (SPT)

These results are consistent with those obtained in the original analyses, which quote Neff = 2.60+0.21
→0.29 for ACT (Calabrese et al.

2025), Neff = 3.17+0.29
→0.33 for SPT (C25), and Neff = 3.08 ± 0.17 for Planck PR4 (T24). In particular, we reproduce the tendency of

ACT to shift Neff toward low values.

D.4. Spatial curvature, ΩK

We find that CMB data are compatible with a flat Universe, with ΩK consistent with zero for all datasets:

ΩK = →0.015+0.011
→0.009 (Planck)

ΩK = →0.006+0.020
→0.016 (ACT)

ΩK = 0.003+0.019
→0.014 (SPT)
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Fig. 16: Posterior distributions for AL (left), Σmω (center), and Neff (right) combining Planck, ACT, and SPT, with varying fore-
ground templates as described in Sect. 7 (in grey), compared with the posteriors after marginalisation over the foreground models
(in red).

information provided by ACT and SPT, which are sensitive to
the modification of smoothing due to gravitational lensing in the
TT and EE power spectra.

8.3. Effective number of relativistic species, Neff

The effective number of relativistic species, Neff , parametrises
the total radiation energy density in the early Universe and is
sensitive to any additional light relics beyond the three active
neutrino species predicted by the standard model.

Figure 16 shows the posterior distributions for the combina-
tion of Planck, ACT, and SPT for the various foreground tem-
plates considered in this paper. Averaging over foreground mod-
els,

Neff = 3.031 ± 0.130 (stat) ± 0.045 (fg) (Planck+ACT+SPT).

This result is in excellent agreement with the standard model
expectation of Neff = 3.044 for three neutrino species under-
going non-instantaneous decoupling from the primordial plasma
(Froustey et al. 2020; Akita & Yamaguchi 2020).

This combined result is more precise than any individual
dataset and highlights the importance of both the improved
Planck PR4 data release and the use of a coherent joint likeli-
hood. In contrast, earlier analyses based on PR3 data and ob-
tained by only multiplying likelihoods reported lower values,
such as Neff = 2.81 ± 0.12 in C25 and Neff = 2.73 ± 0.14 in
Calabrese et al. (2025). With PR4 and the present methodology,
we no longer observe these apparent downward shifts: our re-
sult is fully consistent with the standard model expectation and
robust against the foreground modelling.

8.4. Spatial curvature, ΩK

The curvature parameter, ΩK , measures the deviation of the Uni-
verse from spatial flatness. Analyses based on Planck PR3 data
show a mild preference for a closed Universe (ΩK < 0), hinting
at a small but notable tension with the flat ΛCDM prediction.

Figure 17 shows the posterior for ΩK together with its ge-
ometric degeneracy with H0. As discussed in T24, with Planck

PR4, the tail of the 2D posterior in the H0–ΩK plane at low H0
and negative ΩK is significantly less preferred. Indeed, using the
combined CMB datasets, averaging over foreground models,

ΩK = →0.0132 +0.0066
→0.0056(stat) ± 0.0009(fg) (Planck+ACT+SPT).

The central value is fully compatible with that found in
Planck PR4 analyses and lower than the value inferred with PR3.
while the uncertainties are about a factor of two lower than in

Fig. 17: Posterior distributions for ΩK combining Planck, ACT,
and SPTdatasets, with varying foreground templates (in grey),
compared to the posteriors after marginalisation over the fore-
ground models (in red).

PR4 and three times lower than in PR3. As for PR4, and unlike
PR3, we do not find any significant evidence for non-zero spatial
curvature.

9. Conclusions

In this work, we constructed a CMB likelihood that combines
the latest data from Planck, ACT, and SPT within a single, co-
herent framework. We took particular care to implement a con-
sistent treatment of both foreground modelling and instrumental
systematics, to ensure that the different datasets can be robustly
analysed together. Compared to a simple multiplication of the
individual likelihoods, our approach explicitly enforces consis-
tency in the modelling assumptions and parametrisations across
experiments. This is essential for disentangling true cosmolog-
ical signals from experiment-specific systematics or foreground
treatments, and it allows us to quantify uncertainties in a uniform
way. Crucially, we can also then marginalise over the choice of
foreground templates, ensuring that the resulting cosmological
constraints reflect not only statistical precision but also the sys-
tematic uncertainty associated with different modelling assump-
tions.

Article number, page 11
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(But not so many: see, e.g., H0 world cup)

Schöneberg et al. 2607.13283
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To be taken with grain of salt: 

Based on arbitrary “Gaussian  prior” centred on 0.11 and of width 0.006…
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FIG. 1. Physical neutrino mass detection at 2ω: We
find evidence for neutrino mass in the high-ω Universe at 2ε
when varying the neutrino mass sum parameter

∑
mω (blue

solid). For comparison, we also show the very tight constraint
on

∑
mω from CMB+BAO data (gray dash-dotted) that fa-

vors zero neutrino mass. This evidence persists when using
CMB data from SPT-3G DR1 (red dotted) rather than our
fiducial ACT DR6 in combination with Planck, indicating its
robustness to choice of dataset and likelihood. We show gray
vertical dash-dotted and dotted lines to indicate the minimal
neutrino masses in the normal (NH) and inverted (IH) hier-
archies.

at ω→ = 0.11, with a width equal to that of the stan-
dard low-ε EE likelihood, 0.006. We refer to this as the
high-ω prior, or a high-ω Universe. Reassuringly, a direct
determination of ω from current cosmological datasets
(see Refs. [39, 40], Sec. 3.4) independently lands near
ω → 0.10↑ 0.11, corroborating this choice.

The high-ω prior has several remarkable consequences
(Fig. 1). First, and most importantly, it converts the
lensing-driven preference for “negative” neutrino mass
into a tentative detection of a positive, physical mass:
combining the CMB with DESI we infer

∑
mω =

0.10+0.04
↑0.05 eV (68% C.L.), nominally the first cosmolog-

ical detection of the neutrino mass at the 2ϑ level within
!CDM, while the unphysical “negative”-mass preference
disappears entirely. Second, the high-ω cosmology pre-
dicts low-redshift distances in excellent agreement with
the DESI BAO measurements, thereby eliminating any
need for dynamical dark energy to fit both datasets
jointly; this conclusion remains valid, albeit slightly less
significantly, when SNe data are included. Third, it raises
the CMB-inferred Hubble constant into better agreement
with the DESI full-shape value, reducing the Hubble ten-
sion from → 6ϑ to 4.4ϑ with the local Cepheid-calibrated
SNe measurements – a substantial reduction, though not
a resolution, since a further increase in ω does not appre-
ciably alleviate the tension; the resulting H0 is moreover
in no tension whatsoever with alternative local analy-
ses [21, 43].

Methodologically, our analysis complements and ex-

tends previous high-ω proposals [37, 39, 40, 42, 44] in
three ways: First, we study the shifts of all the standard
cosmological parameters as a function of ω , paying spe-
cial attention to H0 and its CMB-independent determi-
nations, including that from the DESI full-shape galaxy
power spectrum and bispectrum analyses. Second, build-
ing on [14], we investigate the lensing anomaly across
multiple CMB likelihoods and its relation to the “neg-
ative” neutrino masses. Third, we compare the impact
of uncalibrated supernovae – including the updated DES
Dovekie sample – on the high-ω scenario.
Taken together, these results paint a tantalizingly con-

sistent picture of our Universe across many indepen-
dent datasets, built solely on the idea of the validity
of the standard cosmological model. In the remainder
of this work we demonstrate explicitly how a Universe
more opaque than currently favored by large angular-
scale Planck polarization data can largely remove the
need for new physics beyond !CDM on cosmological
scales. We describe the specific precision cosmological
datasets that we use in Section 2, present our main re-
sults in Section 3, and comment on the significance of
these results and the outlook in Section 4.

2. DATA

We use the following precision cosmology datasets to
investigate the high-ω Universe:

• P+ACT + low EE: We perform a baseline analy-
sis with the SRoll2 [45]2 low-ε EE polarization like-
lihood included. For our fiducial high-ε TTTEEE

CMB dataset, we use the Planck 2018 (PR3) plik
+ ACT DR6 high-ε TTTEEE likelihoods where the
Planck data is cut at the low-ε multipoles where
ACT does not have measurements [46]. We also
use the low-ε TT Commander likelihood [45]. We
use the ACT DR6 + Planck PR4 combined lens-
ing likelihood [47–49]3. This is very similar to the
P-ACT-L analysis of Ref. [46].

• P+ACT - low EE + high-ω : When consider-
ing the high-ω scenario, we use a ω = 0.11 ± 0.006
Gaussian prior and remove the low-ε EE polariza-
tion likelihood. All other choices are the same
as in “P+ACT + low EE”, above (using Planck

plik+ACT) unless otherwise specified.

• BAO: We use the most recent DESI DR2 BAO
distance measurements [11].

2 When including low-ω EE, we always use the SRoll2 likelihood.
Given the modest shifts in, e.g., Ref. [40], considering an alter-
nate low-ω EE likelihood for Planck data is unlikely to a!ect our
results.

3 We use the actplanck baseline variant.


