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PRECISION NEUTRINO PHYSICS
AND COSMOLOGY

PHYSICAL REVIEW D 111, 093006 (2025)

Neutrino masses and mixing: Entering the era of subpercent precision

Francesco Capozzi ' William Giarg®,’ Eligio Lisi ,* Antonio Marrone®,>*

Alessandro Melchiorri ,6’7 and Antonio Palazzo®>*

® (Received 12 March 2025; accepted 21 April 2025; published 19 May 2025)

We perform an updated global analysis of the known and unknown parameters of the standard three-
neutrino (3v) framework, using data available at the beginning of 2025. The known oscillation parameters

include three mixing angles (6,,, 8,3, 6,3) and two squared mass gaps, chosen as m?> = m3 —m? > 0 and

Am?* = m3 — 1 (m] + m3), where the discrete parameter a = sign(Am?) distinguishes normal ordering
(NO, a = +1) from inverted ordering (I0, a = —1). With respect to our previous 2021 update, the
combination of accelerator, reactor, and atmospheric neutrino data leads to appreciably reduced
uncertainties for 6,3, 6,3, and |Am2|. In particular, |Am2| is the first 3v parameter to enter the domain
of subpercent precision (0.8% at 16). We underline some issues about common systematics in combined
fits that might affect (and possibly weaken) this error estimate. Concerning oscillation unknowns, we find a
relatively weak preference for NO versus IO (at 2.26), for CP violation versus conservation in NO (1.30),
and for the first 6,5 octant versus the second in NO (1.16). We discuss the current status and qualitative
prospects of the mass ordering hint in the plane charted by the mass parameters (§m?, Am2,), where
Am?, = |Am?| + ja(cos?@,, — sin?0,)6m?, to be jointly measured by the JUNO experiment with
subpercent precision. We also discuss upper bounds on nonoscillation observables, including the effective
v, mass mg in § decay, the effective Majorana mass mgg in Ovff decay, and the sum of neutrino masses X in

cosmology. We adopt m; < 0.50 eV (2¢) from current H data and report mpgz < 0.086 eV (20) from a

combined "°Ge, ’°Te, and '*°Xe data analysis, accounting for parametrized nuclear matrix element
covariances. Concerning X, current results show tensions within the standard A cold dark matter (ACDM)
cosmological model, pulling X toward unphysical values and suggesting possible model extensions. We
discuss representative combinations of data, with or without augmenting the ACDM model with extra
parameters accounting for possible systematics (lensing anomaly) or new physics (dynamical dark energy).
The resulting 26 upper limits are roughly spread around the bound £ < 0.2 eV within a factor of 3 (both
up- and downward), with different implications for NO and IO scenarios. Bounds from oscillation and
nonoscillation data are also discussed in the planes charted by pairs of (mg, mgg, X) parameters.

DOI: 10.1103/PhysRevD.111.093006

- Sub-percent Neutrino Physics and Cosmology
(the latter made possible by Planck, ACT, DESI, and many other surveys)
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NEUTRINO COSMOLOGY

TOTAL NEUTRINO MASS AND ORDERING

Neutrino oscillations measured by terrestrial experiments indicate that at least two normal hierarchy (NH)
neutrinos are massive: m2 A
— V3
- Atmospheric splitting: |Am321 | = |m32 — m12| ~2.55 % 1073 eV?
T 2 _ 2 2 —5 _\,2
- Solar splitting: Am; | = my —m; ~7.5X 107 eV A2

atm

Since the sign of | Am321 | is unknown, two mass orderings are possible:
A777’301

1) Normal Ordering (m; < m, < my) —

2) Inverted Ordering (m; < my < m, )

Credit: Figure taken from S. Vagnozzi — Weight them all!
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NEUTRINO COSMOLOGY

TOTAL NEUTRINO MASS AND ORDERING

Neutrino oscillations measured by terrestrial experiments indicate that at least two
neutrinos are massive:

- Atmospheric splitting: |Am321 | = |m32 — m12| ~2.55 % 1073 eV?

_ Solar splitting: Am221 = m22 - m12 ~ 7.5 % 107> eV?
Since the sign of | Am321 | is unknown, two mass orderings are possible:
1) Normal Ordering (m; < m, < m;)

2) Inverted Ordering (m; < my < m, )

It we set the mass of the lightest neutrino to m;,}, = 0, within the two orderings,
we get a lower limit on the total mass from neutrino oscillations

1) Normal Ordering: Z m, > 0.06eV

2) Inverted Ordering: Z m,> 0.1eV

Credit: Figure taken from S. Vagnozzi — Weight them all!

- = Current cosmological 95% C.L. upper limit (Paper I)
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NEUTRINO TENSION

DESI DR2 Results II: Measurements of Baryon Acoustic Oscillations and
Cosmological Constraints

| DARK ENERGY
|| SPECTROSCOPIC
{ INSTRUMENT

U.S. Department of Energy Office of Science

The DESI collaboration

We present baryon acoustic oscillation (BAO) measurements from more than 14 million galaxies
and quasars drawn from the Dark Energy Spectroscopic Instrument (DESI) Data Release 2 (DR2),
based on three years of operation. For cosmology inference, these galaxy measurements are combined
with DESI Lyman-a forest BAO results presented in a companion paper. The DR2 BAO results
are consistent with DESI DR1 and SDSS, and their distance-redshift relationship matches those
from recent compilations of supernovae (SNe) over the same redshift range. The results are well
described by a flat ACDM model, but the parameters preferred by BAO are in mild, 2.30 tension
with those determined from the cosmic microwave background (CMB), although the DESI results
are consistent with the acoustic angular scale 6, that is well-measured by Planck. This tension
is alleviated by dark energy with a time-evolving equation of state parametrized by wo and w,
which provides a better fit to the data, with a favored solution in the quadrant with wo > —1
and w, < 0. This solution is preferred over ACDM at 3.1c0 for the combination of DESI BAO
and CMB data. When also including SNe, the preference for a dynamical dark energy model
over ACDM ranges from 2.8 — 4.20 depending on which SNe sample is used. We present evidence
from other data combinations which also favor the same behavior at high significance. From the
combination of DESI and CMB we derive 95% upper limits on the sum of neutrino masses, finding
> m, < 0.064 eV assuming ACDM and > m, < 0.16 eV in the wow, model. Unless there is an
unknown systematic error associated with one or more datasets, it is clear that ACDM is being
challenged by the combination of DESI BAO with other measurements and that dynamical dark
energy offers a possible solution.

DESI 2025 — [arXiv:2503.14738]
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NEUTRINO TENSION

® NO ® 10 + ps X Qpmar * A

one, as well as the tension between cosmological and terrestrial data. Combining DESI data
with Cosmic Microwave Background measurements and several late-time background probes,
the tightest 2o limit we find without including a local Hy prior is > m, < 0.05eV. This leads
to a strong preference for the normal ordering, with Bayes factor relative to the inverted
one of 46.5. Depending on the dataset combination and tension metric adopted, we quantify
the tension between cosmological and terrestrial observations as ranging between 2.50 and
50. These results are strenghtened when allowing for a time-varying dark energy component

baseline+CC -

with equation of state lying in the physically motivated non-phantom regime, w(z) > —1,

acelinerspss |

highlighting an interesting synergy between the nature of dark energy and laboratory probes

baseline+SNela -

of the mass ordering. If these tensions persist and cannot be attributed to systematics,
either or both standard neutrino (particle) physics or the underlying cosmological model
will have to be questioned.
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DESI 2025 — [arXiv:2503.14738]
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EVOLVING DARK ENERGY

DESI DR2 Results II: Measurements of Baryon Acoustic Oscillations and
Cosmological Constraints

|1 DARK ENERGY
|| SPECTROSCOPIC
_ I8 INSTRUMENT

U.S. Department of Energy Office of Science

The DESI collaboration

We present baryon acoustic oscillation (BAO) measurements from more than 14 million galaxies
and quasars drawn from the Dark Energy Spectroscopic Instrument (DESI) Data Release 2 (DR2),
based on three years of operation. For cosmology inference, these galaxy measurements are combined
with DESI Lyman-a forest BAO results presented in a companion paper. The DR2 BAO results
are consistent with DESI DR1 and SDSS, and their distance-redshift relationship matches those
from recent compilations of supernovae (SNe) over the same redshift range. The results are well
described by a flat ACDM model, but the parameters preferred by BAO are in mild, 2.30 tension
with those determined from the cosmic microwave background (CMB), although the DESI results
are consistent with the acoustic angular scale 6. that is well-measured by Planck. This tension
is alleviated by dark energy with a time-evolving equation of state parametrized by wo and w,,
which provides a better fit to the data, with a favored solution in the quadrant with wg > —1
and w, < 0. This solution is preferred over ACDM at 3.1c for the combination of DESI BAO
and CMB data. When also including SNe, the preference for a dynamical dark energy model
over ACDM ranges from 2.8 — 4.20 depending on which SNe sample is used. We present evidence
from other data combinations which also favor the same behavior at high significance. From the
combination of DESI and CMB we derive 95% upper limits on the sum of neutrino masses, finding
> " m, < 0.064 eV assuming ACDM and ) m, < 0.16 eV in the wow, model. Unless there is an
unknown systematic error associated with one or more datasets, it is clear that ACDM is being
challenged by the combination of DESI BAO with other measurements and that dynamical dark
energy offers a possible solution.
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EVOLVING DARK ENERGY § Reconcile neutrino tension: Z m, < (0.16 eV
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We present baryon acoustic oscillation (BAO) measurements from more than 14 million galaxies
and quasars drawn from the Dark Energy Spectroscopic Instrument (DESI) Data Release 2 (DR2),
based on three years of operation. For cosmology inference, these galaxy measurements are combined
with DESI Lyman-a forest BAO results presented in a companion paper. The DR2 BAO results
are consistent with DESI DR1 and SDSS, and their distance-redshift relationship matches those DESI 2025 — [arXiv:2503.14738]
from recent compilations of supernovae (SNe) over the same redshift range. The results are well 0.3 '
described by a flat ACDM model, but the parameters preferred by BAO are in mild, 2.30 tension DESI+DESY5

with those determined from the cosmic microwave background (CMB), although the DESI results
are consistent with the acoustic angular scale 6. that is well-measured by Planck. This tension
is alleviated by dark energy with a time-evolving equation of state parametrized by wo and w,, _ 021
which provides a better fit to the data, with a favored solution in the quadrant with wg > —1 %
and w, < 0. This solution is preferred over ACDM at 3.1c for the combination of DESI BAO N
and CMB data. When also including SNe, the preference for a dynamical dark energy model S
over ACDM ranges from 2.8 — 4.20 depending on which SNe sample is used. We present evidence N
from other data combinations which also favor the same behavior at high significance. From the
combination of DESI and CMB we derive 95% upper limits on the sum of neutrino masses, finding

> -m, < 0.064 eV assuming ACDM and ) m, < 0.16 eV in the wow, model. Unless there is an

unknown systematic error associated with one or more datasets, it is clear that ACDM is being

challenged by the combination of DESI BAO with other measurements and that dynamical dark

energy offers a possible solution.
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HUBBLE TENSION

50 tension in the value of the Hubble parameter H,,

Direct Measurement

SHOES: H, = 73 = 1 km/s/Mpc

Model-independent, based on Type-la Supernovae

Indirect Measurement

Planck: H, = 67.4 = 0.5 km/s/Mpc

Model-dependent, inferred from CMB measurement (in ACDM)

Tension confirmed by many other independent probes

Cosmoverse WP — [arXiv:2504.01669]
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EVOLVING DARK ENERGY 6 Fails to reconcile the Hubble Tension
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INTERACTING DARK ENERGY

IDE introduces energy-momentum transfer from DM to DE

Vﬂ (TDM)'MD — 4 Q(VaDM)y Vlu (TDE)'MU _ _ Q(VDM)I/

a
PHYSICAL REVIEW LETTERS 133, 251003 (2024)

We focus on the interacting rate Q = & ppg

Interacting Dark Energy after DESI Baryon Acoustic Oscillation Measurements

William Giare®,"” Miguel A. Sabogal ~" Rafael C. Nunes®,>>* and Eleonora Di Valentino®"* , , , ,

'School of Mathematics and Statistics, University of Sheffield, Hounsfield Road, Sheffield S3 7RH, United Kingdom Or

2Instituto de Fisica, Universidade Federal do Rio Grande do Sul, 91501-970 Porto Alegre RS, Brazil
‘Divisdo de Astrofisica, Instituto Nacional de Pesquisas Espaciais,

Avenida dos Astronautas 1758, Sdo José dos Campos, 12227-010, Sdo Paulo, Brazil

® (Received 29 April 2024; revised 14 June 2024; accepted 19 November 2024; published 18 December 2024) -0.2F

We investigate the implications of the baryon acoustic oscillations measurement released by the Dark
Energy Spectroscopic Instrument for interacting dark energy (IDE) models characterized by an energy-
momentum flow from dark matter to dark energy. By combining Planck-2018 and Dark Energy

Spectroscopic Instrument data, we observe a preference for interactions, leading to a nonvanishing " 0.4 F

interaction rate £ = —0.327("{%, which results in a present-day expansion rate H, = 70.8%-7 km/s/Mpc,

reducing the tension with the value provided by the SHOES Collaboration to less than ~1.36. The
preference for interactions remains robust when including measurements of the expansion rate H(z) N
obtained from the relative ages of massive, early-time, and passively evolving galaxies, as well as when >
considering distance moduli measurements from Type Ia supernovae sourced from the Pantheon-plus 0.6 N
catalog using the SHOES Cepheid host distances as calibrators. Overall, the IDE framework provides an
equally good, or better, explanation of both high- and low-redshift background observations compared to
the lambda cold dark matter model, while also yielding higher H( values that align more closely with the ——-- Planck-2018+DES|
local distance ladder estimates. However, a limitation of the IDE model is that it predicts lower Q,, and 0.8}

higher og values, which may not be fully consistent with large-scale structure data at the perturbation level. Bl Planck-2018+DESI+SN
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EARLY DARK ENERGY EDE introduces a DE phase in the Early Universe, quantified by

Jepp = max PepE(?)
EDE —
< pc(Z)

l.e., the maximal fractional contribution to the total energy density
Impact of ACT DR6 and DESI DR2 for Early Dark Energy and the Hubble tension

Vivian Poulin®,!>* Tristan L. Smith®,% " Rodrigo Calderén®,*'* and Théo Simon®!:®

! Laboratoire univers et particules de Montpellier (LUPM),
Centre national de la recherche scientifigue (CNRS) et Université de Montpellier,
Place FEugéne Bataillon, 34095 Montpellier Cédex 05, France
2 Department of Physics and Astronomy, Swarthmore College, 500 College Ave., Swarthmore, PA 19081, USA

B P-ACT-LBS

SCEICO, Institute of Physics of the Czech Academy of Sciences, - +M,
Na Slovance 1999/2, 182 21, Prague, Czech Republic a0 [ v\ e P-ACT-LS
The data release six of the Atacama Cosmology Telescope (ACT DR6) and the second datarelease |« | v \of | eeeees +M,
from the Dark Energy Spectroscopic Instrument (DESI DR2) recently became available. In light
of these data, we update constraints on the Early Dark Energy (EDE) resolution to the Hubble

tension. While ACT DR6 does not favor EDE over the core cosmological model ACDM, it allows
for a significantly larger maximum contribution of EDE, fgpg, in the pre-recombination era than
the latest analysis of Planck NPIPE despite increased precision at small angular scales. Moreover,
EDE rises the value of Hyrs, improving consistency between CMB and DESI DR2 data. We find
a residual tension with SHOES of ~ 20 for the combination of Planck at £ < 1000 + ACT DR6
+ lensing + Pantheon-plus + DESI DR2, a significant decrease from 3.7c for analyses that use
NPIPE and SDSS BAO data. A profile likelihood analysis reveals significant prior-volume effects in
Bayesian analyses which do not include SHOES, with confidence intervals of fgpg = 0.09 £0.03 and
Hy =71.0£ 1.1 km/s/Mpc. When including DESI data, the EDE model with Hy = 73 km/s/Mpc
provides a better fit than the ACDM model with Hyp = 68.4 km/s/Mpc. The inclusion of SHOES
data rises the preference well above 50, with Ax? = —35.4. Our work demonstrates that after ACT
DR6 and DESI DR2, EDE remains a potential resolution to the Hubble tension.
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HUBBLE TENSION AND NEUTRINOS

i

Fail to reconcile the Neutrino Tension

Strong anti-correlation between /{,and 2 m, Models that can increase H,, typically drag 2 m,, towards smaller values
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