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• The neutrino challenge for theory 

• The success story of three-flavour oscillations 

• Tensions in the standard three-flavour paradigm / signs of new physics? 

• short-baseline anomalies  

• the neutrino tension in cosmology 
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•neutrino masses are tiny 

•mixing of leptons is very different than for quarks

The neutrino challenge
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Global data and 3-flavour oscillations Qualitative picture

What we know – masses
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�m

2
21 ¥ 7◊ 10≠5eV2 , |�m

2
31| ¥ |�m

2
32| ¥ 2.4◊ 10≠3eV2

I at least two neutrinos are massive

T. Schwetz (KIT) Neutrino physics I 41 / 63

Global data and 3-flavour oscillations Qualitative picture

The SM flavour puzzle
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Leptons Quarks
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•Weinberg 1979:  
 

• unique operator at dim-5 consistent with SM gauge symmetry,  
Majorana neutrino mass after EWSB 

• low-energy phenomenology encoded in  
symmetric complex matrix → 6+3 real parameters (after removing unphys. phases): 

• 6 neutrino oscillation params:  

• 1 absolute mass observable: lightest neutrino mass  

• 2 Majorana phases  (neutrinoless double beta decay)  

mab

Δm2
21, Δm2

31, θ12, θ13, θ23, δCP

m0

α, β

Standard Model EFT
Y2
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Λ
Lc

aϕ̃* ϕ†Lb →
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aLmabνbL

}good prospects to 
determine experimentally 
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•Weinberg 1979:  
 

• unique operator at dim-5 consistent with SM gauge symmetry,  
Majorana neutrino mass after EWSB 

•No indication of scale of new physics! 
 
 
 
 
 

Standard Model EFT
Y2

ab

Λ
Lc

aϕ̃* ϕ†Lb →
1
2

νc
aLmabνbL

mν ≈ 0.06 eV ( Y
1 )

2

( 1015 GeV
Λ ) ≈ 0.06 eV ( Y

10−6 )
2

( 1 TeV
Λ )
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What is the scale of new physics?
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• test the three-flavour paradigm as accurately as possible,  

• look for deviations: 

• non-unitarity (sterile neutrinos) 

• absolute mass observables — cosmology vs oscillations 

• non-standard neutrino interactions 

• complementary signatures: LHC, SHiP, cLFV, astrophysics,…

Where to look for new physics?

Phenomenological  
approach:
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• test the three-flavour paradigm as accurately as possible,  

• look for deviations: 

• non-unitarity (sterile neutrinos) 

• absolute mass observables — cosmology vs oscillations 

• non-standard neutrino interactions 

• complementary signatures: LHC, SHiP, cLFV, astrophysics,…

Where to look for new physics?

Phenomenological  
approach:

this talk
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• unique opportunity for neutrinoless double-beta decay searches 

• the importance of testing this prediction cannot be overstated 

• key to make progress towards incorporating neutrino mass into the SM

8

Prediction of the EFT approach to neutrino mass:

Lepton number violation by ΔL = 2
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• observation of :  
``prove´´ of Majorana nature of neutrinos (new type of fermion) 
confirm expectation of EFT paradigm and predicting power of gauge symmetry  

• non-observation of :  
Dirac mass dominance and (very accurate) conservation of lepton number: 
• paradigm shift about global symmetries 
• intricate cancellation mechanism 

0νββ

0νββ

9

Prediction of the EFT approach to neutrino mass:

Lepton number violation by ΔL = 2
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• The neutrino challenge for theory 

• The success story of three-flavour oscillations 

• Tensions in the standard three-flavour paradigm / signs of new physics? 

• short-baseline anomalies  

• the neutrino tension in cosmology 

10
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• Determination of the 6 neutrino oscillation parameters: 
 

• most accurately determined from joint analysis of global data: 
• solar neutrinos    , sgn( ) 

• atmospheric neutrinos     
• reactor neutrinos:  

long-baseline (180 km)   
short-baseline (2.5 km)   

• long-baseline accelerators    

Δm2
21, Δm2

31, θ12, θ13, θ23, δCP

θ12 Δm2
21

θ23, Δm2
31

|Δm2
21 | , θ12

θ13, |Δm2
31 |

θ23, Δm2
31, δCP
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Status of three-flavour neutrino oscillations

• NuFit-6.0  
Esteban, Gonzalez-G., Maltoni, 
Martinez-S., Pinheiro, TS, 2410.05380  
http://www.nu-fit.org/ 

• s. also  
Capozzi et al., 2503.07752 
talk by A. Marrone

http://www.nu-fit.org/
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3-flavour oscillation parameters
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NuFIT 6.0 (2024)

• robust determination of 5 parameters, 
relative precision at 3 : 
 

: 8%,   : 13%,   : 20% 
 

: 5.1%,     : 15%

σ
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3-flavour oscillation parameters

• robust determination of 5 parameters, 
relative precision at 3 : 
 

: 8%,   : 13%,   : 20% 
 

: 5.1%,     : 15% 

• complementarity of various data sets 

• non-trivial consistency checks of 3-flavour 
paradigm
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Figure 8. Confidence regions at 95.45% CL (2 dof) in the plane of sin2 ✓23 (sin2 ✓13) and �m2
3`)

in the left (right) panels. For the left panels we use both appearance and disappearance data from
MINOS (green), NOvA (purple) and T2K (red), as well as atmospheric data from IC (orange)
and Super-Kamiokande (light-brown); the colored region corresponds to the combination of these
accelerator data with IC19, whereas the black-dashed contour corresponds to the combination with
IC24 and Super-Kamiokande. A prior on ✓13 is included to account for the reactor constraint.
The right panels show regions using data from Daya-Bay (pink), Double-Chooz (magenta), RENO
(violet), and their combination (black regions). In all panels solar, KamLAND and SNO+ data are
included to constrain �m2

21 and ✓12. Contours are defined with respect to the global minimum of
the two orderings for each data set.

In the right half of Fig. 9, we show the impact of the different IceCube data samples.
It is clear from the figure that the IC19 3-year data sample [19, 20] plays very little role in
the ⌫µ/⌫e disappearance complementarity due to its relatively weak constraint on |�m2

3`|.
However, when combining the IC24 �2 table corresponding to 9.3 years of data [23, 24]
with reactor data, this complementarity [42] already provides a preference for NO, with
��2

IO,NO
⇡ 4.5. The result is entirely driven by the |�m2

3`| determination, as the �2 tables
provided by the collaboration contain no information on the IceCube MO sensitivity (they
only provide relative ��2 values with respect to the best fit in each ordering). Let us
remark, however, that the ��2

IO,NO
= 4.5 contribution from combining IC24 and reactors

does not simply add up to the value ��2
IO,NO

= �0.6 from combining LBL and reactors.

– 14 –
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3-flavour oscillation parameters
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the unknowns: 

• neutrino mass ordering 
(red versus blue curves) 
 

• octant ambiguity of  

• complex phase  
(leptonic CP violation)

θ23

δCP

Global data and 3-flavour oscillations Qualitative picture

What we know – masses
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Neutrino mass ordering

•different tendencies in global fit 

• T2K & NOvA (appearance) combination 
prefer inverted ordering 

• Reactor vs accelerator disappearance 
prefer normal ordering 

• SuperK and IC24 atmospheric prefer 
normal ordering 

• final result in global fit: overall preference 
for normal ordering with  

•  sensitive to changes in the data

Δχ2
IO−NO ≈ 6.1
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Figure 6. 1� and 2� allowed regions (2 dof) for T2K (red shading), NOvA (blue shading) and
their combination (black curves). Contours are defined with respect to the local minimum for IO
(left) or NO (right). We fix sin2 ✓13 = 0.0222, sin2 ✓12 = 0.31, �m2

21 = 7.5⇥10�5 eV2 and minimize
with respect to |�m2

3`|.

(�CP, sin2 ✓23) plane from the global analysis of all data are shown in Fig. 7, which resemble
to a large extent the features from the combination among T2K and NOvA discussed above.
We observe, in particular, non-trivial correlations between these two parameters and the
MO. For IO, the preference for �CP ' 270� is highly significant, whereas for NO a more
complicated structure in the (�CP, sin2 ✓23) plane, with several local minima, emerges. The
octant degeneracy for ✓23 is present with ��2 < 4 for both mass orderings and both data
variants, showing local minima around sin2 ✓23 ⇡ 0.56 and 0.47.

An obvious question to address is whether T2K and NOvA are in tension with each
other at a worrisome level. Consistency among different data sets can be quantified with
the parameter goodness-of-fit (PG) [39]. For a number N of different data sets i, each
depending on ni model parameters, and globally depending on nglob parameters, it can be
shown that the test statistic

�2
PG ⌘ �2

min,glob �

NX

i

�2
min,i = min

 NX

i

�2
i

�
�

X

i

�2
min,i , (3.3)

follows a �2 distribution with n ⌘
P

i ni � nglob degrees of freedom [39].
Applying this test to the full NOvA and T2K samples (including both appearance and

disappearance data for neutrinos and antineutrinos) we obtain the values in Table 3. We
carry out the analysis separately for each mass ordering, in all cases fixing �m2

21 and ✓12
to their best fit. In the results reported in the upper part of the table ✓13 is varied in the
minimization, so nT2K = nNOvA = nglob=T2K+NOvA = 4 (i.e., �m2

3`, ✓23, �CP, and ✓13). In
the lower part ✓13 is kept fixed to its best fit so nT2K = nNOvA = nglob=T2K+NOvA = 3.
From the table we read that, as expected, agreement is better in IO, where irrespective
on ✓13 the samples are compatible at the 0.5� level or better. In NO, compatibility arises

– 11 –

inverted   normal
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CP violation

•normal ordering:  
CP conservation ( ) at  

• inverted ordering:  
preference for  (maximal CPV) 
CP conservation disfavoured at  

δCP ≈ 180∘ 1σ

δCP ≈ 270∘

> 3.6σ
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Figure 9. ��2 profiles as a function of �m2
3` for different data sets and combinations as labeled in

the figures. In the curves where the reactors R are not included in the combination we have fixed
sin2 ✓13 = 0.0222 as well as the solar parameters and minimized with respect to ✓23 and �CP. When
the reactors are included ✓13 is also marginalized. ��2 is shown with respect to the global best-fit
point (IO or NO) for each curve. The left set of panels visualizes the reactor/LBL combination,
whereas in the right set of panels we are illustrating the impact of the IC19 or IC24 data sets.

Instead, combining LBL and IC24 leads to a shift in |�m2
3`| that, when adding reactor

data, leads to ��2
IO,NO

⇡ 1.5.
Different to the IC24 data table, the latest Super-Kamiokande atmospheric data [22]

alone shows a preference for NO with ��2
IO,NO

⇡ 5.7. We note, however, that this result
seems to emerge from a large statistical fluctuation. Indeed, the probability of obtaining
the data is relatively low for both mass orderings, and considering the distribution of the
relevant test statistic, the SK collaboration determines a preference for NO over IO at the
92.3% CL [21]. When combining the IC24 and SK atmospheric neutrino �2 tables with our
global fit of the remaining data, we find an overall preference for NO with ��2

IO,NO
⇡ 6.1,

see Sec. 2.

3.3 Sensitivity to the neutrino mass ordering

Given the different trends among several determinations of the mass ordering, we now
study in more detail the sensitivity of current global data to it. To do so, we follow the
methodology in Ref. [43]. As customary, a useful test statistic for this purpose is the �2

difference among the best-fit points for the two orderings. Following Ref. [43], we denote it
in this Section as T ,

T ⌘ ��2
IO,NO ⌘ �2

min,IO � �2
min,NO . (3.4)

Hence, positive values of T favor NO, and negative values favor IO. As shown in refs. [43, 44],
under certain conditions T will follow a Gaussian distribution with mean ±T0 and standard
deviation 2

p
T0, where T0 is obtained as follows. If pi(o, ✓) is the expected number of events

– 15 –
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• The neutrino challenge for theory 

• The success story of three-flavour oscillations 

• Tensions in the standard three-flavour paradigm / signs of new physics? 

• short-baseline anomalies  

• the neutrino tension in cosmology 

17
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Short-baseline anomalies

Anomaly Channel Status Explanation

Reactor 
rate and shape

fading away ( < 2σ)

systematics dominated systematics/nuclear physics

Gallium / BEST very significant (~5σ)

LSND significant (3.8σ)

~25 yr anomaly

MiniBooNE  very significant (4.8σ)

relies on background estimate

νe → νe

νμ → νe

νμ → νe

νe → νe
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• 2021: measurement of 235U/239Pu beta-sepctra @ Kurchatov Inst. (KI)  
Kopeikin, Skorokhvatov, Titov, 2103.01684  
5.4% smaller than ILL  suggests bias in 235U ILL spectrum 

• „ad-initio“ calculation of reactor neutrino spectrum Perissé et al. 2304.14992 
good agreement with measured neutrino rates

→

19

Reactor anomaly

Giunti, Li, Ternes, Xin, 2110.06820

consistent within 1.1σ

27

FIG. 13. Comparison of the IBD yields as obtained with BESTIOLE in the present work to a selection of state-of-the-art
predictions and measurements. (a) Comparison of the isotopic IBD yields for 235U, 239Pu and the combination of 235U, 238U,
239Pu and 241Pu as measured at LEU commercial reactors. The shaded areas correspond to the 1� uncertainty band estimated
from the present summation calculations. The EF IBD yield predictions miss an uncertainty, because those were not evaluated
in [41, 42]. (b) Comparison of IBD yields expressed relatively to the HM prediction in the (235U,239Pu) plane. The HM
conversion prediction is pictured by the blue cross. The green dot and red inverted pyramid respectively correspond to the
present summation calculations from BESTIOLE and from the EF prediction. The dark (light) shades are the 68% CL (95% CL)
contours for the BESTIOLE summation calculations (green) and the HM prediction (blue). The latest STEREO measurement
of the 235U IBD yield [137] is pictured by the orange vertical line. The light and dark shaded bands are respectively the 68%
CL and 95% CL associated uncertainty. The solid line (dotted line) ellipses correspond to 95% CL (99% CL) contours from
a global analysis using fuel evolution and absolute rate measurements at LEU and HEU reactors [30]. The dashed blue line
corresponds to the (S5/S9) aggregate beta spectrum ratio measured at the Kurchatov Institute. The blue triangle lying on
this line corresponds to the KI prediction. The corresponding 68% and 95% CL contours are not displayed not to overload the
figure. They are exactly the same than those of the HM prediction.

between the corresponding actinide fission ⌫̄e spectra, es- pecially for the Plutonium isotopes. This last point again
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•Measurements of gallium experiments with radioactive 51Cr or 
37Ar sources: rates lower than expected at high significance 
 
 
 
 
 

• sterile neutrino oscillations in severe tension with  
solar and reactor neutrinos and cosmology 
Giunti, Li, Ternes, Tyagi, Xin, 2209.00916; Berryman, Coloma, Huber, TS, Zhou, 
2111.12530; Goldhagen, Maltoni, Reichard, TS, 2109.14898 

• no convincing explanation is known (BSM or conventional) 
Brdar, Gehrlein, Kopp, 2303.05528; Farzan, TS, 2306.09422

20

The gallium anomaly and BEST results

�
2
null/dof p-value

CS1, BEST 32.1/2 1.1⇥ 10�7 (5.3�)
CS1, all 36.3/6 2.4⇥ 10�6 (4.7�)
CS2, BEST 34.7/2 2.9⇥ 10�8 (5.5�)
CS2, all 38.4/6 9.4⇥ 10�7 (4.9�)

Table 2: Evaluating the null-hypothesis R = 1 for the BEST experiments (inner and outer volumes

combined) and for all gallium experiments, for the two recommended cross sections CS1 and CS2 from

Haxton et al. [16]. We give the �2/dof for the null-hypothesis and the corresponding p-values. In the bracket

the p-values are converted into two-sided Gaussian standard deviations. The analysis includes experimental

uncertainties as well as the cross section uncertainties as provided in [16].

combined with the correlated uncertainty due to the cross sections from eq. (10). To test
the null-hypothesis of no neutrino disappearance we define

�
2
null = min⇠CS

"
X

i

(1 + �
i
CS⇠CS �Ri)2

�
2
i

+ ⇠
2
CS

#
, (11)

with Ri and �i given in table 1 and the index i runs over the used data points; �iCS is the
relative uncertainty of the cross section derived from eq. (10), which depends on the index
i whether a Cr or Ar source has been used. In order to take into account the asymmetric
cross section errors we use for �iCS the upper (lower) error if the value of the pull parameter
⇠CS at the minimum is larger (smaller) than zero. The results of this test are summarized in
table 2, where we give the �2 of the null-hypothesis for using only the two BEST data points
or for combining all 6 gallium data points. We see that for both cross sections, very low
p-values are obtained, corresponding roughly to 5� significance, with CS2 leading to slightly
higher significances.

3.2 Fitting gallium data with the decoherence model

To test the decoherence model introduced in section 2, we modify the �
2 definition from

eq. (11) in the following way:

�
2 = min⇠↵�

2(⇠↵) , ↵ = CS, ✓12, ✓13 , (12)

�
2(⇠↵) =

X

i

1

�
2
i

⇥�
1 + �

i
CS⇠CS

�
hPeeii + ⇡

i
✓12⇠✓12 + ⇡

i
✓13⇠✓13 �Ri

⇤2
+

X

↵=CS,✓12,✓13

⇠
2
↵ , (13)

⇡
i
✓jk

= �s2jk

@hPeeii
@s

2
jk

, s
2
jk ⌘ sin2

✓jk , jk = (12, 13) , (14)

where hPeeii is the ⌫e survival probability averaged over the detector volume as well as the
neutrino energy lines corresponding to each data point i, for details see [6, 10]. As before,
we take into account the asymmetric cross section uncertainties by chosing �

i
CS depending

on the sign of ⇠CS at the minimum, and we include the uncertainties on the leptonic mixing

5

Farzan, TS, 2306.09422 
cross sections CS1, CS2  
Haxton et al., 2303.13623 
s. also Cadeddu et al, 2507.13103  
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FIG. 10. Comparison of the contours delimiting the [(a) and (b)] 2� and [(c) and (d)] 3� allowed regions in the (sin22#ee,�m2
41)

plane obtained from the combined analysis of the data of the reactor rate experiments with di↵erent flux models, the spectral
ratio experiments,reactor the Tritium experiments, and the solar bound with those obtained from the Gallium data with
di↵erent cross sections. Also shown is the 3� bound obtained from the combination of the Tritium and solar bounds. The
figures di↵er by the use of [(a) and (c)] NEOS/Daya Bay [45] or [(b) and (d)] NEOS/RENO [46] spectral ratio data. The
best-fit points are indicated by crosses.

One can see that the goodness of fit is high. There is a
3.1–3.3� indication in favor of 3+1 active-sterile neutrino
mixing in the global fits with the NEOS/Daya Bay data.
The indication decreases to 2.6–2.8� if the NEOS/RENO

are used. The values of the best-fit points are in any case
around sin22#ee ' 0.02 and �m

2

41
' 1.3 eV2.

Figure 10 shows the 2� and 3� allowed regions in
the (sin22#ee,�m

2

41
) plane obtained from the global fits

G
iunti, Li, Ternes, Tyagi, Xin, 2209.00916
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LSND, MiniBooNE eV-scale sterile neutrino oscillations Global analysis

Strong tension in global data Dentler et al, 1803.10661
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MINOS+, SK, IceCube)
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data with a p-value < 10≠6

T. Schwetz (KIT) 14

eV-scale sterile neutrino oscillations ‹µ æ ‹e appearance

Global data on SBL ‹µ æ ‹e appearance Dentler et al, 1803.10661

using pre-2018 MiniBooNE data, results quantitativley very similar

T. Schwetz (KIT) 11

eV-scale sterile neutrino physics Global analysis

Can we explain all the hints together?
appearance

Pµe = sin2 2◊µe sin2 �m
2
41L

4E
sin2 2◊µe = 4|Ue4|2|Uµ4|2

disappearance (– = e, µ)

P–– = 1 ≠ sin2 2◊–– sin2 �m
2
41L

4E
sin2 2◊–– = 4|U–4|2(1 ≠ |U–4|2)

sin2 2◊µe ¥ 1
4 sin2 2◊ee sin2 2◊µµ

‹µ æ ‹e app. signal requires also signal in both, ‹e and ‹µ disappearance
(appearance mixing angle quadratically suppressed)

T. Schwetz (KIT), NNN17 17

sterile oscillation 
explanation of LSND/MiniB 
robustly disfavoured

tension between 
appearance and 
disappearance data
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•sterile neutrino N with mN ~ keV to ~500 MeV 

•produce N either by mixing or by up-scattering 

•decay: 

•  with standard neutrino interaction in detector 

• electromagn. decay inside MB detector  (no LSND) 

•exciting new physics / rich phenomenology / predict signatures in existing (near 
detectors) and/or upcoming experiments (e.g., Fermilab SBN, DUNE, HK, IceC)

N → ϕ νe
N → νγ / νe± / νπ0 / . . .

22

MiniBooNE and a decaying sterile neutrino
Palomares, Pascoli, TS, hep-ph/0505216; Gninenko, 0902.3802, 1009.5536;  Bertuzzo, Jana, Machado, Zukanovich, 1807.09877;  
Ballett, Pascoli, Ross-Lonergan, 1808.2915;  Arguelles, Hostert, Tsai, 1812.08768;  Fischer, Hernandez,  TS, 1909.09561; 
Dentler, Esteban, Kopp, Machado, 1911.01427; deGouvea, Peres, Prakash, Stenico, 1911.01447; Brdar, Fischer, Smirnov, 
2007.14411; Abdallah, Gandhi, Roy, 2010.06159; Abdullahi, Hostert, Pascoli, 2007.11813; Abdullahi et al., 2308.02543; Hoster, 
Kelly, Zhou, 2406.04401; …
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Short-baseline anomalies

Anomaly Channel Status Explanation

Reactor 
rate and shape

fading away ( < 2σ)

systematics dominated systematics/nuclear physics

Gallium / BEST very significant (~5σ) unknown

LSND significant (3.8σ)

~25 yr anomaly

unknown

HNL decay?

MiniBooNE  very significant (4.8σ)

relies on background estimate

νe → νe

νμ → νe

νμ → νe

νe → νe

no convincing indication for eV-scale sterile neutrino oscillations

}
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• The neutrino challenge for theory 

• The success story of three-flavour oscillations 

• Tensions in the standard three-flavour paradigm / signs of new physics? 

• short-baseline anomalies  

• the neutrino tension in cosmology 

24

Outline
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absolute neutrino mass
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Figure 12. Upper: 95% CL allowed ranges of the three probes of the absolute neutrino mass
P

m⌫ ,
m⌫e , mee as a function of the mass of the lightest neutrino obtained from projecting the results
of the global analysis of oscillation data. The regions are defined with respect to the minimum
for each ordering. Lower: Corresponding 95% CL allowed regions (for 2 dof) in the planes (m⌫e ,P

m⌫), (mee,
P

m⌫), and (m⌫e , mee).

they cannot provide information on the absolute mass scale of the neutrinos other than the
obvious lower bound on the masses of the heaviest states involved in the oscillations.

The most model-independent information on the neutrino mass, rather than on mass
differences, is obtained from kinematic studies of reactions in which a neutrino or an an-
tineutrino is involved. In the presence of mixing, the most relevant constraint comes from
the study of the end point (E ⇠ E0) of the electron spectrum in Tritium beta decay
3H !

3He + e� + ⌫̄e. This spectrum can be effectively described by a single parameter,
m⌫e , if for all neutrino states E0 � E � mi:

m2
⌫e ⌘

P
im

2
i |Uei|

2

P
i |Uei|

2
=

X

i

m2
i |Uei|

2 , (5.1)

where the second equality holds if unitarity is assumed. The most recent result on the
kinematic search for neutrino mass in tritium decay is from KATRIN [54], which sets an
upper limit m⌫e < 0.45 eV at 90% CL.

– 20 –
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Figure 12. Upper: 95% CL allowed ranges of the three probes of the absolute neutrino mass
P

m⌫ ,
m⌫e , mee as a function of the mass of the lightest neutrino obtained from projecting the results
of the global analysis of oscillation data. The regions are defined with respect to the minimum
for each ordering. Lower: Corresponding 95% CL allowed regions (for 2 dof) in the planes (m⌫e ,P

m⌫), (mee,
P

m⌫), and (m⌫e , mee).

they cannot provide information on the absolute mass scale of the neutrinos other than the
obvious lower bound on the masses of the heaviest states involved in the oscillations.

The most model-independent information on the neutrino mass, rather than on mass
differences, is obtained from kinematic studies of reactions in which a neutrino or an an-
tineutrino is involved. In the presence of mixing, the most relevant constraint comes from
the study of the end point (E ⇠ E0) of the electron spectrum in Tritium beta decay
3H !

3He + e� + ⌫̄e. This spectrum can be effectively described by a single parameter,
m⌫e , if for all neutrino states E0 � E � mi:

m2
⌫e ⌘

P
im

2
i |Uei|

2

P
i |Uei|

2
=

X

i

m2
i |Uei|

2 , (5.1)

where the second equality holds if unitarity is assumed. The most recent result on the
kinematic search for neutrino mass in tritium decay is from KATRIN [54], which sets an
upper limit m⌫e < 0.45 eV at 90% CL.

– 20 –

cosmology beta-decay spectrum 
(KATRIN) 

neutrinoless double-beta decay 
(assuming Majorana neutrinos)

mβ = ∑
i

|Uei |
2 m2

i < 0.45 eV mββ = ∑
i

U2
ei mi ≲ 0.07 eV∑

i

mi ≲ 0.1 eV

KATRIN 2024
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Neutrino mass from cosmology

•minimal values predicted from oscillation data for : 
 

 

•Upper bounds from current data: 

•  Planck CMB+BAO 2018 

•  DESI 2025 + CMB

m0 = 0
<latexit sha1_base64="ODe5hesYhOJ41UAg7fcLcupkEgc="></latexit>

⌃min =

⇢
98.6± 0.85meV (IO)

58.5± 0.48meV (NO)

Σmν < 0.12 eV (95 % CL)
Σmν < 0.064 eV (95 % CL)

DESI 2025 + CMB
/DESI
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Tension between cosmology and laboratory?

updated from Gariazzo, Mena, TS, 2302.14159
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• Hubble tension 

• CMB-BAO tension? 

• Neutrino tension?

28

Tensions in cosmology
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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,

P
m⌫ , 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 tight upper bounds on
the sum of neutrino masses.

0.10 eV) and approaches the lower bound for the nor-
mal ordering (

P
m⌫ � 0.059 eV). The consequences of

this will be explored in detail in Sections IV C and V.
However, these results depend on the assumed ⇤CDM

model. Generalizing to a dark energy model in which
the equation of state, w, is constant but may be di↵erent
from �1, we obtain

wCDM: DESI DR2 BAO + CMB + DESY5:
(X

m⌫ < 0.0586 eV

w = �0.961+0.041
�0.043

(95%),
(15)

where we additionally added supernovae from the DESY5

dataset to further constrain the equation of state. We
obtain values, w ⇡ �1, consistent with a cosmological
constant, and a neutrino mass bound that is even tighter
than in ⇤CDM. Similar results are found for supernovae
from Union3 and Pantheon+ (see Table II). It is only
when we allow for a varying dark energy equation of
state, parametrized by w0 and wa, that we obtain a re-
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for DR1 and the new DR2) and from CMB data alone. The contours represent the 68% and 95% probability regions. The
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the sum of neutrino masses.

0.10 eV) and approaches the lower bound for the nor-
mal ordering (

P
m⌫ � 0.059 eV). The consequences of

this will be explored in detail in Sections IV C and V.
However, these results depend on the assumed ⇤CDM

model. Generalizing to a dark energy model in which
the equation of state, w, is constant but may be di↵erent
from �1, we obtain

wCDM: DESI DR2 BAO + CMB + DESY5:
(X

m⌫ < 0.0586 eV

w = �0.961+0.041
�0.043

(95%),
(15)

where we additionally added supernovae from the DESY5

dataset to further constrain the equation of state. We
obtain values, w ⇡ �1, consistent with a cosmological
constant, and a neutrino mass bound that is even tighter
than in ⇤CDM. Similar results are found for supernovae
from Union3 and Pantheon+ (see Table II). It is only
when we allow for a varying dark energy equation of
state, parametrized by w0 and wa, that we obtain a re-

DESI DR2  
2503.14743
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Mass ordering from cosmology?
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Mass ordering from cosmology?

updated from Gariazzo, Mena, TS, 2302.14159

require first a positive neutrino mass signal from cosmology (without tensions) 
only then we can consider NO vs IO hypothesis test
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• dynamical dark energy  
Mena et al; Green, Meyers, 2407.07878; DESI 2025, 2503.14738:   

• neutrino decay into dark radiation  
Chacko et al. 1909.05275; 2002.08401; Escudero et al., 2007.04994;  
Barenboim et al.,2011.01502; Chacko et al. 2112.13862:  

• time dependent neutrino mass  
Lorenz et al. 1811.01991; 2102.13618; Esteban, Salvado, 2101.05804;  
Sen, Smirnov, 2306.15718, 2407.02462   

•modified momentum distribution  
Cuoco et al., astro-ph/0502465; Barenboim et al., 1901.04352;  
Alvey, Sabti, Escudero, 2111.14870 

• reduced neutrino density + dark radiation 
Beacom, Bell, Dodelson, 04; Farzan, Hannestad, 1510.02201; Renk, Stöcker et al., 2009.03286;  
Escudero, TS, Terol-Calvo, 2211.01729; Das, Dev et al., 2506.08085 

∑ mν < 0.14 eV

∑ mν < 0.42 eV

30

Cosmology bounds can be relaxed in non-standard scenarios

incomplete!
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Example 1
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Example 1: hint for dynamical dark energy?

w(z) = w0 + wa
z

1 + z

DE equation of state: p = wρ

cosm . const . : w0 = − 1, wa = 0 23

�1.0 �0.8 �0.6 �0.4 �0.2 0.0

w0

�3

�2

�1

0

w
a

DESI+CMB+Pantheon+

DESI+CMB+Union3

DESI+CMB+DESY5

DESI+CMB

FIG. 11. Results for the posterior distributions of w0 and
wa, from fits of the w0waCDM model to DESI in combina-
tion with CMB and three SNe datasets as labelled. We also
show the contour for DESI combined with CMB alone. The
contours enclose 68% and 95% of the posterior probability.
The gray dashed lines indicate w0 = �1 and wa = 0; the
⇤CDM limit (w0 = �1, wa = 0) lies at their intersection.
The significance of rejection of ⇤CDM is 2.8�, 3.8� and 4.2�

for combinations with the Pantheon+, Union3 and DESY5
SNe samples, respectively, and 3.1� for DESI+CMB without
any SNe.

⇤CDM and w0waCDM models for that combination. Be-
cause ⇤CDM is nested within w0waCDM, correspond-
ing to w0 = �1, wa = 0, Wilks’ theorem [141] implies
that ��

2

MAP
should follow a �

2 distribution with two
degrees of freedom under the assumption the null hypoth-
esis (⇤CDM model) holds, and assuming that errors are
Gaussian and correctly estimated. To translate ��

2

MAP

into familiar terms, we quote the corresponding frequen-
tist significance N� for a 1D Gaussian distribution,

CDF�2

�
��

2

MAP
| 2 dof

�
=

1p
2⇡

Z N

�N
e
�t2/2

dt , (22)

where the left hand side denotes the cumulative distribu-
tion of �

2. We also compute the Deviance Information
Criterion (DIC) [142–145], which takes into account the
Bayesian complexity of the model and penalizes including
extra parameters.

A. Results

From DESI DR2 BAO alone, we obtain rather weak
constraints on the parameters

w0 = �0.48+0.35
�0.17

wa < �1.34

)
DESI BAO, (23)

which mildly favor the w0 > �1, wa < 0 quadrant but
are cut o↵ by the priors. The upper bound on wa here
is the 68% limit, and wa = 0 is not excluded at 95%. As
was the case in DR1, BAO data alone define a degener-
acy direction in the w0-wa plane, but they do not show a
strong preference for dark energy evolution: the improve-
ment in �

2

MAP
relative to the ⇤CDM case of w0 = �1,

wa = 0 is equivalent to a preference of just 1.7�.
The minimal extension we consider, beyond BAO data

alone, is to add a high-redshift constraint from the early
universe. This can be achieved by imposing CMB-derived
priors on ✓⇤, !b and !bc, as described in Section IV.
These priors are independent of the late-time dark en-
ergy, and also marginalize over contributions such as the
late ISW e↵ect and CMB lensing. Therefore, they pro-
vide us with an early time physics prior that can help
us set the sound horizon and is based solely on early-
Universe information. The result from this data combi-
nation is

w0 = �0.43 ± 0.22

wa = �1.72 ± 0.64

�
DESI+(✓⇤, !b, !bc)CMB. (24)

While this is still bounded by the wa > �3 prior at the
lower end, the posterior already clearly disfavors ⇤CDM.
The ��

2

MAP
value decreases to �8.0, indicating a prefer-

ence for an evolving dark energy equation of state at the
2.4� level.

Replacing these minimal early-Universe priors with the
full CMB information leads to only a small shift in the
maginalized posteriors

w0 = �0.42 ± 0.21

wa = �1.75 ± 0.58

�
DESI+CMB, (25)

showing that most of the information that the CMB pro-
vides on w(z) comes from its role in anchoring early-
Universe values of (✓⇤, !b, !bc) and thus limiting the free-
dom for models to fit the low-redshift data without an
evolving dark energy component. Nevertheless, when in-
cluding the full CMB information the ��

2

MAP
decreases

to �12.5, corresponding to a 3.1� preference for evolv-
ing dark energy. This change in the ��

2

MAP
is driven

primarily by the inclusion of CMB lensing, the e↵ect of
which is (by construction) not captured in the minimal
early-Universe priors (see Appendix A for further discus-
sion and a comparison of posteriors with di↵erent choices
of CMB likelihoods).

SNe data alone provide a complementary degeneracy
direction in the w0-wa plane, as they measure w0 well
independently of wa, which is only weakly constrained.
The combination of SNe data with DESI BAO can there-
fore measure w0 and wa without having the posteriors
cut o↵ by the prior ranges we assumed. The marginal-
ized posterior results are listed in Table V and depend on
the choice of SNe dataset, with the significances of the
preference for the model over ⇤CDM ranging from 1.7�

to 3.3� as summarized in Table VI.

DESI DR2 2025 [2503.14738]

 indication for  
deviation from cosmolog. const.
2.8σ − 4.2σ
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Model/Dataset ⌦m H0 [km s�1 Mpc�1] H0rd [100 km s�1]
P

m⌫ [eV] w or w0 wa

⇤CDM+
PPP

m⌫

DESI BAO+CMB [Camspec] 0.3009 ± 0.0037 68.36 ± 0.29 100.96 ± 0.48 < 0.0642 — —

DESI BAO+CMB [L-H] 0.2995 ± 0.0037 68.48 ± 0.30 101.16 ± 0.49 < 0.0774 — —

DESI BAO+CMB [Plik] 0.2998 ± 0.0038 68.56 ± 0.31 101.09 ± 0.50 < 0.0691 — —

wCDM+
PPP

m⌫

DESI BAO+CMB 0.2943 ± 0.0073 69.28 ± 0.92 102.3 ± 1.3 < 0.0851 �1.039 ± 0.037 —

DESI BAO+CMB+Pantheon+ 0.3045 ± 0.0051 67.94 ± 0.58 100.35 ± 0.84 < 0.0653 �0.985 ± 0.023 —

DESI BAO+CMB+Union3 0.3047 ± 0.0059 67.93 ± 0.69 100.33 ± 0.99 < 0.0649 �0.985 ± 0.028 —

DESI BAO+CMB+DESY5 0.3094 ± 0.0049 67.34 ± 0.53 99.49 ± 0.78 < 0.0586 �0.961 ± 0.021 —

w0waCDM+
PPP

m⌫

DESI BAO+CMB 0.353 ± 0.022 63.7+1.7
�2.2 93.8+2.5

�3.2 < 0.163 �0.42+0.24
�0.21 �1.75 ± 0.63

DESI BAO+CMB+Pantheon+ 0.3109 ± 0.0057 67.54 ± 0.59 99.62 ± 0.86 < 0.117 �0.845 ± 0.055 �0.57+0.23
�0.19

DESI BAO+CMB+Union3 0.3269 ± 0.0088 65.96 ± 0.84 97.3 ± 1.2 < 0.139 �0.674 ± 0.090 �1.06+0.34
�0.28

DESI BAO+CMB+DESY5 0.3188 ± 0.0058 66.75 ± 0.56 98.43 ± 0.83 < 0.129 �0.758 ± 0.058 �0.82+0.26
�0.21

TABLE VII. Cosmological parameter constraints where the neutrino mass parameter is allowed to vary assuming a
P

m⌫ > 0
prior. Additionally, we include models with more general dark energy backgrounds beyond ⇤CDM. While we quote the 95%
upper limit for the neutrino mass parameter in eV units, we refer to the 68% credible interval for the rest of the parameters.
We quote the constraints for DESI and three di↵erent CMB likelihoods for ⇤CDM+

P
m⌫ ; in all other rows the label ‘CMB’

refers to use of the baseline CamSpec likelihood.
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FIG. 15. 1D marginalized posterior constraints on
P

m⌫ from
DESI DR2 BAO measurements combined with di↵erent CMB
likelihoods, assuming the ⇤CDM+

P
m⌫ model. We show the

1D posteriors for the CamSpec CMB likelihood (leading to the
tightest constraint) as well as the Plik and L-H CMB likeli-
hoods. We also show the posterior for the w0waCDM+

P
m⌫

model, using DESI and the CamSpec CMB. Other models and
datasets are presented in Table VII. The vertical dashed lines
and shaded regions indicate the minimum allowed

P
m⌫ val-

ues for (from left to right) the normal and inverted mass or-
dering scenarios, respectively.

of about 1 MeV; see, e.g., [34] for a review of neutrino cos-
mology. As the Universe expanded, neutrinos gradually
lost kinetic energy, behaving as radiation in the early Uni-
verse and transitioning to non-relativistic matter around
redshifts of z ⇠ 100 for realistic neutrino masses, there-
after influencing the late-time expansion history by con-
tributing to the matter component. The main e↵ect of
massive neutrinos on the CMB is to impact the angular
diameter distance to last scattering, which is degenerate
with the e↵ects of other cosmological parameters such as
⌦m and H0 (see, e.g., [163] for a recent discussion). Neu-
trinos also a↵ect the lensing of CMB anisotropies by sup-
pressing the growth of structure below the free-streaming
scale. BAO are not sensitive to the latter e↵ect at all, and
only probe the background geometry by constraining the
total matter density ⌦m and the parameter combination
H0rd, so DESI BAO alone cannot constrain the neutrino
masses. Nevertheless by breaking geometrical degenera-
cies, BAO significantly enhance the ability of the CMB
to constrain this parameter.

The upper limits on
P

m⌫ that we obtain from the
combination of DESI and CMB depend on the particu-
lar choice of the CMB likelihood used, since the various
likelihoods di↵er slightly in the amount of lensing power
they infer from the lensed TT , TE and EE power spec-
tra. This can be incorporated into a phenomenological
parameter AL that scales the model lensing power used to
compute the lensed power spectra (but not the power re-
constructed from the 4-point function), such that values
AL > 1 indicate an excess of lensing power, often referred
to as the ‘AL anomaly’. Increasing

P
m⌫ above 0.06 eV
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⇤CDM+
PPP
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DESI BAO+CMB [Camspec] 0.3009 ± 0.0037 68.36 ± 0.29 100.96 ± 0.48 < 0.0642 — —

DESI BAO+CMB [L-H] 0.2995 ± 0.0037 68.48 ± 0.30 101.16 ± 0.49 < 0.0774 — —

DESI BAO+CMB [Plik] 0.2998 ± 0.0038 68.56 ± 0.31 101.09 ± 0.50 < 0.0691 — —

wCDM+
PPP

m⌫

DESI BAO+CMB 0.2943 ± 0.0073 69.28 ± 0.92 102.3 ± 1.3 < 0.0851 �1.039 ± 0.037 —

DESI BAO+CMB+Pantheon+ 0.3045 ± 0.0051 67.94 ± 0.58 100.35 ± 0.84 < 0.0653 �0.985 ± 0.023 —

DESI BAO+CMB+Union3 0.3047 ± 0.0059 67.93 ± 0.69 100.33 ± 0.99 < 0.0649 �0.985 ± 0.028 —

DESI BAO+CMB+DESY5 0.3094 ± 0.0049 67.34 ± 0.53 99.49 ± 0.78 < 0.0586 �0.961 ± 0.021 —

w0waCDM+
PPP

m⌫

DESI BAO+CMB 0.353 ± 0.022 63.7+1.7
�2.2 93.8+2.5

�3.2 < 0.163 �0.42+0.24
�0.21 �1.75 ± 0.63

DESI BAO+CMB+Pantheon+ 0.3109 ± 0.0057 67.54 ± 0.59 99.62 ± 0.86 < 0.117 �0.845 ± 0.055 �0.57+0.23
�0.19

DESI BAO+CMB+Union3 0.3269 ± 0.0088 65.96 ± 0.84 97.3 ± 1.2 < 0.139 �0.674 ± 0.090 �1.06+0.34
�0.28

DESI BAO+CMB+DESY5 0.3188 ± 0.0058 66.75 ± 0.56 98.43 ± 0.83 < 0.129 �0.758 ± 0.058 �0.82+0.26
�0.21

TABLE VII. Cosmological parameter constraints where the neutrino mass parameter is allowed to vary assuming a
P

m⌫ > 0
prior. Additionally, we include models with more general dark energy backgrounds beyond ⇤CDM. While we quote the 95%
upper limit for the neutrino mass parameter in eV units, we refer to the 68% credible interval for the rest of the parameters.
We quote the constraints for DESI and three di↵erent CMB likelihoods for ⇤CDM+

P
m⌫ ; in all other rows the label ‘CMB’

refers to use of the baseline CamSpec likelihood.
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FIG. 15. 1D marginalized posterior constraints on
P

m⌫ from
DESI DR2 BAO measurements combined with di↵erent CMB
likelihoods, assuming the ⇤CDM+

P
m⌫ model. We show the

1D posteriors for the CamSpec CMB likelihood (leading to the
tightest constraint) as well as the Plik and L-H CMB likeli-
hoods. We also show the posterior for the w0waCDM+

P
m⌫

model, using DESI and the CamSpec CMB. Other models and
datasets are presented in Table VII. The vertical dashed lines
and shaded regions indicate the minimum allowed

P
m⌫ val-

ues for (from left to right) the normal and inverted mass or-
dering scenarios, respectively.

of about 1 MeV; see, e.g., [34] for a review of neutrino cos-
mology. As the Universe expanded, neutrinos gradually
lost kinetic energy, behaving as radiation in the early Uni-
verse and transitioning to non-relativistic matter around
redshifts of z ⇠ 100 for realistic neutrino masses, there-
after influencing the late-time expansion history by con-
tributing to the matter component. The main e↵ect of
massive neutrinos on the CMB is to impact the angular
diameter distance to last scattering, which is degenerate
with the e↵ects of other cosmological parameters such as
⌦m and H0 (see, e.g., [163] for a recent discussion). Neu-
trinos also a↵ect the lensing of CMB anisotropies by sup-
pressing the growth of structure below the free-streaming
scale. BAO are not sensitive to the latter e↵ect at all, and
only probe the background geometry by constraining the
total matter density ⌦m and the parameter combination
H0rd, so DESI BAO alone cannot constrain the neutrino
masses. Nevertheless by breaking geometrical degenera-
cies, BAO significantly enhance the ability of the CMB
to constrain this parameter.

The upper limits on
P

m⌫ that we obtain from the
combination of DESI and CMB depend on the particu-
lar choice of the CMB likelihood used, since the various
likelihoods di↵er slightly in the amount of lensing power
they infer from the lensed TT , TE and EE power spec-
tra. This can be incorporated into a phenomenological
parameter AL that scales the model lensing power used to
compute the lensed power spectra (but not the power re-
constructed from the 4-point function), such that values
AL > 1 indicate an excess of lensing power, often referred
to as the ‘AL anomaly’. Increasing

P
m⌫ above 0.06 eV

29

Model/Dataset ⌦m H0 [km s�1 Mpc�1] H0rd [100 km s�1]
P
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⇤CDM+
PPP

m⌫

DESI BAO+CMB [Camspec] 0.3009 ± 0.0037 68.36 ± 0.29 100.96 ± 0.48 < 0.0642 — —

DESI BAO+CMB [L-H] 0.2995 ± 0.0037 68.48 ± 0.30 101.16 ± 0.49 < 0.0774 — —

DESI BAO+CMB [Plik] 0.2998 ± 0.0038 68.56 ± 0.31 101.09 ± 0.50 < 0.0691 — —

wCDM+
PPP

m⌫

DESI BAO+CMB 0.2943 ± 0.0073 69.28 ± 0.92 102.3 ± 1.3 < 0.0851 �1.039 ± 0.037 —

DESI BAO+CMB+Pantheon+ 0.3045 ± 0.0051 67.94 ± 0.58 100.35 ± 0.84 < 0.0653 �0.985 ± 0.023 —

DESI BAO+CMB+Union3 0.3047 ± 0.0059 67.93 ± 0.69 100.33 ± 0.99 < 0.0649 �0.985 ± 0.028 —

DESI BAO+CMB+DESY5 0.3094 ± 0.0049 67.34 ± 0.53 99.49 ± 0.78 < 0.0586 �0.961 ± 0.021 —

w0waCDM+
PPP

m⌫

DESI BAO+CMB 0.353 ± 0.022 63.7+1.7
�2.2 93.8+2.5

�3.2 < 0.163 �0.42+0.24
�0.21 �1.75 ± 0.63

DESI BAO+CMB+Pantheon+ 0.3109 ± 0.0057 67.54 ± 0.59 99.62 ± 0.86 < 0.117 �0.845 ± 0.055 �0.57+0.23
�0.19

DESI BAO+CMB+Union3 0.3269 ± 0.0088 65.96 ± 0.84 97.3 ± 1.2 < 0.139 �0.674 ± 0.090 �1.06+0.34
�0.28

DESI BAO+CMB+DESY5 0.3188 ± 0.0058 66.75 ± 0.56 98.43 ± 0.83 < 0.129 �0.758 ± 0.058 �0.82+0.26
�0.21

TABLE VII. Cosmological parameter constraints where the neutrino mass parameter is allowed to vary assuming a
P

m⌫ > 0
prior. Additionally, we include models with more general dark energy backgrounds beyond ⇤CDM. While we quote the 95%
upper limit for the neutrino mass parameter in eV units, we refer to the 68% credible interval for the rest of the parameters.
We quote the constraints for DESI and three di↵erent CMB likelihoods for ⇤CDM+

P
m⌫ ; in all other rows the label ‘CMB’

refers to use of the baseline CamSpec likelihood.
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FIG. 15. 1D marginalized posterior constraints on
P

m⌫ from
DESI DR2 BAO measurements combined with di↵erent CMB
likelihoods, assuming the ⇤CDM+

P
m⌫ model. We show the

1D posteriors for the CamSpec CMB likelihood (leading to the
tightest constraint) as well as the Plik and L-H CMB likeli-
hoods. We also show the posterior for the w0waCDM+

P
m⌫

model, using DESI and the CamSpec CMB. Other models and
datasets are presented in Table VII. The vertical dashed lines
and shaded regions indicate the minimum allowed

P
m⌫ val-

ues for (from left to right) the normal and inverted mass or-
dering scenarios, respectively.

of about 1 MeV; see, e.g., [34] for a review of neutrino cos-
mology. As the Universe expanded, neutrinos gradually
lost kinetic energy, behaving as radiation in the early Uni-
verse and transitioning to non-relativistic matter around
redshifts of z ⇠ 100 for realistic neutrino masses, there-
after influencing the late-time expansion history by con-
tributing to the matter component. The main e↵ect of
massive neutrinos on the CMB is to impact the angular
diameter distance to last scattering, which is degenerate
with the e↵ects of other cosmological parameters such as
⌦m and H0 (see, e.g., [163] for a recent discussion). Neu-
trinos also a↵ect the lensing of CMB anisotropies by sup-
pressing the growth of structure below the free-streaming
scale. BAO are not sensitive to the latter e↵ect at all, and
only probe the background geometry by constraining the
total matter density ⌦m and the parameter combination
H0rd, so DESI BAO alone cannot constrain the neutrino
masses. Nevertheless by breaking geometrical degenera-
cies, BAO significantly enhance the ability of the CMB
to constrain this parameter.

The upper limits on
P

m⌫ that we obtain from the
combination of DESI and CMB depend on the particu-
lar choice of the CMB likelihood used, since the various
likelihoods di↵er slightly in the amount of lensing power
they infer from the lensed TT , TE and EE power spec-
tra. This can be incorporated into a phenomenological
parameter AL that scales the model lensing power used to
compute the lensed power spectra (but not the power re-
constructed from the 4-point function), such that values
AL > 1 indicate an excess of lensing power, often referred
to as the ‘AL anomaly’. Increasing

P
m⌫ above 0.06 eV
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�2.2 93.8+2.5

�3.2 < 0.163 �0.42+0.24
�0.21 �1.75 ± 0.63

DESI BAO+CMB+Pantheon+ 0.3109 ± 0.0057 67.54 ± 0.59 99.62 ± 0.86 < 0.117 �0.845 ± 0.055 �0.57+0.23
�0.19

DESI BAO+CMB+Union3 0.3269 ± 0.0088 65.96 ± 0.84 97.3 ± 1.2 < 0.139 �0.674 ± 0.090 �1.06+0.34
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TABLE VII. Cosmological parameter constraints where the neutrino mass parameter is allowed to vary assuming a
P

m⌫ > 0
prior. Additionally, we include models with more general dark energy backgrounds beyond ⇤CDM. While we quote the 95%
upper limit for the neutrino mass parameter in eV units, we refer to the 68% credible interval for the rest of the parameters.
We quote the constraints for DESI and three di↵erent CMB likelihoods for ⇤CDM+
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m⌫ ; in all other rows the label ‘CMB’

refers to use of the baseline CamSpec likelihood.
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FIG. 15. 1D marginalized posterior constraints on
P

m⌫ from
DESI DR2 BAO measurements combined with di↵erent CMB
likelihoods, assuming the ⇤CDM+

P
m⌫ model. We show the

1D posteriors for the CamSpec CMB likelihood (leading to the
tightest constraint) as well as the Plik and L-H CMB likeli-
hoods. We also show the posterior for the w0waCDM+

P
m⌫

model, using DESI and the CamSpec CMB. Other models and
datasets are presented in Table VII. The vertical dashed lines
and shaded regions indicate the minimum allowed

P
m⌫ val-

ues for (from left to right) the normal and inverted mass or-
dering scenarios, respectively.

of about 1 MeV; see, e.g., [34] for a review of neutrino cos-
mology. As the Universe expanded, neutrinos gradually
lost kinetic energy, behaving as radiation in the early Uni-
verse and transitioning to non-relativistic matter around
redshifts of z ⇠ 100 for realistic neutrino masses, there-
after influencing the late-time expansion history by con-
tributing to the matter component. The main e↵ect of
massive neutrinos on the CMB is to impact the angular
diameter distance to last scattering, which is degenerate
with the e↵ects of other cosmological parameters such as
⌦m and H0 (see, e.g., [163] for a recent discussion). Neu-
trinos also a↵ect the lensing of CMB anisotropies by sup-
pressing the growth of structure below the free-streaming
scale. BAO are not sensitive to the latter e↵ect at all, and
only probe the background geometry by constraining the
total matter density ⌦m and the parameter combination
H0rd, so DESI BAO alone cannot constrain the neutrino
masses. Nevertheless by breaking geometrical degenera-
cies, BAO significantly enhance the ability of the CMB
to constrain this parameter.

The upper limits on
P

m⌫ that we obtain from the
combination of DESI and CMB depend on the particu-
lar choice of the CMB likelihood used, since the various
likelihoods di↵er slightly in the amount of lensing power
they infer from the lensed TT , TE and EE power spec-
tra. This can be incorporated into a phenomenological
parameter AL that scales the model lensing power used to
compute the lensed power spectra (but not the power re-
constructed from the 4-point function), such that values
AL > 1 indicate an excess of lensing power, often referred
to as the ‘AL anomaly’. Increasing

P
m⌫ above 0.06 eV
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DESI BAO+CMB 0.2943 ± 0.0073 69.28 ± 0.92 102.3 ± 1.3 < 0.0851 �1.039 ± 0.037 —

DESI BAO+CMB+Pantheon+ 0.3045 ± 0.0051 67.94 ± 0.58 100.35 ± 0.84 < 0.0653 �0.985 ± 0.023 —

DESI BAO+CMB+Union3 0.3047 ± 0.0059 67.93 ± 0.69 100.33 ± 0.99 < 0.0649 �0.985 ± 0.028 —

DESI BAO+CMB+DESY5 0.3094 ± 0.0049 67.34 ± 0.53 99.49 ± 0.78 < 0.0586 �0.961 ± 0.021 —

w0waCDM+
PPP

m⌫

DESI BAO+CMB 0.353 ± 0.022 63.7+1.7
�2.2 93.8+2.5

�3.2 < 0.163 �0.42+0.24
�0.21 �1.75 ± 0.63

DESI BAO+CMB+Pantheon+ 0.3109 ± 0.0057 67.54 ± 0.59 99.62 ± 0.86 < 0.117 �0.845 ± 0.055 �0.57+0.23
�0.19

DESI BAO+CMB+Union3 0.3269 ± 0.0088 65.96 ± 0.84 97.3 ± 1.2 < 0.139 �0.674 ± 0.090 �1.06+0.34
�0.28

DESI BAO+CMB+DESY5 0.3188 ± 0.0058 66.75 ± 0.56 98.43 ± 0.83 < 0.129 �0.758 ± 0.058 �0.82+0.26
�0.21

TABLE VII. Cosmological parameter constraints where the neutrino mass parameter is allowed to vary assuming a
P

m⌫ > 0
prior. Additionally, we include models with more general dark energy backgrounds beyond ⇤CDM. While we quote the 95%
upper limit for the neutrino mass parameter in eV units, we refer to the 68% credible interval for the rest of the parameters.
We quote the constraints for DESI and three di↵erent CMB likelihoods for ⇤CDM+

P
m⌫ ; in all other rows the label ‘CMB’

refers to use of the baseline CamSpec likelihood.
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FIG. 15. 1D marginalized posterior constraints on
P

m⌫ from
DESI DR2 BAO measurements combined with di↵erent CMB
likelihoods, assuming the ⇤CDM+

P
m⌫ model. We show the

1D posteriors for the CamSpec CMB likelihood (leading to the
tightest constraint) as well as the Plik and L-H CMB likeli-
hoods. We also show the posterior for the w0waCDM+

P
m⌫

model, using DESI and the CamSpec CMB. Other models and
datasets are presented in Table VII. The vertical dashed lines
and shaded regions indicate the minimum allowed

P
m⌫ val-

ues for (from left to right) the normal and inverted mass or-
dering scenarios, respectively.

of about 1 MeV; see, e.g., [34] for a review of neutrino cos-
mology. As the Universe expanded, neutrinos gradually
lost kinetic energy, behaving as radiation in the early Uni-
verse and transitioning to non-relativistic matter around
redshifts of z ⇠ 100 for realistic neutrino masses, there-
after influencing the late-time expansion history by con-
tributing to the matter component. The main e↵ect of
massive neutrinos on the CMB is to impact the angular
diameter distance to last scattering, which is degenerate
with the e↵ects of other cosmological parameters such as
⌦m and H0 (see, e.g., [163] for a recent discussion). Neu-
trinos also a↵ect the lensing of CMB anisotropies by sup-
pressing the growth of structure below the free-streaming
scale. BAO are not sensitive to the latter e↵ect at all, and
only probe the background geometry by constraining the
total matter density ⌦m and the parameter combination
H0rd, so DESI BAO alone cannot constrain the neutrino
masses. Nevertheless by breaking geometrical degenera-
cies, BAO significantly enhance the ability of the CMB
to constrain this parameter.

The upper limits on
P

m⌫ that we obtain from the
combination of DESI and CMB depend on the particu-
lar choice of the CMB likelihood used, since the various
likelihoods di↵er slightly in the amount of lensing power
they infer from the lensed TT , TE and EE power spec-
tra. This can be incorporated into a phenomenological
parameter AL that scales the model lensing power used to
compute the lensed power spectra (but not the power re-
constructed from the 4-point function), such that values
AL > 1 indicate an excess of lensing power, often referred
to as the ‘AL anomaly’. Increasing

P
m⌫ above 0.06 eV
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FIG. 7. Constraints on
P

m⌫ from our baseline data combination (DESI DR2 BAO with CMB) and with the addition of
di↵erent supernova datasets for ⇤CDM (left) and w0waCDM (right). The impact of the choice of SN dataset is significantly
greater in w0waCDM, while the choice of CMB likelihood is more important in ⇤CDM.

mass orderings. While this prescription o↵ers a natural
way to fold in prior information from neutrino oscilla-
tion experiments, it also leads to highly non-linear priors
for the heavier neutrino masses. If the same mechanism
is responsible for generating all three neutrino masses,
then a prior that is linear for all masses may be better
motivated.

From the combination of DESI BAO, CMB, and a
global fit to neutrino oscillation experiments (NuFIT 6.0)
[49], we obtain the following constraint on the lightest
neutrino mass,

ml < 0.023 eV (95%; NO or NO/IO), (21)

when assuming the normal mass ordering or in the gen-
eral case (NO/IO). When assuming the inverted mass
ordering, we find a very similar bound of

ml < 0.024 eV (95%; IO). (22)

This is a significant improvement with respect to a similar
analysis utilizing BOSS DR12 [163], Planck 2015 [164],
Pantheon SNe Ia [165], and BBN information [166], that
yielded ml < 0.086 eV (95%) [32]. The result may also
be compared with the constraint, ml < 0.040 eV [33]
from Planck 2018[34], BOSS DR12 [163], the DR7 Main
Galaxy Survey [167], and the Six-degree-Field Galaxy
Survey (6dFGS) [168].

In the general case, the data moderately prefer the nor-
mal mass ordering. Assuming ⇤CDM, we find a posterior
probability from DESI BAO + CMB + NuFIT of

P (NO) = 1 � P (IO) = 0.91. (23)

This corresponds to a Bayes factor of K = 10. The ev-
idence is slightly weaker for the alternative CMB likeli-
hoods (K = 6 for L-H and K = 8 for plik). Overall, this

analysis thus provides substantial evidence in support of
the normal mass ordering, under the assumption of the
⇤CDM +

P
m⌫ cosmology. See Fig. 6 for the marginal-

ized posterior distributions on the sum of neutrino masses
for the di↵erent mass ordering scenarios.

In a previous DESI analysis based on DR1 BAO data
[38], the upper limits for the normal and inverted mass or-
derings were determined by assuming a degenerate mass
spectrum (as in the baseline case here) and imposing
the additional prior that

P
m⌫ � 0.059 eV (NO) orP

m⌫ � 0.10 eV (IO). The posteriors obtained under
this approximation agree well in the tail of the distri-
bution. Consequently, we confirm that the approximate
procedure produces accurate 95% upper limits. In the
case of the normal ordering, we find

X
m⌫ < 0.101 eV (95%; NO), (24)

X
m⌫ < 0.105 eV (95%;

X
m⌫ � 0.059 eV), (25)

while in the case of the inverted mass ordering

X
m⌫ < 0.133 eV (95%; IO), (26)

X
m⌫ < 0.135 eV (95%;

X
m⌫ � 0.10 eV), (27)

thus validating the results from [38].

D. Impact of CMB likelihoods

We investigate the dependence of neutrino mass con-
straints on the Planck CMB likelihood, specifically com-
paring the plik, CamSpec and L-H combinations within

DESI DR2  
[2503.14743]
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• dynamical dark energy  
Mena et al; Green, Meyers, 2407.07878; DESI 2025, 2503.14738:   

• neutrino decay into dark radiation  
Chacko et al. 1909.05275; 2002.08401; Escudero et al., 2007.04994;  
Barenboim et al.,2011.01502; Chacko et al. 2112.13862:  

• time dependent neutrino mass  
Lorenz et al. 1811.01991; 2102.13618; Esteban, Salvado, 2101.05804;  
Sen, Smirnov, 2306.15718, 2407.02462   

•modified momentum distribution  
Cuoco et al., astro-ph/0502465; Barenboim et al., 1901.04352;  
Alvey, Sabti, Escudero, 2111.14870 

• reduced neutrino density + dark radiation 
Beacom, Bell, Dodelson, 04; Farzan, Hannestad, 1510.02201; Renk, Stöcker et al., 2009.03286;  
Escudero, TS, Terol-Calvo, 2211.01729; Das, Dev et al., 2506.08085 

∑ mν < 0.14 eV

∑ mν < 0.42 eV
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Cosmology bounds can be relaxed in non-standard scenarios

incomplete!
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• postulate a light dark sector with (many) massless sterile neutrinos 

• equilibrate DS via Z’ mediator with SM neutrinos btw BBN and recombination 

• can accommodate a sterile neutrino DM candidate

34

Example 2: light dark sector
4

FIG. 1. Schematic representation of the mechanism to reduce the active neutrino number density relative to the one in the
Standard Model (shown in red) by equilibrating a dark sector consisting of N� = 10 massless Dirac fermion species and the
DM candidate  with mass m = 18 keV due to a mediator X with mass mX = 100 keV and coupling g = 2⇥ 10�4. The X

boson is produced initially from the inverse decays ⌫⌫ ! X and then decays dominantly to dark sector species, i.e. X ! ��

and X !   . The DM relic abundance ⌦ h
2 = 0.12± 0.0012 [45] is obtained once the interactions   $ �� freeze out.

where

mD = Y⌫vEW/

p
2 , mD

0 = Y
0
⌫
vEW/

p
2 ,

⇤ = Y�v�/

p
2 , ⇤0 = Y

0
�
v�/

p
2 , (9)

 = Y v�/

p
2 , 

0 = Y
0
 
v�/

p
2 .

The rank of the matrix (8) is 2Nheavy, leading to (3 +
Nlight�Nheavy) massless and 2Nheavy massive states. For
our purposes, we want 4 massive states in addition to
the Nheavy heavy right-handed neutrinos: the 3 active
neutrinos plus the DM candidate. Therefore, we chose
Nheavy = 4, and Nlight = N� + 1, leaving N� states
massless. One of the “light” dark sector fermions gets
massive, which will become our DM candidate, and we
single it out by denoting it with  to distinguish it from
its massless partners �.1

Note that only left-handed fields appear in the Yukawa
Lagrangian eq. (6) and receive masses according to (8),
whereas the right-handed fields �R and  R remain mass-
less due to the postulated Z2 symmetry. Hence, we are
left with

Ñ = 2N� + 1 ,

g̃ = 4N� + 2
(10)

massless states and degrees of freedom in total, respec-
tively, corresponding to �L,�R and  R.

Upon block diagonalisation (see Appendix A for de-

1
Here we assume that all three active neutrinos are massive. If the

lightest of them remains massless, we would need only Nheavy =

3 heavy right-handed neutrinos.

tails) we get the following mass eigenvalues

m� = 0 ,

m⌫ =
(mD

0
�mD

0
)2 + (mD

0⇤�mD⇤0)2 + (0⇤� ⇤0)2

M 0(m2

D
+ 2 + ⇤2) +M(mD

02 + 02 + ⇤02)
,

m ⇡
m

2

D
+ 

2 + ⇤2

M
+

mD
02 + 

02 + ⇤02

M 0 ,

mN 0 ⇡ M
0
,

mN ⇡ M . (11)

Here, m⌫ = U
⇤
⌫
m̂⌫U

†
⌫
, where U⌫ is the PMNS mixing

matrix in the diagonal mass basis for the charged lep-
tons and m̂⌫ = diag(m1,m2,m3) contains the physical
neutrino mass eigenvalues, and we use a2 = aa

T in order
to write the equations for m⌫, in a compact form.
The mass eigenstates are then obtained as

(�̂, ⌫̂,  ̂, N̂ 0, N̂)T = W†(�c

L
, ⌫

c

L
, 

c

L
, N

0
, N)T , (12)

where the mixing matrix W is given by

W =

0

BBBBBB@

1 ⇤
⇤

m
⇤
D

0 ⇤
0⇤

M 0†
⇤

⇤

M†

�⇤
T

m
T
D

1 mD
0⇤

0⇤
mD

0⇤

M 0†
m

⇤
D

M†

0 �mD
0T

0T 1 
0

M 0


M

�⇤
0T

M 0
�mD

0T

M 0
�0T

M 0 1 0
�⇤

T

M

�m
T
D

M

�T

M
0 1

1

CCCCCCA

⇥ Diag[1, U⌫ , 1, 1, 1] . (13)

In deriving the mixing matrix above, we adopt a di-
agonal basis for the right-handed neutrino mass matrix,
and assume the following hierarchy:

M � M
0
� mD � 

0
,⇤ � m

0
D
,⇤0

, . (14)

This corresponds to a regime where the dominant in-
teractions of N 0 are with  whereas N interacts domi-
nantly with � and ⌫. Indeed, in the limit of m0

D
,⇤0

,!

Escudero, TS, Terol-Calvo, 2211.01729 
Benso, TS, Vatsyayan, 2410.23926
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potential signatures: 

•different neutrino mass in cosmo and lab 

•  at CMB 

• enhanced high-energy tail of SN neutrinos 

• sterile neutrino oscillations 

•warm DM signatures in structure formation

Neff > 3

35

Example 2: light dark sector
Escudero, TS, Terol-C

alvo, 2211.01729 
Benso, TS, Vatsyayan, 2410.23926

Figure 4. Parameter space of the model with the shaded areas highlighting regions of the parameter
space excluded by several cosmological constraints, for a fixed value of ⌫�� mixing ✓⌫� = 10�2 (left)
and ✓⌫� = 10�3 (right), and N� = 10. Along the orange, blue, purple solid curves the observed relic
DM density is obtained for m = 15, 50, 100 keV, respectively. The gray dashed lines indicate a fixed
value of the U(1)X gauge coupling, g = mZ0/v� and the dotted lines correspond to mZ0 = 2m for a
given DM mass. The red region is excluded from the thermalization condition, as the interactions of
Z

0 with neutrinos are not strong enough. The blue regions are excluded from BBN by requiring that
Z

0 is not in equilibrium with ⌫’s at T > 0.7 MeV, and the green regions show the area excluded by
⌫-free-streaming and CMB power spectra. The gray shaded region is excluded from production of �
via ⌫ � � oscillations before BBN.

to eq. (4.3) fixes the dark VEV for a given DM mass:

v� ' 105 keV
⇣

m 

15 keV

⌘1/2
✓
3.2

xf

◆1/2

⇥

⇢
2Ñ1/4 (mZ0 � m )
2.4 (mZ0 ⌧ m )

, (4.6)

in agreement with fig. 4. For large mixing angles ✓⌫� (upper panel of fig. 4), we are in the
limit mZ0 < m in large regions of the parameter space and therefore the DM contours are
determined by the combination m /v

2
�
= g

2
m /m

2
Z0 , and depend mildly on Ñ due to xf .

4.3 Stability and X-ray constraints

In our model, the interaction of  L and SM neutrinos with the massless states �L,R, R

mediated by the gauge boson Z
0 can lead to DM decay via three body processes. The

dominant ones are  ! ⌫��.5 Therefore, in order for the DM to be stable on cosmological
timescales, we need to ensure that the lifetime of  relative to this channel is at least larger
than the age of the universe, tU ⇡ 4.35⇥ 1017 s. Using eq. (B.2) and trading the dependence
on g and mZ0 by v� we get

⌧ ⇠ 45 ⌧U

�
v�

2 GeV

�4
⇣

Ñ

21

⌘ �
m 

15 keV

�5 ⇣
✓⌫ 

10�8

⌘2 , (4.7)

5
The decay  ! 3⌫ is also allowed, but the amplitude of this process is suppressed by the 3

rd
power of the

mixing angle ✓⌫�, instead of the single power of ✓⌫� that suppresses  ! ⌫��. Therefore, to account for DM

stability, we only need to consider  ! ⌫��. Moreover, due to the absence of Z0 � interactions, decays such

as  ! 3� do not occur.

– 13 –

allowed
 ,  , 


 ,   

θνχ ≃ 10−3 mZ′￼
∼ 10 keV vΦ ∼ 100 MeV

gX =
mZ′￼

vΦ
∼ 10−4 mDM ≃ 50 keV
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• The neutrino challenge for theory 
the unique position of  to test lepton number violation and the  
paradigm of neutrino mass from EFT based on the Weinberg operator 

• The success story of three-flavour oscillations 
robust determination of 4.5 out of 6 oscillation parameters 

• Tensions in the standard three-flavour paradigm / signs of new physics? 

• short-baseline anomalies: eV sterile neutrino oscillations do not provide an explanation, 
no explanation known for Gallium, LSND/MiniB require additional BSM physics 

• the neutrino tension in cosmology:  
exciting sensitivity to neutrino mass from cosmology, tension with oscillations emerging,  
Does it signal cosmology beyond CDM or new physics in the neutrino sector or both?  

0νββ

Λ
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T2K and NOvA  appearance dataνμ → νe
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Figure 4. Predicted number of events as a function of �CP for the T2K (left) and NOvA (right)
appearance data sets. sin2 ✓23 varies between 0.44 and 0.58, where the lower-light (upper-dark)
bound of the colored bands corresponds to 0.44 (0.58). Red (blue) bands correspond to NO (IO).
For the other oscillation parameters we have adopted sin2 ✓13 = 0.0222, |�m2

3`| = 2.5 ⇥ 10�3 eV2,
sin2 ✓12 = 0.32, �m2

21 = 7.5⇥ 10�5 eV2. The horizontal dashed lines show the observed number of
events, with the ±1� statistical error indicated by the gray shaded band.

of events for these samples as a function of �CP, for varying values of sin2 ✓23, as well as the
mass ordering, compared to the observations.

The predictions in Fig. 4 are calculated using our simulations of the experiments, that
include numerically-computed oscillation probabilities. However, the general behaviour of
the curves is well-described by the approximate expressions derived in Refs. [25, 37]. These
expand the relevant oscillation probabilities in the small parameters sin ✓13, �m2

21L/E⌫ ,
and A ⌘ |2E⌫V/�m2

3`| (where L is the baseline, E⌫ the neutrino energy and V the effective
matter potential [38]), resulting in the following expressions for the expected number of
events:

N⌫e ⇡ N⌫
⇥
2s223(1 + 2oA)� C 0 sin �CP(1 + oA)

⇤
, (3.1)
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mass ordering, compared to the observations.

The predictions in Fig. 4 are calculated using our simulations of the experiments, that
include numerically-computed oscillation probabilities. However, the general behaviour of
the curves is well-described by the approximate expressions derived in Refs. [25, 37]. These
expand the relevant oscillation probabilities in the small parameters sin ✓13, �m2

21L/E⌫ ,
and A ⌘ |2E⌫V/�m2

3`| (where L is the baseline, E⌫ the neutrino energy and V the effective
matter potential [38]), resulting in the following expressions for the expected number of
events:

N⌫e ⇡ N⌫
⇥
2s223(1 + 2oA)� C 0 sin �CP(1 + oA)

⇤
, (3.1)
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3`|.

(�CP, sin2 ✓23) plane from the global analysis of all data are shown in Fig. 7, which resemble
to a large extent the features from the combination among T2K and NOvA discussed above.
We observe, in particular, non-trivial correlations between these two parameters and the
MO. For IO, the preference for �CP ' 270� is highly significant, whereas for NO a more
complicated structure in the (�CP, sin2 ✓23) plane, with several local minima, emerges. The
octant degeneracy for ✓23 is present with ��2 < 4 for both mass orderings and both data
variants, showing local minima around sin2 ✓23 ⇡ 0.56 and 0.47.

An obvious question to address is whether T2K and NOvA are in tension with each
other at a worrisome level. Consistency among different data sets can be quantified with
the parameter goodness-of-fit (PG) [39]. For a number N of different data sets i, each
depending on ni model parameters, and globally depending on nglob parameters, it can be
shown that the test statistic

�2
PG ⌘ �2

min,glob �

NX

i

�2
min,i = min

 NX

i

�2
i

�
�

X

i

�2
min,i , (3.3)

follows a �2 distribution with n ⌘
P

i ni � nglob degrees of freedom [39].
Applying this test to the full NOvA and T2K samples (including both appearance and

disappearance data for neutrinos and antineutrinos) we obtain the values in Table 3. We
carry out the analysis separately for each mass ordering, in all cases fixing �m2

21 and ✓12
to their best fit. In the results reported in the upper part of the table ✓13 is varied in the
minimization, so nT2K = nNOvA = nglob=T2K+NOvA = 4 (i.e., �m2

3`, ✓23, �CP, and ✓13). In
the lower part ✓13 is kept fixed to its best fit so nT2K = nNOvA = nglob=T2K+NOvA = 3.
From the table we read that, as expected, agreement is better in IO, where irrespective
on ✓13 the samples are compatible at the 0.5� level or better. In NO, compatibility arises
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Mass ordering sensitivity

Figure 10. p-values (top) and distributions (bottom) for the test statistic T = �2
IO,min

� �2
NO,min

corresponding to the «IC19 w/o SK-atm» analysis, assuming true NO (red) or true IO (blue).
The observed value Tobs = �0.6 is shown by the solid vertical black line. The corresponding
median values are shown by the dashed vertical lines. The green and yellow bands in the top panel
—vertically displaced to avoid graphical overlap— correspond to the 1� and 2� intervals for T
assuming NO (upwards displaced bands) and IO (downwards displaced bands).

of the dashed lines with the corresponding red or blue curves in the top panel of Fig. 10,

NO: pmed

NO = 1.3% , 98.7% CL , 2.5� ,

IO: pmed

IO = 0.51% , 99.49% CL , 2.8� .
(3.8)

We conclude that current data has a nominal sensitivity above 2.5� to the mass ordering.
The weak rejection we obtain for both orderings is a result of the opposite trends in the data
discussed in previous subsections, resulting in an observed value for Tobs right in between
the peaks of the distributions. A natural question is how unlikely this result is. To assess
it, we show in the top panel of Fig. 10 the intervals where Tobs is expected to lie with
probability of 68.27% (green) and 95.45% (yellow) for the two mass orderings. We see that
the obtained value Tobs = �0.6 is not particularly unlikely for both orderings, being located
within the 1� (2�) ranges for IO (NO).
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preference for NO with Δχ2 ≈ 5.7

22

TABLE V. Best-fit neutrino oscillation parameters from the analyses presented in this work. The uncertainties on each
oscillation parameter are the ±1� allowed regions assuming a �2 distribution with one degree of freedom. The second-to-last
column shows the total �2. Both analyses have 930 bins.

Fit result Ordering |�m2

32,31| sin2 ✓23 sin2 ✓13 �CP �2 ��2

I.O.�N.O.

(10
�3

eV
2
) (�⇡,⇡)

SK, Atmospheric Only
Normal 2.40+0.07

�0.09 0.45+0.06
�0.03 0.020+0.016

�0.011 �1.89+0.87
�1.18 1022.06

5.23
Inverted 2.40+0.05

�0.33 0.48+0.07
�0.05 0.010+0.021

�0.008 �1.89+1.32
�1.97 1027.29

SK, sin2 ✓13 Constrained
Normal 2.40+0.07

�0.09 0.45+0.06
�0.03 – �1.75+0.76

�1.25 1022.06
5.69

Inverted 2.40+0.06
�0.12 0.45+0.08

�0.03 – �1.75+0.89
�1.22 1027.75

FIG. 18. Distribution of the mass ordering preference statis-
tic, ��2

I.O.�N.O., for ensembles of simulated data sets, assum-
ing either the normal or inverted mass orderings. The data
result from the atmospheric analysis with sin2 ✓13-constrained
analysis is shown as the vertical black line. The blue and or-
ange histograms indicate the distribution of this statistic for
toy data sets assuming the normal and inverted ordering re-
spectively. The filled areas to the left of the data result for
inverted toy data sets and to the right of the data result for
normal toy data sets indicate the p-values.

The p-value obtained from toy data sets depends on
the choice of oscillation parameters. While the atmo-
spheric analyses places sin2 ✓23 in the lower octant, values
of sin2 ✓23 spanning both octants are allowed at the 1�
level. Larger values of sin2 ✓23 and �CP values near �⇡/2
increase the sensitivity of SK for rejecting the incorrect
mass ordering since they enhance the ⌫µ ! ⌫e signal.
Accordingly, the mass ordering is more di�cult to re-
solve for smaller values of sin2 ✓23 and values of �CP near
⇡/2. To demonstrate the dependence of CLs outcomes on
the choice of oscillation parameters, we repeated the gen-
eration of toy data sets for configurations of oscillation
parameters which maximize and minimize the expected
sensitivity to rejecting the incorrect mass ordering and
are allowed at the 90% confidence level. The range of

CLs values obtained in the atmospheric fit with sin2 ✓13
constrained span 0.033–0.220. We observe that upper-
octant values of sin2 ✓23 predict larger��2

I.O.�N.O.
values

which are closer to the observed data result. We antic-
ipate that better constraints on the sin2 ✓23 octant will
reduce the di↵erence between the ��2

I.O.�N.O.
values ex-

pected from MC and obtained from data.

VI. CONCLUSION

We analyzed 6511.3 live-days of atmospheric neutrino
data collected with the Super-Kamiokande experiment
operating with pure water and an expanded fiducial vol-
ume. An event selection using tagged neutron infor-
mation was used to enhance the statistical separation
of neutrino and anti-neutrino data, thereby increasing
the sensitivity to the neutrino mass ordering. An anal-
ysis of SK data with constraints on sin2 ✓13 measures
the oscillation parameters to be �m2

32
= 2.40+0.07

�0.09 eV
2,

sin2 ✓23 = 0.45+0.06
�0.03, and �CP = �1.75+0.76

�1.25. The analysis
prefers the normal ordering over the inverted ordering at
the 92.3% confidence level. We anticipate improvements
to the mass ordering sensitivity in future analyses of
SK atmospheric data which include gadolinium-enhanced
neutron tagging for enhanced neutrino and anti-neutrino
separation.

This work is accompanied by a data release [59]. The
data release contains the 1D and 2D contours of fitted
oscillation parameters at the 68% and 90% confidence
levels from the analyses described in Sec. IV, and listings
of the data and MC counts in the 930 atmospheric neu-
trino bins used throughout this work. Summary statistics
of the MC neutrino energies, directions, and flavors are
provided for each bin.
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Global status mass ordering
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Figure 9. ��2 profiles as a function of �m2
3` for different data sets and combinations as labeled in

the figures. In the curves where the reactors R are not included in the combination we have fixed
sin2 ✓13 = 0.0222 as well as the solar parameters and minimized with respect to ✓23 and �CP. When
the reactors are included ✓13 is also marginalized. ��2 is shown with respect to the global best-fit
point (IO or NO) for each curve. The left set of panels visualizes the reactor/LBL combination,
whereas in the right set of panels we are illustrating the impact of the IC19 or IC24 data sets.

Instead, combining LBL and IC24 leads to a shift in |�m2
3`| that, when adding reactor

data, leads to ��2
IO,NO

⇡ 1.5.
Different to the IC24 data table, the latest Super-Kamiokande atmospheric data [22]

alone shows a preference for NO with ��2
IO,NO

⇡ 5.7. We note, however, that this result
seems to emerge from a large statistical fluctuation. Indeed, the probability of obtaining
the data is relatively low for both mass orderings, and considering the distribution of the
relevant test statistic, the SK collaboration determines a preference for NO over IO at the
92.3% CL [21]. When combining the IC24 and SK atmospheric neutrino �2 tables with our
global fit of the remaining data, we find an overall preference for NO with ��2

IO,NO
⇡ 6.1,

see Sec. 2.

3.3 Sensitivity to the neutrino mass ordering

Given the different trends among several determinations of the mass ordering, we now
study in more detail the sensitivity of current global data to it. To do so, we follow the
methodology in Ref. [43]. As customary, a useful test statistic for this purpose is the �2

difference among the best-fit points for the two orderings. Following Ref. [43], we denote it
in this Section as T ,

T ⌘ ��2
IO,NO ⌘ �2

min,IO � �2
min,NO . (3.4)

Hence, positive values of T favor NO, and negative values favor IO. As shown in refs. [43, 44],
under certain conditions T will follow a Gaussian distribution with mean ±T0 and standard
deviation 2

p
T0, where T0 is obtained as follows. If pi(o, ✓) is the expected number of events

– 15 –
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• precision measurement of reactor 
neutrino spectrum at ~53 km
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Oscillations — near term future: JUNO reactor experiment
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• determination by combining JUNO with LBL accelerators [Nunokawa, 
Parke Zukanovich, ’05] or atmospheric neutrinos [Blennow, Schwetz, ’13] 
 
indep. determination of in  and  disappearance|Δm2

31 | νμ νe

43

Mass ordering — near term future

1 2 3 4 5 6 7 8 90

2

4

6

8

10

12

1

� 2030

JUNO only
JUNO   (0.75%) [NMO]� �m232LB�B

JUNO   (0.75%) [IMO]� �m232LB�B

JUNO   (0.5%) � �m232LB�B

DUNE (3 years)
Full �CP

“Vaccum” “Matter”

JUNO Timeline (years)

M
as

s O
rd

er
in

g 
Si

gn
ifi

ca
nc

e 
[

] �

Figure 8: Di↵erent Measurements of Mass Ordering. As illustrated in Figure 7, the LB⌫B-II generation may
provide major boosting of the JUNO sensitivity upon the boosting caused by �m2

32 precision, which is expected to be at
best �0.75%. The boosting e↵ect is again illustrated as the di↵erence between the JUNO alone (blue) and JUNO boosted
(orange) curves. However, once the LB⌫B-III generation accelerator experiments start, we expect the �m2

32 precision to
be further enhanced up to ⇠0.5% by both DUNE and HK. At this moment, the JUNO data may only exploit this �m2

32

precision to ensure a fully resolved vacuum only MO measurement (magenta), which can be compared to DUNE stand-alone
measurement (green). Given the possible uncertainties due to experiment schedules, etc, all we can say is possible >2030.
However, this opens for an unprecedented scenario where two as di↵erent as possible high precision MO measurements will
be available to ensure the possible overall coherent of the neutrino standard phenomenology. Should discrepancies be seen,
this may a smoking-gun evidence of the manifestation of new neutrino phenomenology.

cant potential improvement in the �m2
32

precision, up
to order 0.5% [31, 32] may prove crucial. Furthermore,
the comparison between two fully resolved MO measure-
ments, one using only matter e↵ects and one exploiting
pure vacuum oscillations, is foreseen to be one of the
most insightful MO coherence tests. So, the ultimate
MO measurements comparison may be the DUNE’s AC
alone (even after a few years of data taking) versus a full
statistics JUNO boosted by the DC of HK and DUNE
improving the �m2

32
precision. This comparison is ex-

pected to maximise the depth of the MO-based scrutiny
by their stark di↵erences in terms of mechanisms, im-
plying dependencies, correlations, etc. The potential for
a breakthrough or even discovery, exists, should a signif-
icant discrepancy manifest here. The expected improve-
ment in the knowledge of �CP by LB⌫B-III experiments
will also play a role in facilitating this opportunity.

This observation implies that the JUNO based MO
capability, despite its a priori humble intrinsic sensitiv-
ity, has the potential to play a critical role throughout
the history of MO explorations. Indeed, the first MO
fully resolved measurement is likely to depend much
on the JUNO sensitivity (direct and indirectly); hence
JUNO should maximise (��2 � 9) or maintain its yield.
However, JUNO’s ultimate role aforementioned may re-
main relatively una↵ected even by a small loss in perfor-
mance, providing the overall sensitivity remains sizeable

(e.g. ��2 � 7), as illustrated in Figures 5 and 6. This
is because JUNO sensitivity could still be boosted by
the LB⌫B experiments by their precision on �m2

32
, thus

sealing its legacy. There is no reason for JUNO not to
perform as planned, specially given the remarkable ef-
fort for solutions and novel techniques developed, such
as the dual-calorimetry, for the control and accuracy of
the spectral shape [64].

7. LB⌫B Running Strategy: since both AC and DC
channels drive the sensitivity of LB⌫B experiments, the
maximal yield for a combined MO sensitivity implies
a dedicated optimisation exercise, including the role of
the �CP sensitivity. Indeed, as shown, the precision on
�m2

32
, measured via the DC channel, plays a leading role

in the intrinsic MO resolution, which may even outplay
the role of the AC data. So, forthcoming beam-mode
running optimisation by the LB⌫B collaborations could,
and likely should, consider the impact to MO sensitivity.
In this way, if �m2

32
precision was to be optimised, this

will benefit from more neutrino mode running, leading
typically to both larger signal rate and better signal-
to-background ratio. This is particularly important for
T2K and HK due to their shorter baselines. For such
considerations, Figure 5 might o↵er some guidance.
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Oscillations — long term: DUNE & HyperK: CP phase 

30

Fig. 21 Resolution in degrees for the DUNE measurement of
�CP, as a function of the true value of �CP, for seven (blue),
ten (orange), and fifteen (green) years of exposure. The width
of the band shows the impact of applying an external con-
straint on ✓13.

many throws of the systematic other oscillation param-
eters, and statistical throws. As seen in Figure 21, the
�CP resolution varies significantly with the true value of
�CP, but for favorable values, resolutions near five de-
grees are possible for large exposure. The DUNE mea-
surement of sin2 2✓13 approaches the precision of reac-
tor experiments for high exposure, allowing a compar-
ison between the two results, which is of interest as a
test of the unitarity of the PMNS matrix.

One of the primary physics goals for DUNE is the
simultaneous measurement of all oscillation parameters
governing long-baseline neutrino oscillation, without a
need for external constraints. Figure 24 shows the 90%
constant ��2 allowed regions in the sin2 2✓13–�CP and
sin2 ✓23–�m2

32
planes for seven, ten, and fifteen years of

running, when no external constraints are applied, com-
pared to the current measurements from world data. An
additional degenerate lobe visible at higher values of
sin2 2✓13 and in the wrong sin2 ✓23 octant is present in
the seven and ten year exposures, but is resolved after
long exposures. The time to resolve the degeneracy with
DUNE data alone depends on the true oscillation pa-
rameter values. For shorter exposures, the degeneracy
observed in Figure 24 can be resolved by introducing an
external constraint on the value of ✓13. Figure 25 shows
two-dimensional 90% constant ��2 allowed regions in
the sin2 ✓23–�CP plane with an external constraint on
✓13 applied. In this case, the degenerate octant solution
has disappeared for all exposures shown.

Fig. 22 Resolution of DUNE measurements of �CP (top) and
sin2 2✓13 (bottom), as a function of exposure in kt-MW-years.
As seen in Figure 21, the �CP resolution has a significant
dependence on the true value of �CP, so curves for �CP =
�⇡/2 (red) and �CP = 0 (green) are shown. For �CP, the
width of the band shows the impact of applying an external
constraint on ✓13. No constraint is applied when calculating
the sin2 2✓13 resolution.

Figure 26 explores the resolution sensitivity that is
expected in the sin2 ✓23–�CP and sin2 ✓23–�m2

32
planes

for various true oscillation parameter values, with an
external constraint on ✓13. The true oscillation param-
eter values used are denoted by stars, and the NuFIT
4.0 best fit values are used as the true value of all those
not explicitly shown. Values of sin2 ✓23 = 0.42, 0.5, 0.58
were used in both planes, and additionally, values of
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Planck + DESI-Y1 + Pantheon+ 95% C.L.
P

m⌫ (eV)

Model Planck likelihood Bayesian
Frequentist

Gaussian fit
B.L. F.C.

⇤CDM
Planck18-PR3 0.093 0.087 0.088 -0.025±0.056
CamSpec22-PR4 0.089 0.080 0.078 -0.033±0.055
HiLLiPoP23-PR4 0.112 0.099 0.098 -0.034±0.066

w0waCDM
Planck18-PR3 0.177 0.163 0.163 -0.019±0.092
CamSpec22-PR4 0.167 0.161 0.164 0.006±0.079
HiLLiPoP23-PR4 0.213 0.205 0.207 0.024±0.092

⇤CDM+Alens

Planck18-PR3 0.242 0.268 0.260 0.060±0.102
CamSpec22-PR4 0.204 0.220 0.210 0.050±0.079
HiLLiPoP23-PR4 0.180 0.187 0.181 0.046±0.068

TABLE III. Upper limits at 95% CL on the neutrino mass using Planck + BAO + SN data within extended ⇤CDM models,
including a time-varying equation of state of dark energy, as well as varying the Alens parameter. We show the Bayesian
limits compared with the two frequentist approaches (B.L. = Bounded Likelihood, and F.C. = Feldman-Cousins) described in
Section III.2. We also report the Gaussian fit for our profile likelihoods, obtained from the points below ��

2 = 4.

FIG. 9. Profile likelihoods for the data set combinations of Planck18-PR3+DESI-Y1 (black), HiLLiPoP23-PR4 (blue), Planck18-
PR3+DESI-Y1-no07 (red), HiLLiPoP23-PR4+DESI-Y1-no07 (green), and compared with �

2
e↵ = �2 logP from [20] (purple)

and [21] (orange), which have treatments for “negative” neutrino masses. By comparing the black and blue curves we can
clearly see that the bound on the neutrino mass gets relaxed if the HiLLiPoP likelihood (which does not contain a lensing
anomaly) is used. However, it is clear from the extrapolated parabolas that there is still some preference for a negative neutrino
mass. This, however, disappears when the DESI BAO data at z = 0.7 which contains a ⇠ 3� outlier is removed (see red and
green curves).

displayed by the di↵erent datasets analyzed without the
need for an explicit (arbitrary) modelling of the e↵ect of
negative neutrino masses. A similar approach, extrapo-
lating instead a Gaussian fit to the posterior distribution,
was adopted in Refs. [24] and [10].

Our results agree overall fairly well with all previous
works [10, 19–21] considering the di↵erent treatments
performed in each of them. Our main results and the
comparison to previous analyses are shown in Fig. 9

(see also App. B). In particular, Ref. [21] argued that
the Gaussian extrapolation in [10] underestimates the
preference for negative masses of present data. Indeed,
Refs. [19–21] find rather more negative best fits through
their analyses with their respective “e↵ective masses”
peaking around �0.15 eV (see purple and orange lines in
Fig. 9). We do find some preference for negative neutrino
masses in datasets including both the Planck likelihoods
a↵ected by the lensing anomaly (Plik 2018 in Fig. 9 but
also CamSpec in previous sections) and the full DESI Y1

 ,    Δχ2(mν = 0) ≲ 3 Δχ2(NO) ≲ 6
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FIG. 10. Neutrino mass profile likelihood using DESI DR2
BAO and baseline CMB data, combined with DESY5 super-
novae, for w0waCDM. When allowing for evolving dark en-
ergy, the minimum of the profile shifts very close and even
into the positive sector for some data combinations. The
combination without SNe information can be compared to
its ⇤CDM equivalent: � increases by 0.035 eV, and the upper
limit relaxes considerably, aided by the shift toward the pos-
itive sector. Adding SNe information tightens the parabola
again.

seen in the Bayesian case (see the right panel of Fig. 16).
We see a di↵erent situation when comparing FS +

BAO with combinations that only include BAO. For this
comparison, we revert to using the plik Planck likeli-
hood as was done for the baseline results in [39]. Never-
theless, just like in Section IV D and [39] in the Bayesian
framework, we find that DESI BAO + CMB plik and
CamSpec exhibit extremely similar profiles. We expect an
improvement on DESI DR1 BAO when considering the
full-shape analysis, which unlike BAO is able to measure
the small-scale suppression e↵ect on the matter power
spectrum. As in the previous case, we see an improve-
ment of the upper limit by 0.011 eV. The statistical
power of the data as measured by � is very close for
both curves, with a di↵erence of 0.003 eV in favor of the
analysis that includes FS.

These findings show that, in terms of statistical
strength, the switch from DESI DR1 BAO to DESI DR2
BAO and the inclusion of CMB lensing are most impor-
tant, while the improved upper limit in the BAO + FS
case is mostly due to a shift toward negative values.

DESI can constrain the sum of neutrino masses with
limited external information. In Fig. 9, we consider
the combination of DESI DR1 (FS+BAO) along with
a BBN prior on ⌦bh

2 and CMB information on ns and
As. The full-shape analysis makes it possible to mea-
sure the small-scale suppression e↵ect caused by neutri-
nos without involving CMB information, while geomet-
ric information is provided by the BAO measurement. If

the preference for negative e↵ective neutrino masses is
a symptom of some tension between di↵erent datasets,
then reducing the amount of external information could
lessen the preference.

We find that all parabola minima still lie in the nega-
tive sector, although the tension with

P
m⌫ = 0 is less

than 1�. Compared to baseline CMB + DESI combi-
nations, the constraints are relaxed, with upper limits
as high as 0.373 eV along with � = 0.200 eV. As more
stringent CMB information is added to the analysis, such
as a narrower constraint on ns or additional information
on As, both constraining power, �, and upper limits im-
prove. The minimum also shifts further toward the neg-
atives by about 0.045 eV, resulting in a decrease in the
upper limits of around 0.07 eV for each step.

We now consider the impact of allowing evolving dark
energy, under the framework of the w0–wa parametriza-
tion. DESI data, in combination with external datasets,
have been shown to favor dynamical dark energy [38–
40, 177], especially when including supernova informa-
tion. Moving to a dynamical dark energy model helps to
alleviate the tension that could be driving the neutrino
mass sum toward the negatives. As shown in Fig. 10,
the minima of the parabolas shift very close to the posi-
tive sector. The combination of DESI DR2 BAO and the
baseline CMB dataset imposes an upper limit of

w0waCDM: DESI DR2 BAO + CMB:
X

m⌫ < 0.177 eV (95%),
(29)

which represents a 0.123 eV relaxation compared to the
⇤CDM case. A large part of this increase is caused by
the shift of the parabola toward the positives by 0.06 eV,
although further relaxation is expected from the degra-
dation of � from 0.043 eV to 0.078 eV. When adding
SNe information from DESY5, � and µ95 both improve
to 0.068 eV and 0.126 eV, while the central value, µ0, be-
comes negative again, although barely.

Finally, the profile likelihoods can also be used to probe
the preference for the normal mass ordering. The pro-
files are calculated using a degenerate mass approxima-
tion with three neutrinos of equal mass, which is still a
reasonable approximation for recent DESI data [31, 159–
162]. We use the NuFIT 6.0 constraints [49] on the dif-
ference of squared masses, from current oscillation exper-
iments, and we consider a situation in which the lightest
neutrino has zero mass. We can then determine a to-
tal sum of neutrino masses both in normal and inverted
ordering, and compute a ��

2 between the two. For base-
line CMB + DESI DR2 BAO in ⇤CDM, this procedure

yields �
2(

P
m

(IO)
⌫ )��

2(
P

m
(NO)
⌫ ) = 4.6, which is in very

good agreement with the Bayes factor reported in Sec-
tion IVC. This indicates that baseline CMB + DESI DR2
BAO seems to favor the normal ordering.

Almost all profiles presented here, especially for
⇤CDM, exhibit a minimum in the negative mass region.
Only when introducing dynamical dark energy do we re-
cover minima closer to or inside the positive sector. Nev-

DESI DR2 [arXiv:2503.14743]


