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>20 years of neutrino experiments have revealed neutrino masses and a complex 
 lepton flavour sector

SuperKamiokande

SNO

MINOS, Opera

Borexino

...and many more 2



Open Questions in Physics

Neutrino physics = νSM in the making 

= new Higgs-Lepton couplings+…
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Open Questions in Physics
• Missing pieces in the SM puzzle: neutrino masses and mixings 

NO/NH IO/IH
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Open Questions in Physics
• Missing pieces in the SM puzzle: the input from many experiments in  
global fits is giving few % precision in most parameters except CP 

Imperial College London

Neutrino Oscillation

• Impressive progress in measuring oscillation 

parameters

• Most parameters measured with few percent 

precision (note, have taken 1/6 of 3𝜎 range as error for dCP and theta23)

• Open questions:

• Octant of 𝜃23
• Mass ordering

• CP violation?

• Value of 𝛿𝐶𝑃
• Unitarity of PMNS

• Other new physics?

16/06/2025Neutrino Oscillation, Mixing and Mass Splitting 5

Current knowledge

NuFit 6.0, JHEP 12 (2024) 216

3.7%

2.1%

5.0%

3.1%

2.3%

1.3%

16.4%

2.5%

0.8%

See also F. Capozzi et al., Phys. Rev. D 104, 8, 083031

 P. F. de Salas et al., JHEP 02, 071 (2021)

Major open questions for oscillation 
experiments: 

• neutrino ordering 
• CP violation 
• ≤% precision in all parameters 

-> M. Scott parallel talk
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β-decay/e-capture

6CMB LSS

Open Questions in Physics
• Missing pieces in the SM puzzle: neutrino mass scale  
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-> J. Formaggio parallel talk
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Open Questions in Physics
• Understand (subtly) broken symmetries of the SM: flavour, CP, B/L 

CKM PMNS 

Neutrinos have brought a new perspective to the flavour puzzle

mν ∼
m2

f

ΛNP
?
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Open Questions in Physics

• The quantum world we don’t understand: gravity and the coexistence of 
different energy scales 

• A Universe we don’t understand:  
Baryons, Dark Matter, Dark Energy 

Baryons <-> matter-antimatter asymmetry 

new sources of CP violation+ new non-equilibrium  
dynamics in the Early Universe (eg. more weakly interacting  
particles,…) generic in  

MHiggs,⇤NP?,MPlanck
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Why are neutrino experiments important in this quest  ?

Neutrinos are the most elusives of the SM particles ! 

               Huge detectors + Low Background + Intense Beam Dumps  

           
➢ Neutrino experiments = Rare Event Factories ! 
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New explorations in neutrino physics

O(100 evts) TeV-neutrinos from the LHC detected by FASER & SND

Coherent Neutrino Scattering  Eν< 50MeV (nuclear recoils < keV)

• σν@TeV 
• Neutrino flux: forward charm
production, gluon PDF
• LFU 

SM and BSM CE⌫NS Neutrino Interactions

Standard Model NC Electromagnetic Interactions

Z

να να

N (A,Z) N (A,Z)

γ

να νβ

N (A,Z) N (A,Z)

BSM Vector Mediator BSM Scalar Mediator

Z ′

να νβ

N (A,Z) N (A,Z)

Φ

να νβ

N (A,Z) N (A,Z)

C. Giunti � New Physics Searches with CEvNS (Theory) � Neutrino 2022 � 4 June 2022 � 4/29

D. Freedman ‘74

Complementary to Icecube/KM3NET

-> I. Esteban parallel talk

-> I. Esteban & J. Kopp parallel talks 10



eV keV MeV GeV TeV MPlanck
MN

SMEFT

 Neutrino Exploration of New Physics

New Physics

⇤NP � E
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Neutrinoless Double Beta Decay: 

PDG24

Additional contributions          to are possible from new physics and  sets  
competitive bounds !

ββ0ν
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-> J. Formaggio parallel talk
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eV keV MeV GeV TeV MPlanck
MN

SMEFT

 Neutrino Exploration of New Physics

13



eV keV MeV GeV TeV MPlanck
MN

Higgs, EWPT

FCNC, LFV...

B,L 
violation

Neutrino experiments have provided  the most stringent limits to SMEFT via  
B violating searches: p-decay, n-nbar oscillations,  

 Neutrino Exploration of New Physics

Fermions Scalars
DM multiplet

SU(2)L ⇥ U(1)Y

Even SO(10)

multiplet
Odd SO(10)

multiplet

10 45, 54, 126, 210 16, 144
2±1/2 10, 120, 126, 210, 2100 16, 144
30 45, 54, 210 144

3±1 54, 126 144

Table 3: Possible DM candidates in SO(10) GUTs. SU(2)L⇥U(1)Y multiplet that contains a neutral
component is presented in the first column. The second (third) column lists representations that are
even (odd) under PM and contain a DM candidate are listed in the second (third) column. The triplet
candidates with hypercharge ±1 are shown for completeness; however, they are not viable as a DM
candidates.

Table 4: Selected baryon number violating searches by Super-Kamiokande.

Channel Comment Exposure Limit Reference
p ! e+⇡0 d = 6 operators, e.g. SU(5) 450 kt·y 2.4 ⇥ 1034 y [55]
p ! µ+⇡0 flipped SU(5) 450 kt·y 1.6 ⇥ 1034 y [55]
p ! ⌫K+ d = 5 SUSY operators 260 kt·y 5.9 ⇥ 1033 y [472]
p ! µ+K0 SUSY SO(10) 173 kt·y 1.6 ⇥ 1033 y [474]
pp ! K+K+ RPV SUSY 92 kt·y 1.7 ⇥ 1032 y [372]
p ! e+e+e� lepton flavor symmetries 370 kt·y 3.4 ⇥ 1034 y [475]
n ! n̄ �B = 2 370 kt·y 3.6 ⇥ 1032 y [328]
np ! ⌧+⌫ extended Higgs sector 273 kt·y 2.9 ⇥ 1031 y [476]
n ! ⌫� radiative 273 kt·y 5.5 ⇥ 1032 y [476]
p ! e+⌫⌫ Pati-Salam 273 kt·y 1.7 ⇥ 1032 y [294]

Entities n � n̄ Cosmic
Events 1,633,525 1,618,827

Reconstructed clusters 1,684,516 14,857,224
Clusters (after pre-selection) 1,455,214 1,283,074
Clusters (after final-selection) 1,207,153 142
Events (after final-selection) 1,202,281 142

Selection efficiency (%) 73.6 8.77e-3

Table 5: The number of entities for each reconstruction and selection stage. The numbers are
evaluated using a simulation sample that corresponds to roughly 10 times the MicroBooNE 372 second
exposure. The selection efficiency indicates the ratio between the “Events” and “Events (after final-
selection)”.

– 70 –

works such as Refs. [281, 321, 351–354]. In SMEFT, �B = 1 appears at dimension-6. Any flavor
�B = 1 term leads to nucleon decay, including particles heavier than the proton such as charm or the
tau lepton that can induce proton decay through off-shell contributions (see e.g. Ref. [355]). These
contributions are strongly constrained by two-body nucleon decays such as p ! e+⇡0. At dimension
> 6, non-trivial lepton number �L 6= 0 allows to enforce dominance of some operators (e.g. Ref. [291]).
�B and �L are connected through the dimensionful operators (e.g. [303, 351]). Higher dimensional
operators can also often lead to multi-body channels, such as n ! K+µ+e�e� at dimension-9, or
multi-nucleon decays with �B > 1 [352]. One can use limits on rates for p ! `+M and n ! ⌫̄M ,
where M denotes a pseudoscalar or vector meson to obtain indirect limits on rates for p ! `+`0+`0�,
n ! ⌫̄`+`0�, p ! `+⌫⌫̄, and n ! ⌫̄⌫̄⌫ [356]. Fig. 7 displays characteristic examples of processes with
distinct �B and �L structures.
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Figure 7: Process examples with baryon and lepton number violation by �B and �L units, re-
spectively. “Instanton” refers to processes that break the same quantum numbers as non-perturbative
electroweak instantons. 0⌫2(4)� refers to neutrinoless double (quadruple) beta decay. The minimal
mass dimension d of the underlying effective operator is shown. Operators also carry flavor. Repro-
duced from Ref. [352].

2.7 Discrete Symmetries and Supersymmetry

B-violation processes appear in many extensions of the SM, a notable example being supersymmetric
(SUSY) theories. Already in the MSSM realization nucleon decay-mediating dimension-4 operators
QLdc and ucdcdc appear, where Q, L are left-chiral quark and lepton doublets and uc, dc are the u-
type, d-type superfields, respectively. To forbid rapid proton decay through these interactions, models
often impose a Z2 symmetry called R-parity (matter parity) (e.g. Ref. [41]). However, at dimension-
5, one encounters nucleon decay-mediating QQQL, which can be forbidden by “proton hexality” Z6

symmetry that contains R-parity as a subgroup [357]. Since all global symmetries are expected to be
violated at some level [358], it is appealing to consider discrete gauge symmetries. Such symmetries can
appear as remnants of spontaneously broken local U(1) symmetries [359]. Thus, care must be taken
to ensure anomaly cancellation. Favorable discrete symmetries that allow for rich phenomenology,
resolve theoretical puzzles (e.g. µ-problem) and forbid dangerously rapid nucleon decay have been

– 20 –

Dev et al, arXiv:2203.08771 14



SMEFT: non-standard neutrino interactions 

The most general d=6 SMEFT  is very complex and constraining it from data under  
no flavour assumptions a daunting task: neutrino constraints are important !
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Figure 2: Correlations for the SMEFT operators that are affected by NSI constraints, with the
same color code as Fig. 1. The addition of NSI bounds [40] to the global SMEFT fit [16] not
only improves the bounds for some operators, but also introduces new and strong correlations
between them.

outlined by Ref. [16] using COHERENT data. More interestingly, they provide constraints
to the new operator combinations given by Eqs. (72)-(73). Furthermore, it also generates
correlations where there were previously none, as can be seen in Fig. 2. For example, [ĉeq]ee11
was uncorrelated with other semileptonic operators prior to the inclusion of oscillation data,
while it is strongly correlated afterwards. This remarkable increase in the correlations within
the coefficients in a global analysis implies that the global bounds on individual WC are more
difficult to saturate, as precise cancellations between different operators are required.

We summarize our results in Table 3 with the constraints on the operators that are most

19

Coloma et al arXiv: 2411.00090
Bresó-Pla et al arXiv: 2301.07036

Falkowski et al arXiv:2105.12136 

Faser  projectionsν

-> J. Kopp parallel talk 15
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eV keV MeV GeV TeV MPlanck
MN

 Neutrino Exploration of New Physics

Feably Interacting 
Sectors

• Feably-interacting particles, long-lived,… 

• Model-dependent predictions-> simplified models 
as benchmarks: Portals    

Neutrino PortalΛNP = Mχ

LPortals � L̄H̃�

<latexit sha1_base64="uhktPHsDdtAw+yP8pMoNbMpVXww="></latexit>
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eV keV MeV GeV TeV MPlanck
MN

Portals, Feably 
Interacting Sectors

 Neutrino Exploration of New Physics

Neutrino Portal = Low-scale Type I Seesaw Model  

• Predicts neutrino masses 

• Predicts heavy neutrinos at  scale (MN):  light sterile neutrinos (participate 
in oscillations)   or Heavy Neutral Leptons (don’t), rich phenomenology 

• Generation of a matter/antimatter asymmetry, implications in cosmology, 
stellar evolution, etc  

17



Standard explanation to neutrino anomalies: LSND/MiniBoone, Reactor, Gallium,… 
     
• MiniBoone/MicroBoone: tensions arising in data (more by SBN@FNAL) 

Light Sterile Neutrinos

• Reactor anomaly dissolving in flux systematics 

• L/E dependence not observed by 5/6 experiments (NEOS, STEREO, PROSPECT, DANSS, 
SOLID, Neutrino4) 

• Gallium anomaly still there but light sterile neutrino explanation excluded by KATRIN ! 

required for comparison. While KATRIN directly probes sin2(✓ee), oscillation experi-
ments typically report the e↵ective mixing angle, defined as sin2(2✓ee) = 4 sin2(✓ee)(1�
sin2(✓ee)). The relevant mass splitting is approximated by �m

2
41 ⇡ m

2
4 � m

2
⌫ , valid

to within approximately 2⇥ 10�4 eV2 [39]. Figure 3 assumes 0  m
2
⌫ < m

2
4, ensuring

that m
2
⌫ remains positive and below the sterile-neutrino mass squared. Alternative

assumptions, including those with free m
2
⌫ , are discussed in Methods Section 12.

For comparison, the exclusion contour from the first two KATRIN campaigns
(KNM1-2) is also shown in light blue [26]. The improvements in KNM1-5 reflect
a six-fold increase in statistics and substantial improvements in the control of
systematics.
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Fig. 3: 95% C.L. exclusion curves in the (�m
2
41,sin

2(2✓ee)) plane obtained from the
analysis of the first five KATRIN campaigns with a fixed m⌫ = 0 (black). The light
and dark green contours denote the 3+1 neutrino oscillations allowed at the 95% C.L.
by the reactor and gallium anomalies [3, 9]. The green star symbol represents the best-
fit point from the BEST, GALLEX, and SAGE experiments.

KATRIN’s findings significantly constrain the parameter space associated with
the Reactor Antineutrino Anomaly (RAA) [3]. Although a region with small mixing
angles remains viable, a large portion of the RAA parameter space is excluded. Addi-
tionally, this KATRIN result challenges most of the parameter space favored by the
gallium anomaly, recently reinforced by the BEST experiment [8, 9]. In particular,
the combined best-fit point from the BEST, GALLEX and SAGE experiments, at
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TABLE XIV. Results of all six Ga source experiments.

Experiment R
SAGE-Cr [24] 0.95 ± 0.12
SAGE-Ar [25] 0.79 ± 0.095 (+0.09 / -0.10)
GALLEX-Cr1 [27] 0.953 ± 0.11
GALLEX-Cr2 [27] 0.812 ± 0.11
BEST-Inner 0.791 ± 0.05
BEST-Outer 0.766 ± 0.05

FIG. 12. Ratios of measured and predicted 71Ge production
rates in all Ga source experiments. The combined result is
shown as a blue band.

�i =
q
�2

i,others
+ (0.032⇥Ri)2 , (23)

and the combined result R0 is obtained by the sum
R0 =

P
i
(wi · Ri), where wi = (�0/�i)2 and �0 =

1/
pP

i
(1/�2

i
). The result is given as R0 ± �0 = 0.81 ±

0.03. The total uncertainty is 4.0%.
If we consider the correlation between systematic un-

certainties, the average value of R0,Cr is obtained first,
and then combined with the SAGE-Ar experiment after-
ward. The uncertainty from the cross section evaluation
is the only significant contribution to the correlated un-
certainty, and hence the combined result of all six gallium
anomaly experiments is given as

R0 =
⇣ �R

�Cr

⌘2

·RCr +
⇣ �R

�Ar

⌘2

·RAr ± �R, (24)

where �R = 1/
p

(1/�2

Cr
+ 1/�2

Ar
), RCr =

P
Cr

i
(wi · Ri),

wi = (�0/�i,others)2, �0 = 1/
qP

Cr

i
(1/�2

i,others
) and

�Cr = �0 + 0.032 · RCr, with the uncertainty of the to-
tal Cr measurements is obtained by summing over. The
combined result of all six measurements is obtained as
R0 = 0.80± 0.047. The total uncertainty is 6.1%, which
is larger than the uncorrelated estimation. The result is
illustrated in Fig. 12 as a blue band.

FIG. 13. Exclusion contours of all gallium anomaly experi-
ments: two GALLEX, two SAGE and two BEST results. The
blue solid line and the blue dotted line show the 2� and 3�
confidence level, respectively. The figure also presents the ex-
clusion contours from Prospect [61], DANSS [62], Stéréo [63],
KATRIN [64], the combined analysis of RENO and NEOS
data [65], reactor anti-neutrino anomalies (RAA) [22], inter-
pretations of the MicroBooNE result for the oscillation hy-
pothesis with fixed mixing angle (sin22✓) and profiled over
the angle [30], and the model-independent 95% upper bound
on sin22✓ from all solar neutrino experiments [66]. The 2�
allowed region of Neutrino-4 [67] is also presented and the
grey shading represents the merged exclusion of the very short
baseline (VSBL) null results.

Fig. 11 presents the combined result from all gallium
source experiments; SAGE, GALLEX and BEST, con-
sidering the correlated cross section uncertainties. The
best-fit result from the combined analysis of all Ga source
experiments is sin22✓ = 0.34+0.14

�0.09
, �m2 = 1.25+1

�0.25
eV2.

Fig. 13 compares the combined result from all gal-
lium anomaly experiments to some other sterile neu-
trino search experiments. The exclusion curves of
Prospect [61], DANSS [62], Stéréo [63], KATRIN [64],
the combined analysis of RENO and NEOS data [65].
One can see that the gallium anomaly result is still in
a strong tension with these experiments except a tiny
region above 8 eV2. The interpretations of the Micro-
BooNE result for the oscillation hypothesis either fixed
or profiled over the mixing angle (sin22✓) [30] are also pre-
sented. These results do not either favor or exclude the
allowed region for the gallium anomaly experiments. The
95% allowed region from the reactor antineutrino anoma-
lies (RAA) [22] is also illustrated in the figure. One can
see that the tension between the Ga anomalies and the
RAA still persists. The figure also shows the 2� allowed

Barinov et al, 2201.07364 Acharya et al, 2503.18667 18



Heavy Neutral Leptons

Colliders  EWPT/LFVMeson decays e+e-@Z peakββ0νβ-decay    reactors

Significant progress in recent years on these searches

courtesy J. Hernandez-Garcia , arXiv: 2304.06772
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Heavy Neutral Leptons
Future bounds from neutrino and fixed-target experiments very relevant at GeV  
masses & complementary to  colliders (-> BSM WG) within the target space of  
successful baryogenesis even in the minimal model (2HNL) 

20

Baryogenesis 2HNL Model

HK
(ND280)

DUNE (ND-LAr)



Why are cosmic neutrinos important in this quest ?
Neutrinos are ubiquitous in the Universe:  learn about  properties (solar, 
atmospheric, cosmic ), probes of  complex phenomena in stellar bodies, relics of the 
most powerful cosmic accelerators,  and probes of BSM (eg dark matter annihilations)

 

 

Astro/Cosmo on BSM searches are very relevant and affected by uncertainties that could be 
reduced if we understand  neutrino fluxes ! 
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FIG. 1 Grand Unified Neutrino Spectrum (GUNS) at Earth, integrated over directions and summed over flavors. Therefore,
flavor conversion between source and detector does not a↵ect this plot. Solid lines are for neutrinos, dashed or dotted lines for
antineutrinos, superimposed dashed and solid lines for sources of both ⌫ and ⌫. The fluxes from BBN, the Earth, and reactors
encompass only antineutrinos, the Sun emits only neutrinos, whereas all other components include both. The CNB is shown for
a minimal mass spectrum of m1 = 0, m2 = 8.6, and m3 = 50 meV, producing a blackbody spectrum plus two monochromatic
lines of nonrelativistic neutrinos with energies corresponding to m2 and m3. See Appendix D for an exact description of the
individual curves. Top panel: Neutrino flux � as a function of energy; line sources in units of cm�2 s�1. Bottom panel: Neutrino
energy flux E ⇥ � as a function of energy; line sources in units of eV cm�2 s�1.

Biggio et al., 2009; Ohlsson, 2013), spin-flavor oscillations
by large nonstandard magnetic dipole moments (Ra↵elt,
1990; Haft et al., 1994; Giunti and Studenikin, 2015), de-
cay and annihilation into majoron-like bosons (Schechter
and Valle, 1982; Gelmini and Valle, 1984; Beacom et al.,
2003; Beacom and Bell, 2002; Denton and Tamborra,
2018b; Funcke et al., 2020; Pakvasa et al., 2013; Pagliaroli
et al., 2015; Bustamante et al., 2017), for the CNB large
primordial asymmetries and other novel early-universe
phenomena (Pastor et al., 2009; Arteaga et al., 2017), or
entirely new sources such as dark-matter decay (Barger

et al., 2002; Halzen and Klein, 2010; Fan and Reece, 2013;
Feldstein et al., 2013; Agashe et al., 2014; Rott et al.,
2015; Kopp et al., 2015; Boucenna et al., 2015; Chianese
et al., 2016; Cohen et al., 2017; Chianese et al., 2019; Es-
maili and Serpico, 2013; Bhattacharya et al., 2014; Higaki
et al., 2014; Fong et al., 2015; Murase et al., 2015) and an-
nihilation in the Sun or Earth (Srednicki et al., 1987; Silk
et al., 1985; Ritz and Seckel, 1988; Kamionkowski, 1991;
Cirelli et al., 2005). We will usually not explore such
topics and rather stay in a minimal framework which of
course includes normal flavor conversion.

Vitagliano et al, arXiv: 1910.11878 
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Neutrinos as probes of complex phenomena
From a Standard Solar Model to a Standard Supernova Model ?

L. Choi et al arXiv: 2503.07531

14

Figure 10: Neutrino lightcurves for the main detection channels in the JUNO, DUNE, SK, and IceCube detectors
assuming no oscillation (left column), adiabatic MSW oscillation with normal mass ordering (NMO, middle column),
and adiabatic MSW with inverted mass ordering (IMO, right column), for 20 of our models at a distance of 10
kiloparsecs. IceCube records the highest event rates among these detectors, but the other detectors still experience
events on the order of many thousands. Overall, all detectors are able to observe the accretion-powered luminosity
peak and plateau as well as the decay from the plateau due to cooling. As the detector most sensitive to the ⌫e
species, DUNE is the only detector that shows evidence of the decay from the breakout burst, but this breakout
signature is di�cult to resolve for the normal mass ordering MSW oscillation. The progenitor-dependent nesting is
still maintained each of the detectors’ signals, enabling us to infer progenitor compactness directly from neutrino
observations. Overall, event rates decrease between normal-mass ordering oscillation and no oscillation, and decrease
even further for inverted mass hierarchy MSW oscillation for the IBD-channel detectors. Additionally, for the
IBD-channel detectors, the spiral SASI of the non-exploding 12.25 and 14 models is evident assuming no neutrino
oscillations, but the spiral SASI is buried under the other models’ lightcurves for each neutrino oscillation model.

VI. CONCLUSIONS

In this paper, we analyzed and highlighted the key
features of the neutrino emission from the largest and
longest-running suite of 3D CCSN simulations which can
serve as scientific targets for the neutrino detector com-
munity.

When examining the angle-averaged luminosities
for each progenitor model and neutrino species, we ex-
plored the various phases of neutrino emission predicted
by modern core-collapse supernova theory: the breakout
burst, the decay from the breakout burst, the accretion
phase to peak and decay, and Kelvin-Helmholtz cooling.
The formation of a BH is observable from the abrupt
end to the luminosity signal across all species, and the
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Diffuse Supernova Neutrino Background around the corner ?

SuperKamiokande Neutrino‘24

  

Diffuse SuperNovae background
Crucial insights in star formation history -> present 
models of DSNB flux differs by order of magnitudes!

Consistent excess from SK (both 
pure water and Gd loading): 2.3s ! 

SK-Gd has realistic possibility for discovery!
-> next generation dominated by HK and JUNO (50-100 events each)

Check 
number of 
eventS

2.3σ

S. Ando et al arXiv: 2306.16076
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The neutrino sector is an unfinished endeavour in particle physics and a 
compelling hint of new physics. An ambitious experimental neutrino program is 
luckily underway…

24
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Weighing Cosmological neutrinos

To be compared with the oscillations+Katrin (NuFIT):
arXiv:2503.14744
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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-

Using the above expressions, one can substitute m0 by any of the three probes in the
expressions of the other two. Thus, within the three-neutrino mixing scenario the predicted
values for these three probes are strongly correlated. We show in the lower panels in Fig. 12
the present status of these correlations. As those panels show, with a positive determination
of two of these probes one can in principle obtain information on the value of the Majorana
phases and/or the mass ordering [60, 61]. Furthermore, a sufficiently strong upper bound
can provide information about the ordering of the states [62].

Quantitatively, the global analysis of oscillation data together with the bound from the
KATRIN experiment implies that at 95% CL

0.00085 eV  m⌫e  0.4 eV for NO, 0.048 eV  m⌫e  0.4 eV for IO, (5.7)

0.058 eV 
P

m⌫  1.2 eV for NO, 0.098 eV 
P

m⌫  1.2 eV for IO (5.8)

and for Majorana neutrinos also

0  mee  0.41 eV for NO , 0.015 eV  mee  0.41 eV for IO. (5.9)

6 Summary

We have presented an updated global analysis of world oscillation data up to September
2024 as listed in Appendix A. Our results are presented in two versions: «IC19 w/o SK-atm»
including all the data for which enough information is available to perform an independent
accurate fit, and «IC24 with SK-atm» which includes �2 data tables provided by the Ice-
Cube and Super Kamiokande collaborations that we add to our own �2. The global best-fit
values as well as 1� and 3� ranges for all parameters are given in Table 1. The main results
can be summarized as follows:

• The determination of the parameters ✓12, ✓13, �m2
21, and |�m2

3`| is very stable, with
Gaussian �2 profiles up to high CL. The relative precision at 3� for these parameters
is about 13%, 8%, 16%, (5–6)%, respectively.

• For ✓23 the precision at 3� is still about 20%, and the determination suffers from the
octant ambiguity. There is a slight preference for the second octant, ✓23 > 45�, (except
for NO and the «IC24 with SK-atm» data) but for all combinations of datasets and
mass orderings, the local minimum in the other octant always has ��2 < 4.

• The determination of the leptonic CP phase �CP strongly depends on the mass or-
dering. For NO the best-fit point is very close to the CP-conserving value of 180�

(with ��2 < 1), and the �2 profile is highly non-Gaussian, with some dependence on
the two data variants and on the octant of ✓23. For IO, the best fit points for both
data variants are close to maximal CP violation �CP = 270� (within 1�), disfavoring
CP conservation at 3.6� (4�) for the «IC19 w/o SK-atm» («IC24 with SK-atm»)
analysis.

– 22 –
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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.

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 [166], Planck 2015 [167],
Pantheon SNe Ia [168], and BBN information [169], 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 [166], the DR7 Main
Galaxy Survey [170], and the Six-degree-Field Galaxy
Survey (6dFGS) [171].

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



•  3σ tension between ΛCDM with physical neutrino masses: is the strigent limit
a result of inconsistencies in data CMB vs BAO ? 

•  Relaxed limit with physical neutrino masses time-evolving dark energy 
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FIG. 12. Left: Posterior mean predictions from our baseline CMB dataset for the isotropic BAO distance measurements,
DV/rd. We use the ⇤CDM model with fixed values of the e↵ective sum of neutrino masses,

P
m⌫,e↵ = �0.11, 0, 0.06, and

0.1 eV. We also show the DESI DR2 BAO data points and the posterior prediction for DESI + CMB with
P

m⌫,e↵ free as a
dashed line. For visual clarity, we only show the 1� uncertainty for DESI + CMB. Right: Marginalized 1D posterior constraints
on H0rd from our baseline CMB dataset for the same fixed values of

P
m⌫,e↵ . The vertical shaded regions indicate the 68%

and 95% constraints from DESI DR2 BAO. The amplitude of DV/rd is inversely proportional to H0rd. These plots show how
the CMB preference for smaller H0rd values compared to DESI BAO is compensated by a smaller neutrino mass. Interestingly,
the necessary e↵ective mass to obtain this match agrees well with the best fit obtained from CMB data alone in Eq. (31).

H0 along the geometric degeneracy.
It is remarkable that when

P
m⌫,e↵ < 0 is allowed, the

e↵ective neutrino mass sum, Eq. (31), preferred by the
CMB, independent of any BAO information, yields values
of H0rd that agree very well the DESI DR2 BAO mea-
surements. In this case with

P
m⌫,e↵ = �0.11 eV fixed,

the CMB constrains H0 = 68.96± 0.49 km s�1 Mpc�1, in
line with the distance ladder measurements of [182].

The neutrino mass tension is also related to the pres-
ence of an oscillatory feature in the small-scale CMB tem-
perature power spectrum, which is unaccounted for in
⇤CDM models with positive neutrino masses, and is also
degenerate with the Alens parameter discussed in Sec-
tion IV D (see [33, 66, 68–70, 175, 176]). The preference
for Alens > 1 is present to di↵erent degrees in alterna-
tive CMB analyses. We therefore derive constraints onP

m⌫,e↵ for the alternative plik and L-H CMB likeli-
hoods. In both cases, we obtain results that are quite
similar to Eq. (30), as shown in Table V. As expected,
the tension is weaker with L-H, which prefers a slightly
lower value of Alens that is consistent with unity, but the
finding of negative e↵ective neutrino masses is clearly ro-
bust to the choice of CMB likelihood; however, see also
[69, 70].

A third contribution comes from the large-scale po-
larization measurements by Planck. These data are pri-
marily responsible for constraining the reionization op-
tical depth, ⌧ . For negative e↵ective neutrino masses,
CMB data allow smaller values of ⌧ , which improves the
fit with Planck polarization at large scales. This e↵ect

is also related to the Alens problem, given that an in-
crease in ⌧ leads to larger primordial and lensing ampli-
tudes (since Ase

�2⌧ is measured precisely). Compared to
Planck [34, 183], WMAP found significantly larger val-
ues of ⌧ [184], which would help to accommodate larger
neutrino masses [66, 79].

We tested explicitly that adopting larger values of ⌧

shifts the posterior distribution of
P

m⌫,e↵ in the positive
direction. When fixing the optical depth at ⌧ = 0.067 or
⌧ = 0.074, corresponding to a ⇠ 2� or 3� shift from the
baseline value of ⌧ = 0.054±0.007, the posteriors move in
the positive direction, but the discrepancy with neutrino
oscillations remains at 2.3� or 1.7�, respectively. When
combined with astrophysical constraints on reionization,
such large values of ⌧ are further disfavored [185]. Al-
though recent observations with JWST might challenge
the standard reionization picture [186], the Planck value
of ⌧ is generally consistent with most astrophysical obser-
vations suggesting a later end to reionization [187–192].
The combination with DESI BAO also limits our ability
to explain negative e↵ective neutrino masses in terms of
⌧ alone, since at fixed neutrino mass, increasing ⌧ only
slightly increases the preferred CMB value of H0rd. Nev-
ertheless, if we exclude large-scale CMB polarization data
on account of systematic errors, the tension could be ex-
plained as a ⇠ 2� statistical fluctuation.

•  Much more data from LSS and CMB expected in the near future…
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Nuclear Matrix Elements bb0n
0⌫�� decay total (long- and short-range) NMEs
Not-so-large difference in nuclear matrix element calculations!
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Uncertainties remain but some convergence is observed and  better 
understanding is emerging
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PMNS non-unitarity

90% CL

Averaged ⌫ Oscillations Flavour & EWPO [53]

m > 10 eV m > MZ

Direct Schwarz Direct Schwarz

↵ee 8.4⇥ 10�3 [108] - 1.2⇥ 10�3 -

↵µµ 1.2⇥ 10�2 [117] - 8.6⇥ 10�5 -

↵⌧⌧ 2.9⇥ 10�2 [110] - 6.0⇥ 10�4 -

|↵µe| 1.8⇥ 10�2 [105] 1.4⇥ 10�2 1.9⇥ 10�5 5.4⇥ 10�4

|↵⌧e| 6.1⇥ 10�2 [104] 2.2⇥ 10�2 6.2⇥ 10�3 1.5⇥ 10�3

|↵⌧µ| 9.1⇥ 10�3 [104] 2.6⇥ 10�2 6.9⇥ 10�3 1.5⇥ 10�4

Table 1: Constraints on the non-unitarity parameters ↵�� from neutrino oscillation searches
(left columns) and flavour and EWPO (right columns). For the oscillation bounds we report
constraints that apply for sterile neutrino masses in the averaged-out regime with �m

2
>

100 eV2. For lighter masses, stronger constraints exploiting the new oscillation frequencies
generally apply. All flavour and EWPO bounds apply for sterile neutrino masses at least
m > MZ . For lighter sterile neutrinos down to m ⇠ 1 MeV stronger constraints from direct
searches may apply. See main text for further details.

values below the averaged-out regime, generally stronger constraints apply since sensitivity
can improve exploiting also the shape information. Constraints are particularly strong around
the �m

2 = 1 eV2 region. Indeed, several dedicated experiments have probed the long-standing
short-baseline neutrino anomalies which could be interpreted as signal but are also in strong
tension with other observations [118]. Therefore, we do not include the short-baseline neutrino
anomalous results in the set of data used to derive the constraints. Regarding the flavour and
EWPO, all constraints apply at least for neutrino masses above the mass of the Z. While
several of the constraints would also apply down to the µ mass, generally stronger bounds are
also in place from direct searches for sterile neutrinos. These go from ⇠ 100 GeV through
collider searches down to ⇠ 1 MeV from production through meson decays or even to ⇠ 1 keV
for ↵ee from searches at � decays (see for example Ref. [119, 120]).

For the flavour off-diagonal elements, besides the direct constraints already mentioned, we
also provide those derived from the Schwarz inequality

|↵�� |  2
p
↵��↵�� . (35)

This relation follows when the coefficient of the d = 6 operator of Eq. (3) ⌘ is positive (or
negative) definite. This is the case of the type-I Seesaw mechanism, which is the only UV
completion that leads only to the d = 6 operator of Eq. (3). Other sources of non-unitarity
will generally also contribute to other operators usually affecting the charged lepton sector and
therefore more strongly constrained. Nevertheless, it is technically possible to combine several
UV completions and tune their respective couplings to cancel other contributions and avoid
the applicability of the Schwarz inequality. Ref. [51] briefly describes the level of complexity
required to achieve this through a particular example. In such a case, only the direct bounds
would apply.

15

6

2 Theoretical aspects

A possible way to classify the plethora of new physics models can be as follows. New physics e↵ects
can stem from the inclusion of: (i) additional neutrinos, (ii) new neutrino interactions, (iii) direct
consequences from the fact that neutrinos are massive, such as neutrino decay, and (iv) small violations
of fundamental symmetries, such as CPT or Lorentz violation. In this section we review the main
phenomenological implications for these four categories separately.

2.1 New physics from the existence of additional neutrino states

Main authors: E. Fernandez-Mart́ınez and D. V. Forero

Among all possible extensions of the Standard Model (SM) of particle physics to accommodate
neutrino masses and mixings to address the evidence for neutrino flavor change from the observed
oscillation phenomenon, the addition of extra, heavy neutrino states is arguably the simplest [4–7].
Indeed, right-handed neutrinos, in analogy to all other fermions, allow for neutrino masses but their
gauge singlet sterile nature implies their mass scale could be very di↵erent and of a Majorana, lepton-
number-violating, nature. Depending on the value of this new mass scale, the phenomenology of these
new states can be very di↵erent.

Given their contribution to the active neutrino masses, typically through regular Yukawa couplings,
a very general consequence of these models is that the new states will mix with the active neutrino
flavors so that the full neutrino mixing matrix is larger than 3 ⇥ 3. In particular the flavor states
⌫↵ = U↵i⌫i with ↵ = e, µ, ⌧ and i running not only over the known 3 light neutrino mass eigenstates
but also through the extra heavy ones. As a consequence, the PMNS matrix that describes the W
interactions with the charged leptons and the 3 light neutrinos, that is the 3 ⇥ 3 upper-left submatrix
of U , is not unitary. We will dub this matrix N to stress its non-unitary nature. One of the possible
general ways to parameterize these unitarity deviations in N is through a triangular matrix [8] 1

N =

8
>>>>>:

1 � ↵ee 0 0
↵µe 1 � ↵µµ 0
↵⌧e ↵⌧µ 1 � ↵⌧⌧

9
>>>>>;U , (1)

with U a unitary matrix that tends to the usual PMNS matrix when the non-unitary parameters
↵�� ! 0 2 . The triangular matrix in this equation accounts for the non-unitarity of the 3⇥3 matrix for
any number of extra neutrino species. This parameterization has been shown to be particularly well-
suited for oscillation searches [8,11] since, compared to other alternatives, it minimizes the departures
of its unitary component U from the mixing angles that are directly measured in neutrino oscillation
experiments when unitarity is assumed.

2.1.1 Neutrino oscillations in presence of heavy sterile neutrinos

If the new states are too heavy to be produced in the neutrino beam, the flavor states in which the
neutrinos are produced and detected are given by |⌫↵i = N⇤

↵i|⌫ii. That is, the truncated sum over
the light accessible eigenstates of the full matrix U . Hence, the flavor basis is no longer orthonormal
given that N is non-unitary. It is therefore convenient to study the evolution of the states and the

1For a similar parameterization corresponding to a (3 + 1) and a (3 + 3)-dimensional mixing matrix, see Refs. [9, 10]
2The original parameterization in ref. [8] uses ↵ij instead of ↵�� . The equivalence between the two notations is as follows:

↵ii = 1 � ↵�� and ↵ij = ↵�� .

BSM E↵ects on Neutrino Flavor Snowmass 2021

Blennow et al, arXiv: 2502.14980
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Richer Dark Sector Scenarios
or Low-scale Model Building: 

Dark sectors could be richer (like the SM) with new gauge interactions, more generations  
etc and explain DM, neutrino anomalies, etc

•The interactions  among dark sectors could be 
large  

        -shorter-lived dark particles
        -semi-visible decays
        -neutrino decay

Experiments should perform searches in the most model independent way possible
 
      Eg. limits on LLPs as a function of production rate and lifetime or searching for semi-visible  
decays of LLPs
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Invisible ⌫ Decay Constraints and Evidence

Figure 6. Constraints on invisible neutrino decay from a range of experiments. The blue region represents a hint for
neutrino decay [268, 269] in IceCube data. Dashed regions represent anticipated sensitivities from future measurements.
CMB constraint depends sensitively on the details of the decay; see Ref. [264]. Adapted from Ref. [269].

inelastic scattering, which is modeled well in the Standard Model [256]. Recent results from IceCube made
the first measurement of the ⌫µ inelasticity distribution above 1 TeV by tracking both muons from a charged-
current interaction and the shower deposited in the detector [19]. This inelasticity data was also used to
constrain the atmospheric ⌫ : ⌫ ratio. With more data and good atmospheric neutrino rejection, it may be
possible to apply this calculation also to astrophysical neutrinos.

2.1.3 Neutrino decay

Because neutrinos have mass, they decay. In the Standard Model, they can decay radiatively, e.g., ⌫j ! ⌫i+�
[257, 258], where ⌫j and ⌫i are di↵erent neutrino mass eigenstates. However, the associated lifetimes are
longer than the age of the Universe. Yet, if neutrinos couple to a new light or massless mediator, then the
decay rate could be enhanced. This can be tested in a variety of environments. In general, terrestrial and
solar constraints are not very strong. The strongest existing constraints come from the cosmic microwave
background [259–262], although the bounds may be significantly relaxed [263, 264] and there may even
be hints of neutrino decay [260]. In addition, these constraints are somewhat more model-dependent than
the others. A measurement of the di↵use supernova neutrino background would provide the next most
sensitive probe of neutrino decay [265, 266], followed by a Galactic supernova, although lifetime bounds from
SN1987A [267] can be evaded depending on the flavor structure. The existing constraints from terrestrial
and astrophysical experiments as well as projected sensitivities are shown in Fig. 6.

After that, the next most relevant constraint comes from high-energy astrophysical neutrinos observed
at IceCube [93, 268–273]. Both the fact that neutrinos have been detected as well as the detailed spectral
and flavor information have been used to probe neutrino decay. A weak hint for neutrino decay was identified
by comparing the spectra of di↵erent flavors of neutrinos which makes certain predictions, in particular for
the tau neutrino flux [268, 269].

2.1.4 Dark matter

Weakly interacting massive particles (WIMPs) are the primary candidates for particle dark matter (DM).
The WIMP hypothesis yields a thermally average cross-section rate, h�vi ' 3 ⇥ 10�26 cm3 s�1, which can
explain the observed relic abundance after the freeze-out and is independent of the annihilation products.
Meanwhile, thermal production of WIMPs in the early Universe implies possible ongoing annihilation of DM
to Standard Model (SM) particles. This possibility has facilitated the indirect search for dark matter. There
is a distinct possibility that neutrinos might be the principal portal to the dark sector. Such possibility is
motivated by the scotogenic models where the neutrinos mass is achieved via interaction with DM, see, e.g.,

– 10 –

⌫j ! ⌫iX
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Ackermann et al, arXiv: 2203.08096

Neutrino Decay
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Testing fundamental symmetries with neutrinos 
Neutrinos are very weakly interacting and might be affected in a more significant way
by subtle modifications of fundamental symmetries (CPT, Lorentz, etc)

CPT/LV: difference of particle and antiparticle mass 
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