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2Neutrino Masses and Mixing
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✓ Massive neutrinos 

✓ Leptonic flavor mixing 
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•  Three mixing angles & One (Dirac) CP-violating phase 
•  Two independent mass-squared differences

๏ Neutrino mass models  
๏ Flavor mixing patterns 
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TABLE XIX: Systematic uncertainties (%) on fluxes for the energy-
unconstrained analysis of the salt data set. Note that “const.” de-
notes an energy-independent systematic component and “E dep” an
energy-dependent part.

Source NC uncert. (%) CC uncert. (%) ES uncert. (%)
Energy scale (const.) -3.3, +3.8 -0.9, +1.0 -1.6, +1.9
Energy scale (E dep.) -0.1, +0.1 -0.1, +0.1 -0.1, +0.1
Energy radial bias -2.0, +2.1 -0.6, +0.7 -1.1, +1.2
Energy resolution -0.8, +0.8 -0.2, +0.2 -0.7, +0.7
β14 mean (const.) -3.6, +4.5 -4.0, +3.7 -1.2, +1.3
β14 mean (E dep.) -0.1, +0.2 -0.2, +0.0 -0.0, +0.1
β14 width -0.0, +0.0 -0.2, +0.2 -0.2, +0.2
Radial scale (const.) -3.0, +3.3 -2.6, +2.5 -2.6, +3.0
Radial scale (E dep.) -0.6, +0.5 -0.9, +0.8 -0.7, +0.8
Vertex x -0.0, +0.0 -0.0, +0.0 -0.1, +0.1
Vertex y -0.1, +0.0 -0.0, +0.0 -0.1, +0.1
Vertex z -0.2, +0.2 -0.1, +0.1 -0.0, +0.0
Vertex resolution -0.1, +0.1 -0.1, +0.1 -0.1, +0.1
Angular resolution -0.2, +0.2 -0.4, +0.4 -5.1, +5.1
Internal neutron bkgd. -1.9, +1.6 -0.0, +0.0 -0.0, +0.0
Internal γ bkgd. -0.1, +0.1 -0.1, +0.1 -0.0, +0.0
Internal Cherenkov bkgd. -0.9, +0.0 -0.9, +0.0 -0.0, +0.0
External Cherenkov bkgd. -0.2, +0.0 -0.2, +0.0 -0.0, +0.0
Instrumental bkgd. -0.4, +0.0 -0.3, +0.0 -0.0, +0.0
Neutron capture eff. -2.3, +2.1 -0.0, +0.0 -0.0, +0.0
Total systematic -6.9, +7.6 -5.1, +4.7 -6.2, +6.5
Cross section [45] ±1.1 ±1.2 ±0.5
Total statistical ±4.2 ±3.7 ±9.3

TABLE XX: Systematic uncertainties (%) on fluxes for the energy-
constrained analysis of the salt data set. Note that “const.” denotes an
energy-independent systematic component and “E dep” an energy-
dependent part.

Source NC uncert. (%) CC uncert. (%) ES uncert. (%)
Energy scale (const.) -0.3, +0.7 -3.7, +3.9 -1.8, +1.6
Energy scale (E dep.) -0.9, +1.0 -1.0, +1.0 -0.2, +0.2
Energy radial bias -0.1, +0.1 -2.5, +2.6 -1.0, +0.9
Energy resolution -2.1, +2.1 -1.1, +1.1 -0.6, +0.6
β14 mean (const.) -2.2, +3.0 -2.4, +2.0 -0.5, +2.3
β14 mean (E dep.) -0.2, +0.2 -0.2, +0.2 -0.7, +0.7
β14 width -0.0, +0.0 -0.1, +0.1 -0.8, +0.8
Radial scale (const.) -3.0, +3.3 -2.7, +2.6 -1.9, +2.9
Radial scale (E dep.) -0.2, +0.2 -1.3, +1.2 -0.8, +0.8
Vertex x -0.0, +0.1 -0.0, +0.0 -0.1, +0.1
Vertex y -0.1, +0.0 -0.0, +0.0 -0.2, +0.2
Vertex z -0.1, +0.1 -0.1, +0.0 -0.0, +0.0
Vertex resolution -0.1, +0.1 -0.2, +0.2 -0.7, +0.7
Angular resolution -0.2, +0.2 -0.4, +0.4 -4.9, +4.9
Internal neutron bkgd. -1.9, +1.6 -0.0, +0.0 -0.0, +0.0
Internal γ bkgd. -0.2, +0.1 -0.1, +0.0 -0.0, +0.1
Internal Cherenkov bkgd. -0.9, +0.0 -0.8, +0.0 -0.0, +0.0
External Cherenkov bkgd. -0.2, +0.0 -0.2, +0.0 -0.0, +0.0
Instrumental bkgd. -0.4, +0.0 -0.3, +0.0 -0.0, +0.0
Neutron capture eff. -2.3, +2.1 -0.0, +0.0 -0.0, +0.0
Total systematic -5.4, +5.7 -6.2, +6.0 -5.9, +6.6
Cross section [45] ±1.1 ±1.2 ±0.5
Total Statistical ±3.9 ±3.1 ±9.8

Note that the uncertainties on the ratios are not normally dis-
tributed.

The non-νe active neutrino component (φµτ) of the 8B flux
can be determined by subtracting the φe component, as mea-
sured by the CC flux, from the NC and ES fluxes. Whereas the
NC measurement is equally sensitive to all active neutrinos,
the ES measurement has reduced sensitivity to non-electron
neutrinos in the form φES = φe + 0.1553φµτ. The resulting φµτ
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FIG. 29: Flux of µ + τ neutrinos versus flux of electron neutri-
nos. CC, NC and ES flux measurements are indicated by the filled
bands. The total 8B solar neutrino flux predicted by the Standard So-
lar Model [13] is shown as dashed lines, and that measured with the
NC channel is shown as the solid band parallel to the model predic-
tion. The narrow band parallel to the SNO ES result correponds to
the Super-Kamiokande result in [9]. The intercepts of these bands
with the axes represent the ±1σ uncertainties. The non-zero value
of φµτ provides strong evidence for neutrino flavor transformation.
The point represents φe from the CC flux and φµτ from the NC-CC
difference with 68%, 95%, and 99% C.L. contours included.

fluxes, in units of 106 cm−2 s−1, are

φNC,uncon
µτ = 3.26 ± 0.25 (stat) +0.40

−0.35 (syst)
φES,uncon
µτ = 4.36 ± 1.52 (stat) +0.90

−0.87 (syst).

Figure 29 shows the flux of non-electron flavor active neutri-
nos (φµτ) versus the flux of electron neutrinos (φe). The error
ellipses shown are the 68%, 95% and 99% joint probability
contours for φµτ and φe.

Adding the constraint of an undistorted 8B energy spectrum
to the signal extraction yields, for comparison with earlier re-
sults (in units of 106 cm−2s−1):

φcon
CC = 1.72+0.05

−0.05(stat)+0.11
−0.11(syst)

φcon
ES = 2.34+0.23

−0.23(stat)+0.15
−0.14(syst)

φcon
NC = 4.81+0.19

−0.19(stat)+0.28
−0.27(syst),

with corresponding ratios

φcon
CC
φcon

NC
= 0.358 ± 0.021 (stat) +0.028

−0.029 (syst)

φcon
CC
φcon

ES
= 0.736 ± 0.079 (stat) +0.050

−0.049 (syst),
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uncertainties were not included in the analysis; the absolute
normalization ε was determined from the fit to the data. The
best-fit value is

sin2 2θ13 = 0.092± 0.016(stat)± 0.005(syst)

with a χ2/NDF of 4.26/4. All best estimates of pull parameters
are within its one standard deviation based on the correspond-
ing systematic uncertainties. The no-oscillation hypothesis is
excluded at 5.2 standard deviations.

The accidental backgrounds were uncorrelated while the
Am-C and (alpha,n) backgrounds were correlated among
ADs. The fast-neutron and 9Li/8He backgrounds were site-
wide correlated. In the worst case where they were correlated
in the same hall and uncorrelated among different halls, we
found the best-fit value unchanged while the systematic un-
certainty increased by 0.001.

Fig. 4 shows the measured numbers of events in each de-
tector, relative to those expected assuming no oscillation. The
6.0% rate deficit is obvious for EH3 in comparison with the
other EHs, providing clear evidence of a non-zero θ13. The
oscillation survival probability at the best-fit values is given
by the smooth curve. The χ2 versus sin22θ13 is shown in the
inset.
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FIG. 4. Ratio of measured versus expected signal in each detector,
assuming no oscillation. The error bar is the uncorrelated uncertainty
of each AD, including statistical, detector-related, and background-
related uncertainties. The expected signal is corrected with the best-
fit normalization parameter. Reactor and survey data were used to
compute the flux-weighted average baselines. The oscillation sur-
vival probability at the best-fit value is given by the smooth curve.
The AD4 and AD6 data points are displaced by -30 and +30 m for
visual clarity. The χ2 versus sin2 2θ13 is shown in the inset.

The observed νe spectrum in the far hall is compared to
a prediction based on the near hall measurements in Fig. 5.
The disagreement of the spectra provides further evidence of
neutrino oscillation. The ratio of the spectra is consistent with
the best-fit oscillation solution of sin2 2θ13 = 0.092 obtained
from the rate-only analysis [31].
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FIG. 5. Top: Measured prompt energy spectrum of the far hall (sum
of three ADs) compared with the no-oscillation prediction from the
measurements of the two near halls. Spectra were background sub-
tracted. Uncertainties are statistical only. Bottom: The ratio of mea-
sured and predicted no-oscillation spectra. The red curve is the best-
fit solution with sin2 2θ13 = 0.092 obtained from the rate-only anal-
ysis. The dashed line is the no-oscillation prediction.

In summary, with a 43,000 ton-GWth-day livetime expo-
sure, 10,416 reactor antineutrinos were observed at the far
hall. Comparing with the prediction based on the near-hall
measurements, a deficit of 6.0% was found. A rate-only anal-
ysis yielded sin2 2θ13 = 0.092± 0.016(stat) ± 0.005(syst).
The neutrino mixing angle θ13 is non-zero with a significance
of 5.2 standard deviations.
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FIG. 1: Bounds at N� standard deviations for �m2
(upper panels) and sin

2 ✓12 (lower panels) for NO (blue curves) e

IO (red curves) as obtained from a global data analysis of 2024 oscillation data [3] (left panels), including—as detailed

in this work—the latest 2025 SNO+ data [11] (middle panels), plus the first 2025 JUNO data [10] (right panels). The

overall o↵set between the IO and NO curves is unchanged from [3]. See the text for details.

respectively, the latter being characterized by an o↵set ��
2

IO�NO
= 5.0 [3], unaltered by SNO+ and JUNO data. It

appears that SNO+ shifts upwards the best fits of (�m2
, sin2 ✓12) and slightly reduces their errors. JUNO increases the

best fits a bit more and significantly reduces their uncertainties, that become almost perfectly linear and symmetric.
Table I reports numerically the information in Fig. 1, but assuming equiprobable NO and IO (��

2

IO�NO
= 0).

There are no appreciable di↵erences in the �m
2 and sin2 ✓12 bounds for NO and IO, up to minor e↵ects commented

at the end of this section. From Fig. 1 and Table I we derive our main result, namely, the estimated 1� ranges and
their correlation for �m2 and sin2 ✓12, including all the available oscillation constraints as of 2025:

All data 2025 :

8
<

:

�m
2
/10�5eV2 = 7.48± 0.10,

sin2 ✓12/10�1 = 3.085± 0.073,
⇢ = �0.20.

(1)

These results are already dominated by JUNO, and will be even more so after future JUNO data releases. To a
very good approximation, the above errors scale linearly with N�. (We have averaged out tiny asymmetries and
nonlinearities of positive and negative uncertainties.) The value of the negative correlation is commented below.

TABLE I: Best-fit values and allowed ranges at N� = 1, 2, 3 for �m2 and sin2 ✓12, as obtained in [3] (all data 2024) and by
adding the latest SNO+ data [11] and first JUNO results [10] as of 2025 (this work). The last column shows the formal “1�
parameter accuracy,” defined as 1/6 of the ±3� range, divided by the best-fit value (in percent).

Global analysis [Ref.] Parameter Best fit 1� range 2� range 3� range “1�” (%)

All data 2024 �m2/10�5 eV2 7.37 7.21 – 7.52 7.06 – 7.71 6.93 – 7.93 2.3

[3] sin2 ✓12/10
�1 3.03 2.91 – 3.17 2.77 – 3.31 2.64 – 3.45 4.5

w/ SNO+ 2025 �m2/10�5 eV2 7.44 7.30 – 7.61 7.17 – 7.80 7.04 – 7.99 2.1

[This work] sin2 ✓12/10
�1 3.06 2.93 – 3.19 2.80 – 3.33 2.67 – 3.47 4.4

w/ SNO+ & JUNO 2025 �m2/10�5 eV2 7.48 7.39 – 7.58 7.30 – 7.68 7.21 – 7.78 1.3

[This work] sin2 ✓12/10
�1 3.085 3.010 – 3.156 2.939 – 3.230 2.866 – 3.303 2.4

Global fit by Bari Group 2511.21650

2204.13249

percent

sub-percent

• Test new physics with the precise measurements 
from JUNO: non-unitary flavor mixing
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4Neutrino mass & Non-unitarity

Steven Weinberg (Dec 1979) @ CERN  
“The rise and fall of baryon number”

Weinberg, Phys. Rev. Lett. 43 (1979) 1566-1570

✴ Neutrino mass in SMEFT
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The corresponding operators are

e5g 5p =i Jd4» g [(iD)',

(s/2)aqua

F""]g,
eg) 6) =i $d»g [(iD) iP, eI'p~'y"D", ey" (8"Jip„),

ie—S„'„o""P/2,S'„„5'Z""/4] q;
866 68 are four-fermion operators.
It may be noted that the lowest-order contribution to

electron (g—2)/2 is (o. /») (m/M) &1/45 [B.E. Lautrup
and K. de Rafael, Phys. Rev. 174, 1835 (1968)]. The
question arises whether the next-order correction may
be of order (o./») (m/M) [1n(m/M)], which is compara-
ble to (n/») and therefore should become important in
view of the work in progress by T. Kinoshita. Our an-
swer is that such effects due to muons do not exist.

Baryon- and Lepton-Nonconserving Processes
Steven

steinberg

Lyman Laboratory of Physics, Harvard University, CambridI. e, Massachusetts 022'38, and
Harvard-Smithsonian Center for AstroPhysics, Cambridge, Massachusetts 02138

(Received 18 August 1979)
A number of properties of possible baryon- and lepton-nonconserving processes are

shown to follow under very general assumptions. Attention is drawn to the importance of
measuring p,

+ polarizations and v, je+ ratios in nucleon decay as a means of discriminating
among specific models.

Of the supposedly exact conservation laws of
physics, two are especially questionable: the
conservation of baryon number and lepton num-
ber. As far as we know, there is no necessity
for an a priori principle of baryon and lepton con-
servation. As we shall see, even without such a
principle, the fact that the weak, electromagnet-
ic, and strong interactions of ordinary quarks
and leptons conserve baryon and lepton number
can be understood as simply a consequence of the
SU(2)S U(l) and SU(3) gauge symmetries. Also,
in contrast with the conservation of charge, col-
or, and energy and momentum, the conservation
of baryon number and lepton number are almost
certainly not unbroken local symmetries. ' Not
only is baryon conservation unnecessary as a
fundamental principle, the apparent excess of
baryons over antibaryons in our universe pro-
vides a positive clue that some sort of physical
processes have actually violated baryon-number
conservation. ' Violations of baryon and lepton

conservation are likely to occur in grand unified
theories that combine the gauge theory of weak
and electromagnetic interactions with that of
strong interactions and have leptons and quarks
in the same gauge multiplets, and such violations
have been found in various of these models. '
The purpose of this paper is to point out those

features of baryon- or lepton-nonconserving proc-
esses that are to be expected on very general
grounds. Other features will be indicated that
may be used to discriminate among specific mod-
els.
No grand unified model or other specific gauge

model of baryon- and lepton-nonconserving proc-
esses will be adopted here. Instead, it will sim-
ply be assumed that these processes are mediat-
ed by some unspecified "superheavy" particles,
with a characteristic mass M above, say, 10'4
GeV. Such large masses are indicated by the ex-
perimental lower bound' on the proton lifetime,
and are also required in order that these parti-
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where

r(N-f 'H) -r(N-l, 'H)
I'(N- ls+H) + I'(N- lL+H) (19)

with IJ any specific hadronic channel.
An experimental check of the results (A)-(D)

would be useful as a test of the general assump-
tions described above. In particular, verifica-
tion of tkI = k relations like (12)-(16)would pro-
vide a good indication that baryon nonconserva-
tion is due to virtual particles so heavy that
SU(2) ISU(1) is effectively unbroken in their in-
teractions. Also, verification of the universality
of the charged-lepton polarizations would indi-
cate an absence of significant scalar-boson ex-
change; the inclusion of operators 0 ', 0 ' which
could be produced by X~ exchange would lead to
lepton polarizations which depend on the relative
values of matrix elements of (dm„uss)u~Le„s~
and (d~LusL)u&Le~&F, and hence which depend on
the details of the decay mode. But a check of
(A)-(D) cannot be used to verify any specific
gauge model of baryon decay.
Within the context described here, different

models of baryon nonconservation can be distin-
guished only through measurements of the five
parameters g„g2,g, ',g,",g, ' for each lepton type.
But as already mentioned above, as far as charged
leptons are concerned, the operators multiplying
g, and g, in Eq. (17) are simply space inversions
of each other, and likewise for g, ' and g, ', and
so if parity-odd operators are not measured,
the only quantities that can be determined in ob-
servations of charged lepton modes are the over-
all coupling scales Ig, I'+ Ig, I' and Ig, 'I'+ Ig, ' I'.
Under our general assumptions, for 4S =0 and
AS =AB baryon-nonconserving charged-lepton
processes, as long as no pseudoscalars are
measured, all models must give the sante re-
sults for the relative rates of different decay
modes, and can differ only in the total ~S= 0
and 4S =48 decay rates for each lepton type.
This conclusion serves to emphasize the im-

portance of measuring charged lepton polariza-
tions or v/l' ratios in nucleon decay. Different
models will give quite different polarizations:
For instance, if X~' exchange is dominant then
g, = g, ' = 0, so that P =+ 1 in both ~S = 0 and &S
=-bB processes, while if X~ exchange is sig-
nificant then P will depend on 4S and on the de-
. tails of the model.
Fortunately, if baryon nonconservation is dis-

covered, it should be feasible to determine the
lepton polarization, perhaps in a second round

c (m) (n)+fabmn tiaL tjbL+k +l ~ij~kl l (20)
where p are one or more scalar doublets. We
expect f and f' to be roughly of order 1/M; one-
loop graphs would give values of order ol'/M. "
The interaction (20) would produce a neutrino
mass ln„=6F 'f, or roughly 10 ' to 10 ' eV. This
is well below any existing laboratory or cosmolog-
ical limits, but there is no reason why this neu-
trino-mass matrix should be diagonal, and masses
of this order might perhaps be observable in neu-
trino oscillation experiments.
I am very grateful for valuable conversations

with H. Georgi, M. Machacek, D. V. Nanopoulos,
and L. Sulak.
This research was supported in part by the Na-

tional Science Foundation under Grant No. PHY77-
22864.
Note added. —After this paper was submitted for

publication, I received a preprint from F.Wilczek
and A. Zee [following Letter, Phys. Rev. Lett.
43, 1571 (1979)], which reaches similar conclu-
sions about baryon-nonconserving processes.

iA massless boson coupled to baryon or lepton num-
ber would introduce discrepancies in the Eotvos experi-
ment unless its couplings were incredibly weak; see
T. D. Lee and C. N. Yang, Phys. Bev. 98, 101 (1955).
M. Yoshimura, Phys. Rev. Lett. 41, 281 (1978), and

42, 746(E) (1979), and Tohoku University Reports No.
TU/79/192 and No. TU/79/199 lto be published);
L. Dimopoulos and L. Susskind, Phys. Rev. D 18, 4500
(1978), and Phys. Lett. 818, 416 (1979); A. Yu. Ignatiev,
N. V. Krasnikov, V. A. Kuzmin, and A. V. Tavhelidze,
Phys. Lett. 76B, 486 (1978); B. Toussaint, S. B. Trei-
man, F. Wilczek, and A. Zee, Phys. Hev. D 19, 1036
(1979); J. Ellis, M. K. Gaillard, and D. V. Nanopoulos,
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of experiments. The p,
' polarization can be de-

termined from the direction of positrons from
stopped muons, using the same detection system
that is used to detect positrons from nucleon de-
cay. The e' polarization would probably have to
be determined indirectly, using the AI = & rela-
tions (12) or (14). Once these polarizations are
measured, Eq. (18) can be used to discriminate
among models, with no need to worry about com-
plications due to strong interactions.
The sort of analysis used here in treating bar-

yon nonconservation can also be applied to lepton
nonconservation. A great difference is that there
i.s a possible lepton-nonconserving term in the
effective Lagrangian with dimensionality d = 5:

C (m) (n)
fabmn iaL tjbL+k @1 ik~ jl

✴ New heavy degrees of freedom

(a)

ℓL

H

ℓL

HNR

(b)

ℓL

H

ℓL

H

∆

(c)

ℓL

H

ℓL

HΣ

mI
ν = −

1
2

yν
v2

mR
yT

ν mII
ν = λΔyΔ

v2

MΔ

tree-level realization

mIII
ν = −

1
2

yΣ
v2

mΣ
yT

Σ

• Seesaw mechanism (+ leptogenesis):  
Solving neutrino mass & BAU at the same time!

Heavy fermions will cause the derivation from the unitary leptonic flavor mixing.



5Interactions with Non-unitarity
❖ From type-I seesaw EFT

ℒI
EFT = ℒSM +

1
2 [(yνm−1

R yT
ν )αβ

ℓαLH̃H̃Tℓc
βL + h . c . ] + (yνm−2

R y†
ν )αβ (ℓαLH̃) i γμ∂μ (H̃†ℓβL)

Dim-5 (Weinberg operator): neutrino mass Dim-6: non-canonical neutrino kinetic terms

Warsaw basis

1
4 (yνm−2

R y†
ν )αβ [(ℓαLγμℓβL) (H†iDμH) − (ℓαLγμσIℓβL) (H†iDI

μH)]

Broncano, Gavela & Jenkins, 
hep-ph/0210271, hep-ph/0307058

Non-unitary mixing matrix: 
 N = (1 − η) ⋅ V′￼

Hermitian 
matrix

unitary 
matrix

modify the NC & 
CC interactions

ℒCC =
g

2
lαL γμPLNαi νiLW−

μ + h . c . , ℒNC =
g

2 cos θw
νiL γμPL (N†N)ij

νjLZμ

non-unitary ≠ 1

• A consequence of the polar decomposition theorem: any matrix can 
be decomposed as the product of a Hermitian and a unitary matrix.


• Provide the connection with the dim-6 operator and the (Hermitian) 
Wilson coefficient.



6Type-I Seesaw Model

ℒmass = −
1
2 (νL Nc

R) (
0 mD

mT
D mR) (νc

L
NR) + h . c .

(N R
S U)

†

(
0 mD

mT
D mR) (N R

S U)
*

= ( ̂m 0
0 ̂M )

The  matrix is unitary, while the  matrix  is not !6 × 6 3 × 3 N

PMNS matrix

Peter Minkowski 
(1941-2025)

❖ From type-I seesaw model

diagonalization

Dirac + Majorana mass terms

• Euler parametrization of  matrix6 × 6

light neutrino masses
heavy neutrino masses

𝒰 = (N R
S U) = (1 0

0 U0) (A R
D B) (V0 0

0 1)
lightheavy heavy-light

= (𝒪56𝒪46𝒪45) × (𝒪36𝒪26𝒪16𝒪35𝒪25𝒪15𝒪34𝒪24𝒪14) × (𝒪23𝒪13𝒪12)

𝒪24 =

1 0 0 0 0 0
0 c24 0 ̂s*24 0 0
0 0 1 0 0 0
0 − ̂s24 0 c24 0 0
0 0 0 0 1 0
0 0 0 0 0 1

cij ≡ cos θij

̂sij ≡ eiδij sin θij

Xing, 0709.2220; 1110.0083



7Euler Parametrization
❖ From type-I seesaw model

𝒰 = (N R
S U) = (1 0

0 U0) (A R
D B) (V0 0

0 1) = (𝒪56𝒪46𝒪45) × (𝒪36𝒪26𝒪16𝒪35𝒪25𝒪15𝒪34𝒪24𝒪14) × (𝒪23𝒪13𝒪12)

V0 =
c12c13 ̂s*12c13 ̂s*13

− ̂s12c23 − c12 ̂s13 ̂s*23 c12c23 − ̂s*12 ̂s13 ̂s*23 c13 ̂s*23

̂s12 ̂s23 − c12 ̂s13c23 − ̂s*12 ̂s13c23 − c12 ̂s23 c13c23

Non-unitary mixing matrix: 
 N = A ⋅ V0

Xing, 0709.2220; 1110.0083

精确测量时代的中微子理论研究

elements to zero. The product of these fifteen rotation matrices is arranged as [? ? ]

(𝐕0 00 1) = 𝒪23𝒪13𝒪12 ,
(𝐀 𝐑𝐃 𝐁) = 𝒪36𝒪26𝒪16𝒪35𝒪25𝒪15𝒪34𝒪24𝒪14 , (6-58)

(1 00 𝐔0) = 𝒪56𝒪46𝒪45 .
The 3 × 3 unitary matrix 𝐕0, containing three mixing angles {𝜃12, 𝜃13, 𝜃23}, turns out to
be

𝐕0 = ⎛⎜⎜⎜⎝
𝑐12𝑐13 ̂𝑠∗12𝑐13 ̂𝑠∗13− ̂𝑠12𝑐23 − 𝑐12 ̂𝑠13 ̂𝑠∗23 𝑐12𝑐23 − ̂𝑠∗12 ̂𝑠13 ̂𝑠∗23 𝑐13 ̂𝑠∗23̂𝑠12 ̂𝑠23 − 𝑐12 ̂𝑠13𝑐23 − ̂𝑠∗12 ̂𝑠13𝑐23 − 𝑐12 ̂𝑠23 𝑐13𝑐23

⎞⎟⎟⎟⎠
. (6-59)

On the other hand, the 3 × 3 matrix 𝐀 takes on a lower-triangular form, which measures
the unitarity violation of the PMNS matrix, i.e.,

𝐴 =
⎛⎜⎜⎜⎜⎜⎜⎜⎝

𝑐14𝑐15𝑐16 0 0−𝑐14 ̂𝑠15 ̂𝑠∗25𝑐26 − 𝑐14𝑐15 ̂𝑠16 ̂𝑠∗26− ̂𝑠14 ̂𝑠∗24𝑐25𝑐26 𝑐24𝑐25𝑐26 0
−𝑐14 ̂𝑠15𝑐25 ̂𝑠∗35𝑐36 + 𝑐14 ̂𝑠15 ̂𝑠∗25 ̂𝑠26 ̂𝑠∗36−𝑐14𝑐15 ̂𝑠16𝑐26 ̂𝑠∗36 + ̂𝑠14 ̂𝑠∗24 ̂𝑠25 ̂𝑠∗35𝑐36+ ̂𝑠14 ̂𝑠∗24𝑐25 ̂𝑠26 ̂𝑠∗36 − ̂𝑠14𝑐24 ̂𝑠∗34𝑐35𝑐36

−𝑐24 ̂𝑠25 ̂𝑠∗35𝑐36 − 𝑐24𝑐25 ̂𝑠26 ̂𝑠∗36− ̂𝑠24 ̂𝑠∗34𝑐35𝑐36 𝑐34𝑐35𝑐36

⎞⎟⎟⎟⎟⎟⎟⎟⎠
. (6-60)

In addition, the mixing matrix 𝐑 in the CC interaction of heavy Majorana neutrinos is

𝐑 =
⎛⎜⎜⎜⎜⎜⎜⎜⎝

̂𝑠∗14𝑐15𝑐16 ̂𝑠∗15𝑐16 ̂𝑠∗16− ̂𝑠∗14 ̂𝑠15 ̂𝑠∗25𝑐26 − ̂𝑠∗14𝑐15 ̂𝑠16 ̂𝑠∗26+𝑐14 ̂𝑠∗24𝑐25𝑐26 𝑐15 ̂𝑠∗25𝑐26 − ̂𝑠∗15 ̂𝑠16 ̂𝑠∗26 𝑐16 ̂𝑠∗26
− ̂𝑠∗14 ̂𝑠15𝑐25 ̂𝑠∗35𝑐36 + ̂𝑠∗14 ̂𝑠15 ̂𝑠∗25 ̂𝑠26 ̂𝑠∗36− ̂𝑠∗14𝑐15 ̂𝑠16𝑐26 ̂𝑠∗36 − 𝑐14 ̂𝑠∗24 ̂𝑠25 ̂𝑠∗35𝑐36−𝑐14 ̂𝑠∗24𝑐25 ̂𝑠26 ̂𝑠∗36 + 𝑐14𝑐24 ̂𝑠∗34𝑐35𝑐36

− ̂𝑠∗15 ̂𝑠16𝑐26 ̂𝑠∗36 − 𝑐15 ̂𝑠∗25 ̂𝑠26 ̂𝑠∗36+𝑐15𝑐25 ̂𝑠∗35𝑐36 𝑐16𝑐26 ̂𝑠∗36

⎞⎟⎟⎟⎟⎟⎟⎟⎠
. (6-61)

Since the matrices 𝐃, 𝐁 and 𝐔0 are absent in all interaction terms, we shall not show
their explicit expressions, which however can be found in Ref. [? ]. In total, there are
eighteen physical parameters in the type-I seesaw model, which can be chosen as nine
rotation angles 𝜃𝑖𝑗 (for 𝑖 = 1, 2, 3 and 𝑗 = 4, 5, 6) and six independent CP-violating
phases 𝛼𝑖 ≡ 𝛿𝑖4 − 𝛿𝑖5, 𝛽𝑖 ≡ 𝛿𝑖5 − 𝛿𝑖6 (for 𝑖 = 1, 2, 3) in 𝐑 and three heavy Majorana
neutrino masses {𝑀1, 𝑀2, 𝑀3}. With the help of these original parameters [? ? ? ]

152

unitary matrix

lower-triangular matrix

Non-unitary mixing matrix: 
 N = (1 − η) ⋅ V′￼

Low-energy derivatives can be 
calculated from high-energy 
original parameters: 

✓Xing, 2306.02362; 2406.01142 
✓Xing & Zhu, 2412.17698 
✓JH & Zhou, 2507.21691

A similar structure appears in the inverse seesaw 
model: Han & Xing, 2110.12705—Structure is property.

• , matching 
relations: Blennow et al., 1609.08637; 
Wang & Zhou, 2109.13622

V0 ≠ V′￼ ≠ V (unitary case)
More suitable for discussing 
the non-unitarity effects



8How to Test the Non-unitarity?
❖  Assume the unitarity of mixing matrix ( ) and measure 

oscillation parameters in different experiments precisely.
V

γ

γ

α

α

dm∆

K
ε

K
ε

sm∆ & dm∆

ub
V

βsin 2

α

βγ

ρ
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

η

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5
excluded area has CL > 0.95

PDG 2025

|Vud |2 + |Vus |2 + |Vub |2 = 0.9984 ± 0.0007 (1st row)
|Vud |2 + |Vcd |2 + |Vtd |2 = 0.9971 ± 0.0020 (1st column)

α + β + γ = (172 ± 5)∘

-1 -0.5 0 0.5 1

Re(z)

-0.5

0

0.5
Im

(z
)

z = − ⎯⎯⎯⎯
 U

e1
 U∗

e3

 U
µ1

 U∗
µ3

U
e1  U

∗e3

U
µ1

 U∗
µ3

U τ1
 U

∗
τ3

★

-1 -0.5 0 0.5 1

Re(z)

z = − ⎯⎯⎯⎯
 U

e1
 U∗

e3

 U
µ1

 U∗
µ3

U e1
 U

∗
e3

U
µ1

 U∗
µ3

U τ1
 U

∗
τ3

NuFIT 6.1 (2025)
NOIO

Δ2

: solar, long-baseline reactor; : short-baseline reactor, accelerator 
: atmospheric, accelerator; : accelerator

θ12 θ13
θ23 δCP

Unitarity triangle Δs : VudV*ub + VcdV*cb + VtdV*tb = 0

Measured through different channels

• Jarlskog invariant can be 
calculated from the moduli 
of CKM matrix elements:

Luo & Xing, 2309.07656



9Procedure in the Unitary Case
✦ How to test the unitarity?

ℒCC =
g

2
lαL γμPLVαi νiLW−

μ + h . c .
unitary

0 m

40 m

30 m

20 m

10 m

e
e+

–1MeV

νe

p n
2.2 MeV

p

~ 3MeVEe+
kin

– Water

Legend:

LS

– Liquid Scintillator

WP

WP

CD

CD

TT 

TT

– Liquid Scintillator
– Water Pool

– Central Detector

– Top Tracker 

– Air
– Rock

2511.14593

Nuclear fission 
(beta decay)

pr
op

ag
at

io
n 

(o
sc

illa
tio

n)

IBD

να⟩ =
3

∑
i=1

V*αi νi⟩• Neutrino flavor states :

P (να → νβ) ≡ ⟨νβ |να(L)⟩
2

να(L)⟩ =
3

∑
i=1

V*αi e−iEL νi(0)⟩
• Oscillation probabilities :

• Event rates: 

Flux

Vei

V*ei

Cross section

dN
dEobs

∝ Ntargett∫ dEν
dΦα

dEν
×

Pαβ(E, L)
4πL2

× σ(E)

Q: What impact does non-unitarity 
have on those three parts?

✓  Adopt the complete theory with non-unitary flavor mixing and 
analyze the production, propagation and detection of neutrinos.

time evolution



10Flavor States with Non-unitarity

να⟩ ≡
3

∑
i=1

N*αi

(NN†)αα

νi⟩• Neutrino flavor states (non-unitary case):

ℒCC =
g

2
lαL γμPLNαi νiLW−

μ + h . c .
non-unitary

• Charged-current interaction:

P (να → νβ) ≡ ⟨νβ |να(L)⟩
2

=
1

(NN†)αα (NN†)ββ

(NN†)αβ

2
− 4∑

i<j

Re 𝒩ij
αβ sin2 Fji + 2∑

i<j

Im 𝒩ij
αβ sin 2Fji

✦ Oscillation probabilities :
l−
α νi

N*αi

𝒩ij
αβ ≡ NαiNβjN*αjN*βi , Fji ≡ Δm2

jiL/(4E)✓Starting from the definition of flavor states, independent 
of the production and detection processes.

T ≡ 1 − ζ = 1 −
ζee 0 0
ζμe ζμμ 0
ζτe ζτμ ζττ real & positive

✓The mixing matrix N = T ⋅ V
V =

c12c13 s12c13 s13e−iδCP

−s12c23 − c12s13s23eiδCP c12c23 − s12s13s23eiδCP c13s23

s12s23 − c12s13c23eiδCP −c12s23 − s12s13c23eiδCP c13c23



11Oscillation Probabilities
• Case I:  Disappearance channelsνe → νe

Pee = Pee =
1

(1 − ζee)4 (1 − ζee)4 − 4 (1 − ζee)4
∑
i<j

Vei
2

Vej
2

sin2 Fji

= 1 − 4∑
i<j

Vei
2

Vej
2

sin2 Fji Insensitive to the non-unitarity effects!

‣ The mixing parameters directly correspond to those in the unitary case. 

‣ It is necessary to consider the production and detection processes.

• Case II:  Appearance channelsνe → νμ

Peμ ≈ −4∑
i<j

Re [VeiVμjV*ejV*μi − (ζμeVeiV*μi Vej

2
+ ζ*μeV*ejVμj Vei

2

)] sin2 Fji

−2∑
i<j

Im [VeiVμjV*ejV*μi − (ζμeVeiV*μi Vej

2
+ ζ*μeV*ejVμj Vei

2

)] sin 2Fji .



12Zero-distance Effect

Pαβ =
1

(NN†)αα (NN†)ββ

(NN†)αβ

2
− 4∑

i<j

Re (NαiNβjN*αjN*βi) sin2
Δm2

jiL
4E

+ 2∑
i<j

Im (NαiNβjN*αjN*βi) sin
Δm2

jiL
2E

N = T ⋅ V T ≡ 1−ζ = 1 −
ζee 0 0
ζμe ζμμ 0
ζτe ζτμ ζττ

Pαα(L = 0) =
1

(NN†)αα (NN†)αα
[ (NN†)αα

2

] = 1

Peμ(L = 0) =
1

(NN†)ee (NN†)μμ
[ (NN†)eμ

2

] ≈ |ζμe |2 ≠ 0

• Disappearance channel 

• Appearance channel 

Zero-distance effect !

✓ Near detectors are useful for constraining  ζ



13Oscillations without Unitarity

Pαβ =
1

(NN†)αα (NN†)ββ

(NN†)αβ

2
− 4∑

i<j

Re (NαiNβjN*αjN*βi) sin2
Δm2

jiL
4E

+ 2∑
i<j

Im (NαiNβjN*αjN*βi) sin
Δm2

jiL
2E

✦ All the oscillation probabilities are reduced to those in the unitary case by replacing  with  .


✤ In the full type-I seesaw model, it is FORBIDDEN to take  or 


N → V VV† = 1

T → 1 ζ → 0

A ≃ 1 −
1
2

s2
14 + s2

15 + s2
16 0 0

2 ̂s14 ̂s*24 + 2 ̂s15 ̂s*25 + 2 ̂s16 ̂s*26 s2
24 + s2

25 + s2
26 0

2 ̂s14 ̂s*34 + 2 ̂s15 ̂s*35 + 2 ̂s16 ̂s*36 2 ̂s24 ̂s*34 + 2 ̂s25 ̂s*35 + 2 ̂s26 ̂s*36 s2
34 + s2

35 + s2
36

≃ 1 − 𝒪 (m2
D/m2

R)

N = T ⋅ V T ≡ 1−ζ = 1 −
ζee 0 0
ζμe ζμμ 0
ζτe ζτμ ζττ

Don’t switch off the Yukawa 
couplings between  and  !NR ℓL

Peμ(L = 0) =
1

(NN†)ee (NN†)μμ
[ (NN†)eμ

2

] ≈ |ζμe |2 ≠ 0

yν
Xing, 0709.2220; 1110.0083



14Muon Decay with Non-unitarity
ℒCC =

g

2
lαL γμPLNαi νiLW−

μ + h . c .

• Decay amplitude

ℳ (μ− → e− + νμ + νe) ≃ −
g2

2m2
W ⟨e−νμνe (νi γλPLN*μi μ) (eγλPLNej νj) μ−⟩

⟨νμ = ∑
m

⟨νm
Nμm

(NN†)μμ

, ⟨νe = ∑
n

⟨νn
N*en

(NN†)ee

⟨νj |νi⟩ = δij

ℳ (μ− → e− + νμ + νe) = ℳSM (μ− → e− + νμ + νe) (NN†)ee (NN†)μμ

• Modified Fermi coupling constant Gexp
μ = GSM

μ (NN†)ee (NN†)μμ

GSM
μ = [g2/(4 2m2

W)] (1 + Δr)

Gexp
μ ≈ 1.166 × 10−5 GeV−2

extracted from muon 
lifetime measurement Antusch et al., hep-ph/0607020

Gμ



15Cross Section: IBD
ℒCC =

g

2
lαL γμPLNαi νiLW−

μ + h . c .
Only ONE CC vertex 

 for leptonsNei

σIBD = σSM
IBD [GSM

μ ] ⋅ (NN†)ee
= σSM

IBD [Gexp
μ ]/(NN†)μμ

NN† =

(1 − ζee)2 −(1 − ζee) ζ*μe −(1 − ζee) ζ*τe

−(1 − ζee) ζμe (1 − ζμμ)
2

+ ζμe
2

−(1 − ζμμ) ζ*τμ + ζμeζ*τe

−(1 − ζee) ζτe −(1 − ζμμ) ζτμ + ζ*μeζτe (1 − ζττ)2 + ζτe
2

+ ζτμ
2

Gexp
μ = GSM

μ (NN†)ee (NN†)μμ

✦ An empirical formula for the IBD cross section in the SM

σSM
IBD(E) ≈ 10−43 cm2 pe+ Ee+E−0.07056+0.02018 ln E−0.001953 ln3 E

Strumia & Vissani, astro-ph/0302055

✓Discussions on radiative 
corrections, see, e.g., 
Tomalak’s talk and 
2512.07956, 2512.07957



16Cross Section: -  Scattering (SM)ν e
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NC CC

• In the SM with the unitary mixing matrix

dσSM
e

dTe
=

(Gexp
μ )

2
me

2π { meTe

E2 [(cA + 1)2 − (cV + 1)2] + (1 −
Te

E )
2

(cA + cV + 2)2 + (cA − cV)2}
dσSM

μ,τ

dTe
=

(Gexp
μ )

2
me

2π { meTe

E2 (c2
A − c2

V) + (1 −
Te

E )
2

(cA + cV)2 + (cA − cV)2}

with  and cV = − 1/2 + 2 sin2 θw cA = − 1/2
✓One-loop corrections:  
Sarantakos, Sirlin & Marciano, NPB 1983 
Marciano & Parsa, hep-ph/0403168 
Tomalak & Hill, 1907.03379; JH & Zhou, 2412.17047

't Hooft, PLB 1971



17-  Scattering with Non-unitarityν e
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CC

ℳNC (νμ + e− → νμ + e−) =
(NN†NN†)μμ

(NN†)μμ

ℳSM
NC (ν + e− → ν + e−)

ℒCC =
g

2
lαL γμPLNαi νiLW−

μ + h . c . , ℒNC =
g

2 cos θw
νiL γμPL (N†N)ij

νjLZμ

ℳCC (νμ + e− → νμ + e−) =
(NN†)μe

2

(NN†)μμ

ℳSM
CC (ν + e− → ν + e−)

Both are leading order 
contribution !

ℳNC (νe + e− → νe + e−) =
(NN†NN†)ee

(NN†)ee

ℳSM
NC (ν + e− → ν + e−)

ℳCC (νe + e− → νe + e−) = (NN†)ee
ℳSM

CC (ν + e− → ν + e−)

Leading order 
contribution !

Next-to-leading 
order contribution !



18-  Scattering Cross Sectionsν e
dσβ

dTe
=

(Gexp
μ )

2
me

2π (NN†)ee (NN†)μμ
{ meTe

E2 [(c̃β
A + c̃β

C)
2

− (c̃β
V + c̃β

C)
2] + (1 −

Te

E )
2

(c̃β
A + c̃β

V+2c̃β
C)

2
+ (c̃β

A − c̃β
V)

2

}

dσβ

dTe
≈

dσSM
β

dTe
×

1 − 2 (ζee − ζμμ) β = e

1 + 2 (ζee − ζμμ) β = μ

1 + 2 (ζee + ζμμ − 2ζττ) β = τ

,

Only depends on diagonal elements !



19Reactor Antineutrino Flux
✓Six antineutrinos produced in each fission with 200 MeV energy

The antineutrino flux 
does not need any 

correction !

Four main isotopes: 

235U, 238U, 239Pu and 241Pu

Thermal power (measurement) Antineutrino flux



20Non-unitarity Effects
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Q: What impact does non-unitarity 
have on those three parts? • The antineutrino flux does not need any correction !

TAO
Pαα(L = 0) =

1

(NN†)αα (NN†)αα
[ (NN†)αα

2

] = 1

✓Near detector

σIBD = σSM
IBD [Gexp

μ ]/(NN†)μμ

JUNO ✓Far detector Pee = = 1 − 4∑
i<j

Vei
2

Vej
2

sin2 Fji

Peμ ≈ −4∑
i<j

Re [VeiVμjV*ejV*μi − (ζμeVeiV*μi Vej

2
+ ζ*μeV*ejVμj Vei

2

)] sin2 Fji

−2∑
i<j

Im [VeiVμjV*ejV*μi − (ζμeVeiV*μi Vej

2
+ ζ*μeV*ejVμj Vei

2

)] sin 2Fji .

dσβ

dTe
≈

dσSM
β

dTe
×

[(NN†)ββ]
2

(NN†)ee (NN†)μμ

.

Appearance channel 
( -  scattering)ν e



21IBD Event Rates @ TAO
dNTAO

dEobs
= Npt∑

i
∫

∞

Ethr

dE
dΦi

νe

dE
Pee(E, L)

4πL2
i

σIBD(E) 𝒢 (Eobs; Evis, δTAO
E )

response function

3σ 2σ 1σ

10-7 10-6 10-5 10-4 10-3 10-2 10-1
10-7

10-6

10-5

10-4

10-3

10-2

10-1

|ζμe|

ζ μ
μ

χ2
TAO = ∑

i

(Ni,th
TAO − Ni,exp

TAO)
2

Ni,exp
TAO

• Construct  functionχ2
1 day

3 yrs

ζμe
2

+ (1 − ζμμ)
2

=
1

1 ± χ2
TAO/(NTAOt)

≃ 1 ± 0.0126 χ2
TAO/t

6300 events per day

Blennow et al., 2306.01040; 2502.19480



22-  Scattering Rates @ JUNOν e
dNβ

JUNO

dEobs
=

Net
4πL2

JUNO
∑

i
∫

∞

0
dTe 𝒢 (Eobs; Te, δJUNO

E )∫
∞

Emin

dE
dΦi

νe

dE
Peβ (E, LJUNO)

dσβ

dTe

✓60 IBD events and 10 -  scattering events per day 

✓2 -  scattering events per day 
νe e

νμ,τ e νe (LO)

νμ (LO)

ντ (LO)

νe (NLO)

νμ (NLO)

ντ (NLO)

0.1 0.2 0.5 1 2 5
0

20

40

60

80

Eobs [MeV]

dN dE
ob
s
[M
eV

-
1
da
y-
1 ]

JUNO

❖ Retain all diagonal elements {ζee, ζμμ, ζττ}

dNμ
JUNO

dEobs
≃ [1 + 2 (ζee − ζμμ)] dNμ,SM

JUNO

dEobs

dNτ
JUNO

dEobs
≃ [1 + 2 (ζee + ζμμ − 2ζττ)] dNτ,SM

JUNO

dEobs

JH & Zhou, 2412.17047

ζee − ζττ ≲ 2.3 × 10−2 (3σ, 3yrs)



23Precise Measurements & Constraints
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χ2 = ∑
i

(NFD
i − ωiNND

i )2

NFD
i

With both near 
and far detector:

• weight factor :

ωi ≡
Pi,FD

ee (Ei, LFD)
Pi,ND

ee (Ei, LND)

✦Independent of the non-unitarity effects,  

✓Precise measurement of the mixing angles

✤ Analyze event rates at the far (near) detector 
individually to constrain non-unitarity effects



24Summary
• We investigate the non-unitarity effects of lepton flavor mixing matrix in JUNO and TAO. We 

separate the production, the oscillation and the detection into three independent parts 
(assuming neutrino masses are much smaller than the characteristic energy scales).


✓ Derive the oscillation probabilities in the lower-triangular parametrization.


✓ There is NO need to modify the reactor antineutrino flux from the theoretical aspect.


✓ We calculate the cross sections for the IBD and the -  scattering with NC interactions.


• TAO and JUNO both have capabilities of individually limiting the non-unitarity parameters!


• One can combine the unitarity tests in the neutrino oscillation experiments, precision EW and 
flavor observables together, to derive much stronger constraints. Theoretical calculations of 
observables beyond the LO are necessary (in the complete neutrino mass model).

ν e

Thanks for your attention!
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26-  Scattering Cross Sectionsν e
dσβ

dTe
=

(Gexp
μ )

2
me

2π (NN†)ee (NN†)μμ
{ meTe

E2 [(c̃β
A + c̃β

C)
2

− (c̃β
V + c̃β

C)
2] + (1 −

Te

E )
2

(c̃β
A + c̃β

V+2c̃β
C)

2
+ (c̃β

A − c̃β
V)

2

}

c̃β
V,A ≡

(NN†NN†)ββ

(NN†)ββ

× cV,A , c̃β
C ≡

(NN†)βe

2

(NN†)ββ

unitary case
c̃β

V,A = cV,A , c̃β
C = δβe

NN† =

(1 − ζee)2 −(1 − ζee) ζ*μe −(1 − ζee) ζ*τe

−(1 − ζee) ζμe (1 − ζμμ)
2

+ ζμe
2

−(1 − ζμμ) ζ*τμ + ζμeζ*τe

−(1 − ζee) ζτe −(1 − ζμμ) ζτμ + ζ*μeζτe (1 − ζττ)2 + ζτe
2

+ ζτμ
2

dσβ

dTe
≈

dσSM
β

dTe
×

[(NN†)ββ]
2

(NN†)ee (NN†)μμ

. dσβ

dTe
≈

dσSM
β

dTe
×

1 − 2 (ζee − ζμμ) β = e

1 + 2 (ζee − ζμμ) β = μ

1 + 2 (ζee + ζμμ − 2ζττ) β = τ

,

Only depends on diagonal elements !



27Different Strategies on NC
• The NC interaction could not distinguish among three flavors of neutrinos.

σNC
i = σSM

NC ∑
j

(N†N)ij

2

NC cross section defined in the mass eigenstate

✴Antusch et al., hep-ph/0607020

✓ Oscillation probabilities
̂Pνανi

(E, L) ≡ Nαi
2

Neutrinos propagate as mass eigenstates, are already decoherent when they reach 
the detector without oscillations, and individually participate in the NC process.

̂PναNC(E, L) ≡ ∑
i

̂Pνανi
(E, L)

̂Pνα→νNC
(E, L) = ∑

j
∑

i

N*αie
−iEiL (N†N)ij

2

Neutrinos propagate as mass eigenstates and undergo NC interactions in a coherent 
manner, and the total probability is obtained through the summation over the final 
mass eigenstates (at the cross section level).

✴Dutta & Roy, 1901.11298; Blennow et al., 2502.19480


