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Neutrino Oscillations
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Neutrino Oscillations

Probability
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Neutrino Oscillations

Probability
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Lepton mixing matrix Mass splittings
e The dependence is on Am,’= my’-m/, not on the
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Main focus of (part of) my last year work:
JUNO contribution
to the Neutrino Global Fit
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https://arxiv.org/abs/2104.02565
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Solar sector: Am3,, 6;, before 2025
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First oscillated energy spectrum published
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JUNO first results

Nature 654 (2026) 8118, 343-348
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https://www.nature.com/articles/s41586-026-10538-z

JUNO second results
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arxiv:2609.37895

Improved precision on
the solar sector
parameters

CFirst results on Am2,
important for mass
ordering determination



https://arxiv.org/pdf/2609.37895

Updated solar sector

SNO+ first results

Second experiment after KamLAND
to use long baseline reactor
antineutrino

Data acquisition period
May 2022 -July 2025

Phys.Rev.Lett. 135 (2025) 12, 121801
arXiv:2511.11856v2 [hep-ex]
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Updated solar sector
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Updated solar sector

Best precision ever reached for AmZ, and sin® 62 in JUNO:
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Neutrino Mass ordering before 2026

—— Global |
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| NOVA, T2K Ordering
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lceCube-DC, SK Ordering
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Daya Bay, RENO Ordering

Global analysis
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Neutrino Mass ordering after JUNO

Global w/o JUNO. NO
Global w/o JUNO, IO
JUNO, NO

JUNO, 10

Global, NO

Global, 10

Preference for
normal ordering
at approximately

40

Interpolation issues present
when combining
different datasets:
we are working on it

30
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See also other groups’ works:
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JUNO results

arxiv:2609.37895 JUNO collaboration (207.2 days):
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JUNO results
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Oscillation probability and damping effects

Probability

: Amzj
P(a — B E,L) =Y UsUsUsUje 7 L
k,j
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Oscillation probability and damping effects

PJUNO(

Ve = Ue) =1— sin? 2015 cos® 013 sin® Aoy
— SiIl2 2913 (COS2 912 SiIl2 A31 + SiIl2 912 SiIl2 A32)
with

Am?jL
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Probability

2
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Ul UskUnjUle 2 L
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Oscillation probability and damping effects
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Oscillation probability and damping effects
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Oscillation probability and damping effects
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Wave packets

Environmental decoherence

Invisible decay

plamp — |, |* e P1ED 4 |U,|*e P2ED) 4 |U,45]tePIED

+ 2|Ue1|*|Uea|* cos 2A,1 e~ P21 (ED)

+ 2|Ue |2|U33 |2cos 2A3, e P3(EL)
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Theoretical motivations

e Abandoning the plane wave approximation and considering the wave packet description, the propagation depends
on the coherence lenght, related to the wave packet size

Wave packets

4 ,~Di(EL) 4 |U32|4e‘Dz(E,L) + |Ue3|4e—Ds(EsL)
2|U,»|* cos 2A5; e~ P21 (E:L)
2 U.s 2 cos 2A3; e P3(EL)
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IONIdINVA

N
|_\




Am?jL ) 2

DB = (| 72

Wave packets
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— Standard

—— Wave packet (6 =2 x 10~* nm)

P = U N’L) + IUez|4e‘D\2“{) + |Ue3|4eib\%L
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Bounds on neutrino wave packets width

Daya Bay+RENO+KamLAND
— JUNO

e Minimization over the standard oscillation
parameters with priors from
o solar data on Am3,, 612
o Long baseline accelerators and atmospheric data
on Am3,

o> 6.4x10"% nm @90% C.L.

Stronger bound than
DayaBay+RENO+KamLAND
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Wave packets

Environmental decoherence

Invisible decay
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Theoretical motivations (1)

e Neutrinos can also lose coherence if they interact with some unknown environment: this can be described by the
Lindblad Master equation:

805t(t) _ —’L'[H, Y (t)] n D[py (t)] Propagation

Hermitian density
matrix that describes
the neutrino states

in the mass basis

Dissipative term
that encodes the
decoherence effects

4 e_Dl(E’L) + |U62|4e—D2(E,L) + |Ue3|4e—D3(E,L)

Y
. 2 2 _DZI(EsL)
Environmental decoherence U |“cos2Ar1 €
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Theoretical motivations (2)
e Under well-motivated assumptions, the dissipative term given by a 8x8 matrix can be rewritten as

D = —diag(I'21,'21,0,1'31,'31, T'32, T'32, 0)
which leads to the following damping parameters:

E n
0

e Since for JUNO E<1 GeV, we consider L .
o n=-2: gravitationally induced decoherence

o n=-1. decay like decoherence
o n=0: energy-independent model

4 ,~Di(EL) | |Uez|4e‘Dz(E,L) + |Ue3|4e"D3(E’L)

Y
. 2 2 _DZI(EsL)
Environmental decoherence U |“cos2Ar1 €
2 U, 2 —D31(E,L)

cos 2Az e

2|U3]% cos 2A3, e P32(E:L)
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Dii(E, L) = i, L(E_o

with By =1 GeV, n=-2,—1,0

Environmental decoherence

. ) —— Standard

- Decoherence
(n=—2,y=1.5-10"26GeV)
Decoherence
(n=0,y=5-10"22GeV)

P = U N’L) + IUez|4e‘D\2“{) + |Ue3|4eib\%L
+ 2|Up1|*|Uez|? cos 2A,; e~ P21ED)
+ 2|Ue \2|Ue3 |zcos 2A3; e P3(EL)
+ 2| Uez\2 |Ue3 \2 cos 2A 3, e~ D32(E:L)
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Bounds on environmental decoherence

 JUNO e Minimization over the standard oscillation
: KamLAND - parameters with priors from

j — =0 o solar data on Am?2,, 61,
75 : : : n=-—1

n= -2

“‘R : 3 Y= Y21 = Y31, Y32 =0
<] : : :

5.0
i 90% C.L. limits;

) s _: 5 : v<29x107% GeV (n=0)
- j f v < 1.1x 1072 GeV (n = —1)
qg—zs. '10:25 A -10'_19 B v <38 %107 GeV (n = —2)
Y= 71 =71 [GeV] Stronger than the full KamLAND dataset




Wave packets

Environmental decoherence

Invisible decay
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Theoretical motivations

e We can assume that active neutrinos are subject to both standard mixing and invisible decays, so the evolution for
the flavour states is described by

1
H—=—|Hy+ H H
2E[U+ v+ Hpl

Vacuum Hamiltonian

Matter effect term Hp = U diag(—ia;, —ioo, —@'G’B)UT

m.
where o; = — depends on the mass and lifetime of the neutrino mass eigenstate.
T
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D;(E, L)

Di;(E,L) =

L
=i (1 =1,2,3)

2

Invisible decay

Standard

Decay (o) =7 x 1076 eV?)
Decay (0 =7 x 1076 eV?)
Decay (03 =3 x 107> eV?)
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Bounds on invisible decay

JUNO e Minimization over the standard oscillation

KamLAND parameters with priors from
o Daya Bay prior on 013 for a1, as
2
o solar dataon Amj,, 615for aj

Q@ 90%C.L.: a7 <2.6x107%eV?
as < 2.6 x 1078 eV?
as < 7.5 x 107° eV?

e For a, and q, results comparable with the full
KamLAND dataset , bounds from solar experiments
are much stronger

e Limited sensitivity to as
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v~ profiles
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The determination of the standard solar As JUNO accumulates more statistics and after it begins to

oscillation parameters remains robust resolve the fast oscillations pattern its sensitivity to
under all damping scenarios considered damping signatures is expected to improve significantly




Neutrino Global Fit:
JUNO contribution

Based on
updated version (in preparation) of JHEP 02 (2021).071

Damping effects on neutrino
oscillations with JUNO

Based on

Invisible neutrino decay of
solar neutrinos at DM

experiments
Based on M. Beccaria et al JCAP10(2026)025
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Why solar neutrinos for invisible decay?

Typical sensitivities to aq;

for different neutrino sources
upper limit = no decay

lower limit = full decay

Accelerator
Reactor

Limits from solar neutrino data: Atmospheric
a; < 1.6 x 10713 eV?

as < 3.4 X 10_13 eV2 SN1987A

I Supernova

10723 10719 1071° 10711 1077
a;=m;/T; [eV?]

Adapted from arxiv:2307.03549
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Direct Detection Dark Matter Experiments
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11

WIMPs searches

First evidences of
CEvNS induced
5B solar neutrinos
in dual phase TPC LXe
experiments!
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Events rate

dR*
dT

exposure 5t

and energy-dependent

efficiency 7 (T
of the detector d

oscillated neutrino flux

do do,

dFE, dFE,
e unoscillated electron-
neutrino flux
doy
dFE,
It depends on the solar
model and its uncertainties

e oscillation probability
considering invisible
neutrino decay

Pel

differential
cross section
of Standard Model
processes
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Events rate

Coherent Elastic
Neutrino-Nucleus
Scattering

CEvNS

Elastic
scattering on
electrons

EvES

differential
cross section
of Standard Model
processes

nuclear recoil energy: T = Ty
Only the high-energy tail of the solar neutrinos can be

detected

electron recoil energy:. T =T,
Difficult to disentangle from background

Different processes,
different backgrounds




Results: current experiments

XENONnT CEvNS
PandaX-4T CEvrNS
LZ CEvNS
combined CEvNS

other solar

as < 1.2x 1071 eV? @90% CL

Independent channel already comparable
with single solar neutrino experiments
(SNO: Phys. Rev. D 99, 032013)
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Results: sensitivity study

CEvNS

Background | .
e optimistic scenario: x0.5 compared to LZ — i’; Eﬁﬁz fég fgg{f;{“

e pessimistic scenario: x2 compared to LZ , b —— current CEvNS

- other solar

= == Pessimistic

= (Optimistic

— ey = 13.13%

Main issue related to T p— e
5B uncertainty 0% CL.

as < 0(1071%) eV? @90% CL
under the most
optimistic assumptions




Results: sensitivity study
EvES

XLZD: 200 t x yr

T Ty R R R | I ITlIIIIIl Ir”“!

Background
e (Obtained from sensitivity studies
(DARWIN)
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ay < 8.0 x 10714 eV?

@90% CL

0 it = considerably stronger than CEvNS
10— 10 10~ 13 and future dedicated solar neutrino
a; [eV7] experiments
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Conclusions

Contribution to the Neutrino Global Fit

Percent-level uncertainy on the solar Preference for normal ordering at
parameters approximately 40

Damping effects contraints
Wave packet size Env. decoherence Invisible decay
v <2.9x107%2 GeV (n=0) a; < 2.6 x 1078 eV?
o>6.4x10"* nm v <1.1x10"% GeV (n= —1) Qg < 2.6 x 1070 eV?

—27 _ 5 72
Stronger than DayaBay 7 < BIR B CO (@ = =2) 8y < o X AU e

+RENO+KamLAND Stronger than KamLAND Limited by L

Invisible neutrino decay of solar neutrinos at Dark Matter experiments
Bound from CEVNS data Sensitivity study for CEVNS Sensitivity study for EVES

—15 2
ay < 1.2 x 1071 eV? az < 0(10712) eV? ar < 7.9x 1077 eV
az < 3.0 x 107 eV’
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Reactor angle: 013

e Best determination thanks to short baseline reactors;:
| sy L
0015 0020 0025 _ 0.030

sin” 6,3

Daya Bay and RENO
e Agreement improved with their final data releases

sin? 013 = (2.21070023) - 10~% (NO)

sin” 013 = (2.238%)025) - 1072 (10)
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Atmospheric sector: Amgl |, 023

Current atmospheric neutrino
experiments: Super-Kamiokande and
IceCube DeepCore

Long baseline accelerators:
NOVA, T2K and MINOS

MINOS

90, 99% CL 90, 99% CL

02 03 04 05 06 07 0802 03 04 05 06 0.7 08
Sil‘lz 923 Sin2 9-33




2
Am3, |, 023

Atmospheric sector:

MINOS
MINOS

Not possible to resolve the octant of the angle:
[Am3;| = (2.502700%) - 10 °eV? (NO) sin? 633 > 0.5 or sin? 3 < 0.57

2 0.022 ~3_ 172
|Amg; | = (2'4001_0.018) -107°eV~ (10) Mainly sensitive to

SiIl2 2923




0,; degeneracy

LBL LBL

sin? 023 = (5.467754) - 107" (NO)

LBL+REAC LBL+REAC

Global . SiIlz 023 — (5461_8%8) . 10_1 (IO)

Small preference for
SiIl2 923 > 0.5

0.4 0.5
Sill2 933

Not possible to resolve the octant of the angle:

e 2 . 2
Reactors help to break sin” 623 > 0.5 or sin” 63 < 0.57
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CP phase ¢

Lepton mixing matrix

1 0 0 Ci13 0 513(343:5 C12 5192 0
= 0 Co3 593 0 ) 1 0 —812 C12 !
0 —s93 cCo3 —813 e’ 0 C13 0 0

If there is CP invariance:

?
P(I/a — 1/5) — P(Da — ﬂﬂ)

Disagreement in
the measurement
of the CP phase
for the NO

90’ s CP invariance

%@\ a CP violation

Agreement in the
measurement of
the CP phase for

the IO




CP phase 9 and mass ordering
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CP phase 9 and mass ordering
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CP phase ) and mass ordering

LBL+ATM
REAC

Global

0.04 0.01 .02 0.04

Better agreement between :
LBL accelerators+atmospheric data —— LBL+REAC

—— Global

and reactor data
for the normal ordering
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CP phase ) and mass ordering
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Future Prospects for the Global Fit

Atmospheric sector
e Addition of KM3Net/ORCA

KM3NeT/ORCA 1.4Mton-yr Preliminary

I.I.IIIIIIIIlll..b{‘)a_;alclﬂllllllllllIIIIIIIIII
lceCube 2024 —— SK 2023
— T2K 2023 MINOS+ 2018
NOvA 2024 == KM3NeT/ORCA 1.4Mt-yr

P

(—)

JUNO prospects

2
o

Mass Ordering determination Precision measurement
(see: Phys. Rev. D 104,.113004) (see: arXiv:2204.13249 [hep-ex])
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Solar parameters with damping effects
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Direct Detection DM experiments: analysis

N;i=Ri(14+~)+ > Bir(1+ By, (3.16)
k

where R; are either the CEvNS or the EvES rates and the spectra of the background
components B; . are provided by each Collaboration [57-59, 75|. We compare our predictions
with the measured data D; (in the case of XLZD we generate a fake data set without
neutrino decay) using

2 2
-mflpron-o@]-() 5 (E)) o
7,8k y F o ~ \ 98,

Here, v and (), are the nuisance parameters accounting for the neutrino flux predictions (with
uncertainties [94, 95] o = 13.13% and o, = 0.59% for ®B and pp neutrinos, respectively)
and for the normalization of each background component (with associated uncertainties g, ).




XENONNT: EVES background
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