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Neutrino Oscillations
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Neutrino Oscillations

Probability
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Lepton mixing matrix
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* o, 8 Majorana phases not involved in oscillations




Neutrino Oscillations

Probability
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Lepton mixing matrix Mass splittings
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See also
Vit Vorobel and
Tomas Tmeéj's talk

JUNO

Legend:

CD - Central Detector
LS - Liquid Scintillator
WP — Water Pool

TT - Top Tracker

[] - Liquid Scintillator
[] - Water

[] - Air

[ - Rock

Credit: JUNO Collaboration, arXiv: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

JUNO Collaboration,
Nature 654 (2026) 8118, 343-348
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JUNO second results
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Improved precision on
the solar sector
parameters

CFirst results on Am2,
important for mass
ordering determination
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Updated solar sector

SNO+ first results

Second experiment after KamLAND
to use long baseline reactor
antineutrino

Data acquisition period
May 2022 -July 2025

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

Best precision ever reached for AmZ, and sin® 62 in JUNO:
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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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Atmospheric data Normal
lceCube-DC, SK Ordering
+Reactor data Normal
Daya Bay, RENO Ordering

Global analysis
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Neutrino Mass ordering after JUNO
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Credit: JUNO Collaboration, arxiv:2609.37895

JUNO data exhibit
multiple local minima
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Neutrino Mass ordering after JUNO

T T M T | T T

b
o)

D
B~

—
>
L
)
=
Al
1 en
S
<

NO

D
1

—0.04 005 001 0.2
2026, preliminary

Information on the neutrino mass ordering
and |Am3, | value comes from a
combination with other datasets

JUNO data exhibit
multiple local minima




Neutrino Mass ordering after JUNO

Preference for
normal ordering
with
Ax® =14.14

Global w/o JUNO, 10

JUNO, NO Precision improved:
JUNO, IO

Global, NO [Amj3; | = (2.5067714) x 107> eV? (NO)
' [Am2,| = (2.44070917) % 1073 eV (IO)

2026, preliminary
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JUNO results
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JUNO results

JUNO Collaboration, arxiv:2609.37895
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Oscillation probability and damping effects

Probability
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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)
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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

PJUNO(De — V) =1 — sin? 2015 cos® 013 sin® Aoy
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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
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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)
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D;(E,L)=0 (i =1,2,3)

Am?jL ) 2

DB, L) = (m—%

Wave packets

(

L
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—— Standard
—— Wave packet (6 =2 x 10~% nm)

—— Wave packet (6 =6 x 10~* nm)

3
E [MeV]
MB, C.A. Ternes, 2606.13362
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Bounds on neutrino wave packet width

Daya Bay+RENO
+KamLAND

— JUNO

10~
o [nm]
MB, CA. Ternes, 2606.13362

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> 6.48 x 10~* nm @90% C.L.

Stronger bound than
DayaBay+RENO+KamLAND
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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
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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
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Di(E,L)=0 (i =1,2,3)

Dy(E, L) = WL(E)

with £y =1 GeV, n=-2,—1,0

Environmental decoherence
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Decoherence, n = —2 1T
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N PRI IR I
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P R
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Bounds on environmental decoherence:

Y21 — 731

JUNO
KamLAND
n=>0
n=-—1
n=-—2

103 102 10D
Y= "1 = Y51 [GeV]
MB, C.A. Ternes, 2606.13362

Minimization over the standard oscillation parameters
with priors from
o solar dataon Am?,, 612

¥ i = Y21 = Y31, Y32 =0
90% C.L. limits:

v < 2.87 x 107* GeV (n =0)
v < 1.10 x 10°** GeV (n = —1)
v < 3.75 x 10 %" GeV (n = —2)

Stronger than the full KamLAND dataset
(V. De Romeri et al., 2306.14699)
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Bounds on environmental decoherence:

Y31 — Y32

Minimization over the standard oscillation parameters
with priors from
o solar data on Am?2,, 615

Y= Y31 = Y32, Y21 =0
90% C.L. limits:

v < 6.73 x107* GeV (n =0)
v < 3.77 x 107% GeV (n = —1)
v < 2.07 x 107%° GeV (n = —2)

n
n

Sensitivity to fast oscillations still limited e 26 10724 10722 10720 10-!8
o 90% CL bound slightly stronger than Y= Y1 = Y32 [GeV]

Daya Bay and RENO
(MB, C.A. Ternes, 2606.13362) MB, C.A. Ternes, 2606.13362

o No bounds at larger confidence levels
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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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L
D;(E, L) = i (1 =1,2,3)

Invisible decay

Standard

Decay (o =7 x 1076 eV?)
Decay (0 =7 x 1070 eV?)
Decay (a3 =3 x 107 eV?)

8
E [MeV]
MB,_CA. Ternes, 2606.13362
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Bounds on invisible decay

Minimization over the standard oscillation parameters

with priors from
o Daya Bay prior on 613 for ai, as

Q@ 90%C.L.: a1 < 2.66 x 10°% eV?
s < 2.27 x 1079 eV?
as < 7.32 x 107° eV?

e For &1, (x2 results comparable with the full

KamLAND dataset
e |Limited sensitivity to fast oscillations leads to limited
sensitivity on (3
(M. C. Gonzalez-Garcia and M. Maltoni,0802.3699
C. A Ternes and G. Pagliaroli, 2401.14316)

MB, CA. Ternes, 2606.13362

Limits from solar neutrino data

(J_M. Berryman et al., 1411.0308
SNO Collaboration, 1812.01088)

a; < 1.6 x 1071 eV?
as < 3.4 x 10713 eV?
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v* profiles

—— SM Decoherence, n = —2, 151 = 131
——  Wave Packet -~ Decoherence, n = —2, 131 = %2

10.0 g T

7.5}

'7.|2' 7.4 '7.|6' ~ 7.8 : 0.2 0.3
Am%1 [10_5 eVz] sin® 0,
MB, C.A. Ternes, 2606.1336.2

The determination of the standard solar As JUNO accumulates more statistics its
oscillation parameters remains robust sensitivity to damping signatures is expected
but non neglible effects might be present to improve significantly, especially for

for the invisible decay scenario scenarios related to fast oscillations
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Conclusions

JUNO contribution to the Neutrino Global Fit Damping effects in JUNO (90% CL limits)

Percent-level uncertainty Wave packet size Invisible decay
on the solar parameters _
P ar < 2.6 x 107 eV?

12 o> 6.4%x10"% nm
as < 2.6 x 1078 eV?

Stronger than DayaBay as < 7.5 x 1075 eV?
+RENO+KamLAND

Limited by L

Environmental decoherence

90, 99% CL

02 03 04 Y21 = Y31 |GeV]|v31 = v32 [GeV]
sin” 612 n=0| 287x1072 | 6.73 x 102!
n=-1 1.10x 10724 | 3.77 x 10723
Preference for normal ordering at n—=—21 3.75 %1027 | 2.07 x 10—2°
approximately 3.80

Stronger than Still limited at
KamLAND higher CL
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JUNO contribution to the Neutrino Global Fit Damping effects in JUNO (90% CL limits)

Percent-level uncertainty Wave packet size Invisible decay
on the solar parameters _
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Damping effects: solar parameter plane
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Reactor angle: 013

e Best determination thanks to short baseline reactors;:
Daya Bay and RENO _
e Agreement improved with their final data releases | 9% CL.
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Atmospheric sector:

Current atmospheric neutrino
experiments: Super-Kamiokande and
IceCube DeepCore

DeepCore

90, 99% CL 90, 99% CL
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Long baseline accelerators:

NOVA, T2K and MINOS
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Atmospheric sector:
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0,; degeneracy
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CP phase ¢

Lepton mixing matrix
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CP phase 9 and mass
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CP phase 9 and mass 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
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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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