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Precision era in neutrino oscillation phenomenology

Standard 3y mass-mixing framework parameters

What we known Normal Inverted
Ordering Ordering
What we still do not know
Solar parameters V3
om* ~737x 107 eV?  (2.3%) 5 10 Mass Ordering
sin?@,, ~ 0.303 (4.5%) TAm
__________________________________________________________________________________________________________________________  —— CP-violating phase 0¢p
U1
Atmospheric parameters
PP Octant of 0,;
Am* ~2.495x 107 eV? (939 NO
Am?* ~ 2.465 x 1072 eV? Vs ,, Absolute mass scale

Nature of v (Dirac/Majorana)

sin® 0,3 ~ 0.545 x 107> (4.3%)

Note that in our notation  Am?

Reactor mixing angle

sin®@,3 ~ 223 x 1072 (2.4%)

Based on Capozzi+, arXiv:2503.07752, PRD 111 (2025) 9, 093006, Contains various
new oscillation and nonoscillation inputs after our previous global analysis 2107.00532 2



Mass ordering can be determined by exploiting interference

between oscillations driven by Am? and those driven by a
second term Q whose sign is known

O x dm? medium-baseline reactors
0 x GEN, matter effects in accelerator/atmospheric v
0 x GREN, self-interaction effects in supernovae

Synergy across \Amz\ determinations from reactor, accelerator, and atmospheric data:
measurements converge in the true ordering and separate in the wrong one

In particular, JUNO will be sensitive to

Amge — \Amz\ *

%oz(c()s2 010 — sin? 012)om

T

NO:a =+ 1 0:a=—1




Useful analysis sequence in the global analysis of oscillation data

Long Baseline Accelerator + Solar + KamLAND

minimal set sensitive to all oscillation parameters (6m?, Am?, 6,,, 055, 0,5, 5-p) and to mass ordering

Long Baseline Accelerator + Solar + KamLAND + Short Baseline Reactor

Add sensitivity to Am?, 8, + correlations

Long Baseline Acc. + Solar + KamLAND + Short Baseline Reactor + Atmospheric

Add sensitivity to Am?, 6,5, 5p and mass ordering



LBL Acc + Solar + KamLAND

f_ _f f_ ................ _f f_ .......... _ T2K and NOVA prefer
- - - - - . NO separately, and 10
— - --- - - —H - —  in combination (at 20).
:I L1 1 | [ | L1 11 | L1 1 I: :I L1 | L1 11 | L1 1 | L1 11 | L1 1 I: :I L1 1 | L1 1 1 | L1 11 L1 1 I:
5 70 75 80 85 22 23 24 25 26 27 00 05 10 15 20
dSm? [10™ eV?] |AM? | [107° eV?] Yer

: | 11 | 1 1 1 } 1 : : A WL | | 1 1 LI :I 11 niill | L 11 I:
;_ """""" _; ;_ """""""" ;_ """"""""" _ Due to some tension,
- - - - - in 10, indications for
-\  / - -\ /] - - CP violation > 30
: | | L1 1 1 L1 1 1 | L1 1 : : L1 1 1 | L1 1 | L1 1 1 : :I L1 1 | | | | L1 11 | L1 1 I:

025 030 0.35 0.01 0.02 0.03 004 03 04 05 06 07

2 2 2
sin“0.,, SIN“0, 5 SIN“0,4



LBL Acc + Solar + KamLAND + SBL Reactors
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|Am?1 [107° eV?]

| Am?1 [107° eV?]
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SBL reactor measurement of An2 more in
agreement with LBL accel. in NO than in 10

Good agreement in NO

Slightly higher value in 1O



LBL Acc + Solar + KamLAND + SBL Reactors + Atmos

In addition, reac+acc
more In agreement with
atmospheric data in NO
than in 10

----------------- Global combination
prefers NO at ~2.2¢0

7.0 7.5 8.0 85 22 23 24 25 26 2.7 0.0 0.5 1.0 1.5 2.0

dm? [10™° eV?] | Am?| [107° eV?] S/ 7t
S\ S N BN e S \ VL LB Weak hint for CP
- \\ /) e . ] — 10 * N\ - violation (~1.30) and first
- 1 1 F - octant (~1.10)
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2021

2025
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O/
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Updated results on oscillation
unknowns (octant of 6,5 and 0p)

Weaker hint for NO
and CP violation

Closer and more
degenerate octants



TABLE L.

Percent accuracy on “known” parameters

In particular, Am? formally determined at the subpercent level, 16 = 0.8%

Global 3v oscillation analysis: best-fit values and allowed ranges at N, = 1, 2, 3, for either NO or 10. The last column
shows the formal “lo parameter accuracy,” defined as 1/6 of the 36 range, divided by the best-fit value (in percent). We recall that

Am?* = m3 — (m? + m3)/2 and that §/x is cyclic (mod 2). Last row: Ay* offset between 10 and NO.
Parameter Ordering Best fit lo range 20 range 30 range “l6” (%)
sm*/107> eV? NO, IO 7.37 7.21-7.52 7.06-7.71 6.93-7.93 sk
s 0,10 NO, IO 3.03 2.91-3.17 2.77-3.31 2.64-3.45 4.5
|[Am?|/107> eV? NO 2.495 2.475-2.515 2.454-2.536 2.433-2.558 0.8
10 2.465 2.444-2 485 2.423-2.506 2.403-2.527 0.8
sin® @3 /1072 NO 275 21720 2.11-2.33 2.06-2.38 2.4
10 2 2.19-2.30 2.14-2.35 2.08-2.41 2.4
sin® @53 /107! NO 4,73 4.60-4.96 4.47-5.68 4.37-5.81 o
10 5.45 5.28-5.60 4.58-5.73 4.43-5.83 4.3
o/x NO 1.20 1.07-1.37 0.88—1.81 0.73-2.03 18
10 1.48 1.36-1.61 1.24-1.72 1.12-1.83 8
A [0-NO +5.0

However, one should be cautious about interpreting subpercent-level accuracies, since correlated
effects from neutrino energy reconstruction, interaction models, and systematic uncertainties across
accelerator and atmospheric experiments still require significant improvement
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Present knowledge about the two JUNO oscillation frequencies
Pre-JUNO 3v mass parameters & ordering
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Phys.Rev.D 92 (2015) 9, 093011
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Shift of Am? discussed in many papers (see
Parke et al. for instance)
Specific values depend little on fit details.

12



_ _ _ Pre-JUNO 3v mass parameters & ordering
Typical relative displacement between 8T T T ‘ T ‘ T ‘ T ‘ T

JUNO bestfit point in NO and 1O

sm? 26) ~ 0.15x 1075 eV” - 10 NO _
20 20
Am?2 (26) ~ 0.04 x 1073 eV - (20) (20) _

Sub-percent precision measurement of neutrino
oscillation parameters with JUNO_

To cite this article: Angel Abusleme et al 2022 Chinese Phys. C 46 123001
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Relative shift between JUNO best-fit points

Is “opposite” to pre-JUNO best-fits — Adds
to synergy

dm? [10™ eV?]
|
|

While statistical fluctuations can initially mask 7L , _
the distinction between NO and 10, with Afiono =+ 20
higher exposure the true difference is B B

expected to become evident ||||‘||||‘||||‘||||‘||||
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dm? [10™ eV?]

N
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Examples of possible JUNO first data compared with pre-JUNO data

Asynergy favoring NO

Pre-JUNO 3v mass parameters & ordering
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Pre-JUNO 3v mass parameters & ordering
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An undecided NO/IO

Pre-JUNO 3v mass parameters & ordering

Global analyses helpful to understand correlated impact on other parameters

It will be instructive to locate the first JUNO data in this plane and eventually
compare them with JUNO-alone NO/IO findings for convergence.
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Three observables (mﬁ, Mg, 2.) sensitive to the absolute v masses

[ decay experiments, sensitive to the “effective electron neutrino mass”

2 .2 _|_CZ2

- 1/2
my = [cizcimy + ciysimy + si5m;]

Ovpf decay experiments sensitive to the “Effective Majorana mass”:

2 2 iy 1 2 i)
Mg = | cisciom + ciysiympe'? + siymze'?s |

Cosmology and Astrophysics observations, dominantly
sensitive to the sum of neutrino masses:
2 — ml + m2 + ]/n3
These observables may provide handles to distinguish NO/IO
Majorana phases give a new source of CP violation

The three observables are correlated by oscillation data —

15



Regions allowed by oscillations on (X, mg, )
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mﬁ (eV)
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mﬁﬁ (EV)

101

1073

Next-generation Projects (=10 years)

[ decay - Project-8, ...
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101 1
E | I 1T 1T 11 | | | I 1T 1T 11 15 | I T T T 111 | I T T T 111 | I T T 111
3 o 107 F E
3 + 107°F E
| l“llll 10—3 | | lllllll | | lllllll | | I |
101 1 1073 102 101

2 (eV) mg (eV)

1

Ovpp decay

LEGEND, NEXO, CUPID, ...

Astrophysics and Cosmology
EUCLID, ...



Summary and Perspectives

‘Precision reached
Mixing angles and mass splittings well measured, with IAm?2| at subpercent accuracy (0.8%)

‘Oscillation unknowns
Mass ordering, 6,5 octant, CP phase o,-p — still open, hints weak (< 2.20)

Absolute masses
Current limits: mg; < 0.50 eV, myg; < 0.086 eV, 2 < 0.2 eV (cosmology uncertain)

‘Next steps
JUNO will sharpen (6m?, Ameze), and test mass ordering with subpercent precision

‘Outlook

The 3v framework is at a turning point: future synergies (or tensions) across
oscillation, 3-decay, Ov[3[3, cosmology will be decisive
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