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3n status
(1 digit)

+Dm2

dm2m2
n

n2
n1

n3

n3

-Dm2

e µ t

dm2   ~ 7 x 10-5 eV2

|Dm2|     ~ 2 x 10-3 eV2

sin2q12 ~ 0.3 
sin2q23 ~ 0.5 
sin2q13 ~ 0.02 

d CPV Dirac phase
sign(Dm2) à NO/IO 
q23 octant degeneracy
absolute mass scale
Dirac/Majorana nature

5 knowns: 5 unknowns:

Normal Ordering (NO) Inverted Ordering (IO)

Oscillations

Non-oscillat.

Each known parameter probed by at least two different kinds of experiments
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How do oscillation searches probe mass ordering?

dm2

dm2

+Dm2 -Dm2

Observe interference effects of  oscill. driven by ±Dm2 with 

    oscill. driven by another quantity Q with known sign.  Options:

    Q ~  dm2               medium-baseline reac. à JUNO “standalone”

    Q ~  GF Ne E  n-matter effects à atm & LBL accel. expt.

 [ Q ~  GF Nn E  n-n collective effects à core-collapse SN  ]

(IO)(NO)
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How do oscillation searches probe mass ordering?

dm2

dm2

+Dm2 -Dm2

Observe interference effects of  oscill. driven by ±Dm2 with 

    oscill. driven by another quantity Q with known sign.  Options:

    Q ~  dm2               medium-baseline reac. à JUNO “standalone”

    Q ~  GF Ne E  n-matter effects à atm & LBL accel. expt.

 [ Q ~  GF Nn E  n-n collective effects à core-collapse SN  ]

(IO)(NO)

Additional tool: SYNERGY of  |Dm2| data from different experiments, 
e.g. two or more |Dm2| data from reactor + accelerator + atmospheric 
should converge better in the true ordering than in the wrong one 7



a = sign(Dm2) = +1 (NO) or  -1 (IO)

/2

>0 by convention

May be  >0  or  < 0 

(NO or IO)

>0  by convention
 (also in JUNO, see later)

Our notation about mass2 splittings (à JUNO’s frequencies)
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> 0   consistent with JUNO’s 1507.05613

What matters for “JUNO + XYZ synergy”  NO/IO discrimination 
is the better consistency between different measurements of       
in “true” ordering w.r.t. to “wrong” ordering. Timescale: O(1) yr?

What matters for “JUNO standalone” NO/IO discrimination
is the relative sign a=±1  between the dominant L/E oscillation phase 2Dee 

and the non-L/E phase f (depending on dm2). Timescale: 6-7 years? 

JUNO
only:

JUNO
+XYZ
expt(s)
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 Global analysis of  oscillation data à Useful analysis sequence:

 LBL Accel + Solar + KL (KamLAND)
  minimal set sensitive to all osc. param. dm2, Dm2, q13, q23, q12, d, NO/IO
  

 LBL Accel + Solar + KL + SBL Reactor
 add sensitivity to Dm2, q13 and affect other parameters via correlations

 LBL Accel + Solar + KL + SBL Reactor + Atmosph.
  add sensitivity to Dm2, q23, d, NO/IO (but: entangled information in atmos.)

  [Some “synergy effects” on NO/IO already showing up since several years…]

 Dc2 statistics adopted for all datasets: Ns = √Dc2 à
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Ns

Parameter value
0

1

4

3

2

E.g.,

NO

IO

Best-fit “perfectly gaussian” errors would lead to linear and symmetric bounds 
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T2K and NOvA prefer NO separately,  and IO in combination (at 2s).
[Due to some tension]. In IO, indications for CP violation > 3s!
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Adding SBL reactors: Still preference for IO, but at lower CL (~1.4s). Reason à
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Standalone SBL reactor measurement of Dm2 
is more synergic with LBL accel. in NO than in IO

This is OK (NO)

A bit too high (IO)

In addition, reac+acc more synergic with 
atmospheric data in NO wrt IO à
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ALL DATA: Including atmospheric (SK+IC), overall preference flips from IO to NO (~2.2s).
In NO: rather weak hints for CPV (~1.3s) and first octant (~1.1s)

Overall status of oscillation unknowns is more uncertain than it used to be…
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… while fractional accuracy of known parameters improved.
In particular, Dm2 formally determined at the subpercent level, 1s = 0.8%

But there are reasons to be cautious about subpercent accuracy levels…
E.g., correlated effects of n interaction uncertainties in different expts need improvement
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2021 2025

As noted, oscillation unknowns are somewhat more uncertain than in the past…
All hints on CPV, NO/IO, and octant are a bit weaker 

ß 2025: Weaker hints
      for NO and CPV

ß 2025: Closer and more
     degenerate octants  
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In NO will all data, note slight negative correlation among CP phase and octant (absent in IO).
à Future data might affect the unknown parameters (NO/IO, CP phase, octant ) in subtly correlated ways 

19Next: focus on future JUNO data and impact on NO/IO à
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What do we know in 2025 about the two JUNO oscill. frequencies?
2s contours shown in IO/NO. Unlikely to change significantly before JUNO starts.

Let’s discuss the qualitative impact of first JUNO data!
Here I shall freely elaborate wrt our paper 2503.07752
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Note: Any measured JUNO event spectrum will lead to slightly displaced
best fits for the two frequencies in NO and IO - see e.g. Capozzi+ 1508.01392:

Green arrows: shifts of best fits when passing from NO to IO assumption. 
Shift of Dm2 discussed in many papers. Specific value(s) depend little on fit details.
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For a given event spectrum, 
typical “relative displacement”  between 

JUNO best fits in NO (*) and IO (*) looks like this:
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**
Note: relative shift between JUNO best-fit 
points  is “opposite” to pre-JUNO best-fits. 
Adds to synergy! [Discussed at length in the 
literature, e.g. by Parke et al.] 

NO/IO best fits difference might be initially
“blurred” by statistical fluctuations, but will
eventually become evident with higher exposure. 
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dm2 error (2s) ~  0.15 x 10-5 eV2 

Dm2 error (2s) ~ 0.04 x 10-3 eV2 
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**

Concerning error bars (chosen at 2s CL in this figure), let’s assume for 
definiteness the 100-day error estimates from JUNO’s 2204.13249…

… and examine possible outcomes!
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A synergy favoring NO

Examples of possible JUNO outcomes wrt pre-JUNO data:
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A synergy favoring NO A synergy favoring IO

Examples of possible JUNO outcomes wrt pre-JUNO data:

[But what about current NO favored…?]
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A synergy favoring NO A synergy favoring IO An undecided NO/IO…

Examples of possible JUNO outcomes wrt pre-JUNO data:
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A synergy favoring NO A synergy favoring IO An undecided NO/IO?...

… as said, with cascade (correlated) effects on the other oscillation unknowns -difficult to be anticipated!

Examples of possible JUNO outcomes wrt pre-JUNO data:
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So, it will be very interesting to see where first JUNO data will fall in this plane…
and, in the long term, compare with (convergent?) JUNO standalone results on NO/IO

?
New global analyses will be mandatory to understand correlated impact on other param’s!
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● Intro and remarks on JUNO 
● Current results from oscillation data
● Impact of possible “first year” JUNO results
● Current results from nonosc. data  (if time allows!) 
● Conclusions
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b decay (kinematics) - Sensitive to the “effective electron neutrino mass”:

Cosmology (gravity) - Dominantly sensitive to sum of neutrino masses:

Probe absolute neutrino masses in different ways
May provide extra handles to distinguish NO vs IO

Absolute neutrino mass observables: ( mb , mbb , S )

0nbb decay: only if Majorana. “Effective Majorana mass” (+new CPV phases):

CMB

LSS

Lensing
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(mb , mbb , S) observables: bands allowed by oscillations in NO/IO 

mbb spread due to 
Majorana CP phase(s):
accessible in principle

(NME uncertainties 
  to be considered…)
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ß No signal so far. Current upper bounds from b decay
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0nbb:  KL-Zen, Exo,
          GERDA, Cuore...
[+ nuclear model uncert.]

ß Current upper bounds from 0nbb decay
including correlated NME uncertainties 



Cosmology: data tensions in the standard LCDM model
Possible systematics (e.g., lensing?)
Possible new physics (e.g., dynamical dark energy?)

Wide range of bounds: S < 0.2 eV within factor of 3 (up/down)
Using the same data, limit depends on the underlying model (unlike beta decay))
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S: Planck, BAO, 
    lensing ...
[spread: model/data tension]

IO “under pressure” from cosmo data. But: lively debate after recent (too strong?) DESI constraints
… systematics? dynamical dark energy? … Our conservative view: S < 0.2 eV “within a factor of three”

0nbb:  KL-Zen, Exo,
          GERDA, Cuore...
[+ nuclear model uncert.]
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b: ~0.2 eV (KATRIN)
and hopefully below in 
ß PROJECT-8 + Ho + …
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0nbb: Well below IO limit
@Ton scale (LEGEND, NEXO,
CUPID…) w/ improved NME

S: complete covering
seems possible within a
“robust” cosmo model

Large phase space for possible mass discoveries in sub-eV range.  First claims on n mass 
may come from cosmology, but laboratory detection via b (0nbb) decay is mandatory !

FRONTIERS
in 5-10 yrs?



● Intro and remarks on JUNO 
● Current results from oscillation data
● Impact of possible “first year” JUNO results
● Current results from nonoscillation data  
● Conclusions



3n status

+Dm2

dm2m2
n

n2
n1

n3

n3

-Dm2

e µ t

dm2   ~ 7 x 10-5 eV2

|Dm2|     ~ 2 x 10-3 eV2

sin2q12 ~ 0.3 
sin2q23 ~ 0.5 
sin2q13 ~ 0.02 

d CPV Dirac phase
sign(Dm2) à NO/IO 
q23 octant degeneracy
absolute mass scale
Dirac/Majorana nature

5 knowns: 5 unknowns:

Normal Ordering (NO) Inverted Ordering (IO)

Oscillations

Non-oscillat.

Precision 
frontier

entering the
sub% accuracy

Discovery 
frontier quite

open to different
outcomes

JUNO will soon affect both frontiers - plus other lab/cosmo expts in the pipeline. In general, 
remain open to possible SURPRISES beyond the standard 3n and cosmological frameworks!



Thank you for your attention!

PRIN PANTHEON



EXTRA SLIDES



Within JUNO standalone, finding the mass ordering is equivalent to asses that
the above (small) ratio is NOT a constant in the energy domain. High stats needed.

With JUNO + XYZ synergic combination, more rapid assessment of NO/IO

Ratio of “non-L/E phase” to “L/E oscillation phase”  (from arXiv:2006.01648)  
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T2K and NOvA prefer NO separately,  and IO in combination (at 2s).
In IO, evidence for CP violation emerges at 3s!

Note bimodal distribution of q13 , related to q23 octant ambiguity
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(anticorrelated via appearance, in NO and IO)   
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q13 “fixed”, only q23 bimodal
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ne =            cosq12 n1 + sinq12 n2

For two neutrinos, no CPV:

How do nµàne appearance searches probe CPV? 

(___)
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ne =            cosq12 n1 + sinq12 n2

ne = cosq13 (cosq12 n1 + sinq12 n2) +e±id sinq13 n3 

For two neutrinos, no CPV:

For three neutrinos: new possible CPV phase d, tested via n / n

How do nµàne appearance searches probe CPV? 

CPV is a genuine 3n effect à all parameters (known+unknown) involved/entangled à difficult!

__

(___)

(___)

CPV currently tested in T2K, NOvA, atm. oscillations (with some T2K-NOvA tension…)
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T2K (n+n) prefers: 
NO
d~3p/2 (~max CPV)
2nd octant

NOVA (n+n) prefers: 
NO
CP conservation
octants ~degenerate

à T2K and NOVA, separately: NO preferred; CP and octant ambiguous 

Integrated info on n and n, stat. errors only. [Not used in fits]

_

_

_

_

[2021 data]
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The same info can be reorganized in terms of T2K vs NOvA: [2021 data]



50

T2K+NOvA (n) prefer: 
IO
d~3p/2
1st octant

T2K+NOvA (n) prefer: 
IO
d~3p/2
2nd octant

_

à T2K and NOVA, jointly: IO and CPV preferred; octant ambiguous  

[2021 data]
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a

b

c

d

e

f

g

eàe  (KamLAND, KL), 
q12 ) 

eàe                  (Solar) q12 ) 

µàµ   (Atmospheric) ( Dm2 , q23 ) 

µàµ        (LBL Accel) Dm2 , q23 ) 

eàe         (SBL Reac.) q

µàe         (LBL Accel) q 

µàt (OPERA, SK, DC)q 
LBL = Long baseline (few x 100 km); SBL = short baseline (~1 km)

(a) KamLAND reactor [plot]; (b) Borexino [plot], Homestake, Super-K, SAGE, 
GALLEX/GNO, SNO; (c) Super-K atmosph. [plot], DeepCore, MACRO, MINOS etc.; 
(d) T2K (plot), NOvA, MINOS, K2K LBL accel.; (e) Daya Bay [plot], RENO, Double 
Chooz SBL reactor; (f) T2K [plot], MINOS, NOvA LBL accel.; (g) OPERA [plot] LBL 
accel., Super-K and IC-CD atmospheric. 

3n oscillations probed by many experiments in different flavor channels…

Matter effects

Vacuum oscill.
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eàe          ( dm2 , q12 ) 

eàe          ( dm2 , q12 ) 

µàµ         ( Dm2 , q23 ) 

µàµ         ( Dm2 , q23 ) 

eàe          ( Dm2 , q13 ) 

µàe  ( Dm2 , q13 , q23 ) 

µàt ( Dm2 , q23 ) 

5 param.’s known & (over)constrained à consistency

Currently: focus on unknown par. & subleading effects,
especially CPV via nµàne in LBL accel. and atmos. expts 
and NO/IO mass spectrum via reactor + accel + atmos. 

… with amplitude and frequency governed by 2 (or 3) leading parameters 
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NO              2.2 s
sind < 0       1.3 s
q23 < p/4       1.1 s

1s error of known
      parameters 

|Dm2|  0.8%
 dm2   2.3%
 q13 2.4%
 q12 4.5%
 q23 ~ 5%

All n oscillation data

Hints on oscillation
         unknowns

Status of  known and unknown 3n oscillation parameters [arXiv:2503.07752]
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