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Last-century questions about fundamental n properties (mass, spinorial d.o.f., families, charges): 

How small is the neutrino mass?
Pauli, Fermi, ‘30s

Is the neutrino its own antiparticle?
 Majorana, ‘30s

Do n of different flavors mix among them?
Pontecorvo, Maki, Nakagawa, Sakata, ‘60s

PROLOGUE

Short answers (assumptions) in the “minimal” Standard Model were:  Zero, NO, NO  (respectively)

P   M   N   S   
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nµ

nµ

nt

1998 discovery of atmospheric nµ-flavor oscillations in Super-Kamiokande started a new paradigm!

In 2n approxim.: Oscillation frequency set by mass2 difference Dm2; amplitude set by mixing angle q

[In a proper 3n framework:  further mass-mixing parameters]
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# papers with *neutrino* in the title, 50-yr trend from

1998 – atmospheric n

Strong and long-lasting impact on the physics community (and beyond)

Dm2, q23 

(atmos.)
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1998 – atmospheric n
2002 – solar n

Dm2, q23 

(atmos.)

dm2, q12 
(solar,

 MSW-exp)

Kajita
McDonald

… followed by other crucial discoveries …



6

Dm2, q23 

(atmos.)

dm2, q12 

q13 
Oscill. patterns
(accel, react.) 
Cosmo bounds

UHE n
[CPV hints?]

(solar,
 MSW-exp)

(react., 
 accel.) [Steriles?]

SN 1987A,
MSW-theo

LEP 3n,
Ga solar
experim.

GUTs, 
See-saw

t lepton

Kajita
McDonald

Koshiba
Davis

Perl
Reines

Lederman
Schwartz

Steinberger

neutrino-history.in2p3.fr

… that are part of a long and exciting scientific path

? 

20
XY

…
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Where Are We ?

Where Are We Going ?
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Mixing matrix: CKMà PMNS (Pontecorvo-Maki-Nakagawa-Sakata)

Extra CPV phases
     [if Majorana]
not tested in oscillat.

2-3 rotation 1-3 rotation
+ CPV “Dirac” phase

U(n) à U*(n)

1-2 rotation

_

3n paradigm: oscillation parameters
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Mixing matrix: CKMà PMNS (Pontecorvo-Maki-Nakagawa-Sakata)

Extra CPV phases
     [if Majorana]
not tested in oscillat.

Mass [squared] spectrum       (E ~ p + m2/2E + “MSW interaction energy”)

1
2

1
2

dm2 

dm2 
+Dm2 

-Dm2 
“Normal”
Ordering
  N.O.

“Inverted”
 Ordering
    I.O.

+ interaction energy in matter à ~ GF 
. E . density

      (Mykheev-Smirnov-Wolfenstein – MSW effect) 

2-3 rotation 1-3 rotation
+ CPV “Dirac” phase

U(n) à U*(n)

1-2 rotation

3

3

�m2 = �m2
21, �m2 = (�m2

32 +�m2
31)/2

_

3n paradigm: oscillation parameters
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Sketchy 3n status

+Dm2

dm2m2
n

n2
n1

n3

n3

-Dm2

e µ t

dm2   ~ 8 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 (robust): 5 unknowns:

Normal Ordering (NO) Inverted Ordering (IO)

Oscillations

Non-oscillat.
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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…
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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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ne =            cosq12 n1 + sinq12 n2

For two neutrinos, no CPV:

How do nµàne appearance searches probe CPV? 

(___)



14

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) are involved/entangled

__

(___)

(___)

q13 discovery at SBL reactors crucial!  CPV currently tested in T2K, NOvA, atm. oscillations



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.  

(IO)(NO)

15



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 reactors à JUNO) 

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

  Q ~  GF Nn E  (n-n collective effects à SN, rare & difficult!)

(IO)(NO)

16

Additional handle: complementarity of different Dm2 data in NO/IO 
   (should converge better in the true ordering than in the wrong one) 



17

Status of  known and unknown 3n oscillation parameters [Global analyses]
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21 and |∆m2
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1994 global n data analysis
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All being updated after expt results at Neutrino 2024 in Milan, neutrino2024.org
Only slight changes expected.

Slide from F. Vissani at NOW 2024,  
              www.ba.infn.it/now
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|Dm2|  1.1%
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 q13 3.0%
 q12 4.5%
 q23 ~ 6%

All n oscillation data

Hints on oscillation
         unknowns

Status of  known and unknown 3n oscillation parameters [Bari 2021 analysis]

3n oscill.
unknowns

kn
ow

ns

(Hints might be weaker 
including n 2024 data)
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Status of  known and unknown 3n oscillation parameters [Bari 2021 analysis]

(Hints might be weaker 
including n 2024 data)

Frontiers

(surprises?)

discovery

p
re

ci
si

on
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E.g., frontiers for the JUNO reactor experiment

Parameter 1s, now  JUNO in ~6y
      

 dm2  2.3  %    0.4 %
 sin2q12 

 4.4  %  0.5 %
 Dm2  1.1  %  0.2 %
 sin2q13 

 3.0  %  comparable

At “medium” baseline ~50 km, will probe two oscillations in ~vacuum
Main discovery goal: distinguish NO vs IO at >3s in 6y. 

May become >5s in combination with atmospheric data.

Dm2, q13

dm2, q12

Significant better precision expected on 3 out of 4 oscillation parameters:
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E.g., frontiers for DUNE LBL accelerator experiment 
Disappearance + appearance, nu/antinu mode, matter effects at L~1300 km     

Parameter 1s, now  DUNE in ~10 y 
[2002.03005]

 Dm2   1.1  %  factor ~1/4 reduction
 sin2q23  ~ 6  %  factor ~1/4 reduction
 sin2q13 

 3.0  %  comparable
 

HK LBL: same ballpark.  DUNE & HK will need precise cross sections! 
Worldwide activity to better understand nuclear response to n probes

CPV NO vs IOß Discovery goals à

Precision frontier

à
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E.g., frontiers for Hyper-Kamiokande atmospheric n oscillation signal…

true NO

true IO

Mass ordering Octant resolution

[2002.03005]
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E.g., frontiers for Hyper-Kamiokande atmospheric n oscillation signal…

true NO

true IO

Mass ordering Octant resolution

[2002.03005]

… and atmospheric n as background for HE frontier of cosmic n detection

IceCube KM3NeT

>107 GeV?
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    Advancing the precision and discovery frontiers in JUNO, DUNE, HK, IC, KM3NeT,… 
    we might either confirm the paradigm, or find “anomalous” results beyond it, e.g.,

  - new (sterile) neutrino states? 
  - nonstandard 4-fermion interactions (NSI)?
  - violations of  fundamental symmetries?
  - …

Surprises beyond the 3n paradigm? 

 

                 E.g., already in current data: 

   Saga of  possible indications of  sterile (~RH) neutrino state(s) at O(eV) scale
   NSI terms ~eabGF weakly preferred by SK solar data &  by T2K vs NOvA tension

   [not reviewed herein] 
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Even if  you do not believe such hints… à Stress-tests of  the 3n paradigm

Testing the resilience of the 3n paradigm to extra n states or to new interactions:
Approach often involves PMNS unitarity violations or nonstandard FCNC, FDNC (NSI) 

Extra parameters may dilute hints of PMNS unknowns: CPV, q23 octant, ordering.
Rich phenomenology in (non)oscillation experiments + astrophysics & cosmology 

PMNS
3x3 SM +

. . .

. .
 .

eGF

Going further: consider both extra states and interactions: RH neutrinos as a bridge 
(“portal”) to weakly coupled BSM physics (“hidden” or “dark” sector), e.g. DM

n

f

Low-scale BSM “portal” scenarios can provide new stress tests of the 3n paradigm 
(as well as of 3n+1ns models), e.g. via modified neutrino dispersion relations.

SM   n nR
hidden / dark

sector
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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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Image from Asimmetrie, Rivista dell’INFN, n. 29 (2020) - article by E.L. 

A deep question: Are neutrinos their own antiparticles? 

Massless Weyl n states
are purely LH (nu) or 
RH (antinu) 

Massive Dirac n : both 
RH and LH components,
different in nu vs antinu 

Massive Majorana n: RH 
and LH components of nu 
& antinu might be paired! 

Standard Model: Higgs mechanisms à Dirac fermions. Majorana neutrinos à Beyond SM!
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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

(no nuclear matrix elem.
 uncert. included here!)
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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...
[spread: nuclear models]

ß Current upper bounds from 0nbb decay
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0nbb:  KL-Zen, Exo,
          GERDA, Cuore...
[spread: nuclear models]

S: Planck, BAO, 
    lensing ...
[spread: cosmo models/data]

IO “under pressure” from cosmo data. But: lively debate after recent (too strong?) DESI constraints
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0nbb:  KL-Zen, Exo,
          GERDA, Cuore...
[spread: nuclear models]

S: Planck, BAO, 
    lensing ...
[spread: cosmo models/data]

  Frontiers for the next ~10-20 yrs à
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b: ~0.2 eV (KATRIN)
and hopefully below in 
ß PROJECT 8 
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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 signal discoveries.  First claims about absolute n mass 
may come from cosmology, but laboratory detection via b (0nbb) decay is mandatory !
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Future data        dreams:●

●

●
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3n convergence?

✓

✓
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Future data        dreams:●

●

●
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…  or surprises?3n convergence?

Lack of convergence might suggest new physics: e.g., new cosmo model, nonstandard 0nbb … 

✓

✓ ?

✓
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No-threshold reaction!

…Far-future dreams (b + cosmo): Capture big-bang relic neutrinos as “cold” as Tn ~ O(10-4) eV
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The PMNS paradigm…

…in a wider context



The SM lacks an organizing principle for flavor (Yukawa’s Y).
Are the PMNS parameters “accidental”, or suggestive of a “pattern”? 

q12

q23
q13

“Anarchy” or elaborated “symmetries” of leptons (+quarks)?
Many interesting ideas, but no obvious answer/guidance so far.
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[But: the promising research line of modular symmetries just stemmed from Altarelli & Feruglio 2006 + Feruglio 2017…] 
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Time-honored ideas still illuminating the path forward… 

[Edward Witten, arXiv:1710.01791]

No reason for global symmetries to be exact, from different theoretical perspectives.

No global lepton number conservation                                       Majorana neutrinos 

No global baryon number conservation                                      Proton decay

No a priori CP conservation in QCD                                              Axion 

General arguments not weakened by absence of new physics at the LHC scale 



MH

m(n)

M  ?Neutrinos masses may offer 
a great opportunity to jump 
beyond the EW framework
via see-saw ...

... and to address fundamental physics issues, such as:
� new sources of CP violation at low and high energies
� lepton number violation and associated phenomena
� matter-antimatter asymmetry of the universe ...    

�
�
�
�

43

Leonardo’s catapult
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Bridging two physics programs in collider and n physics

1. Test Higgs sector

2. Find n masses



n ?

co
up

lin
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to
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ig
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particle mass à< 1 eV
45

Why are the n’s so light? Where are they on this plot?  
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<latexit sha1_base64="f610EKH6FXgwQ+SLJa3zdC9bm/8="></latexit>

m⌫ ⇠ yMH (y ⇠ 10�12)

Diracn

Neutrinos might just couple to
the Higgs with tiny Yukawas…
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Why are the n’s so light? Where are they on this plot?  

Dante, Inferno:

« ... Vuolsi così colà dove si puote
ciò che si vuole, e più non dimandare »

«... It is so willed there where is power to do 
that which is willed; and farther ask not »
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Dirac

Majorana
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L

<latexit sha1_base64="tc3g5InM0AwTOst7IOFvM6EZn1k="></latexit>

m⌫ ⇠ yMHf (f ⇠ MH/⇤)

Neutrinos might just couple to
the Higgs with tiny Yukawas…

…or talk to other physics scale(s),
 with new emerging mass states…
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Why are the n’s so light? Where are they on this plot?  
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GUT  [proton decay]

         [leptogenesis]

TeV  [LHC]

  [heavy neutral leptons]

GeV  [beam-dump searches]

  [low-scale see-saw]

keV  [dark matter]

  [direct mass searches]

eV  [oscillations] 
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Vast landscape of mass scales …
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GUT  [proton decay]

         [leptogenesis]

TeV  [LHC]

  [heavy neutral leptons]

GeV  [beam-dump searches]

  [low-scale see-saw]

keV  [dark matter]

  [direct mass searches]

eV  [oscillations] Vitagliano+ 1910.11878
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Vast landscape of mass scales … and energies
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dm2 ~ 8x10-5 eV2
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sin2 q13 ~ 0.02 

Foundations
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Thank you for your attention


