
Neutrino Theory

Eligio Lisi
INFN, Bari

Gran Sasso HANDS-ON 2023 PhD Autumn School – 26/09/2023 , LNGS (room Bruno Pontecorvo)

Ad
ap

te
d 

fr
om

 A
rt

w
or

k 
by

 S
an

db
ox

 S
tu

di
o,

 C
hi

ca
go

 w
ith

 A
na

 K
ov

a



Neutrino Theory

Organizers’ request: give a theory/pheno introduction to
n physics + n-related experiments in this School, such as:  

LEGEND, CUORE/CUPID, PTOLEMY, RES-NOVA, AUGER …



Neutrino Theory

Organizers’ request: give a theory/pheno introduction to
n physics + n-related experiments in this School, such as:  

LEGEND, CUORE/CUPID, PTOLEMY, RES-NOVA, AUGER …

Learning about neutrinos
(n properties)

Learning from neutrinos
(n sources)

For further exploration, browse the very complete 
and updated neutrino website: www.nu.to.infn.it
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Outline:

● Prologue: n basic properties
● (Un)knowns in neutrino oscillations
● Non-oscillation n observables
● Learning from neutrinos
● Epilogue: What’s in a name?
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Outline:

● Prologue: n basic properties
● (Un)knowns in neutrino oscillations
● Non-oscillation n observables
● Learning from neutrinos
● Epilogue: What’s in a name?



Solving b-decay paradoxes: A famous letter by Wolfgang Pauli

spin 1/2, tiny mass, zero electric harge

1930: n hypothesis and first kinematical properties      
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1930: mn < 0.01 GeV
Today: mn < 0.1 – 1 eV



n e

n p

GF = 1.166 x 10-5 GeV-2
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Three years later: n name and first dynamical properties      

Neutrinos & QFT: A famous paper by Enrico Fermi

Sets the energy scale 
√(1/GF)~O(few 102) GeV
of weak interactions  

ß
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Many decades of research have revealed other n properties: There are  
3  different n “flavors”  e µ  t

and their Fermi interactions are mediated by a charged vector boson W, 
with a neutral counterpart, the Z boson

CC = Charged Current (Dq=1)

NC = Neutral Current (Dq=0)

UA1

Gargamelle
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Such interactions are chiral ( = not mirror-symmetric):

RIGHT

LEFTn

n

Neutrinos are created in 
a left-handed (LH) state

Anti-nus are created in 
a right-handed (RH) state

P parity symmetry is violated. Nature is fundamentally chiral!
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Such interactions are chiral ( = not mirror-symmetric):

RIGHT

LEFTn

n

Neutrinos are created in 
a left-handed (LH) state

Anti-nus are created in 
a right-handed (RH) state

Other discrete symmetries in particle physics:
C charge conjugation (particle-antiparticle exchange)
T  time reversal (change arrow of time)

Combined CPT conserved in QFT. CP violation required for baryogenesis. 

P parity symmetry is violated. Nature is fundamentally chiral!
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CC processes at production provide an operative definition of n flavor,
via the corresponding charged (anti)lepton. E.g., in leptonic decays:

W+

W-

e+

ne

µ-

nµ

_

Similarly at detection, e.g.:  

Creation of a muon antineutrino (RH)

Creation of an electron neutrino (LH)

W

nt
Absorption of a tau neutrino (LH)t-
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Source Detector

W W

But… what happens in between?

la+

na
propagation

???
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Source Detector

W W

But… what happens in between?

la+

na

If neutrinos are massless:  v=c  à  “clock” is frozen  à no change!

Flavor does not change.
neutrino-a remains neutrino-a

Handedness does not change:
(anti)neutrino remains (anti)neutrino

Source Detector

W W

la+

na na

la-

However, If n have mass, interesting things may happen to handedness and flavor…

propagation

???
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RIGHT

LEFTn:

n:

Handedness: is a constant of motion for massless neutrinos
[You would see handedness reversal if you could travel faster… but you can’t (v=c)!]

This is a massless “Weyl” two-spinor with 2 independent d.o.f
[And this was also the theoretical prejudice in the construction of the Standard Model] 
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RIGHT

LEFTn:

n:

RIGHT

LEFT

Å O(m/E)

Å O(m/E)

Massive ν can develop the “other” handedness at O(m/E)
E= neutrino energy; the Dirac equation couples RH and LH states for m ≠ 0

If these 4 d.o.f. are independent: massive “Dirac” four-spinor
Nu and anti-nu are different, just as the charged fermions are different. 
Can define a conserved charge, the “lepton number” (+1 for leptons, -1 for antileptons) 
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RIGHT

LEFTn:

n:

RIGHT

LEFT

Å O(m/E)

Å O(m/E)

But, for neutral fermions, two components might be identical !
[Pairing components between electron and positron is forbidden: violates electric charge.]   

Only 2 independent d.o.f.: Massive “Majorana” four-spinor
No fundamental distinction between nu / antinu, up to a possible “Majorana phase”:
A *very* neutral particle with no charge at all: no electric charge, no lepton number …
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Source Detector

W W
e

ne ne
_

e
O(m/E)

_
If neutrinos are Majorana, expect n à n transition:
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Source Detector

W W

If neutrinos are Majorana, expect n à n transition:

e

ne ne
_

e
O(m/E)

_

But, we have never seen anything like that so far!

E.g., the inverse beta-decay (IBD) reaction has been observed using 
reactor anti-ne (E ~ few MeV) with a statistics of O(107) events:

… but no event has ever been observed for the reaction:

✓ (IBD, observed)
<latexit sha1_base64="74axIowtVKe6FiknZ6oEne6jVVs=">AAACBHicdZBLSwMxFIXv+La+qi7dBIsgFErGR213ghuXFuwDOrVk0lsNZjJDkhFKKejGv+LGhSJu/RHu/DemD0FFLwQ+zrkhOSdMpDCW0g9vanpmdm5+YTGztLyyupZd36iZONUcqzyWsW6EzKAUCqtWWImNRCOLQon18Ppk6NdvUBsRq3PbS7AVsUsluoIz66R2dosEIdMkUGkbSZ4kJLAxwYu8Y+fmaIEWD8u0TGjhkPqlEVBaLO3tE9/BcHIwmbN29j3oxDyNUFkumTFNnya21WfaCi5xkAlSgwnj1+wSmw4Vi9C0+qMQA7LjlA7pxtodZclI/X6jzyJjelHoNiNmr8xvbyj+5TVT2y21+kIlqUXFxw91U0lc0GEjpCM0cit7DhjXwv2V8CumGbeut4wr4Ssp+R9qewW/WDioHOSOK7fjOhZgC7ZhF3w4gmM4hTOoAoc7eIAnePbuvUfvxXsdr055kwo34cd4b5984ZaN</latexit>

⌫̄e + p ! e+ + n

<latexit sha1_base64="0Dw6zXuH/9+uilm4BvhUHk/sPq4=">AAAB/3icdVBdSwJBFJ3t0+zLCnrpZUiCQJB1NbU3oZceFfID1GR2vOrg7OwyMxvIJtRf6aWHInrtb/TWv2lWDSrqwIXDOfdy7z1uwJnStv1hLS2vrK6tJzaSm1vbO7upvf2G8kNJoU597suWSxRwJqCumebQCiQQz+XQdMcXsd+8AamYL670JICuR4aCDRgl2ki91CHuiLAHOIMD3NE+huuM4cZI29nzctE5c7Cdte2Sky/GxCkVnDzOGSVGGi1Q7aXeO32fhh4ITTlRqp2zA92NiNSMcpgmO6GCgNAxGULbUEE8UN1odv8Unxiljwe+NCU0nqnfJyLiKTXxXNPpET1Sv71Y/Mtrh3pQ7kZMBKEGQeeLBiHH5tE4DNxnEqjmE0MIlczciumISEK1iSxpQvj6FP9PGk42V8wWaoV0pXY3jyOBjtAxOkU5VEIVdImqqI4oukUP6Ak9W/fWo/Vivc5bl6xFhAfoB6y3TwaClKc=</latexit>

⌫e + p ! e+ + n ✗ (not observed)

Does this imply that neutrinos are not Majorana? 
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Source Detector

W W
e

ne ne
_

e
O(m/E)

_

But, we have never seen anything like that so far!

E.g., the inverse beta-decay (IBD) reaction has been observed using 
reactor anti-ne (E ~ few MeV) with a statistics of O(107) events:

… but no event has ever been observed for the reaction:

✓ (IBD, observed)
<latexit sha1_base64="74axIowtVKe6FiknZ6oEne6jVVs=">AAACBHicdZBLSwMxFIXv+La+qi7dBIsgFErGR213ghuXFuwDOrVk0lsNZjJDkhFKKejGv+LGhSJu/RHu/DemD0FFLwQ+zrkhOSdMpDCW0g9vanpmdm5+YTGztLyyupZd36iZONUcqzyWsW6EzKAUCqtWWImNRCOLQon18Ppk6NdvUBsRq3PbS7AVsUsluoIz66R2dosEIdMkUGkbSZ4kJLAxwYu8Y+fmaIEWD8u0TGjhkPqlEVBaLO3tE9/BcHIwmbN29j3oxDyNUFkumTFNnya21WfaCi5xkAlSgwnj1+wSmw4Vi9C0+qMQA7LjlA7pxtodZclI/X6jzyJjelHoNiNmr8xvbyj+5TVT2y21+kIlqUXFxw91U0lc0GEjpCM0cit7DhjXwv2V8CumGbeut4wr4Ssp+R9qewW/WDioHOSOK7fjOhZgC7ZhF3w4gmM4hTOoAoc7eIAnePbuvUfvxXsdr055kwo34cd4b5984ZaN</latexit>

⌫̄e + p ! e+ + n

<latexit sha1_base64="0Dw6zXuH/9+uilm4BvhUHk/sPq4=">AAAB/3icdVBdSwJBFJ3t0+zLCnrpZUiCQJB1NbU3oZceFfID1GR2vOrg7OwyMxvIJtRf6aWHInrtb/TWv2lWDSrqwIXDOfdy7z1uwJnStv1hLS2vrK6tJzaSm1vbO7upvf2G8kNJoU597suWSxRwJqCumebQCiQQz+XQdMcXsd+8AamYL670JICuR4aCDRgl2ki91CHuiLAHOIMD3NE+huuM4cZI29nzctE5c7Cdte2Sky/GxCkVnDzOGSVGGi1Q7aXeO32fhh4ITTlRqp2zA92NiNSMcpgmO6GCgNAxGULbUEE8UN1odv8Unxiljwe+NCU0nqnfJyLiKTXxXNPpET1Sv71Y/Mtrh3pQ7kZMBKEGQeeLBiHH5tE4DNxnEqjmE0MIlczciumISEK1iSxpQvj6FP9PGk42V8wWaoV0pXY3jyOBjtAxOkU5VEIVdImqqI4oukUP6Ak9W/fWo/Vivc5bl6xFhAfoB6y3TwaClKc=</latexit>

⌫e + p ! e+ + n ✗ (not observed)

Does this imply that neutrinos are not Majorana? NO!  Still two valid options:

1) n ’s are Dirac: the 2nd reaction is strictly forbidden
2) n ’s are Majorana: the 2nd reaction is allowed… but suppressed by m/E<10-7!

If neutrinos are Majorana, expect n à n transition:
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Source Detector

W W
e

ne ne
_

e
O(m/E)

_

But, we have never seen anything like that so far…

E.g., the inverse beta-decay (IBD) reaction has been observed using 
reactor anti-ne (E ~ few MeV) with a statistics of O(107) events:

… but no event has ever been observed for the reaction:

✓ (IBD, observed)

✗ (not observed)

Does this imply that neutrinos are not Majorana? NO!  Still two valid options:

1) n ’s are Dirac: the 2nd reaction is strictly forbidden
2) n ’s are Majorana: the 2nd reaction is allowed… but suppressed by m/E<10-7!

Lesson: to search for Majorana n, better compare O(1) event to ~0 than to 10N !

If neutrinos are Majorana, expect n à n transition:
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Neutrino flavor oscillations
Proof that n are massive: not found (yet) via chirality flips but via flavor change, 

involving macroscopic distances x=L and observable when O(m2L/E)~O(1): 

Let’s start from a celebrated equation, already handwritten in natural units:

Expand at small p/m or m/p à

… namely, for p¹0:
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Our ordinary experience takes
place in the limit:

mass kinetic
energy
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Our ordinary experience takes
place in the limit:

… while n often experience
the opposite limit: 

Energy difference between two
neutrinos ni e nj with mass mi e mj
in the same beam :
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Our ordinary experience takes
place in the limit: 

Energy difference between two
neutrinos ni e nj with mass mi e mj
in the same beam :

Tiny DE à Probed at large (macroscopic) x=L~Dt from uncertainty relation: 

… while n often experience
the opposite limit: 
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Besides (different) neutrino masses, a second important ingredient of
neutrino oscillations is mixing. In the Standard Model, mixing matrices
arise in CC interaction vertices involving massive fermions:      

W

u

d

W

ni

la-

Vud Uai

● = CC strength 
   ∝ V element

with VV†=1

● = CC strength 
    ∝ U element

with UU†=1

Quarks: Leptons:

CKM = Cabibbo-Kobayashi-Maskawa PMNS = Pontecorvo-Maki-Nakagawa-Sakata

● ●



With both ingredients… flavor may change from a (production) to b (detection)!

Source Detector

W W

la+

na nb

lb-

Amplitude

Source Detector

W W

la+

ni

ni

lb-

Amplitude
UbiUai*Si=

Oscill. probability = |Amplitude|2

nb = Ubi

ni = Uai* na

U à U*
26

la± à la∓ 

ni

Note: for n 
_

● ●
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The simplest oscillations: two neutrinos evolving in vacuum
(flavors a and b,  masses mi and mj, U = q-rotation)

Analogy with a double-slit interference experiment:

<latexit sha1_base64="zR3fJHuxTELokB1wmARnv+P/Ddc="></latexit>

�(phase factor) = e�i�E·x = exp

 
�i

�m2
ijx

2E

!
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Pontecorvo’s 2n oscillation probability:
<latexit sha1_base64="0Qof47/FkVkZAazQrascBbqqYwY="></latexit>

P↵� = sin2(2✓) sin2
✓
�m2x

2E

◆

Mixing angles govern osc. intensity, squared mass differences govern osc. frequency 

Frequency à Dm2

In
te

n
si

ty
 à

 q
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Pontecorvo’s 2n oscillation probability:

Change from natural units:

<latexit sha1_base64="0Qof47/FkVkZAazQrascBbqqYwY="></latexit>

P↵� = sin2(2✓) sin2
✓
�m2x

2E

◆

In many textbooks: 1.267 ≃ 1.27, no longer adequate in subpercent precision expts!

Mixing angles govern osc. intensity, squared mass differences govern osc. frequency 

<latexit sha1_base64="bzWnIWvfa4byDjOhlASIto/B6yc="></latexit>

�m2x

4E
= 1.267

✓
�m2

eV2

◆✓
x

m

◆✓
MeV2

E

◆
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If neutrinos are massless:  “clock” is frozen, no change in propagation

Flavor does not change.
Handedness does not change.

na na

If neutrinos are massive, the other handedness develops at O(m/E)≪1 

n n
_

Iff neutrinos are Majorana:

If n are massive and mixed, other flavors develop at O(Dm2 L/E)

Flavor oscillations / transitions:

na nb

Brief  recap
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Outline:

● Prologue: n basic properties
● (Un)knowns in neutrino oscillations
● Non-oscillation n observables
● Learning from neutrinos
● Epilogue: What’s in a name?
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First evidence of oscillations in 1998 boosted neutrino physics… 

(T. Kajita at Neutrino’98, Takayama)

Also confirmed by the MACRO atmospheric n  expt at LNGS

Super-Kamiokande



Papers with *neutrino* in the title, yearly trend from

SN 1987A,
MSW-theo

Ga solar
experim.

Dm2, q23

dm2, q12

q13

Oscill. patterns
(accel, react.) 
Cosmo bounds

UHE n
[CPV hints?]

(atmos.)

(solar,
MSW-exp)

(react., 
accel.)

[Steriles?]
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First evidence of oscillations in 1998 boosted neutrino physics… 

… and further results established a “standard 3n framework”



Mixing matrix: CKMà PMNS [Pontecorvo-Maki-Nakagawa-Sakata]

Extra CPV phases
[if Majorana]

not tested in oscillat.

Mass [squared] spectrum)

1
2

1
2

dm2

dm2

+Dm2

-Dm2
“Normal”
Ordering
N.O.

“Inverted”
Ordering
I.O.

[Absolute n mass scale not tested in oscillations] 

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

U(n) à U*(n)

1-2 rotation

3

3

The standard 3n framework & mass-mixing parameters 

34

�m2 = �m2
21, �m2 = (�m2

32 +�m2
31)/2

_
c=cos, s=sin



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. 

35

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



a

b

c

d

e

f

g

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. 

36

… with amplitude and frequency governed by 2 (or 3) leading parameters 



Sketchy 3n overview (see pdg.lbl.gov review for details)

+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 (> or < p/4 ?)
absolute mass scale
Dirac/Majorana nature

5 knowns: 5 unknowns:

Normal Ordering (NO) Inverted Ordering (IO)

37

Oscillations

Non-oscillat.



ne = cosq12 n1 + sinq12 n2

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

For two neutrinos, no CPV:

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

38

How do nµàne oscillation searches probe CP (T) violation?

__

(___)

(___)

Question: nµ → ne   ≠  nµ → ne  ? 
_ _

Currently: hints at ~2s from T2K (NOvA?)



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 in vacuum (JUNO) 

Q ~ e- density e- background effects on oscillations (MSW) à

Q ~  n density n background effects at high density (self-interac.)

(IO)(NO)

39

Currently: global hints for NO at ~2.5s level
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Tiny extra ne “interaction energy” or “potential”: 
V ∝ GF · E · (e- density)

Neutrinos propagating in matter (Earth, Sun, SN…) feel background fermions:
nonzero amplitude that they interact without changing direction

Coherent forward amplitude of O(GF) - not an absorption process of O(GF
2)!

na na

p, n, e

ZAll n flavors feel all bkgd fermions via NC…

… but only ne feels bkgd electrons via CC…
ne ne

e

W

ne

e

How do n oscillate in background matter? The MSW effect
(MSW = Mykheev-Smirnov-Wolfenstein) 
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Probability of flavor change may change considerably in matter. 
Not necessarily periodic: flavor oscillations à flavor transitions

Seen in solar neutrino experiments as Borexino at LNGS

Two-slit analogy: one interferometer arm feels a different refraction index

à density-dependent change in frequency & intensity
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Matter (fermion) bkgd

MSW (ordinary matter)

GF

MSW effect: n‘s are the beam; 
(n, p, e) are the background

na

Relevant for propagation
e.g. in the Earth, the Sun, 
Supernovae (SN), …

na
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Matter (fermion) bkgd

MSW (ordinary matter)

GF

MSW effect: n‘s are the beam; 
(n, p, e) are the background

(anti)neutrino bkgd

Self-interactions (dense n gas)

GF

“Self-interaction” effects: neutrinos 
are both the beam and the bkgd!

na na

n

Relevant for propagation
e.g. in the Earth, the Sun, 
Supernovae (SN), …

Relevant for propagation
in very dense neutrino gas, 
e.g. soon after SN explosion, 
compact object mergers…

Also called collective effects,
with highly nonlinear evolution.
May be sensitive to NO/IO. 
Important but difficult topic!   

na na
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… Beyond standard oscill.? New interactions? More than 3n? 

Matter (fermion) bkgd

Nonstandard interactions (e.g., FCNC)

GF
nbna eab

mass

Mixing with noninteracting (sterile) n

Possibly suggested by some anomalous (but controversial) results.
 
In particular, active-sterile oscillations  at O(eV) mass scale remain
under investigation via muon-electron neutrino flavor oscillations. 

3 active n

1 sterile n
(or more)



Standard 3n framework: Recap

+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 (> or < p/4 ?)
absolute mass scale
Dirac/Majorana nature

5 knowns: 5 unknowns:

Normal Ordering (NO) Inverted Ordering (IO)

45

Oscillations

Non-oscillat.



+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 (> or < p/4 ?)
absolute mass scale
Dirac/Majorana nature

5 knowns: 5 unknowns:

Normal Ordering (NO) Inverted Ordering (IO)

46

Oscillations

Non-oscillat.

Standard 3n framework: Recap
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Outline:

● Prologue: n basic properties
● (Un)knowns in neutrino oscillations
● Non-oscillation n observables
● Learning from neutrinos
● Epilogue: What’s in a name?



b decay, sensitive to the “effective electron neutrino mass”:

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

Cosmology: Dominantly sensitive to sum of neutrino masses:

Sensitive to absolute neutrino masses in different ways
May provide additional handles to distinguish NO vs IO

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

48
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Beta decay: Classic kinematic search for neutrino mass 

Fermi, early 1930’s

For three families νi,  and for individual masses mi experimentally unresolved
in beta decay: sensitivity to the sum of m2(νi), weighted by squared mixings 
|Uei|2 with the electron neutrino. Observable kink parametrized by:    

(so-called  “effective electron neutrino mass”)
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Beta decay: Classic kinematic search for neutrino mass 

Fermi, early 1930’s

Tritium (3H): low Q and fast decays    (Hanna & Pontecorvo 1949)

Upper limits on mb 
1949:  mb < 500 eV
2023:  mb < 0.8  eV        KATRIN with O(10-4) g gaseous tritium

 Frontiers:
 202X:  mb < 0.2  eV        KATRIN final goal
 20XY:  mb ~ O(10-2) eV  Needed to fully explore 3n expectations…

A long-term project aiming at O(102) g (!) solid-state Tritium à 
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No-threshold reaction!

PTOLEMY dream: not just b-decay, but capture big-bang relic n as “cold” as Tn ~ O(10-4) eV
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We can feel relic n’s by their gravit. charge: 

S slightly affects CMB anisotropies + large scale structures (LSS)

From cosmol. data:    S < 0.1 - 0.2 eV 
From 3n oscillations:  S > 0.06 eV (NO),  > 0.1 eV (IO)

Close to a cosmological discovery of  absolute n mass?

Cosmology: Dynamical effects of n masses in evolution of the Universe



Neutrinoless Double Beta Decay

53

Source Detector

W W
e

ne ne
_

e
O(m/E)

_
If neutrinos are Majorana, expect n à n transition:

Not found so far, even in the highest-statistics oscill. experiments with 107 events 
Lesson: to search for Majorana n, better compare O(1) event to ~0 than to 10N !

Reminder:
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Source Detector

W W
e

ne ne
_

e
O(m/E)

_
If neutrinos are Majorana, expect n à n transition:

Not found so far, even in the highest-statistics oscill. experiments with 107 events 
Lesson: to search for Majorana n, better compare O(1) event to ~0 than to 10N !

Reminder:

à Look for rare n → n transitions induced 
by Majorana n, on top of small or zero bkgd

_
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Only known realistic process of  this kind:
Neutrinoless double beta decay (0nbb)  

2nbb decay 0nbb decay

not observed so farobserved

Very rare: “weak squared” and suppressed by m/E
Possible if  and only if  neutrinos are Majorana.
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Only known realistic process of  this kind:
Neutrinoless double beta decay (0nbb)  

2nbb decay 0nbb decay

not observed so farobserved

Very rare: “weak squared” and suppressed by m/E
Possible if  and only if  neutrinos are Majorana.

Discovery of  0nbb and Majorana neutrino masses would have profound theoret. implications.
Standard Model (SM): Higgs mechanisms à Dirac fermions. Majorana neutrinos à Beyond SM!
0nbb “creates” charged leptons: theory links with leptogenesis and new (HE) physics scales
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Experimentally: Look at sum energy of both electrons
Need to see the 0nbb line emerge above bkgd, at
endpoint spectrum of “conventional” 2nbb decay.   

0nbb

2nbb

0nbb decay rate ∝ inverse half life (1/T)
Current expt generation probing T ~ O(1026) y. 

Ton-scale projects (LEGEND, CUPID, nEXO) aiming at: T ~ O(1028) y
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Can occur only for Majorana neutrinos. Intuitive picture:

1) A RH antineutrino is emitted at point “A” together with an electron
2)  If it is massive, at O(m/E) it develops a LH component (not possible if Weyl)
3) If neutrino=antineutrino, this component is a LH neutrino (not possible if Dirac)
4) The LH (Majorana) neutrino is absorbed at “B” where a 2nd electron is emitted

Neutrinoless double beta decay at elementary particle level

A

B
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Neutrinoless double beta decay at elementary particle level

A

B

ß mixing of ne with ni

ß mass of ni  [O(m/E)]

ß mixing of ni with ne

(times an unknown ni phase)

Summing up for three massive neutrinos: Amplitude ∝ “effective Majorana mass”
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Neutrinoless double beta decay at nuclear level: complicated…

A

B

In case of positive decay signal, a major concern is the accuracy of the 
nuclear matrix element |M|, rather than the expt. error on the decay half life:

Half-life        Phase space Matrix element



u     e  e    u

W W

n
Standard

u     e  e    u

W W

N
Heavy n

u     e  e    u

Kaluza-Klein
(KK±1 Brane:a=10±1/GeV)

W W

n(n)

u     e  e    u

WR,L

nL,R

RHC l,h
l=RH had, h=LH had

WR,L

e     u  u    e

u u

g
SUSY g

~ ~

~
~

p     e  e    p

p

SUSY p

p
SUSY

Note: 0nbb decays might also be induced by nonstandard physics 
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In any case, 0nbb decay implies Majorana n: 



62

Oscillation data
+

Combining 3n constraints from:



63

Interplay: Oscillations fix the mass2 splittings, and 
thus induce positive correlations between any pair 
of the three observables (mb, mbb, S), e.g.:

mbb

S

osci
ll. 

all
owed

i.e., if one observable increases, the other one 
(typically) must increase to match mass splitting
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Oscillation data constrain the (mb, mbb, S) parameters within two bands:
N

or
m

al
In

ve
r.

D
eg

en
er

at
e 

(o
ve

rl
ap

)

Vert. spread:
interference
of mbb terms
via Majorana 
phases

constructive

destructive
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Previous plots project away the “unobservable”
lightest neutrino mass from popular graphs like:

Taken from Strumia and Vissani, 2006
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Absolute mass observables: currently, only upper bounds…

NO (2s)       
IO  (2s)    
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Focus on these planes
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0nbb : KL-Zen, Exo,
GERDA, Cuore...

[spread: nuclear models]

E.g., spread of upper bounds
from Xe+Ge+Te data by using
15 nuclear matrix elements
from 4 classes of nucl. models.
e-print 2204.09569 



b : KATRIN

69

-1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4-4.0

-3.5

-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

-110 1
-310

-210

-110

1

-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0-4.0

-3.5

-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

10

20

30

40

50

60

70

80

90

100

-310 -210 -110 1
-310

-210

-110

1
-1.4 -1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4

-2.0

-1.5

-1.0

-0.5

0.0

-110 1
-310

-210

-110

1

 (NH)σ2 
 (IH)σ2 

 (eV)Σ  (eV)βm

 (e
V)

ββ
m

 (e
V)

β
m

-1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4-4.0

-3.5

-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

-110 1
-310

-210

-110

1

-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0-4.0

-3.5

-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

10

20

30

40

50

60

70

80

90

100

-310 -210 -110 1
-310

-210

-110

1
-1.4 -1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4

-2.0

-1.5

-1.0

-0.5

0.0

-110 1
-310

-210

-110

1

 (NH)σ2 
 (IH)σ2 

 (eV)Σ  (eV)βm

 (e
V)

ββ
m

 (e
V)

β
m

-1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4-4.0

-3.5

-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

-110 1
-310

-210

-110

1

-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0-4.0

-3.5

-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

10

20

30

40

50

60

70

80

90

100

-310 -210 -110 1
-310

-210

-110

1
-1.4 -1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4

-2.0

-1.5

-1.0

-0.5

0.0

-110 1
-310

-210

-110

1

 (NH)σ2 
 (IH)σ2 

 (eV)Σ  (eV)βm
 (e

V)
ββ

m
 (e

V)
β

m

0nbb : KL-Zen, Exo,
GERDA, Cuore...

[spread: nuclear models]

S: Planck, BAO, 
lensing ...

[spread: cosmo models/data]
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0nbb : KL-Zen, Exo,
GERDA, Cuore...

[spread: nuclear models]

S: Planck, BAO, 
lensing ...

[spread: cosmo models/data]

IO “under pressure” but not excluded yet
0nbb expts need to probe IO fully (+ part of NO) 

IO

NO
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IO currently disfavored at ~3s by combining oscillation + nonoscillation data

“aggressive”    “default”    “conservative”  (cosmo) 

From Capozzi+ 2107.00532
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Outline:

● Prologue: n basic properties
● (Un)knowns in neutrino oscillations
● Non-oscillation n observables
● Learning from neutrinos
● Epilogue: What’s in a name?
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Grand unified neutrino spectrum, 1910.11878 

Grand view of the neutrino landscape: flux vs energy
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Formaggio & Zeller, 1305.7513

Typical neutrino cross section (                             ) vs energy

Glashow peak
(resonant W 
production)

NOTE: n absorption in Earth (!) relevant >100 TeV & Glashow event @ ~6 PeV: seen in IceCube
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Learning from n about the Earth’s interior and heat budget…

Geoneutrinos from
U, Th decays in the
Earth observed in 
KamLAND & Borexino 

Frontiers: 
JUNO and other 
large-volume, 
low-energy detectors

Test global
geo-chemical 
models

Co-messengers of  elastic waves (seismology)
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Learning from n about the Solar nuclear reaction chains …

CNO neutrinos recently
observed in Borexino

Frontiers: 
JUNO, DUNE, HK 
and other large-volume, 
low-energy detectors

Test solar and 
stellar evolution
models*

Co-messengers of  elastic waves (helioseismology)
Co-messengers of  photons

Sun

*Also w/ nuclear astrophysics 
  inputs, e.g., from LUNA expt.



77

Co-messengers of  photons
Co-messengers of  gravitational waves?… hopefully in the future!

Learning from n about violent “particle accelerator” sources…

Fluorishing field
of  multimessenger
astronomy with
neutrino telescopes
(IceCube, KM3Net…)

New sources…

2017
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Learning from n about the death of  stars (core-collapse SN)

Co-messengers of  photons       …as anticipated by B. Pontecorvo, JETP 36, 1625 (1959)

Co-messengers of  gravitational waves?… hopefully in the future!

Frontiers:

- Observe diffuse
SN n bkgd flux

- Understand
collective n effects

- Be ready for next 
near SN explosion!

1987

Rome, 23 feb 1987,
Bruno Pontecorvo to his nephew Ludo:

“Did you hear 
what happened today? 
Ten to the fifty-eighth neutrinos! 
All in one go!”

[As quoted by F. Close]
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Towards the next SN event: frontiers in n detection
Typical (simulated, unoscillated) SN neutrino signals for different flavors a:

Plots from Luca Pattavina @ LNGS SNvD 2023

La(t)

Ea(t)

dNa/dE

Flavor transformations 
re-weight such spectra
(and may even alter the
SN evolution ß feedback)

X-sections differ with a à
CC: a = e      NC: a = e,µ,t
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Slide from 
Kate Scholberg

Coherent Elastic neutrino Nucleus Scattering = CEnNS 
(read: “sevens”): Predicted in 1974, observed in 2017
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The gentlest (coherent) interaction of a neutrino with a nucleus…

Slide from Kate Scholberg

… but with the highest cross section, proportional to N2 !
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Plot from Kate Scholberg
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Detection requires: 
Low threshold
Low background
High E resolution

…but recoil energy is
O(1-100) keV: small 
& difficult to measure!

RES-NOVA approach:
Archaeological Pb 
& cryogenic detectorPlot from Kate Scholberg
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Back to neutrinos as (co)messengers of natural sources… 



85

In general, expect (model-dep.) correlation of messengers from a single source…

Slide from Markus Ahlers @ GGI 2021
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… and also at a “statistical” level from diffuse sources

From NBI Copenhagen website
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Of interest for this school 
(AUGER):

Linking the high-energy
tails of CR and n spectra

(UHECR & cosmogenic n)

… and also at a “statistical” level from diffuse sources

109 GeV = 1 EeV
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Creation and propagation of ultra-high energy particles in the Universe

(Above: ”standard” processes. Possible UHECR from new physics: heavy dark matter, topological defects, etc.)

Credit: Science China Press
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Credit: Science China Press

UHE protons (E>1018 eV = EeV) 
from distant sources 

hit CMB photons and generate pions   

Charged pion decays
generate neutrinos  

Neutral pion decays
generate gamma’s  

Rule of thumb: En ~ Eg/2 ~ Ep/4 ~ Ep/20  à correlated spectra
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Credit: Science China Press

Complications:

Sources: Require assumptions
UHECR: Not only protons (also nuclei)
Bkgd photons: Not only CMB
Interactions: Not only pion production
Univ. expansion: Source history, E redshift
…

Need simulations for CR evolution with
various source+sink terms & their variants
to characterize observable UHE spectra 
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Outline:

● Prologue: n basic properties
● (Un)knowns in neutrino oscillations
● Non-oscillation n observables
● Learning from neutrinos
● Epilogue: What’s in a name?
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A name, a destiny… 
Neutrino name: which destiny?

An old latin dictum:
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?
The destiny

of  neutrinos is…
to raise new questions!

Nomen Omen…


