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how to measure neutrino mass

w kinematics (Pauli 1930) neutrino versus photon race/ time of flight measurement

Wspectral distortions (Fermi 1933) end-point of electron spectrum in the f decay

Wneutrinoless S decay (Furry; Grueling Whitten 1939-60) Majorana neutrino &S AL = 2

wWneutrino transmutation (Pontecorvo; Sakata et al 1957-1967) "oscillations”

w observational cosmology (Gershtein Zeldovich 1966) distortions of the cosmic distributions

wneutrino capture (Cocco, Mangano, Messina 2007) direct observation of big-bang neutrinos

the 4th method has provided results, proving that the SM is incomplete



Nobel 2015

from the press announcement

For particle physics this was a historic
discovery. Its Standard Model of the innermost
workings of matter had been incredibly
successful, having resisted all experimental

challenges for more than 20 years.




Nobel 2015

from the press announcement

For particle physics this was a historic
discovery. Its Standard Model of the innermost
workings of matter had been incredibly
successful, having resisted all experimental

challenges for more than 20 years.

However, as it requires neutrinos to be
massless, the new observations had clearly
showed that the Standard Model cannot be
the complete theory of the fundamental

constituents of the universe.
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organisation of this lecture:

< theoretical background notes

v discussions of the six methods
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In this lecture, prepared for PhD students, basic considerations on neutrino interactions, proper-
ties and sites of production are overviewed. The detailed content 1s as follows: Sect. I, Weak
interactions and neutrinos: Fermi coupling; definition of ncutrinos; global numbers. Sect. 2,
A list of neutrino sources: Explanatory nolte and examples (solar pp- and supernova-neulrinos).
Sect. 3, Neutrinos oscillations: Basic formalism (Pontecorvo); matter effect (Mikheev, Smimov,
Walfenstein): status of neutrino masses and mixings. Sect. 4, Madifying the standard model to
include neutrinos masses: The fermions of the standard model; one additional operator in the
standard model (Weinberg); implications. One summary table and several exercises offer the
students occasions to check, consolidate and extend their understanding; the brief reference list

includes historical and review papers and some entry points to active research in neutrino physics.

Weak interactions & neutrinos

Fermi coupling
Definition of neutrinos
Global numbers

A list of neutrino sources

Explanatory note

First example: pp-solar neutrinos

Second example: supernova neutrinos
Neutrinos oscillations

Basic formalism (Pontecorvo)

Matter effect (Mikheev, Smirnov, Wolfenstein)

What do we know on neutrino masses & mixings?
Modifying the SM to include neutrinos masses

The fermions of the standard model (SM)
One additional operator in the SM (Weinberg)
Implications
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birth of the neutrino

(born while updating a theory of the nucleus)



high energy radiation

high energy emission from certain

substances is discovered 100 yr ago
generically called "radioactivity”

energy is much larger than the atomic

emission, till some MeV

penetration power characterises the

different type of rays (see figure)
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high energy radiation

* «a are nuclei of helium 4 nuclei
[ are high energy electrons

* vis high energy e.m. radiation

The traditional names assigned by Rutherford

and Villard maintain their aura of mystery

(while for Maxwell theory we use terms such as "e.m. radiation")

Mag{:et
Radioactive
sample in

lead block




the prevailing theory of the nucleus till 1932

van der Broek, Bohr

* if the nuclei emit fragments of matter, they contain these fragments;
* (forget gamma ray, this is just radiation, not matter)

* in a few years, the general consensus is that nuclei are assemblies of two particles:

electron & protons
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the prevailing theory of the nucleus till 1932

van der Broek, Bohr

* if the nuclei emit fragments of matter, ;
* (forget gamma ray, this is just radiation, not matter)

* in a few years, the general consensus is that nuclei are assemblies of two particles:

electron & protons

This explains that « radiation is emitted at fixed energy £;, — E; + E,

BUT why / radiation doesn't obey the same rule?

In fact, some energy is systematically missing from the expectations.



maybe there are excited nuclei in final state?
maybe energy is not conserved in nuclear physics?

or the model of the nucleus needs revision?
(as proposed by Goeppert-Mayer, Bohr and Pauli, respectively)

none of these is evidently wrong



Pauli's answer saves energy conservation

tritium

helium
three

nucleus with electrons, protons and neutrinos.
the latter subtracts (steals) energy in the / decay
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the neutrino race method
(Pauli... Zatsepin)
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verfallen um den "Weo istik und den Energlesats
su retten. MNbmlich di elektrisch neutrale
Tellchen, die ich Neut Kermen existieren,

welghe den Spin 1/2 haben und das Ausschliessungsprinsip befolgen und
‘dheh von lichtquanten musserdem noch dadurch unterscheiden, dass sie
mabt nit Lichtgeschwindigkeit laufen. Die Masse der Neutronen
desste von derselben Orossenordmung wie die Elektronenmasse sein und

s nicht grosser als 0,01 Protonenmasse.- Das kontimuierliche
Spektrum wire dann verstandlich unter der Analme, dass beim
boba-Zerfall mit dem hlektron jeweils noch ein Neutron emittiert
Mird, derart, dass die Summe der Energien von Neutron und klektron
konstant ist.
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due to their mass, neutrinos are
slower than photons




a race of neutrinos and photons
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170,000
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57 years later, a supernova was
light vear.
Astronomers knew that neutrinos
precede light and asked to check
neutrino telescope data. A burst of

events of ~10 s, with energies 7 to
40 MeV, was found 3-4 hours
before the light
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57 years later, a supernova was
seen at 170,000 light vear.

Astronomers knew that neutrinos
precede light and asked to check
neutrino telescope data. A burst of

events of ~10 s, with energies 7 to
40 MeV, was found 3-4 hours
before the light

observations allow to argue that light
and neutrino arrived at the same time

within 0.5 h, but there is more...




a better method

o the original iIdea of Zatsepin was based on the theoretical expectation (now

considered outdated) that the supernova neutrino emission happens in a ms burst

o the modern method is based instead on a sort of neutrino "acromaticity": neutrino

arrival time depends upon neutrino energy

L L 1 [ mc?
t=— =~ —|14+—
% C 2 E

less energetic neutrinos are slower and arrive later



result

SN1987A w/o
astrophysical
uncertainties

SN1987A with
astrophysical
uncertainties

1 N N N 1 1 mv[eV]
- 6 8
v MASS (electron based)
SN at 10 kpC Those limits given below are for the square root of ml2/(eff) = X |Ue.i|2
. e
n SU.pef—I{ m,z,.- Limits that come from the kinematics of 3H;3_Ti decay are the
<€Xp€Ct€d> square roots of the limits for mi(eff). Obtained from the measurements

reported in the Listings for “v Mass Squared,” below.

VALUE (eV) CL% DOCUMENT 1D TECN COMMENT
< 2 OUR EVALUATION

< 233 95 1 KRAUS 05 SPEC 3H 3 decay
< 25 95 2 LOBASHEV 99 SPEC 3H 3 decay
e o o \We do not use the following data for averages, fits, limits, etc. @ o

< 5.8 95 3 PAGLIAROLI 10 ASTR SN1987A

=21 7 Q0 4 ARNAROIDI 02a ROILO 187Re d.decav



recaly

understanding matter particles

(from wave equations to early quantum fields)



particles and waves
till 100 years ago (prehistory)

Einstein's relation for quanta of light 1905): £ =h X v

Bohr's generalizes it to matter particles, atomic electrons (1913)

X [

de Broglie's (1024): sin |27 | — — — = Sin
s toay: sin|2 (5 - 7 )| =sin

xXp —tk
h

electron wave equations



electron wave equations

* Schrodinger (1925): electron wave in an external potential propagates
analogously to light wave in a non-uniform medium.

* Klein Gordon (1926): extension to a relativistic electron... w/o spin.

* Pauli (1927): Spin in Schrodinger hamiltonian; wavefunction is 2-D.

* Dirac (1928): a new relativistic equation explains the existence of the spin
and the coupling to the magnetic fields. Wavefunction becomes 4-D.

* Weyl (1929): if the mass of the electron is neglected, Dirac's equation
splits into two simpler (2-D) equations, apparently useless.
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Dirac & Anderson
(1931 -1932)

What about the negative energy solutions of Dirac's
* HP 1: states with negative solutions exist
* HP 2: they are occupied & due to the exclusion principle inaccessible
This is the Dirac sea.

Thus atoms are stable; moreover, if one photon extract one of the states, one sees a
regular (positive energy) electron and the hole, that will be interpreted as an increased
energy and increased electric charge of the sea, namely an anti-electron.



Dirac & Anderson
(1931 -1932)

What about the negative energy solutions of Dirac's
* HP 1: states with negative solutions exist
* HP 2: they are occupied & due to the exclusion principle inaccessible
This is the Dirac sea.

Thus atoms are stable; moreover, if one photon extract one of the states, one sees a
regular (positive energy) electron and the hole, that will be interpreted as an increased
energy and increased electric charge of the sea, namely an anti-electron.

1932: positrons are observed by Anderson and identified with anti-electrons by Dirac.



Fermi
(1933)

Fermi implements a revolutionary idea: Electron & neutrino are generated in f decay

n—>p+e-Tv

For the first time, matter particles (electrons) are not assumed to be eternal.

This revolutionary idea is somewhat facilitated by de Broglie conception of matter waves; see Iwanenko & Ambartsumian (1930) Perrin (1933).
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Fermi
(1933)

Fermi implements a revolutionary idea: Electron & neutrino are generated in f decay

n—>p+e-Tv

For the first time, matter particles (electrons) are not assumed to be eternal.

In order to do so, Fermi accepts 1) Pauli's neutrino 2) Dirac's sea 3) Jordan/Wigner/Klein/Fock
formalism for relativistic fermions, with (O|a |1,) = (1.|al|0) = 1. His quantum field:

P — Z A, . wheres = helicity, nomentum, energy with sign

\)




recaly

few words on Fermi heritage

(an excuse to recall weak interactions)



after Fermi theory of j ray emission



after Fermi theory of j ray emission

a lot of results follow immediately:

fTemission; electron capture; Cross

sections; Yukawa's improvements; variants
of the hamiltonian; neutral currents; etc.



connected processes

Processes Discussed Observed
(A,Z) —> (A,Z+1) e- bar-v 1933 1899
(A,Z) — (A, Z1) et Vv 1934 1942
e- (A,Z)—(A,Z1) v 1934 1939-42
e+ (A,Z) —> (A,Z+1) bar-v 19387 19557 —
bar-v (A,Z) — (A,Z-1) e+ 1934 1956
v (A,Z) —> (A,Z+1) e- 1942 1969




Fermi theory of fray emission: debate

? Pauli: the theory ceases to hold at sufficiently high energies.

? Gamow & Teller: currents are not purely vectorial. Starting from Lee & Yang, we will
arrive at the V-A theory and shortly thereafter at Cabibbo's theory.

? Majorana introduces the modern quantization of fermionic fields, superior to the Dirac-

Jordan-Klein formalism based on the Dirac sea (more later).



Fermi theory of fray emission: debate




V-A electroweak
1958 model, '70

neutrino interactions from Fermi to SM (easier version)



neutr. curr.

37 neutr. curr.
58
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neutrino interactions from Fermi to SM (better version)



endpoint
(Fermimethod)



structure of Fermi hamiltonian

to describe beta ray emission

H=9o -T"-J




structure of Fermi hamiltonian

to describe beta ray emission

H=9o -T"-J

(p| T™|n) # 0 describes the change of isospin, harmeless

(ev | J7|0) # 0 describes the creation of two (matter) particles




structure of Fermi hamiltonian

to describe beta ray emission

H p— g . T+ . J_
(p| T™|n) # 0 describes the change of isospin, harmeless

(ev | J7|0) # 0 describes the creation of two (matter) particles

of course g is the coupling, with dimensions energyXvolume
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Direct neutrino-mass measurement based on 259 days
of KATRIN data
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Abstract

That neutrinos carry a nonvanishing rest mass is evidence of physics beyond the
Standard Model of elementary particles. Their absolute mass holds relevance in
fields from particle physics to cosmology. We report on the search for the effective
electron antineutrino mass with the KATRIN experiment. KATRIN performs preci-
sion spectroscopy of the tritium B-decay close to the kinematic endpoint. On the
basis of the first five measurement campaigns, we derived a best-fit value of

mi = —0.14“_“8:}:; eV resulting in an upper limit of m, < 0.45 eV at 90% confidence
level. Stemming from 36 million electrons collectea in 259 measurement days, a
substantial reduction of the background level, and improved systematic uncertain-
ties, this result tightens KATRIN’s previous bound by a factor of almost two.
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recalr

a new theory of the neutrinos
(from Majorana to Furry)



the modern conception of antimatter emerges

(Fock; Furry & Oppenheimer; Heisenberg; Pauli & Weisskopf; Majorana; Stueckelberg; 1933 - 1941)

The Dirac sea is not needed / does not exist / can be thought in a very different way.

Incoming wave, ‘ outgoing wave,

Q:—|—e Q=—€

Tevent time



Quantised field obeying Dirac equation (Majorana)
(1937)

The Dirac sea is not needed / does not exist / can be thought in a very different way.

The electrons are described as operators (quantum fields). They obey Heisenberg
equation with Dirac hamiltonian. This implies fermionic character.



Quantised field obeying Dirac equation (Majorana)
(1937)

Neutral particles such as neutrinos could be described fully with hermitian fields

Y= ) (a,y+a] y¥
s, >0



Quantised field obeying Dirac equation (Majorana)
(1937)

# Neutral particles such as neutrinos could be described fully with hermitian fields

Y= ) (a,y,+a] y)
s, >0

Apart from abbreviation & use of (y,)* = — y, that we'll follow, this is a modern quantum field



test: the "double beta” decay
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two types of "double beta" decay

Goeppert Mayer process - 2vff? decay Furry process Ovfp decay
e U, e
0 0 f (1 0
” ~_"
e B —
U Le




estimating the width of "double beta" decay

2

pr ~ {V(p/h)?}"*/Q where there are N, = 4 e 2 leptons




estimating the width of "double beta" decay

27T

pr ~ {V(p/h)?}"*/Q where there are N, = 4 e 2 leptons

1

B B3 2 - Goeppert Mayver process
88 _ H;,, H, .. (GF A bb yerp
= E: - E._ V 1 V

B X 23 Furry process (original)

hc
E, ~— ~ 100 MeV
R




old estimate]

Goeppert Mayer process - 2vff3 decay

Time

Furry process - Ovff decay
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Goeppert Mayer process - 2vff3 decay
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Furry process - Ovff decay
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neutrinoless double beta decay
(Majorana, V-A interactions & Greuling-Whitten)




-irection of motion direction of motio»

parallel/antiparallel means neutrino/antineutrino




-irection of motion
here is a neutrino %

parallel/antiparallel means neutrino/antineutrino

direction of motio

!




— () VN — )

but in the rest system they seem to be the same!




— () VN — )

Major-ana hypothesis: neutrino is matter and antimattenr







Goeppert Mayer process - 2vff3 decay

Time
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Furry process - Ovff decay
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Goeppert Mayer process - 2vff3 decay

Time

lcurrent estimate] << 1 Il

Furry process - Ovff decay
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recalr

idea and formalism of neutrino
trasmutation

(Pontecorvo Sakata method 1957-1967)



Neutrino oscillations (Pontecorvo 57, Sakata et al 62)

Each neutrino is produced
as a mixture of 3 waves,
edach describing a particle
with a different mass.

Vi

Their different phase
velocities force the neutrino
to change nature during
propagation.




the hypothesis of leptonic mixing

v,=U, vwith? =e,u, 1t



the hypothesis of leptonic mixing

v,=U, vwith? =e,u, 1t

L. D— W gyanL — iUﬁ we 2ya)(iL

int



the hypothesis of leptonic mixing

v,=U, vwith? =e,u, 1t

A i %% gyanL — iUfi we 2ya)(iL

int \/5 \/5

M1 0 0 , 0 0



m,, = Z Uz m; UZ,



the standard leptonic mixing matrix

—i6
C12€13 . 512€13 . 513€
L () ?
U= —s12¢23 — 012313323‘?(S C12C23 — 512513523€ " C13523 (2.38)
(] (/
512523 — €12513C23€ —C12523 — 512513C23€ €13C23

where s;;,¢;; = sin6,;,cos0;; and where the angles lie in the first quadrant
whereas the phase J is generic, d € [0, 27). Note the usage of the same phase
convention and parameterization of the quark (CKM) mixing matrix even if,
of course, the values of the parameters are different.




fields and states for ultrarelativistic motions

the case of neutrino oscillations

v A(x) = Uy, v(x)
|I/z,”> — U?ill/»
|’7f> — Ufi|’7i>




proof

the mass states (index i) are also summed

vy =Uy PLY. [ai,svfl-,s(Y) 4 afsl//;ks(Y)]

\)



proof

the mass states (index i) are also summed

vy =Uy PLY. [ai,svfl-,s(Y) 4 a;;yffs(x’)]

\)

~ U, Z [ai,ﬁ,_l//?’_(Y) + a

—

P

QI 1Vl (7)]

L,p,+ pP,T




proof

the mass states (index i) are also summed

vy =Uy PLY. [ai,svfl-,s(Y) 4 a;;yffs(x’)]

\)

~ Uy, Z [ai,ﬁ,—llfﬁ,—( X)+ar, %Jr( X )]

L, D ,+
I R

the mass is negligible in the relativistic wavefunctions




proof

the case of neutrino oscillations

thus, we extract easily the oscillators

ay R Uy a,5 _=>|v,)=U p V)

Clz?,Jr ~ Uy ai%,Jr:} D) = Uy 0;)



recalr

neutrino trasmutation:
applications

(Pontecorvo Sakata method)



an explicit formula for the case m; > m,, m,

("single mass dominance")

State

v,) = Ukly) and  |v) = U%|v)

Wl t) = [UgU% + UpUs Je 00 4 U o=

— UT3U>1< e—ltEl/h n UT3U* e—ltE3/h

o | B3 — £
‘(I/T‘I/ﬂ,t>‘2=4‘UTZ3HU33‘XSIIIZ[ t]

2n




an explicit formula for the case m; > m,, m,

("single mass dominance")

o | B3 — £
\(uf\uﬂ,t)\zzél\U%HUé\><sm2[ t]

2n



an explicit formula for the case m; > m,, m,

("single mass dominance")

2n

2n

o | B3 — £
\(uf\uﬂ,t)\zzél\U%HUé\><sm2[ t]

4 i 2 )
= 5 SIN“(26,3) X sin [

where we have used the standard parameterization

_ —i6
(U3, U,. Up) = (51367, €1383, €13C)3)



an explicit formula for the case m; > m,, m,

("single mass dominance"')

o | B3 — £
\(uf\uﬂ,t)\zzél\U%HUé\><sm2[ t]

2n

2n

4 i 2 )
= 5 SIN“(26,3) X sin [

where we have used the standard parameterization
_ —i5
(U3, U,. Ups) = (513677, €133, €136p3)

further assume that @, is in first approximation negligible, ¢;; — 1






— Ej

2pc

2

(myc 2)
(m2C 2)2 —



4E

2

Es —Ef  (myc?)” — (mc?)
£y + £y N 2pc
E,—E  Am;,



in practical units




Am? L

R sin2(26’23) X Sin® [1 27 E

where Lisin km, E in GeV, Am?in eV?

!

N

|

|




oscillations

(the only experimental proof of neutrino mass & observational evidence of BSM)




cosmic rays collide on
Earth's atmosphere
producing pions and
secondary neutrinos

of energy ~ 1 GeV

they are observed
in the KamiokaNDE
detector and tagged
as muonic or electronic

when muon neutrinos
travel long enough, say
from horizontal
direction, something
interesting happens



pathlength

for horizontal atmospheric neutrinos

S 4
-
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. .

Rg, radius of
the Earth




pathlength

for horizontal atmospheric neutrinos

1.

| Rg, radius of
the Earth




pathlength

for horizontal atmospheric neutrinos

[ 4 s

* Pythagoras says

Rg, radius of

the Earth h o %,
l
ey, o

>4
r'e

\/(Rg+h* = R ~ \/2Roh % /7000 X 30 ~ 500 km



pathlength

for horizontal atmospheric neutrinos

5

4§ * Pythagoras says
Rg, radius of

the Earth | \/ (Rg + )* — R3 ~ \/2R@h ~1/7.000 X 30 & 500 km

* Previous formulae suggests that

Am? T

500 km ~ —
1GeV 2

1.27




pathlength

for horizontal atmospheric neutrinos

s

* Pythagoras says

Rg, radius of

the Earth ¢ \/(Re +1)* = Ry | [2Rgh =~ /T.000 % 30 ~ 500 km

* Previous formulae suggests that

Am? T

500 km ~ —
1GeV 2

1.27

* This leads us to conclude that

Am?* ~25x 1070 eV? & 0,, ~ 45°




tests and results

OPERA experiment at Gran Sasso lab, planned to test the hypothesis of v, — v,

oscillation using the CERN beam with £ ~ 20 GeV, observed 7's after a distance of
L ~ 730 km, supporting the interpretation of atmospheric neutrinos (2010 onward)

daughter
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>‘ 1 - "-W%;- \‘ ‘l‘.\‘
ot \ / \
E ‘\ " ‘\
—g 0.8 ‘\ 'I' ‘\
oo "\ ' ——
O ® ILL " ’ \
06 B Goesgen A :' T
= A Savannah River ‘\‘ i “‘
L ¥V Palo Verde '\ ‘ | - .
g 04 0 CHOOZ \ ] \ : ;
= - ‘ / \
@ N Sugey K 4 K + ; \

0.2 A Rovno R ,/ ‘\ % *

¢ Krasnoyarsk
¥ 2 o
10 10" 10 1 10 20 30 40 50 60 70 80

LOJXE (knlffl\’/IeV)




global analysis

(meaning: take theory as seriously as you can, avoid biases, cherry picking & alike)

@ Consider a set of relevant experiments (=informative on neutrino oscillation)

& Choose a hypothesis - e.g., oscillations with 3,4,5... s; non standard effects; etc

@ Model the experiments, their features & responses (background, efficiency, etc)

@ Include the effect of oscillations, assigning free parameters such as Am?, 0, Ocp

@ Build some statistical indicator (likelihood or %) to compare parameterised

models & data. Minimize the y? and find the error budgets. Report the outcomes.



result of the newest global analyses

NuFit-6.0: updated global analysis of

three-flavor neutrino oscillations

Regular Article - Theoretncal Physics | Cpenaccess | Pukblished: 30 December 2024

Ivan Esteban 54, M. C. Gonzalez-Garcia, Michele Maltoni, lvan Martinez-Soler, Jodo Paulo Pinheiro &

Thomas Schwetz

g] 559 Accesses D 5 Citations @ 2 Altmetric Explare all metrics >

® Apreprint versicn of the article is available at arXiv.

-

ABSTRACT

We present an updated global analysis of neutrino oscillation data as of Scptember 2024,
The parameters 63, 613, Amg1 , and Am§ zl (£ =1,2) are well-determined with relative
precision al 3a of about 13%, 8%, 15%, and 6%, respectively. The third mixing angle 6,
still suffers from the octant ambiguity, with no clear indication of whether it is larger ar

smaller than 45 . The determination of the leptonic CP phase dcp depends on the neutrine

mass ordering: for normal ordering the global fit is consistent with CP conservation within

1g, whereas for inverted ordering CP-violating values of 8¢cp around 270° are favored
against CP conscrvation at more than 3.60. While the present data has in principle 2.5-30
sensitivity to the neutrino mass ordering, there are different tendencies in the global data
that reduce the discrimination power: T2K and NOVA appearance data individually favor
normal ordering, but they are more consistent with each other for inverted ordering,
Conversely, the joint determination of |A~m.§f from global disappcarance data prefers
normal ordering. Altogether, the global fit including long-baseline, reactor and IceCube
almospheric data resulls into an almost equally good (it for both orderings. Only when Lhe

x2 table for atmospheric neutrine data from Super-Kamiokande is added to our y2, the
global fit prefers normal ordering with Ax% = 6.1. We provide also updated ranges and

correlations for the effeclive parameters sensitive Lo the absolule neutrino mass from g-
decay, neutrinoless double-beta decay, and cosmology.

® THE "NORMAL" SPECTRUM IS KNOWN
ONLY WITH 2.26 CONFIDENCE AS

-+ T2K & NOVA DO NOT AGREE
PERFECTLY

* ATMOSPHERIC ¥ FROM SUPER-

KAMIOKANDE HAS A RELEVANT WEIGTH
FOR THE INFERENCE

® 60,3, —45° & O-p ARE ONLY POORLY
DETERMINED

@ A LOT OF SPACE TO PROGRESS

Neutrino masses and mixing: Entering the era of
subpercent precision

Francesco Capozzi, William Giare, Eligio Lisi, Antonio Marrone, Alessandro Melchorri, Antonio Paazzo

We perform an updated global analysis of the known and unknown
parameters of the standard 3v framework as of 2025. The known oscillation
parameters include three mixing angles (015, 053, 043) and two squared mass
gaps, chosen as d1f = m% - m% > (0 and Anrf = nﬁ — %(m% b m%), where

a = sign(An?) distinguishes normal ordering (NO, & = +1) from inverted
ordering (10, oo = —1). With respect to our previous 2021 update, the
combination of oscillation data leads to appreciably reduced uncertainties for
0,3, 843 and |An?|. In particular, |Arré| is the first 3v parameter to enter the
domain of subpercent precision (0.8\% at 15). We underline some issues
about systematics, that might affect this error estimate. Concerning
oscillation unknowns, we find a relatively weak preference for NO versus 10
(at 2.20), for CP violation versus conservation in NO (1.3¢) and for the first
8,3 octant versus the second in NO (1.1c). We discuss the status and
qualitative prospects of the mass ordering hint in the plane (sz, Amge).
where Amge = |An?| + %a(cosz 012 — sin? 012)8n?, to be measured by the

JUNO experiment with subpercent precision. We also discuss upper bounds
on nonoscillation abservables. We report my < 0.50~eV and myg < 0.086~eV
(20). Concerning the sum of neutrino masses X, we discuss representative
combinations of data, with or without augmenting the ACDM model with
extra parameters accounting for possible systematics or new physics. The
resulting 2¢ upper limits are roughly spread around the bound X < 0.2~eV
within a factor of three. [Abridged]




overall summary on mass and mixing

areas of the circles « |V | & [ U]



overall summary on mass and mixing

mass|

V3 [

=

Normal Hierarchy Inverted Hierarchy

jargonic terminology: hierarchy=spectrum type-order/ordering




observational cosmology
(Gamow, Harrison-Peebles-Yu methods)
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The 2015 Neutrino Mass Crash

May 27, 2015

Francesco Vissani, PhD
Laboratori Nazionali del Gran Sasso at INFN

®

What happened to the stock market in 1929 is happening to the values of neutrino

masses right now! Indeed, the newest analyses of cosmological data point toward very

small neutrino masses. If this result is correct, it will have an important impact on the

interpretation of the experiments under way.




CMB is sensitive to 2=m,+m,+m;
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DESI 2025

 ACDM-+observations imply

> < 64 meV at 95% near to 4/ Am?.,

* The fact that the prior 2 > 0 is so

crucial put cosmologist on notice

» Itp/p =wy+w, (1 —a), bound

weaken to X < 163 meV at 95%

[Submitted on 18 Mar 2025]

Constraints on Neutrino Physics from
DESI DR2 BAO and DR1 Full Shape

The Dark Energy Spectroscopic Instrument (DESI) Collaboration has
obtained robust measurements of baryon acoustic oscillations
(BAO) in the redshift range, 0.1 < z < 4.2, based on the Lyman-a
forest and galaxies from Data Release 2 (DR2). We combine these
measurements with external cosmic microwave background (CMB)
data from Planck and ACT to place our tightest constraints yet on
the sum of neutrino masses. Assuming the cosmological ACDM
model and three degenerate neutrino states, we find )’ m, < 0.0642
eV (95%). When accounting for neutrino oscillation constraints, we
find a preference for the normal mass ordering and an upper bound
of m < 0.023 eV (95%) on the lightest neutrino mass. However, we
determine using frequentist and Bayesian methods that our
constraints are in moderate tension with the lower limits derived
from neutrino oscillations. Correcting for the physical boundary at
zero mass, we report a 95% Feldman-Cousins upper bound of

> m, < 0.053 eV, breaching the lower limit from neutrino
oscillations. Considering a more general Bayesian analysis with an
effective cosmological neutrino mass parameter, Zm.,eff, that
allows for negative energy densities and removes unsatisfactory
prior weight effects, we derive constraints that are in 3¢ tension
with the same oscillation limit. In the absence of unknown
systematics, this finding could be interpreted as a hint of new
physics not necessarily related to neutrinos. The preference of DESI
and CMB data for an evolving dark energy model offers one
possible solution. In the wyw, CDM model, we find } m, < 0.163 eV
(95%), resolving the neutrino tension. [Abridged]



other important results

Big Bang nucleosynthesis determines abundance of light elements such as D & He.
This depends on the expansion rate, and therefore on the number of neutrinos.

Even the distribution of cosmic inhomogeneities at the time of decoupling, on which
the observable ones depend, is modified by the number of neutrinos in equilibrium.



other important results

Big Bang nucleosynthesis determines abundance of light elements such as D & He.
This depends on the expansion rate, and therefore on the number of neutrinos.

N - =28+0,3

Even the distribution of cosmic inhomogeneities at the time of decoupling, on which
the observable ones depend, is modified by the number of neutrinos in equilibrium.

NSYE =3.040.2

LUNA 2020 & DESI 2025 agree with SM expectation. A 4th neutrino is unwelcome.



relic (big-bang) neutrinos

(Weinberg, Cocco, Mangano, Messina method)



1s it possible to see big bang
neutrinos in lab?



neutrinos can be absorbed by a

radioactive target!

(Weinberg 1962 discuss the principle; Cocco Mangano & Messina 2007 decide to try it)




v, +°H — e~ +“He

(neutrino capture on tritium)



v, +°H — e~ 4+ “He

(neutrino capture on tritium)

1. neutrino at big-bang times are

| 7’—) = a’, |0) for Dirac or Majorana

p_
2 Y :QZ a— w—, + bl wk
Dirac _}/1( p/il//p/l ' ?/ll/jp/l
1%

3 <O ‘ PL\PDiraC ‘ 7_> = Ym_>

2 1+ p
2

4. [aﬁx W

same for Dirac and Majorana



v, +°H — e~ 4+ “He

(neutrino capture on tritium)

1. neutrino at big-bang times are

| 7’—) = a’, |0) for Dirac or Majorana

p_

2. lI’Dira(: — Z (a?ﬂ l//p’/l | b%/l l//%/1>
DA
3 <O ‘ PL‘PDiraC ‘ 7_> = Ym_>

2 1+ p
2

4. [d3x W

same for Dirac and Majorana

1. antineutrinos are also present

| 7+) =al_|0)or | 7+) =b ]0)

_ T g
2. \PMajorana — Z (aﬁ’/l Y52 + a?ﬂ '//?/1)
DA

3. (O] PL‘PMajorana | ?_l') = Yy

3 >_1-=p
4. | dXx |ymy| = > but only for

Majorana; for Dirac it is forbidden



COSMIC neutrino capture

and why the mass matters

Three lines: positions depend upon m,
intensity depends upon |U,?|

el *

Thus with normal hierarchy the most RB"SC o | U?
intense line is due to the lightest neutrino |

Issue of energy resolution especially with

small m; and normal hierarchy 2m, \

1+0;
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let's stop here!
thanks & enjoy...
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V-A, chirality & helicity



the structure of weak (c.c.) interactions
(1956-1958)

In the mid-50s many important developments occur; let's recall the main ones
O the conservation of parity is challenged (Lee & Yang 56)

O the ideas that lepton number is conserved and neutrinos are massless is proposed (salam;

Landau; Lee&Yang 57) this simplifies the discussion, but it is not necessary (pauli; Touschek&Radicati 57)
O Goldhaber et al 1959 experiment supports the simpler (S.M.'s) position

O Weak interactions have V-A / chiral structure (sudarshan&Marshak; Feynman&Gell-Mann s8)



first of all S very important

thereis always a

1 =s

2
projector in c¢.c. weak int.

P =




¢ + Pmc?

B






o = ysf (check it) =



_— —

H=7 T+

7 — }/SE) (CheCk i) =




o = ysf (check it) =

H~y f?C$



o = ysf (check it) =

R~ g/s fﬁc =



Theorem:
there is tight connection between
helicity (spin projected on momentum)

and

chirality (}/5 projectors)
PH=-7Xpc
PoH=+ X pc







more on helicity-chirality connection

consider the wavefunction in Dirac representation:

- o (X, D)
‘/f,l(x) = U
V2V
with
l +¢ mcz
/1=i1,u/1= gﬂ/l , € = —



more on helicity-chirality connection

evaluate the amount of "wrong" chirality

I (+1 -1
P, u,  where P =3 (_1 +1)

we find easily

\/ﬁﬂ/r (—11) o

which is small when p > mc, being « ¢ = (mc?)/E



long distance formulae
(Gribov-Pontecorvo limit)



an example: what happens after long distances

J

(v, 1) = ZU*\I/ 1) = Ze ih]U;}\I/j)
J



an example: what happens after long distances

E;
vty = ) Usly,t) = ) e T U% )

J J

.l‘Ej
— S l ok
<Vf"yf’t> — E Uf,je n Uf]
J



an example: what happens after long distances

E;
vty = ) Usly,t) = ) e T U% )

J J

.l‘Ej
— S l ok
<Vf"yf’t> — E Uf,je n Uf]
J

2
+ rapidly oscillating terms

[(velva )P =),

J

J [+
Uy Us




an example: what happens after long distances

E;
(v, 1) = UZ\I/j,t)=Ze thZ‘I/j>
J J

.IEJ'
— S l ok
<I/bﬂ/‘1/f,t> — E Uf,je n Uf]
J

2
+ rapidly oscillating terms

[(velva )P =),

J

J [+
Uy Us

n
" 2 2
Py ) |UL| U2
=1



matter term, idea & formalism,
numerics



formal amplitude in vacuum:
. tEl’

A = U, diag ’ e h ] U

U,—>Up



formal amplitude in vacuum:
. tEl’

A = U, diag ’ e h ] U

U,—>Up
corresponding to the hamiltonian

; 0 vac ;
zhg =H_ = U,, diag [EZ] U



An electronic neutrino passing by The same electronic neutrino passing by

even in absence of scattering - i.e., of momentum transfer - the
hamiltonian of charged current weak interactions modifies the
overall phase of propagation of electronic neutrinos by a term

proportional to G and to the density of electrons in a medium




a new term for oscillations in matter

I O O
H,,,, = H, + \ﬁGFnﬁ)(o 0 0)
O 0 O



a new term for oscillations in matter

I O O
Hpmp — Hvac. - \/EGFne(?) 0 0 O
O 0 O

for antineutrinos the matter term changes sign, as
the charge J) = Q = v'v counts the number of particles:

v|Qlrv) =+1and Z|Q|7) = -1



vacuum wavenumber

Am? 2.5 Am? MeV
~ —— X X
2F m eV? E

k =




vacuum wavenumber

Am? 2.5 Am? MeV
k = ~ —— X X
2F m eV? E

matter term wavenumber

4% 107/ n
V = \f 2Gpn, 8 — X S
m mol/cm?




vacuum wavenumber

Am? 2.5 Am? MeV
~ —— X X
2F m eV? E

matter term wavenumber

4% 10~ n
V = \/7 2Gpn, 8 —— X e
m mol/cm?

k =

their ratio [vi1, for solar neutrinos]

1% n, 8% 107> eV? E
— X —— X ——
k 100 mol/cm? Am? 5 MeV



vacuum wavenumber

Am? 2.5 Am? MeV
k = ~ —— X X
2F m eV? E

matter term wavenumber

4% 10~ n
V = \/7 2Gpn, 8 —— X e
m mol/cm?

their ratio [v2, for atmospheric neutrinos]

V n, 2.5% 1077 eV? E
k 3 mol/cm? Am?



a list of possibilities

survival probability of electron neutrinos from the Sun is energy dependent (big

effect, connected to 0, and Amy,, observed)

day-night effect: the solar electron neutrinos that arrive to the detector on night are

more abundant (small effect, connected to 6,, and Am?,, first observations)

atmospheric neutrino fluxes that pass through the Earth at some special angles are

modified (small effect, connected to 6,5 and Am,, not-so-clear evidence)



more on vV, .



LUNA & PArthENoPE

¢ an improved description of deuterium

dynamics in early universe conditions was
obtained by LUNA

¢ this allowed the BBN simulations of
PArthENoPE, based on Gamow's ideas, to

claim a good agreement with baryon mass

fraction Q, /°

¢ moreover this has implications on the

number of neutrinos N see figure

from Nature 2020
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on V-A & Ovppf



ULTRA
RELATIVISTIC

FRAME
negative helicity positive he.l[c,t'tg
e, SM neutrino le., SM anti-neubrino

F RAME o
Majoranha fermion Majorana fermion g
with spin down with Spin up ;

s

in the fast-moving system v # U and in the rest system Z = U in V-A model



Electron creation and the parameter m..

Consider the semi-leptonic Hamiltonian density leading to the emission of an electron
H = /2G. J; 3, where the leptonic current is

7 = ev = ) Uej &y Pox; with x; = x5 (33)
j=1

where we have postulated that the neutrino mass eingestates are Majorana fields. The
leptonic part of the amplitude, that describes the creation of a couple of electrons, is
(ee|T[5y (x)7,.(¥)]|0) and it requires to evaluate the contraction

(O [p.(x) 1. ()]]0)

namely, an unusual type of propagator, that however 1s non-zero in Majorana’s theory.
In fact, from v, = U,; P X, used above, and its transpose, written as o= Uesj X jP,‘yo,
the core of the problem reduces to the calculation of an ordinary propagator, namely
(0|T[x;(x)X;(3)]]0). The result is

e ip(x—Y)

2 0+
j-HO

d4 zUz
Ol Z.0010) = B [ 5.5 34

The virtual momentum in the denominator has a small time component due to kinemat-
ical constraints, whereas the spatial component is of the order of the radius |p| ~ 1/Ry;
therefore, the masses of the light neutrinos m; < 100 MeV are absolutely negligible in the
denominator, and the lifetime will depend upon neutrino masses and mixing only through

3
Hlop = Z Ug‘jmj = mgg (35)
=1

FV, 2021



on Ovff & cosmology
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again on neutrino absorption
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SM and neutrinos




neutrino masses in modern language

(extending the lagrangian density of the standard model)

ILeoiionm 322 COmSEIIg Lepton # breaking




neutrino masses in modern language

(extending the lagrangian density of the standard model)
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neutrino masses in modern language

(extending the lagrangian density of the standard model)
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