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What is a neutrino?
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Neutrino sources
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Neutrino sources
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Historical introduction

to neutrino physics
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The proposal of the neutrino

Chadwick Meitner and Hahn
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Fermi theory for weak interactions

n—>p+e +vr,

Gr

Enrico Fermi

= new name for particle: neutrino
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Neutrino: impossible to detect?

Event number in a neutrino experiment:
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First proposals for neutrino detection

1951: Detection after a nuclear explosion 1953: Prototype at Hanford reactor

Poltergeist Project

“The Reines-Cowan Experiments-Detecting the Poltergeist”
Los Alamos Science Number 25 1997
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Discovery of the neutrino

Electron
f:;t:eutn nos.‘ o Qa 3 photons
en coincidence

o T Y@«

Telegram to Pauli on 12/06/1956
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More than one neutrino flavour?

not e-
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More than two neutrino flavours?

N, =2.984 * 0.008
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More than two neutrino flavours?

DONUT (Direct Observation of the NeUtrino Tau) detector

Emulsion  taiger

Hesm  dump

.
i
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Parity violation in Wu experiment

J=5 J=4 J=5 J=4

magnetic
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cobolt-60 — magnetic What Wu

spin i
P parity field found

transformation

electron
emission

Wu et al, Phys. Rev. 105 (1957)1413
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Neutrinos in the Standard
Model
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Neutrinos in the Standard Model

V —
P momenum & momentum no SU(2) neutrino singlets
~-— Sspin —P Spin 11‘1 the SM
Neutrino Antineutrino
(left-handed) (right-handed)
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Neutrino interactions with charged
leptons

W’s couple to leptons in the same doublet
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Discovery of Neutral Currents

v, + N — v, + hadrons v,+e —v,+e

Hasert et al, Phys. Lett. B 46 (1973) 138
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Neutral Currents

v, + N — v, + hadrons v,+e —v,+e

Hasert et al, Phys. Lett. B 46 (1973) 138

Mariam Tértola (IFIC-CSIC/UValencia) 22 Galileo Galilei Institute 2025



Neutrino interactions in the SM
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Neutrino production in the SM

4+ Weak interactions conserve flavour: neutrinos are always
produced together with their associated charged lepton (e, |, 1)
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Neutrino detection

4+ Neutrinos are indirectly detected through the detection of their
associated charged lepton
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Coherent Elastic v Nucleus Scattering
(CEVNS)

Freedman, PRD 1974 Cadeddu et al, EPL 143 (2023) 3
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Coherent Elastic v Nucleus Scattering
(CEVNS)

2017: First observed at the

Spallation Neutron Source
(Oak Ridge National Lab)

COHERENT Coll. Science 357 (2017) 1123
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Physics potential of CEVNS

Freedman, PRD 1974

4+ Standard Model CEVNS cross section: Barranco et al, JHEP 2005

Nuclear form factor

do GiM; MT T\, o5 GEM; MT T
— = 1 - — — — |Q[F, 4 — — —)F 2
dT ~ 4n ( 2E2  E, [ (q )D+ ( * A7)

Axial contribution:
small for most
nuclel, it cancels out
for nuclei with even
sin? Oy ~ 0.23 — neutron contribution number of p and n

dominates

Weak nuclear charge

Qw = [Z(1 — 4sin? by ) — N|

4+ New physics may affect the nuclear form factor, weak nuclear charge or add
new terms to the cross section

Mariam Tértola (IFIC-CSIC/UValencia) 28 Galileo Galilei Institute 2025




Fermion masses in the SM

Dirac mass term

—Lp =mypp =mr +Yr) (WL + Yr) = myrLr + myryr
UL YR

— forbidden: not invariant under SU(2)x U(l) gauge invariance

Higgs mechanism

_£Yukawa — YﬁéwR + h.c. Si?, %YﬁwR

— no R-chiral neutrino state in the SM!

Mariam Tértola (IFIC-CSIC/UValencia) 29 Galileo Galilei Institute 2025



Majorana neutrino mass

R-chiral field from charge conjugation of L-chiral field by (Majorana, 1930)

=YL+ YR =YL + ¢F

v = (Y +YRr)C =Y + ¢ =

Majorana neutrino mass: Y =v=uvp+1¥

1 -
— Ly = im (VSVL —+ ﬁl/f)

— forbidden: not invariant under gauge invariance

— not invariant under global symmetries either
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Neutrino mass in the SM

4+ Since the SM does not contain right-handed neutrinos: a Dirac
mass term as for the rest of fermions is not allowed.

+ The SM only contains one Higgs doublet: no Higgs triplet to build
a Majorana mass term

4 The SM 1s renomalizable and, therefore, dim-5 terms as the
Weinberg operator are not allowed.

Neutrinos are strictly massless in the
Standard Model!
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“For the discovery of neutrino
oscillations, which shows that
neutrinos have mass”
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Dirac neutrino mass term
_ — “sterile” neutrino (singlet under SU(2)xU(1))

4+ 4 components Dirac neutrino: vy, ,Vr, ,Ng, Npg

—Lp =mpvv =mp(VL + Ng)(vr, + Nr) = mp (VL Ng + Ngvy)
4+ Higgs mechanism:

SSB

0 _ v v
)NR—I—h.C. — ™MD = ’/ﬁ

[/Yukawa — Yz/ (7l Z) ( gb_

4+ From » oscillations: M, 2 \/Amgl = 0.05eV —~Y, ~107 1%

much smaller than other Yukawas !!! Ye ™~ 107°
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Minimal seesaw mechanism
MIRAISKSSIONSMIGEANE v — v, - V[ v =y +0f

+ Most general mass term:

1 — 0 m ¢
_ | _ = C D L |

(mp >~ vY,)

| . . - 1, — M 1 0 v
— Diagonalization: 5 (V N ) ( 0 M ) ( N >
N
|"\\.—;"l/l
R>mp: M~ My My ~ Mg Vol
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Weilnberg operator

Effective dim-5 operator for Majorana neutrino mass

A
L3 M(LLHH)

S. Weinberg PRL 43 (1979) 1566
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Seesaw mass models

Type-I seesaw Type-II seesaw Type-IIIl seesaw
(right-handed singlet Ng) (Scalar triplet A) (Fermion triplet 2r)
1 1
T 2 HUA 9 T 2
m, — YN—YNU m,, = YA—U m, — YZ —YE”U
M N g M% My,
Minkovski; Gellman, Ramond, Slansky; Schechter, Valle; Lazarides, Shatfi, Foot, Lew, He, Joshi; ...

Yanagida; Mohapatra, Senjanovic. Wetterich; Cheng, Li; Mohapatra,...
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Low energy seesaw models
_ Mohapatra and Valle, PRD 34 (1986) 1642

Extended lepton content:
(v, (C,/S) L=(+1,-1,+1)

SU(2) singlets

0 Mp O
— T
e ]\{)D ]\ET ]\5 = m, = Mp(MT) " M M

4 1 breaks L and generates neutrino mass (massless for u=0)

4+ m, can be very light even if M is far below GUT scale:

with pu~ keVand M~ 103 GeV - m,~eV
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Radiative models

4 extension of scalar sector of the SM

4+ neutrino masses can be generated through loops

. Zee, NPB 264 (1986) 99;
JA=\=tuqqlele =10 Zee, PLB 93 (1980) 389 Zee-Babu model Babu, PLB 203 (1988) 132

+ singlet scalar h* + singlet scalar ht
+ extra Higgs doublet H + singlet scalar k+*
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The flavour problem

Why quark and lepton mixings are so different?

812 = (1)3200 012 = 34°
~ . ~ QO
913~ 2.4° o =) o
23 = 4. 923 ~ 49

Me <My K< My Moy, Mg <K M, Mg <K Mg, My

= New symmetries can be added to the Standard Model
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