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Neutrinos: Historical Introduction
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1910’s: the f§ decay spectrum is continuous

e 1914: J. Chadwick observes that the electron spectrum is continuous in

nuclear 3 decays A — B + e

3L
, F.A. Scott, Electron energy in
N " Phys.Rev. 48 (1935) 391 two-body decays:
L L
2 2 2
m3 —mp +m
I ! R E(B) — = B = C2
y K 12 It 20 .10° QmA

V (electron volts)

F1G. 5. Energy distribution curve of the beta-rays.

- this result is in contradiction with the hypothesis of energy conservation in
two-body decays

- this remained a mystery for more than 15 years!
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1930’s: the neutrino hypothesis

e 1930 : Wolfgang Pauli postulates
the existence of a new light, neutral,

spin 1/2, and non-interacting particle,
which he calls “neutron”

- such a particle would explain
the observed continuous spectrum

-1t 1s a very hypOthetlcal idea... W. Pauli, Lecture in Copenhagen, 1929
... but which will prove to be correct! CERN PAULI-ARCHIVE-PHO-021-1

e 1932 : James Chadwick discovers a neutral particle, with a mass

similar to the proton mass: the “neutron” (n)
J. Chadwick, Proc. R. Soc. Lond. A136 (1932) 692

- Fermi renames “neutrino” (») Pauli’s neutral particle
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https://royalsocietypublishing.org/doi/10.1098/rspa.1932.0112

1930’s: Fermi’s theory

e 1934: Enrico Fermi gives the first theoretical

description for nuclear f decays

- the electron and the neutrino are not pre-existing ‘
components of the nucleus: a neutron decays into E.Fermi

a proton, an electron, and a (anti-)neutrino (Los Alamos ID card)
(A, Z) - (A, Z+1)+e + 1,
n—p+e —+ U,

- Fermi describes the transition probability in terms of hadronic and leptonic

currents (similarly to quantum electrodynamics)
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1950’s: observation of the neutrino ( I). _.

e 1956: Reines and Cowan observe the
neutrino in inverse f decays

(Savannah River experiment)

Ee+p%n+e+

- anti-neutrinos are produced
in a nuclear reactor

- et annihilation with e gives
two 511 keV photons in

coincidence

- a neutron captured by Cd
gives several delayed
photons (depends on Cd
concentration = calibration)

Reines et.al., Phys. Rev. 117 (1960) 159
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1950’s: observation of the neutrino (IT)
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= confirms the existence of the neutrino  °> - -
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1950-1960’s: the neutrino “flavour”

e 1958: Parity violation

- neutrinos are “left handed” (left polarisation), while anti-neutrinos are

“right handed” = description of the neutrino with spinors

e 1960: u* — e™ + y is not observed
= forbidden decay

- T.D.Lee and C.N.Yang conclude that v, # v,

= need a distinct lepton number .
T.D.Lae C, N, Yang

for each lepton family

e 1962: Schwartz, Lederman and Steinberger

observe the muon neutrino v,

- + +
in the decay zn7 - pu™ +vy,
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1980’s: number of neutrino families

e 1989: the LEP experiments (CERN) show that there are exactly 3 types of light
neutrinos coupling to SM particles
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Phys. Lett. B276 (1992) 247

= this result predicted the existence of the z neutrino (v,), although it had not

been observed yet
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2000: observation of the z neutrino (v,)

e 2000: the DONuT experiment (at Fermilab) observes v_ interactions

with matter = first direct observation

v.+ N—t+ X

SHIELDING

% | ~ 3.5 x 107 protons for 433 v interactions
. Dy ~5% v,

~
EMUTSTON ~~4

TARGET

~

SPECTROMETER

- neutrinos (of all flavours) are produced with 800 GeV protons on a

Tungsten fixed target

- neutrinos are filtered (shielding)
and detected in an emulsion target
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v: signal candic

ates (DONuT)
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https://arxiv.org/abs/hep-ex/0012035

1998: observation of neutrino oscillations

e 1998: Observation of neutrino oscillations at Super-Kamiokande

- Cherenkov detector
- 50’000 tons of pure water
- 39m diameter
- 41m high
- >11’000 photo-multiplier tubes

F. Blanc, Spring 2025
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Super-Kamiokande

View of the photo-multipliers
in the empty volume
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Super-K: event display
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Observation of neutrino oscillations

e Measure the expected rate

sub-gev
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_ this observation is compatible with a v, « v, oscillations

continuous line

cose

u

- allowed range of squared-mass difference (Am?) :
5x107* < Am? < 6 x 107 eV? (@90% C.L.)
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The neutrino in the Standard Model
&

Neutrino mass measurements
in nuclear g decays

F. Blanc, Spring 2025
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Neutrinos in the standard model (SM)

Matter Interactions

Weak interaction

0 - Wi ZO
Electromagnetic
-1 interaction
Y
+2/3
Strong interaction
13 gluon
+ Higgs boson
Electric spin 1/2 spin 1 spin 0
charge (4 anti-particles)

e Neutrinos only interact weakly = small cross-section with matter

= difficult to observe

F. Blanc, Spring 2025 18



The problem of the neutrino mass

e The quark and charged lepton masses are known to be non-zero, but not those of

the neutrinos are set to zero in the Standard Model

e The unique polarisation of the neutrinos suggests that these particles are massless

For massless particles
Boost g

Py (= velocity = ¢), one

< cannot find a boost that

inverts the polarisation

e But the observation of oscillations between the three flavours of neutrinos implies
neutrinos have a non-zero mass

e QQuestions:

= what is the mass of the neutrinos?
= can we observe right-handed neutrinos (or left-handed anti-neutrinos)?

= is the neutrino a Majorana fermion (i.e. the neutrino is its own anti-particle)?

F. Blanc, Spring 2025
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The measurement of the neutrino masses

e Multiple physics processes provide information on the neutrino masses:

- B decays

» direct mass measurement

- double B decay (with 2 neutrinos, f5—2» or “neutrinoless”, S5-0v)

» mass measurement

» allows the distinction between Dirac et Majorana neutrinos

- neutrino oscillations

» measurement of the mass-squared differences: Am122 = (ml)2 — (m2)2

F. Blanc, Spring 2025
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Measurement of m, : # decays (1)

e Principle: determine the neutrino mass from the measured highest

value (“endpoint”) of the electron energy spectrum (T

rel. decay -amplitude

1.0 entire spectrum
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Measurement of m, : B decays (II)

e Electron energy spectrum close to the endpoint:

AN
dE =

(Q—T)\V(Q—T)*—m2

T = Kkinetic energy of the electron

Q = maximum possible value for T'if m, =0

e Experimentally, one measures: m, = Q — T ax

e The fraction of electrons in the interval AT near endpoint is
proportional to (AT/Q)

- maximal sensitivity to m, if Q is small

= choice of tritium (°*H) # decay

H — “He + e~ + 7, Q) = 18.6keV (<K my,)

F. Blanc, Spring 2025 22



Spectrometer: Magnetic bottle

e Principle:

UO
- 3H source 1 - Il — |
- electrostatic energy filter J— J— HV electrodes

E,>E . (AE=4.8¢eV)
s.c. solenoid / \ s.c. solenoid
- electron detector —— —~—

Ta- - detector
source !
ﬁ ]
L A
——
Bs Bmax Bmm BD

adiabatic transformation E; - E
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I

KATRIN

KA (rlsruhe) TRI(thium) N(eutrino)

e Measurement of m(v,) with sensitivity <0.2eV

- large geometric coverage (= size)
- high tritium activity (101! Bq) ; low background rate (<0.1 cps)
e Construction and calibration until 2018

e Two data taking campaigns since 2019
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KATRIN

e Electron based neutrino mass limit (Feb 2022)

e Fmnergy scan near the end-point: —40 < E— E, < 135eV

a
+ Spectrum for KNM1 data with

g 10" - 10 error bars (x50)
(&)
2 | Spectrum for KNM2 data with
©
- 10 error bars (x50)
S 10° -
@]
(@)

\ a— o s

T T 1

107 ! |
50 100

Retarding energy (18,574 eV)

e Fit the end-point spectrum to measure

the end-point energy, E;, and m,
= m,/2 = 0.26 + 0.34eV?

o Limit on m, (electron based):
m < 0.8eV @90% C.L.
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https://www.nature.com/articles/s41567-021-01463-1

Neutrino masses: direct measurements

e eclectron neutrino based

- KATRIN experiment: m(v,) < 0.8 eV/c? n;; m(v,) < 0.8eV ;
m(uﬂ) < 170keV :‘
e muon neutrino based m(vr)< 1- %‘

_ measured in pion decay at rest zT — ,u+vﬂ
- depends on knowledge of pion and muon masses
- limit: m(y,) < 0.17MeV/c?

Assamagan et.al., Phys. Rev. D 53 (1996) 6065
(experiment at PSI)

e tau neutrino based

- measured in tau hadronic decays
- limit: m(z,) < 18.2MeV/c?
ALEPH experiment, Eur. Phys. J. C 2 (1998) 395
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Neutrino mass measurements
in neutrinoless double £ decays

F. Blanc, Spring 2025
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Absolute mass scale: double-£ decay

e Rare decays allowed in the standard model (fp-2v):

(A, 7)) = (A, Z 4+ 2) + 2e + 20,

e If the neutrino is a Majorana fermion, the annihilation of neutrinos is

possible (ff-0v):

(A, Z) = (A, Z + 2) + 2e~

- Leptonic number violation AL=2

e Decay rate

(

7'{)72)_1 = In

- F : nuclear factor (poorly known)

- myy : effective Majorana mass

F. Blanc, Spring 2025
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P decay experimenta

| principle

e All the energy is carried by the electrons
= E(e;) + E(ey) = Qpp

= count number of #f events with total

energy Qp; after subtracting background

e Two complementary techniques:

Source = Detector

TN
Ve N
/ BB2v™
/ \

Arbitrary unit

BBOv

| I

0.0 0.2 0.4 0.6

Source # Detector

(Calorimetry) (Event reconstruction)
high efficiency good background rejection

0.8 1.0
(E1+E2)/Qss

F. Blanc, Spring 2025
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pp decay: experimental determination

e Measured lifetime:

€ - Nnuclei ) tmeas

Ngg

7'1/2 = 1n2-

- N number of nuclei in the source

nucler —

-t = measurement duration

meas

- Ny = number of observed ff decays

- ¢ = efficiency factor

F. Blanc, Spring 2025
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BB-0v decay experiments

Exposure Sensitivity T10/V2 mgg Experiment
(kg x yr)  (x10® yr)  (x10% yr) (eV)
BCa 13.5 1.8x1073 >58x10% <35—22 ELEGANT VI [360]

127.2 18 ( >18 < 0.08 —0.18 GERDA)[357)] -
6Ge Majorana S
26.0 4.8 > 2.7 < 0.20 - 0.43 8%
Demonstrator [361] =
825 5.29 50x 1070 >35x107" <0.31-064  CUPID-0 [362] =
=
967 () () >02x107 <7.2-195 NEMO-3)[367] Z
=
100Mo 1.17 (—) >1.5x 1071 < 0.31 —0.54 CUPID-Mo [364] =
nmoq (o) () >22x1072  <1.0-17 Aurora [367] 3
- 8
128 e (—) (—) > 1.1 x 1072 (—) Arnaboldi et al. [360] = B
+~ O
130 1038.4° 2.8 2.2 0.09 —0.31 CUORE v g
: >22 < (CUORE)(7 CE
oy, POAT 5.6 (>107  <006—017 KamLAND-Zen)[307) ]
234.1 5.0 > 3.5 < 0.09 - 0.29 EXO-200 [368] < g

3
150Nd 0.19 (—) >20x 107 <1.6-5.3 NEMO-3 [369] R
s B
SH  B-endpoint measurement mg < 0.8 KATRIN [304] 5 =
= L

e One experiment claims observation: Heidelberg/Moscow

e NEMO-3 and Cuoricino: had the best limits for many years

F. Blanc, Spring 2025

|= find most recent results in PDG (http:

pdg.lbl.gov)|

arXiv:2111.07586
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http://pdg.lbl.gov

Heidelberg-Moscow: 2/ — Ov results

e Data taking:

- 1990-2003 at Gran Sasso, Italy

e 5 high-purity Germanium crystals

- enriched in 6Ge at 87%
- 10.96 kg of active mass

- Oy = 2039 keV

e Calorimetric technique

- good energy resolution

- poor background rejection

F. Blanc, Spring 2025

Are these /

backgrounds — |

understood?

counts

e HM claims 4.2c evidence for g8-0v

- 1y, = (68 — 418) X 103 yr @ 99.73% C.L.

-m,=(0.24 —0.58)eV @ 99.73% C.L.
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e Controversial result...

2100
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2/ decay: NEMO3J

e Taking data 2003-2011 in Modane (France)

e Source separate from tracking and calorimeter detectors

- good background rejection

- limited efficiency and

energy resolution

..M AE
MTNT 47875

scintillator block

F. Blanc, Spring 2025

FSJ¥ 2RTSWaY

calorimeter

tank containing e
borated water ,’

central tower

magnetic coil

()
Sl

33




NEMQO3J3 detector

Double beta decay

E1 ‘/_*_/ E2
B~ 3 t2

NEMO-3 "camembert" (source top view) g B-

=2/ — Ov
Measured + rejected background
|
|
l Y

* internal At ~ 0 ns * external At >3 ns
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NEMOS3: 56-0v results

() 1OOMO <Qﬂﬂ — 3034 keV)

15 events observed

18.0+0.6 background

events expected
efficiency — 4.7%
exposure = 34.3 kg-yr

NEMO-3 Mo, 6.91 kg, 4.96 y

Data 27051 Evts
1Mo 2vBB

21%B; from ?Rn
External Bkgs
214B; internal
2087} internal
17777 Mo ovpp for
T, ,=4.4x10%y

Events / 0.1 MeV

G

S

=

=

8 MEETE B

o 4.5 5
Eqor(MeV)
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1256keV

é‘&.
%
o
Y "‘.‘I'l. J
\Q !
| AN
Qo 7 / »
| ,
832 keV

50cm X

-1 > 1.1 x10%*yr @ 90% C.L.
- m, < (033 -0.62)eV

[Phys. Rev. D 92, 072011 (2015)]
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BB decay: CUORE

e Data taking since 2017 in Gran Sasso
e TeOs crystals

e Active isotope: 130Te

- abundance = 27.8%
- Qy = 2528keV

e Calorimetric technique

(source = detector)

- bolometric technique:
measure energy as temperature

variation in the medium

- AT/AE ~ 10 — 20 uK/MeV
- good energy resolution (= 5 keV)

- no electron identification

F. Blanc, Spring 2025
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CUORE detector

e TeO2 crystals (742 kg) _ Phys. Rev. C 93, 045503 (2016)
E 3200
' = 3400F Example: signal
e 206 kg active mass Fao from 5615 MeV
: B :_ d -t.
e Cooled to approximately 10 mK > 3800} energy deposition

Ly < eathan
«~—  Weak thermal coupling

Thermometer:

+~— NTD Ge thermistor
R~ 100 MQ

“——_ Absorber Crystal
TeO2 C~10°J/K

Energy release

F. Blanc, Spring 2025
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CUORE: (3-0v results

e TeO2 exposure = 1038.4 kg-yr ; 130Te exposure = 288.8 kg-yr
e Results (limit @90% C.L.): 71 > 2.2 x 102 yr, my; < (0.090 — 0.350) eV

Nature 604, 53-58 (2022)

i 60 Ov
arXiv:2104.0690 Co pb-
o B Base cuts 100 9 Co sum
> B B Base cuts + AC 2
0107 Base cuts + AC + PSD 080 v
> E — Best fit S .
e rC ——— 90% CI limit on T, s o0
= [ — 1 210
Z 10 e w0 Background only fit S 0 N pO
g % | ] 190p 2500 2520 2540 2560
Q - | Energy (keV) I
SIS
= “ ;jym
E | - Ra 1;)R,1 274R
107 &= /| I /\A II/"‘
10—2 1 1 1 I 1 1 1 1 1 1 1 I 1 1 1 I v
1000 4000 5000 6000
Energy (keV)

Figure 4. Physics spectrum for 1038.4 kg-yr of TeO, exposure. We separately show the effects of the base cuts, the
anti-coincidence (AC) cut, and the pulse shape discrimination (PSD). The most prominent background peaks in the spectrum
are highlighted. Top right inset: the ROI after all selection cuts, with the best-fit curve (solid red), the best-fit curve with the
0v BB rate fixed to the 90% CI limit (blue), and background-only fit (black) superimposed.
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https://dx.doi.org/https://doi.org/10.1038/s41586-022-04497-4
https://arxiv.org/abs/2104.06906

2 decay: future experiments

Table 2. High-sensitivity DBD experiments in futures. A:natural abundance. Qgg : @} value for
the 07 —0T and low BG ground state transition. G%”: kinematic (phase space volume) factor
(g4 = 1.25 and R = 1.2 fm Al/3),

isotope A Qpg G Future experiments

(%] [MeV] [1071° y1] experiments
6Ge 7.8  2.039 2.36 GERDA, Majorana Demonstrator
82Se 9.2  2.992 10.2 SuperNEMO, MOON
00Mo 9.6 3.034 15.9 AMoRE, LUMINEU, CUPID, MOON
H16Cq 7.5  2.804 16.7 AURORA COBRA
130T 34.5 2.529 14.2 CUORE
136X e 8.9  2.467 14.6 EXO, KamLAND-Zen, NEXT, Panda X-III
150Nq 5.6  3.368 63.0 SuperNEMO, SON-+, DCBA

e Plans to achieve 112 = 1028 yr

.and m, s 0.01 eV

F. Blanc, Spring 2025

J.D. Vergados, H. Ejiri, F. Simkovic, “Neutrinoless
double beta decay and neutrino mass”, arXiv:1612.02924
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Neutrino mass bounds

1 —
107!
>
(D]
£
~ 1072
£
107
- 99% CL (1 d
104 b . . ...,
107 107 107 10" 1

lightest neutrino mass in eV
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Neutrino mass generation in
the Standard Model
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Status and Questions

e Known facts:

- neutrinos oscillate
- (at least 2) neutrinos have masses

- neutrino masses are tiny relative to other standard model fermions
(m, < 1eV)

e (Questions:

- how is the neutrino mass generated? » seesaw
mechanism

- how can we explain it is so small?

- is the neutrino mass hierarchy normal or inverted?

»current + future
experiments

» next generation
experiments

- is CP comnserved in the neutrino sector?

F. Blanc, Spring 2025



(zeneration of mass: seesaw mechanism

e Within each family, the masses 10

differ by 102 or less
e Neutrinos (m < 1072 GeV)

=T 10°E
: : > 10E
increase the differences by 3
: %10
several orders of magnitude ’
e A natural explanation for the £!0
5
o,

light neutrino mass is provided 10-2;

by the seesaw mechanism

F. Blanc, Spring 2025
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Masses 1n the standard model

e The SM lagrangian satisfies the SU(3)xSU(2)1,xU(1) symmetry

e But mass terms break the SU(2)r,xU(1) symmetry
—pp = —m(YrYL + YLYR)

e (Generate mass with the Higgs mechanism

introduce a doublet scalar Higgs field &

couple to fermions with —y@; QﬂD

the potential is minimum at qﬁ — 7é (0

the Yukawa term becomes —yvzzw

and we identify the mass of the fermion field as 1, ~ Yv

F. Blanc, Spring 2025
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Consequences of the Higgs mechanism

e Physical states are mass eigenstates y’

e Interactions act on flavour eigenstates y # vy’

>

= mass eigenstates are superpositions )

of flavour states

= this offers a possibility for “mixing” between

flavour eigenstates

e Mixing observed in neutral mesons:

KK D'« D', B« B

.. and among neutrinos

= therefore neutrinos must be massive to allow mixing!
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Introducing a ¥ mass

e Option 1: (if v is a Dirac particle)
- introduce a right-handed neutrino v and define the mass like for the other
fermions (e.g. quarks) : —MVV
- problems:

- U must be “sterile”, i.e. it does not interact, to be consistent with experiments

= no theoretical motivation .

- the mass is set by hand to a value un-natural (= fine tuning) to the other

members of the corresponding family .

e Option 2: (if v is a Majorana particle; vR=ver, )
. . L/ _c _ _c
- mass term in the Lagrangian : —7 (I/LVL -+ VLVL)
- consequences:

- a sterile neutrino is not necessary @

- the problem of mass hierarchy is still present .

F. Blanc, Spring 2025
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Dirac-Majorana mass term

e Option 3:

- combine Dirac and Majorana mass terms

— — mr ,_ _ mpepr  _ _
—mp(Vrvy + VLVR)|— - (Dfvp +vpvi)|— o (VLVR + VRVER)
Dirac term Majorana Left term Majorana Right term

- Dirac mass from Higgs mechanism = my ~ v ~ 100 GeV

- my = 0 in the SM, but could be set to m; < my,

- no constraint on myp from SM

_ can be set to GUT scale: mp ~ 10 — 101 GeV

- Remark: can be generalised to multiple families = m;;
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Dirac-Majorana mass term

e Lagrangian mass term can be rewritten as:

| _ my MmMp vy,
— ¢ 1/ c —|—hC
(7w (o ) ()

e Consequences:
- m,~ 10*/10* = 0.1eV

= small » mass is generated naturally

Seesaw mechanism

- v is an effective Majorana particle
- hierarchy problem is solved! .

- (quasi-) Lepton number conserved at low energies .

F. Blanc, Spring 2025

e Diagonalisation (with mi=0; mp<mg) gives
Loy mo [ Gme 0 (v
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Neutrino mass: summary

e We started with:

- m, = 0; y; only; Lepton number conserved

e We now have a better description of experimental data with:
-m, > 0; vy and vg;

- lepton number violation (but near conservation at low energy)

e Our understanding suggests that the small » mass is a consequence of

physics at very high energy (seesaw mechanism)

e Better understanding will come from experiments:

- oscillations; CP violation?; Majorana vs. Dirac; AL # 0 processes

- cosmic neutrinos...

F. Blanc, Spring 2025
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Cosmic neutrinos
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Cosmic neutrinos

1018_ ] T T T T T I T T T T T | T T T T T I T T T T T |
e Atmospheric neutrinos Jo2f
) < 5 § Solar (thermal) Solar (nuclear) =
e Solar neutrinos o 10 E
g 1005 BBN (n) | ,~-T/Reactors é
e Neutrinos from PN - P Ge°"e”t”“°s./i\ E
o, 107F BBN (°H) DSNB = ~ :
© E ~ =
SuperNovae (SN) X 1072 > _Atmospheric ;
Ultra-high A ‘ :
o —_ - = - s -
ra; lg energy % 10_24 E N \lce((:zu(g)1e7()jata E
(UHE) neutrinos % g0 Rev. Mod. Phys. 92 (2020) 045006, arXiv:1910.11878 ¢ E
i Cosmogenic—=">. 3
10—36‘ | 1 1 | 1 1 | 1 1 | 1 1 | 1 1 1 1 1 | 1 1 | 1 1 A
107° 1072 10° 103 10° 10° 102 10" 108

Energy E [eV]

Figure 1: Neutrino sources and corresponding energies and fluxes on Earth, taken from Ref. [1].
The abbreviations are Big Bang Nucleosynthesis (BBN), Cosmic Neutrino Background (CNB) and
DSNB (Diffuse Supernova Neutrino Background). Nuclear solar neutrinos are produced by pp and
CNO cycles, thermal solar neutrinos are produced from processes like bremsstrahlung or plasmon
decay. See later sections for more on the various neutrino sources.

arXiv: 2111.07586

VSN
Vsolar —> Yatm VUHE
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1. Atmospheric neutrinos

e Cosmic rays interact in the high atmosphere

and produce neutrinos

- v, and v, in ratio 1:2
e Useful for neutrino oscillation measurements

e Observed in all neutrino experiments

e Background to UHE neutrino studies

F. Blanc, Spring 2025
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Upward vs. downward

e Upward “beam” is a clean neutrino source

e Downward beam is polluted with muons
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2. Solar neutrinos

e Neutrinos of a few MeV are produced in fusion processes inside stars

- neutrino production
dominated by the pp

chain (see next slides)

e Neutrinos emitted by
the Sun are clearly
visible in earth-bound

detectors

e Neutrino small
cross-section
= probe the Sun’s

Inner structure

F. Blanc, Spring 2025
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http://apod.nasa.gov/apod/ap980605.html

Solar neutrinos: pp chain

99.77 %

| pript—=-TT e"@

h 4

0,23 %

h 4

pep
prte- 1)+—>le

105 %

“H+p*—=-*He+ v

o

115.08 %

4p+2¢” — ‘He+20,+ 0 ‘ *He+*He— "Be+t 7

Be

| 99.5%

‘He+pt— 'He +¢+é"e )

[0,1%

Bele—TLi(v,

Betp =B 7y

84,92 % |

I

Net reaction:

4p +2e~ — ‘He+2uv,+ Q
0 = 26.7MeV
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Solar neutrino energy spectrum

e v flux dominated by pp chain:

- Flux on Earth ~ 6x 101%cm=2s!

e Deficit of neutrinos detected relative to prediction of the
Solar Standard Model (SSM)

- Understood now as
being due to »

oscillations

e Confront SSM with:

- neutrino flux

- helio-seismology

= strong constraints

on Sun inner structure

F. Blanc, Spring 2025
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Solar neutrino experiments (I)

A.Chlorine
- Principle: Ve + STC1 — 37 Ar +e
- Eihreshold = 0.814MeV (= sensitive to SB)

- 37Ar detected by “radiochemical” methods: proportional chambers count Auger e

produced in e -capture process (t=35day)

- Homestake (1970-1994): 1st observation of Solar neutrinos, with 1/3 of the
expected rate...

B.Gallium

- Principle: Ve + 1 Ga — 71Ge +e

- Eihreshold = 0.233MeV (= sensitive to all sources)

- "1Ge extracted chemically, and decay to "1Ga measured

~ Gallex/GNO (1991-1997), SAGE (1990-)

e All observed a deficit of Solar neutrinos (30% — 80% of expectation)

F. Blanc, Spring 2025
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Solar neutrino experiments (I1)

PROTECTING ROCK L
Both electron neutrinos

2100 m

C.Water Cherenkov detectors:

alone and all three types of
neutrinos together give sig-
nals in the heavy water tank.

- (Super-)Kamiokande

- Ethreshold = 4.7MeV

. CHERENKOV
RADIATION

- SNO:

99.92% pure D20

reactions: e o

L Lol

CC: Ve_l_d_>p_|_p_|_6_ WATER
NG yo+d—=>p+n+tvy, , a=e, u, T

NC equally sensitive to all » flavours

gamma detected in n + d — 3H + 7(625 MeV)
- Ethreshold =2.2MeV

- deficit seen in CC processes, but no deficit seen in NC processes

= comnsistent with v, - v,,v, oscillations!

M?
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3. SuperNovae neutrinos

e v produced and ejected in star’s core collapse

- e.g. SN type II (8-60 solar masses):

- Iron core of star (a)
reaches Chandrasekhar
o mass and collapses (b)
= - - Inner part compresses
~— N into a degenerate
—~~ SN
3 neutron (fermionic) gas
through e capture (c),
on which the in-falling b
material bounce (d)
— © - A shock wave is
o1 & ] :
] S generated, in which
= L; neutrinos are u
produced (e)

d e f
e Neutrinos produced in following cycle during collapse:

@pﬂte_%n & (n—pte” @ B, =10 — 40MeV
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SuperNovae SN1987A

e 24 February 1987, in the Large Magellanic Cloud (=50 kpc)

e Observed in 3 neutrino detectors:

- Kamiokande (Japan)

- IMB (USA)
- Baksan (Russia) Energy and arrival time
- evolution at Kamiokande
- ;Energy(MeV)
‘. ‘- .‘«l‘ ..'.‘.'.";,: 30 I
20 ~; o..

INWIIDO0UF & e
; e 10 - Background °

s smssnnssnnnnnnnnnnnnn Y e o~
a v 3 o L < <
o Q ™
- °©
[ | l
" 1 ' 1 1 Jr 1 L 1 L i
-60 -30 0 30 60
ime (second)
L e
) Angic-Austral an Obsarvetary /Davic Malin Images. » ‘.'
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Supernova 1987A « November 28, 2003

Hubble Space Telescopa « ACS g
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SN1987A: constraints on neutrino physics

e Mass:
- Model-independent limit m(v,) < 30eV

- Model-dependent limit: m(v,) < 5.7eV
|[Phys. Rev. D 65 (2002) 063002]

- mixing = valid for all » species

* Llfetlme Keminkarda
no decay over 50 kpc 0- |9 et
@
= (v,) > 1.6 X 10°(m,/E,) yr |
30 -

e Electric charge:

—_—

ecgy (Mev)

- the galactic magnetic field 20 - A
increases the path length of | [
charged particles = higher time ol
spread due to £ spectrum
_17 CERN Courier, Jan 30, 2007
= Q(l/e) < 10 c 0— T T ; T
C 2 Pl £ 8 1c

time [3)
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4. High-energy astroparticles

e In general, violent events are source of high-energy particles:
- Active Galactic Nuclei (AGN)
- Associated to Gamma Ray Bursts

- Intergalactic shock waves

Ambient photor
ar synchrotron
phataon

Core of Galaxy NGC 426l
Hubble Space Telescope

Wide Field / Planstacy Cormwra

LY

Ground Baced Cpbcal/Macio mage 5T mapge of 8 Gaz and Dust Diak

| — ]
300 Arc Seconds |7 Arc Secancs
8000 WGHWEARS «C0 LICHT™EARS
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Ultra High Energy neutrinos

e Astroparticle energy spectrum =~ E~>7

e At E < 10" eV, protons bend in the galactic

magnetic field and loose memory of direction

o “GZK” cutoft when charged particles interact
with Cosmic Microwave Background (CMB)

p+yomB — AT > n+a"
= ut+, — (ef ++@) +@

— production of “GZK neutrinos” at

energies ~ 101® — 10?eV

e UHE neutrinos:

- oscillations = all flavours reach Earth

- not affected by GZK cutoft

- point to source

F. Blanc, Spring 2025
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Neutrino telescopes

e Principle:

- detect Cherenkov light emitted by u* and e* produced in neutrino

interactions with matter

- placed in deep water or deep ice p?g;e;tt?ers Ve 127
direction poor
e Past, current and future experiments:
energy poor
- AMANDA (1997-2003), at South Pole

- Baikal /NT200, Russia
- ANTARES, Mediterranean Sea
(— IceCube, South Pole J
- | KM2NET (ANTARES+NESTOR+NEMO) |

F. Blanc, Spring 2025
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http://antares.in2p3.fr/
Antares

e Located 2400m deep, near Toulon, France
e 12 cables x 25 optical modules

e 900 photomultipliers -

Shore station B==

F Y
Optical module
Top buoy ] hone R
~ 60 m ~ o V( mp 10N¢ (..‘onllpass,
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Event propagation

Cherenkov light
f .
-,

Record propagation time of

the Cherenkov wave front

= reconstruct muon direction

and momentum

D ——— " e o e e i

e —— e L

D Fravgus b d el
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Observations of highest energy neutrino

e On 12 February 2025, the KM3NeT' collaboration announced the
observation of a neutrino of energy 2.21?} x 1017 eV

Article
Observation of an ultra-high-energy cosmic Nature 638, 376-382 (2025)
neutrino with KM3NeT
il 50w . b — 1,800
§ I 19 il i r I ;2 N r o | - 1,600
| X ! i y L 1,400
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/ssamgslncl 6 DeepCore strings

60 optical sensors on each string

Ice Cube

IceT:

3 80 each with
=y B IceTop Cherenkov detector tanks

2 optical sensors per tank

320 optical sensors

2010: 79 strings in operation

2011: Project completion, 86 strings

IceCube A

5160 optical sensors
___— AMANDA

360 optical sensors

Eiffel Tower
& | 324 m

DeepCore N
/B strings-spacing optimized for lower energies

Cable Penetrator Assembly

High Voltage Generator &
Digital Control Assembly

Mu-Metal Magnetic
Shield Cage

Glass Pressure /

Sphere

-7

PMT High Voltage Base Board

LED

Flasher Board

Main board

Delay board

PMT
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IceCube

e 4200 optical modules on 86 “strings”

e 2450m long strings, separated by 125m

- optical modules at depths
1450 — 2450m (“Inlce”)

e 320 surface (“IceTop”) optical module to

identify air showers

e data taken with 22 (IC-22), 40 (IC-40),
and 79 (IC-79) strings

F. Blanc, Spring 2025
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No significant clustering

IceCube sky survey

arXiv: 2111.07586

TXS 0506+056

° ®  best-fit direction IC170922A
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Arrival directions of most energetic neutrino events
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Figure 14: The current sky map of highly energetic neutrino events detected by IceCube. Shown are
upgoing track events [130,187], the high-energy starting events (HESE) and cascades [161,188,189],
and additional track events published as public alerts [190]. The distribution of the events is largely
isotropic. The location of the first compelling neutrino source, blazar TXS 05064056, is marked
with a star. Shown in the inset are the related Fermi Large Area Telescope (LAT) measurements
of the region centred on TXS 0506+056 from September 2017 [118]. The uncertainty ellipses of the
IceCube neutrino event IC-170922A are shown for reference.

e Analysis of extra-terrestrial neutrinos

- reject atmospheric neutrinos and search for point sources

e A few candidate clusters to be associated with known sources

- but no statistically significant cluster

- a transient source has been observed (in conjunction with y-ray flare from a
Blazar) [Science 361 (2018) 147]
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IceCube search for GZK neutrinos
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