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https://arxiv.org/search/hep-ex?searchtype=author&query=Formaggio%2C+J
https://arxiv.org/search/hep-ex?searchtype=author&query=Zeller%2C+G

A little (and 1ncomplete) history

1895 1896-1900 1905
4 4 4

Rontgen Discovery of B,a, v Einstein:
radioactivity photoelectric effect
explanation

Discovery of X-ray
(Marie e Pierre

Curie , Becquerel,
Rutherford)

Max Planck suggests
that radiation

Thomson manifests itself in
Discovery of electron discrete quantities
1897 1900

NG NG

1928

4 Paul Dirac unify
quantum mechanics
and special relativity
to describe the
electron

Atomic model from
Rutherford and from
Bohr

Einstein: General
Relativity Theory

1911-1913-1915
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A little (and 1ncomplete) history

Tritium

e t+e

: E decai >

Helium-3

n - p te

—+ o

electron

Eventi

1914 Chadwick
1927 Ellis & Wooster

Energia attesa

Energia dell'elettrone emesso

Conservations

- Electric charge (ok)
- Energy (?)

- Spin (?)
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A little (and 1ncomplete) history

Physics Institute Ziirich, Dec. 4, 1930
of the ETH Gloriastrasse
Zirich

Dear Radioactive Ladies and Gentlemen,

As the bearer of these lines, to whom I graciously ask you to listen, will explain to you in more detail, because of the
"wrong" statistics of the N- and Li-6 nuclei and the continuous beta spectrum, I have hit upon a desperate remedy to save the
"exchange theorem" (1) of statistics and the law of conservation of energy. Namely, the possibility that in the nuclei there could
exist electrically neutral particles, which I will call neutrons, that have spin 1/2 and obey the exclusion principle and that further
differ from light quanta in that they do not travel with the velocity of light. The mass of the neutrons should be of the same order
of magnitude as the electron mass and in any event not larger than 0.01 proton mass. - The continuous beta spectrum would then
make sense with the assumption that in beta decay, in addition to the electron, a neutron is emitted such that the sum of the
energies of neutron and electron is constant.

But so far I do not dare to publish anything about this idea, and trustfully turn first to you, dear radioactive people, with
the question of how likely it is to find experimental evidence for such a neutron if it would have the same or perhaps a 10 times
larger ability to get through [material] than a gamma-ray.

I admit that my remedy may seem almost improbable because one probably would have seen those neutrons, if they exist,
for a long time. But nothing ventured, nothing gained, and the seriousness of the situation, due to the continuous structure of the
beta spectrum, is illuminated by a remark of my honored predecessor, Mr Debye, who told me recently in Bruxelles: "Oh, It's
better not to think about this at all, like new taxes." Therefore one should seriously discuss every way of rescue. Thus, dear
radioactive people, scrutinize and judge. - Unfortunately, I cannot personally appear in Tiibingen since I am indispensable here
in Ziirich because of a ball on the night from December 6 to 7. With my best regards to you, and also to Mr. Back, your humble
servant
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A little (and 1ncomplete) history

1932 1934 1947

Chadwick discover the Yukawa’s theory of B. Pontecorvo proposes
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Fermi’s theory of B-decay

k o p n—pt+e + 0,

A1) p(Ey)

27
Ppi= =]

Y
”... their mass can not be very much more than the electron mass. In order to distinguish them from heavy
neutrons, mister Fermi has proposed to name them “neutrinos”. It is possible that the proper

mass of neutrinos be zero... It seems to me plausible that neutrinos have a spin 1/2... We know nothing
about the interaction of neutrinos with the other particles of matter and with photons.”

W. Pauli (International Solvay Conference, 1933)
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Bethe-Peierls (1934): calculate the neutrino cross section using Ferm1’s theory:

o~ 10-4cm?2, E(v)= 2MeV




How to detect a neutrino
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“there is not practically possible way of detecting a

neutrino”
Bethe and Peierls
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“there is not practically possible way of detecting a

neutrino”
Bethe and Peierls

“I have done something very
bad today by proposing a
particle that cannot be
detected; it i1s something no
theorist should ever do...”
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“there is not practically possible way of detecting a

neutrino”
Bethe and Peierls

“I have done something very
bad today by proposing a
particle that cannot be
detected; it i1s something no
theorist should ever do...”
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1956: Reines e Cowan... discovery of the neutrino




How do you detect a particle impossible to be detected?
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How do you detect a particle impossible to be detected?
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How do you detect a particle impossible to be detected?
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How do you detect a particle impossible to be detected?
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Reines and Cowan experiment, 1956

1956: Savannah River Experiment

Tanks I, I, and I1I were -
filled with liquid scintillator and :
instrumented with 5” PMTs.

Target tanks (blue) were filled I
with water+cadmium chloride. 5=

Inverse B decay would produce two —
signals in neighboring tanks (LII or ILIII):
- prompt signal from e+ annihilation producing two 0.511 MeV ys
- delayed signal from n capture on cadmium producing 9 MeV in ys

Delayed coincidence
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More and more new particles!
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“If | could remember the names of all these particles,
| would have been a botanist!”

E. Fermi




v, discovery

Pontecorvo 1n 1957 proposes that the neutrino
accompanying the p 1it’s different from that of the
beta-decay
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v, discovery

Pontecorvo 1n 1957 proposes that the neutrino
accompanying the p 1it’s different from that of the
beta-decay
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Discovery of v,

¥ &3 1962
z @ ‘ ﬁ @Brookhaven National
“ Laboratory
, Nobel Prize in 1988
Lederman Schwartz Steinberger
pbroton proton accelerator TR ——:'
eam  target (72 G

——

detector -

pi-meson : steel shield spark chamber
p + N — J-E+, K+ beam 7 ~ : P
.
AN :
The accelerator, the neutrino e
+ beam and the detector . Tl o,
» M Part of the circular accelerator in

Brookhaven, in which the protons
were accelerated. The pi-mesons (1),
which were produced in the proton
collisions with the target, dea;hinto concrete
muons (j1) and neutrinos (;r). e 13 =
m thick steel shicld stops all the

particles except the penetrati

neutrinos. A very small fraction of the

neutrinos react in the detector and

give rise to muons, which are then

observed in the spark chamber.

Hased on a drawing In Sclentific Amerkcan,
March 1963
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A little (and 1ncomplete) history

1967 1974 1977
Glashow- Jhy (c?)

Weinberg-Salam _ v dB.O‘ctom quark
Standard Model discovery 1scovery

(SM) + Higgs
mechanism (1964)

Discovery of neutral Dsicovery of ©

lepton (M. Perl
gl;;gesseue epton ( er) Discovery of W+ and
exp.@CERN (m.= 3500 m,) 70 bosons
1973 1976 1983
1990 2000
LEP: only 3 v v_discovery
generations
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Top quark discovery Higgs boson discovery

1995 2012




Neutrinos 1n the SM

Neutrinos are neutral, massless fermions. They interact with quarks and leptons via weak
interactions. Only left-handed neutrinos or right-handed anti-neutrinos exist.

Charged currents (CIC) Neutral currents (NC)
v

Vl > > > M
. .

Lepton Number () =1 fore, w, T, v, v

w Ve

L = -1 for antiparticles

Lepton Number (L) is conserved.
Family lepton numbers (L) are conserved.

<
N
S
N
o
g
sq
o
—i
©
A
IS
S
<
QO
N
O
Z
A
-
—
<
+~
™
—
o
=
~
o
=
A
Z




Neverthless...

1957 Pontecorvo’s hypothesis of netrino oscillation:

Source Detector

[;/v%o TTo hwex opdo

Oscillation are possible only if flavor eigenstates (v,, o=e,u,t) do not coincide with mass eigenstates
(v;, J=1,2...n) and if the neutrino mass is not null.

( )
Ve Uy Up Up U
Vil=1|VUa Uyp Upfx|n2 lv) = X Us
j

v
Ui Usy Usz) \73

ij> l=e,urz

T

\
.\» Pontecorvo-Maki-Nakagawa-Sakata matrix
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“Although what is written above
1s at best extremely rough and at
worst entirely wrong..."

N. D1 Marco - 13th IDPASC School - Palermo 2024
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A little (and 1ncomplete) history

...of neutrino oscillation theory

1962 Maki, Nakagawa, and Sakata considered for the first time a model with the mixing of different
neutrino flavors

1967 Pontecorvo predicted the Solar Neutrino Problem as a consequence of v, = v, (or v, = Vi)

transitions even before the first measurement of the solar electron neutrino flux in the
Homestake experiment

1967 Pioneering solar neutrino experiment by Davis and collaborators at Homestake using 615 ton
of tetrachlorethylene and measuring 2/3 of vs expectcd from the Sun

1969 Gribov and Pontecorvo discussed solar neutrino oscillations due to neutrino mixing

The standard theory of neutrino oscillations in the plane-wave approximation was developed in 1975-76
by:
= Eliezer and Swift [S. Eliezer and A. R. Swift, Nucl. Phys., B105, 45, 1976]
= Fritzsch and Minkowski [H. Fritzsch and P. Minkowski, Phys. Lett., B62, 72, 1976],
= Bilenky and Pontecorvo [S. M. Bilenky and B. Pontecorvo, Sov. J. Nucl. Phys., 24, 316-319, 1976,
S. M. Bilenky and B. Pontecorvo, Nuovo Cim. Lett., 17, 569, 1976]

>~ and elegantly reviewed by Bilenky and Pontecorvo in 1978

[S. M. Bilenky and B. Pontecorvo, Phys. Rep., 41, 225, 1978]
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(Nobel) Prize game

* 1988 Lederman, Schwartz and Steinberger awarded the
Physics Nobel Prize for the discovery of the muon neutrino.

° 1995 Frederick Reines and Martin Perl share the Physics Nobel
Prize for discovery of electron neutrinos (and observation of
supernove neutrinos) and the tau lepton, respectively.

* 2002 Masatoshi Koshiba and Raymond Davis win Nobel Prize
for measuring solar neutrinos (as well as supernova neutrinos).

* 2015 Arthur McDonald, Takaaki Kajita for the discovery of
neutrino oscillations, which shows that neutrinos have mass
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So neutrinos are massive and mixed.
But in the SM this is not the case...




Neutrino oscillations

Neutrinos v, with flavor a = e, u, T are producedin charged-current (CC) weak interaction processes

from a charged lepton ¢, (i.e. £, — v, transitions) or together with a charged antilepton 7 (i.e.
creation of a £, v_pair)

a’ "a

CC g . .
°%I(,L )= - W5 (]I[/)V,LW,O T .7512}4 WpT ) Charged-current leptonic interaction Lagrangian
jxev,L = 2 Z VoL 7Y Plar =2 S‘ Y ak VkL ’Yp Cor Leptonic charged current
=€, u, T a=e,U,T k
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valid both in the case of Dirac or Majorana massive neutrinos




Neutrino oscillations

| Va Z ok ’ Vk Flavor state

. Decomposition in terms of the

massive neutrino contribution

The number of active flavor neutrinos is three

The number of massive neutrinos must be > 3.

If the number of massive neutrinos is greater than three, the additional neutrinos in the flavor basis
are sterile, 1.e. they do not participate in weak interactions (i.e. sterile neutrinos interact with
ordinary matter only through gravitational interactions or exotic interactions beyond those in the
SM)

Transitions of active flavor neutrinos into sterile ones can be observed only through the
disappearance of active neutrinos
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Neutrino oscillations

‘I/Oé> — Z U:)kzk |V/€> Flavor state

L E, = ﬁQ —+ m? Hamiltonian eigenvalues
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L, |Vk (t)> — o bkt |Vk> neutrino states evolve in time as
plane waves




Neutrino oscillations
V6 (1) Z R ) Flavor state

UlU=1 < Y UiUas =6 ve) = > Uak [Va)

- The superposition of massive neutrino states |v.(t)>,
Vo (t)) S‘ Y ap€ Uk | lvs) | which is the pure flavor state given t = 0, becomes a
p=epT superposition of different flavor states att >0

Aya —vg (t) = <V5 ‘ Va E U (’; e e Bkt Amplitude of v, —V; transitions vs time
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2 . «  —i(Br—F. . -
Py, v, (t) = ‘Aya_mﬁ (t)| = Z Uar Uk Uaj Ugj € Bk =Byt Transition probability




Neutrino oscillations

2
For ultrarelativistic neutrinos E.~FE + my . ,-\
2

2 2
Amy,; = mj —m;
Am?. b= |Z_5|

B — By = 2Ekj \J
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. ) ‘ Am%jL\
ak Upk Uaj Ugl exp —zT [1]
Amplitude of v oscillations Phase of v oscillations

Note: the quartic products do not depend on the specific parameterization of the mixing matrix and
on the choice of phases. In fact, the quartic products in eqn (1) are invariant under the rephasing
transformation {7, — e [J, e'®*




Neutrino oscillations

Mixing matrix parametrization:
3 angles (9, 9,3, 9;3), 1 CP-violating phase (6,3), 2 Majorana CP-violating phases (4, )

U=UP pM

C12€13 $12€13 GRS S, = Sind,
D _ 5 6
U~ = | —s12023 — €12523513€"°3  C12C23 — 512823513€"°13 $23C13
g 5
$12823 — C12C23513€"°'%  —C12823 — S12C23513€'°'®  C23C13 0<9,< n/2
. . : : . 0<L06.<L2rx
DM = dlzw;(e“‘1 ,ethz ez’\?’) ., with A\ =0 = 13 =
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NOTE: Majorana phases cannot be measured in neutrino oscillation
11D _iXg experiments. Neutrino oscillations are independent of the Majorana
UOék - Uak = phases, which are always factorized in a diagonal matrix on the right of
the mixing matrix. In particular, CP and T violations In neutrino

oscillations depend only on the Dirac phases.




Neutrino oscillations

aFp Transition probability

Am? . L
Pro—vy (L, E) = 0ap —4 ) Re[Usy Upr, Uaj Uj;] sin® ( - )

' 1E
k>j
Am3 L
* * . J
J

= f  Survival probability
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Neutrino oscillations

Antineutrino case

aFp Transition probability

Am? . L
* * - 2 k
Ppa_@B(L,E):dxg—ll;?Re[Uak ngUaj Uﬁj] S111 ( 4Ej )
J

Am?. L
_2Z%m[U;kU6kUaj Ugj] Sin< 223 )

k>j
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Neutrino oscillations

Physical neutrinos and antineutrinos are related by a CP transformation which interchanges neutrinos
with antineutrinos and reverses the helicity (in the case of Majorana neutrinos, where the C transformation
coincides with the identity, it is conventional to call neutrinos the states with negative helicity and
antineutrinos the states with positive helicity)

CP _
Voo < Vo

A T transformation interchanges the initial and final states:
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T
Vo = Vg —— Vg — Vg

CPT transformation: A

I} CP
CPT _ _ CPT
VQHVIB — I/IB_>Va Vﬁ—>V@< CPT >Da_>pﬁ

CP T

\%




Neutrino oscillations

The oscillation probabilities of neutrinos and antineutrinos differ only in the sign of the terms
depending on the imaginary parts of the quartic products of the elements of the mixing matrix. Thus, only
these terms contribute to the CP asymmetry, leading to

[ Ami. L
ASH(L,E) =4 " Sm[U%, Ugk Ua; U] sin Q—EJ

k>j

CP asymmetry can be measured only in the transitions between different flavors, since, for a = f,
the imaginary parts in the above equation vanish.

If CPT 1s a symmetry of nature, the violation of CP symmetry implies the violation of T symmetry. In
neutrino oscillation experiments it 1s possible to observe T violations by measuring the T asymmetries of
neutrinos and antineutrinos
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Neutrino oscillations

Two-neutrino mixing

AmzL)

—sind  cosv 4F

U = ( cos v Sim9> P, _v,(L,E) = sin® 20 Sin2<

Am?[eV?] L[m] .
i : 2 hd 2 )
Py, —v; (L, E) =sin” 29 sin (1.27 EMeV] ) |

Am?[eV?] L[km] ) g
E|[GeV]

—sin® 20 sin? (1.27
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Neutrino Oscillation Experiments

* Appearance * Sensitivity: since the value of Am?2 is fixed by nature, different experiments
can be designed in order to be sensitive to different values of Am,, by
* Disappearance choosing appropriate values of the ratio L/E.

Am?L
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2
Type of experiment L E sen?iTtriLvi ty
Reactor SBL ~ 10m ~ 1 MeV ~0.1eV?
Accelerator SBL (Pion DIF) ~ 1km 2> 1GeV > 1eV?
Accelerator SBL (Muon DAR) ~ 10m ~ 10 MeV ~ leV?
Accelerator SBLL (Beam Dump)  ~ 1km ~102GeV  ~ 10%eV?
Reactor LBL ~ 1km ~ 1 MeV ~ 1073 eV?
Accelerator LBL ~10°km  >1GeV > 10" 3%eV?
ATM 20-10*km  0.5-102GeV  ~ 107%eV?
Reactor VLB ~10°km  ~1MeV  ~107%eV?
Accelerator VLB ~10*km  >1GeV > 10%eV?

SOL ~10%km 0.2-15MeV ~ 107 12eV?




N. of #neutrino# papers in the last 45 years (1978-2023) from [ NSP IR [
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Neutrino oscillations

Vitagliano, Tamborra, Raffelt, arXiv: 1910.11878

1018 ] I I I I I | I I I | I | I I I | I | I I I 1 I | - §
= - N
— 3 o
12F = £
10 E - ks
- = Solar (thermal) Solar (nuclear) ] 5
) : E E
= . - ©
£ 4pof s Reactors E <
— ' . 0))]
T = Geoneutrinos™ V\ - O
o 10°F - E =
— - DSNB - ~ - &
.2- 10_12 s N N . E z
5 - JAtmospheric . =
o — . —
-18 £ N = :
g 10 E \ . 8
S 04k » \IceCube data 3 =
2 @1 -
10730 é pS N é .

- Cosmogenic—=_>. 3

10—36 | ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] .

1076 1073 10° 103 10° 10° 102 10" 1078

Energy E [eV]




Neutrino oscillations

Mixing matrix parametrization:
3 angles (9,,, 953, 913), 1 CP-violating phase (6;3)

I O 0 ci3 O e_i5813 ci2 s;2 0
U=|0 c3 231l 0 1 o ||-s;2 cip O
0 —sp3 cp3)|-eids;3 0  cq3 0 0 1
Atmo v, LBL accelator v SBL reactor v Solar v, LBL reactor v
Type of experiment L E selﬁ‘i:'ilji ty
Reactor SBL ~ 10m ~ 1 MeV ~0.1eV?
Accelerator SBL (Pion DIF) ~ 1km 2 1GeV >1eV?

Accelerator SBL (Muon DAR) ~ 10m ~ 10 MeV ~leV?
Accelerator SBL (Beam Dump)  ~ 1km ~102GeV  ~ 10%eV?

Reactor LBL ~ 1km ~ 1MeV ~ 1073 eV?
Accelerator LBL ~ 10% km 2 1GeV > 1073 eV?
ATM 20-10*km  0.5-10>GeV  ~ 10~ *eV?
Reactor VLB ~10°km  ~1MeV — ~107%eV?
Accelerator VLB ~10*km > 1GeV >10"4eV?

SOL ~ 101 km 0.2-15MeV  ~ 107 12eV?
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Outline

Introduction
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Solar v

I

Atmospheric v

Accelerator v
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Thermonuclear energy production

Thermonuclear reactions release energy because the total mass of a nucleus is less than the total mass of the
constituent nucleons

m(A,Z) = Zm, + (A — Z)m,— B(AZ) ,

-

The Sun 1s powered by the two groups of thermonuclear reactions known as the pp chain and the CNO cycle,
the result of both 1s the conversion of 4 protons and 2 electrons into a 4He nucleus plus two electron neutrinos

- Binding energy

4p +2¢~ =+ 4He + 2 v, + Q

L» Q-value

Q =4mp + 2me - myy, = B(4, 2) + 2me - 2 (mn - m,) = 26.731MeV
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This energy is released in the form of photons or kinetic energy of the neutrinos




Thermonuclear energy production

P— W—

(pp) |p+p—"H+e" + v p+e +p—*H+v. | (pep)

99.6% \\’//IM% 204y BN+, o BN BO L et L, (13N)
A

*H+p— *He + 1

y

Y

BN +p — 2C + ‘He @ BC+p—UN+4
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3He + *He — "Be + 4 T ;
0.1% »
\ —
99.87% 0.13% - . - ; :
("Be) | ' Be+ ¢ — "Li+ v, Be+p— B+~ 1 §
| A
"Li+p—2'He *B—*Be’ + ¢t + v, | (°B) 160 +p—1F 44 o F =10+ e+ | (TTF) Z
ppll
8Be* — 24He
— are used as catalysts for hydrogen
pp-__ . . .
- fusion. is responsible for about 1% of the total
pp chain

neutrino (and energy) budget.




Solar Neutrino Fluxes
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Solar Neutrino Fluxes

Neutrinos Photon
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Neutrinos escape the Sun in about 2 seconds, whereas thermal energy takes more than 104 years
to reach the surface:

8 minutes to reach the earth - direct information on the energy producing region.




Brief historical overview

* 1970, Homestake experiment, first solar neutrino
experiment (taking data for 24 yr)

* Late 1980s, Kamiokande experiment obtained the
first real-time neutrino image of the Sun

* 1990 GALLEX/GNO and SAGE experiments
measure the low energy neutrinos produced in the
fundamental pp.

* Late 1990s, Super-Kamiokande and SNO
experiments provide important high-precision data
on the high-energy part of the solar neutrino flux
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* 2007 — 2020 Borexino era




Solar Neutrino Experiments
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Homestake experiment

Radiochemical experiment@Homestake Solar Neutrino Observatory
1478m below the surface in the Homestake Gold Mine at Lead, South Dakota, USA
\%‘\ 4200 m.w.e. > 4 wm?/d, <E >=300 GeV

consists of a single horizontal steel tank 6.1 m in diameter and 14.6 m long (a
volume of 6 X 105 liters), containing 2.16 X 1030 atoms of 37Cl (133 ton) in the form of
615 ton of tetrachloroethylene (C,Cl,, solvent used in laundries).

37 37 -
ve +°" Cl =" Ar+e (threshold 814 keV)
Pontecorvo-Alvarez inverse p-decay 8B neutrinos
1t works

Argon in the tank is extracted through chemical methods and the radioactive 37Ar is
counted using miniature proportional counters which detect the Auger electron
produced in the electron-capture of the 37Ar nuclei with a lifetime of about 35 days
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(Main)

This\j<\ cosmic ray flux generates an 37Ar production background of
0.047 % 0.013 atoms/day




GALLEX/GNO

Radiochemical experiment@LNGS = 1
1400 m of rocks under Gran Sasso mountain Vet '"Ga—""Gete” (threshold 233 keV)
3500 m.w.e. > 1 wm?h, <E >=270 GeV All neutrinos

101 ton of a liquid gallium chloride (GaCl;-HCI) solution containing 30.3 ton of

gallium.
GALLEX from May 1991 to January 1997

Gallium Neutrino Observatory (GNO) from May 1998 to April 2003 (with the
same detector and an improved extraction equipment)

51Cr neutrino source

— e~+ >1Cr 7V +v,
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& 24Cr T :
y ceer GALLEX /51
tesps 82 T 30089 gesk 5o R71Ga ( CT) =0.93+0.08
(54 m*, 110 1)
stable 72 0 90.12% 5« . . .
51y ratio of the measured and predicted neutrino capture rates «% e

23 C o R,

1Ge recovery efficiency has been tested by adding to the gallium solution
known amounts of 71As, decaying throght EC,f+ into’'Ge with a half-life of

65.28 days

€ 0.998 + 0.008

recovery



Radiochemical experiment results

(A

toms/day)

' 8

16

R§f§l= 2.56 £0.16 £ 0.16 SNU = 2.56 +£ 0.23 SNU

The solar neutrino rate measured in the Homestake
experiment is about one third of that

predicted by the SSM, with a discrepancy of

more than 3o

Rfﬁf:”/ GNO— 693+ 4.1+3.6SNU=69.3+5.5SNU

half of that predicted by the SSM,

with a discrepancy of more than 50
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Super-Kamiokande

MAP ==
Kamioka Mine, Japan, 500 m from the KAMIOKANDE site (now site of KamLAND) Vg +e__>va+ e
| -
= —~ N
S
50 kton of ultra-pure water, 22,5 kton fiducial mass 2
Two concentric, optically separated, water Cherenkov detectors contained in a o
cylindrical steel tank with a diameter of 39.3 m and a height of 42 m. n
o S
Inner detector: diameter=33.8 m, height=36.2 m. 11129 large (50 cm diameter T é
PMTs), 40% coverage -;;?;"f_»;aﬂ,f : 2 &)
Outer detector: 1885 PMTs (20 cm diameter PMTSs). e il SEEna) %
= Paw-— o
v 7 Vil Vg a
Eth = 3.5 MeV fEiiiiin =
: i =
=3 ap
: 4= Se —
TR s
Phase SK-1 SK-11 SK-III SK-IV N (23 : =
Period (Start) Apnl ‘96 October 02  July ‘06  September ‘08 : ft\\:‘: EF : %
Period (End) July ‘01 October 05 August ‘08 May ‘18 5§ Q
Livetime [days] 1,496 791 548 2,970 Z
ID PMTs 11,146 5,182 11,129 11,129
OD PMTs 1,885 1,885 1,885 1,885
PMT coverage [%)] 40 19 40 40
Energy thr. [MeV] 4.49 6.49 3.99 3.49

Since 2020: SK-V (prep for Gd), SK-VI (0.01% Gd), SK-VII (0.03% Gd)



https://earth.google.com/web/@44.58134729,-103.58813894,961.28496863a,167290.45042388d,35y,-54.71059166h,46.05889492t,0r/data=Ck0aSxJFCiUweDUzMzJhNDQxNzQ5ZDVjZjE6MHhkMDMzMTI3NzYzYWFkZjRmGYUaKmtAL0ZAIbEFGPF48FnAKgpIb21lc3Rha2UgGAIgATInCiUKIwohMTFiN1RGaXhPVlQyb3Q0YVdjbkR5VkJCZ0RZbU5vbjlB

Copyright: Kamioka Observatory,

Sup er- KamiOk ande ICRR (Institute for Cosmic Ray Research),

The University of Tokyo

http://www-sk.icrr.u-tokvo.ac.jp/sk/tankopen2018/vr-skid4.html

Inner detector

The rock in the mine contains the radioactive
material (radon) whose decay products become
one of the background sources to neutrino
observations. To avoid contamination of the
radioactive material emitted from the rock, the
ceiling and the wall are sealed by the
polyethylene Mineguard . Furthermore, a
"radon-free" air is piped into the tank top
from the outside to further hold back
contaminated mine air.

by ¥ 4\5‘,"

Loy

Super-Kamiokande detector 1s optically
separated into two concentric cylindrical
regions by PMT support structures and

pairs of opaque sheets
T ERRRT A

N. D1 Marco - 13th IDPASC School - Palermo 2024


http://www-sk.icrr.u-tokyo.ac.jp/sk/tankopen2018/vr-skid4.html

Super-Kamiokande

More on...
1t works
The axis of the cone gives the direction of the particle, and the light yield gives > §
the particle energy. N
o
2
1. Timing — vertex position & real-time measurement 2
. . . . . . (]
2. Ring pattern — direction of the incoming neutrino A
3. No. of hit PMTs — energy (~6 PMT hits/MeV) E
<
)
O
Super-KamIokanda .E 10000 :l T I LI I LI I LI I LI I T T I LI I LI I LI I T l: %
Run 1742 Event 102436 Ko - -

Neutrino events o iin s . £ 9000 SK-1V (2970.08) 3.49-19.49 MeV 3 &
and cosmic ray = mELI e S 8000 —}— Observed data - =
muon events can Ll = H o
be distinguished by . . 7000 Best-fit y .
the number of = ..% . 6000 ------ Background = S
photons detected by = = g
the PMTs of the 5000 If—: =
outer .detector. 'A 4000F- = Q
cosmicCc muon 1S - Z

1
Nl

w
o
(=)
o
1
'
1
1
'
1
1
]
1
1
1

detected both in the

outer and in the 2000 ;_ Background _;
inner volume, while Etota = 9.1MeV = Solar v signals 3
a neutrino is not. c0SOsun = 0.95 1000 = =
:I L1 I L1 1 | 11 1 I 11 1 I 11 1 | L1 1 | 11 1 I 11 1 I 11 1 | 11 I:

0-1 -08 -06 -04 02 0 02 04 06 08 1




SK solar results

6\ 0.50 :l T I T T T T I T T T T I T T T T I T — '_H
) - —— Total uncertainty __26 N(D
S 0.49 = T - | StatisticaP+Systematic?> |- c <
= 0.48 - mefe  Statistical only 7 7) o
8 TTE [T SK combined flux 2.5 cg
) i ] =
O 0.47F + 1 % 3
> - _ = —~
~—" . — 4 x <
S 0.46¢ - 2.4 3 £
S 0.45 + 2 "6 o~ g ?.)
- o £ = S
< 0.44 h-i_-jz 3 £ 6 <
|<_( - 1% 3 4 8
0.43F 7 o O
()] - -+ . c 2 . )
= — I o SR A R R L ERE e A <
042 —2.2 ) N>  Sin?(©,,)=0.316:353 Am,,_(7 54213) 10%eV? sm’(e,,) 0.0218£0.0007 NI 1 ~
C - o o) | sin®(©,,)=0.306+0.013 Am,‘ (6.10%%) 10%eV? | A
0.41F . n 0 |Sin%(©,,)=0.30740.012 Am2,=(7.50%1%) 10%eV? —
R 7 m o i =S
0 40 :I 1 | L 1 1 1 | L 1 1 1 | L 1 1 | L |‘—2 1 ® Z 15 L 2
1 2 3 4 £ :
SK Phase £ | 5
<L Al =
10 [ It ] =
Solar best-fit value updated to: [ A
Z.

Amj, = 6.1010-> x 107eV? s

~1.5 0 away from KamLLAND S T riiine., N e 2.
0.1 0.2 0.3 0.4 0. 5 24 6 8

sin2(6 sz

12)



SNO

Creighton mine (INCO Ltd.), near Sudbury (Ontario, Canada)

2092 m, 6010 m.w.e, 65 u/day

1 kton of 99.92% isotopically pure D20 contained inside a spherical 12 m

diameter acrylic vessel

9456 20-cm photomultiplier tubes (PMTs) mounted on a spherical stainless steel
geodesic structure with a diameter of 18 m.

The acrylic vessel and the geodesic sphere are immersed in ultrapure water
(H20) which provides shielding against radioactive background from the geodesic

structure and the cavity rock.

1t works

CC
NC
ES

vtd—=p+p+t+e”
v,+d—=p+n+y,

v,te =y te

Granite
Gabbro
| A1 ]
1646 m (5400 ft.) : T
level IV
[N
T
CN Tower 1 l\ x
553 m (1815 ft.) 2073 m (6800 ft.) . SNO Site
level %_\ o

*5 Shaft,

*9 Shaft

701 m (2300 ft.) Norite
level Rock

1158 m (3800 ft.)

level
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SNO

SNO experiment have proved that the SNP is due to neutrino flavor transitions:
In the SNO salt phase 2176+£78 CC events, 2010+£85 NC events, and 279+26 ES events have been observed,
corresponding to

PSNO_ <1.68 +0.067008 >>< 106 cm-2s~"!

DSNO_ (4.94 +021%038 )x 109 cm-2s~!

CI)]‘%[O= (2.35 + (.22 iO.lS)x 10 em-2s~!

This data are not compatible, indeed:

SINU

cC +0.02¢
5INO = 0.340 10.023_0_031

NC
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which deviates from unity by 17 standard deviations. Such a large discrepancy implies that SNO data
exclude that 8B solar electron neutrinos arrive on the Earth unchanged. About two thirds of the 8B solar

electron neutrino flux are converted into v, or v, on their way to the Earth.




BOREXINO

Borexino Experiment

Laboratori Nazionali del Gran Sasso

SSS (6.85 m
radius), supports

2212 8" PMTs

PC=pseud
ocumene-

Buffer liquid
600 t

278 tons of

liquid scintillator 124
PC+DMP 5
PC+PPO | . & e = — (3.5 g/l trimethylb
4 IV-125 um ;';% enzene.
Jthick | (ISR sz WT, 16.9 m high and PPO=2,5,
ultrapure e :§ | 9.0 m of radius; 2400 t diphenylo
nylon ] ultrapure water. xazole
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OV 2nd nylon

Vessel- barrier

O ay (o TYVEK to boost light
‘ &Ly | collection; on the SSS
outer wall and the WT

against
emissions PMT

and SSS

200 PMTs- muon veto

A. Brigaty
P Lombard




BOREXINO

v, +¢ 2V +e

A fraction of the primary neutrino energy E, is ransferred to the electron, which is then stopped by the scintillator, giving
rise to the scintillation signal

Solar v T max Oe Ou/r P, GS98 rate  AGSS09 rate Main

[keV] [107%%cm?] [107%° cm?] [cpd/100 t] [cpd/100 t] background
P 261 11.38 322 054220016 1308 £24 1310 + 24 TG, pileup
"Be (384keV) 231 19.14 5.08 0.537£0.015 190 +£0.14 1.73 £ 0.12 ®5Kr, 219Bi
"Be (862keV) 665 57.76 12.80 0.524+0.014 46.48 = 3.35 42.39 £+ 3.05 ®5Kr, 21Bi
pep 1220 108.49 22.08 0.514+0.012 273+ 0.05 2.79 £0.06 '1C, ?19Bi, ext v
CNO*# 1517 ~T70 ~15 ~0.517 524 £ 054 3.74 £ 0.37 e, 21084
*B 14500 596.71 106.68 0.384=0.009 0.44 = 0.07 037 £0.05 ext 7y

For each solar neutrino component, the table shows the maximum energy of the recoiled electrons 7max, | the total cross sections o,
averaged on the spectral shape and o,, , the electron neutrino survival probability Pee (weighted for the spectral shape) and the

predicted solar neutrino interaction rates in Borexino (in counts-per-day per 100 ton) according to the high-Z (GS98) and low-Z
(AGSS09) SSMs [G. Bellini et al. (Borexino), Phys. Rev. D89, 112007 (2014)]
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BOREXINO

v, +¢ 2V +e

A fraction of the primary neutrino energy E, is ransferred to the electron, which is then stopped by the scintillator, giving
rise to the scintillation signal

Solar v T max Oe Ou/r P, GS98 rate  AGSS09 rate Main

keV] [10~%cm?] [107%° cm?] [epd /100 t] [epd /100 t] background
p 261 11.38 3.22 0.542+0.016 130.8 £2.4 131.9 +24 ¢, pileup
"Be (384keV) 231 19.14 5.08 0.537£0.015 190 +£0.14 1.73 £ 0.12 ®5Kr, 210Bi
"Be (862keV) 665 57.76 12.80 0.524+0.014 46.48 = 3.35 42.39 £+ 3.05 ®5Kr, 21'Bi
pep 1220 108.49 22.08 0.514+0.012 273+ 0.05 2.79 £0.06 '1C, ?19Bi, ext v
CNO*# 1517 ~T70 ~15 ~0.517 524 £ 054 3.74 £ 0.37 e, 21084
*B 14500 596.71 106.68 0.384+0.009 0.44 = 0.07 037 £ 0.05 ext 7y

For each solar neutrino component, the table shows the maximum energy of the recoiled electrons 7max, | the total cross sections o,
averaged on the spectral shape and o,, , the electron neutrino survival probability Pee (weighted for the spectral shape) and the

predicted solar neutrino interaction rates in Borexino (in counts-per-day per 100 ton) according to the high-Z (GS98) and low-Z
(AGSS09) SSMs [G. Bellini et al. (Borexino), Phys. Rev. D89, 112007 (2014)]

The low count rate of a few or a few tens of counts-per-day per 100 ton (cpd/100 ton) defines the need of a superb radio-purity
for the detector. In fact, scintillation light is isotropic and any information about the initial direction of the incoming
particle is lost. Thus, neutrino-induced events in liquid scintillators are intrinsically indistinguishable on an event-by-event
basis from radioactive backgrounds.
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BOREXINO

v, +¢ 2V +e

A fraction of the primary neutrino energy E, is ransferred to the electron, which is then stopped by the scintillator, giving
rise to the scintillation signal

Solar v T max O Ou/r P, GS98 rate  AGSS09 rate Main

keV] [10~%cm?] [107%° cm?] [epd /100 t] [epd /100 t] background
p 261 11.38 3.22 0.542+0.016 130.8 £2.4 131.9 +24 ¢, pileup
"Be (384keV) 231 19.14 5.08 0.537+0.015 1.90 £ 0.14 1.73 £0.12 ®5Kr, 219Bi
"Be (862keV) 665 57.76 12.80 0.524+0.014 46.48 = 3.35 42.39 = 3.05 ®5Kr, 21Bi
pep 1220 108.49 22.08 0.514£0.012 2.73 £0.05 2.79 £ 0.06 !!C, 219Bi, ext v
CNO*® 1517 ~T0 ~15 ~0.517 524 £ 054  3.74 £ 0.37 e, 21084
*B 14500 596.71 106.68 0.384+0.009 0.44 £ 0.07  0.37 £ 0.05 ext 7y

For each solar neutrino component, the table shows the maximum energy of the recoiled electrons 7max, | the total cross sections o,
averaged on the spectral shape and o,, , the electron neutrino survival probability Pee (weighted for the spectral shape) and the

predicted solar neutrino interaction rates in Borexino (in counts-per-day per 100 ton) according to the high-Z (GS98) and low-Z
(AGSS09) SSMs [G. Bellini et al. (Borexino), Phys. Rev. D89, 112007 (2014)]

The low count rate of a few or a few tens of counts-per-day per 100 ton (cpd/100 ton) defines the need of a superb radio-purity
for the detector. In fact, scintillation light is isotropic and any information about the initial direction of the incoming
particle is lost. Thus, neutrino-induced events in liquid scintillators are intrinsically indistinguishable on an event-by-event
basis from radioactive backgrounds.
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The activity corresponding to the interaction rate of solar neutrinos in Borexino is equivalent to
Typical natural radioactivity O(Bq/kg)




BOREXINO

* Simultaneous measurement of the individual fluxes of neutrino-emitting reactions:
pp, pep, 7Be; 8B measurement [Nature, 512 (2014) 383; Nature, 562 (2018) 505]

* Observation of neutrino oscillation in vacuum and measurement of the ratio Pee-
vacuum/Pee-matter [Nature, 562 (2018) 505]

* First experimental evidence of the existence of the CNO cycle [Nature, 587 (2020) 577;
Phys. Rev. D 108 (2023)102005].

* Addressing the HZ vs LZ puzzle with a good hint in favor of high metallicity [Phys.
Rev. Lett. 129 (2022) 252701]
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* Study of geoneutrinos [Phys. Rev. D 101( 2020)012009,, La Rivista del Nuovo Cimento 45
(2022)]

* Upper limits of rare events such as Pauli principle violation events, neutrino magnetic
moment, electron decay and nucleon decay




BOREXINO

Pp-v

p+p—>d+e + Ve
e
99.76%

d + p—>He +y

pep-v
p+p+e ->d+ve a)
_/
0.24%
2.5X105%) hep-v

184.6%

’He +°*He —*He + 2p
ppl

3 3 +
15.4% He+p—>"He+e +we

v

*He +*He —»"Be +y

99.89%

"Be-v

’Be +& = Li+ ve

Li+p = 2%He
ppll

0.11%

7Be+pl—>8B+y

8B-v 1

88 -%Be* + €' + ve > 2%He

Solar neutrino flux [cm'2 s

pp [+ 0.6%)]

B16 - Solar Model

N. Vinyoles et al.
Astrophys. Journal 835:202 (2017)

Be [+ 6%)]
pep [+ 1%] BOREXINO EFFECTIVE
ENERGY RANGE
°B [+ 12%]
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BOREXINO

0.8

I|IIII|IIII

IIII|IIII|IIII|

PP

I

| I

Vacuum-LMA

1 Energy [MeV]

day/night effect found null by
Borexino in the 'Be energy
window. This excludes at more
than 8.5¢ the Am%zenergy range
10°-107 eV? ( low solution)—
Singles out the LMA solution with
solar neutrinos only, without
KamLAND antineutrinos, then
without CPT assumption
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Atmospheric Neutrinos

Created by the interactions of primary cosmic rays with the
nuclei in the atmosphere

Primary cosmic rays are mainly composed of protons, with a
small component of heavier nucleil

The interactions of primary cosmic rays with the nuclei in the
atmosphere generate secondary cosmic rays, which include all
the hadrons and their decay products.

Many secondary pions are produced:
T > U + V_M ”+_>M++VM

'M_—>e_+‘7e+VM ut— et +v,+v,

At low energies (E S1 GeV),

bt by b, b,
¢ve + ¢\7€ B ? ¢\7€ u-

o -—b“ +y“

1 e -+ y( -+ y“

Cocromagotc
whower
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Atmospheric Neutrinos

A little history

1965: first observation of atmospheric neutrinos@ 8000 m.w.e

. Kolar Gold Field Mine in South India
i East Rand Proprietary Gold Mine in South Africa

Detector > scintillator (no discrimination between
upward-going muons and downward-going muons

1971-1998: other observation with UG scintillator detectors 1in
India, South Africa, Utah (USA), Baksan (Russia)

1985-today: directional detection
. Water Cherenkov experiments: Kamiokande, IBM,
Super Kamiokande
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. Fine-grained iron tracking detectors: NUSEX, Frejus,
Soudan 2, MACRO
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Atmospheric Neutrinos

Sensitivity

<t
5__'I-I'Tl"l1'q T T T T 0-015_\ g
B sub “ N 7 BN AN
[ Gev Lo . 5 g

g N \ - i .
N mut L \ i 9% 1 & s
% -\ ! \ I =
= R ‘ . —oo1 % =
.é 3 N | \ I .'\ 7 '_'*
E = ! ., . | \ =3 8

— | '.. ', \ .

s - RN \ g
% 2 - | \: 1" ‘f \ 7] N
N L' 74\ sopping — 0.005 .
C | ¥ ' 't \ muons . . D)
B ! ! y " \ \ <C
Ll B \ i =
. VP : \ \ — =
! 7 , : \'\ " \ — —
C e Mool Crasnnl el vl s el =
0 0 5
107 10° 10’ 10° 10° 104 10° —
E,, GeV cl>
g
: : : : <
Neutrino energies 2 about five orders of magnitude =
A
Z.

Range of pathlengths >
from about 20 km for vertical downward-going neutrinos to
about 1.3x 104 km for vertical upward-going neutrinos.

Am2 > 10-1eV2-10-4eV2




Super-Kamiokande

Muons and electrons can be separated quite efficiently using ring morphology. A muon will typically produce a clean,
sharp-edged ring, whereas an electron will scatter more and will produce a much fuzzier ring. This enables to tag the flavour
of the incoming neutrino, which is critical for v, — v, oscillations where 1t 1s necessary to detect and identify the v,.

A Cherenkov ring occurred by a muon neutrino. A muon neutrino interacts
with a nucleon in water and transforms to a muon. The outer detector has
few hits in the right-upper display

Super-Kamiokande |

Super-Kamiokande |
Charge (pe) K 1757 § Ev 2571
»>26.7

Charge (pe)
>26.7

1 Il !
500 1000 1500 2000

Times (ns)

-

An electron neutrino event. An electron neutrino scatters an electron in water. L
The emitted electron generates an electromagnetic shower, leading to the fuzzy HA N IV .

500 1000 1500 2000

edge of the Cherenkov ring. Times (s)

<t
AN
(e}
AN
(@]
S
(-
=
(o]
Ay
2
(@]
<
)
N
Q
P}
<
A
)
p—
e
i)
(ap]
—
o
(S
<
<
=
(=
Z.




Super-Kamiokande

e p————————— D)) ey p———
Super-Kamiokande |-V [ 1 [
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cos zenith

The zenith angle distributions of Super-Kamiokande atmospheric neutrino events. Fully contained 1-ring e-like and u-like events with visible
energy < 1.33 GeV (sub-GeV) and > 1.33 GeV (multi-GeV), as well as upward stopping and upward stopping 4 samples are shown. Partially
contained (PC) events are combined with multi-GeV u-like events. The blue histograms show the non-oscillated Monte Carlo events, and
the red histograms show the best-fit expectations for - oscillations.
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Neutrino Beams

Decay pipe

protons  mARGET

T H Y S e+ v, +v,
+ +
A A et +v,+v,

2 For 6 =0, the energy of neutrino is linearly proportional to the energy of pion.
1 - (mﬂ/ mn) E, In this case, a narrow band beam can be made by selecting the momentum of pions.
E =
Y 1+ y282 For 6 #£0, the energy of neutrino is not strongly dependent on the parent energy for a wide

range of pion energy, but dependent on the off-axis angle
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A comprehensive description of the accelerator neutrino beams is found in S. E. Kopp, Phys. Rept. 439, 101
(2007), [arXiv:physics/0609129]
More didactic material: Giunti’s book, Cap 12, pag 450




Neutrino Beams

Two different scales of baselines for accelerator-based experiments to study different ranges of Am?.

The atmospheric mass splitting Am? = 2.5 x 1073 eV? gives rise to the first oscillation maximum at L/E ~
500 GeV/km. In order to study this parameter region with 1 GeV accelerator neutrino beam, a long
baseline of a few hundreds to thousand km is necessary > Long-baseline experiments.

Name Beamline Far Detector L (km) E, (GeV) Year
K2K KEK-PS Water Cherenkov 250 1.3 1999-2004
MINOS  NuMI [ron-scintillator 735 3 2005-2013
MINOS+ NuMI Iron-scintillator 735 7 2013-2016
OPERA CNGS Emulsion 730 17 2008-2012
ICARUS CNGS Liquid argon TPC 730 17 2010-2012
T2K J-PARC Water Cherenkov 295 0.6 2010
NOvA NuMI Liquid scint. tracking calorimeter 810 2 2014

On the other hand, there have been reports of possible neutrino oscillations at 1 eV? scale, which can be
studied at 1 km baseline with neutrinos from accelerators. These experiments are called short-baseline
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oscillation experiments. Channel Experiments
I/p - I’;( CH:\R.\I 212]
Vy — Uy CDHSW [396], CCFR [983]
Uy — Ve BEBC [89], CHARM [212], LSND [121], NOMAD [116]
7, — D LAMPF-0645 [460], LSND [37], KARMEN [105]
Vy — Vs BNL-E776 [265], CCFR [910], NuTeV [130]
v, — v, FNAL-E531 [1030], CHARM [212], CHORUS [422], NOMAD [115]
‘1/}1 —'v. CCFR [789]
Ve — Uy CHORUS [422], NOMAD [115]
P CCFR [823]) 7 6
Beam dump BEBC [465, 559], CHARM [388], CDHSW [208]




MINOS - MINOS+

Far Detector

e Underground in Soudan mine
: : e 735 km from target
Soudan o @¥F '~ 4 BEE - 5.4 kion mass "
/ e 3N i £ i R . . .
Duluth " S48/ o = Iron-scintillator tracking
MN calorimeters to contain
WI pichisg Detectors are on-axis for muons

NuMI neutrino beam

Madison \

A Functionally identical for

systematic uncertainty
reduction

Magnetized for sign
selection and energy
estimation

Near Detector
e At Fermilab

e 1 km from target
e 1 kton mass
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MINOS - MINOS+

The MINOS ND and FD are two functionally identical
magnetized steel-scintillator tracking sampling
calorimeters. The near identical nature of the two detectors
permits the cancellation or mitigation of many sources of
systematic uncertainties, such as neutrino cross-sections, and
beam flux uncertainties

Fermilab

Steel planes with thickness 2.54 cm oriented transversely to the
beamline and instrumented on the downstream face with
polystyrene scintillator strips. The distance between consecutive
steel planes is 5.95 cm.

’ 0.98 kt 5.4 kt
100 m UG (225 m.w.e.) 705 m UG (2070 m.w.e.)

MINOS SCINTILLATOR STRIP

UPTO 8M

In order to provide stereo readout of track hits, alternating scintillator planes
are oriented with the long axis of the modules +45 degrees, the V-planes, or -45
REFLECTIVE SEAL degrees, the U-planes, from the vertical such that these planes are
perpendicular to each other.
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Ti07 LOADED
POLYSTYRENE CAP
& p & |
ool / | omm The detectors are both magnetized using an electromagnetic coil passing
g‘gxgm%g / | through the planes in the direction of the beamline. The resulting magnetic field
WLS FIBER 5 allows the determination of the charge of particles produced in the detectors,

N 41MM - and thus the isolation of neutrino and antineutrino samples.




MINOS - MINOS+
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MINOS - MINOS+
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MINOS - MINOS+

100fV, E,=1-3GeV | 60[V, E=310GeV | 40fV, E =1030GeV ]
8ok MINOS+ Preliminary ] - Atmospheric Neutrinos 1 F —e— MINOS+ data (60.75 kt-yr)]
w [ 1 o ,~[ Contained-vertex v, andv, | ¢ 30 Best fit, normal hierarchy -
- +— 40 . 1 & [ Best fit, inverted hierarchy
c c c [ Y ]
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* Fit in neutrino energy and cos(0zen)

- Complements beam neutrinos with different
T Carroll, UW-Madison base“nes




3+1 Neutrino Model
\

3 mass scales: Amz2s1, Ama23s, /A M2y
6 mixing angles: 012, 023, 013, 614, 024, 634
3 CP-violating phases: 013, 014, 024

Neutrino Energy (GeV) Neutrino Energy (GeV)
) 2 2
m* . 1 1
New Mass Eigenstate 1.21 L ; LY L L - 0 7 —1.0
m‘fl vy IZ_A B - _09 §
> 1-0p ] s §
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4-Flavor Oscillations at MINOS

Neutrino Energy (GeV) Neutrino Energy (GeV)
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OPERA

Oscillation Project with Emulsion tRacking Apparatus

<t
N
........ 2N/ _ _ g
........ 4 x10 Rsc” O o (@rbitrary units) . )
x 04 I Am2= 3 10-3eV2 CNGS: conventional v, beam, =
S 08 optimized for v_ appearance maximize ic;
j 03 Ty the number of v. CC interactions .
S 025 S
....... S
= Q
“““““““““““““ = 02 « T production threshold (3.5 GeV) and v, 8
0.15 . . P}
1 v, fluence CC cross section high energy beam <
0.
)
0.05Ll | “off peak" w.r.t. maximum oscillation =
06 s 10 15 20 25 30 35 40 45 so| Dbrobability (1.5 GeV) =
E (GeV) .
(S
_ _ - _ _ Beam parameters =
> Long baseline neutrino oscillation experiment in the CNGS <E > 17 GeV =
1 Vy A
(Cern Neutrino to Gran Sasso) v, beam 4 5 =
(I/e - I/e)/l/# 0.89, 0.06 %
. . . . . r 0
> Direct detection of v, — v_oscillations in appearance mode Uy / Vy 2.1 %
vy prompt negligible
> Search for the subdominant v, — v, oscillations pot /year 4.5 x 109

Contaminations given in terms of interaction rates in OPERA




OPERA

v_ appearance: detection principle

Event-by-event separation of v, CC interactions from dominant v, interactions by direct

observation of T lepton decay

oscillation CC interaction t decay | B.R

0 — V. — channel | (%)
‘A EEEEEEEEEEEEEEEEEEEI W = M 17.7
T—e 17.8

T—h 49.5

t—3h [15.0
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e Target mass O(kton)
(low v interaction cross-section)
e High granularity detector
(t decay detection, background rejection)




OPERA

Neutrino interaction detector;: ECC

«  Target basic unit: brick of 57 nuclear emulsions interleaved by lead plates
+ 2 interface emulsions (CS)
* unambiguous measurement of the kink
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N Brick weight = 8.3 kg
Emulsion layers (44 um)

Total OPERA target : ~ 150000 bricks — 1.25 Kton




OPERA

The OPERA detector

Spectrometers:
Muon ID, momentum and charge measurement

Track measurements are performed by RPC planes inserted in the magnet yoke (1.5 T field) and by drift tubes planes to add more precision
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OPERA

First v_candidate event

- __*_%—_ I
daughter

1000 um

5 v. candidate events fulfilling kinematical selection [
10 v, candidate events looser kinematical selection |
35 v, candidate events localized [ ]

50 v, interaction with charm production [

Vv, candidate event

Discovery! 5.1 o
6.1 0

N. D1 Marco - 13th IDPASC School - Palermo 2024

Q0
0



OPERA

3+1 model test
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Figure 4. OPERA 90% CL exclusion limits in the Am3, vs sin®26,, parameter space for the
normal (NH, dashed red) and inverted (IH, solid blue) hierarchy of the three standard neutrino
masses. The exclusion plots by NOMAD [14] and CHORUS [13] are also shown. Bands are drawn
to indicate the excluded regions.
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Figure 4. The 20% C.L. exclusion plot in the Amgl and sin® 28, plane is shown (black line)
together with the 90% C.L. allowed region obtained by LSND (cyan) and MiniBooNE (yellow
and green for v and # mode, respectively). The blue, red and green lines represent the 90% C.L.
exclusion regions obtained by NOMAD [31]. KARMEN [32| and the MINOS and DayaBay /Bugey-3
joint analysis [33], respectively.
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T2K

T2K (Tokai-to-Kamioka) : L = 295 km, E~0.6 GeV

° TK JAERI accelerator,
Off-axis 2.5° '“
= b a > :‘ ] - 7

Kamioka, Gifu

KEK, Tsukuba
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T2K employs a set of near detectors at about 280 m from the production target. The on-axis detector,
called INGRID, is an array of iron-scintillator sandwich trackers to monitor the beam intensity, direction
and profile. The off-axis detector ND280, consisting of several sub-detectors inside a magnet, is placed
in the direction of far detector to measure the neutrino beam properties and to study neutrino interactions




T2K

Osc. Prob

vy and 7, disappearance
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no sensitivity to mass ordering and &cp
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@ Constraint on the matter-antim= X 4 = X
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Constraint on the matter-antimatter

symmetry-violating phase in neutrino

Buy or subscribe ‘

oscillations
The T2K Collaboration Associated Content
Nature 580, 339-344(2020) | Cite this article Nature | News & Views
Matter-antimatter symmetry
11k Accesses | 1 Citations | 930 Altmetric | Metrics violated
Silvia Pascoli & Jessica Turner
Abstract
Nature | Nature Video
The charge-conjugation and parity-reversal (CP) symmetry of Cracking the antimatter
fundamental particles is a symmetry between matter and antimatter. mystery: A three minute guide

Violation of this CP symmetry was first observed in 1964, and CP
violation in the weak interactions of quarks was soon established>.
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N . L . Sections Figures References
Sakharov proposed- that CP violation is necessary to explain the
observed imbalance of matter and antimatter abundance in the Universe. Abstract
However, CP violation in quarks is too small to support this explanation. Data availability
So far, CP violation has not been observed in non-quark elementary Code availability
particle systems. It has been shown that CP violation in leptons could References
generate the matter-antimatter disparity through a process called Acknowledgements
leptogenesis*. Leptonic mixing, which appears in the standard model’s Author information
charged current interactions™®, provides a potential source of CP Ethics declarations
violation through a complex phase &cp, which is required by some Additional information
theoretical models of leptogenesis”°. This CP violation can be measured Extended data figures and tables
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NOvVA

2014-today

The NOvVA experiment uses the NuMI beamline with a
14.6 mrad off-axis configuration. The neutrino energy
spectrum at the far detector has a peak around 2 GeV

The 14 kt NOvVA far detector is located near Ash River,
Minnesota, 810 km away from the source., corresponding
to the first oscillation maximum at 810 km baseline.

The near detector, located around 1 km from the source,
has a functionally identical design to the far detector with
a total active mass of 193 t.

Both detectors are tracking calorimeters consisting of
planes of polyvinyl chloride cells alternating in vertical and
horizontal orientation filled with liquid scintillator.

g

v.,CCcventslkt)lEZl POT /0.2 GeV

T .l v T T T

8

‘e, (Gew)°

The oscillation maximum
at L=810 km 1s ~2GeV

Constraining the energy
improves background
rejection.
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3D schematic of
NOvA particle detector
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No Oscillations
Max. Oscillations
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Measuring vx disappearance
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[Nunokawa, Parke, Valle, Prc art. Nucl. Phys. 60, 338] -
VVSV

P((D;i _>(’7:3 ~ |V atm e_z(ABTHSCP) + \/ sol \
~ Patm + Paol + 24/ Patm Psol (C0s Asg cos d¢ p@sin A3 sin

with ?

Pinw = sii sin 26,5 sin A3,
P, = cos 08 0,3 sin 260, sin Ay,

AP,/D X S1n 50}3

s &,/ non-integral?

<
N
-}
&N
o
5
~
3
<
A
IS
o
<
QO
0))]
O
0))]
<
A
A
-
<
+~
a
—
@)
=
~
o
=
)
Z

(in vacuum)



[Nunokawa, Parke, Valle, Pr ‘ F 0. 338] _
VVSV

((—) (=) ) ~ | / atme—z(A32+5c‘p) 4+ / P \
~ Patm + Paol + 2v/ Patm Paol (cos Asa cos ¢ p@sin Aso Si
with

\/ Patm = sin sin(26,3)

s &_,/T non-integral?

(Is 8, <, >, =45%)

N. D1 Marco - 13th IDPASC School - Palermo 2024

Is the mass hierarchy

“normal” or “inverted?”

(in matter)
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NOvVA

NOVA Preliminary

1 L 1 L) L I l L | L) L]
60-NOVA FD
L [ 13.60x10%° POT-equiv (v)
- 12.50x10%° POT (¥)

H o))
(=) (=)

W
(=)

L L I LI L I LI B B | I T

Total events - antineutrino beam

N
O

[0 0,p=0 8

O d o=t @ Sgp= 312

C ] |
L 1 L L L 1 1 L 1

I L} L) L] I L L) L} I L

% 2020 best fit
I 1 1 ] I 1 1 1 I 1

20 40 60

80 100 120
Total events - neutrino beam

P Vahle, TAUP 2021

Slight tension T2K & NOvVA for NO

T2KEPJC 2023 = BF — <90%CL - <68% CL
NOVAPRD 2022+ BF | | <gso%cL [[] <68%cCL
L 1 1 1 L L 1 " | 1 L 1 1 1 1 1 L L

0.7F ]
0.6/ .

Q& F )
o f j
:‘E 0.5~ -
» [ j
0.4 .

C " T2KEPJC 2023 — <90%CL - <68% CL_

0 3:_ NOVAPRD 2022 <90% CL [ ] <68% CL
I S

2 2
Scp

A. Booth, 2024

<t
AN
-}
&N
o
g
~
5}
—
(]
Ay
—_
o
©
<
)
N
O
N
<
Ay
A
-
<
i)
(an)
—
o
=
bl
=
o=
A
Z.




<t

AN

(@)

(|

(@]

Channel Experiments %

v, — v, CHARM [212] e

v, —'v, CDHSW [396], CCFR [983] =

v, — v, BEBC [89], CHARM [212], LSND [121], NOMAD [116] <

v, — LAMPF-0645 [460], LSND [37], KARMEN [105] %

v, — v, BNL-E776 [265], CCFR [910], NuTeV [130] Sh t 2

v, — v, FNAL-E531 [1030], CHARM [212], CHORUS [422], NOMAD [115] Ort- &

v = CCFR [789)] b 1 =

Ve — Vs CHORUS [422], NOMAD [115] aseline 3

Ve — 1y CCFR [823]) s

Beam dump BEBC [465, 559], CHARM [388], CDHSW [208] eXperlmentS g

All the SBL accelerator experiments did not find any indication of neutrino oscillations, exceﬁt for ;
e

the LSND experiment, which found a signal in the v, — > v.channel and a weaker signal in t

v, = Vv, channel




LSND

The LSND experiment searched for neutrino oscillation using neutrinos from stopped pions at Los Alamos.

A 800 MeV linac was used to produce pions which stopped in the target. Most of n-s are absorbed by the nuclei inside the target, while n+ s and their
daughter u+s decay and produce neutrinos. Therefore, the produced neutrinos are mostly v, v, and v, with very small contamination of v, .

<
N
The detector was a tank filled with 167 t of diluted liquid scintillator, located about 30 m from the neutrino source. LSND searched for v, — 7, S
annearance using the inverse beta decav nrocess. V. + n — et + n. and found an excess of 87.9 + 22.4 + 6.0 events over the exnected backeround. g
1993-08 * Beam of protons on water B ks
o v s g : : duces & mainiy ealm excess. «
The Liquid Scintillator Neutrino Detector Experiment: p 72 e _mam ) =
| =ty 87.9 +22.4 + 6.0 (3.8.0) 5
800 MeV proton beam from ’ i S
LANSCE accelerator s >y 17 “ <
—c 1 gl " 1] O
g ' 8 175F ® Beam Excess 0
‘ Water target |_. 7 ) . o CU'))
Copper beamstop € s 15} e piY,~V e <
= o] B0 pfv.e’n ~
« Search for V, throug} o =
*\ LSND Detector earch for V', through 125 | -
Baseline ~30m — % 10 3
v.p —>en i
Neutrino Eneregy )
R E SRR detect prompt e track, 7.5 S
20-55 Mel 20<E_<60 MeV 5 g
(+ scintillation) 5
* neutron capture: 25 Z
v 7 o 4 . 5 -
] np — dy . AN
2.2 MeV scintillation 04 06 08 1 1.2 1.4
o | signal, 186ps later LE, (meters/MeV)

(Pedro Ochoa) PRD 64, 112007 (2002)



l. Oscillation anomalies: v, — v, appearance

A long time ago... the LSND anomaly

« Back in the 90’s, the LSND experiment observed an excess of
v, events in a v, beam (E, ~ 30 MeV, L = 35m) [4];

« the Karmen collaboration did not confirm the claim, but couldn’t
fully exclude it either [5];

» the signal is compatible with v, — 7, oscillations provided that
Am? > 0.1 eV?;

- on the other hand, global neutrino data give (at 30):

AmZ, =[6.8 — 8.0] x 107> eV?,

SOL

Am? | ~[2.4 — 2.6] x 1073 eV?:
| ATM

« hence, to explain LSND with mass-induced v oscillations one
needs new neutrino mass eigenstates;

« MiniBooNE: much larger E, and L but similar L/ E,.

Beam Excess

17.5

125}

[ 4] ® Beam Excess
B pfv,—v,e'n
E= pv e’ )n

IR T T T T N TR T SO B S 1 1

1 1 11 1
06 08 1 12 14
L/E, (meters/MeV)

90% (L, -L<2.3)
99% (L, -L < 4.6)

1iaul Ll Ll L

- i o)
10 ! 10~ 10

[4] A. Aguilar-Arevalo et al. [LSND collab], Phys. Rev. D 64 (2001) 112007 [hep—-ex/0104049]
[5] B. Armbruster et al. [KARMEN collab], Phys. Rev. D 65 (2002) 112001 [hep-ex/0203021]

Michele Maltoni <michele.maltoni@ecsic.es>

NeuTRINO 2024, 17/06/2024
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l. Oscillation anomalies: v, — v, appearance 4

The MiniBooNE experiment

» MiniBooNE searched for 7/, — ¥, conversion (E = 200 — 1250 MeV, L = 541 m);

« excess in both ¥ and v = oscillations compatible with LSND (ev = 4.8, gof = 12.3%);

« however, the low energy part of the excess cannot be accounted just by oscillations...
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b B 1 —95% CL
‘E [C]Lsnp 999 cL 1 oM oL
--=-- KARMEN2 90% CL 10— = S —30CL
10F E R 10F ¢ —40CL
o 68% = = -
— __OPERA
— 95% 90% CL

— 99%

107" 107 N 107E
E [11.27 x 10%° pot] F [18.75 x 102 pot] F [Hswosonct
. Antineutrino . Neutrino L [usnosssct
el el et el 104‘
10° 102 107 1 10° 107 107 1 107 107 107 1
sin’20 sin’20 sin20

[6] A.A. Aguilar-Arevalo et al. [MiniBooNE collab], PRL 110 (2013) 161801 [arXiv:1303.2588]
[7] A. Hourlier, talk at Neutrino 2020, Fermilab (online), USA, 22/6-2/7/2020

Michele Maltoni <michele.maltoni@csic.es> NeuTRINO 2024, 17/06/2024
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l. Oscillation anomalies: v, — v, appearance

The MicroBooNE experiment

« Baseline = 468.5 m (72.5 m upstream of MiniBooNE);

« LArTPC = imaging with mm-scale spatial resolution;
= perfectly suited to cross-check MiniBooNE excess;

» first results presented in fall 2021:

— no evidence of enhanced 7° or y production [13];
— no evidence of v, excess over SM prediction [14];

« however, rejection of MB signal in [14] based on the as-
sumption that the entire v, excess matches the differ-
ence between data and best-fit MB background;

« butin [15] it was noticed that various signal/background
compositions can fit MB equally well, but lead to different
1B sensitivity = rejection not model-independent...

Events Observed / Predicted (no eLEE)

Axi B

2.5 4

2.0 1

154

1.0 1

0.5 1

0.0

@ MicroBooNE Observed

[ 1 4] Non-v, background
Intrinsic v,

e — % Total, no eLEE (x = 0.0)

- Total, w/eLEE (x = 1.0)

e e 2
‘f‘} ER

1lelp CCQE  leNpOm 1e0pO0n leX

[200MeV,500 MeV] (150 MeV, 650 MeV] (150 MeV,650Mev] [0 MeV,500MeV]

25

20

T[5] R

15 4

10

.................

signal strength = N /Nyge

[13] P. Abratenko et al. [MicroBooNE], Phys. Rev. Lett. 128 (2022) 111801 [arXiv:2110.00409]
[14] P. Abratenko et al. [MicroBooNE], Phys. Rev. Lett. 128 (2022) 241801 [arXiv:2110.14054]
[15] C.A. Arguelles et al., Phys. Rev. Lett. 128 (2022) 241802 [arXiv:2111.10359]

Michele Maltoni <michele.maltoni@esic.es>

NeuTRINO 2024, 17/06/2024
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l. Oscillation anomalies: v, — v, appearance 8

Comparison of MicroBooNE and MicroBooNE results

MiniBooNE: updated analysis including B bounds [12] = 3¢ region at AmZ%, < 1 eV,

MicroBooNE: global 4v analysis [16] disfavors MB/LSND but does not rule it out completely;
other experiments exclude large Am? (NOMAD) and large de (ICARUS, OPERA);
remaining allowed region at 0.1 < Am?,/eV’ < 1and 10> < sin” O < few x 1074

« Short Baseline Neutrino Program @ Fermilab: see next talks; -~ [Caratelli, Gibin, .|
. Japan: JSNS? will provide an independent check of LSND/MiniBooNE excess. - [Marzec
1023 5 10°E 10% £
3 bY HEl 3+1 MiniBooNE Fit E [ MiniBooNE 20 (allowed) E — NOMAD 20% CL. g:g:g:gﬁ:::;
# —— 3+1 Comined Fit (WC) C MiniBooNE 3¢ (allowed) ey . Apn aly)

* Best Fit I MiniBooNE Best Fit [ FuAoponty)

10
MicroBooNE 6.369x10% POT F——— orena s o
= Profiling, 95% CL, i

3, (€V?)

1E

(1610

E [1 6] 10
= E MicroBsoNE 636910 POT
C [ = Profiling, 93% CL,
| (App.+ Disapp.) (App. + Disapp.) .
UUIUUUUUUUSUUUUUUTI IS vSvvvvssvvto: [N ' | SR RTTYY PP RYT ERRPEPE Y e 1! L R R TIY R IY RIS
10-3 10-2 101 100 107 10° 102 107 1 107 107 107 . 107 107 1
sin®(26,.) sin’28,, sin*20,,

[12] A.A. Aguilar-Arevalo et al. [MiniBooNE], Phys. Rev. Lett. 129 (2022) 201801 [arXiv:2201.01724]
[16] P. Abratenko et al. [MicroBooNE], Phys. Rev. Lett. 130 (2023) 011801 [arXiv:2210.10216]

Michele Maltoni <michele.maltoni@csic.es> NeuTRINO 2024, 17/06/2024

<t
AN
-}
&N
o
g
~
5}
—
(]
Ay
—_
o
©
<
)
N
O
N
<
Ay
A
-
<
i)
(an)
—
o
=
bl
=
o=
A
Z.




Outline

Introduction
Solar v
Atmospheric v

Accelerator v

Reactor v

Future oscillation experiment

N. Di Marco - 13th IDPASC School - Palermo 2024



Reactor neutrimo experiments

Nuclear reactors are very intense sources of v,’s in the MeV energy region, which are generated in f-decays of the fission
products of heavy isotopes (mainly 235U, 238U, 239Pu, and 241Pu).

About 6 v, s + 200 MeV of energy released per fission: 1 GWth (thermal power) reactor produces about 2 x 1020 y,/s
The detailed estimate of v, flux and energy spectrum can be obtained by either summing up the spectra of beta decays
involved using available nuclear data information of each fission fragment and its decays, or using measurements of

cumulative electron spectra associated with the beta decays of fission fragments: the fission of four main fuel isotopes
involves thousands of beta-decay branches,

Reactor Neutrino Anomaly (RAA)

e Phys. Rev. C83, 054615 (2011), Phys. Rev. C84, 024617 (2011): predict about 3% higher normalization for the energy averaged
antineutrino fluxes compared to the original analyses of ILL (Institute Laue-Lanvegin reactor @ Grenoble, 1980) data.

*  Flux measurement at Daya Bay [Phys. Rev. D100, 5, 052004 (2019)] is consistent with the old flux predictions.

* An excess of v, flux around 5 MeV, compared to the prediction, has been observed by recent reactor experiments [DOUBLE
CHOOZ, DAYA BAY, RENO].
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* Measurements of a fuel-dependent reactor v, rate by Daya Bay [Phys. Rev. Lett. 118, 25, 251801 (2017)] and RENO [Phys. Rev.
Lett. 122, 23, 232501 (2019)], and individual antineutrino spectra from 235U and 239Pu by Daya Bay [Phys. Rev. Lett. 123, 11,
111801 (2019)] showed a discrepancy between the observed and predicted rate and spectrum from 235U

See also Mention et al., Phys.Rev.D 83 (2011) 073006
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delayed coincidence of the positron with a 2.2 MeV y ray from neutron a - g

capture = 108 g

o % i Palo Verde, 0 &

In the detector $ % 3 a) ¥, interactions in detector [1/(day MeV)] L 4 Py ?.)
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(H, Gd, 6L|, 0 PPN IPirars. — TP . . [a]
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E, MeV) =
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Name Reactor power (GWyy,) Baseline (km) Detector mass (t)  Year Z
KamLAND various 180 (ave.) 1,000 2001

Double Chooz 4.25%2 1.05 8.3 20112018

Daya Bay 2.9x6 1.65 20 x4 2011
RENO 2.8x6 1.38 16 2011

JUNO 26.6 (total) 53 20,000




KamLAND

55% of total
flux from:

130'E

132E

KamLAND uses
the entire Japanese

..  nhuclear power
‘ ndustry as a 180 GW_

“"long-baseline source!

1-kton wultra-pure
liquid scintillator
detector contained
in a 13-m diameter
spherical balloon@
Kamiokande’s site
(Japan).
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SBL reactor neutrino experiments

Following the establishment of neutrino oscillations with atmospheric, solar, accelerator, and reactor experiments, the
measurement of the remaining mixing angle 0,; was recognized as the next major milestone.

A reactor neutrino experiment with a baseline of 1 km can make an almost pure measurement of sin’26,; from disappearance
of v,.

To be sensitive to a small value below the limit set by CHOOZ and Palo Verde, experiments with two detectors were proposed:
Double Chooz (France), Daya Bay (China) and RENO (Korea).

Mixing matrix parametrization:
3 angles (9,,, 953, 9;3), 1 CP-violating phase (6;3)

L 0 0\ ¢35 0 e™sy3|fcr2 s12 0 s, = sind,,
U=|0 ¢33 $23 0O 1 0 —s12 ¢12 0

Atmo v, LBL-accelator v SBL re-actor v Solar v, LBL reactor v
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SBL reactor neutrino experiments

1. Cylindrical stainless steel vessel housing two nested acrylic cylindrical vessels. top outer-veto
icalibration tent
2.  The innermost vessel is filled with gadolinium-doped liquid scintillator as the primary \ N
antineutrino target. 3 > N
=
; s . =
3. Itis surrounded by a liquid scintillator layer to contain y rays from the target volume. ) calibration =
outer veto (OV) " - glove-box &
5}
4. A buffer layer of mineral oil is placed an outside to shield inner volumes from radioactivity - e — — == 2 =
of PMTs and surrounding rock. The light from liquid scintillator is detected by an array of ;f T ' 'z A4 __W Q. D*
PMTs mounted on the stainless steel vessel. ' ) B I 2
e L I ! ‘ — '_8
5. Optically separated by the stainless steel vessel, outside region is instrumented as a veto Q/L i ¢ inner vetq- (IV)' 5
detector with either liquid scintillator (Double Chooz) or water Cherenkov (Daya Bay and . e e g CU-))
RENO) detector L WV SN | Z
7 % A
7 < o
S [ Y catcher (GC) 1% .
. = L B w
3 i E © o
g 1 O
Flosl e | olo
sl e (GdT) Bla =
wlile & >
SE S “
D i Iy L3
S buffer '
/ B s =3

DOUBLE-CHOOZ

external inert shield




SBL reactor neutrino experiments
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Near
detectors
Electron antineutrino
survival probability

|

RENO Far

Effective baselines

Daya Bay Far

o 1380 m oo
. 1650 m ...—




DOUBLE CHOOZ, DAYA BAY, RENO results

2.25F

90, 99% C.L.

NO

0.015

0.020

0.025

sin’ 013

DOUBLE CHOOZ

DAYA BAY
RENO

sin® 26,3 = 0.0853 £ 0.0024
sin® 26, = 0.0892 + 0.0063

RENO

—-———
e -~
-
~N

90, 99% C.L.

0.030 0.015

sin? 26,3 = 0.105 £ 0.014

0.020 0.025
sin’ 013

[Daya Bay Collaboration] PRL 130 (2023),16180

]J. Yoo [RENO Collaboration] @ Neutrino-2020
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Search@0(eV?2) scale

Name Reactor power Baseline Detector mass Detector S/B
(MWih) (m) (t) technology

NEOS 2,800 24 1 Gd-LS 22
R e ‘ DANSS 3,100 10-12 0.9 Gd-PS  ~30
| i STEREO 57 9-11 1.7 Gd-LS 09
—— PROSPECT 85 7-9 4 Li-LS 1.3
NEUTRINO-4 100 6-12 1.5 Gd-LS 0.5

SoLid 80 6-9 1.6 SLi-PS

Detectors: organic scintillators, (liquid scintillator (LLS) or solid plastic scintillator (PS) )

Hydrogen = target for inverse beta decay (v, + p = e™ + n)
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Signal identification: neutron capture on either gadolinium (Gd) or 6Li detected with delayed
coincidence

To be independent from the reactor neutrino spectrum uncertainties, some experiments compare
the spectra at different baselines by using a segmented detector or moving the detector
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Search@0(eV?2) scale

No consistent patterns from various hints!

sin® 26
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[35] J.M. Berryman et al., JHEP 02 (2022) 055 [arXiv:2111.12530]
[36] C. Giunti et al., JHEP 10 (2022) 164 [arXiv:2209.00916]
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Neutrinos oscillate...

* Atmospheric v, and v, disappear most likely converting v, and .

* Accelerator v, and v, disappear over distances of 200 to 800 km. The energy spectrum of

the results show a clear oscillatory behaviour also in accordance with mass-induced
oscillations with wavelength in agreement with the effect observed in atmospheric
neutrinos

* Accelerator v, and v, appear as v, and 7, at distances 200 to 800 km

* Solar v, convert to v, and/or v,. The observed energy dependence of the effect is well
described by massive neutrino conversion in the Sun matter according to the MSW effect

* Reactor v, disappear over distances of 200 km and 1.5 km with different probabilities.
The observed energy spectra show two different mass-induced oscillation wavelengths: at
short distances in agreement with the one observed in accelerator v, disappearance, and a

long distance compatible with the required parameters for MSW conversion in the Sun.

Experiment L (m) E (MeV) [ |Am=| (eV7)
Solar 10" 1 10~ 1Y
Atmospheric 10 —10° [ 10--10° | 107" —107*
Reactor SBL 10° — 10° 1 1072 —10"3
LBL 10*—10° 1074 —1073
Accelerator SBL 10° 10°-10? > 0.1
LBL 10°—10° | 10°—10* | 102—=10"°

l O()

..
S
o9

10

PdG 2016 (http://hitoshi.berkeley.edu/neutrino)
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The 3v paradigm

There are at least two independent squared-mass differences: Am3,,, and AméOL The minimal possibility of just two
independent squared-mass differences is realized in three-neutrino mixing schemes

3
VaL — z UakaL
k=1

The three light massive neutrinos could have a Dirac nature or a Majorana nature or they could be generated by a Dirac—
Majorana mass term through the see-saw mechanism.

‘ .) -) -‘) -‘) .) ¢ .‘) -‘) ; 2 . ¢
Am3, =m5—mj, Am3, =m;—m;, Ami,=mi;—m5, but Am3, + Am3, — Am3, =0

‘ ‘ / 2 / 2 , 2 / 2
Amio, € Amipy E—) Amgor, = Am3y,  Amjry = [Amy],
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The 3v paradigm

, . Amior, = Am3,, Amiry = IAmg 1,
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The 3v paradigm

3 channels: Ve = Vi Ve S V; Vi S vV, (same for antineutrinos)

6 parameters: 2 Am?, 3 mixing angles, 1 Dirac phase

C,p = COSY

1 0 0 C13 0 6_15813 €12 512 0 S, = sindg,,
U=10 3 s3([ o 1 o |[[-s12 c12 0

0 . 0<9,< /2

$23 €23)|-ei’s;3 0 cq3 0 0 1 0< 65 <27

. o L (Ami.L N . o [Ami L
Poovs (L. E) = bap =4 ) Re[U2k Upk Us; U;) Sl”( 3 ) Pra—va(L,E) =1 =43 |Uak[* [Uas? Si“"( ; )

- 4F k>j =
P, " T* T T T * - A,71i L
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[Giunti’s book, Cap 6 and 7]




The 3v paradigm

3 channels: v, S Vi Vv, SV, Yy Sv, (same for antineutrinos)
6 parameters: 2 Am?, 3 mixing angles, 1 Dirac phase
_: C,p = COSY
1 0 0 C13 0 e 15813 €12 512 0 S, = sindg,,
U=[0 c23 s23 0 1 0 —S12 ¢12 O
0 —sp3 c23)|-eids;3 0  cq3 0 0 1 VS O S 212
0<65<27n

L [ Ami.L ‘ . o [Ami L
R/ —ou.;(L E) —003—42 Rf Q}\l3kla](‘3]] sin” < Y ) R/ﬁ—oz/n(L.E) =1 —4Z|(~-Fak|2|c'raj|“ sin” ( 4£J )
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[Giunti’s book, Cap 6 and 7]




The 3v paradigm

3 channels: v, S v, v, S v, v, S, (same for antineutrinos) %
=
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Solar Experiments 012 Am3, | 03 =
. : N

Reactor LBL (KamLAND) Am3, 012 , O13 O
Reactor MBL (Daya-Bay, Reno, D-Chooz) 013, |Am32, 35 A
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Beautiful v oscillation data have established this 3v paradigm...
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Data from various types of neutrino experiments: (a) solar, (b) long-baseline
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... and consistently measured five v mass-mixing parameters
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The 3v paradigm

LBL Acc + Solar + KamLAND + SBL Reactors
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Beyond 3v paradigm

MiniBooNE & LSND anomalies reactor anomaly
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Beyond 3v paradigm

significant tension between expected and measured neutrino rate

MiniBooNE & LSND anomalies reactor anomaly gallium anomaly
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* 3+1 model? excluded at 4.7c [M. Dentler et al., JHEP 08, 010 (2018), [arXiv:1803.10661]]

*  3+2 model?
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DUNE

Deep underground neutrino experiment

* New beam at Fermilab (1.2 MW@80 GeV protons, upgradeable to 2.4 MW), 1300 km baseline

*  On-Axis 40 kton Liquid Argon Time Projection Chamber (LArTPC) Far Detector at Sanford Underground Research Facility,
South Dakota, 1.5 km underground

* Near detector at Fermilab

* v, appearance and v, disappearance 2 Measure MH, CPV and mixing angles

* Large detector, deep underground, high intensity beam - Supernova burst neutrinos, atmospheric neutrinos, nucleon decay
and other BSM, etc

hool - Palermo 2024

Sanford R
Underground .
Research
Facility s

Fermilab

o —————

B 1000+ collaborators from 0

institutions i 30+ nations
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Bottom CRPs

Widags

Mol arXiv:2312.03130 (2023)
JINST 15 T08010 (2020)

FAR DETECTOR: two read-out technologies

* Horizontal drift (HD, left) using wire readout planes, four drift region
* Vertical drift (VD, right) using two 6.25m drift regions and central cathode
« Simpler to install — first DUNE FD module will use vertical drift

* VD 1s baseline design for modules 3 and 4




DUNE
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HK

Kamiokande
(1983-1996)

3 kton

Super—Kamiokande

(1996-)

50 kton

Hyper-Kamiokande
(2026 )

520 kton




HK

HK atmospheric only HK atmospheric + beam <

(@)

Hyper-K 2.6 Mton year, Staged J5, Uncertainty dp Uncertainty N
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Bian et al. (Hyber-Kamiokande). Snowmass 2021 ® ~>30 sensitivity to the mass hierarchy with atm V only i
Abe et al. (Hyper-Kamiokande), arXiv:1803.04163 . : .
® Complementary information from beam and atm Vv ~

® Sensitivity enhanced by combining two sources!




JUNO

¢ Proposed as a reactor neutrino experiment for mass ordering in 2008 (PRD78:111103,2008; PRD79:073007,2009)
= driving the design specifications: location, 20 kton LS, 3% energy resolution, 700 m underground

¢ Rich physics program in solar, supernova, atmospheric, geo-neutrinos, proton decay, exotic searches

¢ Approved in 2013. Construction in 2015-2024
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Hong Kong

74 institutions, >700 collaborators
Asia: China (34), Taiwan.China (3) Thailand (3), Pakistan. Armenia

N. D1 Marco - 13th IDPASC School - Palermo 2024

America: Brazil (2). Chile (2). USA (2)
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Acrylic Sphere:
Inner Diameter (ID): 354 m
Thickness:12 cm
Stainless Steel (SS) Structure:
ID: 40.1 m, Outer Diameter (OD): 41.1 m
17612 20-inch PMTs, 25600 3-inch PMTs
Water pool:
ID: 43.5 m, Height: 44 m, Depth: 43.5 m
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Reactor V. signal IBD event number (x103) 300
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SBL FermiLAB neutrino program

2= Fermilab

— 89 ton active mass LAfTPC located 470m along the beam o
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SBND (or the Short-Baseline Near Detector), will be an all
476 ton active mass ICARUS- new 112 ton active mass LArTPC sited only 110m from
T600 detector the neutrino production target




SBL FermilLAB neutrino program
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SBL FermiLAB neutrino program
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AmZ, (eV?)
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(1) S. Gariazzo et al., arXiv:1703.00860 [hep-ph]
(2) M. Dentler et al., arXiv:1803.10661 [hep-ph]
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(1) S. Gariazzo et al., arXiv:1703.00860 [hep-ph]
(2) M. Dentler et al., arXiv:1803.10661 [hep-ph]
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See > Betancourt@Neutrino2020 about SBL neutrino program
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+ new (crazy ?) ideas

* Korean Neutrino Observatory (KNO): similar size to HyperK,
significantly more overburden

- THEIA: FD4 - DUNE 4th module (“Module of Opportunity”)

* LiquidO

THEIA25

20m

<
N
-}
&N
o
5
~
3
<
A
IS
o
<
QO
0))]
O
0))]
<
A
A
-
<
+~
a
—
@)
=
~
o
=
)
Z




Physics Institute Zirich, Dec. 4, 1930

of the ETH Gloriastrasse
Zurich

Dear Radioactive Ladies and Gentlemen, I RADIC-SCHWELE AG RAD | [] G RA \1 M - RAD”] BRAM M E Ceamie-suisst 5.0

As the bearer of these lines, to whom I graciously ask you to listen, will explain to/you in m == PLC 00353
"wrong" statistics of the N- and Li-6 nuclei and the continuous beta spectrum, I have hif upon a de: - mabu At ““osu”"?. : T
"exchange theorem" (1) of statistics and the law of conservation of energy. Namely, the/ossibility th NEWYORK ¥ o |B =g
exist electrically neutral particles, which I will call neutrons. that have spin 1/2 and obLy the exclusio e § 120 58

differ from light quanta in that they do not travel with the velocity of light. The mass £t the neutrons s

of magnitude as the electron mass and in any event not larger than 0.01 proton mas’. - The continuous or W o) Ler 1 ost

make sense with the assumption that in beta decay, in addition to the electronsa neutron is emitte : €]
energies of neutron and electron is constant. PROF. W. PA\

e MAME . WOM

But so far I do not dare to publish anything about this idea, and trustfi.ily turn first to you, dear
the question of how likely it is to find experimental evidence for such a neuw'ron if it would have the st
larger ability to get through [material] than a gamma-ray.

I admit that my remedy may seem almost improbable because.sne probably would have seen tl
for a long time. But nothing ventured, nothing gained, and the serigi.sness of the situation, due to the
beta spectrum, is illuminated by a remark of my honored predesessor, Mr Debye, who told me rece
better not to think about this at all, like new taxes." Therefor~ one should seriously discuss every
radioactive people, scrutinize and judge. - Unfortunately, I casinot personally appear in Tiibingen sinc _
in Ziirich because of a ball on the night from December 6 to' /. With my best regards to you, and also = Al e ok :? EINES o %a_ CovAaAN

servant B ox

signed W. Pauli

Lol
R

ST AT A 88

age . Az Coeds B
- Rine W40 Rnowy Koy Yo %j#

Almost 100 years of neutrino hunting. Still counting... TV
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THE SNO+ EXPERIMENT Sl

Multi-purpose experiment at SNOLAB - Sudbury, Ontario, Canada

N~ o

— eutrinos
Solar Neutrinos

Supernova
+ exotics

Geo-Neutrinos

Reactor Neutrinos

J- Maneira (LIP) Solar Neutrinos: Recent Results and Prospects - Neutrino 2024 - Milano 14



SNO+ TIMELINE ;-giﬂ

2017 2018 2019 2020 2021 2022 2023 2024 2025 l

v ¥
¥ )

Water phase Partial fill phase Scintillator phase Next:
* High Rn Scintillator over water. * Low PPO Tellurium-

e Tow Rn Stop 1n fill due to Covid. * Nominal PPO
. Added bis-MSB loaded phase
POSTER 581 /

REF. 7 B. TAM, S. MANECKI

15

J- Maneira (LIP) Solar Neutrinos: Recent Results and Prospects - Neutrino 2024 - Milano



The Super-Kamiokande experiment

+ Super-Kamiokande has been taking data since 1996 and has come through seven run periods
+ Densely packed PMTs (40% / 20% for SK-IT) and good water quality provide excellent sensitivity for
various physics targets.

* In 2020 we have added Gd sulfate to the water in order to increase the sensitivity for neutron capture.

Gd concentration at SK-VI:
0.011% in weight.

1996 2002 2006 2008 2018 2019 2020 2022

SK-I1I SK-V SK-VI SK-VII

—
Pure water Gd-loaded water
6,511 days live-time 583.3 days + the future...

a, NEUTRINO 2024, Milan 17-22 June 2024
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K v W Zenith angle atmospheric neutrino oscillation analysis
&

N

f .-

* Latest results with full SK pure water phase (SK1-5):
* Latest publication - Phys. Rev. D 109, 072014 -
Published on 24 April 2024
* Previously published results: Phys. Rev. D97, 072001
(2018)

* Updates since the previous analysis:
- Expansion of fiducial volume and more lifetime: 6511
days, 484 kt-yr in total +50% of statistics
- Event selection with neutron tagging on hydrogen
(5K4-5)
* New multi-ring event classification using a Boosted
Decision Tree (BDT)

* Improved charged current/neutral current separation

» Atmospheric v oscillation fit with external constrains

* 0,3 from reactors

* Atmospheric neutrino events at
Super-K are classified into several
categories:
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Why Gd salt was added ?

Dissolve Gadolinium into Super-K

J.Beacom and M.Vagins,
Phys Rev Lett.93(2004)171101

*SK-6d: add &d sulphate to ultra pure water to enhance neutron tagging efficiency.

8 100%

‘Physics targets: g .
* Detection of the world's first (DSNB) -see Harada-san talk g;

60%

« Improvement of supernova direction pointing accuracy

* Enhancement of v and 7V identification and improvement of E, reconstruction in |
6d: 0.01% SK6 20%|

atmospheric v and T2K analyses

T
0.1% Gd gives
>90% eficdancy
for n capiure

GdCly or Gd(S0,),

\

T For 50 ktons this means
~100 tons of water soluble

0, 0 :
* Reduction of background in nucleon decay search 0.03% SK7 : 0.0001% 0001% 0.01% 0.1%
o o o Gd in water
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Time from event trigger [ps]
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ll. Oscillation anomalies: v, disappearance 16

1.2¢
v, disappearance: the gallium anomaly E [38]
71 71 . . 1.0:I T
« ""Ga — "Ge v capture cross-section was calibrated t
with intense °!Cr and *’Ar sources by GALLEX & § F
SAGE (20 years ago) as well as BEST (2022); O'Sg j { f
0.7
- these measurements show a significant deficit withre- £, . ., . .1 ...
P s > p ¢
spect to the predicted values [38]: %V&Q %§§<’v V&ﬂf’ &gf’ @,\w“ &
Q
R;(Cr) = 0.953 £ 0.11 ) - s s T
GALLEX: I C%
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8 L | o |
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SAGE: > = | 0.80 &+ 0.047 - SR N
R,(Ar) = 0.79 + 0.095 < 97 | L\ )
s [Gorbunov] & 57 | C(
R-(I) = 0.791 &+ 0.05 [ ‘ | .
BEST: s(1 3 4] N\
R,(0) = 0.766 + 0.05 SHEN @Y 4
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- such deficit can be interpreted in terms of oscillations; 14 <o 38]
2 2 , T 0o 02 02 0= 6c 07 ar o
- data suggest Am® > 1 eV” but require very large 0,,. 00 01 02 03 04 05 06 07 05 09, L0

[38] V.V. Barinov et al. [BEST], Phys. Rev. C 105 (2022) no.6, 065502 [arXiv:2201.07364]
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