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® Quick review of relevant neutrino physics

e See F Vissani’s lecture.

* Experimental techniques
* Radiochemistry
e Water/Ice (and D20) Cherenkov detectors
* Organic scintillators

e Sampling calorimeters
e [ Ar

e Accelerator experiments

®* Neutrino phenomenology from 0 eV up to PeV scale [and selection of experiments]
e Zero threshold processes
* Low energy nuclear processes
* Scattering on electrons

* Hlastic, quast elastic, resonant, deep inelastic scattering on nucleon and nuclei
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'. Disclaimer

* The list exceeds what may be discussed thoroughly in only 2 houtrs.

® Therefore:
* | assume you are somewhat tamiliar with basic neutrino physics and the basics of the Standard Model.

I will focus on key points or on some points often mis-understood
* I will fly quickly over some of the slides: they are meant to be just a reference for home work

e If I go too quick, you complain and we focus on fewer topics

e DISCLAIMER
* | mention SOME experiments in order to offer examples.
[ am NOT listing ALL experiments.

* The fact that I did not mention one experiment (particularly, maybe, YOURS) does not imply any
judgement about its relevance)
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a A touch of history

* Indirect evidence of neutrinos dates back to early discovery of radioactivity

* Becquerel (1896) discovers 8 radioactivity, .i.e. the spontaneous emission of an electron off an atomic nucleus

|[Rutherford, 1899].

* Several experiments in the period 1911-1927 [O. Hahn, L.. Meitner, Chadwick, Ellis-Wooster| prove that the e spectrum
zs continuous, contradicting two-body kinematics.

N. Bohr dares saying: “Maybe in B decays energy is conserved only on average”

e Hven worse, the 5 decay, e.g., of 4C (and of all

nuclei with an even number of nucleons) violates
statistics, if the final state is made of a single e-

Energy spectrum of beta
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" Avoiding historical miopia

® The problem WAS difficult !

* Natural radioactivity comes mainly from

238J and 232Th decay chains

*  Many elements and decays

* A long list of Nobel prizes to disentangle the mess
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F“ Fermi theory |

* Fermi theory is a blessing which gives the “desperate remedy’ a convincing theoretical framework

* But it almost killed neutrino physics at its infancy

* Bethe and others (1934) compute the neutrino-matter cross sections and the result 1s despairing

° ~1042-104“cm? (@ 1 MeV

MEAN FREE PATH IN WATER
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7. Inverse § decay :

e Historically and physically, 1s a key process tor neutrino physics still today (e.g. JUNO)
* “The golden channel” for anti-neutrino detection at low energy
Large cross section, clean signature ot final state

* First detection by Reines and Cowan (1956) was done using this technique

“delayed”
~ 250 ps, ~ 70 cm
//\
n /I\ /// ’

B - -7 “prompt” 4

Ve @ ——--- - @ ~1ns, ~ few mm v (2.2 MeV)
y(Sllkev) b ® - - v (511 keV)

e—l—

Prompt event
Visible in Water (E, > ~3 MeV) or Liquid Scintillators
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* First detection of (anti)-neutrinos (I)

T e

* Key point: V-matter cross sections are (always) small

* To detect some Vs you need a huge integrated luminosity, which is obtained with large
very large v fluxes, and patience.

* Y detection was at first made possible by the development of fission reactots

* Reines and Cowan, 1956 (after several attempts, including the “idea” to use atomic bombs
explosions!)

e Each U fission yields 200 MeV on average, and 6 V.
Flux: ~ 2.10%20 s-1 GW-, 1sotropic, <E,> = 0.5 MeV

About ~ 4. 1012 s-Tcm-2 for 1 GW reactor at 20 m from the core

For comparison solar neutrinos: ~ 6.5 1010 s-1cm-? on Earth
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4

y First detection of (anti)-neutrinos (1I)

* A first conceptual drawing to detect ¥ from nuclear explosions in 1952. Never done.

e Hirst detection at Hanford

fission reactor in 1953,

* 300 lit of liquid scintillator observed by photomultipliers

At that time, a record. Largest detector betore was about 10 litres.

Neutrons and photons from reactor successtully shielded by lead and borated-parattin

Lesson learned: cosmic rays make a substantial background, 10 times more than signal.

o “The lesson of the work was clear: It is easy to shield out the noise men make, but tmpossible to shut out the cosmos.
Neutrons and gamma rays from the reactor, which we had feared most, were stopped in our thick walls of paraffin, borax and
lead, but the cosmic ray mesons penetrated gleefully, generating backgrounds in our equipment as they passed or stopped in it
We did record neutrino-like signals, but the cosmuic rays with their neutron secondaries generated in our shields were 10 times
more abundant than were the neutrino signals. We felt we had the neutrino by the cottails, but our evidence would not stand up

in count”

* No surprise: today most

* The group had to deve!

op technologies that are still crucial today

Improve quality anc

 stability of liquid scintillator and large scale production

Low radioactivity components, shielding and tagging of external radiation
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'. First detectjon of J(a_nti)-neutrinos (11I) - - |

TR, NN

* Conclustve result at Savanah River in 1956
* Two plastic tanks filled with water (blue)

= Y target (protons)

* Cadmium dissolved in water
= (Cd has a huge neutron capture cross

section and emits high energy ¥

* Between the water tanks, 3 large liquid
scintillators detectors (I, 11 e I1I) (4200 litres in total),
each equipped with 110 PMTs to detector et annihilation and Cd ¥

* Hach v event in the water produces:

A positron, whose annihilations yields two
back-to-back ys = fast coincidence in tanks I and I1I.

A neutron, captured by Cd = again signals in tanks

I or 11, delayed by 3-10 ps.
No signal in tank III because Tank II is a good shield
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V . .
i Historical note | |

* First visual image of a § decay (°He in a cloud chamber)

* (learly showing that it 1s a 3-body final state

* Obtained in Hungary in 1950, a few weeks before Soviet invasion, which stopped
completely this activity

J. Csikai
A. Szalay

C. Budapest, fall 1956

gHe — gl_i + € + g
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'. Fermi weak interactions

* Assuming point-like 4-fermion interaction the Fermi Hamiltonian reads:

e V
G F LOWEST ORDER DIAGRAM
H W — J ,Z J H FOR NEUTRON DECAY IN
\/i FERMI THEORY
n p
* Original Fermi theory (1934): J' =ny"p + vyte pure “VECTOR” current
T — 5 — 5
 Gell-Mann - Feynman V-A (1958): JH = ny"(gv + gay”)p +vyH(1 —v7)e
Phys.Rev. 109 (1958) 193-198
Developed after discovery of PARITY violation “VECTOR” - “AXIAL” current

Note 1: the ratio of axial/vector couplings to leptons is fixed by the theory
Note 2: that of hadrons is NOT

o We see later that the coupling to quarks is the same as that of leptons, but strong interactions have substantial
effects, especially on the axial coupling.
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V. Universal weak interactions

L L - L § T T SESSOETNE

* Gell-Mann and Feynman introduce two key 1deas:
* The weak current has a V-A structure

* The interaction is universal, i.e. it explains leptons and hadrons weak interactions, assuming that all hadrons are
coupled to weak interactions.

* Many results: chiefly Gr _ B
Hy = — 0,7 (1 =97 p &y (1 —7°)ve
u lifetime 1s calculated at % level V2
e
2 3 2,29 T g WITH LEADING
L _Ghmi S L GEmLfa(, B MG
T 19273 \ I 19273 |° 2« 4 )|  CORRECTIONS
Ve
Weak interactions are responsible also of processes not involving neutrinos:
* 'The fact that K* decays both in 2 and 3 pions (violating parity) is explained
K_l_ — 7T_|—7T_|_7T_ BR 5.6% (Phase space is small)

KTt — 7+1t.0 BR 20.7%
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'. V-A structure - .

* The V-A structure of weak interactions 1s based on solid experimental evidence

* For example a scalar or pseudo-scalar interaction terms would yield:
'rt —etu,)

= 9.9  WRONG!
I'(mt — utv,)

e V-A predicts:

THEORY (tree level) EXPERIMENT  PDG 2020
M(rT — eTr, m?2(m?2 — m?)? [(rt — ety
( ) = 26( 72T ;)2 —1.26 1074 ( 6) — 1.230 £+ 0.004 10~*
F(7T+ — M—I_V,LL) m,u(mw o m,u) F(T('_l_ — ,LL_I—V'UJ)

* TWIST experiment has made a high precision test with 1010 polarised muons
* The Michel parameters parameterise the general combination of the possible S+P+V +A+T interaction terms.

e The Michel parameters p and 8, which for a pure V — A interaction should be 3/4, are measured to be:
* 0=0.74977 £ 0.00012(stat.) £ 0.00023(syst.)
* 5 =0.75049 * 0.00021(stat.) = 0.00027(syst.)

Phys. Rev. D 85, 092013 (2012)
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'y Helicity

e NEUTRINOS
Are (always) created left-handed

e (So called) ANTI-NEUTRINOS
Are (always) created right-handed

° [f m=0,

e If m#0,

oS L § T T ST

helicity 1s conserved. No problem.

a question arises: what happens if I run faster?

[i.e. if I make a Lorentz boost that changes the direction of motion?]

e Answer and to whether neutrinos are their own anti-particle

e CAS]

5, 1: boosting a left-handed neutrino. I find the same ‘“‘anti-neutrino’” emitted bv beta deca
g . y y

The word anti-neutrino 1s mis-leading. They are just two helicity states of the same particle

e CAS]

R

5, 2: boosting a left-handed neutrino, I find a right-handed neutrino DIFF!

neutrino

In this case neutrinos and anti-neutrinos are distinguishable and the
completely “sterile”, 1.e. have no interactions with the Standard Model

Hands-On - LNGS
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’-‘ 2 neutrino flavours (I) B

* HExperimental observations suggested that muon and electron share identical weak couplings with matter
N —> P+ € -+ U FERMITHEORY, BETA DECAY
* Universal Fermi Interaction (1949) [+ P —> N+ V 1947 CONVERSI, PANCINI, PICCIONI

uw—r€e+v-—+v 1948 J. STEINBERGER, PhD THESIS

* However, the “natural” muon decay to electron and photon does not happen

BR(p~ — e v) <4210

* Are the two neutrinos the same particle?
* If yes, why 27

. . . S
If no, what 1s the difference : With modern eyes, why this

diagram does not work ?

* B. Pontecorvo 1959: use neutrinos from pion decay "
)

to check 1f there 1s a real difference
* M. Schwartz 1960: use pions from an accelerator to " a 3 d .

get high energy neutrinos v

Hands-On - LNGS Sep. 10%, 2025 Marco Pallavicini 16/113
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y 2 neutrino flavours (1I)

N . L | N

* How do we know that the neutrinos emitted 1n pion decay (accompanying a muon) is the same
as in 3 decay ?

* 1960: M. Schwartz proposes to build a neutrino beam from pion decay

* 1962: L. Lederman, M. Schwartz and J. Steinberger build a large spark chamber (using 10 tons
of neon gas) to identifty muons in neutrino interactions.

blindage de fer
. L |
* The idea 1s still the one |
we use today to produce e
. . h Vi R
neutrino beams wit -l
accelerators protons . T e |
t detecteur
: . 20 m | (10 tonnes)
* There was no plon momentum | | —
selection parcours du muon

i1ssu de 1'interaction

du neutrino y
3 INFN
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'l 2 neutrino flavours (I11I) | - |

-

OBSERVATION OF HIGH-ENERGY NEUTRINO REACTIONS AND THE EXISTENCE
OF TWO KINDS OF NEUTRINOS®

G. Danby, J-M. Gaillard, K. Goulianos, L. M. Lederman, N, Mistry,
M. Schwartz,T and J. Steinbergert

Columbia University, New York, New York and Brookhaven National Laboratory, Upton, New York
(Received June 15, 1962)

Be target
15 GeV M/
proton | s = - GH
beam e — NN

: [
STEEL \\\\\V
1 to CONCRE TE Uﬂm

LEAD

FIG. 1. Plan view of AGS neutrino experiment,

to the detector?
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| FIG. 5. Single muon events. (A) Py >540 MeV and
” ; 6 ray indicating direction of motion (neutrino beam in-

p o . cident from left); (B) p, > 700 MeV/c; (C) Py >44( with
’l L | || S : 6 ray.
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Ml 2 neutrino flavours (IV)

detector -
pl-mesobn steel shield spark chamber
eam :

The accelerator, the neutrino
beam and the detector

Part of the circular accelerator in 4
Brookhaven, in which the protons |
were accelerated. The pi-mesons (1), H
which were produced in the proton

collisions with the target, decay into  COncrete
muons (1) and neutrinos (;r). e 13

m thick steel shicld stops all the

particles except the penetrati

neutrinos. A small fraction of the

neutrinos react in the detector and

give rise to muons, which are then

observed in the spark chamber.

® R@Sll__tS: anw? -:lngr;laav.\ng in Sclentific Amerkan,
Jarcn >

e (64 events detected

* 34 events with a single long track p>300 MeV
o 22 multi-tracks

e Of which, 8 compatible with electron showers, 6 neutrons, 2 electrons from the beam

* There exists a different neutrino type that produces muons and not electrons in nuclear interactions

Hands-On - LNGS Sep. 10%, 2025 Marco Pallavicini 19/113



. : : :
y Low energy neutrino - electron interaction

o

S e Sl e W~ -

e At low ener 2 & My). the effective neutrino-electron interaction reads:
gy g .

Hyy = G—\/g Yu(1 = 5)ve] [Py (1 —s5)e] + p [Deyu (1 — vs5)ve] [EY (gv — gays)el

1 1

where: QV:9L+9R:—§+QSiH29W gA:gL—gR:—i ,0: 1

e After Fierz transformation of the first term we can write:

C Gr (_ _
H = 22 Ao (= )l 7" (ev = cars)el}
where:
for Ve€ scattering: Cy — 1+ pPgv CA — 1+ PJg A

for Vy€  scattering: Cy = pgv CA = PJA
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“ Neutrino - electron interaction

e Differential cross section as a function of e recoil momentum:

do QG% Me 9 2 E’ ’ Me EI/ — B _ /
= ci +cp| == | —cLc . T'=FE —m.,=FE —FE

dTé e L + R EV L REV Ey e e e y »

, 2G% me E 1 1 Me

* The total cross section reads: s oc=—r—"""""1l¢ci +-ch — —CLCR—
T ] 3 2 b,
* For anti-neutrinos the formula 1s the same with ¢y, and cr exchanged.

TREE level cross sections sin? Oy = 0.2312  MS

1

5 -+ sin” Oy sin Oy 0.95 E, [MeV’
o sin® Oy sin? Oy 0.16 E, [MeV
sin? Oy 5 +sin® Oy 0.23 Ey [MeV]
sin2 Oy o sin? Oy 0.078 E, [MeV]

* QED and EW radiative corrections are at few % level and are relevant for high precision solar neutrino experiments and
future experiments.
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e Example: neutrino detection in Borexino (or JUNO for solar neutrinos)

TN LSRN L O .

* FElastic scattering on e: detects all v flavours, with a larger cross-section for Ve

Ve\/e- Ve\/ve
-
e_lA\ Ve e_]/\ e-

2 2 2 |
O'(Vee_):GFS (1+§> +£—

T 2 3

9.510-4 cm?2 (@ 1 MeV

® The e 1s scattered in the

path: few mm
physics thresh.: very small
triggering thresh.: ~40 keV (dep.)
analysis thresh.: ~ 200 keV

Vx\/vx
¢ = sin® Oy ~ 0.23

e-

2 2 2
U(Vxe_) _ GFS (1 _ f) + i

T

1.6 10-%5 cm?2 (@ 1 MeV

SIGNATURE: ’Compton’ shoulders

o
(&)
a

o
w

arbitrary units

0.25

2FE?
20

o
)

0.15

o
=N

0.05

o

o IIII|IIII|IIII‘IIII||III|IIII‘IIII‘II

100 200 300 400
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'. Neutrino-nucleon scattering

e CC v-nucleon scattering is, for historical reasons, called “inverse 3 decay” (also, quasi-elastic)

e Atlow Ey (= 100 MeV), only Ve are active, being 4 and 7 too heavy
vo+p—et+n Vet — € +DP

e Atverylow Ey (s 30 MeV), the cross section is well reproduced by:

+ G%’Eepe ‘

og(Uep — € n) =0(Ven — e p) =

i °
2 2 42 v 2
U, 1+ ~ 931
al"(1+393) = 9.3 10 (10 MeV) .

e While in the region Ey~ 30 - 100 MeV the nucleon form factors become important. Without writing full formulas
we show the plots:

N T Y W W TN W Y T TN U U N NRNN SN NN
50 100 150 200

E, (MeV) |
’ INFN
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- Discovery of neutral currents

LSS e T e

* In 1968 Weinberg completes the Standard Model in the form we know today, adopting also GIM

mechanism prescription

* 3 fundamental predictions (plus many many more....)

 Neutral currents must exists, and their coupling 1s fixed by theory

Ver VuQzVer, Z" + ey Qzer Z*

e
= T5 — Qsin” Oy
@z sin Oy cos Oy ( 3~ @sin )

* Fermions are organised in doublets, so at least

Additional third family fermions are not mandatory and will come later, although they are actually
required if you want CP violation in the SM

* There exist 2 gauge bosons, whose mass is fixed by the theory once neutral current strength is
measured (to get the Weinberg angle)
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’- Gargamelle experiment ) =

* The successful detection of neutral currents depends on two crucial technological improvements/achievements

* The magnetic horn, which allows more intense and purer beams

* It focalise mesons of one size and delocalise the other ones

* The fast, high volume, and high density bubble chambert, to visualise events
6.2 m? of liquid freon (CF3Br) with a density of 1.5 g/cm3

* Ideas that are still the key
of more modern efforts such
as SBN at Fermilab, DUNE,
T2K, HK

Istituto Nazionale di Fisica Nucleare
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45-“-‘“';/_0- s

T, R, T T o o, R . —_ -—— we o e - —_— = -

' ®
Neutral current event in the bubble chamber |

v, muon-neutrino
p - proton

T~ pi-Minus

Y gamma-ray
e~ electron

et positron

—

Istituto Nazionale di Fisica Nucleare
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'. Results of Gargamelle

S

® Run with both neutrinos and anti-neutrinos
* v run: 102 NC, 428 CC, 15 neutrons

* v run: 64 NC, 148 CC, 12 neutrons

* Possible backgrounds
Cosmic rays. Excluded by means of asymmetries

CC with lost muon because of low momentum:
good agreement with calculations

Direct and indirect significant
but much smaller than signal

e ALL these are still a key issue for today’s experiments!

® Final result of Gargamelle:

* “We have observed events without secondary muon or electron,
induced by neutral penetvating particles. We are not able to
explain the bulk of the signal by any known background.”

sindy in range 0.3 - 0.4

10}
« @ NC Events
| .
1ok -200 0 —.200¢cm
- @ CC Events
£
b
0 } i b | { po—
al } _} F) NC/CC
] "Bl A e
{ ‘!
1 1 | [ | )

'}
5L N
2

I3 ] 1

C Events

d)
.

@ CC Events

-

2t 1 H i b
&2
E MEASURED NEUTRON STARS
'g 100 < E < 500 MeV
3 ‘
0 < S

ts

MONTE CARLO CALCULATION FOR

2
i INDUCED BACKGROUND
K
.g
g )
OA- |
"200 ~100 ) 100 +200cm

Fig. 1. Distributions along the v-beam axis. a) NC events in ».
b) CC events in ¢ (this distribution is based on a reference.
sample of ~ 1/4 of the total v film). ¢) Ratio NC/CC in v
(normalized). d) NC in . e) CC events in 7. f) Ratio NC/CC
in 7. g) Measured neutron stars with 100 < £ < 500 MeV

having protons only. h) Computed distribution of the
zround events from the Monte-Carlo.

back-
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™| Three neutrinos: from cosmology

LSS e -

Helium abundance Y as function of

e With the simplifying conditions of: number of SM neutrinos N,

isotropyand SRR T T T TT1T1] e
thermal equilibrium 0.25 - Ny=4 =
particle content SM of particle physics Y, E - > E
* and assuming expansion is governed by General Relativity (FRW metric), 0.20 |- ] | 3
the big bang nucleosynthesis (BBN) is a one parameter model dependent " 10.6min —
only on the baryon-to-photon ratio, %, at that epoch. _3) !
10 E el
® Data, already in the late 80s, showed that the measured helium = =
abundance with the observed 7 strongly favours N, =3 e T
Ty 8 9 E D+3He %
. &l D ‘
Ho=h-100 km s ' Mpc™* QOph? ~ 0.01 — 0.02 o8
_9 =
* Cosmological approach still very usetul: 10 =
* Can constraint also light “sterile” neutrinos, i.e. species not coupled ]O-lo'i_
in SM (e.g. right handed neutrinos) T S
10 10
* Constraints have still significant uncertainties but light additional 7]

neutrinos beyond the 3 SM ones are ofter disfavoured Klob-Turner, 1990
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"Lhr_e___emtutrinos: from Zline shape at Large Electron-Positron collider (LEP) O

* The precise measurement of yields a precise Ny = 2.9541 £ 0.0083

. . .
measurement of the number of SM neutrinos species Al

o ALEPH
* Basic idea: 30 b DELPHI
* Total width directly by varying \/g = c.0.m. energy il L3

OPAL

* Total width can be computed as sum of partial widths
rm !
'z =1lee+1,g+1rz+1hea +NIos = 20F

5

©

error bars increased

* The individual partial widths can be computed and all but by factor 10

the two neutrinos one can be measured: e.g.

127 Sreérq—

p 127 Sreérqq

791 2 2 | s2T7 99 = 372~ 12
My (s — M2)" A SM%Z Mz T% |
0 T BTSRRI | SNSRI BEPFSS RSN (S RSN |
I had measured adding up all events with hadrons in the final state 86 38 9 92 94

E_ [GeV]
cm
* L3 has also obtained an independent measurement from the same line

shape by checking how it i1s deformed by QED corrections with a photon in the final state

et ¥ Y,
~ 700 single photon events E, > 1 GeV
Lz =2 +0.1 L
>¢P < (out of millions of Zs) in LEP Phase 1 Y 98 +0.10 [L3]
e V,
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7. Neutrino propagation

T LT T T e B BESSESNUNE BN NE e N e L R e

e+ + T+
CHIEFLY: i ?
nuclear 8t decay I ? }
e, u- nuclear capture SOURCGE [ i A oo —— [ARGH:
pt, T, 7t decay Vel VuL V7L “Propagation” over very variable distances ?

[from 1 fm in Ovpg up to 50 kpc SN1987a]

36 orders of magnitude
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'. Neutrino propagation
e+ + T+
CHIEFLY: s ?
nuclear 8t decay I ? }
e, 4~ nuclear capture OURCE v ePpmmmm  ccmccmemesessesmesssssssssssssssssssssssse=—=a- 2 TARGET
p*, T, m* decay VeL VpL VL “Propagation” over very variable distances :
[from 1 fm in Ovpg up to 50 kpc SN1987a]
* For massless neutrinos, 36 orders of magnitude

* Clock is frozen (v=c) and helicity 1s conserved

* For massive neutrinos, many different things may happen to handed-ness and flavour
* Dirac and Majorana equations couple right-handed and left-handed states
Example: you might seek at reactors:

gets a term of order O(m/E)

......

reirss, LN N2 I T AL T T TP “aTe -'-'.o:.':o:...'.:.. », +
e Ve + D — € +n X (not seen)
Seasss

Never observed so far because m<<E
m/E ~ 10-7!

The wrong handed-ness component can be observed only for Majorana neutrinos

* For Dirac neutrinos is sterile

e MIXING induce flavour transitions O(m2 L / E)
Observed with the right I. and m2/E values

* Propagation in matter (FEarth, Sun, neutron star cores) may amplity oscillations

* In principle: EPR long distance correlation on flavour; in practice, no way, cross section too small to correlate two events.
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V. Neutrino Oscillations

L oSS L § T T .

e Massive neutrinos are mixed: i "“-‘g;{"*e ’I/a> = U :;z ’I/z>
* Mass eigenstates evolve as: =1
i(7)) = e |i(0)) i(t)) = e TP 1 (0))
* Exploiting the fact that neutrinos are almost massless:
. n 9
. 2 | 2 T - I~ N i 0
Lt Ei=gpi+mi~pit+or == |u,(L) ~ > Ui exp inzl ) 1vi(0))
* The amplitude for observing a state & at distance L. with initial state 8 is given by: =1
m? =
(vg|va (L z o exp (_ i L> ZUBj (vjlvi)

j=1
* Which yields the probability:

n n 1

2 \ - - af ~xaf3 .2
P.3(L) = |(vg|va(L))|” = dap — 4>J >J Re (ﬁi’ £ /) sin’ §(€j —€;)L

cx,ﬁ . . L "2
51', - U:n Uﬁi: €; = .

2 —22: 2: Im (5?/3 ﬁja[g) Sill(éj — €-i)

i=1 j=i+1

* DISCLAIMER: This calculation, reported almost everywhere, is WRONG. and 1n that

case there can be no oscillation!

* However, the correct calculation with wave packets yields the same result, up to the distance at which wave packets cease to overlap. The
formula is RIGHT, until coherence is lost.

For a correct calculation with wave packets see e.g. Giunti-Kim

Hands-On - LNGS Sep. 10th, 2025 Marco Pallavicini 33/113



- Experimental neutrino physics: state of the art

1930 1940 1950 1960 1970 1980 1990 2000 2010 2020

Neutrinos Oscillations, Neutrino Astronomy

Dlscovery, T Beam, TT

Elicity VFve gme | 77777 > T T T T 9 CNOT
PV : SN1987aI SK SNO 7| T2K

KamLAND KM3N
sme: HomeStake GALLEX IceCube ¢
Oscillations? BOREXino JUNO
2= + -5 2
| Am? | = 2.47£0.04 103 V? Sp="2 (-7/2 ?) om 7-4°—°-+21 102 eV
025=47.5%3.2° 015=8.5620.15° 012=33.610.77
1 0 0 COS 913 0 sin (9136_i5D COS (912 sin (912 0 1 O 0
U=|0 cosfys sinfsg 0 1 0 —sinflio cosfis OO0 e 0
0 —sinfs3 cosbos — sin f3e2 cos 013 0 0 1/\O 0 L%
i 1
Atmospheric Reactors L ~ 1 km Solar 0v56
Accelerators LBL IBL L ~ 200 k Reactors
L ~ 700 km m L ~ 200 km
Next generation (JUNO, T2HK, DUNE) has sufficient precision for b = Inemd :

olobal fits to almost all parameters

— atomospheric:
)
? 2.4x10° eV?
atomospheric:
1 2
oS 2
solar: 7.5x10" ¢

Combined T2K, Nova, etc analysis may yield an early “detection” of . 240
CP violation phase op
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™" OPEN QUESTIONS and the path to their answers L
‘—__:m > e e e e e e

Dirac vs Majorana (v #v?) Ovff

UpmMmns unitary?

D
oor 70 OSCILLATIONS
Am?2>07?
U23 maximal? Octant ?
Absolute Mass scale Spectrometers, tBolometers, EUCLID
Astrophysics IceCUBE, KM3Net

Multi-messenger (GW, photons) VIRGO-LIGO + Astronomy
CvB R&D for PTolemy, Euclid, CMB fits

SN (pulse and relics) (LVD), JUNO, SK, HK, DUNE
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V ° ° °
' Artificial and natural neutrino sources

A - e A WL S O PRSI OO A .S R R TE T e W LT S o e S e

o Artificial
e Nuclear Reactors
e Accelerators

* Radioactive sources (in some special cases)

¢ Natural
* Sun
* Atmospheric
secondary from cosmic rays interaction in atmosphere
* Cosmic
coming from outside Farth
* (Geo-neutrinos
from Farth bulk and crust radioactivity
* Diffuse SN (statistical sum of many past SN events)
e SN
only once so far, SN1987a
* Relic (from big bang)
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™ Natural neutrino sources

L LS T o

Neutrinos

Anti-Neutrinos

From: arXiv: 1910.11878v3
(Vitagliano, Tamborra, Raffelt)

Hands-On

Neutrino flux ¢ [eV~ 'ecm™2s™"]

Neutrino energy flux E¢ [cm™2s™"]

— — |
o o |
- -

N oo |

Y -
- o
o [=2]

N
<
D

10—12

10°

107

10-12

10—18

Marco Pallavicini

| T | T T T T T | T T T T T | T T T T T |
- -4 EERRELRY
- - .r'l!.b{
: Solar (thermal)  Solar (nuclear) -
- __—Reactors ]
= Geoneutrinos™_ -
= DSNB - ~ -
- > =
- N . —
= Atmospheric .
= \ 3
= A .
- N IceCube data =
= SN (2017) 3 KM3Net event ?
= N .
S o1 2024
= Cosmogenic = a— -
il ] Y TN NN (NN SN SR (N SN SN SN S S S S S W S "
107° 1073 10° 103 10° 10° 102 10" 108
Energy E [eV]
1 T | T T T T T I T T T T T I T T T T T |
- 1 (Bt < Brigreay — e
- Solar (nuclear) -
N Solar (thermal) .
- Reactors .
| A |
n Geoneutrinos , - - ’
- DSNB “* ~ B
- - Atmospheric N
" \ _
" N Ice(()zu(;)%c)iata . KM3Net £
n \ ’ et event ¢
- BBN (°H) 2/ :
: t / 2024
n Cosmogenic_ .
C 1 ] T S S N T T N T T N N T N SR R SR A i N
107° 1073 10° 103 10° 10° 102 10" 1078
Energy E [eV]
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"‘ Neutrino detection Cross section vs energy

S —

—
Q

Extra-Galactic

dar

Galactic

Accelerator

Atmospheric
SuperNova

—L —L

— —L
°© A o =9
& o ~ ‘.

5-Nascm=3 104 mb
1

Cross-Section (mb)

Y

d

[}
—y
N

5.6 1023 10728 em—1
~ 30 m

—

'
—_
(o]

1 0—22

10%

10

10-31
10* 10° 1 102 10* 10° 10° 10° 10% 10" 10° 10"
Formaggio and Zeller, hep-ex[1305.7513] Neutrino Energy (eV)
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Merutrigqu key parameters and processes o | _
0O
Nobs — Ntarg T (I)(EV)O'(EV)E(EV)dEV
Eth’r‘

NOTE: this formula is good for MC
simulations. Real neutrino energy is

* Nobs: number of detected events above
* Eme lower detection threshold (strongly dependent on technology)

usually unknown, so data analysis must be

* Nurgt number of targets (electrons, protons, nuclei) done using reconstructed energy A

Typical value Nearg ~ 6 1020 kgt (e~ or p) complex issue, not covered.
e T: exposure time (2.7 107 s / y typical up-time)
* ¢: neutrino flux

Sun: ~ at Earth; Reactors: ~ @ 20 m; Accelerators: ~ @ 1000 km

* g: cross section (total for the specitic FS)

e ¢: efficiency/acceptance; usually large, but not always

* TWO SIGNIFICANT EXAMPLES:

e SOLAR (Borexino, elastic scattering on electrons)

e B 31 _— o 5 _17]0.7107% em? . . s
s e Nops = [3. 10”7 e ] x [86400 s | x [6 107 em™ “s™ 7] (MeV) ~ 50 ev/day [including oscillations]
* ACCELERATOR (DUNE, inelastic scattering on Liquid Argon)
- M 0.7 10738 E,, cm? E, M
e bs = 12.10" s1-11 -2 .11, . v ~ 40 10-6_2¥
w s = g7 102 kg 210 I Lem s e { GeV } GeV kg
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™ 7 Nuclear reactors =

= T T .

* A reactor 1s a powerful source of anti-neutrinos

e Fach U fission yields 200 MeV on average, and 6 V.
Flux: ~ 2.1020 s-1 GW-1, 1sotropic, <E,> = 0.5 MeV

About ~ 4. 1012 s-1cm-2 for 1 GW at 20 m from the core

® The details of the anti-neutrino spectrum are
and still subject of research

~100
. . . . 235 ° _ [e
D ornmatlng p FOCESS: U ﬁSSlOl’l and Sub sequent ﬁ '% 90 a) v, interactions in detector [1/(day MeV)]
decays (6 on aver age) g b) v_ flux at detector [108/(5 MeV sz)]
g 80 ¢) o(E,) [10_43 cmz]

B
70
" ’ 90 100 13%140
A\ @_' ' N o~ 1% + S5 60
92U

U-233 Pu-239

& M gy [N ™
ntr:zl:use 5% 65 %U 9‘235

/ f \ 35%Pu \ 40

1| ) N

Il

//

* The flux depends //
on reactor type and 3% /
/

_IIII|IIII|IIII|IIIl||IIIIIIIIIIIIIIIIIIIIIIIIIIII

20
also on time because \\ \ : 2%
fuel composition o / \ \ 10
eV()lveS 0 s2 O N AN N N Y Y —— L1 o
90 1 0 > 3 4 5 6 7 8 9 10
E, MeV)
Fission products mass number A @
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P“ Example: KamLAND experiment

* Kamioka Liquid Scintillator Anti-Neutrino Detector

Huoehima -

32°N

"% ~180 km baseline 34% photo-coverage with

.
International Nuciear Safety Center at ANL, Oct 2002

_130'5 132'5_134'5 136'E_138'E 140'5_142'5 144'E_146'E30N 1325 17” and 554 20” PMTS
2 flavor neutrino oscillation most sensitive region

1.27Am? [eVz]l[m]) Am? = (1/1.27) - (E[MeV]/L[m]) - (7 /2)
EMeV] ~ 3 x 107 °eV?

P(v. — v.) = 1 — sin” 20 sin*(
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'I KamI. AN D detegt_o_r
Stainless steel tank KamlAND Detector

Kamioka Liquid Scintillator
Antineutrino Detector

Liquid Scintillator

Calibration ~T1kton
system in Electr onics
Rn-freeair > [ L
n-iree ai i ’ Y/ hut H-C- C—---—cI C-H
H H |{|I Ili |
1879 PMT ‘ B oy
(1711& 211) array | Cllijdeca(ggo/(O(): 12H26)

CHa
Pseudocumene
(20%)
@/( )\QPO 136

AR R BT R R +0.03g/1)

\ Buf fer Qil (dodecane)
% Vertex resolution

~12cm/ VE (Mev]
i?if'. . ) g Ener gy resolution
“tga Outer detector : 3.2kton water shie T
Jg and 225 20"PMT s to detect cosmic U’s) G0 NEMey o

42/113
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o . ©
’- A neat oscillation experiment =

Prompt Event Spectrum

< 100 ;
2 80 E_ =e= Selection efficiency -« Data- BG - Geo Ve )
5 60 B Expectation based on osci. parameters
O - ! e :
= 40 o Ir determined by KamILAND

N : = B

- KamILLAND data = -

u no oscillation = 0.8

250 - best-fit osci. —% B —
- - ?é:cidentﬁsl "8 -
§ 200— C(an) O 5: 0.6
- - best-fit Geo V, — — ' ®
g - best-fit osci. + BG "; B |
S 150L + best-fit Geo V, = N
- 2 04
S - 7 :
Z 100: B +
5()5_ ----- 0.2
O: OTIIIIIIIIIllIIIIIIlIIIIIIIIIIIIIIIIIIIIIIIIIII
0 20 30 40 50 60 70 80 90 100

E, (MeV) L/E, (km/MeV)

= PE .
< 105 Y A P (Oscillation parameter
ul A Y 26
5EﬁﬁﬁﬁﬁZZIﬁﬁﬁ:I;'.;ﬁﬁ.]_;;;iififi?)LL;fﬁﬁfﬁ::,ilﬁc};;
o 9 - KamLAND 53&% ‘c? 8
. o . o, L.2TAm*[eV7]|lim| — R I R
P(l/e — l/e) — 1 — S111 29 S11N ( ) e W 9973%CL. | f |
E[MeV] % 10 G AN
NECTI E :I are s .E-
< - |
-\ e 95% C L.
————— 99% CL. RS
— 99.73% C.L. A R o
I * Destfit e
| | | IIII| | | | | lilillilllill:hlilllllil
10! 1 10 20 30 40

tan’0,, Ay’ @I-:?\I

Istituto Nazionale di Fisica Nucleare
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4 State of the art today: JUNO

Daya Bay — JUNO =

* JUNO 1s a huge liquid scintillator detector a6 e W, A
: : : R L DR < 06 o Bug !

now operating in China S T stenzhen [ IR W

& A Ol - 9 ot \ J
o 3 iy, A "7 Zhu Hai qﬁ g 02 B Gom = ® KamLAND

LS 23231 06 m f ’ ¥ / E: ,.Hong Ko 0.0k 1l 12 13 14 15

ViR a2 N 10 10 10 10 10
) K g . I e, _./Macau Distance to Reactor (m)

A

Taishan NPP Talk by Y.F. Wang at ICFA seminar 2008, Neutel 2011;
18.4 GW Paper by L Zhan, Y.F. Wang, J. Cao, L.J. Wen,

Supe rnova NeUtrinOS . At mosp heric : -“Yangi‘a"g!NP" PRD78:111103,2008; PRD79:073007,2009
Cosmic evolution, star formation, ‘/,-f_"', c Neutrinos
supernova explosion mechanism x;,é;"' =  Complementary to

Solar Neutrinos o A reactor neutrinos t«

Diffuse Supernova Neutrino Backgroun

Examine the dynamics Potential to discover DSNB
of stellar evolution

improv the sensitivi
to mass ordering

Reactor Neutrinos

Geoneutrinos

Determine neutrino mass ordering

Measure oscillation parameters Examine the Earth's

PSR E— TONG geophysical model
DG2020) | (100 days) | (6 ‘ :
@ ) [ (190 days) | (6 years) New physics searches
Am?Z,, 1.3% 0.8% 0.2%
(AmZ,,) e.g., proton decay and sterile
Am?2,, 2.4% 1.0% 0.3% neutrinos
$in20,, 4.2% 1.9% 0.5%
— — — —— Y J. Phys. G 43 (2016) 030401
SIn“0, 2% 9% 1% i \
CREDIT: Y. F. Wang 2025 Prog. Part. Nucl. Phys. 123(2022), 103927 : <5
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=

JUNO Detector concept(s)

* Target mass of 20 kt liquid scintillator = x 20 KamLAND, x 40 Borexino
* Energy resolution <3%@ 1MeV = >1200 PE/MeV

=T

A

KamLAND JUNO PE Ratio
Photon Statistics 250 p.e./MeV | 1200 p.e./MeV 5
PMT coverage 34% 75% 2.2
LS transparency ~12 m >20m ~0.9
Light yield(anthracene) 30% 45% ~1.5
Detection Eff.(QExCE) ~15% 30% ~ 2

Steel tank+ Acrylic tank

* Key technology R&D since 2009:
- Transparent & high light yield liquid scintillator
- High detection efficiency 20” PMTs
- Radiopurity U/Th/K < 1017 g/g for 20 kt LS
+ Detector Design(more than 10 options):
- Central target container: acrylic or balloon ?
* Mechanical structure: steel frame or steel tank ?
* Buffer Iayer: Water or Mineral oil ? Steel Tank + Balloon Steel Tank + Acrylic blocks

CREDIT: Y. E. Wang 2025 INFN
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' JUNO final design

® Two-layers structure for simplicity and cost: stainless steel frame + Acrylic tank
e Water as VETO and Buffer(instead of oil) = radiopurity control of water

Calibration

VETO system

e R ] S - Top Tracker: plastic scintillator

_ :".: : .‘- :... _ ) - Water + 2400 20” PMT
(LT, AV - For atmospheric v: 348 20” spare PMTs
+ 600 8” PMTs from Daya Bay

- Earth Magnetic Field shielding coils

Central detector

- Steel structure

- Acrylic sphere + 20kt
Liquid scintillator

. 17612 20” PMT

- 25600 3” PMT WY g “""

“""ﬁﬂa e ’:’" :

Ja'-‘-‘

‘‘‘‘‘‘‘‘‘

arXiv:1508.07166
Prog. Part. Nucl. Phys. 123(2022), 103927

CREDIT: Y. E. Wang 2025 ( INFN
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‘ - Picture gallery

.
3

E‘ 1T i

BT — = U —

-

=
’u\..l
| \ r ]

e T q

a.en

AV

VA

v

INFN

Istituto Nazionale di Fisica Nucleare
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E rec

4

y Preliminary energy resolution -
Energy resolution for alpha from %4Po is ~¥3% @0.92MeV
Energy resolution for ®8Ge is ~¥3.4% @ 2x 0.511 MeV, already close to but slightly
worse than the expectation of 3.1%
Further improvement are coming: more calibration data, noise/flasher removal,
reconstruction and fit, ...
Energy Non-uniformity and Resolution of *'*Po B st OD Cetiter
Prelimlinary | | | | | | | : @ - Preliminary —— Fit Result: 427/366 (i)
1.1§ . = 103+ . MC-based 1 =
: = = CZ) : MC-based 2 i O
1ok | o4 | ] > v ~1.08 MeV | £
’ ® —e—+—e——o—+o o | & et 0 MeV Peak: | ©
B e B T B S B T S B S § 1 0.967, o: 0.033 {1 ~
I 1 o o/ E: 3.42 % { &
4 F ] § | &
J HH
. H- T
-2 .
S [ & @ | o0+ eoio !
2 | 1 | 1 | ] | SR 21 1 100 AAAAAA
0 2 4 § 8 10 12 14 16 0.5
R [m] |
CREDIT: Y. F. Wang 2025 @I_:?\I
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'- How to make a neutrino beam =

T .

Neutrino beamline

Proton Beam Near Far
Accelerator Decay Volume m M M
v —

T ———?

=2

Target&Horns

1L monitor

A few 100m~ a few km

a few 100km ™~ a few 1000 km

FIGURE 1. Components of the accelerator neutrino experiment

XXVI International Conference on Neutrino Physics and Astrophysics
AIP Conf. Proc. 1666, 130001-1-130001-6; do1: 10.1063/1.4915579
© 2015 AIP Publishing LLC 978-0-7354-1313-9/530.00
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4 Neutrino beams: examples

9"

Hadron stop

Helium bags o Decay tube Muon detegtors
y \ ! \

,,,,,,,,,,,

\ // /
Target Horn / Reflector  \ 222 n/K - decay / S22
/ s

’,.-/’_’, ;/
] o
“ 4 '/; / 7 o Z A ,./ v ’/;
A oS o : A _r/ o g /
400 GeV | (777777777772 g7 Z 2
: / ] A
— ¥- Muon / Z
: - / > 277 7 A
= & \\ Pion / Kaon 4 o A ——Hn Fe PP 7 e
. ; = e s e e e e e e e e e e o e e et e e e e e e e e O —
1 1 T > 7
Proton | | ! - f Neutrino 7 Y 1o
' [ - Py ' o - V-
1 o " [T T S T T T T T T s “r 7
beam || | : 8 7 | Gran
, o : -~ PSP & - Sasso
T 7 T 77 7%
- e oA e =
: TN : :

CNGS: CERN|-

INEr

RS

P

2.0m_ . .
. .2.7m

43.35m!

100m _

|
= . 5m |

el

1092m_ 18.2m _ 5m |  67m

Absorber Muon

Monitors

Target D , \ 1 S | RS
ecay Pipe N | B | s

' Target Hall y Xip M M- A RS
120 GeV . a+ = _A g1 | SRS NN T st

: . A 1 From #1 i — b, S5 | i3 SN RN

CI1Y llab .ﬂ © N INQ /4 1 Main Injector Horns#Z nt _\ + 5 RN y+ ]"-'OU“‘

:‘, — - ..—3- == \-‘- - -\-“-\-’"

10m  30m ad 4 4

675 m Rock Roekl | Rock

Hadron Monitor

Sm

12 m

18 m

210 m

Far Detector:

12 GeV SuperKamiokande
rotons

p—’= ™

Al target + horn

Near Detectors

S

2Ke KEK to Kamio

el

100 m

250 m
decay pipe

7T monitor KL monitor
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" - NuMi target .
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"' Focussing: conceptual scheme

- —

TO> DECAY
TUNNEL
—

Diick X D - L ocr

* “Forward” current: select 77, and get mainly v,

e “Reversed” current: select 777, and get mainly vy
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"__O_Ni‘.’is_.‘liOFF -ax1s: narrowing neutrino energy spread

W S T O

V

* OFF-axis there 1s a strong correlation between neutrino energy and angle

Medium Energy Tune
10 LI I | [ L T 17 L T ,L T l LI B | l L T 17 T T T | . T T T l T T T l
i 1 g0 L on-axis |
| — 7 mrad off-axis oo
> — 14 mrad off-axis . .
g | /0=0 . 8 [ — 21 mrad off-axis e ‘o
N . .
S 60 B o. ° n
i = ! o
6 1 & . )
NuMi = - . |
O = .
= 6 =7 mrad — -
example N mrc I .
E .
_ >
/0 = 14 mrad g .
- , = 14 mrac O °
= S = O
=.
B e S | >
" 9=2lmrad '
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‘__Ezgr_r}ple Opera expetiment @ LNGS

OPERA Detector ~150000 ECC Bricks = Weight ~1250 ton
GranSasso Undergroud Lab, Italy

aginyd
Mgl '

' 1
.

/ ‘_ .
oA LR

s . - Y - . " ! i
. g - 1
-ol K § i T Sk . ™n . ‘
1 OHH 1111111 ' - )
- nonnes s B LALAALAL. L 300 AARAAALRALRALL AL AL
‘ — . ‘ - .“ - — el P = :

— -. T [IFTTFINRRET <sevees JETRRIT] FHHTIT:

s A o 4 E==2 MAESEER: L "ERaaaaes | = " reeREIIT

Target area Target area
Veto
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'- Example: Opera experiment at LNGS | O

= S PR N

Event: 9150054731, 30 May 2009, 10:03 (UTC), YZ projection I 500
500 — —
B -t (e — L
|| A o
0— L ,
— 8o
-500 — . _ . l S0 — . ‘ ‘ ‘ ' ‘ . ‘ . :
-1000 0 1000 -1000 0 1000
BRICK ID 72693 29570 23543 92217 130577 77152 27972 26670 136759 4838
Channel T—>1lh71t—=>3hTt—>p7—>1h7t—>1h7t—1h7—>1h 7—1h 7 —>3h 7 — 3h
Zdec (pm) 435 1446 151 406 630 430 652 303 -648 407

pri. (GeV/e)| 052 031 / 055 030 08 129 046 0.60 >0.50
dum (degrees) | 173 168  / 166 151 152 140 143 82 47

pae, (GeV/c) | 0.47 / 069 082 1.00 024 025 0.33 / /

pary (GeV/c) 12 84 28 6.0 11 2.7 2.6 2.2 6.7 >6.3 .

Oink (mrad) | 41 87 245 137 90 90 98 146 231 83 10 Candldates
m (GeV/c?) / 0.80 / 1.2 >094 / / / 1.2 >094

v at decay vtx 2 0 0 0 0 1 0 0 0 2

chargeory / / -1 / / / / / / /

BDT Response| 0.32 -0.05 0.37 0.12 0.35 0.18 -0.25 -0.10 -0.04 -0.03

TABLE IV. Kinematical variables and BDT response for all v, candidates.

Phys.Rev.Lett. 120 (2018) 21, 211801,

> e
. 5 6 -
Short flight decay s F
o I . bkg
L Decay point 4= ——
V. IP $ “ ........ O @ g -
.............. N . .' 3l —
Prim ary ........... -1 11 -
verex e @ -
..... e . . ? -
i T e o
............................... . 1 [
.............. ... _
« o 1 01
1mm Pb ...
o % 10 20 30 40 o . o

Visible energy (GeV) st Nanle  Fise Noceare
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‘il Example: Noble Liquid Detectors =

i\ \\‘ m.i.p. ionization

NOTE : ~ 6000 e-/mm
X \\, Scintillation light yield
The TPC concept 5000 e/mm @ 128 nm
(often in dual phase) s e R A § .
has become the E-drift direction Edrift ~ 500 V/cm
basis of many DM Drifting electrons are moving to transparent wire arrays
direct search oriented in different dir'ec’rions, where signals are recorded.
experiments Wire
’Z ! Ff g e, *High density
See DM lectures Preamplifier gy o i A oifier E“ %ééf% ‘Non-destructive readout
— *Continuously sensitive

Low noise Q-amplifier * »Self-triggering
Continuous waveform recording  Re  .yery good scintillator: TO

C. Rubbia, 2019 CNFN
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- : :
Non destructive multiple charge readout

e T T T - T T e I WSS, TR N o SRS N e e T L IR S e

ionizing track Induced current Collected charge
lonization 4 1
electrons
paths T20
/ gl
I Edrift =3
Drift
u-t view v+ 0
E1
A . W-t
v-t view .
d > >
! * I = Drift time Drift time
s P w-t View Edrift = 500 V/cm
d For the p=3 mm
' . ICARUS d=3mm
% Kp
T600 r = 0.1mm

® At FNAL's shallow depth, the T600 will require two additions:
» 3 m concrete overburden to mitigate the c. rays background,

» Particles entering the detector must be removed with a
Cosmic Rays Tagging (CRT) around the full LAr volume

C. Rubbia, 2019 @ﬁq
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'. Example: 3 D particle identification : K* pt—>et | |

wire

Induction | |
i ICARUS EVENT e+t | i
T (-’7 "s.‘ ‘M&

- 4
f
- = e = 4 c
i | Collection
K'[AB|— u'|BC)— e |CD)
E 7 i Efficient, low mis- ="
- K" /& ; . 2 Run 939 Event 46
/{ identification, due to i,
{-' precise 3D g |
. VR
' reconstruction, dE/dx,
e range measurement Ja\
37y // @stopping power :
.« @recognition of
.. secondary particle
Sz ppoduction after decay W
Inferaction
C. Rubbia, 2019 (INFN
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-
A quasi elastic neutrlno event: electron neutrlno yielding a proton and a e.m. shower

N ey e T e B WIS SNRRE, RETTIETERER WE o S N T e NG BN s 23

Ev=134 GeV Edep=1.29 GeV

ollection view

44 cm

Incoming
heutrino

SRR
s P LY

T, =93 MeV _ [P ailusmeetunia i sl s il e g
R — e g © it "
T /R =132 « _ ol v et T

Induction2 view

I\/IeV/cm

. Nuvvid, LU1Y
60/113
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' The future of LAr: DUNE

LAr TPC technology

FD1-HD «Horizontal drift» FD2-VD «Vertical drift»

(ICARUS concept, wires) BOTH: (Simpler, no wires)
ANODE 28’500 m3
ANODE  cATHODE CATHODE ANODE
~17°500 tons b it

Charged

particle — . | [r2m
Neutrino | | A .

i : ~ ) APA Unit
Interaction
with argon s - T
nucleus ' '
T : ,
Electrons

« Charge Readout Planes : perforated PCB’s with
segmented electrodes (strips)

« 150 Anode Plane Assemblies (APAs)

e 384,000 readout wires « CRPs at the top and bottom

Liquid Argon TPC (C. Rubbia, 1977)

is the technique with the best *  Anode-Cathode 3.5 m drift; o« Cathode (-300 kV) in the middle
particle imaging capability at kton * 500 V/em field; cathode at -180 kV; e two 6.5 m drift chambers 450 V/cm field
scale: e 6000 photon detection system (PDS) channels

e« X-Arapuca modules integrated on cathode and on
« PDS X-Arapuca modules embedded in APA cryostat walls.
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"‘ Near detector

defar

ZIE,.:c B vau—vve(Ev) . ¢11}§ar(5v) * Frar/mear (Ev) * (—71{?2" (Ey) * Dv:r(Ev» Evec) dE,
dN\?:ar fd)lr};ar Ey) * U{:lur (Ey) * Dxr}far(Ev' Evec) dE,

dEyec

e Neutrino beam rate and spectrum to predict un-oscillated
event rates in the FD

e Constrains flux, cross sections and detector response for
oscillation measurements and monitor beam stability

e Additional physics program on neutrino physics and BSM

ND-LAr+TMS shown in
far off-axis position

e Configuration (Phase |):
 ND-LAr: 7x5 array 1x1x3 m3 LArTPCs with pixel readout A T
» TMS: Magnetised steel range stack for muon By | A 95" NN,
momentum and sign from v, CC interactions in ND-LAr 4

» DUNE-Prism: movable system for ND-LAr+TMS up sanp
to 28.5 m off-axis (ANGOLOQ!)

« SAND: On-axis magnetised detector with LAr target
(GRAIN), tracking (STT) and calorimeter (ECAL)
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"' Experimental strategy for high prevision neutrino oscillations -

Am? — Am? om? Am? L — Am? Am?L
P(v, = ve) sin? fy3 sin? 2613 ( m ) sin? (a m L) + sin 26093 sin 26043 sin 2649 (m) ( m ) sin <a > sin (a m L) COS ( m ) coso —+

B B a — Am? A1FE a a — Am? A1F 4F 1FE
_ 2\ 2 om? Am? L — Am? Am?L
a4 — —a + cos? 015 sin? 2614 om” sin? 9B i 2023 sin 2013 sin 2012 o m 5 | sin 8% ) gin [ 2 ML) cos [ 22 sin 0
5 — —§ a 4F a a— Am 4F 4F 4F

Leading order approximation

A (E,) = P(v, > ve) — P[0, — Ue) __costlhzsin265sindop Am3,L
T Py = ve) + Py > )] T sinfazsinfs AE,

) + matter effects.

- ?;, 1.0 - ;;0-0_0
'? ? O_QE Vacuum,écp=-n/2 'T t 0.1
L}j‘l\}f -Illllllllllll B RIBREBEREEREEREEREEBEREEBERL !g‘L;j'
e |_ong baseline + wide-band beam: “E % |3 02
S0 0.f S[2-0.3
unfold CPV and matter effects N P ) K9P TLLCCLETT
using information from the first YN &[5 o gf
- mmm 1st osc max
and second oscillation maxima o TITTTIIT O o o ose max
0.3 -0.7-:
_ 0.2 -0.8F-
* Baseline ~ 1300 km 0.1 _O_QE
* I1stpeak at ~ 2.6 GeV 0.0 =000 1500 20002300 3000  °~“Eoo 7000 [1300 2000 2500 3000

Baseline (km)
Phys. Rev. D 91 052015 (2015)
DUNE DUNE <5

Baseline (km)

 2nd peak at ~ 0.65 GeV
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- | | HyperKamiokande:__J-PARC off:gxis, 0.6 GeV, 295 km
~8 x Super-K F ™ _# "8

—
-
n PO s

295K =5,
To Kamioka, = %

o\ GAPRN | o
[ | » N 1
..ar o ;32”«""\.’.
|

V e V e V ’,;'-'5' -
L iy - 4 | SR
b i f MG — 5 i —t
4 3\0 S o= 3 . ‘E.\:tr!a.ctionr__;
' 3 %/ Point

The Japanese Alps

2.5 deg. off-axis
Ve appearance signal = single e event

CCQE:ve+n—e+p

(dominant process at J-PARC beam energy)

“fybeam[ | | | mantiv g de=t0|  Relatively
2 - “-heam —w- | Small matter
5’ e e . e e
| . _FETSCP=+9O { = = Large CPV
e e e S i e e - S5 VUSRURRSUS SR N Effect

v Reconstructed Energy (GeV) ¥ hecanstmoted Faergy (oY) v Reconstructed Energy (GeV)

HK 10 yr, 2.7x1022 POT 1:3 v:¥v, 1-ring e-like + 0 decay e, > 1000 events each
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Mast1c neutrino-nucleus scattering (CEVNS)

A neutrino scatters on a nucleus via exchange ofa ¢ Predicted in 1974 by D. Freedman

Z, and the nucleus recolls as a whole; coherent up

to E,~ 50 MeV e Inferesting test of the standard model

D
(=]
~ -

Sosored « Sensifive fo non-standard interactions
3| el  Largest cross section in supernovae
nuclear % 100! 25 kGeV for 31-MeV v dyngmlcs
2 I on Ge
E

o ?‘ « Background for future dark matter

experiment s
/?x e Sensitive to nuclear physics, neutron
5?335&” SRS ER TR T TR skin (neutron star radius)
scintillation ecoll energy (keV)
CEVNS cross section is well calculable in the Standard Model
t 2 b s 1
do _ G S k(1 + cos6) (N — (1 —4sin 9w)Z)2F2(Q2) » “act of hubris” - D. Freedman

dQ 4772 4

e Need a low threshold detector

CEVNS cross section is large! [0OC N -

e Need an infense neutrino source

J. Newby, Neutrino 2020
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Proton Beam:

— 0.9-1.3GeV

— 0.9-1.7MW, soon 2MW (PPU).

steady-state backgrounds (~10-4)

Hands-On

-_—

Total v flux;: ~4.3 x 107 cm-2 s-1 at 20m

 Beam timing & duty cycle (60Hz, 380ns
FWHM) allow for powerful reduction of

- LNGS Sep. 10th; 2025

Marco Pallavicini

~1 GeV
_ Decays at Rest (t = 26 ns)

Fragments ~99% Capture

.—

Decays at Rest (T = 2.2 us)
@
Fragments @ @

71-"’ S :u—l— _|_@ 2-body 1mr*-decay: Prompt (26nsec)

Monochromatic: 29.9MeV v,

3-body p--decay:
,u_l_ — €+ —|— Delayed (2.2usec)
0-53MeV vy, Ve
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o

y CEVYNS: example of detections (there are more)
i Smence —
0 5 10 15 20 25 30 35 40 45
S IR PSRN RILSTLRIE S PR SR ETR ISR IR 0 BTN BT LU R 300_'"'I""l""l""l""l'*"_ Alaaas
B -+4-Data Residual ‘ k -+ Data Residual i |
o [Jv, CEVNS A B [Jv, CEVNS ! ‘. i |,n|
wp HE [Jv, CEVNS . <[ [Jv, CEVNS .
a | Ev, CEVNS ] P Bv, CEVNS g vl 2
c [ —a— BIBRN + NIN i =L BIBRN + NIN _ SPOTTING A
O & -
© 10— = S 100}— | d
« B
8 F | 0 | T : Ac lwlllu Gl Sple
% §<> 4 neutrinos ﬁ npfr M L I
i w e * 4 |
OH
i M EOOTR O RN P UM Ot ] DUOE W0 EA T S RSO0 G R TR YEL
0 1 2 4 5 6

trec (uS)

Recoil Energy (keVnr)

%) g 50 100 150 200 250 300
e - W L e B B 2 e [ A L B
O - - &
2 500:— + e Data 200} 200} I
B i —— Total s E
. - ® B B, SN T YT
-og 400: ________ CEVNS 150"_ 150: T
= B BRN - N |
5 00 Syst. Error - : T
0 L 100 P ]
g 200} : ;
O - G . 50
2 100F A oF .. % | * +
O B TR nass
8 - W+ O-—
i : ¢ :
(D ALl O_lllllllllllllllllllllblf _lllillllll11111111111lllllllllillllllll
\ 005 1 15 2 25 3 35 4 45 0 20 40 60 80 100 120 05 055 06 065 07 075 08 085 0.9
tig (MS) Reconstructed Energy (keVee) Foo
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- The structure of t of the Sun

Internal structure:

core
radiative zone Subsurface flows

convection zone

Photosphere

" f.

| | Sun spots
Prominence = | | “

Coronal Hole
Chromosphere
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'. The Standa_rd Solar Model | =

= S TR, N

\
\Q:b- 33/77
0.(,. U T EEEEEEEEE N, yo Q
. . = Ns\é » Protostellar cloud » /U’S/'CS
* The observable is the Sun we see now, which depends \ : w2 :

" E N EEEEEEEREERERLJ

on a complex evolution process

* Gravity
o . Racy,
* Composition: X (hydrogen), Y (helium), , Z (“metals”) 0, %,%G .\@{\00
. . . : QC/?‘
Radiative opacity and plasma physics 42
* Temperature and density profiles
* Energy transport: radiative until 0.71 R o, then convective
* Todays conditions act as boundary conditions John Baheall
1934-2005
* Two crucial observables: "
Elio-setsmology
® The model as well has evolved (better cross sections, opacity and diffusion models)
6.2 | 1 7 N 1 ¥ 6 \ -
£ \ £ \ \ N
Ou 6 x \ \ 1 O 6| \\\ » N OOLE) 4 \\ N
E o D NN > N\ &
® X 5.8 m X 5 \ \ X ) \ N
\e_/ 56 | | | e ,2L &\ ‘ A | | © | | |
1990 2000 2010 1980 1990 2000 2010 1990 2000 2010 @
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’- Solar neutrinos from hydrogen burning

A.S. Eddington Observatory 43 (1920), Nature (1920)

Bethe & chain
Critchfield 1938 PP CNO CYCIG Weizsicker (1937, 1938)
(99% energy) Bethe (1939)

(~ 1% energy)

p+p—>2H + e+ Ve

PP-I1 | P€p M "lllllll*”()
09.6% 0.4% . (p, ) (p, )

2y [
85% 15% CNO CNO

0.13%

7Li + p—>4He +4He 8B —> 8Be + e+ + Ve
PP-II 120 1s the main catalyst
PP-III Be —>4He +4He CNO-II 1s suppressed in the Sun

REACTION ENERGY YIELD 2% of E 1in NEUTRINOS
dp — *He + 2e™ + 21, 24.7 MeV + 2mc? < E, >=0.53 MeV

99.95% 0.05%
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'. Neutrino spectrum from the SSM

-

Lo =3.846 = 0.015 1026 W/

1011_ ppl T T T TT1T] | T T T T 17T] ]
‘Be < Mono-energetic
= 9 R lines
Py 109 L 7Be —
= 10
=
- 107 -
S .
~ ec °N -
\n P 0
” 10° 11 N
@\ A ~
s : :ecl"’O + 1R
S 10° ' -
" 1 1
- 11
. 1Nl
~ 10| = -
) i 1
| = | m ol 11 11 q]
107 10° 10
Neutrino Energy [keV]
N. Vinyoles et al., The Astrophysical Journal (2017), 835:202 Feb. 1st do1:10.3847/1538-4357/835/2/202 @
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'- History: counting an atom a day at Homestake -

e

* Hxtract a single atom out ot ~ 103!
Ve + 37CL ===y 37Ay + e~
Target: 614 t of liquid soap

37Ar atoms extraction with charcoal filters (every ~ months)

Very low background proportional counters to count
37TAr atoms (which decavs bv e- capture with 7. ~ 35 d)

| E processing room i
| X |
Solar model A | |
10 - : P ‘ﬁz-zt = jz-g@t |
2 / | :
| I
| |
s il R R L B Y R R e i i
e =  as pe——————— B I U | EE i I 3
sL o ) o | Final result i tank chamber i
| |
.. L ¢ i _ ” _ i
.l $11 1% 198 : T e | [ i
* [
AR LR Dl i oo 4 ( i
» ] ® " ® # :p p :
2 =1M(T ? ? | O ——— HHHAERE '
» e r : o T— 2 2 :
O.L %.‘ L ...“ l -P+ * jkh + i qp h\' i
| n — | |
o4 UL T 4 l l i @ —\ o i
I T Y I } : \\ ’J |
1970 1974 1978 1982 1986 1990 1994 ! N — 7 !
Year ' {I {I '
| | @
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' History: Gallex/GNO @ LNGS and SAGE in Russia (Baksan)

st

* A key radio-chemical experiment for solar neutrino physics

* The first sensitive to all solar neutrino components
(through an integrated, energy-weighted spectrum)

N, + GeCl,
—

e 30.3 ton of Ga in GaCls— HC(I solution. NEJ'

v, +1 Ga =" Ge + e ;U

e Threshold: 233 keV

e Extraction every ~ 3 weeks

* The volatile GeCly 1s extracted using N>
flow and then inserted into proportional

counters ['1Ge e- capture T, ~ 11.43 d]

(54 m*, 110 t)

G

HD-II proportional counter o . @
Front window ' - Gas inlet 03, 2 .38
Anode wire (13 ) * ¥_/ \,_\u — f_j./
7 1i-l T m— = -

Ny
‘ Stopcock

I I D N B
01 2 3 4 5cm <

Istituto Nazio cleare

Active volume (1 ccm)

Mercury

Hands-On - LNGS Sep. 10%, 2025 Marco Pallavicini 73/113



™ Gallex/GNO results [1990-2004]

-

* Extraction efficiency checked with:

e 1.6 MCi1 () ve source [based on >1Cr e-capture decay, obtained from irradiated °Cr in reactor]
* Initial Ve flux 5 times the Sun GALLEX/GNO results

* £€=9513 %

* Mono-chromatic V. flux,

E,»=0.75 MeV

* At the end only, insertion
of "1As

* TTAs - 1Ge + e + V.

T =2.72/d]; . . . . . .
A TN AN TN TN SN NN TNNNN TN TN NN SN SN SR SN SN SO SN SN SN SN S N S S

J
e £=100+1 % 1992 1994 1996 1998 2000 2002 Y2004
eqar

Experiment
GALLEX 65 77.5 £6.2 (stat) 6.2 (sys) SNU
GNO 58 62.9 + 5.4 (stat) £ 2.5 (sys) SNU
GALLEX+GNO 123 69.3 + 4.1 (stat) + 3.6 (sys) SNU

STANDARD SOLAR MODEL prediction: 129 + 7 SNU CNFN

Istituto Nazionale di Fisica Nucleare
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'. Neutrino detection in water/ice: Cherenkov light

In a medium with refractive index n the light speed is c¢/n. When a charged particle
travel in the medium with a speed higher than light speed, it emits Cerenkov light.
The minimum energy to emit Cerenkov light is:

Particle Cerenkov threshold
(Energy (MeV) )

e 0.768
m 158.7
T 200.7

Cerenkov light is emitted in a cone with a # opening in the track direction:

1
h=—
T3

0 = 42° for 3 = 1.0 in water.
Cerenkov light spectrum as function of wavelength A:

dN _2mal ()1
d\ ¢ beta? ] )2

where « is the fine structure constant and / is the track length.
A charged particle emits about 390 photons for 1cm track length in water with

300nm < A < 700nm. N
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’. Detection of light in water -

Number of Ch. photons with
A =300-600 nm emitted by a

relativistic particle per cmm = 340.

U

Need an efficient detection of the

photons. | ~ Large PMTs
Photomultiplier
tube (PMT)
50cm ¢
20cm & / (Super-K)
(SNO)

COS —
n

n (refractive index)=1.34
In water

=> 6 =42deq. for B =1

T.Kajita - Nufact 05 School
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" SK experiment )
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Cherenkov detector for solar,
accelerator and atmospheric

neutrinos

Hands-On - LNGS Sep. 10th, 2025 Marco Pallavicini 77/113



P -
o - —

- .
’ Solar neutrinos at SK - |

* Detection technique: elastic scattering on electrons

* Cherenkov light gives direction of incoming neutrino

* Threshold ~ 3.5 -5 MeV (depending on period)

=
8037
Sun core seen with & 5
neutrinos R |
=, r
© - GSN 0,
B0.2+ i
N b
—
C
@ ..
:, ! \“_
LL] _
e + R PPV =3 #‘f
0.1F ]
O 1 1 | ] l 1 | 1 1 l 1 1 1 1 l 3 1 1 1
-1 -0.5 0 0.5 1
COSGSun
SK Collaboration - Phys.Rev.D 94 (2016) 5, 052010 INFN
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'- Recent solar neutrino analysis with SK+KamLAND -

LA J \J L) L J LA J \J ' LJ LA LJ L) LJ L4 L ] LJ \J \J LA A J LJ \J L r \J L r v \J \J \J L L ‘ \J LJ \J 1 L J LJ | B L) LJ L)
»

sin“(0,,)=0.316302  Am},=(7.54'31) 10°eV* sin’(©,,)=0.0219:0.0014 : 11
sin“(0,,)=0.30820.014 Am;,=(4.85"} ) 10"eV* :
5in(0,,)=0.3079012  Am;,=(7.4977]3) 107eV"

»
- . - & R

r - 1 - g

Am? in 10°eV?

- ” - -
L
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»
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SK Collaboration - Phys.Rev.D 94 (2016) 5, 052010
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™ 1 Discovery of atm

- s, E »
$ - y 'A ' ro ‘~
» .\ e B J [}

Hands-On

- LNGS Sep. 10th; 2025

ospheri

P

-

C neutrinos at

»
. )
.. » o W

Marco Pallavicini

SK: 1998
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'. Intermezzo: neutrino detection in ice (Ice-Cube)

ey gt F. Halzen, Neutrino 2020

dN

F. Halzen, Neutrino 2020

AR it | lectron an neutrin -
Event 1823’79/1594'7448 HEH B B Rt IBIHIER e [l . electron a d tau neutrinos E 8 E dE
Time 2019-03-31 06:55:43 UTC '. \! LIHERIIE N | Hleli!] .- 1
Duration 22699678ns @ | = ¢ | ] { Hiil : Hin _ LT el s " . Atmospleric Fluxes — T ' A —
! I 3 % i1 ¢+ d/!l 4 | Prompt Upper Limit(v, +,) [1.06x ERS] strophy5|ca| Flux
' ‘ A A . ! 1l ! 4 J T :— = Conventional (v, + v,) (z§nith-averaged) [1.00x Honda2006] Measurements ]
.8 o .‘.-:3. T o . X 0 106 N o Cascades Differential
‘i g ’fi 35; of 8 N '\\ v, Best Fit (E~22?)
b |t T T TR
j s ';' é | 55 . i -3¢ e IceCube preliminary
o B ‘ f : T 1
- ; | . ot ¢ £ 1077.
i B g O - -
e " > |
A | § 3 -
7 = 1078,
iyl +
=
©
w1077 | .
R 10 10* 10° 106 107 108
| d | | L Neutrino Endrgy [GeV]
IcCECUBE 0 ) =200 2oV
rl, ~ = 40} SV B :
'. s ‘) "'"‘) P" / | F. Halzen, Neutrino 2020 muon neutrinos

Hands-On - LNGS Sep. 10th, 2025 Marco Pallavicini 81/113




Fraction of events

'. Monster be__gl_ytifu‘} event from KMSIlTet - 4 - | |

KM3NeT/ARCA21 Preliminary

4000
107
00 o6 Light profile consistent with at least 3 large energy depositions
3000 ) along the muon track
0 110° ¢ . e . .
= 2500° e Characteristic of stochastic losses from very high energy muons
5 2000 - _ 104§ Estimated energy ~ 100 PeV scale
s 103 To be published soon
o ~ = .
* 3 (Shown at Neutrino 2024 conference)
1000
8 400F_ F—3
—— 2 —  KM3NeT Position of light
0 , . . . , — e mi . .
-100 —075 -050 -025 000 025 050 075 350 Preliminary . emission allong track
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i'“ Solution of Solar Neutrino Problem: SNO

® Sudbury Neutrino Observatory
e Key feature: 1 kt DO

* Ability to identify electron type

neutrinos, and measurethe others

® Three key reactions:

e CC:v.only

Acrylic Vessel

12 m Diameter &EC 8 0 |8 5~ SERE. RENE | |
N I R WINS -y, £~ .'»":"- b |
i L e o § 1000 tD,OR
B 4 | ey | T .. Ny : w B ziE

o NC: All types, equal

8 — Ve +p+n

 ES: All types, un-equal 9500 P; :

r;"'_\'{? e : - : E ‘F‘ ‘ .
607 coverage g ¢ S\ “‘“ 14
— — e T N~ s shield &8
Vpy + € — Vg T € RO £ % O o sk =
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'. SN O neutron measurements

A S =l T T T T e IRl BESEENNRONE R  NE N e R e

3 neutron (NC) detection
methods (systematically different)

Phase I (D,0) Phase Il (salt) Phase Ill (3He)
Nov. 99 - May 01 July 01 - Sep. 03 Nov. 04-Dec. 06
n captures on 2 tonnes of NaCl 400 m of proportional
2H(n, y)*H n captures on counters
Effc. ~14.4% 35CI(n, y)3¢Cl SHe(n, p)*H
NC and CC separation Effc. ~40% Effc. ~ 30% capture
by energy, radial, and NC and CC separation Measure NC rate with
directional by event isotropy entirely seperate
distributions detection system.
‘ 35CI+n ‘
8.6 MeV
H+n
_‘-6.25 MeV K
. T
3H n + 3He —> P + 3H
36C|

Art McDonald: Neutrino 2016 _ INF N
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A

" SNO picture gallery

-

R SO: One million piec tansported down in the

-

5% 3 m x 3 m x4 m mine cage and re-assembled under
™

. | ultra-clean conditions. Every worker takes a shower

% and wears clean, lint-free clothing.

-

70,000
showers
during the

course of the
SNO project

., .l“"

IR

Istituto Nazionale di Fisica Nucleare

L Vicl)onald: 0
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4

Hands-On

i SNO spectriim

WE OBSERVED NEUTRINOS FROM THE SUN
WITH ALMOST NO RADIOACTIVE BACKGROUND

NC +' -
100 KBkgd neurronfs(
\ = —

\_\ e
“\HR\—\_

~ 600
2 ()
S
< 5003 |
) : SUMMED DATA -
"1_) T / |
> 200 * ’
= “e- ELECTRON NEUTRINOS |
g i | f
- CC Lo ALL NEUTRINO TYPES |.
I
200N o ;
;

|
et o ™

OlllIIIIIIIIIITTT_\I—IIIIIIIIIIIIIIIIIIIII|||

S & 7 8 9 10 11 12 13— 20

Electron kinetic energy (MeV)

Data from Pure Heavy Water Phase in 2002

Art McDonald: Neutrino 2016

Marco Pallavicini

After Calibration:

ELECTRON
NEUTRINOS
AT EARTH ARE
ONLY 1/3

OF ALL
NEUTRINOS
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'- SN O results L

SNO Results for
Salt Phase
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s
s

Flavor change

/ determined by > 7 G.
New physics beyond

-
...
-
-'.
~
-~
-
-
-
-
-
-
~
-
-
-
Q..
-
-~
-
-
-
-
-
-
-
-
-
-

V F B b 68% CL.
Mo 1L o 5 6ag oL The Standard Model of
v_ |t T T es% L. Elementary Particles!
T S 689 C.L.

II1I|TITT|II1I|1IIT|II

1 l | 1 | | l | | 1 J

0 - 0.5 L IL.S 1 12 2.5
Electron neutrinos o (

3 35 The Total Flux of Active

Neutrinos is measured

0.06 0.08 :
Do =1.68 “ (stat)’ o (Syst.) independently (NC) and agrees
+0.38 well with solar model

Dye =4.94 J—rg:gi(Stat)-o.M (syst.)
Brs =2.35 To5(stat) 5 (syst)

(In units of 10°cm™s™")

Calculations:
5.82 +- 1.3 (Bahcall et al),
5.31 +- 0.6 (Turck-Chieze et al)

@ 0.029
f =0.34+0.023(stat.) 503, [Electron Neutrinos are only 1/3 of Total @
NC

Art McDonald: Neutring 2016
Hands-On - LNGS Sep. 10th, 2025 Marco Pallavicini
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" - The Borexino detector
Muon PMTs | Stainless Steel Sphere

l W, < o AT \yion Vessels
Internal PMTs SRt hEEssaldddd: § 40 \\ v ‘

4

Water Tank |

2 1 1 L~ ‘
\‘\ “‘ nae S Fiare,

o \}‘

- ——— —_—

. : "3:__,_, | !
AR TEY o, o
& Scintillator

ARNEELRSSY T ¢
MR "Q.;\_.’,-.ﬁ-.‘_.' N B
EERRPFEEMSY Non-scintillating Buffer
. PR v B =

v i ‘I }

A

! !

Muon PMTs
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view, e

Internal

INFN

Istituto Nazionale di Fisica Nucleare
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' Internal view, filled, during calibration in 2009

He 4
L L

R

;ﬂ

® sy
"’4'0.3‘.

'

Inner

Nylon
Vessel W T - =
~4 aihs : , . photo: BOREXINO callbration
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V. Neutrino detectlon in Borexino
SOLAR NEUTRINO SPECTRUM DETECTION RATE IN BOREXINO

— 1011_ T T T T 1T17T] T T T T 1T717T] ] 10% S
% 10° I B ‘ _ ;‘ 000 -
s 1 : 5
L =\ —— E 100 :
S 10 % * >
. 150 ec”N S |
2 10° - . - ~
c\.‘ ] _ - e, :
= : :ecl‘f’(:) L1y 8-' 1L ‘ :
2. 1(:)3 b (I | — ':'
. ) ' : S 010k Pp I
— 10 - I _— "
H 10 1 = [l 1: !1 L1 m : pep

102 103 102 00— T2 14

Neutrino Energy [keV] Electron recoil energy [MeV]
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30

—  Source deployment locations 7

-

y Detector response .
= = W T e e e I N ] =z N P : / inner vessel P =m e —
=R &y e o | Internal
* [arge liquid scintillator signal yields: Loa ¥ o N\ | souree
" * da o ce}mpaign
e # photo-electrons: Sl 4 ‘ in 2009
A A A:
energy: E 2 uw .
gy N g - ﬁ‘ *, t :
. . £
 time-of-flight: Sk 8 W
!: AA . “‘
ah
osition: Nl M Y A zmi
P w' s gaEe
ol W " ® 5Co
* pulse shape: 1A - A e,
" 85Qr
. . . . S e ® 855 4 657 +60Co
very good a/f and (weak) f*/f- discrimination ' VAN

0.0 0.5 1.0 1.5 20 25 3.0 3.5 40 45
Distance from z axis [m]

Energy: Y sources Position: 214Po a/fB: 214Bi - 214Pg
0.12 e - - ~ — i
o % 500 [ 500 —
0.1 £ F - 24Bi iy 214pg o
i g 400 B 400 [
0.08_— & B B
of T
o B | |
S b - S I
200" wof
B i :
oozl H\ & 100 100 -
iy F S . :
E Y I n I T | P T e N B T R R e B
% 200 400 07702 -0.2 0 0.2 0.4 01 008 006 004002 0 002 004 006 008 0 @
X-X_source (m) Gatti a/p Discrimination Parameter B
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P“ Fighting backgrounds

* Quasi-point-like energy deposits mimic neutrino events

EXTERNAL COSMOGENIC

¥s (and n) from environment Residual muons produce

® long living isotopes
(us to days range)

® .nd detector materials

(PMTs and SSS, mostly)

A tiny amount 1C, 8He, 2C, L., ....
reaches FV
INTERNAL MIGRATING
e ¢ and 3 emitters dissolved Detaching from Nylon

® Vessel and transported
by convection into the FV

210Pg, 222Rn

in the scintillator

14C, 238U, 232Th, 4K, 39Ar, "Be, ...
85Kt, 210Ph, 210Pg
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'- Observatior_l of CN % o ?

= s TR, NN - >

40

8 O O i i i i ..... F it W/O Syste mati CS | O O 6 Theinternational journal of science /26 November 2020
Room for 35+ : . - — Fit w/ Systematics ' t \ Y @
£NO | i i HZ-SSM 68% C.I. na ure
30F., ' | 1zssmes%c.l. |0-05 MR T O s o e
6007 E i i : Borexino 68% C.1. E @S
25§ | ! | [ Counting Analysis 10.04 o
l I I o)
5 I I I - ~
400} et T ; 10.03 £
15¢ . I 3
i ! i ~10.02 O |
200+t 107} l I I ’ c‘“t“l G MRS Sk
5| o L L 10.01 “‘l[ RAYS it SR
A . ER e S
0 % > 4 6 8 10 12 140 . e R I
Events in the ROI CNO-v Rate [cpd/100t]
Result (68% CL stat + sys) = 7.2 - 1.7 + 3.0 cpd/100¢t
10 * Systematics:
expected @ 7.2 cpd/100t :
; Star;sys P * Response, resolution, spectral shapes and
- stat ° LY: oL =-0.5, oR +0.6 (5.1 o significance)
—— data ..
2 * Significance
S * Hypothesis test with 13.8 x 106 pseudo-experiments
5107 .
£ * Hypothesis CNO=0 excluded at 5.06 (99%CL)
10—4 ey °1-°
* Model compatibility
-5
10 ¢ - 0.50 (HZ)
—6
L * - 1.30 (LZ)
107090 20 30 40 50 60 70 80 90 * - LZ disfavoured at 2.1o including other
; * Fluxes from pp-chain (Borexino only)
CNOin [5.5-10.2] cpd/100 t (68% CL) @
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" Stability check: Earth orbit with neutrinos

= W

® Check of Borexino stability over 10 years

Modern astronomy
i This work {e—
=
2 S Borexino
c|l———"——yy ——————————————— ——— _&’ » Newton ¢
g 5 5 Phases 2,3
GEJ SNO
S @
Modulation g
/ amplitude
(1 — €%)
r0) = D R Gallex/GNO
[+ecos®) PO~ —[1+2etos(wy(t = 10))|
~0.04 ~0.02 0.00 0.02 0.04 0.06
&
60f.1.1
Rtk —— R(t)
Secular (unmodulated) 5 1N Data
components: /
o 40t
e 210Pg leakage = | e R 55 I SR S Hrr bbb T b bl —Fb
. .. 30'0 500 1000 1500 2000 2500 3000 3500
e Bg non-uniform mixing Tld)
e External bg leakage from £’ | ._;,;,\;g. | R Lo 1
slow vessel deformation 5 \T‘“/A*Hﬁ TP, L7 0L BTy, AHIT S Tl ST S
® 85Kr ? §—5' »f-.lS?;(:i)(iuals
0 500 1000 1500 2000 2500 3000 3500
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™ CNO by means Qf_“directionality_

'.‘_ =z e -“‘-

* Although most light comes from scintillation, a small amount g T e
of 1s emitted too PRL 128, 091803 (2022). « w
* A few early photons keep memory of neutrino incoming direction )
* Time-space correlation allows the reconstruction of direction (statistically) |
"3

* By means of a Correlated and Integrated Directionality (CID) technique it’s been
possible to extract the CNO signal from the whole data set (all phases, not only Phase I1I) and:

* Confirm the CNO result independently Phys.Rev.D 108 (2023) 10, 102005

* Improve the CNO measurement by 80 T —
combining the CID with the Multivariate 70, LZ.SSM 68% C
Fit used for “Nature” paper 60\ \ B . 2D ft w/CID (w/o systematic
| . | —— 2D fit w/CID (w/ systematics)
XL 50 i i i PRL 2022 BX results
Result (68% CL stat + sys) = 6.7 - 0.8 + 1.2 cpd/100t 5 40! L
e Pave the way for future experiments which might improve %] Ul
significantly the technique with more dedicated hardware 13'

and/or better scintillators (hybrid) 0 2 4 6 8 10 12 14 16 18
CNO-v rate [cpd/100 tonnes]
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'- SN1987a: optical image before and after

L
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'y SN1987a

T N - T

S

L e e RSN

S e Sl e W~ -

* The first (and so far unique) neutrino detection for a star other than our Sun

Kamiokande
® |IMB
40 A Baksan
Q )| ®
@]

30 -
. ©
> |
§
- A 0
88
e
QO

w1

l l I T
0 2 4 6 8
time (s)

I I
10 12

Fig. 3. SN1987A neutrino events observed by Kamiokande, IMB
and Baksan showed that the neutrino burst lasted about 13s.
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'- SN neutring burstﬂin HK o - |

TR, NN

()
=z
O
. 59 B
g Nakazato etal. (2015) 13 20M 8 <C( CCDU 8 % <
g 10 3 Bruenn et aI (2016) 2D 20M : 1 0 '
ﬁ _ _—Pan et al. (2016).2D.21M (@) |
) B | Totani et al. (1998),1D,20M B 10
a5 | : ©
8107 o 10
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@ = T A Dok 200 - ¥ " I
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'- SN neutrin(_) burs1_: Lm DUNE v

Infall _Neutronization Accretion : Cooling “y
@ = Ve DUNE sensitive to v. CC events by
o e
b V
R 1 = i ) Ve + 40Ar — e~ + 40 K*
s )
3 \\\.
%
W E = exploiting the Ar target and to v ES on
> = :
2 12E electrons thanks to its large mass
& 10E
Vv =
S E Eur. Phvs. I. C (2021) 81
= — A2
612_...'._ A S R R : SRR MR 11 %10 eea V. ©
1072 101 1 Time (seconds) C 10 —r o
z;O — X
40 kton argon, 10 kpc — _
£ 80F. . B . S - Ny @
e Einfall : Neutronization : Accretion = Cooling g Ve 40 Ar
g’_ 70 = i —}— No oscillations "§10" E — v, “Ar nl
§2 60 = i —+— Normal ordering ] & b
QC) g E —+— Inverted ordering §10 E_
G SOE M( E G107k
40
= J 10-‘E ........................
3()55_ E | __f——”_J——*——f__ﬂr__i::::—__J - é ..................................
20 ;_ ;% T I . | 10-55_'_ ..... Hi
10 i 10 G
MﬁJJOIOSI ; l lOl‘ll l l l0‘I|5l | | '012' ; l l025 10-7E-‘1|11 M N A NN TN PN NN NN AN
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Time (seconds) Neutrino Energy (MeV)
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"4 _Open problems —

* Neutrino mass type

* Majorana vs Dirac

® Neutrino mass scale
e \What is the value of m; ?
DIRECT NEUTRINO MEASUREMENTS (not covered)

® Neutrino mass ordering
° m3>m; of m3<my ?

JUNO, ORCA, DUN

(L]

® CP violation in lepton sector ?
e What is the value of Ocp ?

T2K and Nova, then (>2028) DUNE and T2HK
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'l Neutrinoless double beta decay - |

= T

* Jt 1s a very rare nuclear process (if it exists) in which a nucleus makes a “double” beta decay without the emission
of neutrinos

* The decay with 2 neutrinos exists and has been observed

It does not contain new physics

* That without neutrinos is super-interesting

Maria Goppert
d(n) —am »— u(p) Standard Model M
\ " /| ayer
W >y J
~ T ‘l)’)f
- VC
" <X P B
d(n) ——=—— u(p) d\ﬂ
d(n) —p — u(p) Neutrino-less .
w i 3/
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'- Why 0v0 is important 2 | -

* The only know process that can
between Majorana and Dirac mass terms

e i.e. 0V can happen only if neutrinos are
their own anti-particle (truly neutral)

d(n) ——a > u(p) Standard Model/‘1
VL}‘\‘-‘{ ’ d

@

* ie. lepton number is violated Ve
W- r‘{ i @
d(n) —»——»— u(p) d\‘
* In all scenarios 033 implies new
thSiCS d(n) —> T~ u(p) Neutrino-less \
W . =
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P“ Why 0v3f is important ?

d(n) v(p) Standard Model
° ° ° VV_ ’/ e a/
® The only know process that can distinguish - 2
between Majorana and Dirac mass terms "
: : : W= - @
e i.e. 0V5 can happen only if neutrinos atre o) o (o) a_
their own anti-particle (truly neutral)
* ie. lepton number is violated ) Neutrino-less o
e In all scenarios 0V38 implies new physics
d(n) i&
SENSITIVITY OF NEXT GENERATION EXPERIMENTS
PRD 96 (2017) 053001 NOT NECESSARILY
PRD 96 (2017) 073001) MAJORANA NEUTRINOS
—= 10
>
o)
o 1
g;ﬂ
= 10"
5,
2 107
o
2
S 107
0
2
= 10"
2
107 2 PPy 5 6 3 4 PG 6 5 6
10 10 10 10 10 10 10 10 10 10 10° 10 10* 10 10
sensitive exposure for Ge'® [kgiSO yr] sensitive exposure for Te'™" [kgiSO yr] sensitive exposure for Xe °e [kgiso yrl @ﬁq
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'-‘ Only a few elements work )

4500
o Ca ‘
4000 |- : , : SO SO S—-
> 3500 | sizy .""Nd T
l < i ' 18
~ S92 100
11171 RRRRRRTON SRRSO SRRSO S I.f?....-...MQ .................... |
| g o Cd 2
1 s 130
H o 2500k e JHXe i (I He
1.008 2 o¥Sn ; : 13 14 15 16 17 40026
: 76 .

3 4 2000 __._o;G_e___  eeaeenen o Pd | 5 6 7 8 9 10
Li Be § f { ? B C N ) K Ne
694 90122 1500 ' L ' ' 1081 12011 14007 | 15999 18 998 20.180

0 2 4 6 8 10 12 14 .

11 12 Natural Abundance (%) 13 14 1S 16 17 I8
Na Mg Al Si P S Cl Ar
22.990 | 24305 3 R 5 6 7 8 9 10 1 12 | 26982 | 28085 | 30974 | 3206 | 3545 | 39.948

23 24 25 26 27 28 29 30 3l 33 35 36
V Cr Mn Fe Co Ni Cu Zn Ga As Br Kr
50942 | 51996 | 54938 | 55845 | 58933 69.723 74.922 79,904
37 ; ; 41 43 44 45 47 51 53
Rb | Sr Y Nb [MU\Vify Tc Ru Rh |BUFs]l Ag Sh I
85468 | 87.62 38.906 92 906 | (98) 10107 10291 107 87 12690
S 56 57-71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
Cs Ba * Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
13291 137.33 |78 .49 IS095 | 18384 18621 190.23 19222 19508 | 19697 20059 | 20438 2072 208 98 (209) (210) (222)
87 58 89-103 104 105 106 107 108 109 110 11 112 113 114 115 116 17 1138
Fr Ra # Rf Db Sg Bh Hs Mt Ds Rg Cn Nh Fl Mc Lv Ts Og
(223) (226) (265) (268) (271) (270) (277) (276) (281) | (280) (285) (286) (289) (289) (293) (294) (294)
* ‘ antcda
Lﬁ"“!\d‘mdt 57 58 59 61 62 63 64 65 66 67 68 69 70 71
SEries La Ce Pr sl N Pm Sm Eu Gd TH D.\ Ho Er Tm Yb Lu
13891 140,12 | 14091 (145) 15036 | 15196 | 15725 | 15893 116250 | 16493 | 16726 | 16893 | 17305 | 17497
# Actimide 89 90 91 93 94 95 96 97 98 9 100 101 102 103
SCries Ac Th Pa I\p Pu Am Cm Bk Cr Es Fm Md No Lr
(227) | 23204 | 23114 (237) | (244) | (243) | (247) | 247 | (251) | (252) | 257) | 258) | (2%9) | (262)

IR

Istituto Nazionale di Fisica Nucleare
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7. Even less gpod for detectors

S = Sl RSP . o A e S o - PN A o Sl e .

e Best candidates

6Ge: excellent because of technology (semiconductor), excellent detectors, good nuclear physics,
expensive

136Xe: not as good technologically, cheap, excellent nuclear physics, usable dissolved in scintillators

and in liquid phase
100Mo: very good, ditficult, high electrons energy
130Te: abundant, very good

* Globally, none is pertfect.

* Many experiments around the world using all these targets

* Three key experiments in Italy, at LLaboratori Nazionali del Gran Sasso (INFN)
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'.‘ Experimental technique: search for monochromatic events

£0
| 0 .
. 0.90 1.00 1.10
2 K/Q
=
¢ 10
D
Qo No neutrinos means all
<
. 2vBB spectrum energy goes to electrons
2 BP sp OvBp peak

0.0
0.0 0.2 0.4 0.6 0.8 1.0

YEee / Qpp

Sum of the 2 electron energies, as fraction of B decay energy
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ey Why mass is important: three ways, three “masses” !

fermion masses
de se be

U e Ce te
ce Le Te
| | | | | | | ] | | | | |
keV MeV GeV TeV
GRAVITY
NEUTRINOS
ARE DIFFERENT » >, = m1 + mo + ms

8 DECAY KINEMATICS

mg = \/|Uer|2 m? + [Uea|2 m3 + [Ues | m3

LEPTON NUMBER VIOLATION (0vf3 DECAY)

Istituto Nazionale di Fisica Nucleare
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Potential sensitivity: 0.35 eV (discovery at 5 o, 0.2 upper limit )
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'. Why measuring Ocp is important ?

P~ . —

* We do not understand the origin of matter-antimatter asymmetry in the Universe

* To get it you need CP violation (and baryon number violation)
* Is the CP violation required explained by Standard Model + PMNS »

e CP violation is proportional to so called Jarlskog invariant

J = sin %15 cos Y19 Sin Yoz cos Y93 sin ¥13 cos® Y13 sin 6 p = J, 0 SIN O p

Jauarks — (318 40.15) - 10™°

max

Jleptons — (3.3 4 0.06) - 102

maa

* QQuarks are ruled out

* [eptons, not necessarily. They may play a role, possibly not unique.

* Be aware: you need, anyway, a baryon number violation mechanism, which cannot be related directly to lepton
sector
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’ Conclusion
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Thank you
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