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Outline

e Brief historical introduction on neutrino physics
* Where are we with our current understanding on neutrinos?

e A look toward the future!

its almostk 100 years since %kav’ve been pos&uta&acs&
i | «and neubrinos still give us surprises!

E
!

« Big Bang neutrinos

e
A
>

: -

g « Solar neutrinos

2 & "% °

- 1 » « SuperNova neutrinos

|

E I

E 1

& —

; 10° _

B - « Atmospheric neutrinos
10+

v are everywhere!

109 _ Cogmic neutrinog

o | ~10%v/cm2?/s

| | | | | | | | | | | | | | | | | | | | | | | | | I—

10¢ 107 1 10° 10¢ 10° 102 105 10'®
eV meV eV keV MeV GeV TeV PeV EeV
Neutrino energy (eV)

- ]
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ldentikit of an introvert cool particle

e A “desperate remedy” postulated by Pauli in 1930

e E. Fermi, theory of weak interaction 1933

- ]
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ldentikit of an introvert cool particle

e A “desperate remedy” postulated by Pauli in 1930 /‘\ @1Y+ei

e E. Fermi, theory of weak interaction 1933 / Y | i

ISTRIBUTION CURVE OF /Q-mRncccs

From Raoium E

 The Krampouz anomaly (1957) l

T’ \ i P\
S
/J n @ eJ

D S a1 N
? } — Krampouz model
l ' )J 9!0\/0-

I°5 30 “+-5 P &6-0 75
Enercy 10 Vorrs

O based on the observation of “sweet” particles
O Kr, Am, Po, U, Z

Numser oF (3 ~PARTICLES

5

~70 years for discovery of all flavors

- ]
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ldentikit of an introvert cool particle

e A “desperate remedy” postulated by Pauliin 1930

e E. Fermi, theory of weak interaction 1933

¢ In the Standard Model (SM):

O neutral leptons, massless, weak interactions

O three families of neutrinos: v,, v, v,

LED recults
"g 2v
e !
=30+ ALEPH
[ DELPHI
L3
. OPAL
20
: ¢ average measurements,
error bars increased
by factor 10
10
0 N | X N N | L N N | N L " | N N N |
86 88 90 92 94
- E., [GeY]_
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The neutrino ogcillation mechaniem

e Only possible if neutrinos have non-zero mass (first evidence of beyond the SM physics! &)

* For three neutrinos, the mixing is expressed via the unitary PMNS matrix

O three mixing angles: 6,,, 6,3, and 6,;
O two mass splitting: Am221 and Am321

O one CP violation phase: op

flavor eigenstates,
a= e, u, 7) mass eigenstates,
3 ci=(1,2,3)
V, _ * V.
e = D U B
Ve =V, =1 V.
Upmng matrix

0 = mixing angle, Am? = m7- m%, L= aseline, E = energy
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Oscillation Probability
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The neutrino ogcillation mechaniem

109 BN LL BN N L) NN LR BN LLL RSN N L LL BN LR LLL NN N LLL BN LR LLL N |
. . . . 2 —9 2
Contribution of several experiments for a comprehensive E o AAmy, =75-107"eV
. . 108 - olar ,'
measurement of the oscillation parameters Ve
. 7L
e solar neutrino puzzle 107}
® atmospheric neutrino anomaly 0 5\\665\ 10%
e E
e\ 5L
104 3
Ei
= _
10 v, . B
Atmospheric 1 Feactor/Accelerator h | Solar j 1015 e :
- A ~i51 Ir . e 7
ve\ [t 0 O || as O sze™ ||z si2 Of /v, 4 |
oL 15
Vi =‘=“ 0 Cr3 $93 HXI 0 1 0 r*XH =812 Cqo 0 ‘ V2 10 , . (ED-:
% id V3 - 2
/0 =523 6‘23_! |-s13¢° 0 a3 | “C 00 1 10-1L 1=
i . _ 2 |
*s;i =sin0., ¢;; = 0.. _ =
j ijr Cij = COSUj; 102 £ I
10=* 1073 10-2 10~ 10° 10' 10% 10%® 10

E [GeV]

28112024 - JRIC 2023 - Neutrino Phygice - C. Lagtoria 7



State of the art of oscillation parameters

Atmospheric _ Reactor/Accelerator _ r JS_OE;r)
U, 1 0 0 C13 0 S13e_i6 | ¢12  S12 0 ez
Vp |=l[0 ¢y Spz|IX]| O 1 0 H"i =S5 ¢ O | V2
Y1740 =555 c23_F —513¢° 0 CBJ 1o o 1f\"

10 uncertainty

0.8
o
0.2 3%
: 1%
1 o
4
0.45 5o,
!
3%
2
0.04
0 2.5%
2 — ]
o
%) 30 15 /O

‘98 2000 2005 2010 2015 2020

- ]
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Remaining open questions up to today

?
ohtest
rcin0 181 e ligh
\10\\'\0\\ ne 2 9
o 5\ON ot Bm3y —
? A? — . o
Vr® — TCI r aQSQS.
\e Vs N\OS"\\J e S5 nl4 or 023 What are ’(\\:‘i :\d'\red meagurements J
< TEIA' - e dire
e 02 7,
clor

s the 3.-flavor paradigm correct?
® is the PMNS unitary?

e do we have sterile neutrinos? if so, how many?

Ar ] ]
7€ neutrinog Dirge /M Jorana particleg?

J
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[¢ the 3.-flavor correct?

* at short and long baselines

O accelerator/reactor experiments (e.g. STEREO)

O accelerator/atmospheric experiments (e.g. DUNE)

Uel UeQ UeB

more parameters:
2
Amy, 014, 05y, O34,

014+ Op4

- ]
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via oscillation..
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Sterile neutrinos: 3+[ extengion

e STEREO (reactor experiment)

O anti-nue at reactor, very short baseline

O rejection of RAA best fit value

- ]
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10!

Am?, (eV?)

107

RAA 95% CL
RAA: best fit

STEREO 95% CL

- == CLS sensitivity
wee CLs exclusion
we we 2D sensitivity

e 2D @xclusion

1072

- This Result (10.7y)
- % Best Fit >
10.0}
oY
2, \
o < | :
s e,
a | -
0.1}  Other experiements (90% C.L.) |
T MINOS+ ~=- CDHS }
| —— MB-SB (v) CCFR |
| esanas MB-SB (7) — = SuperK \
0.01 0.1 1.0
sin2(2924)

* lceCube (atmospheric experiment)
Oy, spectrum at TeV

O absence of sterile neutrino (2.20)

e cross-check with other experiments
(e.g. KM3NeT) is crucial

I



Toward a precigion era for neutrinos L mionny et

I s v2 I

Am3,
e which neutrino is the lightest? o ”IL
é Ams, we know that:

® is v3 mostly v, or 1,7 6,5 octant £ e | e emi<m?

s the ch ity (CP) violated in the lepton ?60p ph . s mi <<l ms i
. _ i ’

s the charge-parity (CP) violated in the leptonic sector? o, phase T v, what about signAm?7

| | I I | | | I | | | I | | | _ B | | | I | | | I | | | I | | | _

0.65 107 [ NO E

0.60 4 F -

0.55

5% precision on sinfy;

shfZHE;
-
(L
)

()}

S

ot
oIIIIIIIIIIIIIIIIIIIIIIIIIIlIIIIII

—: |f 823=450, |U/,{3| = |UT3|
0.40 4 —
(l35 _—— ]N()VA&—+TF2P( _E 5_ .5
| | | | | | | I | | | | | | | | B | | | I | | | I | | | I | | | ]
90 180 270 36060 0 90 180 270 360
5CP 5CP
Do neutrinos and anti-

neutrinos oscillate differently?

- ]
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Next-generation for neutrino experiments

e Complementary detection techniques for a e multi-purpose detectors for MeV to GeV neutrinos
better understanding of systematics O reactor neutrinos
O unprecedented statistics O accelerator neutrinos

O remarkably energy resolution O solar, SN, atmospheric neutrinos

O excellent background rejection

T —
 DUNE  Hyper-kK | JUNO |
| Bagceline 1300 km 295 km 53 km
 Energy | (08-6)Gev: 600MeV | (1-10)MeV
""" Fiducial Volume |  40kton  190kton |  20kton
 Technology |  LAFTPC  Water Cherenkov | Liquid scintillator |
Data taking start 2029 2027 | 2025
“mostpowerful, worldwide 1

28112024 - JRIC 2023 - Neutrino Phygice - C. Lagtoria



Jiangmen Underground Neutrino Observatory (JTUNO)

x103

® 8 reactors cores, 20-kton liquid scintillator 100 " s of data taking e oeciiations
: : ' ly sol
O low background (material screening, clean background) | o ﬁgr:'n?:rrdt::i':g
80 |
O remarkable energy resolution (~3% @ 1MeV) | / — Inverted ordering
>
: o _
O precise knowledge of reactor spectra = 6ol
g
v ! . 2
c 40} S1I 2912
g 7
| lsin2 20,5
i ‘,/\//\ S\
] e — NN
- Am? Am?2
b 21 4 ey
Oh.Llllllllxll.lljllllllll.llll.lllllll

0 1 2 3 4 5 6 7 8 9
E‘ge (MEV)

* best precision on Am321(x1 0-3eV?2):

0.8% (100d)—0.1% (20y)
¢ 0.3% on Amj, (x10-5eV2), 0.5% on sin20,,
* Neutrino Mass Ordering determination

O 30 sensitivity in 6.5y (alone)

_ _ R O 50 sensitivity in 2y (combined with atmospheric)
28112024 - JRIC 2023 - Neutrino Physice - C. Lagtoria 4




Deep Underground Neutrino Experiment (DUNE)
e ND: neutrino flux characterization m
’ ‘ Near Detector (ND) Far Detector (FD)

(energy dependence of neutrino cross-section)

e FD: massive Liquid Argon TPCs (4x10-kton) g | S

NEUTRINO
[ [ ] [ J ' -@
(remarkable event reconstruction, strong background rejection) B  ong-Baseline (L)

Detection probability:

* staged prototype program at CERN for demonstration

of technology performance

O charged particle beam

O cosmic muons

Horizontal Drift (or Single-Phase) Vertical Drift (VD)
xv\"-.. . f\ anode
E N . E > < E E pe q lllllllllllllll
RN : :
} @ ﬂl\\ : § : S E }/ \@ é S
: \l Y/ o % :
- ' [ ol % - cathode %
. TONS g - - -3
® ' \‘H'\ “’: .::g \}/ -‘:g
o) . . g E ? \ y Q.
"‘C&; i N : @ “-..\
" \a T AN
I N iEEEEEEEEEEEEERSEEEESR N
N\ anode \
£ b’

15
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Deep Underground Neutrino Experiment (DUNE)

N B I L l IR l oror ' L I L I L I T 2.6 N
* simultaneous measurement of four channels:  4F puUNE Simulation = 336 ktmwyears - - oue Sty —— Tyoun stages)
- . -MW- n ~ Normal Ordering —— 15 years (staged)
_ ) _ ~—~ 35+ All Systema“cs W 624 kt-MW-years — - sin“20,, = 0.088 unconstrained uy _ s C.L.
(I/ and U d|sappearancel 17, and 12 appearance) 8 - Normal Ordering i 1104 kt-MW-years . 2.55.—90%0.L.(2d.o.f.) ) :ru':"",:l::m/ C.L
H H € € %’) 30 £ With and without 813
[ reactor constraint _ s
e CP violation, ~ 3.5 years for a 3o sensitivity T %E E I N
- n . X -
ce [e) - ] S
e NMO, ~ 1 years for a 5o sensitivity 5 2OF 1= N
3k EE T O N O
) N\
(for any value of 0-p phase) = oF E :
S S F : 2.4(-
* 0,; octant discrimination 51 - :
Ea b b b b b by by
-1.00 -0.75 -0.50 -0.25 60.0;) 025 050 075 1.00 2,35 a b '0;5' YTy
CP T sin 623
Neutrino Energy (GeV) Neutrino Energy (GeV)
1 0 10 1 107" 10 10 1 10°
I e E 72 _i * no oscillation expected @ND
N A% C 5 . . .
0sb : - (signal possible only from sterile)
z E . .
5 | Am: =50.00eV? : n e 3+1 model, via oscillation
2 - — Std. Osc. P(v,-v,) \
a [ — P(v,—V,) : O @FD
0.4 — P(v,—v,) : N inC.
e — P(V” _)vll) ' h . . Move Is
0.2 — 1-Pov, : O atmospheric neutrinos ajrowneay
o s ) . (first data available in 2028) talk
107 10 1 10 10? 10° 10*
28112024 - JRIC 2023 - Neutrino L/E (km/GeV)
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Are neutrinos Dirac or Majorana particles?

® neutrino is its own antiparticle (it Majorana particle)
O f-decay, double #-decay with v emission

O ..what it v are missing?

neutrinoless

f-decay

o a8 T aB
Atmospheric Reactor/AcceIerator} Solar B v-less [f-decay )

H C13 0 S13e_i6- q- C12 512 O- -eial/z 0 0
0 1 0 X{|—=S;o» €1 O h*l 0 e'®'?
| —s3¢° 0 ¢ 0O 0 1 0 0 1

| yi_flj °) L 4

e two additional phases in Upmns,

not affecting the oscillation probabilities

e possible explanation of matter/anti-matter asymmetry
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r R

N 1’ ° ‘ d Drawings: L. Manenti Liquid Scintillator
ﬁ g O Semi-conductors
LIQUID or GAS
* No ideal detector candidate, several pursued options
O best energy resolution » ‘5:- i —
O |OW baCkg round O o : / Cryogenic bolometers
. E — | .. HEATH BATH
O most scalable (while low cost) =|_ —5 e N Cledrode?
w7 e

(7

* Nuclear Matrix Elements (NME)

10’ | Inverted mass ordering current
experiments

=== Normal mass ordering

*‘:.
P |
\ |
\Nc RMAL / E
SEnSOR
[

HEATH BATH J

OvBB decay limit (90% CL, smallest NME

OvBp decay limit (90% )

next experiments (ton scale)

e Liquid Xe TPC

E O 5tons
g O enriched with Xe'3¢isotope
3 | future o
10° | experiments O good background rejection
e wr 16‘:‘ - (gamma from Ur and Th chains)

Myight (eV)
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Neutrinog are cool...

...and 20 we are! &

- ]
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Impact of Nickel Cryostats in the nEXO Detector Antoine AMY
17:00 - 17:30
Development of a muon reconstruction algorithm for JUNO using all the sub-detectors Thomas RAYMOND
11:00 - 11:30

Refining Sterile Neutrino Exclusion through Joint Analysis: STEREO Phase 2 Reproduction and Analytical Response
Modeling
yann querlioz

Sterile Neutrino Search with Atmospherics in DUNE Camille Sironneau
14:00 - 14:30
Vertex reconstruction at DUNE experiment | Cheong Hong
14:30 - 15:00
Study of Ar${}'\{39}$ Beta Decays in DUNE's Prototypes emile lavaut
15:00 - 15:30
Search of reconstructed Michel-electrons in DUNE Matteo Galli
15:30 - 16:00

9
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The “desperate remedy” of a new, neutral, massless particle

[896: H. Becquerel, discovery of radioactivity
o and y, peak with a precise energy
914 J. Chadwick, the beta emission has a continuoug spectrum

930: W. Pauli, proposes a new particle as a “desperate remedy” to
energy conservation

Cotst - ‘;j:ifd"_;vc47:—‘,;., of PeC 0393
J Abschrift/15.12.9% M

Offener Brief an die Jrunpe der Radiosktiven bel der
Gauvereins-Tagung zu Tubingen.

Abschrift

Physikalisches Institut

der Eidg. Technischen Hochaschule Zirich, L. Des. 1930
Zirich Oloriastrasse

Iiebe Radiocaktive Damen und Herren,

— —

(93 3: E. Fermi names it neutrino and o e
builds the weak interaction theory — |M4 Ko ER A oo N e o8
(Tentativg) & won teori delfemissione
dei ragg “ beta ™
[914: beta [933: baptism LIS S LT
decay spectrum of the neutrino — —_— —
1896: (@  1930:the @
radioactivity "desperate remedy”

28112024 - JRIC 2023 - Neutrino Phygice - C. Lagtoria

éX — é::lY T e @

/INL L

| |
DisTRIBUTION CURVE 0OF /g-PARTICLES
From Raoium E
|

\

N
\\

15 30 F5 s 60 7-5 30 /05
Enercy 10”7 Vorrs

Numser orf (3 ~PARTICLES

2



The weak interaction in a nutghell

[933: E. Fermi names it neutrino and Neutron Beta Decay - Electron Capture

builds the weak interaction theory

(989 LEP measure the Z boson and concludes that

e n. of expected neutrinos compatible with 3: N, =(2.984 + 0.008)

e light and only left-handed (a.k.a. massless)
® interacting only via weak interactions, via charge-current (CC), exchanging

W=, or neutral current (NC), exchanging Z°

933: baptism

of the neutrino Q @ @
@ Q 2000: experimental

observation of 3 v

28112024 - JRIC 2023 - Neutrino Phygice - C. Lagtoria
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Inverse Reka ‘Decay

17+~F:'—>M,+~e*

LED regults

10

S

| ¢ average measurements,
error bars increased
by factor 10

2v

ALEPH
DELPHI
L3
OPAL

8 90 92 94
E. [GeV]
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The eleetron neutrino

956 first experimentally o, discovery by C. Cowan and R. Reines
(Nobel prize in 19951

® very intense source (reactor @ Savanna River)

e continuous emission, 10201/cm?/s

* [ots of n and y bkg
e underground for shielding

Inverse Beta bﬁﬂ&j

D+—F—>v\-r-a+

®

956: 7,

discovery

28112024 - JRIC 2023 - Neutrino Phygice - C. Lagtoria

U, from reactor
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annithilation ys

ys from n
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The muon neutrino

956 first experimentally o, discovery by C. Cowan and R. Reines
(Nobel prize in 1995!)

962 v, discovery by L. M. Lederman et al. @ Brookeven lab

(Nobel prize in 1988!)
® neutrino from beam

® spark chamber
® using trigger for taking real photographs

e differentiate between electron showers
(only 6 events) and muon events (34

single muon events)
* v, are different from v, |

1962: v,

discovery

©
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The tau neutrino

[956: first experimentally o, discovery by C. Cowan and R. Reines
(Nobel prize in 19951

962 v, discovery by L. M. Lederman et al. @ Brookeven lab
(Nobel prize in 1988!)

2000: direct observation of 4 v_events by DONuT experiment
e 7 lifetime is extremely short
(decay length ~2 mm, fine
spatial resolution)

e v_extremely non interacting
(very dense detector)

Tau
lepton
decay

ISR Al ) Lilks Ehe iron nucleus
a few mrad ‘ T

@ @ b - [oradu&iom o‘f T LQF?EOM emulsion L"‘vﬁ‘”s

track from 7 lepton

‘ 0
@ 2000: U, , . T bracike <

observation ; — mwain inkteraction process
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Last decays, very active for neutrino physicists!

O

O

O

*
*

®© ® ® ® ® o ©
® @ 6 @ O
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© 0000000

e T2K hints on leptonic CP violation
o COHERENT reports first obgervation

of coherent neutrino scattering

e lceCUBE observes extragalactic v

* T2K observe v, appeared from v,

* 1, — v, oscillation in OPERA

 Daya Bay observe 7, disappearence

e K2K confirms atmospheric oscillations
e KamLAND confirms solar oscillations
e SNO shows solar oscillation to

active flavor

e Super K confirms solar deficit

and “images” sun

e Super K sees evidence of atmospheric

neutrino oscillatione

e Kamioka Il and IMB see atmospheric neutrino anomaly

e SAGE and Gallex see the solar deficit
e Kamioka Il confirms solar deficit

e Obgervation of the solar neutrino puzzle

26



The solar neutrino puzzle

Neutrinos from the Sun: ideal to study the inner structure because
they leave bringing all the information related to their production

e thermonuclear reactions (mainly pp chain and CNO cycle)
dp+2e — 4He+2,,+Q

* in data, 50% to 70% of expected neutrinos
were missing...

7
:

Cl

0.48+0.02

SuperkK

Theory 8 "Be

8B

Flux [em ™ ?s™ ' (100keV) ']
—
<,
{

l

SAGE

Kamioka

B P P PEP
Il CNO

GALLEX
-+
GNO

Experiments pgg

Uncertainties

0.35+0.02

2H,0

- ]
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The solar neutrino puzzle

107 | ‘Be -

10" %3/

10°

3| »
00—

Neutrinos from the Sun: ideal to study the inner structure because
they leave bringing all the information related to their production
e thermonuclear reactions (mainly pp chain and CNO cycle)

101

Flux [em ™ ?s™ ' (100keV) ']

| 14T

dp+2e »>4He+2,,+Q 10° 10°

Neutrino Energy |keV]

e SNO upgrade: detection of Elastic Scattering (ES) and Neutral observed ,
current (NC) interactions |
e CC are flavor dependent but ES and NC are not

o total flux compatible with Solar Standard Model prediction

21.010.20 1.0+0.20

1020 1 (+029 £1.01+0.12

e 1, are /3 of the total, measurement of the ratio:

Q(Cc) 0.35+0.02
ST (0.34 £0.023) 103
GALLEX
aNO SNO
" " All v
(Nobel prize in 2015!) o o
B PP pep Experiments pgg
Il CNO Uncertainties
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The atmogpherie neutrino anomaly
Zenith angle dependence

Neutrinog produced in the atmosphere: all muons decay before reaching the (Multi-GeV)
ground Unao'“g Down .3oiu9
e expected ratio of muon neutrino and electron neutrino fluxes 21::; (a) FC e-like —+— /Xz(shape)
e) s
(I)(I/ﬂ) -1 (I)(Dﬂ) Primary Cosmic Rays O -otg 60 % =2‘ 8/4 dOf'
O(v,) + D(v,) 423 0 : Ljf_ =(0.93 t0.13
é 20 :“ .’.Hc stat DO(AM —0.12
* in SuperKamiokande data, " Of (b)FCu-."k;’rlPC 'X"(shape)
only 50% ot up-going v, @ gzoo i e =3O/4alof
150 |- | ﬂh
were observed... S o mhm ()
RWE e P - ().54.t0.06
§ - —+—3 ) 256 | Down —0.05
0 : 1 ? S a— (6.20‘"
-l % os® !

X Up/Down syst. error for u-like

. 3o ‘Hux caleulation ---- £ 1/

Energy alib, for 4| 0.7/
t .
— (Non D Background 2/) 2.17.

- ]
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The neutrino ogeillation mechaniem

Neutrino flavors are a linear combination of neutrino mass eigenstates

flavor eiqenstates,

Mass states Weak states

First Second First Second

V4

- — == ==

4 R ‘

1“ d d | l ' -

| Oscillation i ; e ve) g ( cosb sinb )(v1
| | ‘ . ~ \-sinb cosh /\ v,

Prababiti&v:

2 N S
Amw? = m%w my, L = basetme, £ = energy

® the minimum position is determined
by the mass splitting (Am?2)
* the minimum deep is determined

by the mixing angle (6)

il
up-going
N PP PR o

LogofL/E (km/GeV)}

- - ]
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the missing up-going v,
have oscillated!

(Nobel
prize In

2015!)

N
o
o

Number of Events

atm. anomaly




Neutrino astronomy

was Rere il |

Neutrinos produced in SN explogion: they carry 99% of the SN energy
e a SN in the Large Magellan Cloud exploded on Feb. 23rd 1987, 7:33 UTC
* neutrino signal arrived ~3h before the light signal ERGT e -
e signal detected by three experiments: 11 events by Kamiokande-ll, s o R
8 events by IMB, 5 events by Baksan o e I 0| S . 5
(Nobel prize in 2002!)

7] after explostom:

SN are expected to explode ~1/century...
so, now, all the experiments are waiting for the next one!

100 L

o0} < ~ 13 sec bime window .
80 | ) :
70t
60 |
50¢ .
40 t % i
30}
.. " 2

'..‘ L ™ = K X k I = E b

10[ .

733 35 37 39 41 43 45 47 49

- - ]
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The Vertical Drift configuration

* ProtoDUNE-VD at CERN
 Two main bigger active volume (~6.5m drift each)

e Charge Readout Planes (CRPs)
o modular structures: two 3x3 m2, in

D layout
the top and bottom of the TPC - , a |
o perforated PCB strips (optimized f e P
orientation and pitch, ~mm precision) 7 R N S g W s
e Photon Detection System (PDS) perforated S &ed
o X-Arapucas?*, directly integrated in | o2 e e fflectionics

-— - — - -

the cryostat walls and cathode
o optical fibers to power them and to

. » @ W
1 e s K K N I NITELEE "
: D B e ey

cathode

collect the signal §\ _
o good coverage of active volume ———— 1 1

* Arapuca in Brazilian means “trap”, they act as light traps
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