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Why do we study neutrinos?
(1) Fundamental Particle

(2) Abundant

Massive particle more
abundant in Nature

(3) Elusive

Difficult but not
Impossible to catch

(4) Oscillating 'V,
v (5) Lightweight

e V‘l‘ The weight almost nothing

(6) Many different

sources (1) Mysterious
@ . Not fully understood yet

3 Key to understand the Universe

e Are neutrino and anti-neutrino the
same particle?




Why do we study neutrinos?

%undamenta\ Particle
%bundant { .
Elusive

Massive particle more
abundant in Nature

Difficult but not
Impossible to catch

@) Oscillating V..
v (5) Lightweight

e VT The weight almost nothing

Wany different

sources (D Mysterious
@ . Not fully understood yet

Ty e Key to understand the Universe

i Are neutrino and anti-neutrino the
same particle?




Open questions in neutrino physics

APS/Carin Cain

1) Is the CP phase non-zero? What it its value? @

2) What is the mass ordering? @

What are the absolute values of the neutrinos masses?

3) Are neutrinos its own anti-particle? @
Are they Dirac or Majorana particles?

4) Are there any other types of neutrinos? g

Many projects ahead to answer these questions
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Next generation oscillation experiments

» Future long baseline (LBL) experiments will have to close the three-tlavour oscillation framework. Meaning:

i) determine the mass ordering

ii) study the existence of CP violation in the neutrino sector
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» Including matter effects (MSW), there is an interplay between mass ordering and CP-phase in the

3-flavour oscillation probability for v, — v, and v, — 7,

- propagation in matter is different due to scattering of neutrinos in matter (in electrons particularly)

- If 8cp # 0 neutrinos and antineutrinos behave in a different way P, — v,) # P(v, — v,)




Matter effects and dcpin oscillation experiments
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Matter effects and dcpin oscillation experiments
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Current knowledge (NOVA & T2K)

- NOVA + T2K combined results (Neutrino2024)

NOVA only: Phys. Rev. D106, 032004 (2022)
T2K only: Eur. Phys. J. C83, 782 (2023)
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» NOVA only:
- Preference for NO with 11/2< &cp <

- Different trends NO and IO

Some tension in the value of d¢cp for NO

{IO Conditional}

Bayesian Cred. Int.
With reactor constraint
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» T2K only:
- Preference for NO with &cp~-11/2
- Same trends NO and IO

» NOVA + T2K combined: Mild preference tor 1O
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Hyper-Kamiokande

» Natural evolution of Super-Kamiokande (T2K —> T2HyperK)

» Upgrade: neutrino beam > 1.3 MW, off-axis angles, larger FD
» Baseline: 295 km (same)

» Fiducial volume: 200 kton pure water (8 times SK)

» Possibility to add a second FD in Korea (baseline 1100 km)

» Aiming to start operations in 2027

neutrino

. . . . . . L=295km, sin“2043=0.1
GOAL: Minimise matter effects + maximise s — 520
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Hyper-K collaboration (Neutrino2024)

new cavern at Kamioka mine under
construction
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DUNE (Deep Underground Neutrino Experiment)

A leading-edge international neutrino accelerator experiment based at Fermilab

Sanford Fermilab
Underground | A N — | v

Research g " \ _..o=io
Facility

neutrino beam

Near
Detector

Detector

@ Muon neutrino beam @ Near Detector (ND) @ Massive Far Detector (FD)
- 1.2 MW beam power - 574m from the beam - 1300 km from the ND
- Upgradeable up to 2.4 MW - Unoscillated flux monitoring - Measurement ot oscillated neutrinos

(energy spectra & composition)
- VAr cross-section measurements - Technology: LArTPC
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DUNE Physics

A leading-edge international neutrino accelerator experiment based at Fermilab

Sanford Fermilab
Underground | A N — | v
Research — des .4 g—

Facility -
neutrino beam

Near
Detector

Detector

Measurement of v, appearance and v, disappearance for a wide
range of neutrino energies [0-10 GeV]

No Beam Physics:

- 50 measurement of the neutrino mass ordering - Proton Decay p — K ¥
- Discovery potential for CP violation (wide range of d¢p) - Supernova Neutrino Bursts (SNB)
- Precise measurements of neutrino mixing parameters - Solar neutrinos & BSM physics
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DUNE: beam and oscillation probability

Precision measurements of the parameters that govern:

v, — Vv, U

—_— 7/
U u Ve

» The beam will provide neutrinos and antineutrinos with
energies peaked at 2.5 GeV but with a broad range

» With a baseline of 1300 km, the oscillation probability
has a strong dependence on both §cp and the mass

ordering

» Access to different oscillation maxima to improve the
sensitivity

neutrino mode
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DUNE: Far Detector (FD)

LArTPCs: liquid argon time projection chambers
— 4 modules: 70 kton total mass —

Sanford Underground Research Facility (SURF)

The two-phase approach will allow

1500 m underground (4300 m.w.e.) implementation of improvements in the

) N ASE technology during PHASE-I|
4 detectors in 2 caverns ' A U
Detector deployment in stages: o i PHASE-|
] 3rd Module
- DUNE PHASE-I (Modules 1 & 2) R
e e SN st Module
_ DUNE PHASE-Il (Modules 3 & 4) 41 Module| e Wi B B 7 %

e
Ve
[Fpetel O
oLT%

Phase-I: detector installation by
2026 beam data by 2031
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DUNE: Near Detector (ND)

» Main Goal: constrain uncertainties for oscillation measureme

= Un-oscillated neutrino flux monitoring

m V-Ar cross section measurements

= Three different detection systems
on and off axis:

1) Liquid Argon Detector (50t FV)

- Primary target, same technology as the far detector

2) Temporary muon spectrometer (TMS)
- Measure muons escaping the first detector

3) SAND (tracker surrounded by an electromagnetic calorimeter and magnet)
- Control the stability of the neutrino beam

574m from the beam & 60m underground

Neutrino beam

)/
)/ ‘
“

Instruments 5 (2021) 4, 31
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Working principle of LArTPC

Interactions in a LArTPC

Sense Wires

Uu Vv )/( V wire plane waveforms . :
euid AraonToC a two signals proportional to the energy
Photosensors g
\ C[\Erge(]i Particles : . . . . . | | . h
— e | 1 ionisation electrons scintillation photons
CathodJF e It' g ~27000 e/ MeV ~24000 y / MeV
Plane © | -
>0 ml
S i l For 500V/cm drift field l
N =
S y 7 ’ \ drifted and collected in observed by the photon
< z charge readout planes detection system
500 V/cm | l
/ | /
) |‘| o o °
P e T Precision tracking to and complementary
and Ca|0rlmetry Calorimetry

Example of single phase & horizontal drift
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Working principle of LArTPC

DUNE:ProtoDUNE-SP Run 5772 Event 15132

r deposit
5000 O)
Photosensors e‘/
\\ . 4750 T —
-
y‘_\_\[__ = 'n photons
glathodJF y"\-\_ " 4500 g )// MeV
o T~ - _;; @) =
LR 4250 < |
@@?/// % by the photon
\“&/ 4000 ) lon system
. . C
: } S ' S|
/" 500 V/em s -
e 3750 - b6 .GeV pion O

nplementary
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Wire Number

3500
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DUNE sensitivity

Mass Ordering

CP Violation
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Best case scenario (dcp = -7t/2)

> 50 mass ordering sensitivity in 1 year

> 30 CPV sensitivity in 3.5 year

Worst case scenario (cp # -7/2)

> 50 mass ordering sensitivity in 3 year

> 30 CPV sensitivity in ~13 year

DUNE collaboration (Neutrino2024)
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JUNO (Jiangmen Underground Neutrino Observatory)

» Next-generation Large Liquid Scintillator detector (a la KamLAND)

» It is a LBL reactor experiment in China. Baseline 50 km

» Fiducial volume: 20 kton Cal. House

| ;
» Increased light yield for a better energy resolution (3% at 1 MeV )
» End of the construction + filling in 2024 Chumney

Water -
water

MAIN GOAL: Mass ordering sensitivity

Design to reach 3o precision on mass

ordering determination after 6 years

/00 m underground

Top Tracker (TT)
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JUNO collaboration (Neutrino2024)
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Neutrino Nature




Double beta decays: introduction

Two-Neutrinos double beta decay (2v55)

- >

)

+ 2@ + 20

(Anti)Neutrinos

<

Nucleus A Nucleus B Electrons

Extremely rare nuclear process, but allowed in the Standard Model
AL=0

> T4/2>10"8years

Observed in more that 10 nuclei:

48Ca, 76Ge, 82Se, 96Zr, 100Mo, 116Cd, 130Te, 136Xe, 150Nd, 238U

mA,Z) > m(A,Z+12)+2m,

Rb

/]
odd—odd/ |‘ ven-even
|

/ /'

3 3 32333%’&5363?
> Z

Predicted by Maria-Goeppert Mayer in 1935
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Double beta decays: introduction

Neutrinoless double beta decay (0v0)

S

e - mA, Z) > m(A, Z +2) + 2m,
B +2e + 3

: : _ Rb
Nucleus A Nucleus B Electrons -ArtNeutrros— \_\\ A=76 !
Z" 1\ odd—odd/ ven-even
Ga. /A
| A
Extremely rare nuclear process, NEVER OBSERVED BEFORE I L B K
\_ A—g“ - //
1 > ‘U, AL =2 Ge L
Nn'd-: > 'd| p
'q! ' 3r 3 32 %% L %6 IF
A YU : |—|—3|—3H|—|—| —>Z
W€ > |Lepton number violation
.. W . g ) \e Predicted by Maria-Goeppert Mayer in 1935
N ,'g‘! . .'3‘, 0 > Neutrinos are their own anti-particle
u, > u (Majorana fermions)
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Expected Ov3( signal

Sharp peak at the end of the 2V38 energy spectrum, Q-value

0p)
S 0.003 |- Ov 1—1 0 o2 2
> 2vPp [T1/Vz] =G (Q,Z) [M™|" mjg
S 0.002
S phafse SPACC  nuclear matrix
t
0.001 e element Majorana
Mass
0 The half-life of the decay related to
0 >00 1000 1500 the Majorana mass
(AZ) —nergy [keV]

BB
Q-value: mass difference between mother
(A,Z+2)
and daughter nucleus




What do we need to observe this signal?

M -t
Tlo’/2 xX a-e€-
/ B-AE

S | 0003
S

g | 0.002

@ 0.001

0

0 500 1000 1500 2000
oy T Ultra-low
nergy [ke
La:Igde mass of a background
candidate isotope / . .
P @ Environment dominated by
/~ tons of the e coll intrinsic backgrounds
e xcellent ener
active isotope ] gy - Material backgrounds
resolution .
subdominant
%esolution of < 1 % at the _ Irreducible intrinsic
Q -value of the reaction background
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Different experimental techniques

CUORE
Heat CUPID

Energy of the
two electrons
GERDA
MAJORANA .
D Charge Light
KAMLAND-Zen
SuperNEMO SNO+

(+tracking)

nEXO, NEXT (+tracks)
DARWIN, PandaX-lll

(*not a complete list)
Laura Baudis, Fermilab Talk 2020
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OvBS experiments overview

Different experiments with different isotopes

107"

ROI yr)]

iSO

1072

15+

10

sensitive background [cts / (mol

i

- -

Figure adapted from M. Agostini in TAUP2019

Nowadays a very active, exciting and promising field

10°
sensitive expsure [moliso yr]
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KamLAND-Zen 800 Lo

Zero Neutrino Double Beta KamLAND detector
=T |
» Xe-loaded liquid scintillator: ~800 kg of 136Xe contained in a 3.8 m / 7 'g T\ 1000-ton pure
. 74 . - - . .
diameter nylon ballon suspended at the centre of KamLAND AN A (‘%&1 S liquid scintiiiator
I~ _El L B /N 17
» Ballon surrounded by 1000 ton of pure LS 4 | S T y\ U Th<10"7glg

o i £ D 745 kg Xe-loaded
oW L7771 11 £ :

» Light detected by PMTs

| , liquid scintillator
f‘/?f /’/,7/ / // / HEES \\ \\ \\ D v (91% enrichment)
» Energy resolution ~7% FWHM at Q-value ] ] ﬁ
s o
» 5 years of data (Feb. 2019 - Jan. 2024) | /} /;/1///%/% o/ inner balloon (IB)
VA=
%
=
S
=
2
E
Zen 400  TOvi > 0.9 x 1026 yr
Zen 800 TO%vq2>3.4 x 1026 yr
Combined T%42 > 3.8 X 1026 yr
KamLAND-Zen, Neutrino 2024 0> : t ? 2 ’ > En;gy[l\‘/t[.eS:V] y
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LEGEND-200

» 200 kg of Germanium (Ge) detectors isotopically enriched ~92% in 76Ge - . —
» Ge detectors are semiconductor diodes sensitive to ionizing radiation, H0
excellent for gamma-spectrometry - A

» Surrounding vetos + ultra-low background materials . 0 1L
O
0

» Energy resolution at Q-value < 0.1% FWHM 5
O (T (X

» 1 year of data with 142 kg ot Ge (since March 2023) ° e

|| 'l

104 4
] All detectors [48.3 kg-yr]

22¢ After muon veto and multiplicity cut
;..,J;.':.if{:"JLY After Pulse Shape Discrimination (PSD)
Bl After PSD and argon anti-coincidence

103

¥202-90 - 002-ON393%

102

Counts / 10 keV

10

78Ge Ty /5 > 1.9%10%° yrs

100

1000 2000 3000 4000 5000

Energy [keV] LEG END-ZOO, Neutrino 2024
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CUORE

» Closely packed array ot 988 TeO2 crystals (750 g each) working as cryogenic calorimeters

» The absorbed energy is converted into a variation of the crystal temperature

=

|

Top Lead
Shield

Side Lead
Shield

Detector
Towers

Bottom Lead
Shield

» Operating temperature: ~10 mK s L2222 —Heatsink g
300 K
» Energy resolution at Q-value ~0.3 % FWHM 0K
Thermistor a
» Total mass of TeOy: 742 kg (~206 kg of 130Te) SODK
— 10 mK
» 6 years of data (May. 2017 - Apr. 2023) - TeO: crystal
B ut
_ e =B::Z cuts + AC
'; Base cuts + AC + PSD CUORE 210p,
:t‘ZD 10§ 19.°Pt preliminary ﬂ IH
'E) ’ ;_ 2\08T| .‘ 232-|-h :::‘;2:. V l, -
{2 E 238U \/. V‘Iﬁ Zf“Ra
- 1 1| |'||
3'E ~\I IIM"J ’w! OTe Ty /p > 3.8%X10%° yrs
102 ==

A | A ! A A | ' ! A A A A \ A \ A A
1000 2000 3000 2000 5000 6000
Energy (keV)

Cuore, Neutrino 2024
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The NEXT-100 experiment at LSC (Spain)

High pressure (15 bar) gas xenon TPC
» Energy resolution at Q-value ~1 % FWHM

. 600 - . L
» Total mass ~80 kg (enriched 136Xe) cwof | ! g2
Cathode Anode TPC ézoo- ‘y%ﬁ 668 670
%so 700 750 800 850 900
Time (us)
_|
& : SIGNAL BACKGROUND
2 2 2 2VBB candidate Candidate — Vv
T -20
S o 4 1|3
%’ °$ 9 i it -30
X N Q < 40
N .0 % [ <
S o i I z oz
~Q 0{” % I _F_E__SO
S l
<  § |
o [ -80
[

-120 =100 -80 -60 -40
X (mm) X (mm)

EL region

EL: linear gain, no avalanche

Neus Lopez-March, LIDINE 2023 Although there are ionization and scintillation, the sensors only see light
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Comparison of the different experiments

Parameter space vs. mass of lightest v:

10

10vB8p3 (KLZ-800 2023)

OvBp (ton scale)

(mgg) [meV]

Normal ordering
(NO)

10° 10t 102
Lightest v mass, mmin [MmeV]

From TAUP 2023 D. Moore

Degenerate —

>

|0

10°

(mBB) [meV]

IS
o

Parameter space vs. sum of masses:

Q0
o

@)
o

Ovpp (ton scale)

T I I T |
50 75 100 125 150 175 200
Sum of v masses, > m; [meV]
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Comparison of the different experiments

1000

Neutrino 2024

Ge "Moo 'MTe 1%Xe

Current Bounds (90% CI)
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» Future goal: ~2 orders of magnitud
improvement inT1/2 to cover the 1O

region and reach the NO

» Problem: Sensitivity rises with
exposure, but strongly depends on
backgrounds

Plot by S. Biller
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» 3 different approaches to obtain information about the neutrino mass

Indirect Measurements

Neutrinoless double beta decay

Direct measurements

cosmological contrains

if neutrinos are Majorana particles

spectrum of ditferent beta decays

Temperature

300

nK

—-300

o~

m<0.12 eV

My < 28 — 122 meV

m, < 0.45eV (90 % CL)

PLANCK (2018)

KamLAND-Zen 800 (Neutrino2024)

ino2024)

Neutr

(

KATRIN
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Direct measurements: tritium beta decay

Measurement of effective mass m, based on kinematic parameters & energy conservation

Rg(E) o« (Eog — E)\/(Eo — E)* —mZ

3

def 2 : 2 2 10 [
= - Q O
g 6 1=1 5 |
I 96:
© E I
O 4 'E43
= 3 2|
= O |
B |
- 3

0 o 10 15

electron energy (keV)

- High source activity

- Excellent energy resolution (~1 eV)

KATRIN (Neutrino2024) - Low backgrouna
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KATRIN Experiment

Tritium source

KATRIN: Karlsruhe Tritium Neutrino Experiment

Transport section  Pre spectrometer  Spectrometer

Detector

To achieve a resolution 1/20000 the spectrometer

needs a diameter of 10 m
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KATRIN results

2019: m_< 1.1 eV (90% CL)

2022: m < 0.8 eV (90% CL)

Neutrino 2024-:

e 259 measurement days
e 1757 3-scans

m, < 0.45eV (90 % CL)

KATRIN (Neutrino2024)

Cumulative counts

in 40 eV range
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Anomalie




Sterile neutrinos

All the oscillation experiments seen so far explained
their results with the standard 3-neutrino picture

Is the correct or the only possibility? 5

» Over the years, several experiments have observed
anomalies not compatible with this theoretical framework

- Reactor neutrino anomalies v, Ol | -

- Gallium anomaly n
Ami;, ~1eV?

- LSND anomaly .
» Are sterile neutrin r nable possibility? & —
e sterile neutrinos a reasonable p y’ AmZ, ~103 eV?
. . . . vV, I
- The simplest 3+1 model in tension to cover all the anomalies - |AmE, ~105eV?
- An extra neutrino in severe tension with the cosmology data vilv,B v.l v &
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Sterile neutrinos

All the oscillation experiments seen so far explained
their results with the standard 3-neutrino picture

Is the correct or the only possibility?

» Over the years, several experiments have observed
anomalies not compatible with this theoretical framework

- Reactor neutrino anomalies /

- Gallium anomaly

- LSND anomaly

» Are sterile neutrinos a reasonable possibility?

- The simplest 3+1 model in tension to cover all the anomalies

- An extra neutrino in severe tensién with the cosmology data

4‘ v
v, O -
9 Am?i, ~1 e\?2
o

vV, [T -

' Am3, ~103eV2
v, s B

- Ams; ~10-5 V2
Vl = 21 ~10°eV
V(’ v‘ll j V :
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Gallium anomaly

1.2¢
- arXiv:2201.07364
» Solar neutrino experiments GALLEX and SAGE were calibrated with HE
mteﬂse 51Cr and 37Ar sources 20 years ago .?3 1.0 g_.. .........................................................................................................
3 0.9
e~ +1Cr—°l v+ v, - - N Y U
—Pp v+ Ga—'" Ge+te 05 ’ { }
e~ +37 Ar —3 Cl+ v, 071
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Lo 71 ¢ hot o) o & S
» The measurements showed a deficit in the expected rates of 71Ge A N A
°’ = W W < <
. R\ o\ ‘b QD
» In 2022 the deficit was confirmed by the experiment BEST
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» The anomaly seems real given the robustness of the experiments, but . e -
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maybe it is not related to sterile neutrinos )] —
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LSND anomaly

» In the 90’s, the LSND experiment observed an excess of U, events in a v, beam, (Ev» ~30 MeV, L ~35m)

» The excess is compatible with 1, — 7, oscillations provided that Am* > 0.1 eV*

» The KARMEN collaboration (2002) did not confirm the LSND result, but could not fully exclude it

800 MeV proton beam from 2
\NSCE accelerator 8 e 10 C T T T
Q -
‘ Water target § 17.D LSN D ® Beam Excess N; i
Qer beamstop L 9 I
= 15 N
e LSND Detector o . p@,e")n S 10
@ 7125
. other
10 —¢—
1 =
7.5 1Tt -
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5 e i
—— —— 10 -1_—
. . . 2.5 -
The explanation of this result with e e I —+— : ggg" g:max-i<i‘2;
. . . 0 e cesratess R . : 0 - < 4,
the mass-induced v oscillations - -t | . | e |
needs a nhew neutrino 04 06 08 1 12 14 T 107 10"

. 2
L/E, (meters/MeV) sin” 26




The MiniBooNE experiment

» Goal: Ultimate test of the LSND anomaly at Fermilab (2007)

» Searches for U,

» Detector technology: Cherenkov detector with pure mineral ol

» Result: excess in both U and v channels. In fact, oscillations compatible with the LSND results

102
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S
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magnetic horn  decay pipe ¢4 450 m dirt
and target 25 or 50 m *“o,é@/~ detector

Detector: 12.2 m sphere tilled with pure
mineral oil + PMTs

10 |

] LsND 90% cL

LSND 99% CL
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—> 7, and v, — V,. Same L/E as the LSND experiment (E = 200 - 1250 MeV, L = 540m).
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The MiniBooNE experiment

» Goal: Ultimate test of the LSND anomaly at Fermilab (2007)

» Searches for v, — 1, and v, — 1,. Same L/E as the LSND experiment (E = 200 - 1250 MeV, L = 540M).

» Detector technology: Cherenkov detector with pure mineral ol

» Result: excess in both U and v channels. In fact, oscillations compatible with the LSND results

SR AR PIE =V A

. . s _F it region 1 v, from p*" .

PROBLEM: there was an excess of electron-neutrino-like £ 71 VG — o =
T I ;ftgfrqer° -

events at low energies (below their analysis threshold) *E Y- — Yy =
' B dirt -

imposible to explain with oscillations "B M She E
;_+_‘ Constr. Syst. Error -

4 N ------- Best Fit =

- possibly a systematic effect related to the ; a E
mis-identification of electron and photons = =

e =

independent confirmation required ‘ E

8.2 0.4 0.6 0.8 1 B 1.4 3—.0




The MicroBooNE experiment

» Goal: Ultimate test of the MiniBooNE anomaly at Fermilab (2021)
» Same location as MiniBooNE (72.5 m apart), same beam, different technology

» Detector technology: LArTPC, to distinguish electromagnetic showers started by photons vs. electrons

» Result: no evidence of v. excess over SM prediction but imposible to reject the MiniBooNe result

10°

B MiniBooNE 26 (allowed)
MiniBooNE 3¢ (allowed)
MiniBooNE Best Fit

MicroBooNE 6.369x10%° POT

V4 oy
— Profiling, 95% CL_
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7. Candidates
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Proton E_
Candidate -
NC »° + 1 proton candidate data event CCv, *+ 1 proton candidate data event - :

Run 15318 Subrun 159 Event 7958 Run 8617 Subrun 46 Event 2328 B (App + Dlsapp.) UBOONE’ PRL 2023
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The Short Baseline Neutrino Programa

» 3 LArTPCs in the same neutrino beam (E, reak ~800 MeV)

» Goal: Investigate the eV-scale sterile neutrino oscillations (anomalies from LSND, MiniBooNE & MicroBooNE)

Two new LArTPCS as Near
and Far Detectors

e i Booster Neutrino
B E, peak~800 MeV

- MicroBooNE
ICARUS | \ L =468 m e = = T
L = 600 m e — 85 ton — o \
476 ton — — (dt 2015-2021) = e e -
(data since 2021) ~ SBN Far pé-fector ~ MicroBooNE e e Y e ~ =
5 = *!F_:_- e ll Booster Neutrino Beam o Rt o

L=110m
112 ton
(data since 2024)
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The Short Baseline Neutrino Programa

» 3 LArTPCs in the same neutrino beam (E, reak ~800 MeV)

» Goal: Investigate the eV-scale sterile neutrino oscillations (anomalies from LSND, MiniBooNE & MicroBooNE)

Looking forward to a final conclusion about
this long-standing neutrino anomaly

10

Am3, (V)

107"

llllllll | llllllll | IIIIIIII

v, — V, appearance

[ ] LsNnD90%

LSND 99%
I Global 3+1, 30 allowed"”

% v,/ V, App, 30 allowed®
—— SBN 30

(1) S. Gariazzo et al., arXiv:1703.00860 [hep-ph]
(2) M. Dentler et al., arXiv:1803.10661 [hep-ph]
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Summary and Conclusions

» Neutrinos are one of the most interesting particles of the SM

- They are abundant (many and diverse sources + very broad energy spectrum)

- They are the only experimental evidence of physics beyond the SM

» Neutrinos do oscillate and this implies they have non-zero mass.
» The 3-flavour oscillation framework is firmly established and characterised (most of the parameters measured)

» The are still many questions that remain unsolved:

- Do neutrinos and antineutrinos behave in the same way (CP violation?
- What are the absolute values of the masses?

- What is the mass ordering?

- What is the origin of these small masses?

- Are the neutrinos Majorana particles?

- Are there more than 3 neutrinos”?
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Matter effects and dcpin oscillation experiments

» Neutrino propagation in Earth is very important for long-baseline neutrino experiments

Signh change
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Project 8 experiment
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Neutrino mass mechanism

» The right-handed chiral neutrino states v do not participate in any of the Vi VR

interactions of the SM = No direct evidence that they exist \"V
|
|
|
|
X

» Neutrino oscillate = neutrinos do have mass = there must be a corresponding
mass term in the Lagrangian

» In the SM, the gauge invariant Dirac mass term for the neutrino would be:
L = —mp(Upl; + UpUp). If this is the origin of neutrino masses = vy exist! Dirac term

Standard model fermion mass spectrum

neutrinos tau bottom
X® - |
}-—- strange top » This mass spectrum suggest that
Q = : :
}_ . . X ham another mechanism for generating
X H® neutrino mass might be present
- electron down

103 102 10" 10° 10" 10> 10° 10* 105 105 107 105 10° 1010 10'1 10%2

Fermion mass [eV]
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Dirac or Majorana neutrinos

» Most general Lagrangian: both types of neutrino masses (Dirac & Majorana)

Dirac term Majorana term

» Dirac particle: neutrino acquires mass as the other SM termions, with Yukawa couplings unusally small

» Majorana particle: neutrinos are their own anti-particleand their mass is explained via the see-saw mechanism

» Neutrino Masses: If we take M >> mp —> we obtain a light and heavy neutrino states with masses:

mlz) ~ M .
Myjops X —— My eqyy ~ see-saw mechanism Miight
M
» This mechanism provides an interesting hypothesis for the smallness Mheavy

of neutrino masses
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The effective Majorana mass

» The effective Majorana neutrino mass parameter: embeds all the dependance on neutrino quantities

'mgg| = 'mi U2, + maUZe** + m3U623€2i(¢2_5)\

€

» A mixture of m1, my, ms with U

Ua Ue U 10 0 C13 0 sy3e *cp ci2 sz O0f[e ™2
Uia Up Us |=|0 c3 23 0 1 0 —812 c12 0 0 elo2?
Ui Ur  Us 0 —s23 c23 —s13eCcP () C13 0 0 1 U U

Majorana phases

» If neutrinos are Majorana particles, left- and right-handed tields are correlated. Hence only a common phase

of three left-handed tields can be redefined. Two phases are allowed (a1 & ay)

» Note: for Dirac particles, no phases are needed

0

0
1
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Current knowledge (NOVA & T2K)
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Additional Physics Program in DUNE

m Precise measurement of oscillation parameters with P((f,l —>(DL)

= Proton decay (through Kaon identification) p — KT v

m Detection of neutrinos from core-colapse supernovae (~10 MeV)

m Detection of solar neutrinos (~10 MeV)

2'6- DUNE Sensitivity ——— 7 years (staged)

T i—ie —— 10years (staged) Eur. Phys. J. C (2020) 80:978
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DUNE: Near Detector (ND)

» Main Goal: constrain uncertainties for oscillation measurements

107 On Axis Configuration

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

50 :_ v-mode

~— V-mode

v-mode 33m Off-axis

u

(v ) at 574m/GeV/cm?/POT

- . ' ‘ - ) Off Axis
: Configuration

40 45 50
Energy v, (GeV)

The movement system allows for
different neutrino energy spectra
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Neutrino Masses

e The masses of the physical neutrino states will be the eigenvalues of the mass matrix in &£,
M+ M\/ |+ 4m2/M>
2

e In this model the masses of the neutrinos will be m, =

o If we take M > m, = we obtain a light and heavy neutrino state as solutions with

)
mp,

Masses: M., ~ v and my,,,,, & M (Seesaw mechanism)

e The physical neutrino states, which are obtained from the eigenvalues of o

the mass matrix, are (in our case where M > my,)):

My

M
- mp ; .

N~ (Vg +uvg) + V(UL + 1;) (almost RH = not participate in the weak currents) et

U~ (I/L + Vi) (I/R + I/I(é) (same coupling as the SM neutrinos)

e The seesaw mechanism provides an interesting hypothesis for the smallness of neutrino masses
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The NEXT-100 experiment at LSC (Spain)

LIDINE 2023 & Neutrino 2024

» Energy resolution at Q-value ~1 % FWHM

» Total mass ~80 kg (enriched 136Xe)

Cathode Anode TPC

High pressure (15 bar) gas xenon TPC
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Comparison of the different experiments

Sensitivity of completed and running experiments:
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163Ho experiments

. . 10 | |
Other experiments with | |
163Ho Using low — Lorentzian broadening
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