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Struttura del mio intervento:

Una selezione delle attivita’ in fisica del neutrino da gli anni 80 ad oggi

Principali risultati nel settore delle oscillazioni dei neutrini.

* Neutrini solari

* Neutrini da reattore

* Neutrini da acceleratori

e Stato dell’arte della determinazione dei parametri della matrice di

mixing dei neutrini

Le questioni rimaste aperte nel settore di Yukawa leptonico
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Struttura del mio intervento:

Una selezione delle attivita’ in fisica del neutrino da gli anni 80 ad oggi

Principali risultati nel settore delle oscillazioni dei neutrini.

* Neutrini solari

* Neutrini da reattore

* Neutrini da acceleratori

e Stato dell’arte della determinazione dei parametri della matrice di
mixing dei neutrini

Le questioni rimaste aperte nel settore di Yukawa leptonico

Stato dell’arte ed attivita’ future della ricerca del Decadimento Doppio
Beta senza emissione di neutrini (OvpB[3 o OnDBD)

La fisica di precisione nei futuri esperimenti

 Reattore
e Acceleratore
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Dal 1967 al ~ 2000: Gli esperimenti sui neutrini solari e atmosferici danno evidenza del
fenomeno di oscillazione fra gli autostati di massa dei neutrini
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The v,y sector. Kamiokande and Super-K find the deficit
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Kamiokande and Super-K find the v,
deficit

Atmospheric neutrino experiments measure two

quantities :

1. the ratio of v,to v, observed in the flux

2. zenith angle distribution of the neutrinos (that
is, the path length distribution).

To help interpret the results and to cancel

systematic uncertainties most experiments report

a double ratio Found Significant U/D asym

R was found < 1
« Too many v, ?
« Too few v,?

* Both?
Pisa, 10/09/2024- 90 yrs of Fermi Theory
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Super- Kamiokande results (2005)

arXiv:hep-ex/0501064v2 15 Jun 2005
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Results well explained in the framework
of v, —> v, oscillations
1.27Am?(eV2)L(km) Am%2=6.5 X 107° el/?

E,(GeV) ) 1.5%103< sin%20 < 3.4x103 eV2 at 90% C.L.

sin%20

P(vVe — Vg) = sin” 205sin’ (
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Fnoal 2011: sorgenti artificiali confermano risultati dei v,

Tra il 1998 e il 2005, le evidenze di oscillazioni di neutrino diventano
davvero molto solide (SuperKamiokande, SNO, MACRO, KX...) e appare
chiaro che esiste almeno un’oscillazione visible sulla terra con sorgenti
artificiali. Quella tra la seconda e la terza famiglia di neutrino (“scala

degli atmosferici”):

Am2. «oscillation phase» It is O(1) for Ny
S Year2005 E=0(1 GeV) and L= O(100 km) °
Cool, we can build experiment on Earth © o
o
= Vr) ‘xlll g
_ _ Amsz, L
P('v T ve) 111 % Pz sin’ TE32

<0.1 (ma quanto piccolo??)
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Dalla fine anni 90 entra in funzione SNO: dal 2001 indica che il deficit di

v dal Sole e’ causat

Neutrino-Electron Scattering (ES)
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SNO first (2001) scientific results
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Using the integrated rates above the kinetic energy
threshold T.g = 6.75 MeV, the measured *B neutrino
fluxes assuming no oscillations are:

dino(Ve) = 175 £ 0.07 (stat.) 017 (sys.) = 0.05 (theor.)

3 -2
x10% em s~ !

dno(ve) = 2.39 £ 0.34(stat. )T )15 (sys.) x 10° cm™3s™!

Pbie(ve) = 2.32 £ 0.03 (stat.) )03 (sys.) x 10° em™3s~

/The difference between the flux ¢*(v,) measured by
Super-Kamiokande via the ES reaction and the ¢““ (v, )
flux measured by SNO via the CC reaction is 0.57 &=
0.17 x 10% em™2s™!, or 3.30 8. The probability that the
SNO measurement is not a downward fluctuation from
\the Super-Kamiokande measurement is 99.96%. For ref-)
(erence, the ratio of the SNO CC B Hux to that of the)
BP2001 solar model 7 is 0.347+0.029, where all uncer-

(tainties are added in quadrature. )

In summary, the results presented here are the first
irect indication of a non-electron flavor component in
he solar neutrino flux, and enable the first determination
f the total flux of B neutrinos generated by the Sun.

1
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Three Phases of SNO: 3 NC reactions

v Phase I: Just D,0: neutron capture on deuteriui
 Simple detector configuration, clean me
e Low neutron sensitivity

* Poor discrimination between neutrons a
v'Phase II: D,0 + NaCl: neutron capture on Chlorine

e Very good neutron sensitivity
» Better neutron electron separation

® Phase lll: D,0 + 3He Proportional Counters

* Good neutron sensitivity s
* Great neutron/electron separation

Neutral Current

- Capture in D or C1

FFermi Theory

Why three phases?
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Additional information to separate NC and CC

Completely different systematics, which allowed us to

check for consistency.

Allowed us to “repeat” the measurement
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Acnylic Aschor Ball — ~‘t:§

() NCD strmy schematic

2001: First scientific
results

2002: Neutral current
& day/nigt results

2003: Salt Phase
Results

2015: Art Mc Donald

shares the Noble Prize

with M. Koshiba
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Risultato di SNO — diluizione di NaCl per catturare il n e cosi’migliorare

sensibilita’ sulle NC

Neutrino-Electron Scattering (ES)
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L
Pr(ve — vy) = sin®(20m)sin*(1.27TAm2, =)

Qe = 1.591’%’%% (statistical) ':%gg (systematic)
D¢ =5.2110.27(stat) £ 0.38(syst)

0.31
@ g = 2.217 )6 (stat) £0.10(syst)

1. about 2/3 of the v, have changed their
flavor to other active neutrino types.

2. the observed total flux of active v is in
excellent agreement with the flux of 8B

v obtained from solar models:
DBggy = 5.82 X (1 £ 0.23)% 10~°cm2s-

= Null hypothesis of no flavor change for
v, rejected at 7o

#



Neutrino oscillation

The primary candidate to explain the observed solar and atmospheric neutrino deficit, was
neutrino oscillation.

Such oscillation can occur if flavor eigenstates for the three active neutrino types (I =e, u, 1)
are related to mass eigenstates (i) via the PMNS (Pontecorvo-Maka-Nakagawi-Sakata) mixing

matrix Uj;:
o vi)=2Uv,)
For non-degenerate mass eigenstates, and for small 043,
* Oscillations of solar neutrinos are dominated by the first sub-matrix involving 04,.
* The second sub-matrix dominates the oscillation of atmospheric neutrinos,
* The third sub-matrix involves the CP violating angle 6 and

e the fourth sub-matrix is tested by reactor and accelerator neutrino measurements

* The fifth sub-matrix determines the existance of DBD
Majorana Phases

Solar Osc Atm Osc. CP violating  Reactor & Accel Double g decay only

ci2 s;2 0Y(1 0  0Y)(1 0 0 Y(ez 0 s;3y (I O 0
Uip=|-s;2 e O[]0 cp3 sp3|-f0 1 0 | 0 1 0| |0 e™™" 0

0 0 1J10 —sp3 e3)0 0 ) =53 0 e;3) (0 0

where cyj = cos B;;. and s;; = sin eij
Pisa, 10/09/2024390 yrs of Bérmi Thébry C.M.Cattadori
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The atmosferic and solar and neutrino deficit can be explained by v oscillation

Two neutrino oscillation case: Oscillation Oscillation ~ Source
0 = mixing angle: it defines how much one amplitude phase detector dist
flavour state differs from each mass state. \; ‘)\ o L(km)
* 0 =0 they coincide = no mixing. P(va — vg) = sin”(20)sin”(1.2TAm" ————=)
i oincide - . E(GeV)
* 0 =p/4 maximal mixing—> at some point of !
the travel v, will be fully converted in v To observe 197Am2= =¥ \
maximal E 2 Neutrino
s Am?=m,;?2 - m,? = difference between two Oscillation we [, T Energy
mass eigenstates = for oscillation to happen must have E ~ 254Am?
at least one of the them must be non O!!!
Am? allows the two states to get out of e.g.  Am?=0.003eVZ,  sin®20 = 0.8, E, = 1GeV
phase! ! P v ' ‘\
08— ¢ —
hé
) . Piv,—v,)
For terrestrial experiment we can choose L/E 04 f- —
0.2 - |
If L/E is fixed for us by Nature as in solar or o /
. . . . ] 100 U Ju0 100 S O 0 bl U 1000
atmospheric experiments, we can only probe limited Lk
range of (Am?, 0) @g @o@:’ @_@@@@7 @:}%@Q
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The Matter Enhanced Flavour Oscillation: the MSW effect

* Electron neutrinos can forward scatter on electrons by charged current
interactions, and other neutrino flavors cannot.

 Under favorable circumstances a resonance enhancement of the oscillation
amplitude, the so-called Mikheyev-Smirnov-Wolfenstein (MSW) effect
(Wolfenstein 1979, 1980) and (Mikheyev and Smirnov 1986a, 1986b), can take

place
. 9 -9 92 L
Pr(ve = v) = szn“(?@m)s-zn.“(1.‘27./_\772‘,‘nf)
sin20. — sin2f

N V (AV /Am? — c0s26)? + sin?26

{) {) l') l') r . ¢
Am* =ms._ —ms5. = Am v/ (AV/Am?2 — cos20)2 + sin220
1m 2m

m

Vo — Vs = 2V2GrEN,

Pisa, 10/09/2024- 90 yrs of Fermi Theory C.M.Cattadori 15



2004: 'analisi globale dei dati sperimentali (Cl, Ga, SK, SNO) individua i parametri di

mixing che li descrivono nell’ipotesi di oscillazione

Under CPT Invariance

and for small 6,5

P(ve —> ve) =1—sin? 285 sin? (1.27
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No significant distortion for MSW observed in SK
data, as expected for Large Mixing Angle
oscillation solution of the Solar Neutrino Puzzle
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2002 KamLAND determines reactor v, oscillations that fully explain the
missing solar v,: the first oscillation evidence with man made v

* 1 kton of ultrapure liquid scintillator (LS) in a 13 m-diameter
transparent nylon-based balloon suspended in nonscintillating oil.
At Kamioka Mine close to SK

* 50 power reactor reactors; average distance L, ~ 180 km

* The balloon is surrounded by 1879 photomultiplier tubes (PMTs)
mounted on the inner surface of an 18-m-diameter steel vessel

* Electron antineutrinos (E,,.~5 MeV) are detected via inverse
decay (IBD)

V.+p—oet+n Eiys= 1.8 MeV

« The prompt scintillation light from the e* gives an estimate of
the incident energy,

® Eve = Lprompt + En + 08M€I/,
s n+H2>D+y (E, = 2.2 MeV delayed (~200usec))

* E,romptiS the prompt event energy including the positron
kinetic energy and the annihilation energy
« E,is the averagecaeutron recoil energy, which is small 17




2005: KamLAND results

The solar v, flavor oscillation through the Mikheyev-Smirnov-Wolfenstein matter effect has a direct
correspondance with v, oscillation in vacuum

_ SE—- _ _ - "4;_ 26MeVprompt o KymI AND data
- - 126 amalysis Ghreshold  ___ best-fit oscillation
ﬁ 4E E --— best-fit decay
- E 1= best-fit decoherence
T 3 - -
- 3: —— g 08t
w® 2E PEPESEEST- - - 2 T
= - i o MU
80F—rm 04f i
- _———
- 02F
B .:.l PO I T TN ST TN Y WO T W N | PR T N T W TN T N T W N
% 60__ 0 20 0 40 50 &0 0 80
L Ly/E, (km/MeV)
g [ e
= wf |
2 - In 2015 M. Koshiba shares the Noble
5 ok Prize with A. Mc Donald for discovery of
“_] PA ) . . .
. neutrino oscillations
0- .‘~~;- —
0 1 2 3 4 5 6 7 8

E o (MeV)
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La milestone di Kamland:

» Find positive evidence of v, disappearance for a set of parameters very close to the LMA

— 0,5 very smalll The v, survival probability observed by KL is almost driven by
sin?@,, as for solar neutrinos
— KL allows important restriction of LMA parameter space

. —_ +0.6 — 2
Under the assumption of CPT Am3,=8.210-2 x 107> eV
i 2 +0.09
L4 T 7005 Invariance tan“9,= O 40 T0070.40
. 1.2x10"
oL | Reactor experiments | Solar + Kamland Overlappefd 2004
| Solar + Kamland Combined
s l 0 el *'ﬂ'* ‘T"—'“"#—-'Mtlﬂ.-: '_] g = o= - 10-. ,-_ N 1'10’4 -
g () ‘ l-j.. :
s D08 8 o g [ N L
2 1 < | @ < Limited by
o X A [LL 10 8 o v s
2 0.6 % savannahRiver { JTn_ .E‘ ,’T' v | g 807 = Kamland
z o Eugcy L] i J L 3
% Rovno i s
041 o Goesgen i S ; ‘ I <
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02k H© Palo Verde s L —.sswcL Bl oL e y B ssscL
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® KamLAND - —ssmamce Bl sce - Bl s cL
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10" 10° 10° 10* 10° TS B 0 P00 04 05 06 o7 os
Distance to Reactor (m) tan® @ tan’ @
/. Ph Le -
p,3?2£§§P%4g s (ﬁ’eiyermftrheory C.M.Cati4gksiet. al. Phys. Rev. Lett., (2004) to be 19
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2 v solar + KL analysis (SNO final paper 2020)

x10-4
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3 v solar + global analysis (SNO final paper 2020)

Best fit of SNO,Solar,KL data: two flavor oscillations

Oscillation analysis tan® 6 Am3, [eV?] x°/NDF
SNO only (LMA) 0.42770030 5.6271 53 x 10°°  1.39/3
SNO only (LOW) 0.427%3-0%% 1.35T0-97 x 1077  1.41/3
Solar 0.427100%% 5.131122 x 1072 108.07/129

Solar+KamLAND

79,938

7.461920 x 1075

Best fit of global data (LBL, atm, KL, All Solar,
Chooz): three flavor oscillations

Analysis tan® 010 Am3, [eV7] sin” @13(x10™7)
048 . -5
Solar 0.436£§_§§8 5.13%% x 10 " < 5.8 (QE‘I%BC.L.)
Solar+KL 0.4467 000 7.417 -7, x 107° 25777
< 5.3 (95% C.L.)
Global 2.0270-%2

Pisa, 10/09/2024- 90 yrs of Fermi Theory
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0.15f

-= 0BECL|
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- 9% CL

" [SolarsKL (3v)

a  Minimum
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Borexino (May- 2007 - July 2021) Borexino Detector

External water tank ——. Stainless Steel Sphere
Nylon Outer Vessel

e 278 ton of organic liquid scintillator contained within Ropes-— o prm——
a sphere of 4.25 m diameter, viewed by 2200 e |
photomultipliers and shielded against the external
radioactivity

Internal

* Neutrino detected by ES on electron :
Vet € VYV, + €

* Unprecedented low levels of background achieved
after several years of research and efforts.
* Phase I
* Phase Il: From 201026 cycles of closed-loop water
extraction allowed to achieve
238J<9.4 10%°g/g (95% C.L.),
232Th < 5.7 10 g/g (95% C.L.),
85Kr and 21°Bi reduced of factors 4.6 and

2.3 w.r.t. Phase |
Pisa, 10/09/2024- 90 yrs of Fermi Theory C.M.Cattadori

©Sun Iumiﬁosity (L) measured with v
L= (3.89%02) x 1033erg s 1

in agreement with the luminosity
calculated using the well
measured photon output

https://doi.org/10.1038/s41586-018-062

Nature 562, 505-510 (2018).

L=(3846 + 0.015) x 10°° ergés*z‘].



2018 Borexino: Comprehensive measurement of pp-chain solar

Table 1 | Rates of residual backgrounds

Background LER

14C(0.156 MeV, 8)
Background LER

8Kr (0.687 MeV, 8) (internal)
210Bj (1.16 MeV, 3°) (internal)
11C (1.02-1.98 MeV, %) (internal)
210pg (5.3 MeV, o) (internal)

40K (1.460 MeV, ~) (external)
214Bj (< 1.764 MeV, ~) (external)
208T] (2.614 MeV, ~) (external)
Background HER-I

4, cosmogenics, 21Bj (internal)
(o, n) (external)

208T|(5.0 MeV, 3-,~) (internal)
208T|(5.0 MeV, 3, ~) (emanated)
208T1(5.0 MeV, 3-,~) (surface)
Background HER-II

1, cosmogenics (internal)

(o, n) (external)

Rate (Bq per 100 t)

[40.0 £ 2.0]

Rate (counts per day per 100 1)
68+18

175+19

268 +£0.2

260.0 £ 3.0

1.0+ 06

19+03

33+0.1

Rate (counts per day per 227.8t)
[6.1°5] x 1073

0.224 +0.078

[0.042 £+ 0.008]

0.469 £+ 0.063

1.090 + 0.046

Rate (counts per day per 266.0 t)
[3.8734%x 1073

0.239 £ 0.022
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Residual background is due to g~ (electron

_particfm @e#'trﬁﬁ). Theéﬁ round‘ﬁsles are obtained by the fit to the energy spectrum
Plisfol TthethrES bns/b§EH I this study (LER, HER- and HER-II). We

report in parentheses the Q-value and type of particle for each background. The rates in square

s), 3* (positrons), v (gammas), u (muons), o (alpha

Fig. 2 | Results of the fit used to extract the neutrino signal.

Distributions of events after selection cuts and corresponding fits with

rino and background components. a, TFC-subtracted energy

C.M. Catta@;ﬁtﬁtrum with suppressed !'C background in LER. The horizontal upper
scale is in units of Ny, that is, the total number of photons collected for

23



2018 Borexino: Comprehensive measurement of pp-chain solar

Table 2 | Borexino experimental solar-neutrino results

Nature 562, 505-510 (2018).

https://doi.org/10.1038/s41586-018-0624-y

Solar neutrino Rate (counts per day per 1001) Flux (cm—2s71) Flux-SSM predictions (cm 2s7?)
pp 134+107%%, (6.1+0.533) x 10'° 5.98(1.0+0.006)x 10'° (HZ)
6.03(1.0+0.005)x 10'° (L2)
"Be 483+1.133 (4.99+0.11*5:38) x 10° 4.93(1.0+£0.06)x 10°  (HZ)
4.50(1.0+0.06)x 10°  (L2)
pep (HZ) 2.43+0.36'323 (1.27+0.19°09%) x 108 1.44(1.0£0.01)x 108 (HZ)
1.46(1.0+0.009) x 10®  (L2)
pep (LZ) 2.65+0.361033 (1.39+0.19°3%) x 108 1.44(1.0+0.01)x 108 (HZ)
1.46(1.0+0.009) x 10®  (L2)
8Bher 0.1362913+2:9%3 (5.77+328+213) x 108 5.46(1.0+0.12)x 10°  (H2)
4.50(1.0+0.12)x 10°  (L2)
8Bherll 0.087+5:980+0.005 (5.561 0234933 x 10° 5.46(1.040.12)x 10°  (HZ)
4.50(1.0+0.12)x 10°  (L2)
®Bher 0.223+3015+0.006 (5.68°333+9%3) x 10° 5.46(1.040.12)x 10°  (HZ)
4.50(1.0+0.12)x 10°  (L2)
CNO <8.1(95%C.L) <7.9x 10%(95% C.L) 4.88(1.0+£0.11)x 108 (H2)
3.51(1.0+£0.10)x 108 (L2)
hep <0.002 (90% C.L) <2.2x 10°(90% C.L) 7.98(1.0+£0.30)x 10°  (H2)
8.25(1.0+0.12)x 10°  (L2)

Measured neutrino rates (second column): for pp, ’Be, pep and CNO neutrinos we quote the total counts without any threshold; for 8B and hep neutrinos we quote the counts above the corresponding

. analysi
PISe c?rnggym&i

Pﬂufog}lrrﬁ@ﬁ'ém are obtained from the measured rates assun&mteﬁ h{E%V-LMA oscillation parameters!?, standard neutrino—electron cross-sections? a
o§ 8.30 +0.003) x 1 electrons per 100 t. All fluxes are integra \?i

predictions to constrain the CNO neutrino flux. The last column shows the fluxes predicted by the SSM for the HZ or LZ hypotheses?&.

nlz 4ensity of
r LZ SSM

gpﬂy threshold. The result for pep neutrinos depends on whether we assume



2018: Borexino results

Nature 562, 505-510 (2018).
https://doi.org/10.1038/s41586-018-0624-y

(A2 —= £+0.03 —5 L2
5.5 % 109 _Amlzz 7-5_003+>(<) (;1.30 €V SSM_HZ i
:tan 1912 - 0-47_0:03 - *
:sim913 fixed at 0.0217 —— / -
%, 5:0x10%- GLOBAL &8 _
g ‘ Borexino
8 45x10°]
e - x '-— _-'
, =
4.0x 10%F SSM-LZ i
3 x 108 4 x 108 5 x 108 6 x 108 7 x 108

@y (cm2s)

Allowed contours in the ®g.- Oy space:

* Borexino alone: ’Be and éB fluxes.

* Global analysis (all solar+Kamland)
* High Metallicity Standard Solar model (theo)
* Low Metallicity Standard Solar model (theo)

Pisa, 10/09/2024- 90 yrs of Fermi Theory
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Neutrino energy (MeV)

Ratio of the ratio of the measured/expected

fluxes of the v solar flux for each subcomponent

as measured by Borexino:

 Expected P.. energy dependence for Vacuum —
LMA oscillation

 Expected P, energy dependence for MSW-
LMA (matter effects)
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Comparison of Oscillation analysis of All Solars & KamLAND

Tension between KL & Solar reduced thanks to reduced SK D/N
asymmetry of the full SK4 data set
Ap/n,SK4 (2970 days) = (-2:1 +/- 1:1)%

Combined Solar for GS98
(full regions), and AGSS09
(dashed contours) models

NUFIT 5.0 (2020)
14_|||||||||||||||||||_ 12_IIIE||IIIIII|II|_
~ sin’0,,=0.0222 0;=8.6° ] - GS98 (NuFIT4.1) /7
12 — Ny ] 10 — GS98 —
- II ,’-s\\\\\ — — - AGSSOg N
_ 10~ — - KamLAND :
c\% - - 8 — —
2, ° SEWMA
- [ 1 6
NE& 6 N ] B
g - | 4 —
4= NS ~ -
2 - 2|~
0 I A A AN AN A A AN AN A A 0 [
0.2 0.25 0.3 0.35 04 2

Pisa, 10/09/2024- 90 yrs of Fermi The§m2e12 C.M.Cattadori Am; [1 0° eV2] 26



Third genertion of Reactor Experiments : assessing 645

Before 2001: CHOOZ & Palo Verde (second
generation) set limit for 6,3 <0.15

After 2011:
 third generation experiments measure
positive value of 045

» Far Detector & Near Detector to cancel the
systematics related to the reactor flux
uncertainties

» Multidetector approach to reduce systematics

* Double Chooz (France), Daya Bay (Brazil),
Reno (US), T2K (Japan)

» Baseline too short to observe the first

oscillation dip, observed by Kamland
1 T T 7 T

2 I Ba = 15° iy Ev = 1MeV

L **‘{ﬂ‘.”i\" .y Wa'fn, ‘

& 0.6 m‘f‘ Asolar .{J‘UL ll“ﬂ 7

i M

0.4} I il
Il
:’,_'\,]Llu

[;x (T, r
gl o N

0 10 20 30 40 50
Pisa, 10/09/2024- 90 yrs of Fermi Theory Distance/km

0.

-
tmos

= > N

Total uncertainty : ;
DC IV Statistical uncertaihty :
s : :
TnC MD (n-H + n-C + n-Gd) | Sin"(26;3) p————
-0.105+0.014 :
Daya bay
PRL 121, 241805 (2018) n-Gd ismz 26,,) = 0086 + 0.003
PRD 93, 072011 (2016) n-H I-l——|-‘ isin(26;5) = 0071 + 0.011
RENO : :
PRL 121, 201801 (2018) n-Gd |-|-q-|-| sin2(2013);t 0.090 + 0.007
T2K
PRD 96, 092006 (2017) Marginalization ($ge, 653)
Am§2 >0 : g PN i :
AMZ, <0 i - ]
0.05 0.10 0.15

C.M.Cattadori

sin?(26,,) 013 =9.2°

Nature Physics | VOL 16 | May 2020 | 55287—564



Fnoal 2011: sorgenti artificiali confermano risultati dei v,

Tra il 1998 e il 2005, le evidenze di oscillazioni di neutrino diventano
davvero molto solide (SuperKamiokande, SNO, MACRO, KX...) e appare
chiaro che esiste almeno un’oscillazione visible sulla terra con sorgenti
artificiali. Quella tra la seconda e la terza famiglia di neutrino (“scala

degli atmosferici”):

«oscillation phase» It is O(1) for
E=0O(1 GeV) and L=0O(100 km)
Cool, we can build experiment on Earth ©

P(I — I/,. “ &1113 Amg)L
) o) .o Am3,L
Plv,— v e)ln 093 sin’ -1E32

<0.1 (ma quanto piccolo??)

Am3 L Year2005
4F

MINOS Prehmmary

0102 ouLINaN

Le oscillazioni di neutrino avevano mostrato la “prima evidenza di fisica oltre |l
modello standard” (neutrino massivi) senza pero realmente scardinare il modello

standard stesso
Pisa, 10/09/2024- 90 yrs of Fermi Theory C.M.Cattadori
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Esperimenti long-baseline

5 ,
S vV
At the near detector Ev At the far detector Ev
NP (E,) = G(Ev/)CDV(Ev)E(Ey) NiP(E,) = P(v, = V)0 (E,) Py (E,)e(Ey)
Interaction / ND Dé’rec’ror NeFD (E) = P(VHT_) Ve)U(Ev)CDv(Ev)E;(Ev)

cross section I Neutrino flux | effects

| Oscillation probability | [=—"——
effects

T2K: neutrini da
JPARCa
SuperKamiokande
(296 km)

Upper dome of Super-K

Nova: neutrini dal
Fermilab ad Ash River
(810 km). Ideale per
la gerarchia di massa

LINAC for y
calibration

41.4m
|deale per 943 e

r—— violazione di CP

target = 2 i
for vand i - ‘
p decay N F N . -
Pisa, 10/0R/2e8 C.M.Cattadori 6 29




Il primo fit combinato “stile LHC” (Febbraio 2024)

Fitter: MaCh3 post-BANFF

Areurudid 3¢ 1-VAON

iz T o T § ! T I T T I T T T T ]
> 0.04: Bayesmn CIjéd.IIl{':. Noit andidongl -
3 [ With reactor constraint == Both MO -_lc
S 003F ; .
=  =Inverted MO --20 ]
8 002F == Normal MO =36
= - f ]
3 : :
» 001F 1
O : s ; ; ]
2= : i | | Jﬁ
Both MO [Frestmmge b - --d | beooeckes

Inverted """F"'_l----l el
Normal _"“*% --------------- - -- | k - - ,.a

—n L 0 n

2 S 2

cP

= Small preference for the Inverted Ordering in the joint fit whereas individual experiments prefer

AIeu [‘LU![O.ld MZL-VAON

* Reverts to a weak preference for Normal ordering on adding simultaneous constraint on |Am3,| and

= 5cp= nn/2 lies outside 3-sigma credible interval for both mass ordering.

L }'3a);esilan'Crled.IIn£. ' I : Botil MO .
- With reactor constraint d
N 0.6 -
< C
N o i
S I
= G 05 _“ §
8 7 %
L i
ol 0.4 8
S : PR WaR=Dg e 30 !
5 T T 0 T m
P "2 5 2
'c% CP
E = Mass Ordering preference remains inconclusive.
i
- Normal Ordering.
ks
c>ts sin? 20,5 from Daya Bay.
%

= Normal ordering permits a wide range of permissible 5cp while CP conserving values for the

Inverted Ordering fall outside the 3-sigma range.
C.M.Cattadori

Pisa, 10/09/2024- 90 yrs of Fermi Theory
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Neutrino Oscillations: results from global fit (2024)

NUFIT 5.3 (2024)
Normal Ordering (best fit) Inverted Ordering (Ax” = 2.3)
bfp 1o 3o range bifp £1o 3o range
< sin” 612 0.30715013 0.275 — 0.344 0.30770013 0.275 — 0.344
T 613/° 33.66157 31.60 — 35.94 33.6710703 31.61 — 35.94
o -
T [ sin?6as 0.57210 03a 0.407 — 0.620 0.5787005% 0.412 — 0.623
E; B23/° 49.111-9 39.6 — 51.9 495793 39.9 — 52.1
\, J
% [ sin? 613 0.0220375-9995¢  0.02029 — 0.02391 | 0.02219799%9%  0.02047 — 0.0239%
5 | 61a/° 8.541011 8.10 = 8.80 8.570-11 8.23 - 8.00
+ N J
2 [ e/ 107+ 108 — 404 28612 192 — 360
E -
mA_T""z{/g 74192 6.81 — 8.03 7411921 6.81 — 8.03
2
mA_T’":{,g +2.51150027 42428 5 42597 | —2.498+08532 _2581 — —2.40%

Pisa, 10/09/2024- 90 yrs of Fermi Theory

C.M.Cattadori
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Alcune domande rimaste aperte:

m? m>
A -V, A
Gerarchia di massa dei neutrino Vi
- V_
Violazione di CP ) ,
"yt ——— - lm’__mz-
solar- /x ev-
Violazione del numero leptonico atmospheric —
~2x10-3eV? ,
Quale possibilita ha la fisica del neutrino i “‘.‘,‘)’(‘;E‘"::(‘;
. . My~ g j— T '
di produrre un profondo cambiamento nel - solar~7x10-5¢ V2 )
paradigma della fisica delle particelle T - —
elementari (il Modello Standard) e della -
cosmologia (il paradigma ACDM)? 0 0

Sono i punti aperti che impattano sulla strategia INFN nel settore, sui programmi di fisica
dei laboratori tradizionalmente legati ai collider - CERN, Fermilab e KEK—e quelli underground
(il Gran Sasso).

Pisa, 10/09/2024- 90 yrs of Fermi Theory C.M.Cattadori



The birth of OvBp decay

e in 1897 J.J. Thomson discovers the electron, later (1911-1919) E. Rutherford discovers the atom and the
proton.

e this model goes into crisis (among mass inconsistencies) with the observation of the continuous
spectrum of beta decay;

e in 1930 Pauli to overcome this problem proposes the a new particle the neutron, but it is E. Fermi that
in 1932 after the discovery of neutron by J. Chadwick calls the Pauli particle neutrino;

e in 1937 E. Majorana propose a description of neutral % spin particles (e.g neutrinos) where particle
and anti-particle are identical.

e asaconsequence in 1939 H. Furry suggests that OvBp decay can be observec
Majorana Phases

Solar Osc Atm Osc. CP violating  Reactor & Accel Double 3 decay only

¢ sz 0) (1 0 0Y(1 0 0 Y(e3 0 s13 1 0 G
Ui =|-512 ¢12 0]-]0 c¢p3 5930 1 0, d00 1 0 1o ein 0

0 0 1)00 —sp3 c3)10 0 ) =53 0 ¢3) (0 0 e

Whél‘é cij = CO0S Gij . and Sij =Ssm eij

C. Cattadori, F.Salamida 33



OvBp decay and the v mass

It allows to assess the yet unknown neutrino properties:
hierarchy, the mgg absolute mass and the two Majorana phases o and 3
not measurable in the oscillation experiments

Observation of OvBp decay will assess:

. . N 2,19
1. neutrino has Majorana nature (mgg) = ‘E :|U,,_,| € ;
. . <P 7 Vi
2. lepton rlum.ber is violated (AL = 2) _ |cf2c?3m1 + Sf26?3n12é;59 + 8?3"133.*'—’3' . e
3. determination of v absolute mass w
(nuclear model dependent) d u
. . . . . — I1BM IAV ]
The half life of OvBp in case of light Majorana neutrino exchange: : I: I‘ ’ . :
2 : NSM *| |v . _:
-1 9 m[-} 5 '_IMSZ(:; II 3 ” ¢ A "4
(T{);/z) = Go, X | Mo, |* x (5 ) S S
Me : L ' ;T
o Phase Space Integral: well known quantity °F : FF T E G L“;
. o, . . . 2 - - T —
o Nuclear Matrix Element: most critical ingredient, produces j: I : e
. . . . . a % E
uncertainty in the determination of mgg (quenching problem) of T

1 1 Il Il 1 1 1
4BCa 76Ge 82Se 100M° 1160d 130-|-e 136)(e 150Nd

o Neutrino Effective Mass: estimated by measuring T/,

Agostini, Benato, Detwiler, JM, Vissani, Rev. Mod. Phys. 95, 025002 (2023)
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Experimental aspects

(A,Z) — (A,Z+2) + 2e- ///e'e
. . P
e Experimental signature 0~
» One daughter ionized isotope + 2 e- )
» e summed kinetic energy = monochromatic line at Qgg (~2-3 MeV)
Irreducible background
(A.Z) = (AZ+2) + 2e+ 2V Bp summed e~ energy spectrum
2
o 5 E . exposure
7 efficiency
/9 E 0.8 2 Vﬁﬁ 5 21 '1' M i‘_
3 L S Q T S X ae AE.Bl
b P - —_ = 6 —ou Bl ¢ background
o y P 0.6 B AE T abundance T index
e OV B energy
. N resolution
» 2nd order weak process in SM i 0vBp
» measured at a few % precision 02f-
»o T2V >1 018yr @ 500 1000 1500 2000 2500
Energy (keV)

C. Cattadori, F.Salamida



Experimental aspects

e Experiment Sensitivity (S): it is a computed value effective

neutrino mass
o Half-life (T%,/,) of the OVBP - mgg is derived

2
T OV —1:GVMV2(mﬁﬁ)
e Half-life (T2¢,,) of the 2vBB (T1j2)™" = Coul X o

nuclear matrix

phase space

e Beyond SM/exotic physics . element
Sxas-M-t
Results depend on achieved performances:
e Exposure (M-T) units [kg-yr]: it expresses the efficiency 70"
“observed” (mass of isotope) x the “observation time” & o aa{ M-t
e Background Index (B or Bl) in units of [cts/(keV-kg-y)] i.e. o ATE ’B’v\bacil;gdfeox“nd
intensity of the residual background in the ROI energy

resolution

e Energy resolution (AE) [keV]: how well the system can
resolve peaks in the energy spectra over the exposure time

36 30
C. Cattadori, F.Salamida 36



OvBB: Experimental techniques (over the last 70 years)

Liquid Scintillators: Kamland-Zen, SNO+
Scintillating Crystals: Candles

PRO: High Masses possible

CONS: Limited En. Res. Limited Bkg
discrimination

Scintillating Bolometers;
Cerenkov Bolometers
CUPID, LUMINEAU

TPC: EXO, NEXT
GERDA Phase I,
END

Bolometers:
CUORE

Energy of OvBP for different isotopes

Isotope Nat ab. Qg

48Ca 0.19 % 4262.96(84) keV
%Ge 7.6% 2039.04(16) keV
82Se 8.7% 2997.9(3) keV
%Zr 2.8% 3356.097(86) keV
100Mo 9.6% 3034.40(17) keV
116Cd 7.5% 2813.50(13) keV
130Te 34.5% 2526.97(23) keV
136Xe 8.9% 2457.83(37) keV
150Nd 5.6% 3371.38(20) keV

Semiconductor Calorimeters:

GERDA; MAJORANA, LEGEND

\Tracking Calorimeters: SuperNEMO; DCBA
PRO: Good En. Res. Good Bkg discrimination
CONS: Difficult/Costly to scale up Masses

C. Cattadori, F.Salamida
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Present and future Ov[3[3 experiments: relevant parameters

Isotope mass (m__)

[mol]
10 10?2 10° 10

76Geenr

crystals LEGEND-200
LE

.
é PC-gas
136X @

Liquid
scint.

\ 130T e

GERDA-II
MJD

000
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nEXO
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NEXT-HD
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\_
E
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KamLAND-ZEN

754 kg 90% enr. 136Xe diluted in liquid scintillator deployed in in KamLAND detector

(a) SD — Total ——— Xe OVBB (90%CL.UL)
AE @ Qg (2457 keV) ~ 250 keV (10%) 10° ke -----Total (OVB UL) —— Xenon spallation products
> — Bxe 2vpp —— Carbon spallation + 137%e
: ] - < —— IB/External RI
. & o 10° - Internal RI
S & \ g Solar Neutrino ES + CC
7 irm mis § 10
A B A ‘ )". ] B A A m

¢ / D 107
¢ b Visible Energy (MeV)
¢ D [ (@) NO
< | - shen Model

6.5m i 750 kg Xe E P ey

0 (enriched to 90% 136Xe) ~ | BM . .
[ TR 1] (enriched to 90% Xe) & Combined with KL-ZEN 400
) A g o Total exposure: ~2.5 Ton yr
] [ : | n | TS >3.810% 90%C.L.
= =y Ge
‘ s L
g 1879 PMTs 5 2 s ®® o mﬁﬁ < 28- 122 meV
11 s 8
L9 O O G W O O O & [
RTINS 39 39

Mygpiest (MEV)



LEGEND-200: apparato

e wavelength shifting reflector

e rivelatori Ge e Liquid Argon Veto

e schermoin Cu

e Criostato

e Wwater tank

e PMT per p-veto Cerenkov ad acqua

Pisa, 10/09/2024- 90 yrs of Fermi C.M.Cattadori 40 40
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THE LEGEND. -200 EXPERIMENT AT LNGS

£ Coax ¥30 yn of HPGe LEGEND. IC
,u'.o'to" am L200.

& rrc

£ BEGe

read out

kg 443 [HTD]

Hardware status — more at [TAUP23]

- Installed first 142 kg of HPGe detectors (Oct '22) M}ﬁ“mm}
- 130 kg operational (12 kg OFF due to hardware
failure)
l:‘lznl:rglissioning physics data taking :;ciﬁé?lg:gec,hr%?i?gg;?:iig:' g:{:itc:king 227, L
——— — — ﬁ) T..f::«::z
12023 2024 12025

Plée firstysar 0 LEGENMR-20¢ physios@afain the quest for Ovpp « L. Pertoldi\Weyking 2024, Milano « 18 June 2024



https://indico.cern.ch/event/1199289/contributions/5447116/

THE LEGEND -200: Performances

Counts

108 y 1 ICPC 1 PPC BEGe 1 COAX I
104 | |
. — N | IO
10° 5 ! RO | - .
Sy | M
1 : : >0 >
107 5 ; ; & < %
] : : o =
> > > o 23 = 3
11O o o X! — o~ X
10" 4 x x o A . Lo:
Jor N~ ~ 0 ol —
0O N O O =] L \O:
LN l\: oo — D: A (/): N:
100 ———
$  ICPCIFWHM,, = 2.58 + 0.01 keV - FWHM curves va + bE
64 ¥ PPCFWHM, A =2.50+0.01keV ¥ calibration data
BEGe: FWHMp,, = 2.06 = 0.01 keV I physics data
— 54 3 COoAX FWHM,, =450 +0.04 keV
> o .-
k- { { ..... { .................. RS
44......- R SURPRE (EEEE
2 i
£.] AE@ Qg (2039 keV) ~2.5keV (0.1%) _
............ Qropiizigiiia eI
...... B.ogi T
2] L. em [EET TITSILEMAA I ¥
) , I R o
1 T T T T L] T T T
500 750 1000 1250 1500 1750 2000 2250 2500
Energy (keV)

31
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4000 A
2000 -
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A/E classifier

;:’-',:
: P o -
0 1000 2000 0 1000 1000 2000
time (us) tima (us) time (us)
208T) I { 228Th cal data
® || fu“z' ::rgy [ before PSD
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Energy [keV]
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THE LEGEND -200: Performances

Stable argon properties

* Monitoring through LLAMA instrumentation
Characterized with special calibration runs

Improved light vield compared to GERDA (x3)

« ~1 photoelectron per 10 keV deposited in argon

LEGEND,- 202406  LEGEND-200 LAr Stability (LLAMA)

Strong suppression of background above 2vBB
* BB decay signal acceptance of ~93%

triplet lifetime [ps]
o
o
1

] |
1.18 * Stable! . :
: b i i1y H i 1
it g 1h ,}5 i IIII;I‘{ IK Sity 3 il i *;I;i{*” iy
202303 202305 202307 202309 202311 202401 202403

¥Z0Z90 - 00203031

9000
After muon veto and multiplicity cut
8000 I ..after LAranticoincidence
= 2vBﬁdecay(Tm» =2x 1021yf)
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Energy (ke
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.‘g
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3 0

The first year of LEGEND-200 physics data in the quest for OvBp - L. Pertoldi - Neutrino 2024, Milano - 18 June 2024

Pisa, 10/09/2024- 90 yrs of Fermi Theory

C.M.Cattadori
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DATA AFTER PULSE SHAPE DISCRIMINATION AND ARGON ANTI-COINCIDEN(C]

104
All detectors [48.3 kg yr]

After muon veto and multiplicity cut
28 stVouJLy After Pulse Shape Discrimination

103

$202-90 « 00Z-0N393Y

o Suppressed mmm (PSD) After PSD and argon anti-
102 Qgp coincidence
S 21
10° ll |||Iv || lll Ll | . . .
1000 2000 3000 4000 5000
Energy
[keV]

- Strong anti-correlation of argon and PSD cuts
- Overall Ov3B survival fraction of ~60%

- “Pure” 2vpp distribution, few events surviving at Qgg

| | | 44
The first year of LE%%—@@@%?Q%UQ@ W qudtior ovBB « L. Pertoldi « Neutrino 2024, Mil4nt@48%0fe 2024 44
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LEGEND200- DATA IN THE REGION OF INTEREST — AFTER UNBLINDING

. 7 events surviving =5.3 + 2.2- 10* cts / (keV kg yr) Before analysis cuts mmm After cuts [48.3 kgeyr]
- p-value of background only = 26% g
102 : <
- T%,, lower limits (90% frequentist C.L.) > T S
T} 1 . : 8
Sensitivity Observed 210 " 1 Ll : 3
3 o | .
L200 >0.8-102%6yr >0.5- 102 yr S ‘H L ‘ :‘
6Get >3.1-10%yr >1.9-10%yr HH AT |
t) GERDA, MAJORANA and LEGEND combined 1600 1800 2600
, 6
. Combined mgg limit: mgg < 75178 meV 10 W Tia> 19 10%yr(NXGL )
s &= Background=5.3+2.2-107" cts / (keV-kgyr)
3 g &
N 2 107 § 3
- L200 Contribution S
- +30% limit of median expectation g 107
- The event at 2040 keV (+1.4c from Q) weakens
the combined limit jo= L . ' . .
1950 2000 2050 2100 2150

Energy [keV]

Pisa, 10/09/2024- 90 Ttie firlstgeariof MEGEND-200 physics data in the que§t fgr QegigelriPertoldi « Neutrino 2024, Milano « 18 June 2024 45



History of 7°Ge experiments: lessons learned

background index (cts/(keV-kg-yr))

104 - T T T T T T T T T 3 1028
- — T lower limit E
L belaﬁ{groundlin:iex 470 215 71107 Lessons learned
02 § S 15 Heidelberg GERDA 1 0% e Increase the.mass.
TS " Moscow - ~ e Increase radiopurity
ot L T~y . ITEP KKDC ] ] o5 = ¢ DecreaseZof shielding
[OEX Claim \14 j0rANA ‘g materials surrounding the
r 1 = g MY, | - - —
100 £ o ?7 1102 o Ge detectors (GERDA
UCSB/LBL — % technology)
10~ ¢ St. Gotthard ¥ 410 7, e Improve PSD
- Milano | ‘ - 2
102 0.01 15 23 . 11022
10_3 % AAMat(Qe @ er(le \‘\.\.'.‘\\‘ é 1021
- A / A @ under / above ground =
10—4 i | | | | | | | | | | | L 1020
1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020
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CUORE

e Larger bolometric detector ever built
e 988 "TeO, crystals operated at 10 mk
» 742 kg of TeO,, 206 kg 13°Te

- v S : ¥
HEATH BATH 2 Dilution unit g I
LAGHT m K
THEZMAL ABSORBEL. 300K -
SENSOR / —
l a 40K —>
[ i,
2 4K —>
(7 b
800mK —>
50mK —>
10mK —
w
Modern
lead
i
== :
\\ // 1m Detector
THERMAL )
SENSOR
Roman
HEATH BATH tead

»

Continuous physics data taking with high duty

cycle and stable performances since 2019

CUORE exposure accumulation

2500 - Toral @spoaare accunu@lon - Mareh 2024

| B 2092kt - Acdl 2023

1 | e B e T T T e

Expooane (kg yr)

"
Dec-217  Dec-2018 2000 Dec- 2020 Deac- X2l Dec- X2 Jan-X02

Collected 130Te exposure ~750 kg -yr

“Te Expasure (kg yr)

17
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CUORE

Arxiv:2404.04453

AE @ Qg (2527 keV) ~ 5-8 keV (0.2-0.3%)
g

“Co

counts/(keV kg yr)

B Base cuts
B Base cuts + AC
' Basecuts+AC +PSD

CUORE Region of Interest (ROI)

2l0P°

Analysed 130Te exposure 567 kg - yr
bkgd: ~1.4 10-2 ckky
Tov4>3.8 1025 yr (90 C.1.)
mgg: [70-240] meV (90 C.1.)

ROI = (2465, 2575) keV

Figure from Quitadamo’s talk this afternoon

— Bast fit

= 90% C.I. limit

|
!
|
l
|
{

1Q

|
|

18
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Future Ov[33 decay experiments: CUPID

e Builds on CUORE and CUPIDO/CUPID-Mo success

arXiv:1907.09376
e Re-use CUORE infrastructure + 1600 Li>'°°MoO, (240 kg 1°°Mo)
CUORE 13%Te CUPID Mo
pure thermal detector heat + light
(bolometer) -

. B (scintillating bolometer)

/ Heat Sisk —»

Weak Therml S Light Detector, gh:rmrnl
Couplisg CNso
% Light
= g
Alwoeber NTD Gie Sersar é/
Crysta] i E_ (Thermomet ) o L Thermal
(Te)y) - E%AAN Senser
Inciden ﬁ% Energy
K;-)l;nm ‘ \ Absorber Release
No PID PID
Q =2527 keV < 2615 keV
LMOenr, Th (125 h)
~ 12
3
-
Y nd E
Q =3034 keV > 2615 keV

Data driven Background expectation @ Qbb: 104 ckky



Future Ov[33 decay experiments: KamLAND2-ZEN

e A major upgrade: larger source x 5 brighter = x 2 better AE

Kamland2-Zen

Ultimate bkgd: 8B solar v elastic scattering

In 10 yr TOvqo ~ 1027 yr,
mgg: [17-71] meV

1000 kg of enriched Xe

100% photo coverage:
Winston cone (x 1.8)
new PMT (x1.9)

new LS (x 1.4)

» improve energy resolution ) ‘{" >

57 [, )
-3 ‘.\ W

AErwHm @Qgg: 120 keV 14 mirfors * PMTs

e Pen scintillation balloon film

» identify BiPo events in the balloon tagging a
with scintillator film

e Improve tagging for long lived isotopes (new
electronics)

Aggressive time schedule: start data taking in 2027

22
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Future Ov[33 decay experiments: LEGEND1000

1Ton HPGe detectors, ~90% enr 76Ge in underground LAr in new infrastructure

Loc‘ ! i i
,_{rnrn’r_: —
| >
PMT;
o Lk |
A
oM

bkgd goal: 10-5 ckky INn 10 yr  Tovy~1028 yr mgg: [9-21] meV arXiv:2107.11462 i
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Sensitivita’ della presente/prossima generazione di Ov[3 experiments

Sensitivity of upcoming experiments:

[

o
w

N

—

o

~N
aaal

-

(=)

[
aaal

10°

mgg 99.7% discovery sensitivity [meV]

P %Ge
N S 82¢p
v
] Sekore é_ﬂ” QOQ&Q 1000
1 ¢ . £9 ¢ L 130Te
J R : *:\;eox\@éo, ox\\ 136xe
b
Y0
o o
o [l e
(\65\‘ >
Hl Completed
Running _ _
1 Upcoming Normal Ordering (NO) not accessible to 33

=71 Beyond Ton Scale  decay experiments!

102 10* 10° 10° 107

sensitive exposure [mol yr]
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Future OvP[3 decay experiments: Sensitive Bl vs Exposure

ndozw‘ 3%‘025\" \1\026\"

iy
L EXO-200 ..

1072 SNO+II
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LZ-enr
&
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?'KL'Z'Z'-“-“
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Sensitive background [events/(mol yr)]

107*

200 NEXT-HD

107" D~7000 ’LEGEN‘[.)’JOOO

l |l|||l|| I IIIIIIII‘\_ I IIIlIII’ | II:.IIIII‘ | III-I]II‘ |

® ¢ o & o
38 3
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o

10—6 I oo | I ! ! L™ ] ! [l L a4 p g
10° 10* 10°

MA, Benato, Detwiler, Menéndez, Vissani, Rev. Mod. Phys. 95, 025002 (2023) Sensitive exposure [mol yr]
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Verso la risoluzione del puzzle della gerarchia di massa: JUNO

120

Taishan NPP

100
>,
o
£

S iping |

Events per 1 MeV

Yangjiang NPP

le3

80
60}
402
Misurabili.~— |

& * N ~’ [
- e : da JUNOa =2

[ 2000 days of data taking —— No oscillations

~== Only solar term
—— Normal hierarchy
—— Inverted hierarchy

<0.5% o}

Es, (MeV)
Reactor Ve signal IBD event number (x10°)

0.0 : d F 2.0 5 3.0 35
£ T T T LI | T T LA
6F
I 50 _,_-;',’":”/ ]

5[ e "
[ —— NO: stat.+all syst. -
t —— 10: stat.+all syst. 1
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Gli esperimenti long-baseline di nuova generazione

Next Generation

Previous Generation Current Generation -

\ ' DEEP UNDERGROL INFN

MINKOS L% (\ NEUTRINO C

- Myper-Namiokande INFN

OPERA INFN C
2030

2010
1
| NOVA collects first
beam data.

T2K collects first
beam data.

Obiettivi generali:
 Stabilire in modo certo la violazione di CP nel settore leptonico

Sono progetti globali di durata
multi-decennale con  ampie
collaborazioni internazionali. Uno
standard insolito per la fisica del
neutrino ma comune nella fisica
dei collider.

« Determinare la gerarchia di massa dei neutrino e la massimalita del mixing 2-3
 Effettuare misure di precision su tutti gli angoli di mixing e la fase di Dirac a livello di 5-10¢°
» Studiare sorgenti astrofisiche come i neutrini da supernova, neutrino solari e atmosferici

* Investigare deviazioni dal Modello Standard dovuti a neutrino sterili, decadimento del protone,
candidati dark matter (boosted dark matter di orgine cosmica o dark sector prodotto dal fascio di

C.M.Cattadori

Pisa,ﬁ@/ﬁ@ﬁﬁ%ﬁ) 90 yrs of Fermi Theory
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La Long Baseline Neutrino Facility e SURF

A differenza di HyperK, DUNE utilizza due nuove facilities pensate per sostenere il programma di fisica delle
particelle americano per i prossimi decenni: un fascio broad band da 1.2 — 2.4 MW power e il laboratorio SURF
in South Dakota. E, percio, il progetto flagship del Fermilab e della fisica underground USA.

L'INFN e fortemente coinvolta sia per gli stretti legami col Fermilab sia perché la tecnologia del Far Detector e
basata su una tecnologia INFN: le TPC ad Argon Liquido proposta da C. Rubbia e sviluppata da ICARUS.

Sanford Underground Fermi National
Research Facility, Accelerator Laboratory,
South Dakota

Illinois

DUNE at 4850 ft
underground in
Home Stake Mine

ST

1 - T- - m‘ . 'lIHII ‘ i — —
Scavi Completati nelFeb 2024y wdoe sz C.Meizgliadori N TTETIVTTT T

[ Beamline Complex: Upstream end view of Primary Beamline, Target Hall, Decay Pipe, and Absorber |




DUNE in a nutshell

Massa: il Far Detector di DUNE € composto da 4 Precisione: DUNE utilizza un near detector
moduli di liquid argon per una mass fiduciale totale di complex per la caratterizzazione dle fascio basato

40 kton (full mass 70 kton).

su un sistema movibile (NDLAr, TMS/NDGar) + un
rivelatore on-axis (SAND+GRAIN) detector.

Risoluzione: DUNE € basata sulla migliore tecnica di

particle imaging disponibile alla scala del kton: la

Liquid Argon TPC (C. Rubbia, 1977)

JINST 15 T08010

Single FD module (17 kt);
Membrane cryostat

ANODE CATHODE

Cathode ... liquid

O O
{1

,"-F Ill
& h - m
.'ﬁ”’ z L] mf'x'"lf
Pisa, 10/00/2024- 9 f Fermhs

Y, time

SAND Detector
Muon

ND LA Spectrometer

Detector

! . ND Complex
e
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L'anello mancante: “the lightest mass eigenstate”

Le oscillazioni ricostruiscono il settore di Yukawa eccetto che per 'autostato piu leggero. Ma la cosmologia

osservativa dipende dalla somma di tutti gli autostati my+my+mjs Per la prima volta, i fisici del neutrino hanno
necessita di credere nel ACDM. O di testarlo....

95%CL upper bounds on Zimifor 7 parameters
3

CMB temperature and polarisation
] from Planck
> Simi < 260 meV (95%CL)

CMB + conservative LSS information
| (BAO + RSD from BOSS):
7/ 2im;j < 100 meV (95%CL)

z m;(eV)

CMB + BAO + more agressive LSS:
either: + Ly-a from BOSS
or: + lensing + RSD + SNla)
>imi < 87 meV (95%CL)

summed mass

0.03

- Inverted hierarchy is disfavoured!; Palanque-Delabrouille et al. 2020
Di Valentino et al. 2021

0'%:.L001 — ‘”(‘)I.Ol - 01 — 1
lightest m, (eV)

Nei prossimi 10-20 anni, le nostre misure impatteranno direttamente sulle osservabili e le misure di laboratoric
dovranno confrntarsi con la cosmologia osservativa.

Visto che il Modello Standard e il ACDM sono disconnessi andra’ tutto liscio?
Pisa, 10/09/2024- 90 yrs of Fermi Theory C.M.Cattadori 59



Conclusioni

Cosa possiamo aspettarci nel lungo termine dalla fisica del neutrino?

Una descrizione completa e precisa del settore di Un link diretto tra il Modello Standard e il
Yukawa leptonico del Modello Standard ACDM della cosmologia

Fa eccezione l'autostato piu leggero di massa che CE

potra essere accessibile solo a mezzo di avanzamenti Al e e
sostanziali nelle misure assolute di massa o grazie alla _—

scoperta del doppio beta

o Euclid+Planck
e Ligl ”H]\.-n-_-lu_\l,,,\\ [eV] i =
Un potente strumento di caratterizzazione delle p
sorgenti astronomiche = /8
3 e,
Un tema che non coperto in questa review dove g\
protagonist sono | progetti KM3NET e lceCUBE gmig
@

Pisa, 10/09/2024- 90 yrs of Fermi Theory

.4?



Un salto di qualita

Affinche questi progetti abbiano successo, la fisica del neutrino deve liberarsi di una sua debolezza storica: la
conoscenza delle sorgenti e dei processi SM deve essere portata agli standard della fisica dei collider.
Abbiamo gia pagato a sufficienza lo scotto per questo tipo di «dimenticanze»

No model is able to
reactor f|u>§ anoma]y describe global
resolved with new input data ) .
to flux calculation neutrino scattering
e \_ measurements )
P g Vi SO0 reactor spectra )
E! o e is there really an anomaly? 2
= arXiv:1810.06043 .
B - , Phys. Rev. D 98, 032003 (2018) Nature 599, p. 565-570 (2021)
£} : | gallium anomaly — T —— 2957 GeV
E ot : i unresolved, recently reinforced s 2 ef NEUT 54.0 E 4 Data
k- st S Uk =P 1 =~ 0sp — SuSAv2 (Total)
°|«2-’_ SE i/ —L0 XLrg=33 3 Q) D —QE —MEC
e gEEel T RFG  Xprc =458 3 ® —RES — DIS
LSND o FfiN\i —SF Xsr=100 ] <
: ] o
unresolved ? e E = o2}
: 2k 53
1 : - E "./ _
aae 1 i 4]
MiniBooNE ok [ . P i % 02 04 06 08 10
0 0.2 0.4 0.6 0.8 1 ’
unresolved . ap (GeV) Cle.e’'p). .. P.(GeV/c)
.

L. Munteanu, Talk at Nuphys 2023 (Dec 2023, London) 15



Due casi esempilari: (1) ICARUS e il programma SBNal Fermilab

Grazie alla tecnologia delle TPC ad argon liquido, il Fermilab ha realizzato un programma completo di verifica

delle anomalie di LSND e MiniBoone e questo sforzo sta dando i suoi frutti

Short-Baseline Neutrino Program at Fermilab

Target Near Detector MicroBooNE ICARUS Far Detector
I 5 et
, | —r— ==
Booster
Neutrino
Beam
89
2015-2021 2022-
Large production of Collecting data in final
scientific results configuration
ve Appearance vy Disappearance ve Disappearance
o ngﬁl‘!\;t’,rgl;m,-‘ - BoaNE (112620 FOT .:,_\1025 . = ]OI:SAENﬁtllnllmry it raT 'f POT)
z B e % —
«F T §F [ wa,-0m ~F Rl
£ 0. RS EES: £ 0t
E ’ E
[ \ [
1= 3 ! 1E
E E o otm e E ‘
e Mo 95 F o o ‘
- ceoeee KARMEN 99% CL I % MAN:HMI&‘&IMNP = mi
10! B8 s wnrea lO’”E— 90% MINOS/MINOS+ 107- .
2 E — o sansausyu S E
E [ —— 50BN Sunsys | 50 SBN StteSyst 1
- R F I : ‘ - ‘
102 g a s atkl T | LEs T 102 | Racogiilh i Spters ol b |
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Pisa, 10/09/2024- 90 yrs ®®*ermi Theory C.M.Catterd®ri
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Due casi esemplari: (Il) NPOSENUBET e i fasci monitorati 0y

e
instrumented calorimeter 4 t

‘hadron dump

v-Det

A. Longhin, L. Ludovici, F. Terranova, BRJC75 (2015) 155
(ProtoDUNE)

F. Acerbi et al. [ENUBET], ERIC 83 (2023) 964 “ume““"
\

protons 4
— I

——————— -

Transfer Line /K~

Transfer Line Tagger (decay tunnel)
normal conducting magnets; . length of 40 m;

quadrupoles +2 dipoles . radius of 1 m;
(1.8 T, total bending of 14.8°);

short to minimize early Kdecays;

small beam size;

primary protons

Welcome to the ENUBET webpage

Enhanced NeUtrino BEams from kaon Tagging

Pisa e1;(}/09)‘2(9"24 90 yrs of Fermi Theory C.M.Cattadori i

Enhanced NeUtring BEams from kacn Tagging


https://www.pd.infn.it/eng/enubet/

Oscillazioni, cosmologia e neutrini di Majorana

Dal 2012, m g € ben costretto dalle oscillazioni e dalla cosmologia osservativa.
Sappiamo finalmente dove dobbiamo guardare

Normal ordering

15%‘ nvefted'ordenng' 3 Masse quasi degeneri.
r eparate ] .
[ NGI0 1 — Bestcase scenario:
1 [ <] possible ma improbabile
% 107 (cosmologia)
Cancellazioni accidentali £~

~

delle fasidi CP.Eilcaso  10°F
peggiore: possibile ma S
improbabile [

Ecco dove cercare:
possible e probabile

10—3 1 IIIII| 1 1 1 L1 111
107"

> (eV) = m1+n112+m3
Stiamo sviluppando tecnologie che testano vite-medie al livello di 1026 y e che
sono scalabili a livello di 1028 y.

L'INFN e i Laboratori del Gran Sasso hanno un ruolo centrale e hanno scelto come tecnica di elezione i
pisa, 10/09/2024- 90 yrs of Fermi Theory  NIVElatori ad alta riggluzionge energetica 64



Neutrino Mass Observable

S ] 1t g
L B normal ordering £
—F == 3
§ IF if B inverted ordering g
N\ ;
GERDA 2018
107 el
At 1~
1F B
8 g
10—2 _E = g §; = L\O/
{1 4k ¢ :
: 2 2 <
10 . S § - §
; \ \ = ‘
L1l Lol ] 1l & I§I| 1 Lol |\|||||||
107° 107 107" 1 107" 1 107" 1
My [€V] 3 [eV] my [eV]
Assuming g, = 1.27 and NME ranging ~ 2.8 +6.0
65 0O
65
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2i’)ounts per 2.5 keV

CUORE — CUPID

HEATH BATH
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THERMAL ABSORBER.
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HEATH BATH

CUORE, Nature 604 (2022)
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Perché “rivoluzione”?

A partire dal 2012, la fisica del neutrino ha potuto tracciare quantitativamente la sua strada per
rispondere a domande estremamente ambiziose:

Come e fatto il settore di
Yukawa del Modello
Standard?

| neutrini violano la simmetria di CP?

Qual’é il pattern di massa dei
neutrini? (mass ordering)

I mixing massimale (023) €
davvero massimale?

mgp 99.7% discovery sensitivity [meV]

La matrice di mixing € unitaria?

Pisa, 10/09/2024- 90 yrs of Fermi Theory

Qual’e la natura del

neutrino?

Sensitivity of upcoming experiments:

103 .
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| neutrini nell'universo si
comportano come previsto
dal paradigma LCDM?

Sono in grado di
I’asimmetria materia-
antimateria?

originare

Danno origine alle perturbazioni
primordiali effettivamente
osservate?

Quali sonole sorgenti
astrofisiche dei neutrini

energetici?
67



After Fermi’'s V-A theory neutrinos theory developed

* The success of Fermi’s theory (1934) in describing the observed B-decay rates and spectra convinced
the scientific community of the existence of the v and triggered its experimental search.

*  Wick (1934) exploited Fermi’s theory to explain B+ decay and electron capture, Wang
(1942) proposed to measure the e capture nuclear recoil to indirectly detect the neutrino.

 Between the late '30s and the early ‘50s, several measurements demonstrated that B decay and e
capture are subject not only to missing energy, but also to an apparent momentum non-
conservation, thus pointing to the existence of the neutrino.

e The final confirmation arrived in 1956, with the detection of neutrinos in “appearance mode”
through inverse 3+ decay v, + p - e* + n; Eips= 1.8 MeV (Cowan et al., 1956; Reines and
Cowan,1953), another process predicted by Fermi’s theory.

* Wuetal. (1957) observed parity-violation in B decays. Soon after, Landau (1957), Lee and Yang
(1957), and Salam (1957) independently came to the conclusion that, if the neutrino produced by
weak interactions was massless, it would have a fixed and opposite helicity compared to the
antineutrino, and parity violation in weak interactions would be maxima.

msa, (Goddhaben etak.;4958)Experimental evidence imfaveusefi the neutrino’s fixed helicity
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La rivoluzione del 2012. Un incredibile colpo di fortuna ©

,, sin?[(1— A)A] A = Am2,L/(4E) Year 2005
P, sy, =~ sin®203 sin®6fp— -
. (1— A2

sin(AA) sin[(1 — A)A]
A (1 - A)

«oscillation phase» It is O(1) for
E=0O(1 GeV) and L=0O(100 km)
Cool, we can build experiment on Earth ©

+ asin26;3£sindsin(A)

el e g sin(AA)sin[(1 — A)A] 2 /IA.L2 Year 2003 Must be <1. The larger the better.
T -8 <= Amgy [|Ams | > We know now that is 0.028
+ a® cos® fiy sin® 29|~15in-§:lA).
y § = cosby3 sin20yp sin20;  Year 2012 . The larger the better! It is O(1) in
sinZ 263 neutrinos! (it is tiny in quarks..)

Nel settore di Yukawa leptonico del modello standard:
 Tutti gli angoli di mixing sono grandi. Il piu piccolo (843) € circa grande quanto 'angolo di Cabibbo!!
« |l valore assoluto degli autostati di massa non € attualmente noto ma sappiamo che € piccolo

mentre le differenze di massa sono abbastanza grandi da permettere oscillazioni di neutrini “da
acceleratori” (1 GeV) per distanze di alcune centinaia di chilometri

In linea di principio, un esperimento di neutrino agli acceleratori “sufficientemente potente”
Pisa, 10/Garelsbeingradordi ricostruire tutto il settore diWukawa del Modello Standard per i leptoni 69



Third genertion of Reactor Experiments : assessina the IBD
cross section Statistical uncerfainty

Experimental uniertajnty

Total uncertainty |

: DC IV (ND) — (5.71 4 0.08) x 10" crp? per fission
After. 2011: | | TnC (n-H + n-C + n-Gd) () = (5.71 4 0.06) x 10} cr” per fissi
- third generation experiments measure o
positive value of 643
Bugey4 (¢;) = (5.75 £ 0.08) x 107** ch? per fission
« Far Detector & Near Detector to cancel Phys. Lett. B 338, 383 (1994) *He ]
the systematics related to the reactor L
flux uncertainties Daya bay (6,) = (5.91 £ 0.12) x 1072 cm? per fission

CPC 41.1.013002 (2017) n-Gd

» Multidetector approach to cancel =

2017 world average

—

« Double Chooz (France), Daya Bay incluies Bugey4; & Daya bay)

(Brazil), Reno (US), T2K (Japan) i e

Reactor fodil uncertainty (~2.3%)
» Evidence of reactor neutrino anomaly Sm— T

(now much reduced) 050 0.90 0.95 1.0¢
Data-to-prediction ratio

. . Nature Physics | VOL 16 | May 2020 | 558-564
Pisa, 10/09/2024- 90 yrs of Fermi Theory C.M.Cattadori 70



HyperKamiokande

Hyper!!

Super-Kamiokande

Mt. Noguchi-Goro
2,924m

Mt. lkeno-Yama
1,360 m

I 1,700 m below sea level
-9

Neutrino Beam 1—
295 km / :

Intermediate detector

= - Water Storage Tanks

Water Purification

multi-PMT Module
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HK 10 years (2.70E22 POT 1:3 vV)

Beam (Known MO)

Beam (Unknown MO)

Atmospherics (Unknown MO)
Combined (Known MO)

Combined (UnknownMO) -
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HK 10 years (2.70E22 POT 1:3 viV)
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