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° OSCIIlatIOn BﬂSlCS. N/ Disclaimer: The field of n.eutrlno. oscﬂla’.clons IS
_ broad and extremely active. | tried to give the
® ACCGleratOr NeutranS S general overview and main highlights, possibly
at the expenses of no citing all the experiments.
* Atmospheric Neutrlnos |
* Solar Neutrinos. ‘©.
* Reactor Neutrinos. 5B

* Oscillation Anomalies. esse

+Ovf3f} searches. & &

» Neutrino Mass Measurements.
» Searches for Astrophysical and Cosmological Neutrinos.
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Sources of Neutrinos

* Astrophysical and human-made sources detected by neutrino experiments.

* \Wide energy span.

Reactors Sun

Big Bang

SuperNova

10~% eV few MeV 0.1-14 MeV ~ 10 MeV
56/cm’ 10*' /GWy, /s 10 /ecm?®/s 10° /ecm?/s
] Atmosphere Accelerators Extragalactic

TeV-PeV

~ 1 GeV
few/cm?/s
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Neutrino Mixing = Oscillations

* PMNS (3x3 Unitary) matrix: from neutrino mass-eigenstate
to flavour.

'_{j:?/ e 3 real parameters (0,,, 0,3, 0,3) and a phase (0p)

C;; = COS 6’ and s;; = smé’ below]

Propagation

........ /SRR

Flavo_r eige_nstates Mass elqen_states
(interaction) X (propagation) e Decomposed into three matrices:
Atmospheric Reactor ‘ Solar
1 0 O c; 0 spze )¢, s, O
Mixing (or Pontecorvo-Maki-Nagawa-Sakata) matrix U=|0 ¢3 53 0 1 0 —S;p C1p O
link between the two sets of eigenstates S
O —523 C23 S13€ cpP O C13 O O 1
e U’s propagation over time depends on its energy, mass and distance travelled (since 2
. : 2L
t ~ L) and PMNS mixing matrix parameters. P(v, = vp) = | {(w(B) lw(@)|* = U;‘;Uﬂje‘lzj_E
* Experimentally, three types of environments w/ different E and L: J

-Solar - neutrinos are predominantly affected by 1 and 2 mass-eigenstates,
- Atmospheric - neutrinos predominantly affected by 2 and 3 mass-eigenstates,
- Reactor - neutrinos predominantly affected by 1 and 3 mass-eigenstates (and phase)

» In addition, Long-Baseline Neutrino Experiments are sensitive to 0,5, 053, Op.
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Neutrino Mixing = Implications

SiIl2 012, Amgl SiIl2 923, Am%m SiIl2 013

* Neutrino oscillation = neutrinos are All parameters are
massive. From PDG 2024 known to a few
_ . Parameter Measurement Precision percent!
e Vacuum oscillations depend on the mass  sin?(61,) 0.307 +0.013 4.2% L
S |Itt|ﬂ S A m%l (7.53 +£0.18) X 10 °eV? 2.4% Better precision 1S
P gsS. sin? (f53) 0.558 0022 3.2% heeded: e.g. to
* Many questions: Amy  (2455+0.028) x107%V"  11%  determine the 6,
sin” (f13) 0.0219 4 0.0007 3.2% octant

- Values of the oscillation parameters":

- CP symmetry (is 0p = 07)?

m? m2
> Indications it is non-zero. I I I :\rff;aeéﬂons el
- Ordering of the neutrino masses MO (i.e. .| _ — |,, todistinguishsign.
Si g n o f Am 322)? ' ign;:?gficvz vsolar~7.5><10‘5er_m12
- Additional neutrino states? R — a0 362
> |Implications for New Physics. m_ _’"
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Neutrino Oscillation Experiment

Y, Oscillation from v, Vl p

0 ~200-300m ~300-1000km
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Near Detector

Oscillation experiments take
Annu. Rev. Nucl. Part. Sci. 2023. 73:69-93
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T2K and NOvA

baseline 295 km 810 km

peak energy 600 MeV 2 GeV -

CP effect 32% 22%

Matter effect 9% 29% Y. A=

 Primary goals:

. 2 2
Sin” 0,3, | Amj, |, mass 'T T B ——

T
. GHEH

295 km

_NOVA Preliminary

— [ | —— : 26
« User, (orv,) disappearance ST 8
Il/t Il,t - 20 , sin°20,,=0.085 - 8 L
c L 26.61x 1077 POT-equiv (v) ] S 24—
_ S | 1250 x 10%° POT (V) § -
and v, (or U,) appearance. Sl ereano 1 g=2F .
s [ Am2,=—2.47x10°eV? | o 20 |— n
n N l -.5 [ -8 - \\\\‘
* NOVA has better sensitivity to g b w ] feE
% I sin“0,,=0.54 £ [ ——sinb, =2 (;ztsi (())_.350{]9.55, 0.60
m B —A = 204X €
maSS-OFderlﬂg o b g 161 ----gzzj=-2.49x10‘3ev2
e e S 301 1 < el
 T2K has better sensitivity to 5 | E 5 aeo
o — Scp = —T/2
g i Normal MO | 12: : 6§I:%> syjstt err. at best-fit
5 = oole 8ep=0 @ 8= 2 AME,=12.43x10%V7 joF. v Bestfit
CP- 0 o= ® 8= 3M2 X 2024 best fi n ‘e'Dlata (68% S“‘I‘ err.) | 1 | |
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J. Wolcott NEUTRINO2024

NOVA Preliminary

C. Giganti NEUTRINO2024

fit splits the difference in the ‘
NO case, improves 04l
constraint in 10O case.

................................................ 30 _
-_Bayesian Cred. Int. ] ] AN :] ! l 'l r2k Run1-11 2023, Preliminary l:
I 2 K a n d N OVA 0.05 - With 1D Daya Bay constraint+ 7 é 25:_ — Normal ordering _:
ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo : Inverted : Normal : : Inverted Ordering :
. . 0.04— T —] : — _ 7 10 -
* Both experiments have a slight " W Ordering™- Orderingq  af EZeo -
i i ] - EF2ecL .
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_ 30 i i . a
of 0,5 and the normal mass ook : E RS E
ordering (NO). - B N b
0.01 i ] |
NO preference - . - L = 0 : ; !
O_ . . | , B 6(‘.D
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Joint Analysis Results
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e Joint analysis of both experiments has fit both dataset

successfully.

* Mild preference for Inverted Ordering but influenced

by 0,5 constraint.

. Advancing the precision frontier on | Am?;,
measurement!

............ Inverted mass ordering =
NOvA+T2K ——
12K : Good
NOvA ° agreement with
MINOS+ o reactor and
SuperK+T2K o atmospheric
IceCube ® neutrino
SuperK o experiments!
Daya Bay nGd ®
RENO nGd ®
RENO nH O

22 23 24 25 26 27 28 29

|Am3,|, 1073 eV?

<2%

2.477+0.035
2.53 +0.05
2.44 +0.05
2.45 008
248405
2.41 +0.07
2.48 1075
2.571+0.060
2.79 +0.12

/ 10 (71%)

" 1.4% ’
U070

2.0%

3.1%
2.4%
2.9%
3.6%
2.3%
4.3%

2.58 1025 11.6%
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NOVA+T2K NOVA+T2K
NOVA+T2K onl
v y + 1D B3 + 2D (613, Am232)
[0 (57%) NO (59%)

Strongly favor CP violation in
Inverted Ordering scenario

— 1o
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- I I ' | ' ' ' ' | ' ' ' ' | I l | 1
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5 ; | _
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Hyper-Kamiokande and DUNE

-----------------------------------------------------------------------------------------------------------------------------------------------------------------

 Hyper-Kamiokande:

- 1.3 MW beam { Hyper-Kamiokande [:
B Water CherenkOV far . Neutrino oscillation ‘
detector = | Symmetric?
Neutrino Beam
- 190 kton far detector ‘
: : Asymmetric?
fiducial mass on 4 @
- Completion detector by 293k - ,-
2027, physics thereafter. s |
Small Narrow band, lower energy Water Cherenkov Detector
Large degree of complementarity:  matter effects energy spectrum detection systematics
 DUNE: Large Wide band, higher energy LAr TPC
- Beam:
> 1.2 MW Phase | - first 6y

Sanford Underground

» 2.3 MW Phase Il - after6y Research Facility

- Liquid-Argon TimeProjection B o miles —— - — S
Chamber (LArTPC) technology | ‘ ~

- Far detector fiducial mass
» 2 FD (10kton/each) - Phase |
> 4 FD (10kton/each) - Phase Il
- First physics in 2029.

Fermilab

Di Lodovico - DISCRETE 2024, December 3 2024
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Hyper-Kamiokande and DUNE

* Mass ordering: Statistics only ——  Stafistics only
arXiv-1805.04163v2 | e Improved syst. (v /v, Xsec. error 2.7%) | = | seeeeeeeeeee Improved syst. (v /v, xsec. error 2.7%)

- _ ' . S T2K 2020 syst. (v./v, xsec. error 4.9%) | =~ | sreeeeeeeees Improved syst. (v /v, xsec. error 4.9%)
Hyper Kamiokande: from [physics.ins-det] o e ———— ]yl I(vellvl S ————" )i e s T2K 2020 syst. (v /v, xsec. error 4.9%)
atmospherics+beam fit. Up to 6y for Sc. s - @@ @ ERE SR UL Y

% é— ~ 50CL. — 2 [
PNy (o | R (o [
- DUNE: 1 and 3 years to reach So. S GOE g . e s
i ] CED 502_ ................................................................................................................... UO%
e Oscillation parameters: S s0f o - |
) g J— ~.-Proportion of true ocpvalues 3 | o
. . . s E inacing. .. — 0at Ra_ar 3 e
_ LOng term hlgh precision for Am31and g 200 o Pexcludlng sin.ogp-=-0-at-3c ang | £
s -8 [ 50 CLasa functionof HK™ 4 o 0 | 1 | | 1 1 1
.y . . . 0 EB ______IN G A" R T TR e T N L L L A L L L ¢
© 0 2 -yeaars. 6 8 10 -150 -100 -50 0 50 100 150
813 sensitive 1o Ue phySICS in HK years (2.7x10*' POT/year 1:3 v¥) d.p (degrees)
I I Hvoer-K preliminar Hyper-K preliminary
Comparlson Wlth reaCtor measurements T::Jpe norrFr)laI Iorcljerir):g (known) True normal ordering (known), HK 10 Years (2.7x10%? POT 1:3 vv)
e CP violation: sin’0,,=0.0218+0.0007, sin®,,=0.528, Am2,=2.509x10eV?/c* sin’0,,=0.0218+0.0007, sin’0,,=0.528, Am2,=2.509x10eV?/c*
- Long term establishment of CP violation
arXiv:2408.12725v1 [physics.ins-det] 22 Aug 2024 ) _ ) .
() T 17177 T 71 1 T 1 L L L T 7171 T 177 T 71T L _l TT l‘ B I,I o TI j T T I P I P I o ] T T
at 3o over 75% of 5CP values. - I I T ! T T ] . 40; DUNE Simulation = 336 kt-MW-years

45E DUNE Simulation CPV Sensitivity
- Similar 10-year precision of ~ 6 — 18° © 40F AllSystematics  The significance to

- Normal Ordering  establish CPV for 75% O
in 0, in both experiments.

N 624 kt-MW-years
1104 kt-MW-years

With and without 8,3
reactor constraint

— All Systematics
- Normal Ordering

8

'] TTTT]’TTYY ITTTT IT

35+ / -
75% of O¢cp values  yglyes as a functio
3.0 running timex

2.5
2.0

N
o,

Phase | Phase |l

—
(&)

Al lllll.ilil.llill.llAl 1111 111 1

Next-to-next generation experiment (ESSvSB)

CP Violation Sensitivity
Ocp resolution (degrees)
=

TITITIYIITYTT]ITTT]T Tty
lillllllllAlllllllllllll 1 'lllAl llllll 11

. . 10 EPJC 80, 978 (2020
using SMW European Spallation Neutron 1.0 | (2020 OF
Source proton linac being developed: EPJST 0.5 SE
231, 3779-3955 (2022). 002550 75 00 125 150 175 200  -1.00 0.75 .50 0.25 000 025 050 075 100
Years Ocp/M
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Super-Kamiokande and T2K

Oscillograms from:
C. Bronner for SK collaboration, at ICTP Advanced
Workshop on Physics of Atmospheric Neutrinos 2018

Di Lodovico - DISCRETE 2024, December 3 2024

NEUTRINOS FROM

COSMIC RADIATION .
Atmospheric v

COSMIC \ l /
RADIATION Jr—
@\ “ere SUPER
- K \
' L J-PARC
: SUPER- : . ‘ ; L7000 m below sea leved _“

KAMIOKANDE

MUON-
NEUTRINO

 SK has stronger discrimination of the mass ordering thanks to

the presence of a resonance driven by 6,;-induced matter
effects between 2 and 10 GeV.

e Only for v in NO; only for v in IO.
. Size of the effect depends on sin” @,, — sensitive to 6,, octant.

» Some sensitivity to ocp from sub-GeV e-like events.

» SKis sensitive to the mass ordering and breaks the T2K 0p
degeneracy in joint fits.
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SK (atmospherics) +T2K (Accelerator)

Motivation for a joint fit: : P(v,> v,)
SK helps to break the degeneracy between 5CP and mass ' 8 AT
ordering in T2K. e

CP
T2K can constrain sin 0,5 better — improve the mass Multi-GeV Neutrino **
] S . Better sensitivity in MO -
ordering sensitivity in SK. -
12K near detector can be used to constrain the cross-section Z energy (GeV)
uncertainties for the low-energy atmospheric samples. Sensitivity to reject the CP-conserving
hypothesis for different true values of o0,p
Results: (sin’ 6,5, 5p) Bayesian credible regions assuming the normal MO.
* Alimited rejection of oo% 3:_” \ ) _|SK+T21K | _: S 4'5:1 "arXivi2405. 124887 [hep-exTadeeped by PRL ™~ ' T ' ' 12
IO at 90% CL 2:_ — T2K - ”8 4;_ — SK + T2K _;
: - SK (+ND) . S a5k E
 CP-conservation E — 10 1 | £ — T2K z
. - e220 - T 3F SK (+ND E
(Jcp = 0) rejected at A3 ERR CRD)
slightly below 2. 1 E 2 =
* No preference on the - : LoE E
— ] = -
623 octant. g j g 0.55— X\
035 040 045 050 055 060 065 070 075 B ' R e
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lcecube and KM3NET/ORCA
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iceCube: ~1 km’of ice
instrumented with strings of

Digital Optical Modules (DOMs);,

each with a PMT. ~100 GeV
energy threshold.

- DeepCore: densely

instrumented region at the center.

1450m

2450m
~10 GeV energy threshold.  2n
arXiv:2405.02163v1 [hep-ex]
324 Normal Ordering 90% C.L.
NOvVA 2022 -=-= MINOS+ 2020
-=-= T2K 2023 IceCube 2024
3.0 Super-K 2018 (this result)
3
q):LS-
T
o 1 _———
Q261 - e
[— I \sf~ — -
NQ‘WZ 4 \\ C\f ------ : -7 I //
S R
<l Youl e mmmmmmmm—T - g
722
2.0
035 040 045 050 055 0.60 0.65 0.70
sin2(623)

\\\if:%:=£5€: ——————— : o - 18 DOMs / DU

115 strings
18 DOMs / string

IceCube Lab

g 115 Detection Units

3
LU U N U O

‘‘‘‘‘

| || — DeepCore

Eiffel tower
324m

* Oscillation results with 9.3 years of DeepCore
data.
» Slight preference for NO with current results.

* /15 kton-yr dataset.
* Approaching competitive measurement of

0,5, not yet in Ams,.

Good agreement and comparable precision
with accelerator results

KM3NeT/ORCA:

e 115 strings optimised for
neutrino oscillation
measurements.

~* Each DOM has 31 3-inch

PMTs
* About 20% of DOMs already

installed.
 ORCA optimised to detect

atm v in the 1-100 GeV range
R e

I I L} l-
E 90% C.L. NO :
3.25 =+ NOvVA 2022 =+ MINOS+ 2018 .
: =+ T2K 2023 -++= IceCube 2024 (NO)

3.00F SK 2023 m— KM3NeT 715 kt-y =

3.50p—

2.755—
250
2.255—
20k

1.75F

loob v o b b L 1
_1.50-ll|llll T 1T 1 1 T 1 1T 1 T 1 1T 71T 7] 1

AmZ,[107%eV?]

—1.75F
—2.00F
—2.25F

—2.50F

—2.75F -

_ :lllllllIlllllllllllllllll:
300 0.3 0.4 0.5 0.6 0.7 14



Atmospheric Neutrinos Future

0000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

PHYSICAL REVIEW X 13, 041055 (2023)

¢ Currently/SOOﬂ: SU per_KamiOkande (With Gd), Current reactor data fit
KMSNGT/ORCA, lceCube Upgrade (~2025-26) HyperK LBL projection for 2030 (2.5 years)
[reduce energy threshold to a few GeV]. NOVA fit, Ref. [25]
e 2027-29: Hyper-Kamiokande and DUNE. i Rl e
—— SK atm. v fit, Ref. [26]
IC DeepCore atm. v fit, Ref. [27]
Combined atm. v projection,
N === for 2030 (this work)
| : Comparison
. g between the present
"o R, Sin” fa3 ~ === and future projected
':9' . e ' R sensitivities for the
. SR Am2, - ’:: oscillation
PR ; parameters
7; () 1
IC;C~ube De.epoCore U;:];r:zde KA 2':0"‘ 2“‘0‘“ 5CP N |
SinZ 913 1 I | | :' | | |
: : - : -907% -30% -107% -5 57 10 307 90
Also combination with JUNO can be exploited (JHEP A-30% -10% (7‘1)0 cange & 105 0% 20%

2022, 55 (2022) and PRD 101, 032006 (2020)). — .
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Solar Neutrinos
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Global analysis of solar and KamLAND data  Solar Neutrino Flux status

- Best information on sin” &, comes from solar - SK /SNO lead on the °B flux
neutrino measurements. - hep neutrinos yet to be observed.

* Solar neutrino measurements from Radiochemical - Borexino: Achieved unprecedentedly high
experiments (Homestake, GALLEX/ GNO, and radiopurity and low threshold ( 100 keV).
SAGE), Super-Kamiokande, SNO, Borexino. - Global fit to the Borexino data in an

« Best information on Am%, comes from KamLAND. extended energy range (0.19-2.93) MeV-

= 8 Phys. Rev. D 109, 092001 N,
g 100 200 300 400 500 600 700 800 900
2t ~ o | " Phys. Rev. D 100, 082004 ;épo I—“C |
c“> .sm:(ﬁ,,)=0.316:§§ """" = '; — "B ----pile-u
P sy i b 4 = | PP 14 — ext bkg
© 16| c | 'Be — Kr
c 2 B — Total fit: p-value=0.7
< ol X108 — - B
8 3 N
| 102 i L b e
o 2 g ™
4t S i ¢ "*-'l'swu“l 18 | ’ "
ol 1 Q 107 i zw R
» £ S * © a |.l ‘ I
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA B — a7 I il O Y
0.1 0.2 0.3 0.4 . 05 246 82 1500 2000 2500
5 sin“(012) Ay, Energy (keV) 16




Solar Neutrinos
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Two important quantities to be measured:
- The "upturn™ caused by the transition between
vacuum and matter dominance in the Sun.

- The day/night asymmetry induced by matter-
effects in the Earth. ¢

Phys. Rev. D 109, 092001
I L] Al L) L ‘I L) T L 1 I L] 1 1 L] I L] L=

2 0F :
> F 8K
£ -2 = -
I 3
< 3F =
§ 4 :
c 5E Day/night asymmetries
- z from amplitude fits by the
-6 .
- four different SK phases.
-7 ; ——4— Statistical uncertainty ;
-8 - —4— Total uncertainty 3
- SK combined .
_9 - L | 1 1 L L | 1 1 1 1 | L | 1
1 2 3

‘:’:’

s
v
— J x
Q
v
®
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&= SK+SNO

<+ pp: average
4~ CNO: average
4+ pp: Borexino

? "Be: Borexino
¢ pep: Borexino

<~ ®B: Borexino
~ Solar
- Solar+KamLAND
11 l 1-r-i—$g—' 1 Il 1 1 1L 11 l
107" 1 10

U, survival probability
Versus energy.
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Solar Neutrinos Future

« SNO+ - Water phase results published, Scintillator
phase data-taking ongoing; results to come
shortly. Reactor and solar neutrino experiment

capabillities.

* Hyper-Kamiokande - Largest solar detector

starting in 2027. Upturn and daylight sensitivity.

» DUNE - Largest LArTPCs ever built starting in
2029. Sensitivity to °B neutrinos > 10MeV.

 JUNO - From 2025. Reactor and solar neutrino
experiment capabilities. Potential to improve on
some low-energy solar neutrino measurements

from Borexino

» Jingping Neutrino Experiment - Big overbur
500 m3. Possibility of using LiCl as medium

den

 New technologies and opportunities under active

R&D:

 THEIA: Hybrid scintillation+Cherenkov detector
e LiquidO: Topology discrimination and In doping

via opague scintillation
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Reactor Neutrinos

................................................................................................................................. o
Best information on Am221 and sin? 6’13 comes S ?\ﬂ/
0 0.8— ear !-
from reactor experiments o oEm ., 4 Far
2 «.. os-22  DayaBay
o Amzl — KamLAND Q | e ) ~ 53 Dou:lgNC(;\ooz
: . 0435
. sin”26,;=>short baseline ( < 2 km) —~ « mw | EEE
experiments that access first maximum 0.2~ - With 03 = 0
) L S = KamLAND
modulated by sin“ 26, ;: Ot BRI
E[MeV]

L T——

- Use neutron Capture on HydrOgen (IlH) and/ By combining all reactor results, ultimate precision of
or on Gadolinium (nGd) to identify Ije’S sin? 20,5 : 2.5 % [Neutrino 2024 Zeyuan Zu]

Experiment Value
(detection channel U, + p — e™ + n). o N 0851 0o 2870
Daya Bay nH — 0.0759 *990% 6.5%
- Current reactor measurement of 0,5 likely to + 00833 z00022  2.6%
remain the world's most precise for a long time.  ro ™ | T U
- Proposal for a Super CHOOZ with LiquidO Double Chooz  nGd-nH-nC — 0.102 s0012 11.8%
technology under development (corresponding feorfvenes [ SO
detector prototype CLOU D) PRTROA 0.1008:45E  14.2%

06 0.07 O.OSSin()z.O299130.IO O.lF:gureOE?HongZhao "
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Reactor Neutrinos Future
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 JUNO is a next-generation reactor experiment expected to begin data

collection in 2025:

- 20 kton liquid scintillator detector

- Baseline of ~ 52.5 km from 8 nuclear reactors

| TAO
- Energy resolution of 3% @ 1 MeV 0O
- - Determine the neutrino mass ordering.

COS49r

- - Measure Am~*;,, Am,,,, and sin” 20,, with sub-percent precision.
 Mass ordering determination with unigue approach that does not rely on

matter effects

arXiv:2405.18008v1 [hep-ex]

Reactor Ve signal IBD event number (x103)
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PHYSICAL REVIEW D 103, 052002 (2021)

i Other
M oit
D A— Ny
B = misid

from K°
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e LSND + MiniBooNE: ~ 60 excess of electron
(anti)neutrinos in a muon (anti)neutrino beam.

— 1200

800
Visible Energy [MeV]

1000

- eV-scale sterile v oscillations in conflict with

accelerator and reactor disappearance measurements.
- The Fermilab SBN and J-PARC JSNS? experiments
will provide definite tests of the oscillation hypothesis.
YR VT VIO T TV T 1T
* Reactor Anomaly: a 6% deficit with3e "¢ | .| . [l
significance in the measured total go_g‘_ Lt ‘ I
reactor U, flux versus the prediction ooy : | i
from the Huber+Mueller model at short ™[ !
baselines. S ol ot L e I
- Not observed by other experiments o.aliul TR L vl vl vl ol
apart from Neutrino-4 2023. N " Reactor ToDetector Distance (m) ®
e Combines
 Gallium Anomaly: Capture rates of v, from calibration g lMeas”‘f"**‘,?p%?f%dmﬁo
sources on ' 'Ga are below expectation. } l —
- Seems not due to sterile neutrinos but other Recent
explanations should be looked for. R P R R
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Phys. Rev. Lett. 125, 071801
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dN/dE(E / Q[3 [3)
o

1

Observed half-life;
mﬁﬁ

T

0.8 I

| 0.6 | |
Energy of the two beta electrons

2 | 0.4 —
E/Q

N

BB

110Pd’ 116Cd' 124Sn' 130Te'
136X, 150Nd

Key requirements:

- Large exposure (ton-scale)
- Low background (<
- Excellent energy resolution

(< 1%@Qﬁﬂ)
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Effective mass depends on the mixing

o 4
GOV gA (MOI/) 2
e
/2 A N
nuclear
phase matrix
Space element | [ offective
Accurately Significant mass
calculated theory

uncertainties.

Main experimental techniques.

matrix parameters. a, [ are unknown
Majorana phases. Not measurable In
oscillation experiments.

1 cts/year/t/ROl)

Energy: Sﬂ';a/ HPGe detectors Pixel detectors Tracking detectors Topology:
Bolometers Gas Xe TPCs @?;g
(CUORE/CUPID, (NEXT, PANDA-X-III,...)
AMORE) {A@q{
it HPGe + LAr veto Liquid Xe TPCs 5

(Gerda, LEGEND) (EXO-200, nEXO, XLZD,...)

Liquid scintillator
(KamLAND-Zen, SNO+, THEIA,...)

76Ge

100Mo

surface

Active shielding:

Distance from
nearest detector |

130Te
136X e

o
—

Signal Bkg.
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Parameter space: * If neutrinos are Majorana,

experimental results must fall in

1004 % TG % TMo ® e = T the shaded regions.
3 5 S * Extent of the regions determined
o] El §| §| ] by uncertainties on mixing matrix
. | 203 3 : Ig elements and Majorana phases.
2 o Sl3 —v Nz
E b— 5 = Uyt o
10_2-E f
INO
10_3'5 — Vs HEl result (90% upper limit)
—V [ projection (3-0 discovery sensitivity)
10 102 1000

m; (eV)

 Ongoing / completed projects probe degenerate regime e.g. LEGEND-200, CUORE, EXO,
KamLAND-ZEN. 2024 results from. LEGEND-200, CUORE and KamLAND-ZEN.

* Planned projects will fully cover the inverted ordering scenario e.g. LEGEND-1000, CUPID,
NEXO..
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Sensitive background and exposure for recent and future experiments
ABDMV, RMP 2022, arXiv:2202.01787
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 Grey dashed lines: discovery sensitivity on the T ,(isotope-independent)
« Colored dashed lines: Mg sensitivities to get to the bottom of the 10 region for specific isotopes, taking into
account NME (nuclear matrix element) & phase space
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Direct Neutrino Mass Measurements

» From cosmology: 2m. < ~ 0.1eV @95 % CL B

» Future experiments may determine the mass (40) in s
10 years A
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Direct Neutrino Mass Measurements
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/ Key req u I re m e nts Tritium source Transport section Pre spectrometer Spectrometer Detector
(O : \ .‘ ’ \

ey

Strong radioactive source e f e 1 %
"' " V.9 _ , o ppecd
e s o Tritium (12.3 years,E, = 18.6keV) W e S |
'% oy 137"_.e'ls“‘ .:Fe‘ Is ". s ’s;"
+ Holmium (4500 years, E, = 2.8keV) e |
3He - ‘: . A "'. =
* EXxcellent energy resolution (1 eV ) RS A =
* Low background (< 100 mcps ) _
arX1v:2406.13516v1 [nucl-ex] ! ~70 m
Wiesinger, ICHEP 2024  Understandina of spectral shape = g
KNM1 KNM2 5 KNM3 ., KNM4 KNM5
{ Data {  Data : g | Data (SAP) | Data (NOM) \ | Data
7 - —— Model | { % Model { Data (NAP) |1 { Data (OPT) | 1 Model
o 10714 {1 \ i1 &% —- Mode - . Mode .
g \ rose ? s ? ui 109 Current ! Katirin limi
a - \ c 9
g 107 \ g 6 ;
g L \ 5 j—Kafﬁﬁ’ﬁreﬁSIFErW‘l‘Y| 1]
_ 10_3? ¢ l , i 1077 3= Inverted
\_‘:’ 27 *got . S o ¢ 2 § ] i I S
S 04, o7 BER Katrinnew/ieeas
T 2y T s ' _
i 18.‘;50 18600 18!;50 18('500 i'8_;10 18550 18é00 1';7_10 18.%50 18600 IBéSO 18600 1072 5
Retarding energy (eV) Normal
e 7/ different configurations, 59 spectra, 1609 data points, parameter B
correlations across datasets. 0 oms 02 101 100
; 'V
. p -value =0.84, squared neutrino mass best-fit: m> = — 0. 14J_r8°£ eV? L i .

resulting in an upper limit of 171, < 0.45 eV at 90 % confidence level.
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Direct Neutrino Mass Measurements
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KATRIN
Electrostatic
~filter (MAC-E) ATRIN.A 0 =20 =

(Tritium)
QTNM Ptolemy {|NHUM)
(Tritium) (Tritium) Holmes Magnetic
(Holmium) trap
1 Cyclotron
Project-§ o
Radiation ECHO

Absorber e
/ (Tritium) . .
\ Ag host material (Holmium) B

Experimental efforts:

,\#‘é";?

4
/‘-7 Antenna

\"/?;T; Project 8: Cyclotron Radiation Spectroscopy(CRES)
picleup o)  Phase |: prove of principle (2016)
 Phase Il successful (2016-2020)

- Uncertainties understood

- My < 178eV @90% C.L.

ECHO & HOLMS * Phase lll (ongoing):
» Calorimetric sensors coupled to '®Ho - Atomic T system & Larger cavity

mplanted sources o - Goal in 5 years: m; < 0.4eV
e Obtained neutrino mass limit; 150 eV

e Promise: ~1eV * Phase IV:
- Goal: my < 0.04eV

ey .

Heater

wfmmﬂu»w
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Cosmic Neutrinos and Multimessangers
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* Astrophysical neutrinos firstly observed by Icecube
- Diffused flux and sources “identified”. Several other
observations (Glashow resonance, flavour measurements

and identified v_ candidates, v from the Galactic plane, etc.

- Baikai-GVD confirmed the flux result, KM3NET is joining

* Multi-messengers detectors to provide a wide range of
measurements:
- neutrinos: JUNO, Hyper-K, DUNE, ...
- GWs: LIGO, Virgo,Kagro, Cosmic-Explorer, LISA,...
- Cosmic-rays and HE y’s: CTA, HWAC, HESS, Magic,
LHAASO, CTA, ...

- y-rays and X-rays in space: Swift, Fermi, GECAM, eXTP....

* A bright new era for astrophysics:
- Are high-energy neutrinos linked to ultra-high-energy
sources?
- When and how will the first cosmogenic neutrino be
detected?
- What are the primary sources contributing to the IceCube

diffuse flux?
Di Lodovico - DISCRETE 2024, December 3 2024
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Energy generation rates are comparable among three messengers: common origin?
1076 - _ _ _ .
Isotropic y-ray high-energy « ultra-high energy
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* Gen2: Precise characterisation of Astrophysicalﬁffuse
flux. Pin down 10 PeV connection with UHECR.
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Conclusions
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* Increasing precision of neutrino experiments, but still iImportant
discoveries ahead of us and experiments are soon starting to
take data:

- CP violation observation, mass ordering, &, octant,..

- Neutrino Dirac or Majorana.
- Neutrino mass

- Sterile neutrinos

- Astrophysical neutrinos.

o Stay tuned for more exciting results and (bopefully) some
surprises!
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