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Standard Model: neutrinos are massless particles

However, the discovery of neutrino oscillations
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Neutrino oscillations and mixing

U parameterization:
three mixing angles 6,, 0,,
CP violating phase 0.
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Main topics

Parameter/Feature Instrument/Method
CP violation accelerator neutrinos
Neutrino mass ordering atmospheric, reactor, accelerator

neutrinos, cosmology

Absolute scale of neutrino mass B decay, 0v2p decay, cosmology
Neutrino nature: Dirac or Majorana 0v2p decay
Sterile neutrinos B decay, 0v2f decay, atmospheric, reactor,

accelerator neutrinos, cosmology
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Neutrino: CPV and Mass Ordering

Mixing
- CP violation in lepton sector neutrinos matrix quarks
Strength of CP violation in neutrino oscillations
& 0.80.5 0.2 1 02 s
Jcp = Im(Ue1UuzU*er*u1) = Im(Ueru3U*e3U*uz) viws~ | 0.4 0.6 0.7 Veru~| 02 1 001
= cos0,,sin0,,c0520,,5in0,,c050,,5in0,,5IN5 ., 04060.7 o 001 1
all mixing angles#0 — J,#0 if §,#0 Quark sector: J, = 3x107

Lepton sector: Jp ~ 0.02xsindp

- Neutrino mass ordering (NMO)

Mass Orderin
MNormal hierarchy Inverted hierarchy g

v, v, . NO or 10 ?

” , Vi e wp < Im; ~ 100 meV Impact on

| Ay NO: XYm; =~ 60 meV - Cosmology

| Am, - 0v2p decay
V2 Am’ - Direct mass measurement
v -V - Cosmic neutrino background
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Why is CPV in lepton sector important?

SM cannot explain non-zero Baryon Asymmetry Yy =T (6 21 4 0.16) x 1010
neutrino mass of Universe (BAU) =T = 0.21 10
See-saw model — ng _ 4o

CP violation in quark sector e <1076

(K, B, D decays)
too small to generate BAU M.Gavela et al. Mod.Phys.Lett 9 (1994) 795
V. | (= )2 — )2 — ) (md — m)(m — m3) (mE — m3)
B ' M (27)°

mpy

~10 orders below BAU value
m 2
m ~ —0P my ~100 GeV

~ See-saw model produces BAU
by leptogenesis mechanism M. Fukugita,T. Yanagida, 1986
TOMy, v, > My < 10 GeV

Np decays [EEEE) lepton asymmetry e, mmmm)  partially transformed into BAU
lepton asymmetry from Ni decays &, must be > 10°

Baryon Asymmetry <> Neutrino Physics ??
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- Search for CP violation

- Measurement of Mass Ordering



Golden channel for CPV search: v, —v,

Probability of v —v, oscillation in matter leading term
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change sign for NH —» IH
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Search/measurement of CP violation

Long baseline accelerator experiments

Direct search: compare oscillation probabilities
muon neutrino — electron neutrino
and
muon antineutrino — electron antineutrino

CP asymmetry A,

P (V“ — Ve) - P(\_/M—)\_/e)
P(V“—)Ve) + P(VM—)\_/e)

Acp =

Ap#0 > 0O,#20 — CPviolation

Sensitivity to CP phase increases using the value of 0,; obtained in reactor experiments
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~575 participants,
75 institutions, 14 countries
Russia: INR, JINR

E, ~0.6 GeV

Neutrino beam from J-PARC
Baseline = 295 km

Data taking since 2010
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EX p e ri m e nt Tz K Far neutrino detector

. SuperKamiokande
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T2K: hint of CP violation

T2K Run 1-10 Preliminary

T2K Run 1-10 Preliminary
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A 35% of O.p values excluded at 3¢ marginalized over hierarchies

Constraint on 6, _
from reactor experiments | |CP conserving values (5CP = 0, x) excluded at >90% CL

Daya Bay, RENO, DChooz

Best fit: 6. ~ -m/2 > close to maximum CP violation

Normal mass ordering is preferred at 80% CL
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Mass ordering: SuperKamiokande + T2K

SuperKamiokande M.Pasiadala-Zezula, ICHEP2022
: NO i 10
‘E ; 5 SuperKamiokande
” ; o o - Atmospheric neutrino
s . o4 sensitive to mass ordering
’ - due to matter effect
o5 nE - MSW resonance at ~ 10 GeV
E : i 2V2GRE, = Am3,cos26;3
= 1 S—10 i
e el K.Sakashita, talk at NPB2024

20

SuperK is sensitive to MO . . . e
S AR / P Joint analysis SuperK+T2K increases sensitivity to MO

: ‘ ] T2K is sensitive to CP
[ = - MCexpectation at data best-fit v N
15 (— [ Inverted /] N

[ Normal 1 N T2K Run 1-9 Preliminary
R i IR L L A

E - SuperK provided an additional rejection of 6.p = 0,

' - Joint analysis prefers &.p ~ —1/2 in both orderings
with +1t/2 lying outside the 3o interval

- CP conservation 6.p = 0, is excluded at ~ 20 in 10;

302_ — Normal

— Inverted

-2AIn(L)

Ocp= m still within 20 in NO
- Preference of NO at 90% CL
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Experiment NOvVA

NOVA (USA) Taking data since Summer 2014
Near Detector Study of v,—v, and v —v, oscillations

A otlos s s

NOVA Far Detec1tor_(Ash_ River, MN)

Neutrino beam from FNAL to Ash River

Baseline 810 km Protons on target
Eeu;ritno:oeamulfk:\::ad off-.axi::,j o v 13.6x102° POT

ar adetector : Iine-graineda calorimeter _
. 7: 12.5x102° POT

65% active mass
Near Detector: 0.3 kt fine-grained calorimeter

QMilwaukee

Chicago™

7 ‘ A NOVA cell
Fermilab NOvVA detectors ANOVA el
: R

Extruded PVC cells filled with [ \]

11M liters of scintillator y -
instrumented with b
A-shifting fiber and APDs

Neutrino beam

n * pn-axis
0r__ 7 mrad off-axis
— 14 mwad off-axis
— 21 mred off-axis

ik

wo 09sT

Far detector:
14-kton, fine-grained,

N low-Z, highly-active
tracking calorimeter
32-pixel APD — 344,000 channels
——
: ' Near detector:

Fiber pairs -

from 32 cells 0.3-kton version of dcm % 6cm
0 — the same
— 20,000 channels

4 6
E, (GeV)
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NOVA: search for CP violation

T T T T | T T T T
0.7 Normal Ordering

M.Frank, talk at EPS-HEP 2023

T T T | T T T | T T T | T 1 T | T T T |i Z
ujl__ @ Bop=0 i 9
B L EGP =m2
0.08- 2 §gp=m ] i NOVA best fit:
! E=15GeV w3 _ago - -
T::?‘ or :i T2K, EPJ C 2023: m BF — <90% CL - =68% CL 6CP = 0.82m
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T B E =25 'EE“ - o T g- 0-3 1 T T T T |D| R |.| Lo
E::' - - {120 0.7 Inverted Ordering | | =
0.04— —3 R 2
o i 2 = C
I | ] 0.6 .
0.02f ) - Q F 1 | ExcludeH § = it/2 at>30
i —— Normal Ordering 7] &L o050 7 . _ N
Inverted Ordering 15 1 | DisfavorNH 6 = 3m/2 at~20
A TN T N TN T T AT T N [N M TN T N T N | B -
% o002 o004 o008 008 01 0.4 ]
P I:"J“ — ‘I-'E} : T2K, EPJ C 2023: — =90%CL - <68% CL]
0.3 INi:y.«.ﬁ._ 1 - 90% CL !:| = 68% CL_:
= S 0 = B
2 2
6CP

- Weak preference for normal ordering
- No significant CP asymmetry was observed
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CP: T2K and NOvVA
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T2K Preliminary

T2K Runl-10 Preliminary
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Neutrino mode e-like candidates

O dgp=m [ ] 68% syst err. at best-fit
B S = 42 v Best-fit

O 8¢p=0 —=— Data (68% stat err.)

® §.,=-n2

6 =-m/2 favored
Large range of values of
around +1/2 excluded at 99.7%

Best fit § =0.821
ExcludeIH 6 =m/2 at> 30
Disfavor NH 6 =3m/2 at ~ 20

Yury Kudenko INR RAS

¥

T2K (v + V) prefers
NO

8 ~ —m/2(5") (~max CPV)
2" octant

16



T2K and NOVA joint analysis

T2K and NOvA data: mild tension
Normal Ordering

- 1o overlap for some regions
Inverted Ordering

- very similar allowed regions

T2K- NOVA joint analysis:
different baselines, energies,
detector technologies

R.Sanchez, Moriond 2024

Main results of joint analysis
Smallest uncertainty on |m3,|, error about 1.5%
For both mass ordering 6.-p = g excluded at >30

CP conservation excluded at >30 for 10
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IceCube DeepCore: v, = v,

A.Kumar, EPS-HEP 2023

lcecite Lab % Livetime: 8 year
\-‘ e IceTop 1.0
—_ Ea e __— 81 Stations .
om = = = 924 opteat sensors . Total events: 21914

: 0.8
IceCube Array ° 0.6 ;5
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IceCube string 0.4 i,
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0.0
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T e g Y —
o — - | ay
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324m "«"
2450 m “
2820 i i
" « 0,, — Depth of oscillation valley
« Am?,, — Location of oscillation valley
Golden sample, 8 years: about 20k events Convolutional Neural Network (CNN), 9.3 years: about 150k events
1x 10 3.4+ Normal Ordering 90% C.L. ‘ 3.4+ Normal Ordering 90% C.L.
32 NOwA 2021 =+ MINOS/MINOS+ 2020 = DeepCore 9.3 years (No FC) — DeepCore 9.3 years (No FC)
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Future projects
DUNE, Hyper-Kamiokande, JUNO



LBNF/DUNE

USA, Fermilab >1400 collaborators from ~200 institutions E, = 60-120 GeV
Beam power 1.2 -> 2.4 MW

On axis neutrino beam

Far Detector Near Detector Neutrino Beam Ev~ 1- 6 GeV
‘ L=1300 km from FNAL
Sanford l to SURF, S.Dakota

Underground
Research
Facility

<

Fermilab

>’

.i\t«ammﬁ‘\""% —

=
i

Phase I: LAr TPC 2x17kt modules in late 2020s, ND, proton beam 1.2 MW by 2031
Phase Il: Lar 4x17 kt modules, ND, proton beam 1.2 2> 2.4 MW
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DUNE: CP sensitivity

Staging approach
Sensitivity to 6,

- 7 years data taking

- 10 years data taking

v: VvV =50%:50%

~N

o=\|Ax

True Normal Ordering

- DUNE Sensitivity
12|~ All Systematics
- Normal Ordering

10}-0.4 <sin%,, < 0.6

[ sin®20,, = 0.088 + 0.003

7 years (staged)

10 years (staged)

w—— Median of Throws

1o: Variations of

statistics, systematics,
and oscillation parameters
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| sin®26,, = 0.088 + 0.003
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1o: Variations of

statistics, systematics,
and oscillation parameters
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DUNE Collaboration, 2006.16043

3.5 years, staged exposure

Sample Expected Events
dop =10 dcp = —%
NH IH NH IH
v mode
Oscillated . 1155 526 1395 707
¥ mode
Oscillated v, &1 39 95 53
Oscillated . 236 492 164 396

A.Booth, ICHEP2022

DUNE CPV Sensitivity [l phase Il by 6 years
All Systematics B ehase!

6 Normal Ordering — Startat1.2 MW
50% of 5., values

===+ 4 year ramp to 1.2 MW

Years

21



DUNE: Mass Ordering

DUNE Collaboration, 2006.16043

> 50 discovery

True Normal Ordering True Inverted Ordering for all possible 8, values
0F DUNE Sensitivity S eih 40 LUNE Sensitivity T | after 7 years of data taking
- All Systematics 10 years (staged) - All Systematics 10 years (staged)
35— Normal Ordering = Median of Throws 35[-Inverted Ordering = Median of Throws
- sin’20,, = 0.088 + 0.003 gt - sin?20,, = 0.088 + 0.003 e 35 one e —
B c8, sy! cs, = cs, sys! cs, -
30 -_0.4 <sin’0,,<0.6 s 30 -_0.4 <sin’0,, < 0.6 and oscillation parameters " :l:: ﬂyu:t;n:;::: [ ;E:I. nrl ic;. v;m;“
» N B FIma ng — na s
. - 301 sin20,, = 0.088 + 0,003 s flyy UNconstrained
25 25 — - sin'il,, = 0.580 unconstrained
: o F 25f- : o
. [ H20F - Mass Ordering Sensitivity
L ——— = L
g -_'_ 20 -
r 15 B . "
: r <] -
- 10 15F
5 E.. ..................... 5 : 10 o
S o i i on 2 oy s ves o R TETTETpep— .
09" 208°060402 0 02040608 1 0080604020 02040608 1 L] e
Sce/m Scp/m .
R T T S S S S
Years
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Hyper-Kamiokande

Japan. Project approved in 2020, construction begun in 2021, operation starts in 2027
500 collaborators, 99 institutions, 20 countries

Physics program:

- Search for CP violation
- Neutrino oscillations

- Proton decay

- Neutrino astrophysics

The Sun in Neutrinos

7
L

- Supernova 3% Solar neutrinos

Heutrines - ' o Water Cherenkov detector

71 m (height) x 68 m (diameter)
Total mass about 260 kt

Inner Detector:

20000 50 cm PMTs + mPMTs
Outer Detector:

~4000 7.5 cm PMTs + WLS plates

| JJ-PARC

r\
Super-Kamiokande

Mt.Noguchi-Goro Dake
2,924m J- PARC

Near Detector \
A\

//_’_’_——m ek 31 ,ow_m W
Neutrino Beam
295km
23

Proton decay

Mt.lkenoyama




Near Detectors

- measure and control neutrino beam before oscillations J-RARC beam
- neutrino cross sections 30 GeV
- systematics 1.3 MW
New ND ~1 km from target EXxisting (TZ2K+upgrade) ND at 280 m from target
IWCD: Movable water \ ND280 u Pg raded
Cherenkov detector IWCD INGRID

Magnetized off-axis detector

3D detector SuperFGD:
2x106 scintillator cubes
each of 1cm?3 with

WLS readout

Buffer tank

Control room

3

s

~100 participants from
| N Russia, Japan, US,

Switzerland, France, Spain
~35 from INR, JINR, LPI

Water tank (detector)

/

: IWCD
Neutrino ~1 kt water
Spectra Cherenkov detector

Photocesors:

muli-PMT modules
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Sensitivity to CP violation

Projected HyperK sensitivity to CP violation . Hyper-Kamiokande, arXiv:1805.04163
- 10 years of data taking,
HK 10'yelaj;s (270522 ‘POT 1|:3 VIV) ‘

16 T Sratstes only BEERRRRERRRREE - 1.3 MW beam power — 2.7x10%2 POT

-------------- Improved syst. (v./V, xsec. error 2.7%)
A T2K 2018 syst. (v,/¥, xsec. error 4.9%)

12
10

Expected number of events at HyperK
for v,:v, =1:3 and sinds =0
2300 v, 1300 v,

0 exclusion ( \{AT(Z)

sin(d.p) =
) N B N

Lo

Hyper-K preliminary 2 e s Exclusion of CP conservation
True normal hierarchy (known) cp
sin’(0,;) = 0.0218 sin’(0,;) = 0.528 lAm3,| = 2.509E-3 s — =
~ = ]
E 8o :
Measurement of T 70 ;
O E =
— 30 R F T T T T T . "8 60 = -
8 - 22 True 8, =0° k7 E -
.§° 25E- . |:Tm° Sr =907 ¥ soF =
= f ; = ERRNS =
w 20F “l @ ~19° for N §<) = =
g I I true dcp = —m/2 = —90° ] e F E
‘g-' 15:— N, ‘| @ ~7° for true 6cp = 0 _: g 20 ;— —— Sihiistionasly —;
g 10 :— _: E 10 = _— 0 Ll Improved syst. (v./¥, xsec. error 2.7%)
— - " & v / = e T2K 2018 syst. (v./¥, xsec. error 4.9%)
= o “© bl L L L L L ]
s —— ISI«’mstlcsdmlly . 2% T - 0 . 1 2 3 4 5 6 7 8 9 10
O o= mproved syst. (v./v, xsec. error 2.7% 7 Hyper-K prelimin:
[ eovvemenes - T2K 2|0l8 systl. VIV, xlseo em)lr4.9%) I | I I i TryuI:: nomI;al hieraraguy (known) HK Years (2 .7E21 POT 1:3 V:V)
KO i 2 3 4 5 6 7 8 9 10 sin’(,,) = 0.0218 sin*(8,,) = 0.528 |Am2,| = 2.509E-3
yper-K preliminary .
rue normal hierarchy (known) HK Years (2.7E21 POT 1:3 vV)
sin*(0,,) = 0.0218 sin*(0,;) = 0.528 |Am3,| = 2.509E-3
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Hyper-Kamiokande: Mass Ordering

HyperKamiokande 10 years of data taking Hyper-Kamiokande, arXiv:1805.04163

""""""""" LN I Y IO B B
gy 2im + Beam [True Hormal) cirf 6., =0.4

HyperKamiokande, atm neutrinos

=1
T

—i— Aim + Boam [True Mermal) cirf o, =0.6
—f— 2im + Beam [True Hormal) cirf 6., =0.8
——d— 2im + Boam [True Inwerisd) cinf &, =54

n
T

—if—— &im + Beam [True Inweried) cin’ &, =06

—J— #im + Esam (Trus Invsrisd) Cif e, =08

—

Wag? Wrong Hierarchy Rejection
-

—_—

"\"ﬂf Wrong Hierarchy Rejection
f =%

1F . Atmosphenc Atm + Beam
B i neutrino
uT. Lo bvv v bvvv e bvv v bvvv s b bvrv n b Py a Bl Mass 220 — 3.80
1 2 3 4 5 6 7 8 9 10

Running Time (Years) ordering 490 — 6.20

220 — 6.20

1.6 0 —> 3.60
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I

11 I{ll
TN

20 kt liquid scintillator detector
20k - 50 inch PMT; 25.6k - 3 inch PMT
Baseline 53 km, 650 m overburden

4 April 2024

JUNO: Mass Ordering

Reactor experiment JUNO, China

Chin.Phys.C 46 (2022) 12, 123001

JUNO detects the mass hierarchy directly by the phase shift in the
oscillation pattern in a 20kton scintillator detector. Energy resolu-
tion is 3% at 1 MeV and nonlinearity < 1%

le3
. Reactor v, signal |BD t number (x10°
Onlysolarterm sillIIlIIIIIIlllllllllllllllllllll,\-ll:
ik — Normal hierarchy C JUNO Simulation Preliminary Pt
i —— Inverted hierarchy - 50 —-‘.‘L'-".“'"_ ]
% i i 5: __,-_’.’,—": T ]
= 80_- r io e ]
= | Saf ]
® ek wr
g *°F sin’ 20, <
v N ]
& 40 L Sil'l3 29]3 r — NO: stat, only .
I "o oF — NO: stat.+all syst.
[ b % S C — |0: stat, only ]
20f P | :
2 2 C — |0: stat.+all syst. ]
A'n-” A”'32 ].—|||I||||||||||||||||||||||I|||I||a|IS&|Is||—
L 1l n n | PP EPEP T Y Pes QY ETer ol B Y i "y u 2 4 E B l{:l 12 14 16 la 20
% 1 3 4 5 6 7 8 9 JUNO exposure [yearsx 26,6 GWy,]
Ep, (MeV) /
30 within 6 years of data taking
- Detector construction is ongoing
- Start data taking in 2024 Far future:
JUNO-OVBB
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- Measurement of neutrino mass
- Neutrino nature: Dirac or Majorana
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Neutrino mass observables

cosmology
model dependent
- ACDM

mﬁz\/Z{m}lU.E._,l2 mzzzmi
i

p-decay (kinematic)
model independent

double beta decay

— 2
model dependent mﬁﬁ — | Z m; Ueil
+ |lepton number violation i

+ light Majorana neutrino exchange

Yury Kudenko INR RAS

29



Direct measurement of neutrino mass

KATRIN: measurement of the beta decay end-point of tritium (3H)

A

70 m beam line

\ 4

B.Lehnert, talk at LL Winter Institute 2023

18 (2022) 160
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ﬁ_01+03eV2

pgey oL i g J» L_h (= ok iy e
T o == %
rear windowless T>removal and main spectrometer = & pixel %
section tritium source ‘808 e- transport as high pass filter TR *  Sidet £
{ KATRIN data with 1 o error bars x 50 | | 2 patasets: KNM1 KNM2 ) It 10 o
— I H - electron energy (ke
§10‘ Fit result Date 04-05 2019 09-11 2019
Py 5 Number scans 274 361
m Mg Measurement time ~ 21.7 d 31.0d . .
§ 10 endpoint back;}round ! | Backgroundrate 029 cis/s 0.22 cts/s 5 datasets, 6-fold increase in statistics
] Signal-to-bg ratio 37 9.9 . s -
o Mt projected sensitivity mg < 0.5 eV (90% CL)
— 40 30 -20 -10 0 10 20 30 40
Last result:
‘ _._..ii"IIIL__ Current program will continue through 2025
Nature Physics

Expect to reach sensitivity < 0.3 eV (90% CL)

.my<0.8eV (90% CL)

Yury Kudenko INR RAS
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Perspectives of m,, measurements

KATRIN prospects
2019-2025 2026-2027 2028-2034 (POF-V) Scientific goal

tegral) Phase 2 (differential)
) mass keV-sterile v

Quantum sensor R&D

R&D phase KATRIN ++ M.Shlosser, talk at NuMass2024

MLelll  sensitivity on m; < 40 meV

mass

Quantum sensor demonstrator

‘ Atomic tritium R&D Atomic tritium demonstrator
. .. . S 10°E
Project-8: Cyclotron Radiation Emission Spectroscopy s E
Phys.Rev.Lett. 131 (2023) 102502 R X A
B; ";e > 175 ] N E:E:::ﬂmh é 10° = KAIRNfOW) ~ S
> 1504 1501 0 r
/ w 125 LTI o mv< 152 eV (QOA’ CL) ™ KATRIN (Design) =y
i F ] P I/ | Y __ -
£ 1001 ] e e __# _ _ ¥ _Project 8 Phase IIl T_
€ ¢ 0 1o e jt Projected T O - - - - - - = e
Z > 5] e H .
z | e sensitivity §
: : : ] : ] ; Normal Orderin
10500 ”Ig?congrsféedﬁgggceluisr%g'(elfg)ooo 19500 40 meV I L ..‘g.\l Lo L L
1 ¢B 1 g¢B 1 10 10° 10’ 10*
nyc - = Mass of lightest mass eigenstate (meV)

emy  2rm +E,

4 April 2024 Yury Kudenko INR RAS 31



Cosmology: ), m;

4 April 2024

0.84
TT,TE,EE+lowE-+lensing ——
+BAQ -—
0.82
+Negp -
~ 0.80
= 0.78
Q
oo
— 0.76
0.74
0.72
0.70
Oscillations: Excluded Only NO NO orlO
Yury Kudenko INR RAS

Planck, A&A 641 (2020) A6

Model dependent ACDM

Z m; < 0.12 eV (95\% CL)

10: 2m; ~ 100 meV
NO: 2m; ~ 60 meV

32



Cosmology: Mass Ordering

Normal Ordering ¥ m;%=my; p, + \/mlzl-ght +AmZ, + \/mlzl-ght + |AmZ,| = 0.06 eV

Inverted Ordering Y m;%=my; p; + \/mlzight + |AmZ,| + \/mlzight + |Am2,| + m3, ~ 0.1eV

M.Archiacomo et al, arXiv:2003.03354
EEL - S
5 S 2| S R E ACDM Model upper limit:
23 ST #
&gl &3 8 z m; < 0.12 eV (95% CL)
1g - | E g|
L | I =
> i | . = However, the limit is model dependent
o 195% Planck 2018 i ! 3
£ 0.3[TT.TE.EE+lowE i ! -
0| & 7] i | Robust Ym; < 0.6 eV (95% CL)
No\mglemiﬂw BAO _ E by only CMB for any extension of ACDM Model
Sl | |
"Planck+Euclid (1 o) ! : ESA Euclid: expected 10 sensitivity 0.011 — 0.02 eV
oozt . : o (3-4)o detection of }; m; (NO) may be possible!?
0.001 0.01 0.1 1

Miightest [€V]
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0vBB: GERDA

PRL 125 (2020) 252502
Ge detectors Exposure: 127.2 kg x yr

Ge-76 104

[ |Prorto analysis cuts

% 103 I After analysis cuts
; . Qg E E 2vBP decay (T; ;2 = 1.93 % 10°! yr)
E - h 20y
é 10!
! IIiAll I |"I| IIIIIJ | ||| I |III|I|
1000 1500 2000 2500 3000 3500 4000 4500 5000

Energy (keV)

GERDA 2020

Qpp

- lowest background level achieved:
Bl = 5.2 x 10 *cts/(keV - kg - yr)

- Background-Free regime: < 1 count in

Counts / 5 keV
2
| T III% TTTTIT

=

101 . 2000 2200 Qgps = 0.5 FWHM.
EX - &= Background best fit and 68% C.L. interval g
80 B o %
% 0 B 90% C.L. Ty 5 lower limit (1.8 x 1026 yr) g T(1)1/;2 > 1.8 % 1026)11‘ 90% CL
‘% o | ‘ |mgg| < 79 — 180 meV
| [ I . .

]0_4_| J|H|| 1 ‘I ‘” 1 | IH || 1 | |‘ 1 | 1 1

1950 2000 2050 2100 2150

Energy (keV) ,
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| Ov[33: CUORE

988 TeO, detectors 1 ton -yr TeO- NATURE 604 (2022) 7904 53-58
operating at T=10 mK

= L = E“e C“z e gloo . No peak found at Qg of 130Te
&0 102 B e ac.psp 080 - 1038.4 kg-yr of TeO2
; = Best fit S o . 289 kg-yr of 130Te
— PLgslettubes : T E — 90% CI limit on Ty, H BKa i .
ilution uni - 0 B ound onlv ] . g index:
1 Z 10 ®Co Background only fit 0 o . L | - 149 (4) - 102 counts-keV-"kg*yr-
g % I - 2500 2520 ﬁﬁggrg::(skgv) I
300K > ::" : ml'\u‘ l'
40K ——» 1= W Limit on decay half-life
— = LTy > 2.2 - 10%yr (90% C.1.)
800 MK —> : 1071 ;_ Bound on effective Majorana mass:
Phett 3 = . mgg < (90 — 305) meV
10mK —> -
1A-2le AN
el 10 1000 ”O(}(} %OOO 4000 ‘3(}00 6000
Energy (keV)
- Detector Latest CUORE result [.Nutini, talk at Moriond2024
Total exposure for Ovpp decay search T1/2 >3.8% 102%% yr (90% CL)
Roman
lead 2039.0 kg yr TEOE, mﬂﬂ < 70-240 meV
567.0 kg yr 'Te
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Detector KamLAND-ZEN
Liquid scintillator

[

7
/ __i_u% |
I

| //// ) \\\

fe // jjll TN \\

1
IS O N i 5

\\ \\\ (D38m /// 7
N L L V7

SN
= 7 I//

SRS

s A

745 kg of enriched Xe-136
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Exposure: 970 kg'y Xe-136

a) Singles Data —— Total ¥ Xe Qufp (90% C.L. UL
= Total (el UL) —— Carbon spallation + ¥ Xe

= 104E 15 2080 —— Xenon spallation products
k] Internal R1

E ——— IB/External RI

E —— Solar neutrino ES+CC
= 10?2 + Daw

=

5

-

[ua

100

| It
]
e et SO mimiis

1 2 3 4
Visible Energy (MeV)

b) Long-lived — Total 13 Xe Oup (90% C.L. UL
Data we-=o- Total (e UL) —-— Carbon spallation + ¥ Xe
= 104 1M Xe 20 —— Xenon spallation products
L . Internal R1
E ———- IB/External RI
g o — Solar neutring ES+CC
o 10? _"'II‘ g e —+ Data
= A i
= I L
2 [ T [
- i ! l'|_ i f+ + Jr L
100k e e I
r _Li! . HJ-r-—F_ B -,
= u"_'Tt"_' ﬂﬁ% r—'TL PR P O O e
1 2 3 4
Visible Energy (MeV)
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Ov[33: KamLAND — Zen

PRL 130 (2023) 5, 051801
T, > 2.3 % 102y (90% CL)
g, =127

2
=]
)

L KamLAND-Zen upper limits Te

I
=

100 |

- V
L @ b))

Ln
=

Fredictions

Effective Majorana mass (mgs) (meV)

0 i 1 .....INO. sl L
100 10! 10?
Lightest neutrino mass (meV)

KamLAND-ZEN begins to test 10 band
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Expected sensitivities in about 10 years

KamLAND2-ZEN:
upgrade of KamLAND-ZEN, 1000 kg of Xe,
5yr data taking Ty, >2x10%" yr (90% CL) mgg < (12 — 53) meV

LEGEND-200: T,,, >10%*" yr (90% CL)
LEGEND-1000: T,,, ~ 1.6x10% yr (90% CL) mpg < (8.5 —19) meV

nEXO: 5t LXe (90% 136Xe)
Ty, ~ 1.35x10%8 yr (90% CL) mgg < (5 —20) meV

AMORE-II: Li,Mo0O, (360 crystals, 150 kg)
Ty, ~ 6x10%° yr (90% CL) mpp < (15 — 27) meV

CUPID (CUORE upgrade with particle ID):
Li,19°Mo0O, (1596 crystals, 250 kg)
Ty, ~ 1.4x10%7 yr (90% CL) mgg < (10 —17) meV

Ov[3f3: future prospects

T.0’Donnel, talk at
Lepton Interactions with Nucleons and Nuclei 2023

0 T T T T T T T TTTTI
10 E

= “Current generation™ ]

10—1 ;_ 8y G 1307 _%

10_2 0D _E

“Next generation™ E

10° E

1 —4_ L1l vl |

8.0001 0.001 0.01 01 1

Myine (€V)
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Sterile neutrinos ?

Yury Kudenko INR RAS
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LSND/MiniBooNe anomaly

Light sterile neutrino

3v, NO

por— e Ga anomaly v
3 f 1? W ") W 4 I
€ 3 MiniBooNE & I T
g i - — GALLEX Crl Vi E——
< [ e9% cL 1.1 SAGE Cr
10 & KARMEN2 = - ﬁ.m14 ~ 1 BVE
@ OP/ERk § 1.0
90% CL =
: = 09 ik Nhnne
i 3 \ vy [ L
o 0.8-
10 ‘E’.
[HLsND 90% cL 07 - L :
= GALLEX Cr2 SAGE Ar PMNS matrix
1072 i I \
10° 10® 107 1 LY
Sin*26ey, 2 .
Reactor anomaly [v.] (U, U 62\ U, IlV..] v, || |U.[=sn"6,
2 .
R T 1 T | v | | U U U U | v | ‘Uu4| :511]2824{052814
1.15— 2 3T - | u |_ ul u2 u3 ua _| 2 | n .
118 .83 1L F B: g5 = | = ‘U =sin’8,,-cos’H.,-cos’ B
g B il Al il vl Ju., u, u_. |l | R 34705 P €08 B
g 105 L —F— B 1 i | T | L rl T2 73 T4 L SJ
T == T 3 | ~ 1 T2 T |2
1 pes — LL vo ] U, U, Uy U, ) vl | Pzt =200 = [Ua])
0.95/—
3 2L - - Py, 1= 2Uu2(1 = |Upa?
3 09 d i s el =3 ] . vy—r, — L — ",u4| ( - ",u4| )
- 0.85— o == — Connection between Appearance !
L B 2 )
3333 - ~ NPT 412
S §548 - and Disappearance channels Py, v, = 2|Ues|"|Upa|
0.75— 22ee == -
I l‘ || ! 1 l I3 ) 229 1 229 ) 229
i Distance to Re;gtor(m) ® Sl e = Ebln ee Sl FH
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LSND/MiniBooNE anomaly

PRL 130 (2023) 011801
MicroBooNE, , LAr TPC

PRL 117 (2016) 071801 PRL 125 (2020) 131802 =
E ]
q : | MicroBooNE 6.369x10%” POT
IceCube vu—)v”dlsappearance MINOS: v, — v, Daya Bay, Bugey-3: v, — v, i } 95%0@5
10 \77 —_— Data.,[.nrf)filing .
E W\ = ==« Sensitivity, profiling
101 . ' e 103 ETTTAN T T T T T T [ T O T T T T — r l/ . — = Sensitivity, v, App. only
. ] C 90% C.L. Allowed ,' = =T N
1 102 I [CJLSND 7] :;r 13
] E — MiniBooNE (2018) 1 {3 = g E
| E []Dentler et al. (2018) = 90% CL 3 < -
. 90% CL 10 |- [Gariazzo etal. 2019) 2 LSND/MiniBooNE 101k
e 107 ] — 2 7 E I LSND 90% CL (allowed)
S : LY B N LSND 99% CL (allowed)
“EJ..H : @1 1; ; 10—2 Ll sl Lol AT
C\g : = C ] 107 107 19‘2 107! 1
| E 10 — sin°20,,,
< 0 =] E “H:
1071 : - E
— IceCube 90%CL | ! 107 E sin? 26,.,, ~ L in? 20.. sin® 26
! : = en =7 ee T
90% CL sensitivity Im [ 90%C.L. [CLS} Excluded -
(68% and 95%) : h¥4 N I NOMAD 7
Koppetal 2013) | 2|8 107 E L KARMEN2 E
=== Collin et al. (2016) EE @ r —I'r"IINOS. MllNOS+. Dif_lya Bay alnd BugeyiE | ] POSiti\Ie Signal:
* * — * - — S S Y 1 S W T S N Y1 S N S IO N O T 1 A O s 1
1072 1071 10° 10 10° 10° ; 10 107 : 10‘22 107 1 LSND/MiniBooNE
- 9 : _
sin“26,, = 4|U_,[7|U .
sin” 26y, we = 4lUeqf Uyl Not confirmed by:
MINOS, Daya Bay/Bugey-3
IceCube
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Reactor

Neutrino anomalies: Reactor, Ga

Elector neutrino disappearance

107 :
B Reactor Rates -
M Reactor Spectra ! :
M DB+Bugey-3 |

anomaly

DANSS, NEOS,

PROSPECT, STEREO | |

Daya Bay,

[eV?]

2
41

Am

Solar ="
108 KATRIN
W Callium

arXiv:2203.07214

BEST

L1

Neutrino-4

KATRIN

Bugey-3
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107"+

1072

103 102 10! 1

w9y
sin“24,.

PRL 130 (2023) 011801
MicroBooNE, LAr TPC

Positive signals:
Neutrino-4
BEST

Negative results:
DANSS, NEOS, PROSPECT,
STEREO, Daya Bay/Bugey-3

Yury Kudenko

Future
DANSS and Neutrino-4
- upgrade
- PROSPECT-II
- TAO

2 eVd)

Am

L \
i GALLEX+SAGE+BEST ‘k
20 (allowed) [ A
10 [ Neutrino-4 20 (allowed) ) v
- ] o Z
C 7R
C £
L ( K
L B .
N
. 20 \
1 MicroBooNE 6.369x10” POT \\
E 95% CL, i
[ = Data, profiling
| ==== Sensitivity, profiling
| == Sensitivity, v, Disapp. only
1 0_ 1 1 1 Lol
107 107!
sin®20,,

INR RAS

P.Denton, arXiv: 2111.06793

I 2.40 hint in favour of v;
using MicroBooNE data:
sin? (20,,) = 0.35 + 0.19 -0.16
Am?,, =1.25 +0.74 - 0.39 eV?
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SBL experiments at FNAL

Detector Distance from BNB Target| LAr Total Mass|LAr Active Mass|  5:xiv:1503.01520
LArl-ND 110 m 220t 112 t

MicroBooNE 470 m 170t B0t

ICARUS-TEO0 G600 m THO t 476 t

v, = V. appearance

'.'i
470 m. 86 t 110 m, 112 t I S B oo
600 m, 470 t " . g ) o
,,,,, 10 , [ ciobal 2017
5 [ Gioval 2017 26
B I Giobai 2017 36
I +  Global 2017 best fit
_ — SBN 3o

==== SBN 5o

AM? (eV?)

Booster Beam

EwwmwssssswEEee

-
— A
-

P [ SBN sensitivities assume exposures of
6.60x10°" protons on farget in ICARUS and SBND
13.2x10°" protons on target in MicroBooNE

L
.
.
.
.
e
e
.
M)
.

Global 2017: 5. Gariazzo et al., arXiv-1703.00860 [hep-ph]
1 L

| | Lol T
10 107° 102 10" 1
sin“2 .

Crucial (final) direct test
of LSND/MiniBooNE

anomaly?

ICARUS: commissioning in 2022, took data from Booster and
NuMI beams in 2023
LAr1-ND: will take data in 2024
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Conclusion/Perspectives

Neutrino is a unique laboratory to study Physics Beyond SM

CP violation and Mass Ordering — primarily targets of current, coming and near future
long baseline accelerator and reactor experiments

Direct m, measurement by KATRIN, KATRIN++, and Project8
Mass ordering, Dirac/Majorana - Ov2f3 experiments
Sum of masses, Mass Ordering - cosmology

Sterile neutrinos will be probed in numerous experiments and cosmology

Very exiting physics ahead of us !

4 April 2024 Yury Kudenko INR RAS
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Thank you for your attention

Yury Kudenko INR RAS
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