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Neutrino oscillations and mixing

Standard Model: neutrinos are massless particles

(Ve\ (Vl\ Ui, U, Us)| u parameterization:
3 families vV, | = Uv| U= Uﬂ1 Uﬂ2 Uﬂ3 three mixing angles 0,, 0,; 0,3
v, v, U, U, U, CP violating phase 0.
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v, =] 0 cos,; sind, -sin6g,, cos6, 0 v,
v, 0 -sinf, cosb,, 0 0 1 \v,
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Neutrino physics:
open gquestions

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

neutrinos, cosmology

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

accelerator neutrinos, cosmology
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- Search for CP violation

- Measurement of Mass Ordering
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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
g 0.80.5 o2 1 02 e
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¢, ~ 3x10°

Lepton sector: J.p ~ 0.04xsindp

- Neutrino mass ordering (NMO)

™ Normal Ordering 7 Inverted Ordering B
V3 L&) 5
Vv, A’nﬂ - 10: Zml- ~ 100 meV
nH) | Aml, NO: Zm; =~ 60 meV
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., (IH) Amy,
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V; V3
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CPV and Mass Ordering

New source of CP violation in lepton sector:
—> will open a new path to explain BaU through leptogenesis ?

S.Petcov et al. Nucl.Phys. B774,2007, 1

— : nd M
Type | See-saw model Yp =~ 3x10713|sin 6.p| (S”; 213) (10961eV)
SM + 3 heavy (RH) Majorana neutrinos N,, N,, N, M, = (3-5)x101! GeV
with masses M, << M, < M;,
Leptogenesis takes place at temperatures 10° GeV < T < M,

BAU can be reproduced, if

|sinf@5sindp| > 0.11

Daya Bay: sinf,; = 0.15,if sinécp > 0.75 ‘ [Jep | >0.024
: s = 0v2
Mass Ordering Cosmology (model dependent): E B
NOorlO? Y m; <0.12 eV (CMB + BAO) !
Impact on - close to 10: ) m; ~100 meV
- Cosmology ok
- 0v2p decay 0v2p Cosmology

Direct mass measurement Eﬁperiment: Mgy < 28-122 meV (90%CL) wk
Cosmic neutrino background (CvB) | | Theory10: mg = 20-50 meV

-1
wLightest v mass (eV)1
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Golden channel for CPV search: v —v,

Probability of v —v, oscillation in matter

leading term
Py, — ) |= AcTysTysaasin® Aféjl [1 + _\‘)ﬂlgfl - 25%3}} > 043
+ 83%3512513523{1312623‘305'5 — 512513593 ) COS ﬂ;ﬁi‘Lsin ﬁfgf"isin _\iﬁfl > CP-even
— 83%3013:::235125135235in55111AIEEL.JH_\E;EL 111_\1;?1‘ > CP-odd
+  4sTycia(clachs + 510553813 — 2012€23512503513C080 Jsin” AIIEIQL > Solar
— 8014575555008 ATE?L ;ﬁf. Aféjl (1 —2s75), > | Matter
Matter effect

s, =sin6, ¢, =cos0,

Y / a[eV2]= 2V2G,n,E, =7.6x10°° P[%mJEv Ger]

P, —>v,) mmp a>-a 5>-6

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 Matter effect
— — Il+” _ NO
y _ P(Vy - Ve)—P(Vﬂ _)Ve) ~ AmlzzL - sin 2912 .sind “” 10
acuum T 0T Pw, 5v)+ PV, >v,)  4E, sind, 7
Matter 5 /
B P(vy—n/e) = Y1) rsin20;;  Amy L
Neutrino energy Acp = P +Pp » ~ tan 0-= sin 2012 |Am2 sindgp =+ 2800 km
tuned to oscillation (vu—rve) (Tu—7) lA_4mE31_|L%7r/2 23 13 | M3 |
maximum with atm a

X 1
parameters Ap#=0 > 0,720 — 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

i} SuperKamiokande

Toyama
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Tokyo

: : ToKyo/Né?ita~Airport
: Y,

T2K simulation
vacuum + matter
Acp =-0.28sind +0.09

P i ‘a ¢
. ‘,.-‘ v

Matter asymmetry




EX p e ri m e nt Tz K Far neutrino detector

SuperKamiokande

LBL accelerator experiment

IV,
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T2K: hint of CP violation

V- mode: 21.4x102° POT 35% of 5-p values excluded at 3c marginalized over hierarchies
V- mode: 16.3x102° POT CP conserving values (6-p = 0, 7) excluded at >90%
- T2K Runi1-11 Preliminary
[72] [T = - b ‘
5 T2K + Reactor 0,3 (sin2 26,3 = 0.0861 * 0.0027)
£ o F—— f
e (B el R RERE RARLE"
= - LS L — Normal ordering u
- 25— o
§ 20— 5 P Inverted ordering ]
g -3 : 20:_ 10 CL _:
£ [ —sin’0,,=045,0.50,0.55,0.60 - EJeo%cL .
2 15 —Am§2=2.52x10_3 eV? r E3ocC .
£ PE - Aml = 249107 eV? 15~ [HsocL -
E : O 6 =7 : :
< 14— a 62:=+n/2 - .
- O 85,=0 O Frequentist results =
12— ® O, =-m/2 C ]
I 68% syst err. at best-fit glr .
10__ v Best-fit -
C —6— Data (68% stat err.)
C 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 1 1 1 1 l 1 1 1 0 - c—t—L =l AT
% 20 40 60 80 100 120 140 & = = ° ! S 5
Neutrino mode e-like candidates

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

Normal mass ordering is preferred at 80% CL
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CP and MO: SuperKamiokande + T2K

SuperKamiokande: enhancement of v, in NO; enhancement of v, in 10

P . 1 10
'os
£ 2 .
§ $ s 0.5 SuperKamiokande
; 3 ~0.4 - Atmospheric neutrino

0 N5 sensitive to mass ordering

R, due to matter effect
05 - MSW resonance at ~ 10 GeV
0.1 2
8 ; 2V2GpN E, = Am2,c0s20;3
g 1 10
Energy [GeV] Energy [GeV]

SuperK is sensitive to MO
//TZK\is sensitive to CP

20

T2K Run 1-9 Preliminary
T T T T

[ — Shl\ IV Expan!:ie daéa fit ] 355 ' '_
o W e o W Nomd Joint analysis SuperK+T2K

— Inverted

" I Normal . el e .
; - increases sensitivity to MO

- slightly increases sensitivity to CPV

-2Aln(L)
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CP: Joint SuperK/T2K analysis

Data corresponding to Super-K 2019 analysis

(prior to Gd doping) and T2K 2020 oscillation T2K: 3.6x10%* POT
analysis (no multi-ring far detector sample, older

systematics implementation).

Phys.Rev.Lett. 134 (2025) 1, 011801

A SRR IR R o an Ay R e ~ I . ) SR ' ' TS
g C » e B e TG 1 = Prior uniform in 8., 3
- i 1 2008 J Prior uniform in sind.,
2 - ; 180 ce o —
C SK(+ND) 1 i E E
Two experiments share the same E — o 3 i 160 . . T2 E
detector (SK) - s 20 1 MoE LS =
Samples from the two sources have e 0 e e e i;g; L Marginalized over 3
overlap energy range and among which, - o Nreriiiinene s ’ E b hierarchies E
share similar selection cuts 4F o = 80E- Lo E
* T2K ND can be utilized to constrain the xsec C : ] 60 o » =
uncertainties for samples of the same energy - : n 40 ' i —
range =20 S ] E E
- e - 20__ =
Increase of statistics C e 7 ’ 0E—1 A ST
) ~ L PO AR Bl L S G PSPPI IR B ~0.04 -0.02 0.00 0.02 0.04
035 040 045 050 055 060 065 070 0.75 , :
. 2 Jop = 813613812€12855€2381N8cp
Comparison of the normalized flux of the selected samples Sin 923
o o Lt L) LAl Ly LAAL) LA LA L) L 2 0.2,
% s = T2K FHC 1Re % 0.18] — 72K FHC 1RMU -3 .
s D e SuperK+T2K analysis:
§ oo [| T2KFHC 1Re 1 2, TaKkEHC Ry ; - excludes CP conservation at 2.0c CL
1 3 - prefers maximal CP violation, §,p~ — 1t /2
[ . 0.08 SK Sub-GeV p-like 0-1dcy
“F| [y, SK Sub-GeV c-like 0dey 3 oos 3 - preferred NO at 1.2c CL (about 90%)
- T2K and SuperK have different preference for 6,3
05 1 15 2 25 3 35 4 45 GU 1 2 3 4 5 6 7 L] L] [ .
® e, GV T € (0o and no preference in joint fit
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T2K: ND280 upgrade

Current ND280 = Upgraded ND280

* Improve acceptance for high angle and backward tracks

All new elements installed and commissioned with

* High precision probe of the nuclear effects - reduced systematics neutrino beam. Data taking started in 2024

* Detection of short proton tracks which is very important for T2K analysis
* Reconstruction of the neutrino energy by time-of-flight

* TOF Detector separates background from outside SuperFGD and HA-TPC

SuperFGD:

~100 participants from
Russia, Japan, US,
Switzerland, France, Spain
~35 from INR, JINR, LPI

3D highly segmented

neutrino detector

-mass 2t

- 2x106 optically isolated
1cm?3 scintillators

- WLS readout

Scintillator cube

Upstream ECal

WLS fibers
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T2K perspectives

Upgraded ND280

N — 7 717, T2K will continue data taking until ~2028
'y ¢ .
| o | il /' using >800 kW proton beam
R s oiection Thamber iy with improved systematics due to SuperFGD

o 12 I I L I o | | i L LI L LI | L L] | L L
T =
P [ = 2016 syst. al
.5 10— Improved syst. ]
w I U <SR :
'g - —
s 8 .

-

3] [99% CL e en e gl o s e e eneeeennneannnenn -
9 E: =
0 6— =
0 : il
+ _ i
T =
< O s i sl v s s B
2_ —
_l 1 1 l 1 1 1 I 1 ITI I 1 1 1 I 1 1 1 l 1 1 1 I 1 1 1 | 1 1 1 I 1 1 1 I 1 1 I_

Goal to reduce systematics % 2 4 6 8 10 12 14 16 18 20

in oscillations to ~3% level 2025 Protons on Target (x10?%')
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Neutrino beam

T T T T T T T T L

| * on-axis i
0r__ 7 mrad off-axis
— 14 mwad off-axis
— 21 mrad off-axis

4 6
E, (GeV)
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QMilwaukee

Fermilab

Experiment NOVA

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

Neutrino beam from FNAL to Ash River

Baseline 810 km Protons on target
Eeu;ritnotbeamulfk:nfrad off-.axi::,j S v 26.6x102° POT

ar detector : Iine-graineda calorimeter _
= 7: 12.5x102° POT

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

NOvVA detectors A NOVA cell

4

Chicago™

To APD
Extruded PVC cells filled with [ \

|

11M liters of scintillator ‘ =
instrumented with :
A-shifting fiber and APDs

wo 09st

Far detector:
14-kton, fine-grained,
low-Z, highly-active
tracking calorimeter

32-pixel APD — 344,000 channels
<_
Fiber pairs Near detector:
from 32 cells 0.3-kton version of 4cm % 6.cm
et the same
— 20,000 channels
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NOVA CPV result

Protons on target
in 2014-2023

v: 26.61x10%° POT
v: 12.5x10%°POT

J.Wolcott, Neutrino2024

384 v, 11.3 background

106 v, 1.7 background
181 v, 61.7 background
32v, 12.2 background

21 August 2025

NOvVA

32V.data _
candidates

NOVA Preliminary

1 1T 1|1 rrrrrrrrrrrrrJr1

—NOVA FD L, 1
- 0 . sin“20,,=0.085
| 26.61x 10?° POT-equiv (v) i
L 12,50 x 10°° POT (¥)

2]
o

[8)]
o

Inverted MO
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uo
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a
o
T | T T T T

\ 4

w
=]
t

&
Normal MO o
* Jop= /2 Am,=+2.43x10%eV?

Total events - antineutrino beam

n
o

K Bep=0

NOVA Preliminary

Bayesian Cred. Int.
68% ClI

" Marginalized separately -
over orderings, Normal MO A

. 1 | 1 1 | 1 I 1 1 . L I 1 1 . . { 1 1

[0 8gp=T ™ 3.p=3n/2

¥ 2024 best fit

c. o 1 oy 1y

50 100 150 | 200 250
Total events - neutrino beam

I
181 V. data
candidates

Yury Kudenko

NOvVA data are in the region where
CP violation and matter effect degenerate

INR RAS

22nd Lomonosov Conference
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NOvVA (v + V) prefers:
Normal Ordering

CP conservation
Octants ~degenerate

21 August 2025

T2K and NOvVA: CP and MO

6 = -1t /2 favored

— Large range of values of §
Tz K around +mr/2 excluded at 99.7%

Best fit § =0.821

NOvVA mem) | ExcludelHé=m/2 at>30
Disfavor NH 6 =31 /2 at ~ 20

- T2K and NOvVA continue data taking
- 3 times more statistics is expected

Yury Kudenko INR RAS

22nd Lomonosov Conference

T2K (v + V) prefers:
Normal Ordering

8 ~ —m/2(3") (max CPV)
2"d octant
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1450 m

2450 m
2820 m

IceTo
__— 81 Stations

324 optical sensors

IceCube Array

DeepCore
8 strings-spacin
480 opts

Eiffel Tower
324m

86 strings including 8 DeepCore strings
5160 optical sensors

- g optimized for lower energies
ical sensors —

—

—_

lceCube DeepCore:

Vu

]
IceCube string

®
DeepCore string

DeepCare

R
Comdor

—V

10t / 102

energy (GeV)

» 0,, — Depth of oscillation valley

« Am?,, — Location of oscillation valley

Convolutional Neural Network (CNN), 9.3 years: about 150k events

Am

0.6

| probability

i, surviva

0.3 eV?

== No sterile neutrino
— Amj, =03eV?
— Amj =1eV?

Am, =3 eV?

“'YU'

07
Energy [ GeV |

10"

10!

21
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Normal Ordering 90% C.L.
NOVA 2022 -== MINOS+ 2020
=== T2K 2023 — lceCube 2024
Super-K 2018 (this result)

0.50 055 060 065 0.70

sin?(0;3)

0.40 0.45

INR RAS 22nd Lomonosov Conference

Phys.Rev.Lett. 134 (2025) 9, 091801

Consistent results

in disappearance on
sin*0,3 and Am3,
in NOVA, T2K, SuperK,
MINOS, IceCube
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Future accelerator projects
DUNE and Hyper-Kamiokande
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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 I to SURF, S.Dakota
Underground Fermilab
Research BT e U

¥ .‘-.‘l'".

Facility _

~—
-

e

-
!

'x\:m“m\\h\ﬁ(‘ !
," & ‘\; = =

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

DUNE Far Detector LAr TPC’s

HV !

. . A

On-axis neutrino beam ( \
T — Horizontal drift with 2 central cathodes Vertical drift with 1 central cathode
o | — DUNE (1.2 MW)
S — MINERVA b
s <h —— NOVA
> Ti —
s | BNB (SBND) &
() > ‘|||
g 9 Flux at ND i
= [ il
°
>:i.

Bottom CRPs

e

1 1 1 1 l 1 Ll 1 l 1 1 1 1 I 1 i — L

Field cage

R T R
E, (GeV) ProtoDUNE data at CERN

DUNE:ProtoDUNE-SP Run 5779 Event 12360

100 DUNE:ProtoDUNE-SP Run 5826 Event 83959

—_

200 300
Wire Number

- neutrino flux at 0.5-3.5 GeV by 0.5 GeV/c electron :
- measurements at 15t (2.54 GeV) 56 B -
and 2" (0.8 GeV) oscillation . 25 § S
maxima are possible O ron o .

T -2.50 g
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DUNE: CP sensitivity

Staging approach
Sensitivity to 6,

- 7 years data taking

- 10 years data taking

v: VvV =50%:50%

True Normal Ordering

- DUNE Sensitivity

12— All Systematics

[ Normal Ordering

| sin®20,, = 0.088 + 0.003
10}-0.4 < sin%,, < 0.6

7 years (staged)

10 years (staged)

s Median of Throws

1o: Variations of

statistics, systematics,
and oscillation parameters

/am\ \

H
|

0

7\ 7
A"

-1 -08-06-04-02 0 02 04 06 08 1

Ocp/Tt

True Inverted Ordering

- DUNE Sensitivity 7 years (staged)
12— All Systematics 10 years (staged)
[ Inverted Ordering = Median of Throws
| sin229ﬂ =0.088 +0.003 1o: Variations of
10}-0.4 <sin’6,;< 0.6 SRl Am—_on,
L and oscillation parameters
8
l“>< -
y [ A =
n g : !
- /—\ \ : \
4 —
2
0

-1 0.8-06-04-02 0 0.2 04 06 08 1
Scp/m
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DUNE Collaboration, 2006.16043

3.5 years, staged exposure

Sample Expected Events
dop =10 dop = —%
NH IH NH IH
» mode
Oscillated v, 1155 526 1395 707
r mode
Oscillated 1, 81 39 95 53
Oscillated . 236 492 164 306

A.Booth, ICHEP2022

7

 DUNE CPV Sensitivity [l phase Il by 6 years
- All Systematics B rhasel
—Normal Ordering Start at 1.2 MW

[ 50% of 5, values
L ===+ 4 year ramp to 1.2 MW

llll'lllllll lllllllll

Years
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DUNE: Mass Ordering

DUNE Collaboration, 2006.16043

v:v =1:1
> 50 discovery
True Normal Ordering True Inverted Ordering for all possible &, values
0F DUNE Sensitivity 7 yoars (taged) 0 DUNE Sensitivity 7 yoars (taged) | after 3 years of data taking
- All Systematics 10 years (staged) All Systematics 10 years (staged)
35— Normal Ordering == Median of Throws 35 Inverted Ordering == Medien of Throws
: 8i"zzelil = 0.088 £ 0.003 :‘:;rhﬂons :naﬂ 8‘"229‘3 =0.088 £0.003 :.:"Vl:hﬂont:m 120 LANNLL  F Y LL  B
5 cs, syst IcS, stics, sys cS, = . . —
-_0.4 < sirl2(~)m <0.6 i Gaaliaa P 30 0.4< sinzem <06 and oscillation parameters 5 105 Z_ DUNE Simulation —— MO Sensitivity _:
: Z [ Al Systematics ]
251 25 ? 9.0 Normal Ordering ]
- = L 100% of 6¢cp values 7
- [ F20 e 750 -
/ - Q eok £
: 15 g z
5 " g “oF E
5 O aof ]
: o 30F .
E 7] E .
5 frmeees s s s st st essesenaseenes 5 g 15 C =
B - FD3 -]
0' ] ] ] ] ] ] ] ] ] ] 0 P v b v vy v oy 5
1 -0.8-06-04-02 0 0.2 04 06 08 1 1 08-06-04-02 0 02 04 06 08 1 0 1 g 3 4 5 6
Scp/m e/ Years
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Hyper-Kamiokande

630 collaborators, 99 institutions, 20 countries

The Sun in Neutrinos

£
L

S*ugernova |

| e 2 Solar neutrinos
-neutrinos. - - M e ~

Proton decay

'
1

Mt.Noguchi-Goro Dake
2,924m

Japan. Project approved in 2020, construction begun in 2021, operation will start in 2028

Physics program:

- Search for CP violation
- Neutrino oscillations

- Proton decay

- Neutrino astrophysics

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

Near Detector \

25




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 Existing ( T2K+upgra1de) ND at 280 m from target
N\
IWCD: Movable water
Cherenkov detector IWCD INGRID \ ND280 upgraded

Buffer tank

Control room

Water tank (detector)

Plt water

/
Neutr ~1 kt water
eutrino : :
spectra Cherenkov detector Neutrino o_n/off axis Magnetized off-axis near detector
Photocesors: beam monitor

muli-PMT modules
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Sensitivity to CP violation (I)

Projected HyperK sensitivity to CP violation : Hyper-Kamiokande, arXiv:1805.04163
- 10 years of data taking,
HI 10 years (70822 POT 13 v3)

T ey - 1.3 MW beam power — 2.7x10%2 POT

[ eeesmccannaen Improved syst. (v./V, xsec. error 2.7%)
T —— T2K 2018 syst. (v,/V, xsec. error 4.9%)

0 exclusion ( \/TXZ )
N

E : Expected number of events at HyperK
a E for v,:v, =1:3 and sino., =0
< 2300 v, 1300 7,
I I R T ;

Exclusion of CP conservation

True normal hierarchy (known)
sin’(0,5) = 0.0218 sin’(0,;) = 0.528 lAm3,| = 2.509E-3

= SR I T T T T T T T =
S = Z]
Measurement of §p $ spEse
- o
o~ 30 S Bl e e T = ?m 70 :_ : :
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True normal hierarchy (known) HK Years (2.7E21 POT 1:3 v:v) sin’(0,) = 0.0218 sin’(6,,) = 0.528 |Am2,| = 2.509E-3
sin(0,,) = 0.0218 sin*(0,;) = 0.528 |Am3,l = 2.509E-3
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Sensitivity to CP violation (I1)

Hyper-Kamiokande, arXiv:2505.15019

Current T2K result Projected Hyper-K result after 10 years data taking

w 26 T2K Runi-11 Preliminary 5 2600
o - L C
s S il Y
% 24— g 2400 = oy
o — S C
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o 22— 2 = -
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o 20— n o C
O — AN o] -
g e g 18001
o 18— -2 2 C
= C  ——sin"0,,=045,0.50,0.55,0.60 E 1600— —sin’® =045, 0.50, 0.55. 0.60
=3 IE 2 -3 2 = 523 _3 5
2 e~ e salxll aVE 3 E —— AmL = 2.52x107 eV
£ - ----Amj = -249x107" eV £ 1400— ———-Am;: —2.49%10°° eV2
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2 uE SesTha B - Qe

- . 1200— m §,,=+n2

L 0 3,=0 - O 8.,=0

12 @ dg=-ni2 1000— o & ——nn

i R CP

C 68% ) et best-fit - 68% syst err. at best-fit for T2K syst. Ref.[4]

C v Best-fit 800 — ) - ]

10— Data (68% stat - 68% syst err. at best-fit for Improved syst.
- —6-Data (68% stat err)) - —o— Best-fit (68% stat err.)
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Hyper-Kamiokande: Mass Ordering

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

---------------- LN Y O B
gy 2im + Beam [True Hormal) cirf 6, =0.4

HyperKamiokande, atm neutrinos

(=1
T

——— 2im + Boam (Trus Hormal) cirf o, =0.6

—fl— 2im + Bsam (Trus Mormal) cirf o, =0.8

——d— Aim + Beam (Trus Inveried) cinf &, =54

n
T

——ii—— &im + Bsam (True Inveried) cin’ &, =36

= &im + Esam (Trus Inverisd) GIF e, =38

Wy Wrong Hierarchy Rejection
&=

f—

"\".ﬁf Wrong Hierarchy Rejection
f =N

—_—

1F . Atmosphenc At + Beam
u - neutrino
ul_l | 1 1 1 1 | 1 1 1 1 | 1 11 1 | | | | 1 1 1 1 | | | | | | 1 1 1 1 | 1 11 1 | I_I MaSS 2.2 O- > 3-80-
1 2 3 4 5 6 7 8 9 10

Running Time (Years) ordering 490 > 6.20
220 » 6.20
l6c —T> 360
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HyperK cavern

Excavation of world’s largest man-made cavern
94 m total height

69 m diameter
completed in July 2025

https://www-sk.icrr.u-tokyo.ac.jp/en/hk/

600 m underground

& S i

Kok Oty % (e o Gy Resac),The vy o Ty
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Light sterile neutrino ?

| Ga anomaly 3v + 1vg
LSND/MiniBooNe anomaly
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LSND/MiniBooNE anomaly

IceCube: v —v, disappearance

PRL 130 (2023) 011801
PRL 117 (2016) 071801

o PRL 125 (2020) 131802 MicroBooNE, , LAr TPC
o : | MicroBooNE 6.369x10% POT
1 MINOS: v, — v, Daya Bay, Bugey-3: v, — v, i } ST,
- 10°% S 10 \ 77 = Data, profiling
Z F X% = === Sensitivity, profiling
N\Q 10° UL IR RLL LU B AL B BT R ARIL B L — 5 l/ — = Sensitivity, v, App. only
5 C 90% C.L. Allowed 3 = I N
107"t "~ [DLSND ] = IF
107 E Z MiniBooNE (2018) o E B
E [ Dentler et al. (2018) 90% CL 3 = _
10 & [[]Gariazzo et al. (2019) LSND/MiniBooNE 10
—2 E =
10 F ~ o E I LSND 90% CL (allowed)
&; 1 __ __ LSND 99% CL (allowed)
11 years of data taking, PRL 133 (2024) 201804 L 3 07 2 1(;‘ ' 10'2 : 10'1 B
o - B = 49
100.0 ;1 107 = 3 sin”26,,,
Sensitivity (99% CL): ! F e
— Median 120 = T 7 9 1 9 2
100 a 10 3 E sin® 20, ~ 75in 20 sin” 20,
. E 90% C.L. (CL,) Excluded 3
= 3 [ —NOMAD ]
- Result: 10 = --- KARMEN2 = T -
¥z 1o 4 * Bt Fis |  —MINOS. MINOS:, Daya Bayand Bugey 3 % 3 Positive signal:
N e 0 —4 IMERIN L L1 L1 L il L 111t L 111 L1110
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" ] in226,, = 4JU_,FU P
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S 24 .
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absence of sterile neutrino: p=3.1% , no-zero fit significance: 2o
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SBL experiments at

Short baseline neutrino program at FNAL

FNAL

arXiv:1503.01520

Detector Distance from BNB Target| LAr Total Mass|LAr Active Mass
LArl-ND 110 m 220 t 112 t
MicroBooNE 470 m 170 t 20t i
ICARUS-T&O0 600 m TG0 t 476 t i
10
110 m, 112 t -
600 m, 470 t 7 — i
1

Booster Beam

-"".--"-’-..-ﬂ...

"..; v, = v, appearance
R [ s s
. ’ [ isnoos
“ [ clovar 201716
[ ciobal 2017 20

I Giobal 2017 3
+ Global 2017 best fit
—— SBN3o

===« SBN 5o

SBN sensitivities assume exposures of:
660510 protons on target in ICARUS and SBND
13.2::10% protons on target in MicroBooNE

t-.
-
..
v
.
.
.‘
.
Y

Global 2017: 5. Gariazzo et al., arXiv:1703.00860 [hep-ph]
I L L1 I 1 Ll L.l I

ICARUS: commissioning in 2022,
took data from Booster and NuMI beams in 2023

LAr1-ND (SBND) collecting data since 2024 Crucial (final) direct test

of LSND/MiniBooNE

anomaly?
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JSNS2-JSNS?-11 at J-PARC

Proposed in 2013, data taking begun in 2020

arXiv:2012.10807

Short-pulsed 3GeV, 1 MW 3 GeV proton beam, 25 Hz repetition rate at J-PARC
Detector: gadolinium (Gd) loaded liquid scintillator (LS).

JSNS?/JSNS?-11 will be able cover the full
LSND parameter range in coming years

MLF building (bird’s view)

/ ll"l'.l,vr y - el
: —10%
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P T T pnpu (JSNSZ, JSNS?II near detector) a E MLF 36
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4l 4.0mheight, 120 10” PMTs) E ol R [ OPERAZ019(NED) 90°%C.L
. C
3GeV pulsed K
Detector @ g proton beam 1 i i
outside of MLF L > R R e F
{4825 o Vgl /7/7)' Searct.nng for neutrino oscillation : v, > v, with C
.................... *4 baseline of 24m (near), and 48m (far) i
(JSNS2-I1: o f : ‘ 1071k 5 e —— e
far detector) £ | | S | = B
32t GdLS fiducial C '
I 'E —
(6.2mdia. x E vfc‘,vers the S F . :
- = - = 6.9m (h) m‘:r * ng,ba'f“ Tdicgted —2 1 L1 11111 | L1 1111l | 111 ‘I\I.Tii 1 L1 11111
T es ~22010” PMTs ; 1 18) ‘region nicely. 1 0 _3 _ —
) -el'" "7 % e “1’0‘ 10° n:' 10" e 104 10 10 2 10 1 .2 1
- sin°20
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@5 Conclusion/Perspectives

Neutrino is a unique laboratory to study Physics Beyond SM

CP violation and Mass Ordering — primarily targets of current and near future LBL
accelerator experiments

Current CPYV status:
T2K - hint on maximal CP violation
NOvVA - CP conservation (NMO) maximal CP violation (IMO)

Individual experiments tend to favor Normal MO

Hyper-Kamiokande and DUNE will start exiting measurements of CP and MO
in a few years

Sterile neutrinos (LSND anomaly) will be probed at FNAL and J-PARC in near future
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CP violation in lepton sector = BAU?

xplain non-zer Baryon Asymmetry . g
SMc§nnote pla on-zero y. y Yy L Yy ="2 — (6.21 4 0.16) x 10-10
neutrino mass of Universe (BAU) ny
See-saw model . ng e
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
L")
- Y o~ |J (m2 — m2)(m? — m2)(m? —m2) (mi —m?)(m? — m3)(m] —m3)
87| M (27)°
~10 orders below BAU value
ee-saw model produces BAU
2 by leptogenesis mechanism M. Fukugita,T. Yanagida, 1986
Mp m, ~100 GeV
m, =~ —— D

" M, v,> Mg <10 GeV

N; decays EEEEE) lepton asymmetry s, mmmm) partially transformed into BAU
lepton asymmetry from N, decays &, must be > 106

Baryon Asymmetry < Neutrino Physics ??
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CPVin PMNS &= CPV in Leptogenesis ?

Type | See-saw model
SM + 3 heavy (RH) Majorana neutrinos N, N,, N,
with masses M, << M, < M,

Leptogenesis takes place at temperatures 10° GeV < T < M, Yg =~ 3 X 10713|sin §,p| (Sin913) ( My )
0.2 10°GeV

0.02

S.Petcov et al. Nucl.Phys. B774,2007, 1
S.Petcov et al. Phys.Rev. D75, 2007, 083511

BAU can be reproduced, if | [sin83sind.p| > 0.11

Normal Ordering

Jcp

sin,; = 0.2

~0.02

» Daya Bay: sin@,; = 0.15 ,if sinéc.p > 0.75 ‘ |Jcp | >0.024

0. |

115 -1 -105 -100 -95 -9
Log,, Yz
141073 — 5.105L [ms=0.01ev
$12.505 12 0.59 10

U.Patel et al. JHEP 03 (2024) 029 - m, depends on 8.p S - Efiiﬁifi
Left-Right Symmetric ‘ - O¢p 1s the prime source of | . g
Model with double seesaw lepton asymmetry €, and Y, | .-

0

N
3

1.5m 2n

S(radians)
& (radians)
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Neutrino Mass Ordering

. R 0v2p
Mass Ordering s E
NO or10? ¥ oL
Impact on
- Cosmology
B OVZIB decay 102 <— Cosmology
- Direct mass measurement i
- Cosmic neutrino background (CvB) B —
Detection of CvB v +3H — 3He + e= A..longetal. 1405.7654
Cosmology (model dependent): 00 T aconer | e :
Y m; <0.12 eV (CMB + BAO) = close to 10: Y. m; ~100 meV ' Man =00OLEV AT Project PTOLEMY:
- 1 -100 g (1 Mci)

of Tritium
- Detection of
relic neutrinos
- 10 event/year

ov2p
Experiment: mg; < 28-122 meV (90%CL)
Theory 10: mg; = 20-50 meV

di'/dE, [yr'ev' |

0.06
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NOVA MO and CPV

NO preference 87%

J.Wolcott, Neutrino2024

CP conservation:
- favored for NO

NOVA Preliminary

- Bayesian Cred. Int. T
~ With 2D Daya Bay constraint T } - excluded at >30 for 10 _
0.06|- Y = — NOVA Preliminary
i Inverted | Normal | — — I
Ordering Ordering 0-025F Bayesian Cred. Int. Marginalized jointly -
i T T -o? - With 1D Daya Bay constraint over orderings 7
| 2 002p Both MO o
.04 - [} . —— .
o _ D 00151 i ] = Inverted MO --25 ]
i ) ’ ==Normal MO -- 30 1
i § 0.01
0.02 - 8
4 g 000 CP conservation
2 Both MO [-Ft -
0=—=% 25 -24 23 53 24: 25 28 Inverted b o= - -
AmZ, x10° eV Normal [ b
0 L T 3 2n
2
SCP

- Weak preference for normal ordering
NOvA =—» |- No CPasymmetry observed for NO
- CP conservation excluded at >30 for IO
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