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Neutrino oscillations and mixing

Standard Model: neutrinos are massless particles

(Ve\ (Vl\ Us U, Uzl u parameterization:
3 families v, |=Ulv| U= Uﬂl Uﬂ2 Uﬂ3 thre.e mi>.<ing angles 6,, 0,; 0
v v, U, U, U, CP violating phase 0.
Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix
atmospheric link between solar
atmospheric and solar /o
X o
v, 1 0 0 cos6,, sinf, 0} v,
v, |={0 cosb,; sinb, -sinf,, cosf,, 0| v,
V. 0 -sinf, cosl,, 0 0 1 \v,
SuperkK, K2K, l D .
T2K aya Bay, RENO Solar experiments, SuperK
MINOS, T2K, NOvA l Double Chooz KamLAND
(" )

0,5~ 8.5°

0,,~450 0,,~ 340

| Am3, |=| Am3, | = Am;, = Am’, ~7.5x107eV’

2 2 2
Amij =m; —m;

|Am’, |~ 2.4x107eV?
— S Ay Ay +Am =0 [
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Neutrino physics:
fundamental questions

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,,5INd ., 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 hierarchy Inverted hierarchy

V3 Vs 5
v . 10: X ~ 100 V

L - O m oy iome

NH

(e A, NO: Zm; ~ 60 meV
IH 2

., (IH) Am,

2 2

Amy,
V; V3
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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
mp
See-saw model produces BAU
2 by leptogenesis mechanism M. Fukugita,T. Yanagida, 1986
Mp m, ~100 GeV
m ~~-—- D

M, v, > My < 10" GeV

Np 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
. . S.Petcov et al. Nucl.Phys. B774,2007, 1
SM + 3 heavy (RH) Majorana neutrinos N;, N, N, S.Petcov et al. Phys.Rev. D75, 2007, 083511

with masses M, << M, < M,
' 9 — : ind M
Leptogenesis takes place at temperatures 10° GeV <T < M, Yg =~ 3 x 10713|sin §p]| (sm 13) ( 1 )

0.2 10°GeV

he BAU can be reproduced, if | |sinf,3sindp| > 0.11

Normal Ordering

50
sin,; = 0.2 '
~0.02
» Daya Bay: sin@,; = 0.15 ,if sinéc.p > 0.75 ‘ |Jcp | >0.024
0. |
115 -1 -105 -10 -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, | .-

S(radians)
& (radians)
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Neutrino Mass Ordering

] R 0v2p
Mass Ordering -
NO or10? ¥ oL
Impact on
- Cosmology
) OVZIB decay 100l <«— Cosmology
- Direct mass measurement :
- Cosmic neutrino background (CvB) B —
Detection of CvB v +3H > 3He + e© AJ.longetal. 1405.7654
Cosmology (model dependent): 00 T oo ] :
Y m; <0.12 eV (CMB + BAO) = close to 10: Y. m; ~100 meV ' Mun SOOIV 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

16 okTAbpa 2025 Opwuit KyaeHko nAn PAH HUNAD MTY 8



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
813573524008 ATE?L ;ﬁf. Aféjl (1 —2s75), > | Matter
Matter effect

s, =sinf, ¢, =cos0,

/ / dlev?|=232G,n.E, =7.6x10° p[‘% }AEV [GeV]

PV, —>v,) s a—>-a 556

change sign for NH —» IH
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Vacuum =——p [A.,

Matter

Neutrino energy
tuned to oscillation
maximum with atm
parameters

16 okTAbpa 2025

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

_P(v,>v,)-PV,—>V,) Am]L sin26,

= - — = sin o
Pv,—>v)+Py,—>v,) 4E

siné,,

v

Matter effect
Il+” _ NO
ll_II _ IO

/

A _ P(V;,t —Ve) (V;t_ﬂfe) 7T sin 2912 Am%l
CP = ~ - :
P(Vlu—We) + P(vﬂ—we) |A:1§1|L _— tan 653 sin 26013 |Am§1 |

|

SInocP + 5550 Tm

Ap#0 > O,#20 — CPviolation

Sensitivity to CP phase increases using the value of 0,; obtained in reactor experiments

HOpwuit KyaeHko NAN PAH HUNAD MTY
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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

o d

‘Ka'rhiokawne T S == S LI

v

Tokyo

: : ToKyo/Né?ita~Airport
: Y, -

. o

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,
4 g

Off-axis detector o ol ‘: Far Detector
% . (SK)

Targe
&Homs odt ipe B [I — =  [fOn-axis dstgctor (INGRID)

Muon monitor Near Dedector

—

’ 295 km

120 m 280 m

Off-axis neutrino _ ) .
beam Neutl;llrll;) monitor Off-axis
ING near neutrino detector

T
\ul"l&)“: 1.0
Am},=24x10"eV?
) L =295 km
t 1

—0A2S5°
— 0A00°

P(v, > v,)
2

uuuuuu

3

E, (GeV) i -
tOpuin KyaeHko NAN PAH HUNAD MY 12

L
1
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T2K: hint of CP violation

V- mode: 21.4x102° POT 35% of 6.-p values excluded at 30 marginalized over hierarchies
V- mode: 16.3x102° POT CP conserving values (6p = 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 22[- % T[T2KRunl-I1 Preliminary ' 1
= - 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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Mass ordering: SuperKamiokande + T2K

SuperKamiokande

0.6

0.5 SuperKamiokande

804 - Atmospheric neutrino

L5 sensitive to mass ordering
due to matter effect

- MSW resonance at ~ 10 GeV

2V2GpN E, = Am2,c0s20;3

Cosine Zenith Angle
Cosine Zenith Angle

2 0.2

0.1

0

Energy [GeV]

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

20

T2K Run 1-9 Preliminary
A e e B e e B e L i o e o e

[ = SKI-V Expande data fit ] 35F =

30 f_ — Normal

Joint analysis SuperK+T2K
- increases sensitivity to MO
- slightly increases sensitivity to CPV

15 | [ \nverted
C [ Normal

— Inverted

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

Data corresponding to Super-K 2019 analysis : 21

(prior to Gd doping) and T2K 2020 oscillation T2K:3.6x10% POT Phys.Rev.Lett. 134 (2025) 1, 011801
analysis (no multi-ring far detector sample, older

systematics implementation).

LA L e B B B B 7 T L L B L 7 ———T

Two experiments share the same & i\ T T E Z 20F 3

© . — SK + T2K . 'z E Prior uniform in § =

detector (SK) - s . £ 200F lor untformin Oc, - 3

Py —_ ] Z E J Prior uniform in sind, 3

Samples from the two sources have - SK (+ND) 1 5 180F ce o =

overlap energy range and among which, C _— . T 160 1 e 26 =

share similar selection cuts e e 20 = Z 400 SRR T 36 E

- . - i [a W E 1 1 -

* T2K'ND can be utilized to constrain the xsec u u 1206 v =

uncertainties for samples of the same energy L . T B 100E- . Marginalized over E

range - . E po hierarchies E

Increase of statistics -1 = 80E- Lo E

C ] 60 ' i =

- ' -2F ] 40 ; : =

Comparison of the normalized flux of the selected samples o 7] = =

2 0.3 2 0.2 - .. - 20__ -

: —rmee g o o B | = 0 PN kil L DG IS S PR T PETE = 0=t —— Y
5 0% T mesemtet { ote { 035 040 045 050 055 060 065 070 075 —0.04 —0.02 0.00 0.02 0.04

E 02 T2K FHC 1Re 3 E:: T2K FHC 1Ry 3 sir12973 Jep = 815013812€1282565351Mcp

1
e

o
o
=4
o
o

04

SuperK+T2K analysis:

- excludes CP conservation at 2.0c CL

- prefers maximal CP violation, §.p~ — 1 /2
- preferred NO at 1.2c CL (about 90%)

SK Sub-GeV e-like 0dcy

o
o
&

g
o
5

0.05|

o
o
)

% 05 1 15 2 25 3 35 4 45
True E, (GeV)
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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

A
Scintillator cube —— | S— S —
72 3

[
s

Upstream ECal

WLS fibers
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T2K perspectives

Upgraded ND280
T2K will continue data taking until ~2028

W —— 7
\ o o : wl= ‘ & using >800 kW proton beam
g} ' with improved systematics due to SuperFGD

| true (hierarchy, dcp, sin” fa3) T2K with RC: Full Syst. |
(NH, —m/2, 0.561) Unknown Hierarchy

FHC:RHC ratio

NH, —7/2, 0.45) - _

(
(IH, =7/2, 0.561) 01 1:3 111 31 10 oo
(NH, —7/4, 0.561)

—_
DO

r—l
-
I

Qo
[

| 99% C.L.

s

Ax? to exclude sin dcp = 0
(@)

DO

— 1 b e l!l =
Goal to reduce systematics

. N a0
in oscillations to ~3% level Statistics [POT] %1021

-
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Experiment NOvVA

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

msmm—— - o 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

QMilwaukee

Fermilab NOvVA detectors A NOVA cell
2

Chicago™

To APD
Extruded PVC cells filled with [ \

|

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

Neutrino beam

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

wo 09st

Far detector:
14-kton, fine-grained,

Ty low-Z, highly-active
tracking calorimeter
32-pixel APD — 344,000 channels
—
: g Near detector:
Fiber pairs e
from 32 cells 0.3-kton version of dcm % 6cm
0 — the same

8 10 — 20,000 channels

4 6
E, (GeV)
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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

16 okTAbpa 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
AmE,=-2.47x10%eV?

uo
sin®6,,=0.54

a
o
T | T T T T

\ 4

w
=]
t

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

Total events - antineutrino beam

K Bep=0

n
o

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

Opwuit KyaeHko

Data are in the region where
CP violation and matter effect degenerate

NAN PAH

HUNAD MIY

[s¢]
QY]
D
A
=
7}
0.4 — NOVA 2024 — - NOvA+T2K (2020) 7
—— NOVA 2020  ----- T2K 2022 i
-= T2K (2020) + SK (IV)
PR TR S I T ST SN S NN SN S S SR SN SR S S S
0 e n 3n 2n
2 2
6CP
10 NOVA Preliminary
| Bayesian Créd.Int. ' Marginalized Separately
L 68% ClI over orderings, Inverted MO
0.6 _
2]
cC\J
(?'g 05 —
0
0.4 | —— NOVA 2024 — - NOVA+T2K (2020)
[ —— NOvA2020 - T2K 2022 i
[ - - T2K (2020) + SK (V)
£ PR [ S S ST S NS SR ST ST SR N SR SR S S
0 I n 3n 2n
2 2
8CF’
19




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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CP and MO: T2K and NOvVA

o T2K Runi-11 Preliminary ————— N(IDVA I?Irellimlir?ar'y
é 245_ " = * :_;I;_)(‘;?XF‘IIDOZD POT-equiv (v) sin22613:0.085_i
6 =-1r/2 favored :F N S | 12:50 x 10 POT () i
T2K === | large range of values of & £ = 2%  mveneamo g
o o - .. = B AME,=2.47x Sev? i
around +/2 excluded at 99.7% £ \\ 5 | ]
2 oF in’8,. = 045,050,055 \'ﬂ-‘\\x ) = a0l . YO ]
et 508 E B it \ N o \i w084
estrl = 0.1 2 OF e A= 249x007 eV ) A —__ .
c - 0 dp=T7 E = = .
NOVA === | excludelO 6= /2 at > 30 ) B S %o | ¥‘\\ 7]
DiSfavor NO 6 = 311:/2 at ~ 20- 12:_ * 2(81:}75;[:1;1;.[ best-fit g : Normal MO Z
1o ¥ Bestdit ‘ — 20__D 8op=0 ® Bgp= w2 AM2,=+2.43x10 e V? a
E -e-l)lﬂm (68% smllcrr.) | | | | :n SCP= T 0= SCP= 3n/2 14 2024 best fit :
L R R - T, RN R T 56T 580 |'2éo' )
Neutrino mode e-like candidates Total events - neutrino beam
Features/sensitivities T2K NOvA
Proton beam 30 GeV 120 GeV
NOvVA (V + 7) prefers: Baseline 295 km 810 km T2K (V + V) prefers:
Normal Orderlng Peak neutrino energy 0.6 GeV 2 GeV Normal Ordserlng
P conservation ~— s
((; S€ d atio Detection tech FGD and Water Cherenkov | Segmented Liqg scin. bars o 11'/2( 2 ) (max CPV)
ctants ~ egenerate nd
CP effect 32% 22% 2"¢ octant
Matter effect 9% 29%

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

Possible explanation: matter non-standard interactions (NSI) Chatterjee and Palazzo, arXiv: 2008:0416, PRL 126 051801 (2021)
SM SM + NSI (&)

0_70: — T T T | T T T T ] T T T T ] T T T 1 ] 0‘70_ — T T T T T T T T T T ]
- g T2K NO 1 : T2K NO J
0.65F NOvA E 0.65p S NOvA E
T2K: short baseline, 0.60E E - ]
Ocp is independent on NSI TE » 060 =
cn - e o // .
X! 0.55 E_/ 1 & 0.55 ?‘ y -
NOvVA: larger matter effect, | o - 1 & . // 4
Ocp is affected by NSI z 0-50F E ‘7 050 E
0.45F = 045F e E
of E 3 E
0-40F  68% & 90% CL 2 dof 1 9 [ee, = 0.13, ¢, = 1.357] ]
0'35 u PR [ W W TN TN NN SN SN SN S N ] 0.35 [ TN TR TN NN NN TN TN NUNN S NN SN TR NN S NN SN S N R

.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0

ocp/m Ocp/m

No change in T2K allowed region <+ NS| — Strongly modified NOvA regions
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1450 m

2450 m
2820 m

IceTo
_— 81 Stations

324 optical sensors

IceCube Array

86 strings including 8 DeepCore strings
/ 5160 opiical sensors
.
.

DeepCore
8 strings-
480 optical sensor:

Eiffel Tower
324m

spacing optimized for lower energies
s ———

]

J.P. Yanez,

0.6

| probability

i, surviva

)
IJ.S-A

Am

0.3 eV?

— Amj, =03eV?

No sterile neutrino

Amj, = 1eV?
Am, =3 eV?

“'YU'

]l‘l" I(‘)‘
Energy [ GeV |

16 okTAbpa 2025

]
IceCube string

®
DeepCore string

DeepCare

R
Comdor

Normal Ordering 90% C.L.
-== MINOS+ 2020

IceCube 2024
(this result)

NOVA 2022
--- T2K 2023
Super-K 2018

Opwuit KyaeHko

0.45 0.50
sin?(6,3)

NAN PAH

0.60 065 0.70

HUNAD MIY

IceCube DeepCore: v, = v,

A.Kumar, EPS-HEP 2023

)
10t J 10?
/ energy (GeV)

» 0,, — Depth of oscillation valley

« Am?,, — Location of oscillation valley

Convolutional Neural Network (CNN), 9.3 years: about 150k events
Phys.Rev.Lett. 134 (2025) 9, 091801

Consistent results

in disappearance on
sin*0,3 and Am3,
in NOVA, T2K, SuperK,
MINOS, IceCube

23



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 l to SURF, S.Dakota

Underground
Research
Facility

=~
-

Fermilab

.
o o

¥ 1.“".,--

S

-
!

'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 features

DUNE flux at ND

v, /cm*/GeV/year (x 10'%)

/I
Ll T T T T Ll I T T T I T T 2 il
: /— DUNE (1.2 MW) {
i\  — MINERvA

—— NOVA
— BNB (SBND)

Near Detector

Flux at ND -

8
E, (GeV)
Neutrinos s, = -n2 Antineutrinos Wse.=
1285 km .8 =0 1285 km .8 _
Normal Ordering cP Normal Ordering =
Sep =2 Scp =
2nd 1st

1 2 3 4 5678
Neutrino Energy (GeV)

16 oKTAbpAa 2025

2nd

530 1 2 3 4 &5 678
Neutrino Energy (GeV)

Near Detector:
- ND-LAr

- Movable Temporary Muon

Spectrometer (TMS)
- On-axis monitor: SAND

Opwuit KyaeHko

NAN PAH

HUNAD MIY

Far Detector

4th module

Phase-Il Phase-|

3@ module

> : N 1st module
B i

Y
~

2nd module

b
="

v

Phase I:

Two 17 kt (10 kt fiducial) LAr TPC FD modules:

one Vertical Drift + one Horizontal Drift

Phase ll:

Four 17 kt (10 kt fiducial) LAr TPC FD modules
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D U N E : C P Se n S itiVity DUNE Collaboration, 2006.16043

Staging approach 3.5 years, staged exposure
Sensitivity to 8, vV:V =50%:50% Sample Expected Events

- 7 years data taking er =‘I}H ;H = ‘H;
- 10 years data taking

v mode
. . Oscillated v. 1155 526 1395 707
True Normal Ordering True Inverted Ordering o
¢modde
Oscillated v, 81 39 95 53
- DUNE Sensitivity 7 years (staged) - DUNE Sensitivity 7 years (staged) ) B . .
12| All Systematics 10 years (staged) 12|~ All Systematics 10 years (staged) Oscillated v 236 492 164 396
[ Normal Ordering == Median of Throws " Inverted Ordering === Median of Throws
| sin20,, = 0.088 + 0.003 Tor Nty o | sin?20,, = 0.088 + 0.003 1o: Variations of
1ol-0.4 <sine_ <08 e, epmiosiiion 1 gl = e tatetics, systematics, A.Booth, ICHEP2022
: ' 07 2 : an iation ram 7
i and oscillation parameters i d oscillation parameters  DUNE CPV Sensitivity [l phase Il by 6 years
[i i - All Systematics B Fhose !
8 8 6|~ Normal Ordering Start at 1.2 MW
o~ - o~ - - 50% of &, values
‘ 24 . | 24 E e / , - ==+ 4 year ramp to 1.2 MW
" 6 - "6 - N ) 5 o S i s e g
6 o o o [ 47 >\ :
- - ~ w 4
- S
4 4 HT C
: o 3f
2 2 C
i of
0 0 E Upgrade to 2.4
-1 08-06-04-02 0 02 04 06 08 1 -1 0.8-06-04-02 0 0.2 04 06 08 1 1 ol oo b
dcp/T 8c E i ‘HD—UN
G A A l A 'l l - l T l i —— l - l A
0 2 4 6 8 10 12
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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 S | 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?26,, = 0.088 + 0.003 to: Varlations of sin20,, = 0.088 + 0.003 oz Vartaions of 35 Pa—
30 - 0.4 <sin®0,,<0.6 z:w:b'::‘:m"m 30 0.4 <sin’0,,<0.6 x:‘:;m""":nm"m ﬁm::::lﬁ (Staged) = 1%.; e o 8oy values
- 30 Mormal Ordering —— Nominal Analysis
: sin’26,, = 0.088 + 0,003 o By Unconstrained
25 25 sin’fl,, = 0.580 unconstrained
2 %20 BE  Mass Ordering Sensitivity
- = |
- { m
- 15 | .
: =
: 10 10
5 E. ..... 5 10
MLLLLLL&.LIJ.L“.LL“.LI.L&J
0" 2080604020 02040608 1 0080604020 02040608 1 IR e —
Sep/n Sep/T
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Hyper-Kamiokande

Japan. Project approved in 2020, construction begun in 2021, operation will start in 2028
> 500 collaborators, 99 institutions, 20 countries

Physics program:

- Search for CP violation
- Neutrino oscillations

- Proton decay

- Neutrino astrophysics

The Sun in Neutrinos

£
L

- Supernoya’ "% Solar neutrinos

_neutrinos. - ' e 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

Proton decay

'
1

Super-Kamiokande

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

Near Detector \

Mt.lkenoyama

$1,000m

Neutrino Beam

295km
29
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Near Detectors

- measure and control neutrino beam before oscillations J-RARC beam
- neutrino cross sections 30 GeV
- systematics 1.3 MW
IWCD: Movable water
Cherenkov detector IWCD mGRID N D28O u pgra d ed

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)

Hyper-Kamiokande, arXiv:1805.04163

Projected HyperK sensitivity to CP violation

HK 10 years (2.70E22 POT 1:3 v:V)
I O L L B

- 10 years of data taking,
- 1.3 MW beam power — 2.7x10%2 POT

- ————  Statistics only
 ERRRLEL LT Improved syst. (v./V, xsec. error 2.7%)
N —— T2K 2018 syst. (v./V, xsec. error 4.9%)

12

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

—_
(=]

0 exclusion ( \/AT(Z )
N

sin(dcp) =
=T -

IIIIIIllllllllll\lllilllllll

L L
-3 -2 -1
Hyper-K preliminary
True normal hierarchy (known)
sin’(0,5) = 0.0218 sin’(0,;) = 0.528 lAm3,| = 2.509E-3

Exclusion of CP conservation

< AU RALRRE T T T T T T T =
& = )
Measurement of §p $ wpEse
= o
~ 3O T : T ?m TOF sees
w - = - @) -
8 » [ True 8, =0° . © -
B sl [ True 8y =-90° g 60
T e e 50F-
a C a g o
o 201 | e ~19° for T i -g 40
g R true dcp = —m/2 = —90° 3 ':'% =
‘g“ 151 | @ ~7° for true 5¢cp = 0 - g 30 =
o 10— — =3 = — Statistics only
— E - > 10EF o R ............ =%°%%% Improved syst. (v./V, xsec. error 2.7%
5 o Statistics only ) & H / o e T2K 2018 syst. (v./¥, xsec. error 4.9%)
E e Improved syst. (v./¥, xsec. error 2.7%) g © 00....1..'.2|..r‘.;...i“..g.”.é....;....é....é....lo
0: Cila TZ.K. 2|0.l§.sy.SI|A fvf/.vc. xls‘?c.‘ e.n.-olrfl'\g?b?l PP BN PR B \: Hyper-K pre]lmma_ry HK Years (2 7E21 POT 1:3 'V'V)
0 1 2 3 4 5 6 7 8 9 10 True normal hierarchy (known) : o
Hyper-K preliminary y
. s 2 - sn2 - 2=
True normal hierarchy (known) HK Years (2.7E21 POT 1:3 vv) sin’(8,) = 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
Q i - -
= — © —
o) - 2 2400 B
T 24f n 5 C e
© I A s 2200 - 1.
[$] — _ e,
o 22— g = -
o b = & 2000 E
8 20— LN % = .
g £ 1800—
o 18— -2 2 C
£ | —sin'0,=045050,0.55,0.60 £ 1600~ —sin’8,,= 045, 0.50. 0.55. 0.60
g 1. —Amgmadxll GV 3 E o Ami, - 2.52x107 €V
£ - ----Amj = -249x107" eV £ 1400— -—-- Am3, = —2.49%10°° eV2
< - O Bp=x < C O 8,=m
130 m Jcp = +/2 1200~  w §,=+n2
C 0 3;=0 E o 5.0
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)) 600 - —o— Best-fit (68% stat err.)
80 ! ! ! 2|0 ' ' ' 4|0 ! ! ! 6[0 : : : 8|0 : : : 10|0 : : : 1210 : : : 140 C_1 | | | | 1 | 1 | 1 | | | 1 1 1 | 1 | | | | |
Neutrino mode e-like candidates 1000 1500 2000 2500 . 3000
Neutrino mode e-like candidates

16 okTAbpa 2025 Opwuit KyaeHko nAn PAH HUNAD MTY 32



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

Wi Wrong Hierarchy Rejection
o

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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Sensitivity to MO

D. Rivera, talk at NeuTel 2025

Chinese Phys. C 49 033104 (2025)
JUNO, HyperK, DUNE

JUNO
Reactor U, signal IBD event number (x103)

0 50 100 150 200 250 300
: T LA [ R B B B LA B LA L R B B L \: 6 B T I T T T l ]
6 _. [ Loweroctant -
C e b [ Normal ordering n
Y et e mgmagies il i =TT i
C ",::;:-’—" E - / / _
al 4o i = AR 6=—-m/2 =
It I R ] c B 7
i o [ I
i w t ]
Ly o 3 A
C ] g L I
n b B -
C ] o L[ |
2 ] 2 2 =
- —— NO: stat.+all syst. - @) i JUNO 7]
3 — 10: stat.+all t. T i
A NO'ss:at gnlysrys g % ) = HyperK 1
————— 10: stat. only 1 S E b DUNE ]
PR T AN T T N S T [N T T NN T T T AT T A T S [N YT N T S T N R R — =
00 2 4 6 8 10 12 14 16 18 20 0 ! | ! L [ L ! | L T

JUNO and TAO DAQ time [years] 2028 2032 2036 2040
Year
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Light sterile neutrino ?

' Ga anomaly 3v + 1vg
LSND/MiniBooNe anomaly
_ _ 3v, NO
Vy = Ve R _pexp/ptheorv = 0.87+0.05 ’ Vs
o
87.9+22.4 % 6.0 events — v, v, v ? Vi :

Excess 3.80 1.1 SAGE Cr Vi 2
e 3 Am,, ~ 1eV?2
ol g S 10 14
3 MiniBooNE o 2
= % [JeowcL %

¢ WoewcL o OO O O O O O V; I
I e pee =) 03K Yl e —
< oPERA Z A T L I
90% CL E 08 ] 1 "'I'II_
1= ~—
: Y
o7 GALLEXGZ SAGE Ar PMNS matrix
107" \
- [JLSND 90% CL
= Reactor anomaly — \ —
T R 0.937 +0.027 Ve | [[Ua Ua\ Us [[Ues] [V ||| Vel =sin"00s ]
sin?20g, 2 -2 2
] U,, =sin“6,;-cos"0
1'27 —r I T — V,u . U,Ul Uluz U/l3 U,U4 . V2 U 4|2 - 2824 2914 26
115 gt B *p . - o r4] =S Uyy"COS Uy, COS Uy
. e & iBtib i 2 Ve Uy U, Us ||V Vs
21'05'_ i m.:_ = B o 5 2 L ° — —~ T 2 T 2
i g = —\l: s MIMEEL —l;]; _Vs i Usl Us2 Us3 Us4 _V4_ Pyosve = 1= 2Uea| (1 = |Uea ")
;%0.95— ? [ ¢ T 2 T 2
i'"“; 0.9 3 :lZEZ i b 1 o i . P"’u_"”u ~1-2 le“4| (1 o ("I“4| )
i F — L il 5 Connection between Appearance .
’ 28&= - ~ T 2 T 2
o T ha and Disappearance channels Py v 2 2|Ueq|"|Up4]
i 2R L
SR i‘ Ll L L1l in2 26 Nl in2 26, sin? 20
* Distance to Relgtor(m) " 51 e — 1 sm ee SII LLpL
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LSND/MiniBooNE anomaly

IceCube: v —v, disappearance

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

m PRL 125 (2020) 131802 MicroBooNE, , LAr TPC
o : | MicroBooNE 6.369x10% POT
P MINOS: v, - v, Daya Bay, Bugey-3: v, - v, i { ST,
- 10°% S ; 10 { - = Data, profiling
= F % == == Sensitivity, profiling
N\Q 1(:'3 T T T T T T T T T T[T T T I T T 11T o~ B l/ — = Sensitivity, v, App. only
5 a = 90% C.L. Allowed 3 > T N
107 102 i [CILSND ] c:; 15_
E —MiniBooNE (2018) E g -
E [ Dentler et al. (2018) 90% CL 3 = _
10 ;_ [] Gariazzo et al. (2019) LSND/MiniBooNE 10-'
107? - - [ LSND 90% CL (allowed)
&; 1 __ __ LSND 99% CL (allowed)
11 years of data taking, PRL 133 (2024) 201804 A = e B R
od - B 1 . 2,
100.0 ,% 107 F S5 Sin" 26,
Sensitivity (99% CL): ! F e
— Median 12¢ Vg 5 - — ) 1 ]
oo ' 107 F E sin? 20y ~ 1 sin? 20,. sin® 20,
. C 90% C.L. (CL,) Excluded ]
= 3 [ —NOMAD ]
- Result: 10 E .- KARMEN2 E . ]
g 1O y * Best Fit | T —MINOS, MINOS+, Daya Bay and Bugey-3 ] Positive S|gna|:
ﬂ B "'90% CL 10—4 IIIIIII| 1 IIIIIII| | IIIIIII| | IIIIIII| 1 IIIIIII| | IIIIIII| L 1IN0 . .
=+ 95% CL 10° 10° 10 107 10°% 107 1 LSND/MiniBooNE
o1 = ] sin?26,,, = 4U_,FIU, P :
he el p4 Negative:
" 10 MINOS, Daya Bay/Bugey-3
S 24
IceCube

absence of sterile neutrino: p=3.1% , no-zero fit significance: 2o
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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 220 ¢ 112 ¢
MicroBooNE 470 m 170 t 20t
ICARUS-TE00 600 m 760 t 476 t
i '.z v, = v, appearance
470 m. 86 t 110 m, 112t : I uswowes
600 m, 470t -
\ ol > . ’ [ Lsnp oo
----- 10F ., [ clobai 2017 16
5 [ Gioval 2017 26
B I Giobai 2017 3
I +  Global 2017 best fit
| — SBN 3o
===+ 8BNS5o

AM? (eV?)

Booster Beam
a2 Rl

TesmeTssee"

BN Seramr=a)

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

.
b
.
.
.
*e
e
.
.
b
.

.
.
*e

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

Crucial (final) direct test e - L )
of LSND/MiniBooNE -

sin“20 ,
anomaly? u

ICARUS: commissioning in 2022,
took data from Booster and NuMI beams in 2023
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JSNS? at J-PARC

) . ) arXiv:2012.10807
Proposed in 2013, data taking begun in 2020
Short-pulsed 3GeV, 1 MW 3 GeV proton beam, 25 Hz repetition rate at J-PARC
Detector: gadolinium (Gd) loaded liquid scintillator (LS).
MLF building (bird’s view)
2
51 0 § MLF 90%C.L
Hg target = Neutron = ‘% E - ZISL;];ZWCL
. (JSNS2, JSNS2-11 det ) o~ B o
detector (4.6m dia. x <110 S : A
4.0m height, 120 10” PMTs) §
) i
L U o S S
3GeV pulsed E
Dete.ctor @ "N : proton beam E
?:;idfioﬁ ':Lr;et ”?7/» Searching for neutrino oscillation : v, > v, with -
..... 'I/ baseline of 24m (near), and 48m (far) 107" —_—
(ISNS2-11: o { =
far detector) £ ! [ L
32t GdLS fiducial " *; : L -
! 'E -2 1 11 11111 1 11 11111 1 1 ||~|~|.11 1 | I
(6.2mdia. x £ E(chers the 10 4 -3 2 1
= m Wi **"Iglobal fit indicate: 10 10 10 10
, o S | e ji'g?on'f:?ce.'i. .f . | sin’20
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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 (T2K, NOvA),
and near future (DUNE, HyperKamiokande) long baseline accelerator experiments

Hint on maximal CP violation in T2K for both, NO and 10
CP conservation for NO and maximal CP violation for 10 in NOvA
SuperKamiokande, T2K and NOvVA prever NO of neutrino mass

Sterile neutrinos (LSND anomaly) will be probed at FNAL and J-PARC
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NOVA: event display

Pixel size: ~4 ¢cm x 6 cm

X-View only_

v, charge current (CC) ,

(V“ disappearance 31gnal> <

Cell Number

('s-
=
L PR |

P

>

10 10°

10" g(ADC)
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SuperK/T2K analysis

SK atmospheric and T2K beam neutrinos have different oscillation baselines and energy
ranges, but both experiments use the Super-K detector

Overlapping systematic uncertainties! (detector model + sub-GeV cross-section model)
T2K has good 6p sensitivity, but mild mass ordering sensitivity
SK has good mass ordering sensitivity, but limited §.p sensitivity

4.5

4
3.5
3
2.5
2
1.5
1
0.5
e

True 0, NO

— SK + T2K
— T2K
SK (+ND)

Ay*(sin 8.p = 0)

wa

16 okTAbpa 2025 HOpwuit KyaeHko NAN PAH HUNAD MTY



	Слайд 1,  Изучение свойств нейтрино в ускорительных экспериментах с длинной базой
	Слайд 2
	Слайд 3
	Слайд 4
	Слайд 5
	Слайд 6
	Слайд 7
	Слайд 8
	Слайд 9
	Слайд 10
	Слайд 11
	Слайд 12
	Слайд 13
	Слайд 14
	Слайд 15
	Слайд 16
	Слайд 17
	Слайд 18
	Слайд 19
	Слайд 20
	Слайд 21
	Слайд 22
	Слайд 23
	Слайд 24
	Слайд 25
	Слайд 26
	Слайд 27
	Слайд 28
	Слайд 29
	Слайд 30
	Слайд 31
	Слайд 32
	Слайд 33, Hyper-Kamiokande: Mass Ordering 
	Слайд 34
	Слайд 35
	Слайд 36
	Слайд 37
	Слайд 38
	Слайд 39
	Слайд 40
	Слайд 41
	Слайд 42
	Слайд 43

