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Neutrino oscillation, mixing matrix and Am s
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Three-flavor Mixing matrix

Vet ms

(Cij = COS 91'

j'Sij = sin 01])

Three mixing angles: 645, 8,3,013
One CP-phase : §¢p

-
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Mixing matrix

Vo my 0.823 +0.008 0.554+0.01 0.148 + 0.002
v, | =U[m; Upyns = (—0.47 + 0.01 0.50 £+ 0.02 0.73 £ 0.01 )
0.33 £ 0.01 —0.67 £ 0.01 0.67 £+ 0.02
Vet ms
1 0 0 +C13 0 +S]_3€_i6 +C12 +S]_2 0
U=10 +Cy3  +Sy3 0 1 0 —S12 TC12 0
0 —5Sy3 +Cy3 —5138‘5 0 +c¢13 0 0 1
/" Some flavor symmetry predicts. )
(Cij = COS gij'sij = sin 91])
v2/3  yi3 0 0816 0577 0
Unmns = | —y1/6 y1/3 y1/2| = (_0'408 0.577 0'707> Flavor symmetry may originate
1/6 —\J1/3 /1/2 0.408 —0.577 0.707 from, e.g., structure of

o

J

extra-dimension.




Target of long-baseline neutrino experiments

0 Determine the mixing matrix (a little
more?) precisely

0 Determine the size of CP-violation
0 Determine the order of masses

0 Search for something unknown
Violation of unitarity, Lorentz symmetry, CPT
etc.

new type of interaction etc.
o

98 2000 2005 2010 2015

S N

Neutrino mass may be already suppressed by |
high energy physics, so new physics may Snowmass NF01 arXiv:2212.00809
happen at same order.




Reactor neutrino (v,)




Reactor neutrino (v,)

U = 0 +C23 +523 0 1 0 —S512 +C12 0
0 —Sx3 (23 —513 0 +C13 0 0 /]

(Cij = COS Hl-j,sl-j = sin 01])




[ 8t near 8t far [ Double

Chooz

& by Dec. 2017 | @

.’
16t far E A RENO 290."" '

continuing ? L

860 m ’ <

®

4x20t far m =tin
by Dec. 2020

detectors

Electron antineutrino

Effective baselines survival probability

Diagram Courtesy:
Soren Jetter

% 11380 M e
«v 1650 m - —»
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Global Picture for 0,

Daya Bay  nGd —e— 8.51+0.24 Will likely be the best

RENO nGd ——— 8.92:063 7.1% measurement in the

Daya Bay iH - 7.1 +11 155% foreseeable future
sin? 2913 RENO nH o 8.6 +1.2 14.0%

Double CHOOZ ° 10.2 +1.2  11.8%

T2K c 9.5212-32 16.9%

NOvA ° 85 29 w1.2%

6 7 R 10 11 12

sin® 26,4, 1072

.\Iormla.l mass ordering

Daya Bay nGd e 2.466+0.060 Greatly consistent results from
NOvA S 241 +0.07 V. (reactor) and v, (accelerator)
Am2 (NO) T2K s T 2.49 008 measurements, strongly
32 MINOS+ . 240 1305 3.5% support 3-flavor framework
SuperK ® 2.40 11 48%
RENO nGd @ 2.69 1012 4.5%
IceCube - 2.31 13 52
RENO nH o 2.48 028 151
22 23 24 25 26 27 28
|AmZ,|, 1073 eV? 7
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Atmospheric neutrino (v, v, Ve, Ve)




Ve

Vu

Ve

v Y Pv, > Vv
Atmospheric neutrino (v, v,, v, V,) . Puow
Matter effect makes —
mq a peculiar feature 0.5 normal mass order
m, depending on mass =,
ms order. S 0
pass
/705K @ through
.. flip for antineutrino earth cc
+C13 0 +51309_“S +q1p I
0 | 1 0 (— 2 inverted mass order
—813816 0 +C13 0 -

0.8

0.6

0.4
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UPER
K Super Kamiokande —latest result-

Preliminar

e s T 16
- SK |-V expanded FV - - -
1@5 — Data fit g nverted 3 14; 14;
121 -Normal - 121 121

MC

- expectation /\
6F :

| Reject inverted ordering at ~92% C.L.
(CLs R0 0.077)

il 7;pN07 i



lceCube

IceCube Lab

50m

1450 m

2450 m
2820 m

‘Bedrock

— -

- . IceTop

- / 81 Stations

324 optical sensors

IceCube Array

86 strings

including 8 DeepCore
5160 optical sensors

DeepCore
8 strings-spacing opti

for lower energies
480 optical sensors
Eiffel Tower
324 m

Energy thresholds:
® |ceCube: E =2 100GeV

| ° DeepCore: E 2 5 GeV

Golden Events Sample

le-3
3.2 NOvVA 2021 == MINOS/MINOS+ 2020
: === T2K 2021 === DeepCore 8 years - golden event sample
— SuperkK 2020
3.0
— 2.81
o
>
-
Nc‘yw = ,/'—— Vs "7 1,
S A J
< 2.4 \ Rt
. - - : ‘/
224} T
2.0- all contours at 90% C.L.,
) Normal Ordering
0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70
sin? (023)
arXiv:2304.12236




Accelerator neutrino (v, v, )




ACCe|eratOr neUtran (VI'U 17”) signs flip for antineutrino

Ve mq At oscillation maximum matter effect
Vu | =U[ M, P(vp > ve) = 4C13°Sys" S3” (
VT m3 $8C132C12C23512513523 Sln5 x 0.047
CPV
a="7.56x10"[eV?]- p[g/cm3] - E[GeV]
0 +C13 0 +S]_3€_i6 +C12 +S]_2 0
U= O +C23 +Sz3 0 - 1 0 —S12 +C12 0
—Sz3 123 _5133l6 0 +C13 0 0 1
T
(CU = cos 0;;,s;; = sin Bij)

In the following slides, 2 , Three mixing angles: 015, 653,63
shown are results using the Bl 8 : One CP-phase : §¢p
Solar and reactor L), (T8

Accelerator



Running experlments T2K & NOVA
ﬁa A iy ” _ Far Detector
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Matter effect ~10% for T2K and ~30% for NOVA
(Important to resolve degeneracies)




Running experiments: T2K & NOVA

Total Accumulated POT for Physics

Test-Beam- = -
Fixed-Target Beamlmes i‘
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*\,
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Fermilab Accelerator Complex 2015
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v-Mode Accumulated POT for Physics .
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- : : : 40 =
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Running Accelerator long baseline experiments

T2K and NOVA

A NOvVA cell

To APD

- 14kt segmented
~ liquid scintillator

Super-Kamiokand \
50 kt Water
{Cherenkoy.g

Ve CC Signal
. g




T2K and NOVA — latest results -

T2K. Super-K. IceCube: Neurrino 2022 Preliminary

X 10_3 NOvA: PRD 106 032004 (2022). MINOS+: PRL 125 131802 (2020)
; | T 1T 1 | | RN IS I | | | R O | | SR D I T 1T 1 I T 1T 1 | [T
e I _
h; 32 wm==T2K 2022  =w== Super-K 2022 === MINOS+ 2020 ]
L | =—=NOvA 2020 IceCube 2022 *+ Best fits 1
it B~ e —
s [ g gy §
<] i : ; |
2 .8 i _o‘: E‘,,, ]
2.6 : -
24— —
i) W 90% CL. —
o el Normal ordering
I | | | | | I | | | | | | | | | | | | | | I | | | | I | | | | | | | ]
035 040 045 050 055 060  0.65

3
sin 823




T2K and NOVA — latest results -

#anti-v, vs. # v,

&

AN~
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T2K and NOVA ) oAby

It N~

— latest results 06 '- 1‘:‘::;:;';;-_-.-\ .

BULIBPIO [BWION

By 3 | [ e | =1
OOU = S0 0.5
o[ T2KRun 1-10,202 preliminary e —
E — Normal ordering N 045 s TSN
1:— — Inverted ordering —: 0.4 _ ..............................
E + Best fit E . - :
oo : e : I
- —90% C.L. 7] S?/ :':
B 99.7% C.L. S E osl s
- . - i £ i
- N 0.55 - : :
BF - ? O
- , 0.5 &
i | N I TP I W .. (Lo, L F. S
02 025 03 035 04 045 05 055 06 0.45 - 1o
CP conserving line . BayesianCred.Int: —1¢ 26 ~306 .

T2K C.L. for CP conservation (6¢cp = 0, ) is outside 90% C.L.
Posterior probability for mass ordering is 78% (Normal) vs 22%(Inverted)




T2K and NOVA prospect

Joint analysis by two collaborations will come soon
Both experiments will continue running through ~2026.

0.6

s¢]

N
D
c

0.5

T2K is upgrading near detector for more precise study ol @
neutrino-nucleus interaction.

0.4

Normal Ordering

T2K, NEUTRINO 2020: ® BF ===90% CL === <68% CL

.s 68% CL

NOvA: 4BF Ds 90% CL
| T
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Inverted Ordering

T2K, NEUTRINO 2020: m— = 90% CL ==* =68% CL

=90% CL Ds 68% CL
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T2K&SK Joint analysis

Two collaboration conducted joint analysis and
released results in November e ey Aty

2 9 F
Not yet with full data 3 ®E  Ordeting
. (@] E B
v T2K: data till 2020 s 70t M 20
v SK: data from 2008 to 2019 2 ef f
7 E |30 >30
Qo_ 505—_ L

SK+T2K pr ehmlnary, Analysis 1

6 3_] T T T T _‘I Ty T T 17T 1771 Iz 5[ 3 | T 17T ._-L:I::I:.I.‘I’ T . Iz 3l | T T T T 7]
O = Normal ordering |
P S=SK+T2K o
o[ < =T2K _‘
- == SK (+ND) 7]
L - 1o _
1 = S
O:_ L, ! -E
e e Posterior probability of mass
- : : ] ordering
-2 = Normal 90% vs. Inverted 10%
_3__I L1 1 | I:'I | | | I | |.T..I..[..I.1 .|".I | [ I. +.I ﬁ. eS| | L1 | [__
0.30 35 040 045 0.50 0.55 0.60 0.65 0.70

),
sm'E)2 3




T2K&SK Joint analysis

Ocp and J-p posterior distributions with reactor constraint marginalized over both mass ordering

Both ordering SK+T2K preliminary, Analysis 1 Both ordering SK+T2K preliminary, Analysis 1
Z\‘ :I | I I I | I [ I I I [ I I I | I [ I I [ [ I I I | I [ I I |: z‘ [ I | | I I | I [ I | [ I I I I I I | I =
= 08E- ' o —] R7) . . - _]
é = Flatin 0cp Flat in sindqp - % 250¢ Flatin 0rp Flatin sindqp N
| B o -=-10 — = B B lo -=--l0 ]
= - B 2c - 20 5 S s B 2c - 20 ]
3 06F 3¢ @ wws 30 = 8 L ' 30 .
72 - > — 7 — n
& 05E: = £ C ]
B 4 5 150~ r
0.4F! : = - |
- : 1 : .
0.3 P F =3 100~ 1 r
02F! P - : :
& : P 50— —]
0.1F - i :
0 0 PR S N N W S M N Y ' AE.A 0 B - . i | ] ! ! | L

=3 -2 -1 0 1 2 3 -0.04 -0.02 0.00 0.02 0.04

J = 513013912C12823¢,581n0
Jarskog Invariant
= size of CPV from three-flavor mixing




Projects under
construction




KM3NeT: neutrino telescope in Mediterranean

2020 2021 2022 2023 2024 2025 2
NOW | o ! |
ANTARES ANTARES legacy papers ORCA ARCA

decommissioning M. Spurio: ANTARES and KM3NeT @NNN23 completions

~20m/90m -

.é-A-Normal'ordering ' , ............ KM3N€T* ,,,,,
| Inverted Ordering 3§years

B LT T T ST PR P PP PRt PP P PP PR SPER
H

|- 35p=180° Ll
{—BestFitd,, | i :

.....................................

NMO sensitivity [o]

AN
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230 ARCA (ltaly) + 115 ORCA (France) lines |
I ~1 Gton ~7 Mton —
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field compensation
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figures from slides by M. Grassi,
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Supernova v: ~7300 of all- m Nucleon Decays: p —» VK™
flavor neutrinos @ 10 kpc 9.6x10%* yrs (90% C.L.) in

DSNB: 30 in 3 yrs (2205.08830) 10 yrs (2212.08502), neutron

o — invisible decay (ongoing)

Indirect DM search: ~“good
sensitivity in 15-100 MeV
region (2306.09567)

* ’Be, pep, CNO (2303.03910)
o 8B flux (2210.08437)

Geo v: ~400 per year, 5%

L Future upgrade (2030s) :
precision in 10 yrs

searching for Ovpp
rom Slide by L. Wen, NNN2023
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JUNO: reactor neutrino measurement

1.6
: ¢ ILL X SavannahRiver O Chooz (1998) /A Double Chooz (2011.11)
14 -_ X Bugey X Rovno 0O Palo Verde (1999) Y RENO (2012.4)
C < Goesgen X Krasnoyark or KamLAND (2002) M DayaBay (2012.3)
12F
_
1> -
ITO 0.8 %
< b Los|
0.6 - Daya Bay, Reno,
. Double Chooz
L 09E_ . .
02 500 1000 1500 200(
C Baseline [m]
O B 1 L IIIIIII 1 Ll IllIlI ] 1 IIIIIJ L 1 IIIIIII L 1 lIIIllI -
1 10 107 10° 10* 10°

Baseline [m] (at E = 4 MeV)

plot from Slide by L. Wen, NNN2023
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JUNO 6 years sensitivity on oscillation parameters

0 sin%6_,, Am?, |Am? | <0.5%

0 3o determination of mass ordering

—0.47 £ 0.01 0.50+£0.016 0.73 £ 0.01
033 +£001 -0.67£0.01 0.67+0.02

4

0.823 + 0.001 0.55 + 0.001 0.148 + 0.002
Upuyns = ( )

0.823 + 0.008 0.55 + 0.01 0.148 4+ 0.002
Upuyns = ( )

—0.47 £ 0.007 0.50 +0.014 0.75 = 0.01
0.33 +£0.014 —-0.670+0.01 0.67 £ 0.02




The Sun in Neutrinos

r\
N

Solar neutrinos ek

% = 3
5 ot B

| PARC( 3MW) neutrino be 33




Hyper-K main cavern excavation

R

* October 3, 2023:
Excavation of the
dome section
completed.

* 60Om
diameter,
21m height

* One of the largest
human-made
underground space.

* Now, the excavation
of the barrel section

IS ongoing.
* Aiming to start data



The Deep Underground Neutrino Experiment (DUNE)

South Dakota  sanfora , Fermilab
Underground P e e R

Research —— e | ~%

Facility : 222"

A new generation Long-Baseline — 1300 km — neutrino oscillation experiment based on
¢ a wide band high intensity (1.2 MW upgradable to 2.4 MW) v/v neutrino beam produced at Fermilab

¢ alarge total mass (~70 kton) Far Detector at the Sanford Underground Neutrino Facility (SURF) 1.5 km
underground exploiting the Liquid Argon Time Projection Chamber (LArTPC) technology

¢ a Near Detector complex (ND) at Fermilab providing control of systematic uncertainties, enabling a rich

physics program

8  11/10/2023 M. Tenti, DUNE status and prospects, NNN23 INFN MF




DUNE cavern xcavation

. heutrinos
" . from Fermilab

P 80% of excavation done as of September

Ross Shaft
1.5km to surface

Expanded Drift

Maintenance Shop

2 x Detector Caverns:
475'Lx 65'W x 92" H
145m L x 20m x 28m

[ ¢ R 4 ‘ \‘/‘l
) 4850 ftlevel of Sanford, . N ‘1‘ 1 x Central Utility Cavern (CUC):
Underground Research Facility 624'Lx 64' Wx 37’ H
(SURF) 180m Lx20m W x 11m H

Figures from slides by M. Tenti, NNN23




PUNE far detector for phase |

FD1-HD «Horizontal drift» FD2-VD «Vertical drift»
ANODE caTHopE ' NOPE

CATHODE ANODE

AP% Unit

[ N\ “; :: ield c.a‘ e/ ' ’ PR _L'.: : ,j;*'—i
,-’a '\1?"‘\9‘ : N ::.." 1’{3 N
:":’:,:‘ =) = : : ‘11.’}::?’..'. 7
: l PR X
r’
2029 2031 2037-2038
Start Data Taking Start of Phase | Start of Phase |l
@Far Detector
atmospheric v, oscillation physics
astrophysics

full physics scope
atmosphericv,

astrophysics




Sensitivity of neutrino oscillation measurement by
Hyper Kamiokande and DUNE

Hyper-K 10 years

> O0cp resolution 7°(20°)at sin 6cp = 0(+1)

> sin %653 resolution +0.017(0.009) at sin %83 = 0.5(0.55)

» mass ordering > 3.80

DUNE

> Ocp resolution 6°(16°) at sin6cp = 0(+1) with 1104 kt- MW - yr
> sin “6,; resolution +0.004 at sin %653 = 0.58 with 800 kt - MW - yr
» mass ordering 3o0(50)level with a 66 (100) kt-MW-yr

* phase I(20kt 6 years)+phase II(40kt 7 years) ~ 820 kt- MW - yr




with JUNO, Hyper-K and DUNE

—0.47+0.01 0.50%0.016 0.73 £0.01
033 +£001 -067£0.01 0.67+0.02

4

0.823 + 0.001 0.55 4+ 0.001 0.148 + 0.002
Upymns = ( )

0.823 + 0.008 0.55 + 0.01 0.148 + 0.002
Uppyns = ( )

—0.47 + 0.003 0.50 + 0.006 0.73 £ 0.006
0.33 +£0.005 —-0.670+0.005 0.67 = 0.007

take sin 26,3 = 0.55 + 0.009 as an example




Summary

Solar neutrino observation is now checking matter effect etc.

» High precision achieved by reactor neutrino measurement (KamLAND, Daya
Bay, RENO, Double Chooz) for Am2,,Am2, and sin “26,;

> Precision of sin “6,, is improving by atmospheric(SK, IceCube) and

accelerator(T2K, NOVA) neutrino measurements, but the octant is not yet
uncertain.

W

» T2K and SK(atmospheric) favors normal mass ordering and 6.p = —g, but
NOvVA dose not. Need more data and joint analyses.

> With JUNO, Hyper-K, DUNE and KM3Net,

v" mass ordering will be determined
v' High precision on sin 8,5, sin %6,3 Am3,,Am3,
v" CP violation and measurement of §.p
» Whole picture for three-flavor mixing (and possibly violation from it?)
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Nucleon decay search
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Grand Unified Theories (GUT) [DUNE] arXiv:2002.03005
* Examples of proton decay sensitivity in two modes: [JUNO] arXiv:1508.07166

p—VK*

p—->vK*
105 —— JUNO 20 kton, 3¢
.. =——g— HK 186 kton HD , 3¢
o DUNE 40 kton, staged , 3¢
SK+SKGd 27 kton 3o

DUNE 40 kton, staged , 3c
- SK+SKGd 27 kton , 3¢

........................................................

/B [years]
/B [years]

1~10%* years (30) 1~3x10%* years (30)



