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Joint neutrino oscillation analyses:
Atmospheric +Accelerator neutrinos
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= i Neu’rrmo oscillations- current picture

Pon’recor'vo Maki - Nakagawa - Sakata (PMNS) matrix for 3 flavour neutrino oscillations

Flavor s’ra’res ’rmospher'lc/ Accelerator eac’ror/ Accelerator

ci3 0 s;3e7% c12 S12 0
= 0 Co3 893 0 1 0 —812 €12 0
0 —s23 Ca3 —s513¢° 0 13 0

PDG page . Neutrino Mass Ordering -

A .V, A
The following values are obtained through data analyses based on g
the 3-neutrino mixing scheme described in the review “Neutrino I
Masses, Mlxmg and Oscillations.” Normal ™= Y- Inverted
sin“(f12) = 0.307 £+ 0.013 ) R N
Amél (7 53 + 0. 18) % 10—5 V2 "13-—— — l - 10_5 Vz——lnz- Value Of 5CP' |S |1.
sin®(fp3) = 0. 5341’8.8%}{ (Inverted order) . oo L @ Conserved or
sm2(023) = 0.547 70055 (Normal order) atzm(;t)lil:er\‘ﬁ l
s - ~2x10™"eV- .
Am = (—2.519 + 0.033) x 10 3eV2  (Inverted order) atmospheric V|Ola1'ed ?
Am32 — (2.437 + 0.033) x 1073 eV2  (Normal order) ” ~2%10-3eV2
sin2(f13) = (2.20 + 0.07) x 102 i T
5, CP V|o|at|ng phase =123 £ 021 wrad (S = 1.3) m12__ — _ 4m;?
Am3, — Am2.) < 1.1x107%eV? Cl =99.7% :
1 ?
§Am32 = Amgzi = (—0.12 £ 0.25) x 1073 eV? ” o smaller or Iarger' ;
0 - . 0

ezula, PAiP-2025, Warsaw, 20-22 February 2025



The Super-Kamiokande experiment

© L russia
Electronic huts
i Control room

& N-KOREA},

.,-... ’. .- ‘. .. .‘._ -' " ‘. - - " ~
P Yy, » » o "
o oo WIS IST IS rd vty

* 1000 m under the Tkenoyama-Mt

» 50 kton of pure water (until 2020 when &d sulfate was added
inside)

-~11100 inner detector (ID) PMT's (~50cm ¢)

- 1885 outer detector (OD ) PMT's (~20cm @)

Detection technique based on the Cherenkov radiation
* Direction and particle ID determined from the ring pattern: e-like

vs u-like
* Multipurpose machine: Nucleon Decay, Solar and Supernova
Neutrinos, Atmospheric Neutrinos, Far detector for T2K

.\\

ala-Zezula, PAiP-2025, Warsaw, 20-22 February 2025
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EK Atmospheric neutrinos

30000 m * Neutrinos are produced when Zenith

Secondary F cosmic particles, mainly
e “‘"5/” protons, interact with the .Atmosiohere
i/ nuclei in the atmosphere:
e nn
20000 m / T+ -with wide range of energy
' MeV- TeV produced
e isotropically about the
Concorce Earth atmosphere
- travel length varies 10km

~13000 km

L=

il

dalena Posiadala-Zezula, PAiP-2025, Warsaw, 20-22 February 2025



- Thanks to presence of matter effects we
are sensitive to neutrino mass ordering

* Impact of matter effects:

-NO: enhancement of v,

appearance
*NO: effect is not

present for U, — 1,

- TO:; situation is reversed

“ Oscillograms plotted with: Am221 = 7.7 X 10™%eV?,
Sin2 923 — 050, SlIl2 912 — 030, Sin2 913 — 00219 and 5CP — O
v¢ Phys. Rev. D. 97 072001

PAIP-2025, Warsaw, 20-22 February 2025
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= T2K experiment T2

+ 1, and U, neutrino beam produced at the Japan Proton Accelerator Research Complex in Tokai (J-PARC) with

average mean energy £, ~ 0.6 GeV
‘Neutrinos detected at the near detectors and far detector Super-Kamiokande
-Searches of:

-P(I/ﬂ — v,) and P(Dﬂ — U,) - appearance channel

-P(v, —» v,) and P(v, — v,) - disappearance channel

Super-Kamiokande

1 Mt. Ikeno
1,360 m

- vp,ve
Tokai 205 km Kamioka
3

>,

ula, PAiP-2025, Warsaw, 20-22 February 2025
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T2K experiment -physics case

12K

P(uﬂ — vﬂ) and P(Dﬂ — IJM)
- disappearance channel

_ _ 5 5 Ams, L
P, —v)=Pu, > 1,)=1-sn"(20,3)s1n"(1.27 E )

-Same oscillation probability for v and v
-Sensitive to |Am322\ and to Sin2(2(923) - > no sensitivity

to mass ordering and O p

T T T T

2.5 Off-axis v flux

v, spectrum at the far detector
@ 160¢ J ‘L

Osc. Prob

— AMZ,=2.5x10" eV?, sin®0,,=0.5 —
T2K Run 1-10, 2022 Preliminary

Oscillated

T T ! T T ]
| — n

e

Event

‘ Unoscl llated

0.51

’_l
! LLJI‘L‘Lﬂ_h"lh.x

0.5 | 1.5 ? 75 3 %" —""95

True Ev (GeV)

| P —— | PR

Reconstructed Ev (GeV)

P(vﬂ — V,) and P(Dﬂ - U,)
- appearance channel

(+)

a=A3/A3 ~ 1/30

Joy = sin20,, sin 20,5 sin 26,5 cos 0,
A = (F)2/2Gpn,El Am?,
Sin2(2(913)

a1 sin’[(A — 1)A5,

Jo SIN Op

da
A(l — A)

JyCOS O¢p

+da
A(l — A)
-Sensitive to 0-» and the mass ordering and octant of

923

sin Az, sSin(AA5)sin[(1 — A)A5]

cos Ay sin(AA;)sin[(1 — A)A;,] + O(a?)

— Normal ordering
... Inverted ordering

.‘ \ |
68% syst err. at best-fit —— sin"0,, = , 0.50, 0.55, 0,60 2

5 . ]
v Best-fit — Amj, = 24910 eV (NO) 7

— ,
| |2.5°Off-axis v flux |

- Data (68% stat err.) .- .'\m;l = -2.46%10 " eV? (10) )
" . -

1 oo >

— 8,=0°, NH, v - § 24! v
— §,,=270°, NH, v 3 4 |
4 [ (8
=== §,=0°, NH,V — o - S-... T Ty,

5,=270°, NH, ¥

(=)
=3
2
T.J “
% . |
o -
] g 3
(b) 1 8 |
. ] g |
- ] 5 |
L T T T —— £ 3
o x**r—n-—l ve " " = :
' £ ]
| 1.5 0 74 2 T
True Ev (GeV) 80 90 100 110 120

Neutrino mode e-like candidates

siadala-Zezula, PAiP-2025, Warsaw, 20-22 February 2025
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T e SK+T2K - motivation for join fit ,_I_ZJK\

‘ Atmospheric Neutrinos @ Super-Kamiokande Beam Neutrinos @ T2K

v Thanks to resonance effect in Earth mantle and core WT2K has better sensitivity to o-p from v,

which appears for normal mass ordering (NO) and appearance channel and A7z, and sin“(26,,) from v,

transition of v, — v, in energy range 2-10 eV and it is| | disappearance channel

not happening for o, — 7, for NO. WTIn T2K 0-p and mass ordering have similar effect
v<Super-K atmospheric neutrinos are sensitive to on v,/U, event rates (so called degeneracy of the

mass ordering: normal (NO) vs inverted (I0). oscillation parameters)

Ldalena Posiadala-Zezula, PAiP-2025, Warsaw, 20-22 February 2025 0o ‘
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SK+T2K - motivation for join fit = T2\

Sicl

Atmospheric Neutrinos @ Super-Kamiokande Beam Neutrinos @ T2K

1< Thanks to resonance effe 0 Ocp from v,

which appears for norma

d sin“(20,,) from 2
transition of v, = 1, in¢

not happening for v, — 1 ave similar effect

v<Super-K atmospheric f The both data sets use the SAME DETECTOR Hegeneracy of the
mass ordering: normal ( SUPER-KAMIOKANDE

|\\ !

ala-Zezula, PAiP-2025, Warsaw, 20-22 February 2025
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* Motivation of the Joint Analysis:
» T2K and SK use the same
detector and have samples with
similar energy ranges and similar

selections.

* We can take into account the
correlations of the systematic
uncertainties

* T2K near detector can be used to
constrain the cross-section
uncertainties for the low -energy
atmospheric samples as well

Phys.Rev.Lett. 134 (2025)

‘\._

SK +T2K joint fit analysis

dala-Zezula, PAiP-2025, Warsaw, 20-22 February 2025

- SK4 data - 3244 days (2008-2018) - PTEP, 5, 053F01, (2019)
- T2K data published in Phys. Rev. D 108, 7, 072011, (2023)

- Future updates will include full SK atm statistics at least 50% more data
and more data from T2K

Comparison of the normalized flux of the selected samples
0.2

o
w

. )
2 ©
g e T2K FHC 1Re % 0-18 T2K FHC 1Rmu
:>j 0.25 —— atm SubGeV elike Odcy :>_|) 0.16 w— atm SubGeV mulike 0&1dcy
= F:
N = 0.14
T 0.2 T2K FHC 1Re = T2K FHC 1R
= S 0.12 //l
S L Z
0.15 0.1
0.08 SK Sub-GeV p-like 0-1dcy
0.1 SK Sub-GeV e-like Odcy 0.06
0.04
0.05 i
1 0.02
0 haals %
0O 05 1 15 2 25 3 35 4 45 5

True E  (GeV) True E (GeV)
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Phys.Rev.Lett. 134 (2025)

3 T —_;_I | I I T I Tl | I |I. l.. ..I:.d. .I‘ ‘l. | | L I Tl | I I
- © ==SK+T2K -
7 —T2K .
B ——SKND)
1= BE = W The (sin” 6, 8.p) credible regions obtained with
ok _ = the SK T2K, and combined (SK+T2K) dataset
N : WReactor experiment measurements of 5 using I,
SN e :s' = . .
- - disappearance, sin” (26,5) = 0.0853 £ 0.0027 are
2 Y = used as an external constraint.
_3 __I :_‘I Il"' | | I I |..I::I::I='I=f.I..P.I | | l‘..l. ‘r: ] | L1 | I I | | I _—

0955 040 5045 = 050 U5y D00 = 0.05 040 07>

These results show:

- an exclusion of the CP-conserving value of the Jarlskog invariant with a significance between. 1.90 and 2.00,
- a limited preference for the normal ordering with 1.20 exclusion of the inverted ordering,

- and no strong preference for the 0,5 octant.
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Diffuse supernova neutrino background (DSNB) searches at
Super-Kamiokande
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Super-Kamiokande

» Diffuse Supernova Neutrino Background
(DSNB) - "Relic” neutrinos from past all
distant Core-Collapse Supernova (CCSN)

electron
anti-neutrino
V Gadollnlum
proton neutron
* S
positron ¢

e+

- Detection channel :

*Inverse beta decay (IBD):

RURVRIRVRVRRE -

U,+p—on+e’

* Large cross-section in DSNB energy
region

* Simple topology with one e+ and n

» Coincidence detection reduces

enormous background
-Expected event rate: 0.13 event / Cross section for neutron capture for Gd is 49000 barns,
kton/yr while for protons is only 0.3 barn.

Positron signal Neutron signal

AN AN AN AN ANV




» Gd-loaded water @ SK with neutron
tagging (2020-present): >956 days (SK-
VI, VII)

- Detection channel :

*Inverse beta decay (IBD):

U, +p—>n+e”

* Large cross-section in DSNB energy
region

* Simple topology with one e+ and n

» Coincidence detection reduces
enormous background

» Expected event rate: 0.13 event /kton/yr

0.8

0.75
0.6F

0.0
0.4
0.3
0.2

0.1

Capture on Gd nuclei

while for protons is only 0.3 barn.

How can we detect DSNB @ SK?

09 BERE
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- DSNB searches @ SK-6d

More details in first SK-6d publication from DSNB searches AstroPhys. J. L 951 L27 (2023)

=
oM B
Y NCQE .
. Spallation ?
Or - : o . i
Li SpallatT:J.Bn. @ S 1 gn al re gl on C C ‘o (T< 50 MeV
9Be*) »(n, :
A =\ a Decay-e .
% 9'—' /-I \ P a
et B (@ Re actor Atm. v, CC interaction 2
Ve
\ n
Atm. v NC quasi-elastic ‘ ?
(NCQE) interaction ‘
8 30 Energy [MeV]

M. Harada "Review of Diffuse SN Neutrino Background “ (Super-Kamiokande Collaboration), NEUTRINO 2024, Milan

)25, Warsaw, 20-22 February 2025



.Lt? AR -2 ’bﬂ
DSNB results & spectral independent analy& %

< SK-6d energy spectrum — . .
— W Spectral-independent analysis

N
o

T« B | | I | | | I | | | I | | | =) -
-g 18 - + SK-VI+VIl observed data (956.2 days) - ~—;‘ 10 = L L
o 7 Atmospheric-v (non-NCQE) . 5 .
c 16 5% R Atmospher;c«' (NCQE) . % 10 : §
= I Spallation “Li ; § E
214 B Reactor-v - s ;
O & Accidental coincidence - CE) 107 ;_ - _;
2 mimmmm= DSNB (Horiuchi+09 6-MeV, Max.) . g : - :
g 10 S I<-v I —I- VI I ( 9 5 6 d) _: ¥ Borexino 2771 days Observed 90% C.L. (Astropart. Phys. 2 E 1 02 ? | ,,_-v- -
zZ 8 ; | ey KamLAND 4529 days Observed 90% C.L. (ApJ. 2021) 8_ =
/ / [ —m— SK-VI+VI 956.2 days, Observed 90% C.L. (New) = ey | ——
2 / J |mimimimim SK-VI+VI 956.2 days, 90% C.L. sensitivity (New) § = e
) 7 B e e e e e o —— - E ™ -
4 V / ‘ / / ] —a———  SK-IV 2970 days, Observed 90% C.L. (PRD. 2021) E
/ / // //// /7 Z _____ i | mimimaimims SK-1V 2970 days, 90% C.L. sensitivity (PRD. 2021) %
2 ;' | ;','""'- , | , l l | l l / /2 | Modern DSNB Theoretical Predictions 1 0‘2 1 0 20 ! 3|O
0 0 — 20 50 ’ 30 v, Energy [MeV]

Reconstructed e™ kinetic energy [MeV]

W< Totally 956 days SK-Gd data
v<No obvious excess of the signal (min. p-value=0.04)

W 956 days of SK-6d with 6d 0.01% (552 d) +0.03% (404 d )
Spectrum independent analysis
< Update the world stringent sensitivity for almost all bins

iP-2025, Warsaw, 20-22 February 2025
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- Looking forward to discovery of DSNB in the next decade !l

* There is no significant DSNB signal yet but ..

VII ) condensed Gd-water data was obtained.
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* Working now on advanced joint fit oscillation analysis with much more data of SK (50%) and

Future
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* Latest results with full SK pure water phase (SK1-5):
* Latest publication - Phys. Rev. D 109, 072014 -
Published on 24 April 2024
* Previously published results: Phys. Rev. D97, 072001
(2018)

* Updates since the previous analysis:
- Expansion of fiducial volume and more lifetime: 6511

days, 484 kt-yr in total +50% of statistics

- Event selection with neutron tagging on hydrogen
(SK4-5)

* New multi-ring event classification using a Boosted
Decision Tree (BDT)

* Improved charged current/neutral current separation
» Atmospheric v oscillation fit with external constrains

+ 0,3 from reactors

\.

ala-Zezula, PAiP-2025, Warsaw, 20-22 February 2025

Zenith angle atmospheric neutrino oscillation analysis

SK-123%

* Atmospheric neutrino events at

o SK-IV 50%
Super-K are classified into several

categories:

SK-III 8%

N
> >
/"'7:\ ."
Fully contained ' Partially contained Upward stopping Upward through-going
muon 0 muon

Expected energy spectra of atm-v samples

llllllll T llll [ T ||||||| I |||||”| I |||||||| LI ||||||| I |||||||| LR [T llllllll T IIlIllll T lllllll[ T T lllllll T T IlIIII| T T 1T
i PRD97, 072001 (2018) - F 1 250 N
1400 |} 4 2s00- i .. FC Sub-GeV (v,4v,) B i TSP
! _ ) - . B ! ...Up-u Through |
g 1 200__ : E == FC Sub-GeV (v+Vv,) _| 2000: A E FC Multi-GeV (Vpr) ] 200 ]J-L / } P-p 1'hroug N
® I - ) — i i — . ' Nuo. —
() 1000~ FC Multi-GeV (v +v,) ] - -5 - PC Stop ] i J 1 §Up Q Showenng_
8 E - E 500:_ N _: 150~ ; H
S 800 . 1 - -' \\ PC Through ] i L ]
c 600r# i 1 1000F i | 3 100 -
S oobi  k ! F ] : ] :
W 400-; E S ] . o B N
5 1 500 :# i ] 50 : 7 _
200H ;| . [P A 1 K 1 \\:\\\
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- Separation of v, and U

important for mass ordering
searches

* No magnetic filed in the Super-K
detector to do that

* However we have larger cross-

section and flux for v, than I,
which results in twice more v,
U, in the

inferactions than
Super-K detector

la, PAiP-2025, Warsaw, 20-22 February 202!

Neutrino Flux Ratios

CCQE

| A ANL
L O GGM77 | *
- @® GGM79 J

- X Serpukho

CC single =
O ANLS82

BNL 86

Separation of 1, and 7,

Neutrinos

Total o (a) :

B CCFR90 |
Y CDHSWS87 -
X IHEP-JINR96 -
¢ |HEP-ITEP79 -

(\®)
T

Bartol
Fluka

| —— This Work Vu
--- HKKMS06 "y _

0 Antineutrinos

. CCQE Total o (b) i}

__06 O GGM77 W CCFRS0 b IHEP-TEP79 —
— ' ® GGM79 V¥ CDHSW87 [J CCFRR84 )
> - ¥ Serpukhov X IHEP-JINR 96

Phys. Rev. D 83 123001 (2011)
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v/U separation @ SK before neutron tagging

Multi-GeV e-like v, Multi-GeV e-like V,

10T oK 1111 Expanded FV : 40E K I-IIT Expanded FV
120 - Data h 400 - Data
- Ev.CC V. CC : 1oF V. CC mv. CC
1ok  mv,CC v, CC - mv, CC v, CC
" Ev,&V.CC [ONC : 300F mBv.&7v.CC [OJNC

AiP-2025, Warsaw, 20-22 February 2025



\

UPER

....NeuTron tagging on hydrogen at Super- K d P

Reminder:
Possible from SK-IV period

v,+n—>e +p
U,+p — e +n

- IBD reaction: v, +p > n+e™
* Neutron Taggmg may happen on hydrogen.

n+p—>d+y22MeV)

* The gamma ray may then scatter electrons
(Compton scattering) in the water,
accelerating some of them above the
Cherenkov threshold.

» Identifying the light from those electrons
can be used to infer the presence of the
gamma ray and hence its parent neutron.

Abe_2022_J._Inst_17_P10029.pdf

ula, PAiP-2025, Warsaw, 20-22 February 2025
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- Sub-GeV u-like 2 d.e.*
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2-ring n’-like

2 25 3

loglo[p (MeV/co)]

300

:- Multi-GeV e—like'vc* :

300
200
100

OL i A 1 - |

1.5
1
0.5

300
200
100

300

200
100

800

! .

Multi-GeV e-like V,* '.

Multi-Ring e-like V, ]

200

150

100

1.5

0.5

300 F
200 F
100 F

0
1.5

1

0.5 1 1 2 L
-1 -08 06 04 02 O

Up-u Stopping

i S I =]

Up-u Non-showering

. .

Up-u Showering

cosB,

Super-Kamiokande I-V
-¢- Data

BV, CC V. CC
v, cC V. CC
0 u

BV, &V, CC NC

»Zenith angle or

‘FC: Sub-GeV and Multi-

.PC. UPMU. FC 7° Fc¢

momentum distributions
for the 19 analysis
samples without
neutron tagging.

GeV samples with SK-
I~ITIT data, no neutron
tagging included*

Multi-Ring samples use
SK-I~V dataq,
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SK samples

impact of neutron tagging

“"i
5

*Improves separ'a‘rion between v and U events

*Additional selections done for SK4 and SKb5 data period, with neutron tagging on Hydrogen.

Sub GeV Vi Ilke

de. > 1 +any # of neut. d.e. O+#ofneuT =0

Sub GeV V' -like O n

Multi-GeV ¥_-like 0

d.e=0 + # of neut. > 1

SuB-GeV 'v'e-like '1 n

\ New selections
with neutron

tagging

——¢-

Old selections
Phys. Rev. D97, 072001 (2018)

adala-Zezula, NEUTRINO 2024, Milan 17-22 June 2024

. | ' o '. b Super-Kamiokande |-V
_ | - o 051 *‘-F‘*—o— B =‘=. . ¢-Data
05 0 05 1 -1 05 0 05 1 WV, CC 0V, cC
Cc0SO CoSH, =Vu CC vV, CC
v.&V.CC [ONC
B Ve (64%) B V. (44%)
Ve (29%) Ve (46%)

300 Multi-GeV e-like v *

200

100

-Ve (56%)
Ve (34%)
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auﬁ - SKsamples - impact of neutron tagging

*Additional selections done for SK4 and SKb5 data period, with neutron tagging on Hydrogen.
Improves separation between v and U events
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