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e Brief introduction to neutrino oscil

Outline

« The T2K and SK experiments

 Why a joint analysis?

e Results

 The future

Clarence Wret

Posterior density
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Antineutrino mode e-like candidates
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Neutrino oscillations 101



Neutrino oscillations

* Neutrino flavour and mass eigenstates are separated

n
(0 (s U Thg)
|1/1> N 2 061|v“> U=1Un Up Us

Mass state X \Ur1 Ury Uzs)

Mixing matrix
* Neutrinos propagate in mass eigenstates, but are born and
detected in the flavour eigenstate via weak interaction

B. Kayser '.7 [

Target

Source

e Results in oscillations of the detected flavour eigenstates

Clarence Wret



Neutrino oscillations

e Express probability to detect a neutrino with flavour a and energy E,
as flavour 3 after it’s travelled distance L

L
* * e 2
P(yﬂ —3 Uﬁ) — 5&)«3 % 4£R€ (uﬂHUﬁ,Iu&juﬁrﬂj) S1n (&HIHE)
* * . 2 L
Al — mf B mjz + (—)221?11 (umuﬁfumjuﬁj) sm(mnfjﬁ)

s i>]

Clarence Wret



Neutrino oscillations

e Express probability to detect a neutrino with flavour a and energy E,
as flavour 3 after it’s travelled distance L

L
P(va = vg) =34 —4) Re u;uﬁfuﬁju;j) sinz(mn?jﬁ)
i>]
L
* P i * " 2 —
An, = m2 — F ()2 Im (Ul U ) sin (A=)

Mixing angles

Mass? difference between
eigenstateiand

* Design of a neutrino oscillation experiment focusses on L/E

- Determines sensitivity to mass squared splitting and mixing angles
- Optimise L/E to match appearance/disappearance
- Resolve neutrino energy adequately

Clarence Wret



Neutrino oscillations

e Express probability to detect a neutrino with flavour a and energy E,
as flavour 3 after it’s travelled distance L

L
1>]

TR I (Uit ) s
i>]

Dominant effect
from sin? term
leads to a unknown
mass hierarchy:

Normal hierarchy Inverted hierarchy
Am?3,>07? o 1
m”| I Vs V-
Mol
sin term resolves mass - o
hierarchy, and also Hatm -
enters through matter _ y: Amy,
effects iy
V2
Know Am?;:>0 Amot e —
from SNO experiment '

Clarence Wret



Neutrino oscillations

e Express probability to detect a neutrino with flavour a and energy E,
as flavour 3 after it’s travelled distance L

L
Z =
,k N o 5 b
t>]

/

Measure differences in P.(vué.ve) and P(anti-v,—anti-ve)
— left with single term Aij = Am?  L/AE

P(vqy — vg) — P(Vg — vg) = —16J4p SIn A1 sin Arz sin Az

Sensitive to J
CP violating phase \
Sensitive to

J = S12C;2823C23513C%3 Si]’l (S mass hierarchy

Clarence Wret Nunokawa et al, Prog. Part. Nucl. Phys. 60, 338 g



https://www.sciencedirect.com/science/article/pii/S014664100700083X?via%3Dihub

Neutrino oscillations

 The most general form of mixing matrix is seldom used;
instead separate into three mixing matrices

(1 0 0)
U=10 cx3 s23
\U —523 €23

Atomspheric or
“2,3" sector

Clarence Wret

( C13 0 5138_55\
0 1| 0
\—5138_55 0 c13 )

Reactor, or “1,3"” sector

( €15 512 O\

—s12 c12 O

\ 0 0 1)

Solar, or “1,2"
sector

Sij = SinB;
Cij = COSGij



Neutrino oscillations

 The most general form of mixing matrix is seldom used;
instead separate into three mixing matrices

S = SinB;
' Cij = cosei,-
/1 0 0 \ / C13 0 8136’_!5\ ( €15 512 0\
U=1[0 ¢ s 0 1 0 —s12 c12 O
\0 —s23 c3) \—s13¢™® 0 ¢35 JI\ O 0 1)
Atomspheric or Reactor, or “1,3” sector Solar, or *1,2°
“2,3” sector sector

Long baseline experiments (K2K, T2K, NOvA, MINOS, DUNE, HK),
atmospheric experiments (SK, lceCube)
L/E ~ 400-500km/GeV

Sanford Underground
Research Facility

Fermilab

..........

From DUNE
Clarence Wret 10



https://www.dunescience.org/wp-content/uploads/2016/12/LBNE_Graphic_061615_2016.jpg

Neutrino oscillations

 The most general form of mixing matrix is seldom used;
instead separate into three mixing matrices

S = SinB;
Cij = COS@ij

/1 0 0 \ / C13 0 8138_55\ / C12 S12 0\
U=1]0 C23  S23 0 1 0 —s12 c12 O
\0 —s23 c23) \—Slgf_i{S 0 c3 JI\ O 0 1)

o «“ »
Atomspheric or Reactor, or “1,3” sector Solar, otr 1,2
2,3" sector sector

Reactor experiments (Daya Bay, RENO, Double Chooz)
L/E ~ 1km/MeV

& i B . . :-"‘_,:__ ..—!..?-_'__-:-_‘ =

—

Clarence Wret | h 11


https://newscenter.lbl.gov/wp-content/uploads/sites/2/2020/05/daya-bay-antineutrino-detectors.jpg

Neutrino oscillations

 The most general form of mixing matrix is seldom used;
instead separate into three mixing matrices

S = SinB;
' Cij = cosei,-
/1 0 0 \ / C13 0 8136’_15\ / C12 S12 0\
U= [0 ¢ s 0 1 0 —s12 c12 O
\0 —s23 c3) \—s13¢™® 0 ¢35 JI\ O 0 1)
Atomspheric or Reactor, or “1,3” sector Solar, or *1,2°
“2,3" sector sector

Solar experiments (SNO, SK)
| long baseline reactor
experiments (KamLAND,
JUNO)
L/E > 100km/MeV

. o From MIT
Clarence Wret o 12


http://web.mit.edu/josephf/www/nudm/SNO.html

The T2K and SK experiments

|
]
o
sroese \
Fris:
|

4 A g | i
* _‘--':; - \
" L : b\ — LA RRARR R
- A st __—. = |:‘ '\g:‘:‘\ A4 ‘L::. , 4

The “pit” 280m after the target The SK detector: T2K’s far
station, housing ND280, INGRID, detector and conducts its own
and other near detectors atmospheric neutrino analysis

Clarence Wret 13



The T2K experiment

Clarence Wret 14



The T2K experiment

Deca
Target o volum&:e Beam ND280
P 3 =
]Ty K’ p--- H’V”_
47
26 m // 17/
' ' /7 ' /77 '
Om 118 m 280 m 295 km
w BT 18 b Neutrino flux at SK in v, mode
. ? 3 §in20,=10 ] ??:10'2
Sta rt Wlth g O‘S:W\ am:ffi%;;zlg::ev! E § _Xe
predominantly v, |_off "+ 2 Ve
(anti-v,) beam Toofl) o T 10
- 4t OA 0.0° N EIOIO
~ f %% OA 2.0° -
Move off-axis fora |2 | B
narrow E, peak |1 1 el ™ -
¥ : ; . R e S T
E, (GeV) ' E, (GeV)

Clarence Wret <E,>~0.6 GeV 15



The T2K experiment

Target  porns Beam

D ' B s
i, K, p...

Om 118 m

Neutrlno events for a ND280 selectlon ~

280 295 km

) E ' % Data -v CCQE -
;5000 — @lvcc2pzh [@vCCResln ] . .
= o0 £ m o Orecone | Characterise neutrino
S b E beam before long
TE =
2o b 2 | baseline oscillations
@ - -
L‘E 1000 — —] g - Horlzontal beam dlrectmn | ~+INGRID ]
- £ ojf - _,_+|3+ i :
14 — : : ]
3l w12 — — -0.5F | | | 3
ZS ZE (I;g E:.!................'..o...-..o...!l...............-.......I...i.....n.:z B : : , | |
0.6 & , , , , , , , , , - = 055 Vertical bt:!am direction +1I'VI;][(}I\1}[I(I))N
0 200 400 600 800 1000 1200 1400 1600 1800 2000 e - g ) ‘ ON
T2K Preliminary p. (MeV/c) 0Pt e
g s rﬂ — b fc* %
e P D D B D ! D | DR N

Clarence Wret
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The T2K experiment

Target Horns Beam
(P ¥ dump
p —_— -
K ]
i, K, p... L v %
47
96 m
Om 118 m 280 m
V“%Vu: —|OW many Vu have disappeared >Olc_Jserved electron-lik_e._e:"el-:’iat SK
in the beam measured at SK? =L oD
5 | Somi
Vi»Ve: How many ve have appeared | | e
in the beam measured at SK? B ap | +
Measure long of + Aoperrsicc!
baseline ;
oscillations A e
0 500 1000

Reconstructed v energy (MeV)
Clarence Wret 17



The SK detector

« 50kt water Cherenkov detector, 2.7 km water equivalent overburden

 Running since 1996, with latest upgrade to SK-V in 2018 relevant to
this analysis (now doped with Gd!)

- 2.5° off-axis with similar flux to ND280
e 11,146 20" PMTs in ID, 1,885 8" PMTs in OD - 40% PMT coverage

Control room

b N ST e

41m

¥ . - —li—_h_ | lnncheleclorQ,’ I<
i T~ ™ Quter Detector \
1M | 1 ‘ -?“‘L‘-'z""---‘___‘___-“__”"":_r“‘:"": )
: . L . - SSSSLL0L0S o s o os s Biahessbse?
3. 1 e A

-
Detector hall Access tunnel

Clarence Wret 18
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Why a joint analysis?
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68% syst err. at best-fit — sinzﬁu
- PRPer

v DBest-fit — Am3, =
—=— Data (68% stat err.)

24

22

20

18

16

14

12

Antineutrino mode e-like candidates

10

Clarence Wret

Why a joint analysis

 T2K has degeneracies with 6cp and mass ordering

= (.45, 0.50, 0.55, 0.60
2.49x10 " eV? (NO)
—--- AmZ, = —2.46x10" &V? (10)

e[ m O

Normal ordering

50 60 70 80

90

100

110

é{.r, =

O cp = /2

b0

E’J{.F = —n/2
120

Neutrino mode e-like candidates
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Why a joint analysis

 T2K has degeneracies with 6cp and mass ordering

: e QO du=n

68% syst err. at best-fit —— sin H“ = (.45, ﬂ.?ﬂ, 0.55, 0.60 W gl

v Best-fit — amp= 2.49x10 " eV* (NO) 0 a{'F= 0 -

—o~ Data (68% stat err.) ---- Am3,= —2.46x10 " eV? (10) S B il

{-F o b
[ ] _I I | I LILEL | LI LI | | LI I | | LI | LI | I LILEL | LI LI | I I_

L

= ?'4__ N o
E [ +“""-",, ]
= [ .‘11_ “-'-_,‘1_' _ -
5 2 NN Oce =gm/230 "
o 20 m. =
e n " 3 'S -
g i i e x
53 13_— = - 6CP = 0—>T[/2 =
3 165— - ﬁ}_j1£;aitza . . &
8 O e S =-1/2-0 :
= | —, - el
= L . —
= _ il
£ 12 —
5 - 1
< 10~ 73
_I i | i | I | | i1 | | | 11 i | | i i | | L i i | i | I | | i1 | - | i I_

50 60 70 80 90 100 110 120

Neutrino mode e-like candidates
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Why a joint analysis

e But, T2K has good sensitivity to mixing angle sin?0;

= R S Q a{'p — I

68% syst err. at best-fit —— sin"0,, = 0.45, ﬂ.?ﬂ, 0.55,060 o & _ . n

v Best-fit —— Amj3, = 2.49x10 " eV* (NO) 0 s -0

—&— Data (68% stat err.) ---- Am3,= —2.46x10 " eV? (10) S B il

. CP I &
[ 4] _I I | I LI | LI LI | LI I | L L | I LI | LI | | | I I_

4

= 24 f‘ =
T :
B 22K ", SiN%023= -
5 = ., 0.55—0.60 =
Q 20 /= g S —
— | T _
L = = =
E : 1y - b ¥ :
= 16— —
= E : |
= 14— B =
5 F :
g 12 =
5 - 1
< 10 =
_I i | i | | | [ | | | | i | | I I | | | I I | | i | I | | [ | | i I_

50 60 70 80 90 100 110 120

Neutrino mode e-like candidates
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Why a joint analysis

 Both experiments are sensitive to dcp from ve appearance

 T2K is not sensitive to mass ordering, but good constraint on &¢p

« SK has good constraint on mass ordering, but barely on &¢p: sees
an average effect, due to energy resolution

- T2K’s sin?6,3 constraint helps reducing degeneracies in SK
SK oscillogram

—

SK oscillogram
0.7
1~ Ve) Vacuum .

cos(zenith)

P(\;lJ - v,) Matter

cos(zenith)

0.5

0.4

0.3 Transiti-

on zone
0.2
-0.5

Mantle
0.1

10

= [Ge\g]

If normal ordering, resonance appears for neutrinos
If inverted ordering, resonance appears for anti-neutrinos

Clarence Wret



Why a joint analysis
 Both experiments are sensitive to dcp from ve appearance
T2K is not sensitive to mass ordering, but good constraint on &¢p

SK has good constraint on mass ordering, but barely on &¢p: sees
an average effect, due to energy resolution

- T2K’s sin?6,3 constraint helps reducing degeneracies in SK

T2K events, impact of 6cp SK oscillogram, impact of &cp
E : d 6 T T é’ ! 0' _ E 1_ T TTT] T T 1 TT T !—_ 0.3
O |- --.Tot. Pre Vi Ve Ocp=U] O
3 > a3 T 8 L Pvuove: 8, =40)- Plv, o> v, 5 8, =220) | -
= - - — _: = =
20 - Tot. Pred., 6CP=+% I V.= Ve, EsCP:U_— -E 0.5
- 1 § - l/€ appearance - 0.1
— il — N
. —e— Data . Background + & - -
15 BESEEE 71 8 o 1 o
10F | el - 1 —-0.1
i 1 -olsh
S5 — | To.z
0 L = L e [ ] 1 1 _03
0 0.2 0.4 0.6 0.8 1 1.2 10
Reconstructed energy (GeV) Energy [GeV]

Cldiernee vviet 24



Why a joint analysis
« SK sees multiple neutrino sources: here we use atmospheric neutrinos,
and beam neutrinos from T2K

B o e e A aS e a s mas

=== T2K FHC 1Re1dcy

m—— T2K FHC 1Rmu

= atm SubGeV elike 1dcy

m— atm SubGeV mulike 0&1dcy

<
(&)

Normalized Event Rate

[=1
—
(%]

(=]
o

0.05

% 1 2 3 4 5 86 7 .8 0
True E, (GeV) 0 05 1 15 2 25 3 3'5TruiE4{geV§)

« Same detector, sometimes similar selections and fluxes

- Unify systematics and selections where possible

- Improved oscillation constraints through sharing systematics, and
using high-statistics SK samples to inform T2K samples

— Utilise high-statistics near-detector samples from T2K to constrain
aspects of atmospheric selections: expose tensions

« Beam+atmospheric analysis may be required for Hyper-Kamiokande
competitiveness with DUNE (depending on mass ordering and &cp)

Clarence Wret
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[PTEP 2019 (2019) 5, 053F01]
e SK’s 2019 analysis as basis

ewesicssoas e Oelections
e T2K’s 2020 analysis as basis
- 5 samples: single-ring separated by

lepton flavour, Michel electron, and
beam running mode

POT: 19.7x10% FHC,

- 18 samples, separated by
lepton flavour, event
topology, and visible energy

- SK IV, before Gd-doping

16.3x10%° RHC

Bl 'hﬂﬂ%ﬂ ki —J: +Data I
mna H _} — Best fit 20 _H —|-| — Best fit 3244 4 d f t h °
; } " - y p
RO 3 .. Tl e l 4 days of atmospheric
B w 180 —— t d t
% IS(}I— * Data A iu 150 + E, -':" « Data 3 I ne u rl n O a a
£ anl Best fit -:-1 = L .t
g 1200 2 120F H I ey 1
5 ol : ' + “
g 9% ks - g oof _ AL 'S, 0.6 =
g0 1 e [ e g I = | —— Sub-GeV (v,+7,)
i L B - i | - I ) - | —— Multi-GeV (v +v,)
sof [+ '.'f%w':{:ﬁ - 30 _Q;T;_ ' I © ] —— Multi-Ring (v, +v,)
UE.'. e ] D SR ;‘&!"'-‘-"l o it L ":H' L =1 L - 1 L 0 -'('-U' ' PC s“’p
100 50 00 05 1 15 2 5 3 20 100 00 200 400 600 8§00 1000 1200 o i PC Thru
Reconstructed v-energy [GeV] Lepton momentum [MeV/c] I = 0.4 : (11117} Upmu Stop
S c U.Aar Upmu Thru =]
10 =+ Dana = I g L
sE —Bestfit | w
oL s o= =0 IEVRORTOOOR I
i S Roughly
= 150 ﬂ - ‘ . * Data 2 jsof * Data 1.5 I i
%;IJ IE(]-—_'_ _‘_ > Best fit = ‘%_:J 120 e Best f 0 2— EViS=1°33 GeV —
2 0 [ . g 12 . - I .
g ‘JI]_ j r L 0.2 § 90 - : L
] i [ . 2
- :': i * oq ~ 60 0.5 I
30 r i 30
i3 ﬁ i - l i
5 00 200 ﬁl 600 T ——— 0 I 0 ; 254 e TV NIRRT IRTEERITIT |
pton mo _E i 4 5 6
Lk | | A \ 10" 1 10 10* 10° 10* 10° 10
e 1807 T I e Gev
% IS{JE_' = * Data E’ ( )
g '3“5: —:F: F B Bes " I (Fully%&tained}
§ g i g
3 m_—l—::E L troae is I * --—-—l""
; izl ' ' 2
30— =L
I 3} g ] I
: 5 _-'E] 0200 400 600 800 1000 1200 © I ’ Upmu

Clarence Wret

Lepton momentum [MeV/c]

(Partially Contained) (Up-going muon)
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* Shared det.
systematics

 No shared
flux
systematics

Clarence Wret

Shared systematics

 Utilise interaction model expertise from both
experiments: unify low energy model and CCQE

 Apply T2K ND for relevant atmospherlc selections

Low-energy High-energy
sub-GeV atm + beam multi-GeV atm

FSI

SI

T2K model with ND280 constraint,
Corre[ated in low thlghE (except for h|gh Q2)

hlgh 02 params W/N D280 |
add v./v, ratio unc. (CRPA)

SK model (100% error)
+ T2K-style shape

T2K model w/ND280 S1C el

+ new pion momentum dial for 3 dials common with T2K,
+ NC1T[O uncertamties use more recent larger T2K priors

T2K model w/ND280

T2K model w/ND280 SK model

SK model (25% norm on top of other syst)
for other systematics checked that we have no numerically unstable values

T2K model w/ND280

should be mostly same as SK model

T2K model, correlated in low-E/high-E
only applied to FC and PC for atm, PN not applied to atm

27



Fake-data studies

« T2K uses “fake data” to gauge impact of missing interaction
model features

- How would a bias manifest if model X is true nature, but we fit
it with our model

* Set “data” to be a model, redo near-detector analysis,
propagate constraints from near detector to far detector,
extract bias on oscillation parameters

* 14 different models tested: study impact on &cp and J, sin?63,
mass ordering and Am?z; constraint

e Largest impact from Continuum Random Phase
Approximation (CRPA) and the multiplicity of multi-pion
events

- Latest T2K analysis has uncertainties related to this, which we
did not include in our analysis; hence a large impact

- Smearing of Am?s3; of 3.6x10~ eV2: larger than overall syst
uncertainty on Am?;;
Clarence Wret CRPA: [Phys. Rev. C 65, 025501], RPA: [Phys. Rev. C 83, 045501] ,4
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Results

e Four analysis groups:

- Two Bayesian MCMC analyses
- One simplified frequentist analysis
- SK’s official frequentist analysis

* Here presenting results from the two Bayesian MCMC
analyses, using different implementations

Reactor constraint on sin?643:
0.0218+0.0007 (PDG 2019)

Analysis 1

Analysis 2

Oscillation probability

Systematic response

Binned

Event by event / Binned

T2K sample binning

(Erec, @) for p-like samples
(p, @) for e-like samples

(Eree) for p-like samples
(Evrec, #) for e-like samples

T2K near detector constraint

Gaussian approximation

(Sequential fit)

Full likelihood

(Simultaneous fit)

Fast oscillation smearing

Semi-analytic averaging

Down-sampling finer to coarser grid

Earth density

Average density + deviations

Average density

Clarence Wret
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Results, Jarlskog invariant
e |f Jarlskog invariant is O: no CP violation

* Test two choices of prior: flat in dcp, flat in sindcp

Normal ordering Analysis | Inverted ordering Analysis |
E‘ [ T | T T T | T T T | T T T | T T T | T | E‘ 350 T | T T T | T T T | T T T | T T T | T _
‘w250 s e -z : .
= - Flatin 8., Flatinsind_, 1 5 3000 Flat in 8-p Flat in sindp
E - B lc ---lo 7 E B c ---lo
2 200 ---- 20 — .S : 20 ---- 20
3 N v 3G 1 58 20 30 v 3G B
8 - . 1 8 -
o ] SO - Flatin 5, — Flatin sing,, | — (2 200 — ]
C \I 150 —
100 — . ‘}5.5\_ -] C
N . 100~ —
sol- Analysis 11 7 -
B _ 50— ]
['] B 1 | Il 1 1 ; L L i l L L L l L ] 0 - | | |: : L | 1 1 1 | 1 1 1 | 1
-0.04 -0.02 0.00 0.02 0.04 -0.04 —0.02 0.00 0.02 0.04
J=515613815€ 198538100 T =513015815€12523€,5518

e >20 exclusion of J=0 in normal ordering
 Nearly 3o exclusion of J=0 in inverted ordering
e Similar (but weaker) exclusion for Analysis |l

Clarence Wret 31



Results, CP-violating phase

e Similar results for 6cp phase constraint

e Ocp=Ttis just included in 20 for normal ordering and a

prior flat in sindcp

* Inverted ordering nearly excludes 6¢p=0, 1t at 3o for

both prior choices

Normal ordering

Analysis |

0.8

0.7E o

Posterior density

Flat in acp Flat in sinﬁcp

Clarence Wret

Posterior density

Inverted ordering Analysis |

1.0k

Flat in E}CP Flat in sinﬁcp

32



Summary table for CPV statements

Analysis Variable | Prior lo  90% 20 3o
5 Flat in d.p v v v X
, - Flat in sindep | v V(%) X X

Analysis 1 .
7 Flat in . v v v ®
o Flat in sind.p | v v v 4
5 Flat in dcp v v v X
, - Flat in sindee | v V(X) X 7

Analysis 2 ,
7 Flat in . v v v 4
= Flat in sind.p | v v FIxl X
v': excluded X: not excluded

v'( X ): excluded but may not be robust against the possible bias from an out-of-model effect

¢ 90% to 20 exclusion of J=0 and 6¢p=0, 11
 Dependent on prior choice, dependent on variable
» Analysis | and Il are (mostly) consistent

Clarence Wret



Results, atmospheric

Constraint on Am? is weaker than T2K result due to fake-data studies
Will improve with updated interaction modelling
Normal ordering: weak upper octant preference

Inverted ordering: stronger upper octant preference

Post. prob.

T
Sin“0,4
=
o

Normal

ordering

1o, 20, 30

Analysis Il

Post. prob.

o
Sin“0,,

Inverted

ordering
1o, 20, 30

Analysis Il

Am2, [x10° eV?]
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Results, Bayes factors

» Express octant and ordering preferences as Bayes
factors (ratios of posterior probabilities)

T2K+SK

sin #ay < 0.5 sin®fy; > 0.5 Line total

Normal ordering 0.367 0.533 0.900
Inverted ordering 0.022 0.078 0.100
Column total 0.389 0.611 1.000

MO Bayes factor B(NO/IO) 8.98 +0.06

Octant Bayes factor B(UO/LO) I 1.57 I 4—\

\

 Moderate preference for normal ordering, weak
preference for upper octant

Clarence Wret



Results, comparing experiments
« T2K dominates d0cp constraint, but SK has sizeable

contribution around &¢p=0

Analysis |

Posterior density

* Lower octant preferred by SK, upper octant

preferred by T2K

- Joint analysis has little octant preference

Clarence Wret

Posterior density
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Results, p-values

e Construct posterior predictive distributions for all
T2K and SK samples

T2K 1Ru T2K 1Re SK Sub-GeV e- Ilke Ode

—— Dam I Winoa AC —— WG| e Data [ WithoulRA —4—= Win A | L— J  Wihos G ]
0E # OE
g £ L #

=3
I

[omr]
I I I
=] o
® =]

e
=1
TT T T 7T T |I|
e v nUMber of thowes

_||I|||I|||I|||I|||I|
E:i‘ o4 o0& ek

.1
Fchurl ruchad \b_ _,'lug'.r G ".-

e Can then construct Baye5|an D- values for all T2K and
SK samples

FI-Ln:rl uI.-‘.IL\lL

 Compatible p-values between analysis | and |l, and
with T2K 2020 results

- p=0.254 (shape), p=0.202 (norm)
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Future
* Writing short paper on oscillation analysis, expect soon!

* Long paper on method and model developments, including
full oscillation result

 Two complementary frequentist oscillation analyses
underway, one being the official SK atmospheric analysis

- Will do Feldman-Cousins confidence intervals, and CL;

* [nterest from both collaborations to pursue another
analysis

- Have begun studying impact of more SK atmospheric data (SK I-
IIl and later) and T2K beam data (still have another 1.7x to

collect!)

- Scope to deeper investigate flux correlations, develop near-
detector selections targeted at atmospheric selections

- ... your ideas here!

Clarence Wret



Summary

o Official simultaneous analysis between SK atmospheric and
T2K beam neutrinos complete

- First analysis to deep-dive into shared systematics!

 Numerous benefits: lifting oscillation parameter
degeneracies, correlating systematics, sharing knowledge

- A necessary exercise for future Hyper-Kamiokande
experiment

e Teasing on 20 exclusion of J=0; exclusion of CP violation
between 90% and 20

* Preference for normal ordering, weak preference for upper
octant

o Stay tuned for papers!

Clarence Wret
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The T2K near detectors

* Fluxes: v, and anti-v, dominated with different E,

- ND280: 2.5° off-axis, 0.6 GeV narrow band - used in OA
- INGRID: on-axis, 1.3 GeV wide band - used for monitoring

ND280 flux (off-axis) (on-axis)
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; : 101.1.=F ............... ............... "-.'."- ..... . ............... . .............. ..............
© O  Fo— : L R ; : a :
> -~
c:% L e B i Ng 10t
5 E
— _5_.2 9
z g
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« Multiple targets in INGRID and ND280: CsHs, H2O, Ar, Pb, Fe

 More detectors rolling into the ND280 pit, e.g.
WAGASCI/BabyMIND, NINJA, proton and water modules

Clarence Wret JINST 12 (2017) PTEP 20214 (2021)  Phys. Rev. D 102, 072006 (2020) 44



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.072006
https://academic.oup.com/ptep/article/2021/4/043C01/6156643
https://iopscience.iop.org/article/10.1088/1748-0221/12/07/C07028

The ND280 near detector

* Oscillation analysis utilises the FGD+TPC selections

- Use FGD1 (CH) and FGD2 (CH, H,0) to constrain neutrino flux and
interaction cross-section

- Water target important, as it's the target in SK
ND280 side-view

POD, POD ECal

a Il .

e Sign selection, ~8% MIP resolution in TPC; 0.2% /e confusion

— Can constrain wrong-sign backgrounds in-situ

Clarence Wret 42




Flux at T2K SK

Tuned run1-10b flux at SK T2K Preliminary Tuned run5¢-9d flux at SK T2K Preliminary
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Flux at SK atmospheric
SK IV Atmospheric
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T2K flux uncertainties

SK: Neutrino Mode, N T2K Preliminary
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The SK detector

* Excellent u/e separation: <1% mis-assign e as u
* Reconstruction simultaneously fits all PMT hits, inspired by MiniBooNE

o [ 7}
=100 —#— Runl-10 Data = —#— Runl-10 Data
g (19.66x10%" POT) i g (19.66x10"" POT)
w Bl Osc.v, CC L - [ ¥, CCQE
4 : é ey - 9
) [ 0se.v, CC 5 80 v, ccoE
. _
= [ ]v./v.CC 5 [ ]v,.*¥, CCnon-QE
'E [ Beam v /¥, CC 'g B v.+v,. cC
= B ~e Z ol I ~e
Z MC wi T2K-+DB bestfit Z MC w/ T2K+DB bestfit

50

-1000 0 1000
PID parameter PID parameter

* Runs a multi-Cherenkov ring reconstruction, down-selects to single ring, and
runs dedicated single ring fitter

- Select number of rings and delayed Michel electrons
- This analysis selects single ring events

Clarence Wret 46



The SK detector

» Cherenkov ring shape (sharp vs fuzzy) chiefly
determines (L vs e

 Additionally select on delayed Michel electrons

1Re Ode 1Ru <2de

Clarence Wret
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« SK and T2K signed memorandum of understanding (MoU) in late 2019

e Pursue joint oscillation analysis of SK atmospheric and T2K beam
neutrinos

« Official effort from both experiments, with bi-weekly meetings and active
consulting of experts

 MoU set out to use existing experiment techniques but also modify
analyses under supervision of experts when necessary

 The analysis is not just a statistical combination, but leverages strengths
of both experiments, e.g.

Clarence

Use T2K’s near-detector to constrain neutrino interaction model for SK
atmospheric selections

Share parts of the interaction model where appropriate and feasible
Unify reconstruction and simulation of SK’s beam and atmospheric neutrinos

Use high statistics SK atm. samples to understand features in T2K selections,
e.g. 1Relde and SubGeV e-like 1de

Develop earth model for neutrino oscillations
nd many more!

ret 48



SK running periods

From L. Wan@NEUTRINO 2022 Gd concentration at SK-VI:
0.011% in weight.
1996 2002 2006 2008 2018 2019 2020 2022

SK-11I SK-V SK-VI

SiSK_GdH i

e FRE (back)

— M
Pure water Gd-loaded water

6,511 days live-time 583.3 days + the future...
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Octant flip with(out) reactor constraint
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Figure 117: sin? fy3 from real data fit with (blue shaded) and without (yellow shaded) reactor
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Bayes factors for each experiment

T2K+SK

sin® fay < 0.5

sin® @y > 0.5

Line total

T2K

sin?fsy < 0.5 sin®fyy > 0.5 Line total

SK (+ND)

sin®fas < 0.5 sin®#yy > 0.5  Line total

Normal ordering 0.367 0.533 0.900 0.190 0.642 0.832 0.468 0.186 0.654
Inverted ordering 0.022 0.078 0.100 0.025 0.142 0.168 0.214 0.132 0.346
Column total 0.389 0.611 1.000 0.215 0.785 1.000 0.682 0.318 1.000
MO Bayes factor B(NO/I10) 898 £0.06 4.96 + 0.02 1.886 + 0.008
Octant Bayes factor B(UO/LO) 1.57 3.65 0.47

Clarence Wret
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Ax:

FDS list

Model component

Martini 2p2h

ND280 data-driven pion kinematics
CCO7m non-QE alteration

Removal energy

Axial form factors

Pion SI bug fix

2p2h
CClnr
CCOr
Nuclear Model
CCQE
CClr, CCnm

LFG
CRPA

Nuclear model
Nuclear model

Pion multiplicity
Energy-dependent o,,/0,,
Xsec-only fit

Atmospheric down-going CClm
Atmospheric full-zenith CClz
No-migration energy scale fit

CCnm
Ov./00,
Fit
CClr
CClnr
Fit

Example of the fake data fit results that showed large biases Gaussian smearing applied on data
25 OO .. ... ... o, 25 AUV ... . . ... P DO, ... ' ... ...
] P L 1 = - '
] 4 B ] 4 .
—— Nominal A [E —— Nominal _ 25 |- ) &
20 —— CRPA e 20 —— MultiPion 2 - W smearing
A - ':'/t - w/o smearing
) i K e 20 f- ]
15— —— Normal ordering — 15 Normal ordering g A [ —— Normal ordering
. T Inverted ordering = o Ve Inverted ordering “_';/ 5 s :_ ..... Inverted ordering
10 2 10 i / N :
- - - . 10 —\ /—c
. i 7 S 7 sF e o
q'".".' | I e A el e e ool LG PR et £ || s AT T LT PRI b N IR el S A AT DA b 0 e [} J PR - - IJI,' i s S ._xlﬂ"‘
23 235 24 245 25 255 26 265 27 g._’; 235 24 245 25 255 26 265 27 23 235 24 245 25 255 26 265 27

Am3, (NO) / lAm3,| (10) [eV?]

Am3, (NO) / lAm3,| (10) [eV?]
*Here Ay® = 1,49 lines are shown but it does not guarantee the correct coverage

A m}, (NO)IA m3,| (I0) [eV?]



FDS procedure

® We evaluate the possible bias in the oscillation parameter measurement due to the possible

mis-modeling.

e Generate a simulated data set using an alternative model and fit it with our nominal model.
e If there is a significant bias, we update our model with additional systematics or apply
smearing on the oscillation parameter.
e This first step is done based on MC,
before performing the data fit. Nominal MC -

SK+T2K preliminary
| R L AL o LSRR

BANFF FDS | germ

Number of events

X FX ]
Reconstructed energy [GeV]

Clarence Wret

......... » Fake Data MC

reweighting
j\ (alternative model j\
: or data-driven) :

Near detector

Near detector

datf/ \ data
1 's \
| Near detector fit J SK data SK data ' Near detector fit |
) Check if there .
Constraint ™a V¥ i ; v " Constraint
is a bias

Joint fit
(nominal model)

Q : ’ Joint fit

(nominal model)

53



FDS procedure

® The second step of the robustness test is done after the data fit.
e We take the difference between nominal fit and simulated data fit results.
e Impose this shift to the data fit to see if the bias in the interval edges can change our
conclusion.

e This effect is tested on d-p and Jarlskog invariant (relevant to our CP statement).

MC Data
Shift is extracted 1

Difference between simulated
data and nominal MC fit

SK+T2K preliminary SK+T2K preliminary
o, 25_|-|-||||||||-|;||||-|-|-||||-||_ L E o L T R P T T WL B e P e (L e o, Wy 7 T g
9 Simulated data fit ] S = < F ]
_ —— Nominal Y i a1 = 1Iae ——— Martinizp2h Fake Data Shift (NO) = 25 — D"'mm_ e
20F — Martini2p2h P ok 3 T :
¥ ~E E E e 90% ]
E i ] 20— aeees 2 =~
15 - — Normal ordering 0.5 :_ Sh l ﬂ: _: C - ‘:: —_— 7
B ===+ Inverted ordering i 0 ():.. ............................................................... ..E F / \ 3
E Nominal MC fits” i ] b Y N
N omina it # F Z # E ¥ \ ]
10— —05__ = C 4 ]
BTSRRI S F /CE 10 . } / \' —]
—10F S g Fetoanessnnsanssomnesnasnnsay el e N
R = P 2 B P P 1
-15 s = Sl eeeeeen e s v/\1
T = \______// 3 ::\\ ‘//- i i ]
R SO el g e g e ol g e iR e P vl e i e i A
2 -3 -2 -1 0 1 2 3 =3 -2 -1 0 1 2 3
6l:.'P 6('[ 6("!
Impose the shift on the data fit result
*Hara Av? = 140 linac ara chrwn hat it Anse nat Anarantea tha rarract revarans
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FDS procedure

We also tested whether it can change our conclusion on the significance of CP violation.
e The size of the shift in the credible interval edges of d-p and Jarlskog invariant was checked.
e None of them caused a shift of 2¢ interval edges over the value of interest (6qp = 0,7, Jop = 0)

Therefore it does not change our conclusion on CP violation around 2e.

SK+TzK preliminary SK+TzK preliminary
b 08 :r T T I T T T T I T T T T I T T T T I T T T T I T T T T -': b ’4{} __ I T I I T T T I T T T I __
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S 07 ——— Data (NO) = g 220 ——— Data (NO) 3
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FDS procedure

Fake data

Reference

2 interval ratio to Nominal R%7

Bias in the middle of 2o interval B3¥"

Mass ordering

dep ﬂ””ij sin? By dop ﬂun;'lj sin flay Baves factor ratio
Martini2p2h Scaled Asiomv | 0.L972 | 0.989 ().982 -1.29% | -8.03% -3.89% 1.09
DataDrivenPion Normal Asimov | 1.02 1 0.964 0.501% | 18.4% -4.57% 1.01
nonQECCOp Normal Asimov | 0.948 | 0,904 (0.995 -5.57% | -20.3% -10.6% 1.00
Ebl5MeV Normal Asimov | 1.01 1 1 1.49% | -22.5% 3.54% (.96
Upper3CompCCQE | Secaled Asiomv | 0,998 | (.995 0.978 -1.22% | T.49% -0.944% 0.97
PionSI Normal Asimov | 0.997 | 1.02 0.985 2.05% | 44.8% -0.91% 1.00
LFG Normal Asimov | 0,969 | (L988 (.926 2% 3R.A4% -4.76% 1.12
CRPA Normal Asimov | 0.991 | 0.969 1.02 -4.85% 154% -10.5% (.99
XSecOnly Normal Asimov | 1.01 | 0.989 0.991 5.02% 17% -2.54% 1.10
MultiPion Normal Asimov 1 (0.999 1.02 2.35% | -63.5% -1.53% (.90
NueNumu Scaled Asiomyv | 0,988 | (.994 (0.992 0.0401% | -5.82% 1.72% 1.08
CC1PiDownGoing Normal Asimov | 0,963 | 0.998 1 15.2% -11% 8.45% 1.18
CC1PiFullZenith Normal Asimov | 0L961 | 0.998 1.01 9.5% | -1.25% 12.8% (0.99
NoMigration Normal Asimov | 1.02 | 0.992 1.01 4.59% | -3.00% 0.943% 1.00

Clarence Wret
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FDS procedure

dop Amgz sin? fy;

Middle of the 1o interval -1.622 | 0.002517 | 0.5241

lo interval size: 1oy 1.036 | 5.422e-05 | 0.04426

lo stat-only interval size: log,: | 0.8142 |14.983e-05] | 0.03771

N Logyst, = v/ (L0401, )? — (L0giar.)? | 0.6403 |]2.138e-05{| 0.02318
Middle of the 2¢ interval -1.639 | 0.002517 | 0.5185

20 interval size: 20t 1.773 | 0.0001085 | 0.07194

20 stat-only interval size: 20tat. 1.48 9.953e-05 | 0.06269

2055t = \/ (20101, )? = (205at.)? | 0.9749 | 4.33e-05 | 0.03528

Clarence Wret
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Highest posterior probability

SK+T2K preliminary, Analysis 1

Normal ordering sin® 0,4 Scp Am2, [1073 eV?] sin? 0,3 4
Most probable value 0.0219 -1.872 2.511 0.549 -0.033

1o 0.0212, 0.0226] [-2.464,-1.205]  [2.452, 2.571]  [0.459, 0.505] and [0.521, 0.568] [-0.034, -0.026]
Inverted ordering sin? 64 M AmZ, [1073 eV?] sin? Oq3 o

Most probable value 0.0220 -1.476 2.484 0.558 -0.033

1o [0.0213, 0.0227] [-2.003, -0.976]  [2.424, 2.541] [0.508, 0.581] [:0.034, -0.029]
Both ordering sin® 0,3 ’ Am3, [1073 eV?] sin? 03 y

Most probable value 0.0219 -1.797 2.510 0.549 -0.033

1o 0.0212, 0.0226] [-2.417,-1.159]  [2.449, 2.568]  [0.461, 0.503] and [0.520, 0.570] [-0.034, -0.026]

Clarence Wret
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Posterior density

Posterior density

Analysis | vs I

SK+T2K preliminary
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List of SK samples

Fully Contained Partially Contained
—
\ Inner Detector (ID) Stopping
Sample Name Category Selection
SubGeV elike Odcy 0 decay-e
e-like
SubGeV elike 1dcy 1 decay-e
SubGeV mulike 0d Single-ring 0d -
ubGeV mulike Odcy Sub-GeV | ecay-e
SubGeV mulike 1dcy p-like 1 decay-¢
SubGeV mulike 2dcy < 2 decay-e
SubGeV pillike Multi-ring  Two e-like rings
MultiGeV elike nue Fully Contained (FC) lik < 1 decay-e
e-like
MultiGeV elike nuebar Single-ring 0 decay-e
MultiGeV mulike p-like
MultiRing elike nue Multi-GeV v,-like
MultiRing elike nuebar o e-like vp-like
Multi-ring
MultiRing mulike other
MultiRingOther 1 p-like

PCSt: No ch d ition in OD
= Partially Contained (PC) A

PCThru Charge deposition in OD

UpStop mu Stopping

UpThruNonShower mu | Up-going Muon (UpMu) | Through-going Non-showering

UpThruShower mu Through-going Showering

Clarence Wr..

Upward-going u

Through-
going
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Resiilts. combnarine constraints

T2K, Super-K, IceCube: Neutring 2022 Preliminary

x| [}_3 NOvA: PRD 106 032004 (2022), MINOS+: PRL 125 131802 (2020)
‘ﬁl"_| B | [ I [ I | [ I | [ I | [ I [ I | [ I [ | I [ I I | T | [ I | I | |
2 34~ —SK+T2K -o=e T2K 2022 == Super-K 2022 —
% - MINOS+ 2020 ---- NOvA 2020 IceCube 2022 :
— 32— + Bestfits —]
o — —
o Mo’ B _
= _ Normal ordering, 90% C.L. _
< 3.0 P ]
2.8F | -
2.61— : -
2.4 —
2.2 —
B | I L1 | L1 ]

0.35 0.6
)

sin”o,,

Figure 26. Comparison of 90% confidence regions in Amj, vs. sin? 053 in normal order-
ing, among SK+T2K (fixed-Ax?), T2K (fixed-Ax?), Super-K (fixed-Ay?), MINOS [14],
NOvA [15] (FC with global Ax? over both mass orderings), and IceCube (FC with fixed

"
4

mass orderine)
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Results, comparing constraints

Lad
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Uncertainty sources

sSample SK atm. flux | T2K beam flux | SK det. | Cross sections | Total Syst. | Total
T2K FHC 1Rmu 0.00% 2.54% 2.39% 2.65% 2.81% 3.13%
T2K RHC 1Rmu 0.00% 2.64% 2.28% 3.58% 3.69% 3.80%
T2K FHC 1Re 0.00% 2.55% 2.69% 3.05% 3.99% 8ETH
T2K RHC 1Re 0.00% 2.72% 4.35% 4.37% 6.35% 14.75%
T2K FHC 1Relde 0.00% 2.53% T.RTY 6.37% 9.21% 12.14%
SK SubGeV-elike-Odcy 3.53% 0.00% 2.55% 34TY 1.42% 1.07%
SK SubGeV-elike-1dey 3.00% 0005, 3.30% 1.38% 3.03% 27T
SK SubGeV-mulike-(kdey 3.02% L0005, 3.10% 2.72% 2909, 2.16%,
SK SubGeV-mulike-1dey 3.08% L0005, 2.58% 2.70% 1.28%, 1.13%
SK SubGeV-mulike-2dey 3.01% 0005, 2.72% 4.34% 3.32% 3.28%,
SK SubGeV-pilllike 2.72% 0.00% 2.39% 3.61% 2.32% 2.34%
SK MultiGeV-elike-nue 4.43% 0.00%, 3.26% T09% 5.49% 5.61%
SK MultiGeV-elike-nuebar 4.23% 0.00%, 3.21% 4.43% 2.97% 2.87%
SK MultiGeV-mulike 4.20% 0.00% 2.73% 4.23% 2.8T% 2.90%
SK MultiRing-elike-nue 4.30% 0.00% 3.18% 4.26% 2.T6% 2.73%
SK MultiRing-elike-nuebar 4.22% 0.00% 337 4.24% 2.73% 2.63%
SK MultiRing-mulike 4.22% 0.00% 2.28% 4.12% 1.76% 1.75%
SK MultiRingOther-1 1.15% 0.00% 3.84% 5.03% 2.61% 2.56%
SK PCStop 4.37% 0.005% 4 .80% 361% 4.45% 4.50%
Sk PCThru 3.17% 0.00%, 2.24% 3829 2.09% 2.09%
SK UpStop-mu 1.51% 0.00% 2.00% 37T 2.92% 2.09%
SK UpThruNonShower-mu 4.33% 0.00%, 1.66% 3.00% 1.80% 1.76%
SK UpThruShower-mu 5.78% 0.00% 5.16% 3.72% 4.19% 4.22%
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Bayesian prior choices for Ocp

Two widely accepted non-informative priors were tested in our analysis of CP violation.
e Uniform o¢p: closer to Jensen'’s prior for U(3) Haar measure
e Uniform sin dcp: closer to Jeffreys’ prior ( o 4/det Ig;,.,) for this analysis

Comparison of the two prior distributions in different parameter spaces
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