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Neutrino Oscillation Physics
+ The 3-flavour mixing > Y /" /@ 000 O

Is 8,3 = 45°? _
What's the Ve (1 0 0 ) ( €13 0 3136_‘5‘”’\ ( Cla 812 U\ Vq
| octant of 0,37 _
\ VH —_— 0 Caq Sog 0 1 0 —819  Cy9 0 VZ 8ij = Siﬂﬂgi
VT \D — 893 ng} \_3136115.:'1-* 0 C13 } \ 0 0 1) VS Cij = Cﬂsgij
8¢p —Any CP Beam/Atmospheri  Reactor: P(v, - v,) Solar: P(v, = v,)
violation in C Beam: P(v, »v,) Reactor:P(v, — v,)
| the lepton P(v, - vy)
| sector? P(v, = Ve)
normal
Mass differences ordering (NO)/
inverted

« Am3, sensitive from solar neutrinos due to the matter effects inthe Sun | ordering (10)?
e |Am3,| from v, disappearance; Sign of Am%, remain unknown

SPCS 2024, TDLI Tailin Zhu




Neutrino Oscillation Physics
» The 3-flavour mixing > /" /@) 00 @) \

MaSS SEAtES vt e e e e en B T =P

Is 0,7, = 45°? )
Wh;:‘s the Ve (1 0 0 \ ( €13 0 3138_‘5‘”’\ ( Ci2 812 D\ V4
. octant of 0,3? —
| T VM — 0 Caq Sog 0 1 0 —819  Cy9 0 VZ sy = Siﬂﬂ"
VT \D — 893 ng} \_3136115.:'1-* 0 C13 } \ 0 0 1) VS Cij = CUSsz
8¢p — Any CP Beam/Atmospheric  Reactor: P(v, » v,) Solar: P(v, = v,)
violation in ; Beam: P(v, »v,) Reactor:P(v, — v,)
the lepton P(v, - Vu)\_/
-.Isecto—r? - P(v, = ve) v, = V, appearance measured by T2K
Next: towards precise measurements l
. of parameters in this channel L
Mass differences ordering (NO)/

inverted

« Am3, sensitive from solar neutrinos due to the matter effects in the Sun | ordering (10)?
e |Am3,| from v, disappearance; Sign of Am%, remain unknown — T

SPCS 2024, TDLI Tailin Zhu
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I. Neutrino oscillation physics recap

ll. T2K and parameter model

Ill. Bayesian Markov Chain Monte Carlo (MCMC)

IV. T2K oscillated event samples (in Super-K)




T2K Parameter Model

T2K measures neutrino oscillations witha v

U

(v,) beam produced at J-PARC (~0.6 GeV)

Super
Kamiokande

- fﬂi‘,
- \
A0 mu neutrino off-axis

Kamioka, Gifu @ € s ® Tokai, Ibaraki

295km

Near Beam
Detectors Dump pion @
. =)

” el | oroto
251 B i"""l proton

Sansmmmens e m Target
ol Muon Decay Station

Monitor

l l 1

29fl>km
SPCS 2024, TDLI

280m 1 20m 1 10m

- g . | 400 MeV LINAC

— 3GeV RCS

Tailin Zhu T2K and Parameter Model n




T2K Parameter Model

Neutrino mode flux at the FD FD: Neutrino mode, Vu PhysRevD.108.072011
g . - LA L I | T B 35 | T T T L B S T T T T T T T
En" 10 3 —é 5 03 B =+ Hadron Interactions ®xE,, Arb. Norm. N
g § Té L == Proton Beam Profile & Off-axis Angle ——=—" Material Modelling a
% g = === Horn Current & Field Number of Protons —
g § B == Horn & Target Alignment — 2020 flux (replica target) N
& 3 i -- ; i | .
I 0.2 2018 flux (thin target) —
E - 1~ Neutrino Flux
= i P .
E - ] Uncertainty

o1 = ] Contributions
: : : : T - 0 _dmw'-
0 2 4 6 8 10 107
E, [GeV]

* Beam profiling and off-axis angle direction constrained by

beam monitors.

* Hadron production uncertainties reduced by external
NA61/SHINE measurements.

e

Eur. Phys. J. C (2019) 79:100

SPCS 2024, TDLI Tailin Zhu T2K and Parameter Model




T2K Parameter Model

T2K measures neutrino oscillations withav,,

(v,)) beam produced at J-PARC (~0.6 GeV) |

* Near detectors: INGRID (on-axis) and ND280
(off-axis)

2]
SuperFGD
Upstream Ecal High-Angle TPC

ND280
has fully
upgraded!

______

l"" -1 proton

Target
Station

Near Beam
Detectors Dump pion @
v —— -‘

Monitor

L (d } } } ]
r P> 1

295km 280m 1 20m 1 10m

SPCS 2024, TDLI Tailin Zhu T2K and Parameter Model 8




T2K Parameter Model

Charged current CC multi-nucleon CC Resonant 17T
quasi-elastic knock-out (2p2h)

(CCQE)

* Neutrino Interaction cross-section and
unoscillated flux constrained by ND280
data + theory-driven model + external
measurements

Final state interactions Spectral function model
Charge Exchange ® <00 10
Elastic % 7
Scattering = ol 6
i E
1] 5
® 60 - 4
40 = 3
) 2
20 -
Absorption 1
P %S0 100 150 200 250 300 350 °
Pion Production Ip| [MeV/c]

SPCS 2024, TDLI Tailin Zhu T2K and Parameter Model 9




T2K Parameter Model

Charged current CC multi-nucleon
quasi-elastic knock-out (2p2h)

(CCQE)

CC Resonant 11

* Neutrino Interaction cross-section and
unoscillated flux constrained by ND280
data + theory-driven model + external

measurements
= (CC Inclusive = wwemn NC Inclusive
. . . | —— (CC Quasi-elastic =~ e CC 2p2h
Final state interactions Spectral function model CC Resonant 1n  —— CC Multir + DIS
e %1073 .
. ..l'Exchange > ElastiF E"‘ ” - 7 .13 ‘I’;‘EK x P, gfc._w“
Sc?Fterlng ._é 80:_ 5 Z" 1k
L i 5 ;
60 |- 2
i &) .
% _ ! ° 1 Modelling sub-
40 [ 3 N% -
: . £ 051 GeV v-A
Ab;brption o 1 lg I e . .
‘ 3 m— [ teractions
U R 00750 100 150 200 250 300 350 ° = .
pion Production Ip| [MeV/c] E‘% o Lk usi ng N EUT
é

Eur. Phys. J. Spec. Top. 230, 4469—4481(2021)
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T2K Parameter Model

N = ® X X X Pwv,— vﬁ)  Oscillated flux constrained by Super-K data
Event Rate é/
Neutrino Flux ]
Tk wor ] o .I-I.ﬂ. e Super-K can also be good at measuring
5 i mour Detector Efficiencies E ] .
ND280 Dats neutral current interaction events
[ ﬂ : — See later

Neutrino-nucleus . . .
Interaction Cross KO dIE ST i Ml
: section

e

SI( Data

[
s
g
3ol

[

1,

Oscillation Parameters

SPCS 2024, TDLI Tailin Zhu T2K and Parameter Model




T2K Parameter Model

N = ® X X X Pwv,— vﬁ)  Oscillated flux constrained by Super-K data
Event Rate é/
Neutrino Flux
T woar | o .I-I.ﬂ. e Super-K can also be good at measuring
- } ] #0A20 Detector Efficiencies E ] .
ND280 Dot I neutral current interaction events
BE — See later

Neutrino-nucleus . . .
Interaction Cross Oscillation Fit
n

; Oﬁillﬁdcﬂ:uxtcu'nﬁnedhﬁuper-l(data

SK Data
Sl

e Simultaneous fit — Large parameter
space + correlations for uncertainties

) e et g

e 50 flux
e ~70 cross-section
e ~600 ND+SK detector

* Degeneracies between parameters

01 [

SPCS 2024, TDLI Tailin Zhu T2K and Parameter Model



T2K Pa rameter I\/Iode\ Junjie Jiang’s talk for

the pipeline

N = ® X0 XX P,y |
Event Rate * Parameter values can be effectively

Neutrino Flux sampled using the Bayesian
Detector Efficiencies Markov Chain Monte Carlo
ND280 Data ™ gis approach (MCMC)

\\/

Neutrino- | - . .

Interaction Cross ORI IET Rl /

_ section . .

* Simultaneous fit — Large parameter
space + correlations for uncertainties

Oscillation Parameters

e 50 flux
e ~70 cross-section

The MaCh3 fitter  ~600 ND+SK detector
https://github.com/mach3-software/MaCh3

* Degeneracies between parameters

SPCS 2024, TDLI Tailin Zhu T2K and Parameter Model
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Bayesian Approach

* Updating the probability of a hypothesis according to the observed data

Represents initial beliefs about parameter values (prior)

/

—In P(|D)  — In(P(D|z)P(x)) x — In Lo (),

/

Likelihood of x to explain the data

Updated beliefs providing the data;
Combining prior and likelihood via
Bayes' theorem

SPCS 2024, TDLI Tailin Zhu Bayesian MCMC



Markov Chain Monte Carlo

* Aims to find the parameter values that maximum the likelihood
between generated event spectra and the data spectra

e Use Monte Carlo method to approximate the likelihood function

bins o, ND
— p,ND o,ND o,ND i
—In ﬁtot(ma 9) — ; n; (CL‘:, 9) — n, + n,; In (n,p’ND(m, 9))

i
= SK SK SK noK
- n?”" (x,0) —n”" +n;”" In —
2 (@ 6) (nf‘g’{(mﬁ))
syst. 1
+ Z 5(-’13 - Cﬂﬂ)j . Cj_l . (:n — .T!ﬂ)j
J

1 -
+§(9—30)" . C,l (0 —8y),

All model parameters are treated as random
variables: no distinctions between oscillation
parameters (@) and systematic parameters (x).

SPCS 2024, TDLI Tailin Zhu Bayesian MCMC




M a r kOV C h a i n M O nte Ca r‘ O Energies. 2015; 8(6):5538-5554

6 7
* Aims to find the parameter values th: s Q/' . &@\
between generated event spectra an:
/ e O
@ 918
* Use Monte Carlo method to approxin \/ b\ QO 88 £
bins ) Lb ™\ Prior distribution p(@ osterior
- ]lllf:tot(mg 9) = an,h’ﬂ(m’ 9) — HE’ND + R?’ND]B ( p-: Frionditribution p(©) gist:ibution P(0)y)
i né,‘ . L] . . . .
bins o » High dimensional, local minima, non-Gaussian,
SK 0,SK 0,8K i
‘|‘Z ng”" (x,8) —n; +n;7 " In (TSTA‘ degeneracy, computing time, discontinuous, ...
syst
— T 1 [ [ ] [ ]
+Z 5(® = o); - C; - (& = o) » The Metropolis-Hastings algorithm allows
N 5(9_90) (06, random walks of pfara_met.ers to accumulate
an approximated distribution around the

All model parameters are treated as randc highest likelihood region

variables: no distinctions between oscillat
parameters (8) and systematic parameter. > No need to calculate analytical solutions

SPCS 2024, TDLI Tailin Zhu Bayesian MCMC
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Oscillated Event Samples

1-ring only

v-mode

Y-mode

SPCS 2024, TDLI Tailin Zhu Oscillated Event Samples

Number of events/(125 MeV)

Number of events/(125 MeV)
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L e L B e o
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:’ Neutral Current

+

1000 1200

0 400 600 800
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—— T
—— Data
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1-ring only

v-mode

Y-mode

Number of events/(125 MeV)

Number of events/(125 MeV)

25

20

7 v, CC non-QE
(3 v, CCQE

B v, CCnon-QE
v, CCQE

I V. and V, CC
[ Neutral Current

)00 1500

S

EZ

Rec (MCV)

500

—— ]I)ata
77 v, CC non-QE
(3 v, CCQE

E v, CC non-QE
v, CCQE

[ v. and ¥V, CC
[ Neutral Current

)00 1500 2000 2500

E
EZ (MeV)

40 7 v, s v.cC
35 = - v, =V, CC
F Dﬂuﬂ]veeveandﬂaﬂcc
30 :— vy and ¥, CC
F :’ Neutral Current
25

Number of events/(125 MeV)

20
15 F

0 200 400 600 800 )00 1200
.
1o (MeV)
T T T T T T T T
10 - —— Data
Ef v, »v.cc
r -vmaveCC
s [

m v, > V.and V, =V, CC
[ Jvyand¥,CC
I:I Neutral Current

Number of events/(125 MeV)

=

=== R

Tt D0 1w s

0 200 400 600 800 000 1200
E

El’ec (Mev)

Phys. Rev. D 103, 112008

Neutral Current (NC) background —

mainly NC17z? events

v 4] LY}
0 0
4 7~ /a° Z
n AO r A+
p/n

NC Resonant 11
(NCnO)

1Y)

ot /n°

n/p

v 1]
ZO
0
N N

NC Coherent 11
(NCCoh)
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7‘_0 4>—‘§/"v’\’v\\:z:: @

1-ring only

m¥-decayed photons can either produce two
separate or highly overlapped rings / 1

S 50’””wIH‘HH]})zllt;l”I””I”“ %\ F "1'_'.;|D;m"l"'l"'l V|S|b|er|ng

> [ iy o

= v, CC non-QE E F v, »v.cc

(-mq B I:'Vu CCQE g 35 -V}.AVECC

o “r £ v, CCnon-QE =4 g [ v. v, w47, ¥,

E] [ v, CCQE g wE [ v, and %, cC

E N I v, and Vv, CC g = [ Neutral Current
v-mode 5 uf Neutal & - e

— F [ Neutral Current i 5 F

5 g 20f

S 2l B '§ E

g F 5 Isp

S 2 2

~ 10
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o e e M

)00 1500

o wmwee e w o Neutral Current (NC) background —
mainly NC17® events
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25 uw CC non-QE = o
& f [ ¥, CCQE ] S By, ovec T
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= d o | [ Neutral Current 5 70 o 70 e VA
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Phys. Rev. D 103, 112008
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Oscillated Event Sa‘m oles

2-ring x> z @
1-ring only

L] could be mis-reconstructed

ata

L L | Visible ring

5 soF s f
> sf 3 wf |
b= 77 ¥, CC non-QE o F 0 7
8 .l [0 7, CCQE & wsf m0 O
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§ - Ve and \_/c CC g 6 I:I Neutral Current 7
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Phys. Rev. D 103, 112008
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Oscillated Event Samples

* The 1-ring e-like sample was selected from an e/m® particle ID
cut, with a dependence on ¥ invariant mass

_'I'IIIIIII1lIIII|'IIII|II1I|IIII'|'IIIII[11I|III'I'|III

Z -

g 60 —4— Data =

> B v.and v, CC ]

B 50 [ v, and V, CC ]

5] [ ] Neutral current

) : _

E 40 Ve-llke nodlke ]

=3 < g i

2 ]
30 _:

20

10

IIII|II]III]III]III|IIIIIIIIII
+

U [ Iill!ll
-150-100 =50 0 50 100 150 200 250 300 350

Phys. Rev. D 103, 112008 e/’ PID discriminator
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Oscillated Event Samples

* The 1-ring e-like sample was selected from an e/m® particle ID

cut, with a dependence on ¥ invariant mass
= SRR RN LN LN LN RN UL LS
8 60_— Nataq —
: :
S oso L g o -
5 C Neutral current ] ]
B b Velike 1 Meanwhile, a number of
=3 - = B . —_ o
. 1 oscillated v, (v,) signals are
O + 1 also removed.
20 F
10

0
-150-100 =50 0 50 100 150 200 250 300 350

Phys. Rev. D 103, 112008 e/’ PID discriminator
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Oscillated Event Samples

The new 1-ring t%-like samples

1 1 0 1 LA B L BN LB B LI B
* The 1-ring e-like sample was selected from an e/m" particle ID : vmode g oo ]
cut, with a dependence on ¥ invariant mass 10F- T e Ty 50
8__ ot Prod. 5. T NC 1n° Backgroungl
E '11II|I”]lII'[|1”'|”]'l"[[]””IH]'“'H]””— %) : ------ % re"CP_+§ .OtherBackgroun;
5 “F Raiz E E ool +7% ]
A : g . ;
qs 50 Vi, and v _' 4 T2K Work in Progress’]
5 C [ ] Neutral current i ] Co
'g Wb Velike  m0like 1 Meanwhile, a number of L
Z ot 1 oscillated v, (v,) signals are X
o 7 also removed. 3 7-mode E
C ] 2.5F =
20 = 7 -
2 2F T2K Work in Progress
or . . 0 1: O 5F FENEEEER B =
' Re-selecting the 1-ring m7-like ™ F SR
L S 1=
E15(}—10(]' =50 0 50 100 150 200 250 300 350 events WI“ InC|Ude these F

Phys. Rev. D 103, 112008 e/n’ PID discriminator additional signal events.

800 1000 1200 1400
Reconstructed n° Momemtum (MeV)

SPCS 2024, TDLI Tailin Zhu Oscillated Event Samples




NC17® Control Samples

e What’s the treatment for the NC17t° background in all these samples?

LA AL LN L ) L L ) BN L LA L B B B L B BN | LA B B B LN L BB B B B B NN B BB NN B B I

) F
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oh 10 F + 4‘_ T2K Work in Progress’]
E sE o
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NC17® Control Samples

« What’s the treatment for the NC17t? background in all these samples?

* T2K uses Rein-Sehgal model for the resonant single pion
production cross sections

e Constrained by the charged current (CC) 17T events measured
at ND280 - also used to constrain the NC interactions
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NC17® Control Samples

« What’s the treatment for the NC17t? background in all these samples?

* T2K uses Rein-Sehgal model for the resonant single pion
production cross sections

e Constrained by the charged current (CC) 17T events measured
at ND280 - also used to constrain the NC interactions

« Super-Kis good at detecting NC1r? events, providing a pure
sample with consistent detector acceptance, whereas
ND280 is less efficient in detecting these events.
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NC17® Control Samples

« What’s the treatment for the NC17t? background in all these samples?

CC Resonant 171

* T2K uses Rein-Sehgal model for the resonant single pion
production cross sections

e Constrained by the charged current (CC) 17T events measured
at ND280 - also used to constrain the NC interactions

« Super-Kis good at detecting NC1r? events, providing a pure
sample with consistent detector acceptance, whereas
ND280 is less efficient in detecting these events.

> Super-K control samples for NC1rt® events

> Adding extra uncertainties to NC17° events (updating cross-section model with new
normalisation parameters) and selecting the 2-ring t°-like samples to constrain them

SPCS 2024, TDLI Tailin Zhu Oscillated Event Samples




NC17® Control Samples

The new 2-ring 1t°-like samples

v-mode B

Events

 Selected 2-ring m'-like samples to constrain NC17°

CQE

Other CC

. NCn?

Other NC

interaction cross-sections "
* They are Flavour independent ©

» Plenty of events at Super-K

T2K Work in Progress

Other CC

. NCn?

Other NC

High purity (NCt® + NCCoh events > 70%)

T2K Work in Progress

High event topology selection efficiency (>70%)

200 400 800 800 1000 1200 1400
Reconstructed ©° Momemtum (MeV)
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NC17® Control Samples

The new 2-ring 1t°-like samples

v-mode B

Events

 Selected 2-ring m'-like samples to constrain NC17°

CQE

Other CC

. NCn?

Other NC

interaction cross-sections "
* They are Flavour independent ©

» Plenty of events at Super-K

T2K Work in Progress

> Probe to sterile neutrino oscillations arxiv:1902.06529

> Additional constraints on the unoscillated neutrino flux

Other CC

. NCn?

Other NC

High purity (NCt® + NCCoh events > 70%)

T2K Work in Progress

High event topology selection efficiency (>70%)

200 400 800 800 1000 1200 1400
Reconstructed ©° Momemtum (MeV)
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NC17® Control Samples

 Selected 2-ring m'-like samples to constrain NC17°

interaction cross-sections

— Improved sensitivities on oscillation parameters
Without reactor constraints on 613 applied
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Outlook A
 Bayesian MCMC methods §?§ﬁ
",/r

Al @
(7 A
()\)
(\

» MaCh3 has been the official fitter for various neutrino oscillation
experiments + joint analysis between a few of them

Results see Junjie Jiang’s talk

» More demanded as parameter space and datasets expanding

e The new NC ¥ samples
» Ready for the forthcoming T2K oscillation analysis

> Probe to the overall neutrino flux

» Bright potential to the next generation, Hyper-K, upon new water
Cherenkov detector facilities and significantly larger datasets

SPCS 2024, TDLI Tailin Zhu Outlook & Summary



https://indico-tdli.sjtu.edu.cn/event/2360/contributions/13282/

Summary

* Bayesian MCMC approach is a powerful tool for
handling large parameter spaces and predicting
non-analytical likelihood distributions

* First neutral current and first SK control samples
established for T2K oscillation analysis, showing

iImproved sensitivities to v, — v, appearance
* These advancements will be crucial for future

T2K/SK/HK analyses and the next generation
neutrino experiments

SPCS 2024, TDLI Tailin Zhu
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Neutrino Oscillation Physics

écp Unmeasured —
Any CP violation in
the lepton sector?
« Beam
* P(vy = ve)vs

PV, = V)

Mass differences:

Parameter

Am2, [10~%eV?]
Siﬂz(glg)

sin?(6,3) [1072] 2.222+0-0%9

Am2, [10~%eV?] —2.487+0-027
Siﬂg(ﬂgg) 0568—_}‘33%?

dcp [rad] —1*511?:3%

arXiv:2007.1479

Global Fit Results

Is 923 = 45°?

If not, what is the
octant of 60,37

* Beam/Atmospheric
* P(vy = ve)

. Am%l sensitive from solar neutrinos due to the matter effects in the Sun
* Sign of Am%2 remain unknown: normal ordering (NO) vs inverted ordering (10)

SPCS 2024, TDLI Tailin Zhu | Introduction @ | 2



Neutrino Oscillation Physics

 The 3-flavour framework

Mass Ordering Vem Vum

.2 cos d =
sin” s

3 I
sin:t’-}[_;
lﬂ']:.I-'I';li'l'l'l
Siﬂzﬂm kind 4 1
B
ﬁmfm -1
' :
. —1 -
sinf4 sin“ 63
NORMAL INVERTED

Normal Ordering (NO) Inverted Ordering (10)

.. oF
sin”fhs

=
e
=
=
=
v
o
[
&
=
=
=
E
=
]
=

Fractional Flavor Content varying cos ¢

Mass differences:
« Ams5, sensitive from solar neutrinos due to the matter effect in the Sun
* Sign of Am%z remain unknown: normal ordering (NO) vs inverted ordering (10)
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Neutrino Oscillation Physics

* The "3+1” Sterile Neutrino Mixing

Ve(X) Uei Uez Uesz Uesg v1(x
VX)) _ |Uu1 Upz Ups Upa | | v2(x)
ve(x) | U1 Uy Uz Uzg Vv3(X)
vs(X)/, Usr U Us Usa/ \va(x)/,

* 3 new mixing angles and 2 new CP-violating phases

* Modifies the rates oscillating to the SM flavours

SPCS 2024, TDLI Tailin Zhu




T2K Experiment g

* T2Kmeasures neutrino oscillations withav,,
(v,) beam produced at J-PARC '%:
Near detectors: INGRID (on-axis) and ND280 §005
(off-axis)
Off-axis neutrino beam peaked at 0.6 GeV /—: Zonse
goes to Super-K to measure oscillated flux o
At Super-K, charged particles produced

from neutrino-nucleus interactions can
emit water Cherenkov radiations

2 Near Beam
] @ ) ‘ Detectors Dump pion
‘ mu neutrlnoSS off-axis |—| Y , __..*-‘
] U 2.501 DI_I \_‘ }_‘“__ proton
. Target

sinilﬂz_‘: 1.0

sinilﬂ]_‘ =01

Am?, =24 x 107 eV
]

IlIIIlI

— NH,8.=0 -1H, 8, =0

IJIIIIlIII

on-axis Decay >
M.'\gl;:%r;r Volume Station

L (d 1 1 1 ]
r P> T 1 1 1
295km 280m 120m 110m Om
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T2K Parameter Model

N = & X g X X P(va—>vﬁ) * Oscillated flux constrained by Super-K data

Event Rate §/

O d.,=mn
"1 68% syst err. at best-fit —— sin®0,, = 0.45, 0.50, 0.55, 0.60 e M M
v Beaty 2ot oy S a2 Oscillation parameter degeneracy
—o- Data (68% staterr)  ----Amj = -2.46x10°eV2(10) o SF__ .
CP
72} -I T | T T T T I T T T I T I I | | T 1T T T T 1 T 1 T T 1 T | T 1 T T I T I- [_} {_) ) Amz L
_*é 24— " - P(v,— V,)~1—dclsi, (1 — cfssgs) sin® 1.27%
d-] - - N
2F = AmZ,L
§ ¢ . ~ 1 — sin? 26, sin? (1.2?%)
) - - _
é 20 C ' .
O u .
3 18: 1 P P, Y ) = 4c},59,85, - sin® A
E e E m e) = AC13513573 31
E 14:_ _: + 86%33123]_3523 {812823 COS fscp — 312313323) - COS &32 - sin &31 . 8in .-’_\2]
5 - : . . : :
2 12F - — (4)8¢3;¢12¢93512513523 8N dp - 8in Asg - sin Ay - sin Ay
E - - +4c2.82, (2,c2, + s2,82.82. — 2¢ $12513823 COS 0 - sin? Ay;.
lU _I 1 | 1 PlhySRe\/IDOI1 |O|8Io 07 201 ] | 11 11 | | 11 1 | 11 | I | I_ 13 12 ( 12623 12 13 23 12023 12 1.; 2? GP) 2]-
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" - - - f— .. s f— 1 . . a p— 2 L
Neutrino mode e-like candidates cij = cosby; and s;; = sinb, Ay = Amiip,
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Metropolis-Hastings Algorithm

e During the random walks, the chain will x, = x; + random( f(x,|x;)).
* Propagate to the next step when the il Initial Sample () i
proposal is accepted Q/ \
Ok
o = min [l- —P{Iplﬂj] = min |:l EEDL{I""}] O o O]
- P(x:| D) " L) o | 9Q / 00O
|/ & 9O 000

S /% |00
For random \‘d O O/

Fi = unform number u
T;  TOr o <L in [0, 1] Lb "\ Prior distribution p(0) Posterior
. distribution P(0]y)
* Or stay at the same step for the next Energies. 2015; 8(6):5538-5554

proposal if the current proposal is rejected

SPCS 2024, TDLI Tailin Zhu Bayesian MCMC



Oscillated Event Samples

The new 1-ring t-like samples

H 1 0 1 | AR AR
* The 1-ring e-like sample was selected from an e/m" particle ID : vmode oo
cut, with a dependence on ¥ invariant mass 10F- T e Ty 50
8__ Tot. Pred. 5. T NC 1n° Backgroungl
IEEETeT ot. Pred., 5 ,=+5 ,
58 29 15 @ C .OtherBackgroun%
=g<q, J SR A V[ L UL U L O'GE %6:— _____ +7% —:
400 - g 4‘_ T2K Work in Progress]
B 0.5 A e
Z . -
b s Meanwhile, a number of ol
! 04 5 . L
_ £ oscillated v, (v,) signals are X
oL » % also removed. S 7-mode E
[ ™, 2.5 e
100 | N -
1.0, 2 2F T2K Work in Progress
o % - . . 0 Qs SUEEEER L B _
wm o on Mo B Re-selecting the 1-ring it WE
0 50 100 150 200 250 300 . E
Reconstructed m, , (MeV/c?) events can include these -
Phys. Rev. D 103, 112008 additional signal events. 3

800 1000 1200 1400
Reconstructed n° Momemtum (MeV)
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NC17® Control Samples

The new 2-ring 1t°-like samples

v-mode B

Events

CQE

Other CC

. NCn?

Other NC

* Selected large dataset for 2-ring m°-like samples 40
* Flavour independent due to neutral current

e Can act as a probe to sterile neutrino oscillations

T2K Work in Progress

%
B -1 | ® =
510 - £ E
PNC =1- P(V,u — Vs) Naq- 14 Other CC _f
) 1 o AmZ, L < e
~ 1 — sin® 20,3 (A% — ZB2) sin’ 4—%1 102 2 I nce .
A 2 L - 10 _:
— B(B cos? fg3 — Asin 26,3) sin? % Otner NG =
Am2.L T2K NH 90% C.L. e
— B(B sin? 023 + Asin 2653) sin? % T2K IH 90% C.L. ]

MINOS/MINOS+ 90% C.L.
IceCube 90% C.L.

T2K Work in Progress

SK 90% C.L.
10—4 | ] I L1l ‘ | 1 | I
_ _ _ 200 400 600 800 1000 1200 1400
10° 1072 107 ) 1 Reconstructed x° Momemtum (MeV)
. sin“0
arXiv:1902.06529 24
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