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Introduction to Neutrinos

Neutrinos produced in weak processes v, are

linear combination of mass eigenstates v; w(t)) = Z U*. e Z U* e ikit Z Usi|vs)
] 3
Neutrinos are observed to not preserve their flavor during propagation! 2
Nobel Prize 2015 P(va — v) = |(vslv(t))|’ J8iU
Probability of oscillation is given by PMINS matrix
1 () 0 13 0 513€ ocp 12 512 0
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The T2K Experiment

Intense high purity muon (anti)neutrino beam from J-PARC to Super-Kamiokande

Decay Near detectors
T2K compares the rate of neutrinos at Near and D ﬂ’*ﬁlume off-axis § ST
Far Detectors: =3 S - - - - - @ -------------------------
30GeV ST, N 0
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Main goals and results
* Muon (anti)-neutrino disappearance vuﬁvu(ﬁ—ﬁﬁ)
2
023, Amj;

* Electron (anti)-neutrino appearance v, = v, (W - v_e) Muon neutrino beam (~ 600 MeV) is
013,0cp detected at near and far detectors

p + graphite >t + K - pu+v,




Neutrino Oscillations at T2K

Leading term for 63 Leading term for 0,3 vV, appearance channel

\ Upper or Lower Octant?
/
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P(v, = ve) = 4ci4si SlIl el E= m(l — 873)
2 2 2
—_ 9 Ami. L . Ami.L . Am?,L
V- 7 +8¢735812513823(C12C23 COS o p — 3122313323) cos2 i Sm2 5 sin — 72
9 : L. Amo,L . Ami,L . Ami,L
:F8013012023312313323 sin 5Cp sIn 4]523 sin 453 sin 453 2
9 Am3, L
9 Z\m L . Aml?)u aL
B2, 52,53, cos 23~ g sin =5 A (1 - 2%,)
CP odd phase Matter Effect
P(vu - ve) +* P(W - v_e) N.O.- v,appearance enhanced
if sindcp # 0 1.0.— v, appearance enhanced




Neutrino Oscillations at T2K

vV, appearance channel

neutrino s anti-neutrino

0.1
0.1 R
— Normal hierarchy |=295km, sin220,,=0.1 L=295km, sin<2043=0.1
0.08 ---inverted hlerarcy . . | = OO8immsy 5=0
“© 1] S R : = 0= 1/2n
? 0.06 -l : an N, == d§=n
5 Lt ; gEn T d=-1/2n
> A . 192 ! .
= 0.04 i e i~
oo Jf7 00 S
0 oL Lo
0 1 2 0 1 2
Ey (GeV) Ey (GeV)
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P(vu - ve) +* P(W - v_e) N.O.- v,appearance enhanced
if sindcp # 0 1.0.— v, appearance enhanced

Up to +10% effect




T2K Analysis Strategy

DATA FITS
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Parameter Estimation

Inference from data aims mainly to parameter estimation and interval estimation

A “best guess” and a “range” supported by data

* Frequentist Approach

It requires a full specification of the probability model P(y|H)
e Parameters and hypotheses may be unknown, but they are fixed

Inferential procedure are evaluated under the (hypothetical) repeated sampling
of the data

An approximate result can be found by applying the Likelihood to only obtained data




Parameter Estimation

e Bayesian Approach
Unknown quantities contained in a probability model for the observed data are treated as random variables

Bayes’ Theorem:

Likelihood function

Posterior « Likelihood X Prior

Normalizing Factor

Posterior probability

Marginalization: p(y|l) = fP(J’|9)7T(9)d9
et 019 - | v, 9

0-i

Crucial points:
1. Prior Specification
2. Integration over large number of dimensions




Near Detector Physics

Neutrino interacts with Carbon and Water mainly through

Vv, +n = +p

Charged Current Quasi Elastic Scattering (CCQE)
v tpAut+n

U
U

\ 4

Magnetic Field

ND addresses systematic uncertainties

Cross Section
e Data-driven simulation (NA61) Reactions that mimic CCQE

* High Statistic monitoring (INGRID) | | * Scattering into a correlated pair of nucleons
e Resonant production of pion(s)




Building a Likelihood Function — Near Detector

Data collected by Near Detector is binned as a function of two variables of detected muon:

* Momentum p,,

* Angle w.r.t. beam direction cos @ —
: : | Leotat =(Lsta) XLHG)X Lsyst
v

Statistical likelihood

samples bins | N (ﬁ 1)2
Dat j
“2MnLgq —2LlG =2 ) (NMC — Npata + Npata lnﬁ> s
McC O'gj

i J
Barlow-Beeston term

Poissonian term . .
Including the uncertainty of
finite MC simulation




Building a Likelihood Function — Near Detector

Data collected by Near Detector is binned as a function two variables of detected muon:

* Momentum p,,

* Angle w.r.t. beam direction cos 6 _ MC B
H Ltotal — Lstat X Lstat X Lsyst
Systematic uncertainties
—2In Lsyse = X —@D'V(x -
Systematic uncertainties: : : : :
+" ND response Gaussian penalty term that includes the covariance matrix
N . o U matic uncertain rameter fi
* Neutrino interactions 'L_l,SySte at.c Hnee ta' ty parameters .t
* X systematic uncertainty parameters fit

 Neutrino flux
Covariance Matrix V from ND fit

A 4

max L & min(—2 X InL) I: 0, i=1,..,N
00, Constraints on the flux at FD!

Maximum Likelihood estimators for @




Near Detector Results

— ——————————————— — 160 ——————
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Near Detector Results

Flux Cross Section Parameters Q2 Parameter
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Uncertainty at Far Detector

After ND Fit
T

Uncertainty source (%) ‘ i . :
Sample Flux Interaction  FD 4 SI + PN Flux@Interaction (%) Tftal (50)
R v | 20500 3.1(1L7) 2.1(2.7) 2.2(12.7) 3.013.0)
Ho v 2847 300108 1.9 (2.3) 3.4(11.8) 4.0[12.0)
v | 2848 3.2(12.6) 3.1(32) 3.6 (13.5) 4713.8))—__ )

Re S l20@7 31311 3.9 (4.2) 4.3 (12.1) S.QHIE.TJ Before|ND Fit

IRelde v | 2.8(4.9) 42(12.1)  13.4(13.4) 5.0 (13.1) 14.3(18.7)
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Building a Likelihood Function — Far Detector

and timing information from hits in the PMTs ——— Cherenkov radiation

Event reconstruction in Super-K uses both

* Event topology hypothesis I' (e.g., single-ring e-like)

* Kine
1.

2.
3.
4

matic parameters 0
Vertex position
Particle creation times
Angles of direction
Particles momenta

Recorded data (each PMT):

* Hitt

hit

ime

Lr,0) = | | punhitir, 0) x
J

(1= P, (unhitIT, 6)] % f; (a:IT, O)f (41T, 6)

Observing charge t;

charged particle

Observing charge q;

It can be rewritten in term of expected photo-electrons u; (T, 6)




Particle Identification (PID)

An event may involve one or more rings that has to be reconstructed

e Single-ring
Three hypotheses T’

+ |
e u,im—- |

separated by Log-likelihood Ratio

L
In-£
Le

Neutrino mode flux at the far detector

C T T T T T T T T T ]

10° & 3

= - —Vu "V -

E P —Ve Ve 1

5010 -

2 3

> ]

o

g p= = -

o O0tE =

= :r|"‘L_' 3

= 0o ]

= it L = .
= ' "

=0t Sl Ty =

£ T T 3

: ! ]

PR I T T — T =N
0 2 4 6 8 10

E, (GeV)

Flux (/em’/50MeV/10*'POT)

10

10

102

Antineutrino mode flux at the far detector

“Fuzzier” —so

40

Number of events

|

|
<

T IE I-dl-l-lhl-l---I

T lIIIIIIl

Y
i

—=Td=d T TFTIT

[
d
~ A
=
o

E, (GeV)

10

801 —4— T2K data

0 Losssan®gegty
-2,000

Vy and v, charged current

et

+++

v, and 7, charged current

Neutral current

Vu-hke i

Electron or muon PID discriminator

- .++.++++P+QM£A.+:

-1,000 0

Electron or muon PID discriminator




Hypothesis Testing

*  Frequentist Approach
A p-value is calculated

A statistic t is defined »I Quantification of agreement between data and the hypothesis
Probability that a model with a test statistic equal to or larger than observed data is found p = f(t|1Ho)dt
tobs

p-value is not the probability for the Hypothesis!

How many toy datasets give as a result...

| (—21nL)7 > (=2 1n L)Pate

min = min

Likelihood alue
contributor p-vatue
I * An a priori criteria of p > 0.05 is needed I v i vanode | 0 | FGDL || 0.93
K FGD?2 0.93
— . FGDI 0.20
Vy in V-mode Om FGD?2 015
. FGDI 0.54
Vi in V-mode On FGD?2 0.45
Toys datasets are created by varying uncertainties All samples [ 082
Neutrino flux 0
ND detector 0.06
Cross section 0.01

All samples, all syst. || 0.74




Hypothesis Testing

e Bayesian Approach

Bayes Factor

Consider data y arisen under two Hypotheses H,, H, with probability density p(y|H,) and p(y|H,)

o LPOIH) | [ p(811H)p(y161, Hy)d6y | p(Hily) m(Hz)
2T pHy) | [ p(021H)p(y02,Hy)dO, | p(H:y) ™ m(H,)

.

. . Posterior Odds
Marginalized Likelihoods Bayes Factor _
Prior odds

In case of test against null hypothesis H:

Interpretation , _ 2 log.(B,o) (By0) Evidence against H,,
Summary of evidence provided by data
Oto2 1to3 Not worth more than a bare
mention
2t0 6 3to20 Positive
6 to 10 20 to 150 Strong
>10 >150 Very strong
Kass-Raftery classification




Oscillation Analysis

From ND and FD analysis to... > Three-flavour oscillation analysis Y
_ . B o Predictions
No experiment is sensitive to all mixing parameters
T2K relies on external constraints for: —
i Sample True dc (rad.) Data
Solar amp —7/2 0 /2 T ’
. 2 2 v-mode | 346.61 34590 34657 347.38 | 318
sin” 615, Amj, c ) ; PDG 2019 IRy v-mode | 135.80 13545 13581 136.19 | 137
pi—
onstraints from Re v-mode | [9655| 81.59 66.89 81.85 [ 04
Reactor ‘ v-mode | [16.56] 1881 2075 1849 | 16
sin? 0,5 IRelde v-mode | 930 810 659 779 | 14
\ 4 o b.=x
. 68% syst err. at best-fit —— sin“@__ = 045, 0.50, 0, 55 _0 &0 e . .
Crucial effect on §.p v Bttt Ama R 2.49x10° eVNO) | " 0oy Fixed values of parameters + varying 6.p
=== Data (68% stat err.) - é.m_%l =-246x10" eV> (10) ® :

4] [ | T T | ™
= 24 5 =
e 2F _
S B L ]
2 20F =
° 18F = : :
ER: -+ Best-fit predicted # of events
£ af =
2 F .
£ 12 =
< 10F =
_I | I 1 I 11 1 1 | 11 1 I_

1 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1
50 60 70 80 90 100 110 120
Neutrino mode e-like candidates




Bayesian Results

Sampling of posterior distribution through MCMC — Simultaneous ND and FD selections

External constraints on systematic uncertainties parameters ——| Multivariate gaussian

1. Priors distribution:
Different based on how parameters are obtained e

| Reminder: |

Sinz 923, Amgz, 5CP i i
Uniform p(yl6,m(0|])

Reactor i pO@ly, 1) = oD |

Sin2 013 i i
Gaussian

solar | Marginalization: i

Sin2 912 ) Am%l i i

. p(6ily) = j p(@ly)do_;

i 6—i i

2. Credible regions: Lo

Extracted from lower dimensional marginalised posterior distributions




Bayesian Results

Posterior probability obtained with marginalization | N LA LN B AL BRI B IR

g o7k— T2K only —-68% -

= 3F T g -

_ < T~ : [—T2K+PDG 6; -95% ]

5 g 0. . —

o 2 °F + Best fit roG 6, o i i : ]
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: | | =

: ! .

0.6

0.4
L26
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Frequentist Results

Results are obtained by using the marginal likelihood
Binned Poisson likelihood for

Linarg(0) = [danp®mL(O,n) — + Parameters of interest 8
* Nuisance parameters n

* Confidence Interval

Feldman-Cousins (FC) method CP violating phase

L016) I AR A
= 1 |25 =
L (yl ebest) - Mormal ordering .
0 Inverted ordering -
T B (FO) .
L EEEwucL n
> > - > At 150 e -~ -
Ax=(6) = x*(6) —min y=(6') =R / N
10 / N\
- y, N
- / A
sk / 5
1}:5; - ,__,,ﬂ]“ﬁ. - L i

3 -2 T -1 0 1 3

il

-
—
O




Conclusions

T2K has measured:

* Oscillation parameters Ams3,, sin? 8,3, sin? 8,3, 8p
e Jarlskog invariant
* Mass Ordering

Next Steps

1. Results are limited by statistics —— Currently in shutdown for Upgrade

The Upgrade of ND is designed to:

* Decrease systematic uncertainties
* Increase flux

Change at FD:
e Gadolinium doping of pure water

2. Joint Analysis with




Thanks for your attention!
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Introduction to Neutrinos

boson

i

and images the sun neutrino neutrino neutrino

Super-K observes v oscillation

Kamioka-11/ IMB observe supernova

2015: Nobel prize for v oscillations, Breakthrough prize (2016)

According to Standard Model, neutrinos are 3 of the fundamental particles Standard Model of Elementary Particles
* N e Utra I three generations of matter interactions | force carriers
(fermions) (bosons)
[ ]
Massless | I I
. . . mass | =2.2 MeV/c? =1.28 GeV/c? =173.1 GeV/c? 0 =124.97 GeV/c?
They can be observed through the products of their interactions charge | % % % 0 0
spin | ¥ LI Y C ] t 1 g 0 H
4
boson
. . . , u charm to luon .
Adapted “The Growing Excitement of Neutrino Physics ” _ B P i 9 ] de Higgs
T2K hints on leptonic CP violation
by APS =4.7 MeV/c? =96 MeV/c? =4.18 GeV/c? 0
IceCUBE observes extragalactic v -1 d -4 -1 b 0
* 1930: On-paper appearance as “desperate” remedy by W. Pauli & v (S 2 a Y/
* 1956: Anti-ve first experimentally discovered by Reines & Cowan 5.8 down strange bottom photon I
* 1962: v, existence confirmed by Lederman et al T2K observe voappeared from v,
* 1986: Existence of v, was established (see Gary Feldman'’s talk) Daya Bay observe anti-ve disappeared :2.511 MeViet tiOE‘ﬁﬁ Meies 121117753 Geviet ;91‘19 Ceviet
* 1998: Atmospheric v oscillations discovered by Super-K K2K confirm atmospheric v oscillation w (& « H » & ! Z/
* 2000:v first-evidencereported-by-DONUT-experiment KamLAND confirms solar v oscillation electr tau Z boson
. Aot & )
* 2001: Solar v oscillations detected by SNO (KamLAND 2002) > 110 avice T ST S———
% 2011:v,— v, transitions observed by OPERA SNO observe solar v oscillation to 0 0 0
‘ active flavor ¥ Ve i Vl.l Y V1 \A‘L
* 2011-13: v,— ve Observed by T2K and anti-ve+ anti-ve by Daya Bay Super-K confirms solar v deficit electron e o
*
*

2018: T2K hints on leptonic CP violation

Pauli Fermi’s Reines SAGE/Gallex observe the solar v deficit
predicts theory & Cowan muon Solar LEP sh 3 active fl

the of weak discover neutrinos neutrino i shows _ac ve avors_ .
Neutrino interactions (anti)neutrino  discovery anomaly Kamioka-ll confirms solar deficit »
1930 1956 1962 1964 1980 1998 2018

~25 years




Near Detector Results

Flux

Ratio to generated value
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* Strong anti correlation reduces uncertainty on the
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Data Taking

Total Accumulated POT for Physics
v-Mode Accumulated POT for Physics
v-Mode Accumulated POT for Physics
. v-Mode Beam Power
. v-Mode Beam Power

Runl Run2 Run3 Run4 Run5 Run6  Run7 Run8  Run9 Runl0-| 500 §

ﬂ)

2
L B
Ch ©

I]lIIIII'III|HII|1HI|

Accumulated POT (x 10
S O 3

| | | | 1 |
| | 0
2013 2014 2015 2016 2017 2018 2019 2020

Year
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Building a Likelihood Function — Far Detector

Event reconstruction in Super-K uses both and timing information from hits in the PMTs —— Cherenkov radiation

An event topology hypothesis I (e.g., single-ring e-like) is considered in a

likelihood fit, along with its kinematic parameters 9:

Vertex position
Particle creation times
Angles of direction
Particles momenta

W e

Recorded data (each PMT):

e Hit time

Lr,0) = | | punhitir, 0) x
J

hit

(1= P, (unhitIT, 6)] % f; (a:IT, O)f (41T, 6)

Observing charge t;

charged particle

Observing charge q;

Depends on I':

Momentum p
Expected hit time

Direct hit starting mid-track

fe(&| 670, p, 1)




Near Detector Physics

Cross Section

FD: Neutrino mode, v = i
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Results and Comparison with other experiments
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Bayesian Results

Posterior probability obtained with marginalization —_ : : : : :
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Frequentist Results

Results are obtained by using the marginal likelihood
Binned Poisson likelihood for

Linarg(0) = [dnp(m,6) —— + Parameters of interest 6
* Nuisance parameters n

e Confidence Interval
Feldman-Cousins (FC) method
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