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==e-BUilding blocks in Standard Model

Neutrino?

e mass < 10® of the electron mass
e clectric charge =0
» difficalt to detect = participate only

in weak 1nteractions
* They can be Dirac or Majorana

particles
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The Generatnons of Matler

Important role in the Standard Model

 form dublets with charged leptons
* neutrino flavour defined by lepton which participate in interaction
via W exchange



As-we Know #om 1998y Neutrinos oscillate

Oscillation — sign of difference in
velocity in mass states propagation

O(1)

2 flavor-like oscillations

From sources to detectors (and in between)

20 years ago * o
| something interesting g '
happens here
source

»Osclllation® detector

N°”'Zef°d”e‘ft_””° —> Neutrinos have non zero mass
mass and mixing i ]
—> the only exception (failure)

Dhvei of the Standard Model
ysics beyond
Standard Model THE window to New Physics
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Three-Flavour Neutrino Oscillations
— picture as of today

-
FLAVOR PMNS mixing matrix MASS

,atmospheric™ CHOOZ, ,solar”
SK, K2K, T2K, MINOS DayaBay, SNO, KamLand,
Nova Reno, SK, Borexino
. DblIChooz, —
‘Alnzﬂoij.?\ﬁsxolO--’* eV? 125, oy il
mixing angles, parameter 6,3 non zero

squared mass differences, = senslitivity to CP phase
CP violation phase

* Amz - mz_mz
ji j i
Two free parameters for the three Am?’s.

- fundamental parameters of nature (AmZ,=Am?2,,+AmZ,,)




Very different structure of
= muxing for quarks and leptons

Mixing of leptons—Pontecorvo-Maki-Nakagawa-Sakata

0.233-0.507 0.461-0.694 0.631-0.778
0.261-0.526 0.471-0.701 0.611-0.761

|Uu1| |Uu2| |Uu3|
Ur1|  |Ura| |Uxs]

[|U61| U.o|  |U.s] [0.801—0.845 0.513—0.579 0.143—0.156]

Mixing for quarks — Cabibo-Kobayashi-Maskawa

Vil Vil Vil 0.2264 0.9732 0.0405

Via|  [Vis| Vil 0.9740 0.2265 0.0036
0.0085 0.0398 0.9992

Vial  [Vis|  [Vio




Mass Ordering

Normal hierarchy Inverted hierarchy v Normal (NH) or
21 == Ml inverted (IH)
hierarchy??
¥ What 1s the mass
of lightest
neutrino?

- Hints from
cosmology

Possible answer on ordering from Combined fits to several

INO, IceCube-PINGU, KM3Net-ORCA Experiments with differnet
MSW sensitivity



BIG QUESTIONS
s  What 1s the origin of neutrino mass?
v What 1s the nature of the neutrino?
v Is there a theory of flavor?
v Why are lepton and quark mixings so different?
¥ Neutrino in cosmology, relation to baryon
asymmetry, dark matter, ...

Present situation — spacific questions (LBL):

* Precise oscillation parameters
* CP violation 1n the lepton

sector? (measure phase)
 What 1s the mass ordering?
3 flavor oscillations e precise parameters of mixing,
| | octant for 2-3 angle

O(10%)




Oscillation results with
present data (T2K and Nova)

Experiments currently taking data
here results presented at NEUTRINO 2022
and published reasently

Improved constraints on neutrino mixing from the T2K
experiment with 3.13 x 102! protons on target

T2K Collaboration « K. Abe (Kamioka Observ.) Show All(Z

Published in: Phys.Rev.D 103 (2021) 11, 112008

PHYSICAL REVIEW D 106, 032004 (2022)

Improved measurement of neutrino oscillation
parameters by the NOvA experiment




~==A ctors on the scene: T2K

Kamioka

BRSSP A R C Main Ring

S ( EK-JAEA, Tokal

%

v Baseline — 300km = small matter effects
v Energy for first oscillation maximum below 1 GeV

v Far detector material - water



important
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~=Both experiments use
==0ff axis beam from = and K decays

Beam Dump Decay Volume Target Station

protons

HiH OA 0.0° Y Narrow beam

Tonas v Smaller high
energy tail

v Almost pure
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v Electrons and muons can be distinguished

v Neutrino Energy determination

v NC 1s a background for oscillation as we

do not know v flavour




What we measure?

Nemtrino interaction =2 particles in the detector
—> charged lepton defines neutrino flavour

—> final state particles help to estimate energy

ND — high statistics of v interactions
No oscillation

FD - observe events after oscillation
Flux 1s modified by oscillation probability



Oscillation parameters fitting
SWhat 1s fitted?

—> Simple answer: mixing matrix angles + Am?

N (.Ereco) o | A O } ) | | : € i'rue) S( Et\r'ue,E ;

pred\ 'V

N,..(EY?) = Expected number of events
O (E"“) = Neutrino flux

G(E,"“) ¢ irge® o Smearing matrix

Compare numer of events observed and predicted
can be done as a function of kinematic variables

Change PMNS parameters to find best agreement

In practice — more complicated as flux and cross sections
not precisely known and controlled by near detector ....



What goes into oscillation fit?

Measurements of
1t and K
hroduction

Beam
monitoring data
External cross ~
section data

Far detector
model

Fit can use v and anti-v
separately or together

Oscillation
parameters

ND fit improves knowledge
on flux and cross sections -2 can be done separately or together with FD fit




How cross section knowledge

can be improved?

Interaction Interaction
Modes Topologies

¥ Measured in near detector

s O i IR 7 Parametrize models
CCQE | =& || |l i
e n p‘?‘CCQE"“‘e’ v Allow change of processes
contributions
u T 7 ceim ,
CCRES | f{Hl. i i wi  (CCRES-like) - fitto improve agreement
/_:_< /'/®p< Rov Mo Phve 841307 |

- =

" ccom+Np

- =2 e 3 =
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v cross section / %(10'38 cm? / GeV)




Examles of ND

NOVA Preliminary

or contributions from : 1

processes 0.91 <cosb, < 0.94
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1 re Su S ~}- Data (Stat.+Syst.)
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for example:
2p2h contribution to CCOn
treatment of Pauli blocking
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Two approaches:

Separate fit for ND and
Modification in s used in
Oscillation fit
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Biases reduction and checks

—¢— ND Data . .
mizwasecdlll  for flux prediction - NOvA

©
-
o

As example — difference in pT distribution at ND and FD

For check — use binning in pT

Fraction of Events

With P, Bins

Detector Calibration
Neutron Uncertainty
Neutrino Interaction Model
Near-Far Differences

Detector Response

Lepton Reconstruction

Beam Flux
Total Syst. Unc.
0.02 -0.2 0.0 0.2

-0.02 0.00 0.02 -0.02 0.00
Uncertainty in 8,/ n

Uncertainty in sin0,, Uncertainty in Am2, ( x10° eV?)



'Neutrino mode Anti-neutrino mode

CCOm CCOnm

T2K — ,
samples used (FD) J mkm ™ L A .
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T2K - fitted parameters

Best-fit and lo interval

Parameter i _
NO 10 From paper21 data until 2018
pot 3.13x10
dcp —1.89 +8 Zg —~1.38* +0 43
sin” 623 0.532 7 0a7  0.532 +8 82;1 Neutrino and anti-neutrino
Am3, /10 %eV3e™ 9453057 beam settings
| Am3; | /107 %eV3c™ 2.43 fiiﬁ?

Best fit results:

X107 Wlth and without reactor constralned 3 analysis methods

3
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Separate fits for v and v

T2K runs 1-9
v-mode 1.49 x 10°' POT
v-mode 1.64 x 10°' POT

+ puameten _, Results consistent
B : - 00% C.L.

D Vv, parameters

Joint v, + v, analysis et BB Ul

035 04 045 05 055 06 065 0.7 BOth OCtantS arc

sin“0,, (sin’0),,) still allowed

Phys. Rev. D 103, L011101 (2021 .
= sl ot | sigma level



CP wviolation ?9??

Frequentist results Bayesian results

(Feldman-Cousins method) (marginalized over MO)

T2K pl'e"minafy Io credible interval | 2K prelimina

:] 20 credible interval
- 3o credible nterval

— Normal ordering

Inverted ordering

[/4 1 CL

RSy 90% CL
5] 26 CL
| | 30 CL

posterior probability
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Using 613 constraint from reactor experiments: sin?(2613) = 0.0861 + 0.0027

Very consistent for NO and 10, >3 ¢ from 0, 2n



10° Events / 0.1 GeV

250 F

200 F

150

100

- Samples used in Nova analysis

F V-beam

+ND Data
—Total MC

1-0 syst.
range

‘Ll Wrong-sign

1 2 3 4 5

Reco. v, / v, energy (GeV)

10° Events

12
| —<— ND Data
Uncorr. MC

[INC

10

v-beam

Low CNN_,

High CNN_ |

v/V, CC
v, cc

e H *
1 2 3 4 1 2 3

Reco. v, / V. energy (GeV)

CNN —
convolutional
neural network

> Selects sample
reach in electron
(anty)neutrino
Interactions

Using also boosted
decision tree — BDT

- To reduce
cosmic
background in
near detector

Efficiency v, (v,) is
63% (75%)



Ic SUltS Neutrino beam Antineutrino beam
v, CC v, CC v, CC

7

m Signal 214.11 58 59.0°%
Background 8.2t > 26.8 5
Best fit 2223 85.8
Observed 211 82

Fitted parameters

For mass ordering (normal and inverted) and sin2t23 (upper and lower octant)

Normal order Inverted order

Parameter Uuo LO Uuo LO

Am2,(1073 eV?) +2.41+£0.07 +239 245 -244
05709 046 056 046

5cp(m) 0.82:027 007 152 141

+ 9
Sin- 923




results

Comparison with T2K
- Consistent for 1O

- For NO the best fit oqp
Different at more than 90%CL
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What more can be done ?
= Combined analysis of T2K+NOnA

* Preparation in progres
* Well advance

Ability to exclude CP conservation
as a function of true dcp assumed

g g saamel Combine LBL
E o ROD El data and

é B gl atmospheric
s Bl neutrino data
EE fl 12K - SK

é ) Bl (scnsitivity)




o1) | 010%)

2 flavor-like oscillations - 3 flavor oscillations

20 years ago now

next generation

neutrino experiments:

Hyper-K; DUNE
Test oscillation framework: >CP sensitivity
* more light neutrinos??
* more in%eractions (NSI) >>3c  (7-8)
* other exotic phenomena
LIV, CPTV, decays, decoherence...
* test Unitarity of mixing matrix

Why we need more precise data?



LBL prospects

sy Experiments running with higher beam
intensity

vin T2K :

— Gadolinium in SK (neutron tagging)
— upgrade for ND (2023)

¥ Dedicated measurements for flux and G,
¥ Combined analysis:

— NOVA+T2K 1n preparation
— T2K+SK atmospheric

v Next generation LBL under construction to
start in 2027



