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What could
neutrinos
tell us about ?
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Neutrinos in the Standard Model

e Neutrinos are the most abundant particles in the Universe
besides photons. They are neutral and interact weakly

e Neutrinos are mass-less in the Standard Model of particles

e However, we know they oscillate, thus they have mass
= new physics Beyond the Standard Model of particles

Lower bounds Upper bound from
from Oscillations direct measurements

L@a > 6 order of magnitudes ' (d) (§) (b)
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Neutrino Flavor Oscillations

Neutrino H
Production

proton

Flavour states: L/ L L |
avour states € U T The neutrino “flavor”

IS defined by the

(Ue) o’ (UT) lepton produced at
€ U T the interaction
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Neutrino Flavor Oscillations

Neutrino M Neutrino proton

Production Evolution In time

v, >=U, ™ v, > + Upe™ v, > + Uge ™ |13 >

The flavor state is a superposition of mass
a s ! my + My = My
states that evolve in time at different rates
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Neutrino Flavor Oscillations

"SAN®”

Time

The superposition state can change over time because
the components (mass states) evolve differently
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Neutrino Flavor Oscillations

Il I =N =N =N =

Neutrino M Neutrino Neutrino — proton
Production Evolution In time Detection
Flavour states: I/e I/ﬂ I/T

Neutrino oscillation
IS a quantum interference
my # My # N phenomenon associated with
= pmb(yﬂ — U,) the fact that neutrinos have
non-degenerate mass

Mass states: Uy Uy U3

Prob(yﬂ — U_)
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The Squared Mass Difference
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2.5 x 10° eV?< = Neutrinos have mass !!!
' @)
76 10%ev* { @ ® We don’t know yet the
5 Neutrino Mass Hierarchy
0' Normal Inverted (sign of ‘ Am322 ‘ )
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The Mixing Angles
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The CP Violating Phase
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New source CP Violation
if SiIno-p # 0
— Oscillations different for
neutrinos and antineutrinos !!!
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CP Violation in Quarks and Leptons

J=UU an]U;; = Jarlskog invariant generates the CP asymmetry

d, ] 0.97 023 0.004
s"| = Vg (S) VCKM ~ 1 0.23 097 0.04
b’ b 0.008 0.04 1

§p ~ T0°

Quarks:

Jexw = (3.18 £0.15) X 107> = small CP asymmetry

Leptons: (. 2 0.8 0.55 0.15
Yul = Upyns | 12 Uppynvs ~ 104 0.6 0.7

Y3 04 06 0.7

T

Ocp Not

Jn ~ 0.033 s1n o,p = potentially large CP asymmetr
cP cp = P Yy Y Y measured yet
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The T2K neutrino oscillation experiment

Intense v, / Dﬂ beam from J-PARC to a Near and a Far Detector

+ v, and v, disappearance = P(I/M — 1) and P(DM - U,)

+ V, and U, appearance = P(v, — v,) and P(¥,, — 1,)

Near Detector

-

- — ¥

+. <Kamioka

Super-Kamiokande

- L

N:b'. -
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The T2K neutrlno oscillation experiment

Near Detector Far Detector

. Proton Accelerator

J-PARC (~  Target Beam
accelerator:

7

esisedd ey I \ Dec ay VO lume monitor /I
2 : :
E, (GeV) Neutrino beamline

Om 118m
High intensity beam of v, or U NA61/SHINE@CERN experiment
u
measures the phase space of 7/ K

ly ~1% of dv
(only ofv,and V) from pC@30GeV interactions
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The T2K neutrlno oscnlatlon experlment

Proton Acceler or “Near Detector T Far Detector

E): 165 Dﬂ —> U Far Detector
— 14 observation
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o) 8% i
o1
S 0.8
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é M= prediction
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O_ \ L L L L L1
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The T2K neutrlno oscnlatlon experlment

Far Detector

Proton Acceler or N

0O km

Near Detector

0.28 km ——

Total syst uncertainty on neutrino mode 1Rp events at SK
| Prior used to marginalize | g | S
{ over the systematic . ___,f’ l0.8 g 25:_ " Pre-ND
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The T2K Near Detector Complex

Magnetised Near Detector (ND280)
= physics analysis

Neutrino Beam Monitor (INGRID)
= beam rate, width and direction

WAGASCI ‘ \&

<

o = o 25

“INGRID

- .
Yo ':4 ~10m
a 0° o
v 1.5m
ﬁ 1.5° Y
X‘_é v
Z
° ~10m g
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The Magnetised Near Detector: ND280

Magnet (0.2T)

2 tons of plastic and water
(nuclei same or similar
Sl l ECAL to Far Detector)

POD Downstream

detector) e NG

Fine-Grain
Detector (FGD)
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The Magnetised Near Detector: ND280

UA1 Solenoid Magnet
* 0.2T uniform magnetic field

Time Projection Chambers

el * Tracking detector in B-field
etectors .
* Momentum reconstruction

\\\\\\\\\\\\\\\ N | * Charged identification

POD Downstrea e Particle |dentification
' (- ECAL
detector) .

’.’

Time Projection
Chamber (TPC)
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The Magnetised Near Detector: ND280

Electromagnetic Calorimeter

Magnet (0.2T)
* Sampling calorimeter

Fine-Grain (plastic scintillator / Lead)
Ol » Surrounds all the other detectors

\ N (S .'

POD

Downstream
] ECAL

‘ -
detectar)

__

Electromagnetic
Calorimeter (ECAL)
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The Far Detector: Super-Kamiokande

Located in Mozumi mine
(2’700 m.w.e overburden)

¢ 50 kton of ultra-pure water
(fiducial mass 22.5 kton)

e Detect Cherenkov light with

v Inner detector
with 11’129 20” PMTs

-w- .
..............
.............
........

(ese ey coosants Rl iy
s " ..Q.....,:....:l;.'

v Outer veto detector $ 5
with 1’885 8” PMTs i

OuiteRy 7 i
e DAQ system with no dead time Detector 777777777,

-—--.-——-—*-——-—- .
.

e Synchronized with T2K beam
by GPS (£ 500 ps window)
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The oscillation measurement flow
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Osc. Prob

Osc. Prob

The oscillation measurement flow
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The oscillation measurement flow

—y =V —>V
V= Vu = V™V

Osc. Prob
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T2K results on CP Violation

Vv, = U,

60 F Runl-10 Data
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https://www.nature.com/

T2K results on CP Violation
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Results on other parameters

From reactors/solars
(PDG 2022)

JCP — g COS 913 Sin 2912 ‘Sin 2923 Sin 2613[811] 5CP ~ 003

\

T T2K Run 1-10, 2022 Preliminary
I I I I I I I 1 I I I I |_

1
(\; 27>_<' LANNLIN N L L L L L B ] llllllllllllllllll ]':] ......................... | [ 30_| [ T & T T F & FT] | |
O B ! - R :
5 7 61— ' = -% a5l — Normal ordering L a te St E
<= - 1 = Inverted orderi oy
o sl 1 = nverted ordering statistical -
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5 24F : d4 g 15 EEj2ocL -
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e Consistent with maximal

| e SINO-p ~ | and
U, disappearance

Normal Hierarchy
e Preference for higher octant
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T2K results on CP Violation

P(V, - V) ~ sin?(26,5)sin? 0,5 sin? by,

“+7 forv

L
¢y = 1.27—Am;;
(=) . 5

E

P, - v,) — Py, = v,)

0 . N Acr = P(v, — v,) + P, = v,)
o NH, 8, = /2 A s
0.5 % . H, 8, =m2 —]

;::-:: “'."'_. .-.__:_. ___________________ IH Scpz-n/2 E
o [ Proference fo
e 1 | large CP asymmetry
05 i i = .
Hi/ B E (Sln 5CP ~ — 1)
5y | ... 4 land Normal Hierarchy
0.5 1 1.5 2
E, (GeV)
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Matter-Antimatter imbalance in the Universe

— o
0.04} PRD 75, 083511 (2007) - -
| HEPT0(2019)055 l Baryon || <& °'F | T2K Run I- 10,2022 Preliminary
0.021 asymmetry | - S 065-
A | ' WE | mmemees
Q0] / Tee 0
- / 055 fif
[ L/ ' B i
-0.02 / . ot
| Approximate -
~0.04}t Jep ~ 0.03 sin 5-p . 12k region : 045~
T 115 —11 —-105 -10 -95 -9 04 o
Log 10 YB 0.35 :_ E)Ic"ior flat in 6CP
E -------- prior flat in sin(d )
If the results will be confirmed, 0 0 0
it is possible that a not-small fraction Jep

of the observed matter-antimatter
iImbalance was generated starting
from neutrinos (Leptogenesis)

It is crucial to improve
the precision on O.p
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Towards the T2K+SK joint fit

Combining accelerator + atmospheric

U data will enhance the sensitivity to
Mass Hierarchy and, consequently,
to CP violation

SK+T2K Preliminary Sensitivity
LI B BRI IR
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|

Truth: Normal Ordering

— SK+T2K
— T2K
— SK (+ND)

W
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-

| 1 1 1 1 1 1 | | 1
; : in2 Am2, =2.509 x 103 V2
True \'lllllC.\: (7(}) = X axis sSin”~ (}1 )= l)}[)7 }”32 o X -
=7.53x 1077 eV2

True 6CP

9 9]
Normal ordering sin2 02 = 0.528 sin“ 013 = 0.0218 Am43,

Atmospheric u-like samples

—— Sub-GeV (v, +v,)

—— Multi-GeV (v +v,)

—— Multi-Ring (v, +v )
PC Stop

‘ PC Thru

(ITTTTT) Upmu Stop
Upmu Thru

o
o))

Event Rate (day™)

o
»
1 I 1

_ - Constrained |
02| | with ND280 -

10" 1 10 10% 10° 10* 10° 10°
E, (GeV)

he Near Detector will
constrain also cross section

model of the v atmospheric
dominant sample
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Roadmap for measuring op

I T2K
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—
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..............................................................................................................................................

.............................................................................................................................................

Major
Upgrades
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# Sensitivity to exclude CP
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The J-PARC proton accelerator upgrade

1400 ————

5 ; 1 Start of ¢

> z 48 -> 1.32s cycle mypern g

> 800 EAR——yCL. e o .................. ...............

g T F | \ N 01 32 —) 1 165 s cycle
= 600 ' | |

o

b

0 400

...........;.........................¢......................... .........................¢.........................¢ ......................

‘ Number of neutrino |

Interaction is proportional | 1 L 1 1 1 ]

1o the proton beam power {2020~ 2022 2024 2026 2028 _ 7030

Beam power up from 515 kW to 1.2 MW at the end of T2K
High power beam ready for the start of Hyper-K
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Modeling neutrino-nucleus interactions

Charged Current
Quasi-Elastic (CCQE)

-
y - = Bty x Poe "
: T2 ]

~~—

> |

O = (CC Inclusive @ @ s NC Inclusive

N\ —— (CC Quasi-elastic =~ == CC 2p2h
= ——— (CC Resonant 17 —— (CC Multi-7 + DIS
O

< 0.5

W s

—
5

Sa

S

= i

€3

~ 0

S ' '

n p Eur. Phys. J. Spec. Top. E, (GeV)
(2021) 230:4469-4481

Different cross-section for v and v = ambiguity for CP violation search

Other contributions mostly from Neutral Currents and CC i resonances
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The impact of nuclear effects
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Eur.Phys.J.ST 230 (2021) 24, 4469-4481
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H H Very narrow dip from

disappeared U, if the energy is
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The impact of nuclear effects

® 9 ® o
o

— - ® — 0 ®
e W : Y . i
- o

® o +

®- o 9 ®- o 9
o o)

i Nuclear { | Final State |
i Correlations | i Interactions

"“ Pure CCQE ‘:,»
| interaction ]

Eur.Phys.J.ST 230 (2021) 24, 4469-4481

T2K Flux Dip observed

by =V _~  indata

H H

&
—
I

0.05 I | The precise knowledge of
el the neutrino energy requires
SN an accurate modelling

%0 0.5 1 1.5 9 of neutrino interactions

Oscillated Interaction Rate (A.U.)
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The weaknesses of ND280

v, events at the Far Detector

1807 | ] T T ]
160} .08
$_ 140 /0.7
=2 120F 1 0.6
2 oo 0.5
100F =
< f
o 80F —==04
Q "
2 ofF o 4 03
Q C
1 40F 4 —02
20 s — —10.1
2 9 e by I i
% 02 04 06 08 1 12 0
Lepton Momentum (MeV/c)
06 17—
E ’ ND280 proton
0.5 —NEUT -0% prot
C  __ GENIE detection efficiency
04 T
Q I : 5 : : a : :
8 i N % | -
.= 03[ Et&«p _——
t.% A ~ z Q .
Ea‘ 0.2 [ HaH : - =
o e Ty
O 200 400 600 800 1000 1200 1400

Proton Momentum (MeV/c)

Optimised for forward-going tracks

—
e
a

J

The increase of statistics requires an
adequate reduction of the systematics

¢ |ncrease the particle detection
efficiency as a function of the angle

e Reduce the proton momentum
threshold
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Replace part of the POD detector (measured NC 7! production) with
a new scintillator target (SuperFGD), two TPCs and a ToF detector

The ND280 Upgrade

ECAL

arXiv:1901.03750
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uncertainty (%)

The ND280 Upgrade

arXiv:1901.03750

ECAL

E. Muons in TPC or ey
%_ stopping ip SuperFGD ___:—
ST e e —
—— E— :_,_++Muons inTPC —+
C L e Pion FSI 02Fx . only L
- L eeesees Undetected Pion - Sl R - A e
30 ;— ----- nucleon FSI _; 0.1 ;__.__ -
5t - e R B v -
s PRD 105, 032010 (2022) B
o PRD 101, 092003 (2020) | \_
NN E Isotropic particle detection efficiency
S T - allows to constrain the whole phase
0 R L L L L T T T romms L 10
" Protomson target space at the far detector

ETH:irich D.Sgalaberna

U.Liverpool - Seminar

42



The SuperFGD detector
FGD - SuperFGD

d
o | ;

Charged particle
Converted photon: travelllng through cube Wavelength shifting fiber  Fiber connector

JINST 13 P02006 (2018)

angles are not

Particles at high T
reconstructed

blue to green \ \ \
| ':,'-\/ RREEE NS > \/\/\} AV A \/\/\’i
g L]
<PV
'\ 5’
s’ :
<S _e Photosensor
\ Xﬁ /
— /f i Photosensor PCB
] ) Reflected photon
Reflector coating  Plastic Crosstalk Photons from
(50 um) scintillator photon

Is:gglls?ltéon process j
v Three projections = isotropic

v 3D fine granularity = short tracks
v 0.6 ns time resolution = neutron energy
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Neutron Kinetic Energy [MeV]

SuperFGD potential for neutron detection

* A fine 3D-granularity fully-active plastic scintillator detector
IS optimal to detect and measure the ToF of fast neutrons

300

200

100

+ Sub-ns time resolution

+ High efficiency (~1% per cm of scintillator)

Detection efficiency (MC)
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SuperFGD potential for neutron detection

* Two prototypes exposed to neutron test beam at LANL (LANSCE)

in 2019 and 2020

+characterization of detector response to interacting neutrons

+total cross-section measurement

XY view

Neutron Cross Section vs Neutron Energy

EF IE —~ 0.9 —— ,
S 7k o E Total Uncertainty
Eo— : g 0.8 I Statistical Uncertainty
YE Soob Lo meeoomie
: o 0.6
o @
_ 15¢ ® 0.5
F n A
) toc o 0.4
£ o © 0.3
(4] - - - -]
| i S 0.2 |
BRI ER L S T = arXiv:2207.02685 | -
X po 0.1 ................... ....................... ......... .
0. 0b e i T T
. - - 100 200 300 400 500 600
Neutron interaction in SFGD Neutron Kinetic Energy (MeV)
prototype @90m
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The new Time Projection Chambers

TPC to reconstruct the kinematics of charged particles leaving
SuperFGD: muon/electron charge, momentum, PID

ET 128um BT

Insulator ~200um

NIMA 518 (2004), p.721 L
5 sE--200ms  Preliminary:
5 Mt 41 E
q dE/dx g
Resistive S resolution
MicroMegas to WE e st e s s
improve the spatial - .
resolution

0 100 200 300 400 500 600 700 8OO 900

Drift distance [mm]

Spatial resolution [t m|

x10°
T 1T 1T 1T [ 1 1T 17T LI

¢ (deg]

pions, no.
. protons, n
""""" electrons,
pions, q__/q >0.75
——— pions,q__/q  >0.85
= # of fired pads
F per cluster
0...|1....2....3....4..1.5....6....7
Cluster multiplicity
T T T T T T T | | ]
|+ S0mm Preliminary—
- —— 550 mm .
- —*— 950 mm :
: Spatial
3 resolution -
3 4 : AR A . E
A L J 4 -
- A 'y _
- ® .
- e * *
| (- | | |
0 20 40 60 80 100
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In construction...

iy, Ty A AR |
\F o e = 2, ) 2 Wy,

g
-
—— — -
-+ )
°
» El Y -
| .
| g
— Y -
» ° ° g
L
) Fe ° s
¢
=SS PR >
] o o
'@ ]
-
— y

- | Plan to collect first neutrino
TPC field/cage in data in Japan in 2023

EXUS ) e N Near Detector of both T2K
and Hyper-K experiments

%,
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Time-of-Flight Detector: Commissioning at CERN

: 03 2.3x0.12 m2 bars of EJ-200 PVT scintillator
§0.25 read out with Hamamatsu SiPM arrays

0.15F

0.1—
- * One side, array-1
- = One side, array-2
0.05— ¢ Mean of array-1&2
_ v Weighted mean of 1&2
L .

1 1 1 1 ] 1 1 1 1 ] 1 1 1 1 I 1 1
50 100 150 200

o
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Status of Physics Analysis

Simulation and Reconstruction of ND280 upgrade is
advancing in order to be ready with the analysis of the first data

150

'E‘ : II!IllI!IlIlEIIII!IIII!IIII!IIII!IIII!IIII: 12 __1
a 250N ................ ................. ................ ..... — ve CCon (93.80%) . ' .Detected
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S v, CCother (2.45%) ] o w/o o
5 200 e e o =1 bl:ackground (0.79%) H 95% of protons upgrade 0.8
— . |EEE 0O SFGD FV (0.22%) : 0.7
o % - 0.8
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Qo

=

=

Z

100
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\ O o
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IIIIIIlIIlIIIllIIIIIIIIIlI

| @
=3
6__
&b
N
=

0 5 I 8-0. 570 0204 06 08 1
0 05 1 15 2 25 3 35 4 45 5
Muon reconstructed momentum P, [GeV] Proton cos &

oL, CCQE-like purity improved by more than 10% up to >93%

e Reach a wider portion of the proton phase space
e New physics (sterile neutrinos, heavy neutral leptons,...)
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Data exploitation with Artificial Intelligence

Deep Learning to enhance the performance of SuperFGD

Strategy: assist traditional the
reconstruction in its various steps
towards a model-independent approach

Graph Neural Network
to identify ambiguities

meen | Deep Learning based

e | particle Track Fitting
‘ 2 arXivi2211.04890

Szt omed in 1-2mm spatial
e | resolution for muons

* RNN fit

Transformer fit

e SIR-PF fit

@ track

Q gh()st

@ crosstalk

PRD 103, 032005 (2021)

Multi-particle hit tagging (Work in progress)

Generative Adversarial Networks for
particle fast simulations (Work in progress)
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Roadmap for measuring op
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The Hyper-Kamiokande experiment

Exactly the same experimental configuration as T2K
v Inherit the neutrino beam line and ND280 detector complex
v Additional water Cherenkov detector at the near site (~1 km)

v Broad physics program:
solar neutrinos, atmospheric neutrinos
supernova neutrinos and .

proton decay 'SUp*epré?" 1 |

258 kton

(FM=188kton)

ETH:zurich D.Sgalaberna U.Liverpool - Seminar 52






Intermediate Water Cherenkov Detector

e ~1 km from v source,

Fiducial Mass ~ 60 ton for v, /v,

Gd-loading option

e Low statistical uncertainty in v,
Cross section

..............

.....................
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Muon neutrino candidates
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Obtain the relation between v energy and observed final state in water
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Sensitivity to CP Violation

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
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E - e — Statistics only |
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T2K 2018 syst. (v./V, xsec. error 4.9%)
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Hyper-K preliminary HK Years (2.7E21 POT 1:3 vv)

True normal ordering (known)

Hyper-K will measure o,p with resolution < 20°

Potential for CP violation discovery after less than 3 years if 5Cp = — 5

and determination of Mass Hierarchy with > 4¢ significance
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Systematics goal at Hyper-K late phase

—
N

o1/, Cross section at 3% level

Nuclear Effects change the ratio

between v, and 1, in a non-trivial way
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Systematics goal at Hyper-K late phase

Need a method to make a unique block of plastic scintillator with
all the cubes optically isolated ready just for inserting WLS fibers

=Not straightforward to scale SuperFGD to several tonnes
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Plastic Scintillator: 3D-glued cubes

e Developed a production process to JINST 16 (2021), P12010
scale SuperFGD to several tonnes T T ]
+Successfully built a SuperLayer: S w CghtYield~sSOpe. -
. . >
glued optically-isolated 1cm3 cubes = «r + } .
made of polystyrene scintillator = 405—* + } +—f
+We can reach sizes up to 50x100 Coer E
cm? (potentially 50x200 cm?) R T T R
Channel
8 10° e Crosstalk <2% |/
(not possible to [
= set a lower limit
10° Eetas . : E
s with cosmics)

()_"l'||2|||4|||6|||8||1ol 121 |14|
Crosstalk fraction [%]
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S
A3DET 3D printing of Plastic Scintillator
Formed an R&D collaboration (CERN, ETH Zurich, HEIG-VD, ISMA)

for 3D printing plastic scintillator= 3DET

- 0.02
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go.018
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=0.016
— |
Q
©0.014
0.012
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0.008
0.006
0.004

0.002

— Cast
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— 3D printed

Cs137

-
=) (=]
o o
i
—

Proof of Concept in:

—cast JINST 15 (2020) 10, P10019
—extrusion JINST 17 (2022) 10, P10045

——injection molding

£ LA
b\ 3d-print
40 +—
3‘ ,

Technical Attenuation
Length ~17 cm

<

= %7 | Directly coupled R

S to SiPM
> 80 -
S ]
- L _
3 60 0 -
E I O T T e :
401 B
20 Light yield ~ 50 p.e. -

| Crosstalk < 2%
. . 0 I I I I I | |
However, we had to polish it "= 7 = = === = =

Channel
ETH:zurich D.Sgalaberna U.Liverpool - Seminar 59



https://threedet.web.cern.ch

=
\3DET 3D printing of Plastic Scintillator

Over the last year we worked on improving the production
no post-processing, improve geometrical tolerance and make holes

. PRELIMINARY [l &

~60-70 p.e. / MIP

Ready for application S i NN
right after the printing & Ready to integrate [
w/0 post-processing WLS fibers

Work In progress...
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\3DET Inorganic Scintillator

Filament of inorganic scintillator crystal based on ZnS:Ag for a,
[ and X-ray detection

Reference 3D printed

Publication soon

ZnSe Sr-Y-90

000000

000000

Scintillation Scintillation | .. ‘ 3D printed Znse

filament filament (UV) 2 on | s b
N Scintillation plastic

*a <« . 0 . : : . :

¢ (organic) B L

\ g

\ Wo,ganic scintillation | SUCCe€ded to 3D print a “sampling

\C; crystal element of organic plastic +
inorganic crystal scintillators
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Conclusions

e The discovery of a source of large CP
asymmetry could help understanding the
observed matter-antimatter imbalance

e The T2K and Hyper-K neutrino oscillation
experiments aim to measure 0. p

e The Near Detector upgrade program
aim to improve the modeling of
neutrino-nucleus interactions

—— 8,,=270° NH, v
--- 8,=0°% NH, ¥
---- 8,,=270° NH, ¥
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