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T2K & beyond

0., measurements in T2K
and prospects in neutrino
physics in Japan.

Maria Gabriella Catanesi
INFN Bari
LNF 21 Maggio 2020



Outlook

Neutrino Oscillation in a “Nutshell”
The T2K Experiment
Data Analysis

T2K result on "6Cp
Medium term prospects (2022-2026)

T2K-II

Long term (>2026)
HYPER-K (T2HK)

('



Neutrino Oscillation

[f mass and weak eigenstates are different:

Neutrino is produced in a weak eigenstate
It travels a distance L as a mass eigenstate

It will be detected in a (possibly different)
weak eigenstate

Bruno Pontecorvo
1969

1.27Am*L

: v
CO.SH S P(v, —v_)=sin’(20)sin’
—sinf cos6 ‘

v




Evidence for neutrino oscillations (Super-Kamiokande @Neutrino 98)

Y. Fukuda et al., PRL 81 (1998) 1562

Zenith ang(e dependence |
(Multi-GeV) Svmmary_

uPifgo‘“g Down -going Evidence ](or l/u oscillations

L (a) FC e-like Datq

/ | X*(shape)
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Super-Kamiokande concluded that the
observed zenith angle dependent

‘O'54f3i?>§- deficit (and the other supporting data)

.I'I gave evidence for neutrino oscillations.

NR.AanE: .. I

AM2 ~ 3x10-3 eV? T.Kajita (Nobel Prize 2015) = -~ .

L/E ~ 1000 (KM/GeV)

—

[
a—
c
(]
>
Ll
e
(o]
B
(]
Q
£
=
=




Pontecorvo-Maki-Nakagawa-Sakata (PMNS) Matrix < 2011

| | |
atmosferic v SBL reactor v solar v
accelerator v accelerator v LBL reactor v

Sin20,5~1/2 JCRICTCIGE Sin20,,~1/3
Am2 ~ 3x10-% eV? sm2 ~ 8x10-5 eV?

Source of neutrino:

- Solar & Atmospheric

- Reactors

- Accelerators («Long Baseline»)




Everything changes: 2011/2012

h

expected

Ndem:l:d /N

0.05 A ) 1

T2K
1 43x10" po.it. *

12 14 16 18 2

Weighted Baseline [km]

. Disappearance Experiment
Appearance Experiment _—

v source \ detecto: v (hﬁecror

Vsource vV, tetector
B Searches for EE E
= = w5
—1,

Compares ©_, and @, tolook for loss

L

ol




v Experiments: LBL vs Reactors

o In LBL APP v, — v, T2K 2013
N ) - Amis0 ]
{28in“ 2“23411.: 10109 B N
B 68% CL :
0t : ‘});:)f; l(j.ll. -
Y =UAr — besth -
So \lll H\l p = \lll 0);\111 2(') N PDG2012 1o range]
]---.-I--nuIn-.|I----I--.-I--.-I--n-ln-.-
el Lt el Bkl R
¢ In Reactor P,, ~ sin? 20149 sin® (A%LI) _
Y d .} 274 y 2 /) :
So sin 2(7’1‘{]-3..\(' = Sl Zﬁl;; ]
Concha Gonzalez-Garcia I . ]
056 Am3<0 ]
000570, 0,15 02 025 03 0.35 04

sin26 .
13



v, appearance by T2K

Best fit 4
7z7777 Background component-
Fit region < 1250 MeV ]

<
~

500 1000 1500 >2000
Reconstructed neutrino energy (MeV)

PhysRevLett.112.061802 (2014) 0.04 0.06 0.08
sin(8,;)

I2K+Rcactor 68% Credible Region 12K Oaly 68% CrediblcRegion
T2K+Reactor 90% Credible Region T2K Only 90% Credible Region
IZK+Reactor Best Fit Point 2K Only Best Fit Line

28 events observed over 4.92+0.55 bkgs — 7.3c excess
First Confirmation of ‘Appearance phenomenon’ w/ > 56 significance.



Breakthrough Prize 2016

T2K & K2K KamLAND Daya Bay SNO Super-Kamiokande
Am?2 Am?2 Am?2 Am? Am?2
kY P | 31 pA | 32
023 013 012 013 012 023

. “For the fundamental contributions to the discovery of neutrino Oscillation”



~4%

~3%

~11%

~15%

~7%

~31%

Everything solved ?7??

Parameter

Am3, [107° eV 2
Amél(?:}) (1073 eV 2]
sin? 619

sin? 093, A"rngl(SQ) >0

sin? s, Am%‘)(,ﬂ) <0

sin? 013, A’rnél(gm >0

sin? f13, Afmg(,(gl) <0
d/m

PDG2018

best-fit
7.37
2.56 (2.54)
0.297
0.425
0.589
0.0215
0.0216
1.38 (1.31)

30
6.93 — 7.96
2.45 — 2.69 (2.42 — 2.66)
0.250 — 0.354
0.381 — 0.615
0.384 — 0.636
0.0190 — 0.0240
0.0190 — 0.0242
20: (1.0 - 1.9)
(20: (0.92-1.88))

-

- ® \What is the value of 5cp??

Most of the parameters measured with <10% precision

B23 Is known with 15% precision

@ \What is the mass hierarchy?

. e

A




PNMS vs CKM

1018 1022 T 1027 ev

Heavy right-handed
neutrinos
(see-saw mechanism)

9

ENERGY (GeV)

Mostly diagonal Unitarity enforced by construction

Is the PMNS parameterization correct?



The Tokai to Kamioka (T2K) Experiment

Super-K Detector J-PARC Accelerator

Hadron Experimental Facility [

Materials and Life Science Facility

Accelerator-Driven
Transmutation Experimental Facility
= St

* The T2K experiment searches for neutrino oscillations in a high
purity v, beam

“ A near detector located 280 m downstream of the target measures
the un-oscillated neutrino spectrum

“ The neutrinos travel 295 km to the Super-Kamiokande water
Cherenkov detector
+ 0

* Ve (Ve Jappearance cp
e X-sections
+exotics

* vy (vp disappearance



T2K Collaboration
b e AR Wt =

~500 members, 69 Institutes, 12 countries

Spain

14

Switzerland 30

UK

99

ux
1%

Very strong

European contribution including CERN




Off-Axis Beam

Super-Kamiokande

! ‘ (1 m}“’,/n:ﬁ)/:}
Mt.Noguchi-Goro Dake | + ~2 tan 07

Near Detac\tor

\
M

Neutrino Beam Center

295km » TE, (Gev) T

30 GeV proton beam generated by J-PARC Main Ring (MR) directed to the graphite target
Secondary pions collected and focused by the magnetic horns
- vbeam:wt - ut + v, (Forward horn current)

- vbeam: ™ — u~ +7v, (Reverse horn current)

§in*20,,= 1.0
Am?, =24 x 107 eV?

Uses off-axis method to make the spectrum peak at 600 MeV ]
- Expected oscillation maximum at L=295 km o i OA 007

Near Detectors Beam Dump Decay Volume Target Station

NI AN

Primary
protons

¢ _Beamline

-
N\

Muon Monitor = e J-PARC MR

~<— neutrinos

E, (GeV)




J-PARC neutrino beamline overview

i,

Decay Voluns

109m

diunp wes

5|O 100 (m>

-
ANEERERREE =

Muon monitor

Pions are focused by
3 electromagnetic Horns.




T2\

T2K Near Detector pit
houses both the
(ND280) and

( )

detectors

3.222 m

off-axis magnet

INGRID horizonta



On-Axis near Detector

to SuperK «£7
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 Target Stalon

Spilt# 222861, Time 1271289317
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Off-axis near detector:ND280

Event number : 27404 | Run number - 8115 | Spill : 51004 | Time : Mon 2012-01-23 06:04:28 JST [Trigger: Beam Spill

1l

It

A

FGD1 v, CCOx é
pre-fit =N
=, e UA1 magnet (0.2 T)
- * Fine Grained Detector (FGD)
(target)
* Time Projection Chambers (TPC)
Momentum Res. <10%

PID (< 10% dE/dx Res.)

+L1

FGD1 v, CCOx ®:
post-fit VECRes It .
vecan *ND280 @ 2.5 degree off-axis
‘ + Normalization of Neutrino Flux
+ Measurement of neutrino cross sections.

L ( 4000 4500 SO0
1on momentum (MeVie)




T2K-ND280: INFN Contributions

N |

(«

“Inclusive CC anti-v Differential Cross-Section on Carbon ‘

* slat+sys.

* o stat
NEUT truth

GENIE truth

First large TPC with MPGD INFN in T2K

v TPC design, assembling,
calibration, maintenance and
operation

v Initial idea and calculations for a
magnetized detector

v" Leading role in anti-v Analysis @
ND280

TPC design with advanced 4 Severa.ll M?nagement &

detectors (MPGD) Coordination Roles

TPC assembling



ND280 off-axis event gallery

TPC1

£ /
- s
C
! ~ '

FGD1 FGD2 ECA
sand muon + DIS candidate

TPC2 TPC3

—~——

DIS candidate



VA cross-sections

T

Long range
correlations
(RPA)

0 9O O ¢ -
O N & O O . NS
T T LI T 1 Ll Ll Tr Ll

Short range
correlations

(MEC) O

Large discrepancy in the models predictios

v cross section / Fb(w" cm?/ GeV)

Cross sections poorly known at low energy

= T# FHC 11,82 x 10° POT *— Dua 3 — 1012l Fit
- T RHC 623 x 107 POT NEUT 540 ( 525.65M) -
! GENE 21210 [ 2%=4.0003|

0% cu 1) < 45
NG 1902 [ 27a4 4545

Fit Background

FHC CC-v, RHC CC.v, RHC CC. ¥,

B MeVieh

{ Data

Events / (24

.

CC-v,(v,) daidp [x 10™ cm?/nucieon]

Ve CC on Carbon

vy NCn® on Water

03-16 16-32 32-30 03-16 16-30 03-16 16-30

p [GeVic]

100 150 200 250 300 350 404 450 500
Invariant Mass (MeVie ®)

A couple of examples: many papers published in the last years



Inner Detector

Outer Detector

Photo muluphd@

*— T2K Data v and ¥V, CC
v, and vV, CC Neutral current

‘Probability to mis-id n as electren:is ~1%:.
50 kton Water Cherenkov detector 1 km
underground

Typically 61% v, signal eff.

95% T, rejection

32 kton inner volume (22.5 kton fiducial
volume )

Number of events

J000 1000 0 1000 3000 2 m outer volume to identify entering particles

¢/u PID discriminator

All triggers in +/- 0.5 ms of neutrino arrival time are recorded



Data Set

Total Accumulated POT for Physics
M‘(-] ¢ Accumulated POT for Physics

ccu ulatcd POT for Physics

T2K\

o eam ower
. - -Mo ¢ Beam Power
Run3 Run4 Run5 Run6 Run7 Run8  Run9 RunlC43600 g
®
= This talk Analysus;'; X
8 —— s -’ ongoing ')_ 500 (T)
E &Y s
3 w i o —400 |
2 w0 i =
2 ) . —300 |
; | —
‘ x b v-mode —1200
ﬂ : s exposure =
O B : doubled —1100
_/_‘;//' '_’r/_/ In one run :
0 * 1 P 1 1 L l 1 1 l 1 1 1 l 1 1 1 l
2010 2011 '2012 2013 '2014 2015'2016 2017 '2018 2019'20‘_9)

Analyzed: 3.1 X 10! protons on target (POT) Year

I approx 50% v - 50% v

515 kW stable operation in 2019
+ 33% of v-mode for next analysis




Beam model

Beam model is obtained from a full GEANT simulation of the particle
transport reweighed by the NA61 (Shive) results

Beam monitors

10< 8 < 20 mrad
QGSP_BERT

FIr_mc

Gibuw

Data

&*n/(dpd) [rad. (GeVic)")

45
p [GeVic]

T2K Preliminary
r Error
d Interactions

Fractional Error
Fractional Error

Flux (/em/50MeV/10°'p.o.

Including error covariance matrix




ND280 data for Oscillation Analysis

v, CC1trk .

® 14 total ND280 data
samples used by
oscillation analysis fit

® y-mode (FHC)
® sort by 7+ multiplicity
¢ 2 FGDs (C,0)
=G samples

® y-mode (RHC)

® sort by muon charge

v, CCOm

v, CCOther

® sort by number of tracks
e 2 FGDs (C,0)
=) 8 samples




Analysis Model

—4— Data
[ ccon
B ccn
CC-Other
BKG
[ External

Other

CC-Other
BKG

[ External

Other

Number of entries

[ External

3 ”
2 K
£ g
) =
3 <
5 °

[
..g =]
= =]
= =
< Z

Near detector
data

I =

o R [T RS S : sioesa o il

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
p, (MeV/c) MeV/c

Hadron production |y Cross-section
B feed back
flux prediction model
Shive + beam
_I_ monitors

-
&
-
-
e
-
]

L (GeV)

Postfit Correlation Matrix

ND280 FHC v, Flux

Parameter Number

Corrected flux «—}—+++ Rl o &
and cross-section +F error covariance

mOdeI 5] Price to ND280 constraine matr'lx

+ After ND280 constraint

Neutrino Energy (GeV)

100 120
Parameter Number

Sys. Error from 15% to 5%



Neutrino mode

Anti-neutrino mode

events/ 100 MeV

SK data

5 SK samples

muon neutrinos

muon antineutrinos.
electron neutrinos.
electron neutrino + pion
(Michel electron)
electron antineutrino.

000
E

-

1000

T T T T | T T T T | T T T T I T T T T

_2()()() 1 1 1 1 [ 1 1 1 1 I 1 1 1 1 I 1 1 1 1
-2000  —-1000 0 1000 2000

X (cm)




Oscillation fits

Vi—Ve and vy—~Ve combined analysis within the 3v oscillation paradigm (PMNS).

1

~2InA(6p;a)=2) P
-1 1

(4

Other oscillation parameters from 2018 PDG values. N - obs
[n,f’bs ln{ ] +nPP - n,-"bs}

+(a-ay)’ CYa-a,)

Binned likelihood comparing data to MC predictions.

Sensitivity

12K Run 1-9 preliminan

Bins of reconstructed energy from lepton
kinematics assuming CCQE two body —

interactions. | A 2 (B )
‘ Analysis 3 (pq,, 6)

Ve SaMple also bins in Be

Bayesian Markov Chain MonteCarlo and 2
frequentist approach.

Frequentists confidence intervals (grid
search) agree with the Bayesian factors and
credible intervals.




T2K highlights

2 8 —_ x10”

Facomsr.comd Erengy

(ol |

Icecube — Minos+ = NOvA —SK
Pocomtr.cied Erengy
M B —— Unoaciuned Predicton
Onc Mated wim Reacior Coratr st Oni Sated wmn Anac tion Coraty ot
gmeuCW.ﬂ § Oncilated wiout Repctor Conat ard
- s Dot

T2K Run1-9 Preliminary T2K Run1-9 Preliminary

.| (NH) [eV~

32

Number of avents per bin

IAm

—

"' .
9 A/‘A 5ot
R Al

243 v, — CC events 102 v, — CC events

T2K R O Pre .
el Ry L Preliminary
wees Normal - 68CL 7
» Hest T — Normal - 90C1

T2K-On|y PDG 2016 . -- Inverted - 68C1

Inverted - X

w

N

Number of events /(250 MeV)

——
-

o 1000 ~ 2000 3000 5 25 30 35
Reconstructed v energy (MeV) sin“(8, ;)

o

©,3; measurements (appearance mode ) by T2K




)

| ! MINOS v 90% CL
B Super-K- Vv best fit Super-K-v-90% CL-
® T2K V best fit —— T2K v 90% CL
A T2K v best fit ——'T2K v '90% CL
). T2K ¥ best fit, sin%(8,) >0.5. ... :

(degrees

w
[3)]

0.2 0.4 0.6 0.8 1
v Reconstructed Energy (GeV)

n
oW

== T2K Data

A T, or Am?, (eV?)

oexperiments

04 0.5 0.6

. 2n )
sin 923 or sin 623

‘raction ol pseu

Vi disappear‘ance % 5 1015202530 35 —10 0 10 0 30
(best word result) AP < e 3y

N appearance disfavoured to 2.40



CP violation phase

1e0de v-mode | 1e0de v-mode | 1elde v-mode
v, = Ve 59.0 3.0 54
P, = Vg 0.4 7.5 0.0
Background 13.8 6.4 1.5
Total predicted 73.2 16.9 6.9
Systematic uncertainty 8.8% 71% 18.4%

Data 75 15 15

:'lllllllllllllllllllllllll

VelVe Systematic Uncertainty

Yy Ve Ocp =0 - = =« Total predicted, d.p = -

. ‘.u =V, ACP =0 Total predlcted. d::p =4

Type of Uncertainty v, /i, Candidate Relative Uncertainty (%
Super-K Detector Model 15
Pion Final State Interaction and Rescattering Model 16
Neulrino Production and Interaction Model Constrained by ND280 Data 2.7
Electron Neutrino and Antineutrino Interaction Model 3.0
Nucleon Removal Energy in Interaction Model 37
Modeling of Neutral Current Interactions with Single - Production 1.5
o Y o8 ’ Modeling of Other Neutral Current Interactions 0.2
Reconstructed energy (GeV) Total Systematic Uncertainty . 6.0

- Background

llllllllllllllllll

L I LI I LI L] I LI I UL |




T2K runs 1-9

— T2K + reactors
T2K only
Reactor

Ocp
measurement

68.27% confidence level

99.73% confidence level 18 Fit uses the value of B13
from reactor experiments

Data also prefers
Normal Hierarchy
with a posterior
c orobability of 89%

Normal order

Inverted order
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CP violation phase

T2K Run 1-9 prelnmnary

CTTT [T T T TT1

— sin® 8,, = 0.50,0.45,0.55
— AmZ, = 245107 eV2/c*
—--- Am}, = -243x10” eV¥c*

Data (stat. errors only)

-

i mverted

b . hlerarchy

normal
hierarchy

T2K Data

lllllllllllllllllllllllllllllllllllllll

IllllIlllllllllllllI|III|III|I
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40 50

60 70 80

90

100

110

Neutrino mode 1Re candidates




CP violation phase
T2K result excludes most of the 6cp>0 values @ 99.7% CL

CP phase

J
0° "“ CP symmetric

CP Violation
P(v,~>ve) > Py~ V)

>30(99.7%)

| +90°

CP Violation
P( ]7;1_* 17e) > (jv_u E Ue)

__‘ CP symmetric

+180° ——

Technically not a discovery (it is not 5 sigma), but the first step in the long
path towards the measurement of leptonic CP violation







CPV: what’s next ?

I I II I I j i i I ngn on
oo% i , , stat.only
= - : : iImproved sys
» i I I P yS.
3 10-_-399'-L'--: F 2016 sys.
-g = | |
[E - 9% CL ;
Eg B |
5 |
o i |
N - 90%C.L. !
X -
<] | T2K-II
0

1 I IL [ | ]
15 20 2017
proposal

Protons-on-Target (x10?")

Before HYPER-K/DUNE Era: 2022-2026



J-PARC neutrino beam upgrade

Continuous beam upgrade @ J-PARC

J-PARC Main Ring Fast Extraction Power Projection
Continuous upgrade of |

- Rep. Rate (Hz): !
neutrino beam up to 2030

0.40 ¢ 077 080 083

Main Rin g
Power'Supply !
Upgtade

Present beam power ~470 kW

=
—
5
=
o
=
o
Ay
&
)
an}

> O\ oo

New MR power supply for
750kW by 2021

Repetition rate increase to 0.86
Hz for 1.3MW by 2026

[ I O I G N

Protons per pulse (x10'%)

Fiscal Year

> |-PARC upgrade for Hyper-K is top priority in
KEK Project Implementation Plan (KEK-PIP)

» Strong commitment for future
neutrino program



Sources of systematic errors

Pu

Computed with

Different Acceptance Near/Far detector - ) %
Crosls sections pporly known at lo.w energy (in Q
particular v, anti- v,and v, /v, ratio) S
Different target material Near/Far (CH/H,0) £ SK acceptance

Models -1 08 06 -04 02 0 02 04 06 08 1

cos B,

- b

O 00« il
O N D O ® a b B

s
[}
O
~
E
(2]
3
o
bt
~
c
L
°©
Q
(]
[7]
[7]
o
(3]
>

©
Free Fermi Nuclear Final State
Nucleon Motion correlations Interactions (FSI)




® Replace (most of) POD with Scintillator Detector
+ 2 High-Angle TPCs + TOF
® Keep current “tracker” [2 FGDs + 3 TPCs]
(& upstream part of POD) as well as ECal, magnet & SMRD b - s SuperFGD

® For keeping continuity and forward acceptance

Ongoing R&D
and Testbeams

» Designed to improve systematics (from 6% => 3-4%)
» 2019-2021 Production, integration at CERN. System test (cosmics).
» 2021-22 Shipment to Japan, installation, commissioning.




Muons in TPC or
stopping in SuperFGD

ND280 upgrade

efficiency

06 08 1
true cos 6

Super-FGD

ND280 upgrade goals

quasi-3D imaging.

* Improved target tracking.

* Improved proton detection threshold.
* neutron detection capabilities
Improved high angle acceptance:

* High Angle TPC'’s.

X 2 in statistics for equal p.o.t.

Time of Flight for background reduction.

Efficiency

100 200 300 400 500 600 700 800 900 1000
True Proton Momentum (MeV/c)



" INFN Contrihution to T2K-1l & beyond

INFN Role in T2K-II
v" Coordination of the TPC Project
v" Field Cages construction (2018-2021)
(0.5 MEur investment)
v ND280 Installation, maintenance &
operation (2022 & beyond)

v We are interested in future ND280
upgrades for HK

Test-Beam event



SK-V with Gd

0.1% Gd gives
~00%-efficieney
for n capture ]
In Super-K this mearis yd
~100 tons of water soluble /
80% ["G4,(80,), AR

* Loading Gd to Super-K (SK-Gd) to significantly
enhance neutron detection capabilities.

Captures on Gd

60%

e . . . } AT-30ps, Vertices within
* Aiming for the first detection of Supernova Relic  socm

Neutrinos (SRNs)

0.01% Gd gives — 7.
40% [=50%. efficiency. // i

20%

* Also aiming for many new measurements with T2K R
beam: Gd in Water
Now // : .
* Neutron multiplicity and kinematics / /’ Neutrinos from
measurements from neutrino interactions R / :

* Improved oscillation measurements with neutrino- 10 billig”
. : : years’ago
antineutrino separation and further background

rejection 13.8 billjefi
years\ago

* Non-standard oscillation searches with additional
Neutral-Current samples with neutrons
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Looking forward ....



Hyper-Kamiokande project
Covering both accelerator and non-accelerator physics

K
Mozumi (1000 m) ;

1. Hyper-K detector with 8.4 times larger fiducial mass (190 kiloton)
than Super-K and using double-sensitivity PMTs

2. J-PARC neutrino beam to be upgraded from 0.5 to 1.3 Mega Watt
3. New and upgraded Near Detectors to control systematic errors



Hyper-K: a multi pourpose Experiment

Neutrino oscillation physics

Accelerator
= [

CP violation

FAtmospheric |
®,; octant determination g -

Mass hierarchy with beam and
atmospheric v’s

Nucleon decay discovery potential

Possible discovery with ~x10 better
sensitivity than Super-K

Neutrino astrophysics
Precision measurements of solar v

High statistics measurements of
SN burst v

Detection and study of
relic SN neutrinos

Extend highly successful

program of Super-K




YV V.V

Physics with J-PARC neutrino beam

Reliable sensitivity estimate based on T2K
Experience directly applicable

1,000-2,000 events for both of ve and Ve
appearance

cf. current T2K: 90 and 15 events Firm
discovery and measurement of CP
violation in neutrino oscillation

Precision disappearance measurements

Normal maas hierarchy HK 1tank 10years
2in“28,5=0.1
2in°B,,=05

50 100 150
Ocp[degree]

Number of events/50 MeV

Number of events/50 MeV

1.3MWx10years(108s)

Appearance v mode

— Total
— Signalv, = v,
Signalv, =+,
—BG v, +7,
(] —BG v, +7,

0.6 o8

Reconstructed Energy E™°

Appearance v mode

— Total

— Signalv, = v,
Signalv, —= v,

—BG v+ i.

—BG v, +7V,

06 08 12

Reconstructed Energy E°™




Non-beam physics

Time evolution of event rate and mean energy
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Very broad science - T o

‘

N D00

Nacagah of 3l (2M5

T2h Wl ¢

Bron ot sl }" I.:.lv 'OJ
I ‘ )

Penet o, 0NV 202
Tamscnn ol

Tedar 4.1-

§a

targets! ,,,,

N
N ow
m o

Nucleon decay searches

Mean energy (MeaV)
L]
w

§

Atmospheric neutrinos

N
o

Solar neutrinos

Supernova neutrinos
0 005 01 0315 02 02% 03 0 005 01 015 02 025 03

Indirect dark matter search

SAN 4MeV 100%
———— SHN 4MeV 70% + BH 30%
SAN 6MeV 100%
— —— SHN 6MeV 70% + BH 30%

SAAARIARARIA NSRS ARANANAAN

—

O=NWHPTONDOO

20

p—e+mo, HK 10 years

| FPPTY PPTTY PPN

-y
o

Signal
background T /=1.7x10%y

(atm V) + +

800 1000
Invariant Proton Mass (MeV/c2)

1035 years for e+110, ~3x1034 years for vK

>
=
Rt
=
~
]
s
@
-
2
=
£
w

AARARRARAR R R A R R
AARARRARAA R AR R R
AANAAAAAAAANA YRS
AARARRARAA R R A R R
BRSNS AAANAY RN
AARARRARAR R R A R R
SARANRARARRA R R R

SATARAAAARAANA YA

ARAARAA AR AR R R R R

-
-
-
-
-
-
. \\\\\\\\\\\\\\\\\\\\
-
-
.
.
-
-

Number of Events
.l....l....l...\la"..l.

A
N Ll

00




Newly developed 50cm PMT

Super-K PMT New PMT

N

‘Hyper-K PMT
%  High-QE box—and~line PMT

(Hamamatsu R12860)
QE = 31% sample

fSuper-K‘ PMT
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Position angle [degree]

Entries (a.u.)

x2 better photon efficiency and timing resolution i A

Time

3
=
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D
=
i

Enhance physics potential (neutron tagging,
low energy events)

Higher pressure tolerance (> 80m) e

Charge [phot:oelectron]y11




HYPER-K DETECTOR: HYBRID PMT CONFIGURATION

» Possible hybrid configuration with 20k 20"PMTs and 5k mPMTs

Sk mPMTs

E— N
i ® © ® & o
000 000 000 000
B ® 0.0 i

1

Cagrre | Cod n dad » Tie- o e shboy Jaew

» Complement 20” PMTs:
» Max number of mPMTs limited by the production sites.

» Better directionality, granularity and timing resolution,
less magnetic field sensitivity, pressure tolerance



» Derived from KM3NET mPMTs. ~5,000 mPMTs
are now included in the HK baseline design.
» Proposed and designed by the Italian groups

Total Power consu

-ID:19ch > ~41W

v" 3” PMTs are Hamamatsu R14374

(or ETEL D794KFL or HZC
XP82B20) Scintillator ~ Readout Stainless steel
panel electronics  backplate

v Improved timing, spatial accuracy,
dynamic range, lower dark rate
with +HV

19 x 3” PMTs + reflectors



Near Detectors for Hyper-K

Barrel ECAL

- Upgrade of existing (T2K) detectors + new IWCD
Started discussion of possible INGRID/ND280 upgrade for HK
Keeping ND280 infrastructure for HK era is already a big

challenge...



IMPACT ON SENSITIVITY

+ 0y 1% (72% 50, 84% 30)

gl Uv 2% (67% 50, 81% 30)

_+ 0, 3% (59% 50, 77% 30)
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 To achieve 50 for ~60% of 6cp need 4% error on relative cross section
» Other sources may introduce error on th 1metry
» Expect signal cross section error to duninniate budget

» Keep other sources to the 1% level is possible



Project timeline

2020 2021 2022 2023 2024 2025 2026 2027 2028
b A L

Prepar Tunnel Cavern Tank :
installa

ation const. excavation Const. o

ases, Mirrors, Electromics etec.

Water svstem

Power—upgrade of J-PARC and Neutrino Beam-line
| { (| |

Near Detector Facility, R&D, production ND construction
I Y D ]

Hyper-K was approved in 2019

Construction from 2020 — Operation from 2027




Hyper-K vs Dune

: E, L E/L
Experiment  Status (GeV) (Km) (eV?) v beam v type

Future Fermilab

3
DUNE (2026) 5 1300 3.8x10 newbeam

40KT Liquid Argon

v, /anti-v,

Future KEK v ity
HYPERK (2026-27) 0.6 295 2x1073 J-PARC z u
(improved)

190KT WC

Matter effects are large (big sensitivity on MO), all the neutrino interaction modes
contribute (quasi-elastic, resonances, deep-inelastic).
The Liquid Argon far detectors can precisely reconstruct the event energy for all

the topologies

Matter effects are small (optimized for CP), neutrino interaction are mostly

quasi-elastic.
The water Cherenkov far detector can precisely reconstruct quasi-elastics and is

very massive.

Great complementarity also in many astrophysics measurements




In short....

‘ CPV significance for 6=-90°, normal hierarchy
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**HyperK 10 y, Dune 7y full conf.
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SK Data

Predicted rates
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Nova vs T2K

NOVA Preliminary

1
NOVA FD
8.85x10°° POT-equiv (v)
12.33x10%° POT (v)

sin’20,,=0.082
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Combined analysis

Sensitivity
T2K+Nova

Sensitivity T2K+SK

T2K — Normal Hierarchy
NOVA — N - SK+T2K

T2K+NOVA — E PR T
| \ —8K

\/
JAWAE\

o NK NN

-150 -100 -50 50 100 150
True dp,p

T2K formed working groups with Nova and SK to
provide combined oscillation analyses




SK-GD: Impact for oscillation analysis

* |Improvements for
neutrino oscillation study:

e CP violation search with
neutrino-antineutrino
separation with
neutrons.

* v, disappearance
measurement with
reduced NC or CC-nonQE
events

e Would provide important
cross- check for neutrino
interaction systematics and
background assumptions.

Less backgrounds at
the oscillation maximum

B v.CC-QE
I v.CC-2p2h
I v.CC-other

v.CC
ve/ve CC
NC

N o w o oo N

o

Reconstructed neutrino energy

(MeV)

0] 500 1000 1500 2000 2500

500 1000 1500 2000 2500 3000
Reconstructed neutrino energy (MeV)

WS, cc-aE
v,.CC-2p2h
v..CC-other
v.CC
vlve CC

NC

\ | | | | M
500 1000 1500 2000 2500 3000
Reconstructed neutrino energy

(MeV)
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CPV: what’s next ?

extension of observation

(PNS violated case) . r r r 1

. o Scp = —g,sin 20,3 = 0.5,NO
Yeresult \ R ]
‘| run with v-mode -

ocp # 0 ; -

L

sensitivity
stat.only
improved sys.

2016 sys.

K 12K
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High Power J-PARC Secondary Beamline
J-PARC secondary beamline infrastructure (shielding, decay volume,
hadron absorber) were all designed for 3-4 MW

Component | Limiting Factor Current Upgraded
Acceptable Value Acceptable Value

3.3 x 10 ppp 3.3 x 10'* ppp

Thermal Shock

Target

Cooling Capacity

0.75 MW

>1.5 MW

Horn

Conductor Cooling

Stripline Cooling
Hydrogen Production
Operation

2 MW
0.54 MW
1 MW

2.48 s & 250 kA

2 MW

>1.25 MW

>1 MW

1s & 320 kA

He Vessel

Thermal Stress
Cooling Capacity

4 MW
0.75 MW

4 MW
>1.5 MW

Decay
Volume

Thermal Stress
Cooling Capacity

4 MW
0.75 MW

4 MW
>1.5 MW

Beam
Dump

Thermal Stress
Cooling Capacity

3 MW
0.75 MW

3 MW
>1.5 MW

Radiation

Radioactive Air Disposal
Radioactive Water

1 MW
0.5 MW

>1 MW

0.75—1.3 or 2 MW




J-PARC Secondary Beamline Upgrades
However, need upgrades to improve cooling capacity, radiation
containment, and irradiated cooling water disposal for 1+ MW

Component | Limiting Factor Current Upgraded
Acceptable Value Acceptable Value

3.3 x 10 ppp 3.3 x 10™ ppp

Thermal Shock

Target

Cooling Capacity

0.75 MW

>1.5 MW

Horn

Conductor Cooling
Stripline Cooling

Hydrogen Production
Operation

2 MW
0.54 MW
1 MW

2.48 s & 250 kA

2 MW

>1.25 MW

>1 MW

1s & 320 kA

He Vessel

Thermal Stress
Cooling Capacity

4 MW
0.75 MW

4 MW
>1.5 MW

Decay
Volume

Thermal Stress
Cooling Capacity

4 MW
0.75 MW

4 MW
>1.5 MW

Beam
Dump

Thermal Stress
Cooling Capacity

3 MW
0.75 MW

3 MW
>1.5 MW

Radiation

Radioactive Air Disposal
Radioactive Water

1 MW
0.5 MW

>1 MW

0.75—1.3 or 2 MW




Using neutrino beam

Normal mass hierarchy
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X-section measurements in T2K
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Enhanced NeUtrino

BEams from kaon Tagging

» The next generation of short baseline experiments for
cross-section measurement and for precision v physics at
short baseline (e.g. sterile neutrinos and NSI) should rely |ESyNESSPYFRRSPEN
on:

» a high precision, direct measurement of the fluxes
a beam covering the region of interest from

ERC-CoG-2015,

A. Longhin, INFN

) . CERN-Eol: 41 physicists, 10
sub- to multi-GeV a narrow band beam where the energy is BTl T

(Bari, Bologna, Insubria, Milano-
Bicocca, Napoli, Padova, Roma-I

+ NUTECH funding from the Italian
Min. of Research (MIUR)

Hadron
dump Y
. detector

Quadrupole
Colimators Dipole rrmlar

-

Abzorber Length of the instrumented
Quadru lool~* tunnel: 50 m
triplet

~26 M
Reference parameters: 100 m baseline, 500 t detector
(e.g. ICARUS@FNAL or Protodune-SP/DP@CERN)



Intermediate Water Cherenkov Detector
(IWCD)

Movable water Cherenkov detector to
sample different off-axis angle beams

Measure Ev-(p,0) relation independent
of neutrino interaction models

Measure ve and neutrons

Smaller detector — utilize finer granularity
with mPMT modules

—— 1 Ring u Event Spectrum

Absolute Flux Error
—— Shape Flux Error
Statistical Error
I —— NEUTQE
—— NEUT Non-QE




Near Detectors (High Pressure TPC)

final state particles and in particular resolve vertex
HPTPC detector design to reduce cross-sections systematics

NOMAD data with total error
—— SciBooNE data with preliminary error

Quasielastic

(QE)

RFG model with M%"=1.03 GeV,x=1.000 , i
RFG model with M'=1.35 GeV,x=1.007 Two Nucleons
Free nucleon with M, =1.03 GeV knock-out

(2p-2h)

6
4
2
0
8
6
4
2
0

-y
Q

» Significant discrepancies on proton multiplicity and momentum distributions
» Need low momentum thresholds to reduce cross-sections systematics
» Important difference lie below threshold for liquid detectors

*T2K has pioneered (atm. pressure) gas TPCs for
accelerator neutrinos

*Need a path to high pressures for sufficient statistics
*Generally applicable to next generation LBL
experiments




Gas versus liguid argon

liquid Ar
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e

§

CC events assuming a 8m’ detector & full FV.

4 ‘:

5 bars |0 bars

6.65 kg 13.3 kg
520 evt/10%'pot 1040 evt/10%'pot
32.5 kg 67.1 kg
2543 evt/10%'pot 5086 evt/10%'pot
66.5 kg 133 kg
5203 evt/10%'pot 10406 evt/10%'pot
146.3 kg 293 kg
1 1450 evt/102'pot 22893 evt/10%'pot

FSanchez, Jennifer meeting 22t September 2016, London




