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Hyper-Kamiokande
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The Hyper-Kamiokande
experiment




Hyper-Kamiokande

From Kamiokande to Hyper-Kamiokande
POV

SRS Super-Ka f7;f'
an ' 22 5 kt ﬁdu

Hyper—Kamlokande
190 kt fiducial mass

Kamiokande detected ~10 neutrinos
from the supernova SN1987A

Super-Kamiokande has been running
since 1996 and notably lead to the
discovery of neutrino flavour
oscillation in 1998

Hyper-Kamiokande: same principle but
~8 times larger volume!

The construction is ongoing and data-
taking will start in 2028
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Hyper-Kamiokande U~ Hyper-Kamiokande

Physics program

Flavour oscillation

Astrophysics

Solar neutrinos

Cosmic ray

Positron Nucleon decay search Atmospheric neutrinos
— - Historical purpose of Accelerator neutrinos (long

Proton \ Kamiokande baseline or LBL program)

gamma Main focus of the presentation
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Long baseline program

1400P,..,777,.,YTY..,.,,T,..,YYY<

1200 .

Hyper-Kamiokande J-PARC E - :
— 1000 |- Magnet PS upgrade - N0 e WESS—— 1 -

g » 2.48 — 1.32scycle G ‘

] — b "

Mt. Ikeno-Yaina - I | @) 1.32 —+ 1.16s cycle
imenm water equiv p : | ;
4 AHY-11700 m V. E 600 [ — : -

E Neutrino beam 1 8 : 3 RF system upgrade I

¢ 295 km > | | | - (@ 2 harmonic RF :

v, Ve Us . | ,u 200 | COVIRIRS ]

- - - (Not sensitive to tau neutrinos) 17 p ' .

h-e 1 K Bl TR BRI At NN, I3 R

B Rhnii b
2016 2018 2020 2022 2024 2026 2028 2030

Will re-use the T2K beam line with some upgrades: JFY

Credit: Megan Friend, NuFact 2021

Uy (17”) beam produced at J-PARC accelerator facility

Accelerator upgrades to increase beam power (from 500 kW in 2020 to 1.3MW in 2028)
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Long baseline program

Overview

Hyper-Kamiokande

Mt. [keno-Yaima
1360 m
N

water equiv. YV

: Neutrino beam e
E E Super-FGD ' AL
y 295 km x HATPC
v, VU, U, 12 .
ﬂ - = (Not sensitive to tau neutrinos) l_/” ND28O upgrade 25 deg Off-aXIS angle
|7 2 i 1 H

measure flux and interaction cross-section before
oscillation

Off-axis

ND280 upgrade inherited from T2K (280m from target) b angle

Intermediate Water Cherenkov Detector (in construction, Beam target |\l

decay point

850 m from target)

6 IWCD: vertically movable (varying off-axis angle)



Long baseline program
Physics goal

By comparing the Near and Far detector measurements, we study

Nature 580 (2020) 7803

« Muon flavour disappearance: sensitivity to 6’23 and | Am322 |

-
Electron flavour appearance T2K excluded CP symmetry at 20
with 0.-p & — 90°: result limited by
pPw,—rv,)—-Pu,—>1,)= statistics
Sensitivity to CP violation ) ) ,

16 COSz 913 COS 912 COS 623 Sin 912 Sin 913 Sin 923 Sin 5CP * Sin * Sin - S111
4E 4F 4E

This is for oscillation in vacuum, need to add matter effects...

LPNHE 7
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Time synchronisation system
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Time synchronisation system =

Hyper-Kamiokande

Mt. I[keno-Yaima
1360 m

4 water equw.l 1700 m NV
: Neutrino beam P ——
- 295 km X
Vu Ve Vs " . Y
— _ - (Not sensitive to tau neutrinos) -
v, U, U, v,

Need time synchronisation between J-PARC and HK

* Real Time Synchronisation at 100 ns level to Universal Time Coordinated (UTC) required
* | was responsible for
> testing and validating a synchronisation method
> the first implementation it in real-time
L PNHE 9
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Time synchronisation system < Hyper-Kamiokande

* Time signal generated by

an atomic clock

GNSS antenna White Rabbit switch

 Antenna and receiver
used to continuously
measures difference with
respect to GNSS* Time

GNSS receiver

T e
White Rabbit switch

e Measured difference used
to correct local time

Outside hut

/—ﬁ\ * GNSS: Global Navigation Satellite Systems
L P N H E 10

PARIS
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Time synchronisation system

a, b, c

* Fit the local - GNSS Time measured by
GNSS receiver with piece-wise
polynomial functions of time

Time differences (ns)

* Beware: the length of the pieces
(correction time window) should be <1

short enough so the approximation holds!
+ Extrapolate near future drift with same g .| 2
polynomial function of time s .| - X | VE L
GLJ <k ’ : ou “:".‘ ™ o
% i .;'.4 *.‘.’ ~°-"i g
 Use extrapolation to correct drift o = L. - Vr
= -a- > Time stamps to
6 .; ~ correct

. \ 0 5 10 . 1_|5_ .- 2-'0 -2'5 30 35
LPNHE Ime (days)

11

PARIS
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Time synchronisation system

*UTC(OP): French official realisation of UTC made by
LTE lab (3km from LPNHE)

 Simultaneous Local - GNSS 8 .
Time and Local - UTC(OP) [ Frea.n anss
measurement [] Freq.out

— Cable 10 MHz referenc.;e+PPS reference Roof
+ Use Local - GNSS Timeto o0 |roin deriued roush e
extract correction
 Apply correction to Local - |
UTC(OP) measurement Ground floor
* Check residual differences
c

5th floor

LPNH E\ 12 Setup@LPNHE Paris

PARIS



Time synchronisation system

Cs-UTC(OP) PPS difference

* Apply correction in real-time using o] ¢
python scripts executed by the MIDAS
DAQ software 100 -

* In free-running, Cs clock drift ~
linearly with respect to UTC

—200 A

—300 -

Time difference (ns)

e Real-time correction was tested on
two clocks: 00 -

> Rb: correction time window of 10
points (see backup)

_ _ _ Measurement number (1 event/s) 1e6
» Cs: correction time window of 100
points Linear drift typical of frequency mis-calibration.

Clock chosen for HK Continuous monitoring of drift is still needed in case of ageing.

LPNHE )

PARIS
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Time synchronisation system

e Real-time correction validated with
residuals in 15 ns for both clocks

e For more detalls see:
> Optimisation, validation in post-

processing: NIM A 1075 (2025)
170358

> Real-time correction: (NIM A 1088
(2026) 171471)

 See Romain Gaior’s presentation for more
details on the Time distribution systems

LPNHE 14
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Cs-UTC(OP) PPS difference

w
]

Cs

60780 60790 60800 60810 60820 60830
Date (M)D)

Correction using last 100 measurements



https://www.sciencedirect.com/science/article/pii/S0168900225001597
https://www.sciencedirect.com/science/article/pii/S0168900225001597
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https://www.sciencedirect.com/science/article/pii/S016890022600197X

HK’s Sensitivity to neutrino
oscillation parameters




Not performed here

HK sensitivity | =S i,

measurements g rements
(NA61/SHINE) <IE

M

Flux Model

paent g Interaction Model
* Fit simulated data at the far ‘»A

Near Detector

detector Data

Use recent T2K ND280 fit results

« Use recent T2K ND280
constraints of systematic

uncertainties Fa'h':;::fw ’* Use simulation data

. _ Sensitivity on oscillation parameters
oscillation parameters

| was responsible for:

* Today focus on CP violation
 Adapting the Far detector fitter framework for HK

P * Performing sensitivity studies for HK
LPNHE )

PARIS
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Hyper-Kamiokande

HK SenSitiVity Jo

Systematics models

Different level of systematic uncertainties:
o Statistics only: only statistical uncertainties

o T2K 2020: same level as in Eur. Phys. J. C (2023) 83: 782

 HK Improved error models built from T2K 2020 one by shrinking the uncertainties
to take into better measurements at Near detectors:

» More statistics: uncertainty on flux and cross section systematics ll\ﬁ\f

> Upgrades: ND280 upgrade + IWCD

vilL 17
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HK sensitivity

—— Statistics only

------ e-----« |mproved syst. (v /v, xsec. error 2.7%)
............ e 12K 2020 syst. (v /v, xsec. error 4.9%)
12 I I I I I | I I I | I I I | I I I

—
o

0 exclusion (\Ay?)
00

6
4
Uoo ““““““““““““ Systematic uncertainties ]
% A i R R slow down the discovery! ]
O | | | | | | | | | | | | | | | :
0 2 4 6 38 10
21 . —
Hyper-K preliminary HK yearS (27)(1 O POT/year 1 3 V.\/)

18

160 :._1 ........................ S B T o L T T T T =

1ol $iN Op = 0 exclusion defined as ......

120: ------- D/ .. L 2. truey -
\/)( (Sln 5CP - O) — X (écp

100 F—\ ¢ : E § — A

-3 2.5 2 |—1|.5 1 0.5 | 6OCPI
Only 2-3.5 years of data

necessary for the 5o discovery
If 5CP —_— = 9()0

Between 4 and 10 years of

data needed if O,p = — 45°

depending on systematic
uncertainties!



Antineutrino mode e-like candidates

HK sensitivity
Degeneracy with MO

2600
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Neutrino Mass Ordering

m?

Normal

A -V,

_V“

-VT

Inverted

:
my 1 —

atmospheric
~2x103eV?2

4

= . -5 _v72
‘ solar~7x10"eV~-
m, -

solar~7x10>eV?2

—

atmospheric
~2x10%eV?

1Y ——

m-
A

)
.m,“

2
— 1,

2
._I)I3

—— Amj, =2.52x10" eV~
- Am? = —2.49x107 eV?

O Oqp=
B O = +m/2
O O0qp=0
® O0.,=-m/2

CP
68% syst err. at best-fit for T2K syst. Ref.[4]

68% syst err. at best-fit for Improved syst.
—o— Best-fit (68% stat err.)

1000 1500 2500

3000

Neutrino mode e-like candidates
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0

In previous slides, considered
Mass Ordering (MO) known and
Normal

But there is a degeneracy

between o0,-p and MO in beam
samples

If MO is not known, it would
reduce sensitivity to CP
violation in the degenerate
regions

Can add atmospheric
samples to give better
constraint on MO (see more In
backup)



HK sensitivity

Joint fit sensitivity to CP violation

Beam (Known MO)

""""""" Atmoshorios (Unkraan MO) After 10 years exposure, if MO is unknown:
— G OMbined (Known MO)
.............. Combined (Unknown MO) .

C<|-\ :l | | | | | | | | | | | | | | | | | | | | | | | | | — Beam Only'

5 o :

>7£ 8F > no 5o exclusion of CP in the degenerate

S 7 region

(7)) —

3 O =

(@) — - . _ . agag s

X 5F 5 > diminished 30 exclusion capabilities

T :

o 3 * Adding atmospherics:

S 2 E

7p) - - - . . -

15 i W - > same 30 exclusion potential in both regions
O 3 ] ] ] ] |2 ] ] ] ] |1 ] ] ] 1 2 3

Hyper-K work in progress, Improved systematics True & _ (rad) > Increased 5S¢ exclusion potential compared

True Normal Ordering, 10 years (2.7 x10°* POT 1:3 v¥V) CP to beam—only

sin°0,,=0.0218x0.0007, sin°0,,=0.528, Am3,=2.509x10°eV*/c"

.
| PNH %\

20
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HK sensitivity

Conclusions

* First iteration of sensitivity studies with the p-theta fitter (with Dr. Denis Carabadjac, CEA)
> Preparation of fitter framework for data-taking

> Understanding of the experiment’s potential

> Anticipate possible limitations (e.g., systematics, degeneracies)

* In this presentation, focus on sensitivity to CP violation

Hyper-Kamiokande

* For more results, see: Measurement of CP violation in

neutrino flavour oscillations with
> EPJC 86 (2026) 170 Hyper-Kamiokande

> Backup slides

LPNH £ )

Claire Dalmazzone, EPS-HEP, July 2025, Marseille
\ On behalf of Hyper-Kamiokande Collaboration 1

LPNHE 21


https://link.springer.com/article/10.1140/epjc/s10052-025-14938-9
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Introduction
T2K results

* Preference for maximal CP
violation and Normal Ordering

* Results largely limited by
statistics

Antineutrino mode e-like candidates

| 1 | I | 1 1 I ] | | I | ] | ] I
24— N i
22— B
20— ., -
4
18— e
= SIN () = 045, 0. i() 0.55. =
16 - — Am =249x10" LV i
- ----Am” ~2.46x10™" eV? o
m ® (\(.,, = JT il
14 B O, = +n/2 =
= O 0np=0 T
12— ©® O, = -n/2 —
m 68% syst err. at best-fit a)
10 ERE 4 Best-fit i
- == Data (68% stat err.) -
& l | 1 1 l ] | | I 1 | 1 l 1 | Bl

23
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Neutrino mode e-like candidates
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Time synchronisation system

Rubidium clock

Interferential filter Shielded resonant cavity

Photocell detector

87Rb 85Rb
|amp buffer gas | ——o | Bl gas Pl | ccrrrrreeeeeeess b
D2
l
I
!
= 0 1 2 3 5P3, =1 2 3 4 Frequency Quartz Servo
| _ Nt feedback
| 6 834 682 608|Hz synthesizer  Osclliator
; ] o o [
E = 1 1/2 3

1 pps

Ll 5 Mz <

The closer the input frequency the more luminosity expected after the resonant cavity.

24

! — 3
52P3/,». ?r ii ‘ ‘
‘ o
g == 1)
B F' =2
A F'=1
D, detection
D 780 nm pumping transition
] K . .
7905 nm transition
52g /
— ! 6.835 GHz
\F .
F4
A
P3/) / :
A
A
. X ;
2
A —— 2
55 28 3
§791/2 /
\ :

Hyperfine structures of Rb87 and

Rb85



Time synchronisation system
Time transfer with GNSS

Time delay At between a satellite (GNSS Time) and the local
clock time bases can be inferred from:

 The real distance between the two objects (requires precise
knowledge of the positions): AD = cAT

 The measured time of signal emission In satellite time base:
tS
1

» The measured time of signal reception in local time base: 1,

At =1t, —t; — AT

25



AT

Time synchronisation system
Time transfer with GNSS

In practice, the recelver:

 Tracks a satellite 1 for 13 minutes

« Computes Af,fl every 30 seconds

 Applies various corrections (cable delays, atmospheric effects, relativistic
effects)

. Performs linear fits of (A7) series to extract Az’ at the middle of the 13
minutes range and the slope of the drift

26



Time synchronisation system

Common view technique

Synchronisation of J-PARC (Clock A) and HK (Clock
B) will use the “common-view” technique:

» Use all satellites that are seen at the same
time by site A and B

Allows cancellation of common sources of
uncertainties compared to “all in view” technique

27
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troposphere
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Time synchronisation system =

* Fit the local - GNSS Time measured by GNSS receiver with piece-wise

polynomial functions of time: - |
Correction time window

Vi€ [f, "‘IE] [clock — INss = i T+ by

* Correct local time signal by subtracting the fit result to the local time base:

Vt €t + At, 1, + At H dt], tejock,corr = telock — (@ T+ by)

Determines frequency at which we update the correction
coefficients: every time we receive a new measurement from
receiver (~16 min).

28



Time synchronisation system

Correction optimisation

 Rubidium clock exhibits long 25000
term quadratic drift but also
shorter term random walk 20000
» |f the correction time window is ¢ 15000
too long, it will not properly 2
correct the random walk o 10000

» The correction method needs to 2000

be optimised for this clock

LPNHE )

PARIS

Rb - GPS Time difference

Rb - GPS Time difference Y 4
—~ 300 7
W —
g 00*+ ‘
| e
§ —— /
£ 1o
Q) 00000
= Random walk 4
'I’Tme of meiasuremea;\t (days)4 5 / . .
” 4 Quadratic drift
/ due to linear
/ frequency drift
1_—-_/
0 5 10 15 20 25 30 35

Time of measurement (days)



Time difference (ns)

80 -

60 -

Time synchronisation system

Correction optimisation

Rb - GPS Time difference after online correction

Correction time window: 2880 s
e Correction time window: 10560 s
e Correction time window: 240000 s

! A_A A/\g
alawA

4
w3

atestalfitadiense
e

r—"%

10 15 20 25 30

Time of measurement (days)

0 5

+10 ns

~
Validation in post-
processing: NIM A 1075
(June 2025) 170358

If the correcti—on time window is
. less reliable fit

Optimal is to take the longest
window that corrects random walk

Obtain synchronisation to GPS
Time at <10 ns level

This optimisation specific to this
model of Rb clock

For both offline and online method, found optimal time window of around 10,000
seconds (~10 receiver measurements) for the Rubidium clock

30


https://www.sciencedirect.com/science/article/pii/S0168900225001597
https://www.sciencedirect.com/science/article/pii/S0168900225001597
https://www.sciencedirect.com/science/article/pii/S0168900225001597
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Real-time correction

Time synchronisation system [ 058 1riar

Real-time correction

Cs-UTC(OP) PPS difference

 Now need to apply correction in
real-time ~100-

* Using MIDAS DAQ software

e Real-time correction was tested
on two clocks:

Time difference (ns)

—400 -

> Rb: correction time window 500 -
of 10 points ' '1 ! ' t :
Measurement number (1 event/s) 1e6
> Cs: Correc_:tion time window Cs clock PPS drifts much slower compared to Rb: linear
of 100 points drift typical of frequency mis-calibration.

Continuous monitoring of drift is still needed in case of ageing.

LPNHE

PARIS

31


https://www.sciencedirect.com/science/article/pii/S016890022600197X
https://www.sciencedirect.com/science/article/pii/S016890022600197X

Real-time correction
results: NIM A 1088

Time synchronisation system ;< 2026171471

Real-time correction

Rb-UTC(OP) PPS difference

15 A

=
o
1

(&)

Time difference (ns)
|
w o

I
[
o

I
=
w

60716 60718 60720 60722 60724 60726 60728
Date (M]D)

Correction using 10 last GNSS measurements

LPNHE

s Cs-UTC(OP) PPS difference

Cs

Time Difference (ns)
H
o w o

I
w
|

I
=
o

I
—
w

60780 60790 60800 60810 60820 60830
Date (M)D)

Correction using last 100 measurements
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Time synchronisation system < Hyper-Ramiokande
Recelver’s tolerance

Receiver has a £500 us

tolerance. If exceeded, the 400000-

measurement jumps by 1ms

For the Rubidium clock,a1 8

ms drift happens in a few > 1 ms

months whereas it takes 5

~100 years for the Cs clock é’_zooooo_

Need to take this issue into

account: remove the jump ~400000¢ /

from the correction or prevent ] . ] ' ] '

I-t by Correcting the 5.2125 5.2130 5.2n1]225 time (6) 5.2140 5.2145 5.21501eg

frequency drift

33



Time synchronisation system
Clock stability: Allan deviation

The Allan Standard Deviation is used to characterise the stability of a signal compared to another using
frequency ratio y. For N measurements, we split the measurement time into K time intervals of a given length 7.

1
1 200 =2 < G =5 > VK

Difference of the mean of y for
two consecutive intervals of A similar formula can be derived for

length 7 overlapping intervals and for time
differences instead of frequency ratios

34



OASD

Time synchronisation system
Clock stability: Allan deviation

10—10 ]
5 —}— Rb - UTC(OP)
| . —— Cs-UTC(OP) PPS @LPNHE
GPS Time - UTC(OP) - Cs frequency stability factory acceptance
10—11.: 10711 4
Frequency
Random Walk
10—12 . 10—12 .
‘ Frequency
White Noise dominated Drift
+ phase Flicker Noise 13
1013 (+p ) 10713 - \\\
10° 101 102 103 104 10°
10_143 Averaging time (s)
10° 101 102 103 104 10° 10°

Averaging time 1 (s)

35



Time synchronisation system
GNSS Time based correction

* Fit the local - GNSS Time measured by Septentrio receiver with piece-wise
polynomial functions of time:

Vi€t t, + ALl to, —tvee=a, - t>+ b, - t+ ¢
ko Yk Rb GNSS k k k

* Correct local time signal iy subtracting the fit result in “offline” or “online”
mode:

Offline: V¢ & [tk’ tk + At], tRb,COVV — tRb — (Clk y tz + bk - [+ Ck)

We need the Septentrio measurement up to 7, + Af to correct

Rb signal at 7;: this correction can only be applied a posteriori
(offline)

36



Time synchronisation system

GNSS Time based correction

Time differences

Time differences

Offline correction

Rb - GPS Time

35

Rb Time stamps
to correct

10 15 20 25 30

Time

35

Time differences

Time differences

-------

Online correction

a, b, c S
: Rb - GPS Time
a, b C
a, b CPR | "
o ®
‘
(') 5 E 1 15 2'05 25 30 3l5
s E: > 5'.__ -
- i -". i ®o: v::'.
s BT T Thm, -
: Wy od ©
I ot A B -t 2
Yo ] Rb Time stamps
e to correct
it BN : :
(') 5' 1'0 1'5 2'0 2'S Bb 3'5

Time
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Time synchronisation system =

Correction optimisation

..‘
.
o«
-
..o

Rb - GPS Time
40 -
20 -
0-
2 _50-
8 _s0-
3
_60-
—— Receiver's measurements
-s0{ = Fits (2880 s correction time window)
—+— Fits (10560 s correction time window)
—-100 A . . . .
—4— Fits (240000 s correction time window)
5.21'225 5.2£250 5.2£275 5.2]:300 5.2i325 5.2£350 5.21'375 5.2]:400

meas time (s) 1e9



80 -

60 -

Time difference (ns)

_20-

Time synchronisation system

Correction optimisation

Rb - GPS Time difference after online correction

40

20

Correction time window: 2880 s
n e Correction time window: 10560 s

e Correction time window: 240000 s

0 5 10 15 20 25 30
Time of measurement (days)

OASD

Rb vs UTC(OP)

0—10__
1 ] ——— Before correction
—4— Correction time window: 240000 s

‘ —#— Correction time window: 10560 s
10-11. Correction time window: 2880 s

3 N\

AN

| N Due to remaining drift
i \ TN
1013 N
10—14_:

10 102 103 = 10*  10°  10°

Averaging time T (s)

For both offline and online method, found optimal time window of around 10,000
seconds (~10 receiver measurements) for the Rubidium clock

39




OASD

10—10_é
10-11_5
10—12_;
10‘13-5

10_143

Time synchronisation system

Correction optimisation

Rb vs UTC(OP)

——&— Before correction

—4— Correction time window: 240000 s

—#— Correction time window: 10560 s
\ Correction time window: 2880 s

el

ASES

102 10®°  10*° = 10°

Averaging time T (s)

‘10° 100

Quadratic fits of receiver’s measurements

10°

10_103

10—11 -

10—14_:

Rb vs UTC(OP)

——&— Before correction

—4— Correction time window: 240000 s

—#— Correction time window: 10560 s
Correction time window: 2880 s

‘_\
10° 10 = 102  10®°  10* 105  10°

Averaging time T (s)

Linear fits of receiver’'s measurements

In online mode, linear fits are more suited (less over-fitting).

40
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Time synchronisation system =

Real-time correction

 Now that correction method was optimised, the online version can be applied
In real-time

* Using MIDAS DAQ software to:
> Store local - GNSS Time and local - UTC(OP) measurements
> Extract correction to apply from local - GNSS Time measurements
> Apply correction in real-time to local - UTC(OP) measurements

» Store corrected local - UTC(OP) measurements

PNHE

41



Time synchronisation system < Hyper-Kamiokande

Real-time correction

 Now that correction method was optimised, the online version can be applied
In real-time

 Using MIDAS DAQ software

* Correction coefficients are updated every time a new local - GNSS Time
measurement is available;

> New measurement added on top of the queue
> The older one is rejected from the queue (queue length constant)

> Correction coefficients extracted from the fit of the points in the queue

LPNHE .



Time synchronisation system

Real-time correction

Rb-UTC(OP) PPS difference

0 J%- 0]
~2000 - \ ~100 -
n m
£ £
v —4000 - v —200 -
— ¥
- c
o v
v L
= =
o - -
> —6000 - o 500
E E
—8000 A —400 -
—10000 - —>500 -
0 20000 40000 60000 80000 100000 120000 0 1 2 3 - 5
Measurement number (0.1 event/s) Measurement number (1 event/s) leb

Cs clock PPS drifts much slower compared to Rb: linear drift typical of frequency mis-calibration.
Continuous monitoring of drift is still needed in case of ageing.

LPNHE )

PARIS



Time synchronisation system

Rubidium frequency correction

The user can change the Rb 100000 1 ¢  Measurements
frequency via the SF parameter: eon0 ]

ASF =1« §flf = 10712 |
With the recelver’s
measurements, we can monitor
the error on the frequency and

correct it regularly. 5000 -

25000 -

0 4

PPS drift (ns/day)

This method will interfere with ~50000 -
the time correction!

—75000 A

—-1000 -750 -500 -250 0 250 500 750 1000
SF value
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= sin22(-)23 =1.0
Long baseline program
Overview il 4 OA 0.0°
- 2 OA 2.0°
Hyper-Kamiokande = o SYOAZY
LBL program < i
built from same . coovae e T
295 km T2K e A O ——— e X
] Neutrino beam — |
baseline 3 - : | Al
Ifﬂ Iie Ii’t (Not sensitive to tau neutrinos) Ifﬂ 600 Mev‘ E\, (GCV)
u“er U

U, (17”) beam produced at J-PARC accelerator facility

Off-Axis technique allows:

> Narrow energy band peaked at 600 MeV

Off-Axis angle: 2.5°

> Maximise v, /U, disappearance and v,/U, appearance at SK/HK
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Hyper-Kamiokande @ - & Hyper-Kamiokande

Long baseline program

Refurbished ECAL

o Possible design of
) ND280++ (Davide
e Sgalaberna,

m NuFact 2025)

>

r

Refurbished ECAL
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Hyper-Kamiokande <> Hyper-Kamiokande

Long baseline program

IWCD would present a lot of advantages to reduce neutrino interaction uncertainties:

 Same target material and detector technology as FD

* Vertically movable = varying off-axis angle: allows to scan different flux configurations and
increase statistics at higher neutrino energies (constrain non QE interactions)

Average E :: 4.0° Off -axis Flux -
beam direction " a
\.,." 2.5 OfT-axis Flux
' ’ . gl U1
e Off-axis Off-axis angle /| o
roton beam angle 4/ 3
: \\/ o SN//T —_— = ¥ ::I“ | _”““_Lm_u*cn'r axis Flux
Beam target N I'." 1
Average pion 3
decay point i . }
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Hyper-Kamiokande

Long baseline program

U [ Y [~ Vi V]
e Z()
n P A A
A N’

Pion production (resonant or coherent): Neutral Current

energy reconstruction is biased if the Deep Inelastic . L
AT . interaction: loose
pion is missed or absorbed by the Scattering (>1 GeV) . .
"ucleus information on flavour

These effects (and others) are included as systematic uncertainties
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Hyper-Kamiokande

.........

Long baseline program <
Physics goal

.
.
B

By comparing the Near and Far detector measurements, we study

 Muon flavour disappearance

Symmetric around sin” 6, ~ 0.5: octant degeneracy
~ in2 -
P(v, — v,) = 1 —[sin"(20,3)s1n

Sensitive to | Am322 |

* Electron flavour appearance

LPNHE
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Long baseline program
Physics goal

By comparing the Near and Far detector measurements, we study Naue a0 (220)780

&
* Muon flavour disappearance T2K excluded CP symmetry at 26
with O0p & — 90°: result limited by
 Electron flavour appearance statistics
Pw,—-v,)—-Pu,—-v,)=
Sensitivity to CP violation A , I A ) 7 A ) 7
m m m

16 cos? @, cos ;- cos B sin B, sin O, |sin &,4sin 5,-»|- sin = - 81N L - 81N 2]

5605 6108 B in By sinOfsin yfsin iy sin | =75 i I

ensitivity to 6,; octant v g g

This is for oscillation in vacuum, need to add matter effects...

LPNHE )

PARIS



~Neutrino Mass Ordering
nm- m-

Long baseline program A = A

-vp

Normal ™= V. Inverted

V. ),
My - M5~
. S 2

solar~7x10™eV> .
. ~m,°
atmospheric

~2x103eV?

 Muon flavour disappearance o

ma2d ~2x1073eV?
y solar~7x10 e V2

> >
m°| SR I SESE— -

Physics goal

 Electron flavour appearance

0 < - 0
P(Dﬂ —> U,) — P(uﬂ - U,) =
Am3L Am? L AmA L
16 cos2 0, cos 0, cos G-+ sin G, sin O, x sin G- sin 8,-p - sin 52 . SIn L . SIn 21
13 12 23 12 13 23 CP AE, AE, AE,
alL Am?, L
+16 cos2 0,4 sin 0,5 sin? 6,,(1 — 2 sin® 0, , 0S >
4E, 4E,

Matter effects proportionalto L. and a = *+ 2\/§GFEyne
Bigger for atmospheric neutrinos Sensitivity to Mass Ordering

LPNHE )
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Hyper-Kamiokande

Long baseline program

Oscillation analysis

Hadron Flux External
production monitoring cross-section
Oscillation analys_ls allows  Gaershng | UNGRID) e Minerva)
to extract constraints on N / N v
. - trin
oscillation parameters from Flux Mode ND280 Model interaction Model

event rates

Event rates:

Cross section

N {Fope]

Flux Detector efficiency

As a covariance
matrix V

Far Detector Far Detector Data
Model

S
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Long baseline program - <> Hyper-Kamiokande
Oscillation analysis

Hadron Flux External
production monitoring cross-section
Oscillation analys_ls allows r{‘;:;;‘;;{;‘,;"éf meg;‘g;f,“;)“ts megj;:{:;;‘:)“ts
to extract constraints on — y
- - Neutrin
oscillation parameters from Flux Mode ND280 Model interaction Model

event rates

Need a reliable models of
heutrino beam and

interactions to reduce — As a covariance
systematic uncertainties matrix V
an use externa g -
constraints: e.g., NA61/ —

SHINE measurements

LPNHE .

PARIS



e
o

HK sensitivity Jo

Samples

Hyper-Kamiokande

« Sample selection based on:

» Horn Current: Forward or FHC (yﬂ beam) + Reverse or RHC (Dﬂ beam)

> Cherenkov ring ID: u- or e-like
> Number of observed decay electrons: 0 or 1

 Considered 5 samples:

> FHC + RHC u- like (0 decay)

» FHC + RHC e- like (0 decay)

» FHC e- like + 1 decay e
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H K sensitivity Jc Hyper-Kamiokande
Samples
e Samples are binned using the events kinematics: &
_ _ _ Framework’s name P-theta comes
> e-like samples are binned In (pa 9) from the e-like samples binning

~ /1-like samples are binned in (£ o, 0)

p A

@
6, Neutrino energy reconstructed from charged
U ) lepton kinematics: possible biases due to

nuclear effects and non CCQE interactions
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HK sensitivity

The p-theta fitter framework

Statistical term Systematic term

H H [Ponsson(NObS g(p(o, £)]|X|Z syst(f)

FUNOPS}y, 1, 0,1)

esamplesiebins
Likelihood to maximise ﬁ

V is the result of the ND fit

NObS number of observed events in sample s bin 1

e 0: tested values of oscillation parameters

f— ) VvIif-f
3syst(f)=€XP( Sk 5 ( 0)>

Penalty term with fj, the prior value of systematic

o {: tested values of systematic parameters

exp | . .
« N o (0, f): number of expected events in sample s bin i parameters and V the prior covariance between

systematic parameters

LPNHE .

PARIS
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Hyper-Kamiokande

HK sensitivity Jc

The p-theta fitter framework

)

2

Fit consists in finding y*(®) = min (—21n Z(0,y))
y

. ©: parameter of interest = sin’ 05, | Am322\ and Today’s focus!

* y: nuisance parameters = others oscillation parameters + systematic
parameters

* Minimisation performed by Migrad algorithm of Minuit2

» In practice, need to constrain the MO (fit either in NO or 10) and the 0,,
octant: at least 4 fits necessary, choose the lowest )(2
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HK sensitivity

P-theta fitter: marginalisation vs profiling

Nthrows
1
. T2K OA is based on a marginal likelihood : (@) = ——— ) (O,
NthrOWS i=1

* Usually offers a better representation of the impact of non Gaussian nuisance
parameters

. But it is positively biased with B = 6(Z)*/N¢prows- The number of throws needed
also grows with the statistics considered: the fitting becomes very long for HK
statistics!

 Methods are being considered to increase the speed of marginal likelihood fitting
(importance sampling)
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HK sensitivity

P-theta fitter: marginalisation vs profiling

50

— I“ [ | T T T [ | ry -I_—
l— * ]
45:_ ..... *? ............ e :'_:
SR — profiling — stat. only -
40__ ....... rooXeeeee e ;u"__
— ? . . . . " —
st .\.. —— marginalisation ----- improved syst. [ ;... 3

HK 5 Years (13.5E21 POT 1:3 v¥)

» Difference increases with systematic effects

e Generally more optimistic estimation with

marginal likelihood
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HK 5 years (13.5E21 POT 1:3 v¥)

: l\‘ P‘ I | | | | I | | I | | | I | | I I | | | | | '4 'll :l
- — stat. only

E 1 I 1 1 1 I 1 1 1 I 1 I~ 1 “‘I" 1 1 I 1 1 1 I 1 1 1 I 1 EI
000244 000246 000243 00025 000252 000254 000256  0.00258
Amg, (eV</c”)

HK 5 Years (13.5E21 POT 1:3 v¥V)
I‘ I I I I I I I I I I I I I I I I I I I 'i" _—|_
=\ =
= — profiling — stat. only =
= \.. — marginalisation __ ----- improved syst. /. . =
eSO N < =
- | | - . .
-3 -2.5 -2 -1.5 -1 -0.5 0
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HK sensitivity

Systematics model

T2K 2020 1 ring p-like 1 ring e-like 1 ring n-like 1 ring e-like

U -mode U -mode U -mode v/v -mode
+ 0 decay + 0 decay + 1 decay + 0 decay

U -mode U -mode V-mode v/v -mode

v- 7
+ 0 decay + 0 decay + 1 decay + 0 decay mode 7 -mode

Error source v -mode 7 -mode

ND constrained
Flux + 0,9 % 0.9 % 1.8 % 1,6 % 1,8 % 1,9 %

Cross section

Not ND
constrained 0,4 % 0.4 % 1.6 % 1,4 % 1,6 % 1,9 %

Cross-section

Detector 0,8 % 0.7 % 1.1 % 1.5% 4.9 % 0,4 %

All systematics 1,2 % 1.1 % 2.1 % 2,2 % 5,2 % 2,0 %

Uncertainty on predicted event rates with T2K 2020 level of systematics Uncertainty on predicted event rates with the HK Improved
level of systematics
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Number of events

HK sensitivity

The p-theta fitter framework

Runplanv : 7 = 1 : 3 chosen to compensate for  lower cross section

450: - I -
AOO = rvrrorsoeson i AL vt e =
323; __________________________________ - =0g=0 E

g IIIIIIIII .6CP=-J-[:/2 g
SO0 R L e dp=tt2 E
DB v e I s B QT =

- - cp=t -
200:—"""""""'slrr_rrlrr """""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" =
150 P o R =

- e -
10 S o =
] S s TR =
O: ] | ] ] ] | ] ] ] | ] ] | ] ] ] | ] =
0 02 04 06 08 1 1.2 1.4 1.6

600 - T T T | T T T | T | | | | -
5700 E--.--.--.--.-E----: ........................................................................................... T
— :---- : — 6CP= )
400 :_ ............... :._.,._.,-.I.;I. ..... : ------C::=+Tc/2 ............................................... _:
300 f_ ................... .,.,.,.,.,.E.........;. .............. . ........: ....................... .6 P _f
200 :_......'-'..'..'..'...: ..................................... TIPS _:
100 :_ ............................................................ g 11111 _:
O : ] | ] ] ] | ] ] | ] ] ] | ] ] ] :

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

Hyper-K preliminary Electron reconstructed momentum (GeV/c) iyper-K preliminary

FHC e-like

-

Positron reconstructed momentum (GeV/c)

RHC e-like

Any systematic that mimic this effect can limit the sensitivity to CP violation: e.g., 6(v,)/o(V,)
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Number of events

HK sensitivity

Event rates

Runplanv : 7 = 1 : 3 chosen to compensate for  lower cross section

700 = o 330F ]
— _ - u 3
30 ] e I > P — % 0 ] e R P —
: — SIN"0,,=0.5 1 - - — sin“0,,=0.5 -
BOO [ griririin gD ooy A O DB B Sy N —
..... 8 E i nEEE Sln 623=O-4 E
Q00 = Rarararanl e P gy BTN E 200 R crr T —
S S S Sy IR sin“0,,=0.6 -
300 :... '''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''' 150 _....'-.... Vo Ty T
200 == R 100 E- gl B E
TOO e e e —i
O l | | | l l l | l | | | | l O | | | | | l | l | | | | | | | l :

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
Electron reconstructed momentum (GeV/c) Hyper-K preliminary Positron reconstructed momentum (GeV/c)

Hyper-K preliminary

FHC e-like

RHC e-like

sin” 5, has a symmetric impact on event rates in FHC and RHC: e-like event rates increases with

)
sin” 6.
723



Number of events

HK sensitivity

Event rates

Runplanv : 7 = 1 : 3 chosen to compensate for  lower cross section

— . | | | | | a .E-) 700___ .............. = I.-;....i ........................  EEETE T T AT EE AEPEE FEPLY, [EEEE (PP PR Trr Trry EEECLTTE TR FEE PR EEEELEFTTEFET FEPR —]

OO0 34 %5 TE R -

; — sin“0,,=0. 15 600 g =

5OO [ Ty 23 = F 4l — sin“0,,=0.5 :

..... D BOOE e g g 28 T L D

400 """""""""""""""""""""""" 8 E H . :l:...:'li """ SI r 623=O -4 E

--------- E 400 ’ESIFZGOG__

— Bm o= - — =

------------------------------------------------------------------------------------------------------------------------------------ Z — - =8 - . " ]

300 ] 300 {-k e o o =
200 2002_ ___________________________________________________________________________________________________________________________________
TOO e 100f_ ..................................................................................................................................
O | | ' ' ' ' ' ' ' ' l ' ' ' ' l ' ' ' ' l ' ' ' ' OE I I | I I I I | I I I I | I | I | | | I I | | I I I I

0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 2.5 3

Hyper-K preliminary Neutrino reconstructed energy (GeV) Hyper-K preliminary Neutrino reconstructed energy (GeV)

FHC mu-like RHC mu-like

sin” 6,, has a symmetric impact on event rates in FHC and RHC: mu-like event rates minimised
at sin” 92@ ~ 0.511.



HK sensitivity

Event rates

Runplanv : 7 = 1 : 3 chosen to compensate for  lower cross section

Number of events

600
500
400
300
200
100
0

Hyper-K preliminary

— AM5,=2.50x10° eV?/c* -

AmZ,=2.45x107° eV?/c*

| | | | l l ] ] ] ] ] | ] ] ] ] I | | | | I | | | |
0.5 1 1.5 2 2.5
Neutrino reconstructed energy (GeV)

FHC mu-like

Number of events

7001 ]
600 Pl E
SRR — AM;,=2.50x10° eVZ/c*
DO g —
- L e AM5,=2.45x10° eV?/c* 3
T - e -
. e AM5,=2.55x107 eV?/c* 3
300 gE - i =
e 0| N NN S ..
HOOE- b
O : | | | l | l ] | ] ] ] ] | ] ] ] | I | | | I | | | l
0 0.5 1 1.5 2 2.5 3
Hyper-K preliminary Neutrino reconstructed energy (GeV)

FHC mu-like

| Am?%2 | influences position and value of minimum mu-like event rates (maximal disappearance).
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HK sensitivity

Precision measurements

o(v,)/o(U,) not measured in T2K, use

theoretical constraint of 4.9% (blue &
green)

HK plans to measure o(v,)/o(V,) with
NDs: goal constraint is 2.7% (red)

Big impact of o(v,)/o(v,) if sSinop ~ 0

Other systematic effects become

important for [sind, p| ~ | (see studies

in back-up)
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lo error on 3, (degrees)

T

al R

Hyper-Kamlokande
——e—— Statistical errors only
------ #-----. |mproved syst.|(v /v, Xsec. error 2.7%)
Improved syst. |(v /v, Xsec. error 4.9%)

------------ e T2K syst. Ref.[4] (v /v, XSec. error 4.9%)
| | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |

— N N
&) ) &)

—k
- O

| ] | ] | ] | | ] ] | | | ] ] ] | | | ] ] ] | | ] ] ] | ] | | ] | ] |
-150 -100 -50 0 50 100 150
0.p (degrees)

1 o resolution on the measurement of op after 10 years
Estimated from width of y* distribution at y* = 1



HK sensitivity

Precision measurements

Statistics only —  Statistics only
.............. Improved syst. (v /v, xsec. error 2.7%) ---:-@=ae=a |mproved syst. (v, /v, xsec. error 2.7%)
--------------------------- T2K 2020 syst. (v /v, xsec. error 4.9%) 103 e T2K 2020 syst. (v /v, Xsec. error 4.9%)
c\|>.< 25 B |" [ [ [ [ [ [ [ | [ [ [ | [ [ [ .F _i'_ &) 25 L I I I I | | | [ [ | [ [ [ [ | [ [ [ [ |
—= . » S D —
< | = . ol s (q\| -
% I B -
2 R R soie w0 200
-z SR R :
- Octant degeneracy N -
T e s S ided B 15F
U ii] 0 i
1 O : """""" 2’3""‘ """"""""""""""""""""""""""""""""""""""""""""""""""""""""" ::::5 """"" —: ‘Q 1 O B
5 i ---------------------,-,/-’/,,-/:-’-?0’--’- --:.-.-\-5\‘\-\ ------------------- — 5 :—
_ lo ,,""':,.,.' “on .0’:\“\\\\ i
gy, T e — *
l l l ! l | o [t Nant.. AR Y | | | | % I I I I
046 0.48 0.5 0.52 0.54 0.56 4 0 i
. 2 rue Sin
Hyper-K preliminary SiN“0,, Hyper-K preliminary 23

True normal ordering (known), 10 years (2.7x10%° POT 1:3 vv)
sin“0,,=0.0218+0.0007, sin’0,,=0.528, A m5,=2.509x10°eV?/c*, §_,=-1.601

True normal ordering (known)
sin“0,,=0.0218+0.0007, Am? =2.509x107eV?/c*, §,=-1.601
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HK sensitivity

Precision measurements

Statistics only
-------------- Improved syst. (v /v, Xsec. error 2.7%)
--------------------------- T2K 2020 syst. (v /v, xsec. error 4.9%)

(q\| 25 I_ | | “ | | | & | i
X B . : _
< i % N ]

20 :— """"""" "\"‘ """""""""""""""""""""""""""""""""""""""""""""""""""""""" '.5:' """""""" —:
] N —— D -
Q[ g o\ S -
5 _ _________ N A -

O |: | | | ,lllzl.“.' ' o | | ! ! ! | - X1 0_3

2.46 2.48 2.5 2.52 2.54 2.56

2 2, 4
Hyper-K preliminary A Ms, (eVe/c”)

True normal ordering (known), 10 years (2.7x10% POT 1:3 vv)
sin°0,,=0.0218x0.0007, sin0,,=0.528, A m5,=2.509x10eV°/c*, 8.,=-1.601

—— Statistics only
------ e-.-=:=. |mproved syst. (v, /v, Xsec. error 2.7%)
------------ o 12K 2020 syst. (v /v, xsec. error 4.9%)
ﬁ{-\ 30_ | | | | | | | | | | | | | | | | | | | | |
o -
S 250
O -
o 20F
NE%‘ 152_
< -
5 10¢
5 st
© f
19 O B | | | | | | | | | | | | | | | | | | | | |
2 4 6 > 3 10
! - HK Years (2.7x10°" POT/year 1:3 viv)
yper-K preliminary

True normal ordering (known)
sin°0,,=0.0218x0.0007, sin°0,,=0.528, Am3,=2.509x10°eV*/c*, §_,=-1.601
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Hyper-Kamiokande

HK SenSitiVity -

Precision measurements

——  Statistics only
o : : ‘N ~ArAc frarm 000 | meeees ®nnnn Improved syst. (v /v, Xsec. error 2.7%)
Resolution to 5CP prlmarlly comes from | " @ T2K 2020 syst. (v /v, Xsec. error 4.9%)
the term proportional to sin . in -t S AR
O L - = Ocp= -
P(U,u —> I/e), CP-odd term b5 A0 B, B ST
_ , _ o “330F sl R U
* The gradient of this term is maximised ¢ ¢ L O T N ;
) B Euy """'__'_.'..'..'--' <
at ‘COS 5CP| =] S 20F Qi
g 10:_ '---,.-_,,__._._._._._.. — T N NN N naaay, e e o0
» Hence better resolution if 0p = 0 |7} :

0

and lower resolution if 0-p = /2 | 7] 0 2 4 6 8 10
Hyper-K preliminary HK years (2.7x10<' POT/year 1:3 v¥V)

True normal ordering (known)
— sin“,,=0.0218+0.0007, sin°0,,=0.528, Am3,=2.509x10°eV*/c"
LPNHE

PARIS
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HK sensitivity

Precision measurements

1 | I | | | | | | | | | | | | | | | | | | | | | | | | | | | | | I | I _]
— —— g —@—= (etector —
~  ——e— flux+xsec ND constr. —e— ND unconstr. xsec =

40 Bot—gpua g A TN A Z
BO N g N =
e .
1 =
O I: | | | ] ] | | | | ] I | | | | ] | | | | | ] | | | | ] | | | | | | | | :I
-150 -100 -50 0 50 100 150
True 9, (degrees)
Hyper-K preliminary
True normal ordering (known)
sin”,,=0.0218+0.0007 sin°0,,=0.528 Am5,=2.509E-3eV?/c" &
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Hyper-K preliminary
True normal ordering (known)

sin 6

T2K 2020 systematics

2 _ 2
%tot = Pstat T syst

(v )/0( )—-— NC v —— IS0 bkg low p
NCOther ——2p2h Edep

:

1 OO 1 50
True o, (degrees)

,=0.0218+0.0007 sin®0,,=0.528 Am;,=2.509E-3eV-/c"



Eg N = . . _ . . 5 B B . 5
H K SenSItIVIty sin 0.~p = () exclusion defined as \/Sgl;ilo)( (Ocp = 0) —mIny

CP violation discovery

* Now Improved systematics but with

Statistics needed for 50 exclusion of sind,,=0

. . o 7
various assumed uncertainty on 3
_ >

o(v,)/ o(v,) i

e This systematic impacts the 5o )
discovery pOtentiaI Of CP ViOlatiOn, 35_ .............................................................................................................................................. _E
especially for low CP violation 2% -
= =
* What else impacts CP violation - | S | :
discovery potential? 25 3 3.5 4 45 03
True normal ordering (known), 2.7x10°' POT (1:3 v¥) per year Error on O’(Ve)/()'(\/e) (%)

sin°0,,=0.0218+0.0007, sin°0,,=0.528, Am2,=2.509x10eV°/c*
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< Hyper-Kamiokande

HKsensitivity @ <

Joint fit with atmospherics

* P-theta fitter framework has the possibility to perform joint fit between beam and atmospheric
samples

 With a much longer propagation length, electron flavour appearance in atmospheric neutrinos
IS much more sensitive to MO

* Tested on T2K + SK atm data: Phys. Rev. Lett. 134, 011801 (2025)

« Common systematics model built from T2K and SK atm models:
» T2K flux model applied to beam samples and SK flux model to atm
» T2K and SK detector models both used but with correlations

> T2K interaction model applied to all sub-GeV samples, SK interaction model applied to
other atm samples

LPNHE )

PARIS


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.011801

HK sensitivity

Matter effects

Normal 1Ei ™ Al ™
Z: P(v, = Vv,)
 Matter effects enhances
u — e flavour oscillation for v
(Normal Ordering) or v
(Inverted Ordering) in the - TEU
multi-GeV region for up-going (6
atmospheric neutrinos inverted EETIIIIIIIIT DT
06t P(v, = Ve)
» Need some kind of /U o
separation!
o 1 E,.(Ge:/‘)) 107
LPNHE\ 72
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Fully Contained (FC)

HK sensitivity

Atmospheric samples

e

13 Fully contained samples:
. sub-GeV: e-like + 0/1 decay e, mu-like + 0/1/2 decay e, 7' -like
« Multi-GeV: e-like v,/U,, mu-like
 Multi-Ring: e-like v,/U,, mu-like, others
v,/U, separation based on number of decay e:
v,+pn) —> e +pn)+na"

U, + p(n) — e+ p(n) @ More likely to be absorbed than 7™

/3
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Atmospheric samples

Partially Contained (PC) Upward-going Muons




(up-down)/(up+down)

0.6

HK sensitivity

Atmospheric sensitivity to MO

Multi-GeV e-like v,
- T T T T T T T

Mass Ordering |
— Normad | _
—— |nverted | B

10* 10

Reconstructed momentum (MeV/c)

Purity in v,: 80%

5

(up-down)/(up+down)

75

0.6

0.4

-0.4

-0.6

up :=cosfd < —-04
down :=cosfd > 0.4

Multi-GeV e-like v,

Mass Ordering -
— Normal N
— |nverted ~

10* 10
Reconstructed momentum (MeV/c)

Purity inv,: 40%
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(up-down)/(up+down)

0.6

0.4

0.2

HK sensitivity

Atmospheric sensitivity to MO

Multi-ring e-like v,

W ............. ‘ ....................................................................................................... __
Mass Ordering ]

— Normad | -

—— |nverted | |

10* 10

Reconstructed momentum (MeV/c)

Purity in v,: 60%

5

(up-down)/(up+down)

/6

-0.6

up :=cosfd < —-04
down :=cosfd > 0.4

Multi-ring e-like v,

08 [ —
0 —
i e B —

0D e _
N I —
Mass Ordering ~

— Normad | -
— |nverted | .

10* 10

Reconstructed momentum (MeV/c)

Purity in v,: 30%

5



up :=cosfd < —-04
down :=cosfd > 0.4

HK sensitivity

Atmospheric sensitivity to MO

Wrong MO exclusion: o0 = \/xz(wrong MO) — y*(right MO)

(up-down)/(up+down)

Multi-GeV e-like v, _ _ . .
Multi-GeV e-like v, Multi-GeV e-like v,

B | _
0B [+ — < - | ] a - | ]
- T B 0B — R ] — —
© = — © - |
— — + B | + | ]
1 R R RIS — 3 B ] 3 B ]
N ] DL e — DL e e
- . 2 B _ S B _
02 R e LR LR EIEERILERTERLIEERIEECEERIED SLEERIEERIIEES — ge | _ T | _
i m I -] e s R — § 02 b —
O+ .......................................................................................... p— : : : :
: : O# .......................................................................................... p— 0 .......................................................................................... p—
Bl B i - - : - :
B i B IR — 0,2 e e —
0.4 s kb - - : i -
Mass Ordering ] 04 [ — DA e —
—— Normal . Mass Ordering 7 Mass Ordering ’
0.6 — |lnveted | - — Normal - — Normal m
: : : : Lo | l l l l L1 1 —06 """"""""""""""""""""""""""""""""""""""""""""""""""""""" ] —06 """"""""""""""""""""""""""""""""""""""""""""""""""""""" ]
10" e —— Inverted | . —— |nverted | .

Reconstructed momentum (MeV/c) ' - 10° 5 ' - 10" 5

sin260,; = 0.4, oy = 2.1

1
Reconstructed momentum (MeV/c)

Matter effects are proportional to sin’ 055

’r’

1
Reconstructed momentum (MeV/c)

sin” 0, = 0.6, oy = 5.2
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Atmospheric sensitivity to MO

Systematic uncertainties improved

model:

e [2K 2020 parameters: same reduction

as before

 Atm parameters (flux, xsec, detectors)
+ T2K xsec high E: 50% reduction of

prior, except for

» xsec nu_tau: prior at 5%

> NCPIO: prior at 5%

Systematics included NO
None 4.16
xsec sub-GeV 4.14

Xsec all 3.47
Atmospherics flux 3.92
Atmospherics detector 3.97
All 3.23

25% prior error in
SK model
/8

Wrong MO exclusion in number of ¢ for 10 years exposure

(sin? 6,5, = 0.528) to atmospheric neutrinos (the T2K-SK

model of systematic uncertainties was applied without prior
Improvements.




Systematics included NO

HK sensitivity

None 4.16

Atmospheric sensitivity to MO

xsec sub-GeV 4.14

Wrong MO exclusion: \/ y*(wrong MO) — y*(right MO)

Sin® 0, NO 10
Xsec all 3.47
4 2.1 2.1
0 Atmospherics flux 3.92
0.5 3.7 3.7 Atmospherics detector 3.97
0.6 5.2 5.3 All 3.23
Wrong MO exclusion in number of o for 10 years Wrong MO exclusion in number of o for 10 years
exposure and including only statistical uncertainties exposure (sin’ 0,; = 0.528)

25% prior error in SK model
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H K SenSitiVity Normal Ordering

Degeneracy with MO (unknown)

Statistics only
| | ] e Improved syst. (v/V, Xsec. error 2.7%)
* In previous slides, considered MO | T2K 2020 syst. (v /v, xsec. error 4.9%)
known (True NO) C\/I;<14:| I I I I | I I I I | I I I I | I I I I | I I I I | I I I I |_
< 12f
» But there is a degeneracy between o-p  § 10
and MO in beam samples 8 8f
= °F
: e s > 6F
e If MO is unknown, sensitivity to CP b J
violation is degraded in degenerate P
regions Q 25
.(7)O|3IIII|2IIII|1IIIIOIIII1|IIII2|IIII3|
* Adding atmospheric samples (recently True 8.,
started) help lift the degeneracy by Hyper-K preliminary
better Constraining the MO True normal ordering (Unknown), 10 years (2.7 x 10°* POT 1:3 v¥)

sin“0,,=0.0218+0.0007, sin°0,,=0.528, Am3,=2.509x10eV*/c*

PN

L il L 80
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In improved systematics, prior errors of parameters measured at ND280
are scaled with statistics compared to the improved model at 10 years.

HK sensitivity

Joint fit sensitivity to CP violation

Statistics only Error model Sindcp<0 sindcp>0
-------------- Improved syst. (v./V, Xsec. error 2.7%)
-------------- Improved syst. (v./v, xsec. error 4.3%) Stat only 73 % 72 %
--------------------------- T2K-SK 2020 syst. (v /v, xsec. error 4.9%)
2275""'""""""""""""': Imp (2.7%) 70 % 49 %
S of Imp (4.3%) 65 % 38 %
S st
2 f T2K-SK 2020 59 % 25 %
4
(@) u
o af Number of values of ,p for which sin §-p = 0 can be
S F excluded at 3¢
» 2
'E Exclusion of CP symmetry soon
073 2 - . 1 > 3 becomes limited by systematic effects,
Ocp (rad) including in the degenerate region!

4 years exposure to beam + atmospherics N



HK sensitivity

T2K detector systematics model

 Detector effects (PMTs imperfections, water transparency) can bias the event
reconstruction (mis-identification, bias in energy/momentum reconstruction etc.)

* These effects are measured Iin control samples (data/MC ratio): atmospheric
stopping muons, cosmic ray muons etc.

* In the 12K model, the uncertainties are encoded via parameters that re-
normalise the number of events per sample, interaction type (CC or NC) and

energy

 An additional parameter allows migration from one energy bin to another: the
energy scale parameter
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