yper-Kamlokande

Preparation of the Hyper-Kamiokande
experiment

A next generation neutrino detector
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Excavation reached center of cavern dome in July
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Hyper-Kamiokande

Introduction:
Neutrinos in the standard model and
detection with Water Cerenkov detectors

DNHE
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Neutrinos In the standard model
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What we know:

* Neutral lepton

| eft handed

* 3 generations/flavours

* Lightest fermions of the SM

* Flavour oscillation (see next slide)

What we don’t know:

* Are they Dirac or Majorana (v = v) particles?

* What are their respective masses”?

* Why are they so light? Where do their masses
come from?

* Are there sterile, right handed neutrinos?

NHE
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Water Cherenkov detectors

Principle

But detecting neutrinos is challenging due to their very low interaction cross-section!!
— Use large (tens of kT) Water Cherenkov detector

Cherenkov light

Cherenkov effect:
A charged particle in a dielectric medium going faster than \
light, in the medium, emits “Cherenkov radiation” Neutrino
C Charged
Emission angle: particle
. in water %
Speed of light |
C — Photosensors
Cos 0 = —
Vs, ot } Principle of neutrino detection in Water
o article’s spee Cherenkov detectors: from the shape
Refractive index of the signal and the time arrival of

the photons, it is possible to
reconstruct the direction and the
iInteraction vertex.

\
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Water Cherenkov detectors

From Kamiokande to Hyper-Kamiokande

« Kamiokande detected ~15 neutrinos from
the supernova SN1987a

, » SK has been running since 1996 and
' Hyper-Kamiokande notably lead to the discovery of neutrino
| 190 kt fiducial mass [ flavour oscillation in 1998.

 But faster accumulation of statistics is
i always wanted hence the Hyper-
% Iy § Super-Ka : : ‘8 R Kamiokande project: same principle but
masé -5 kt fidugy i ~10 times larger volume!
o '7§: | 4 R * The construction is ongoing and data-

” s A ¥ taking will start in 2027

6 Claire Dalmazzone - réunion hebdomadaire du LPNHE L P M H E
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Water Cherenkov detectors
Applications

Astrophysics

Solar neutrinos

Cosmic ray

Positron

Proton \

gamma

Nucleon decay search
Historical purpose of
Kamiokande

Atmospheric neutrinos
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Flavour oscillation
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Accelerator neutrinos
(See next slide)
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The T2(H)K experiment

Overview

Measures the appearance of v/,(v,) inabeamoffy (v))

Hyper-Kamiokande J-PARC . .
yP Beam production at J-PARC accelerator facility
+ +
Mt. I]kggg-r\:‘ama | ¥ H -I@ Qocm long
J water equuv.l 1700 m Vv graphite
E Neutrino beam * Forward Horn Current tar_get
;( 295 km >§ I l
Magnetlc.horn (selects charged p(31GeVIc) + C — mesons
meson sign and momentum) @
Reverse Horn Current Proton

. - accelerator
D

= \
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The T2(H)K experiment :f?s::ii::z“yper-Kamiokande

Systematic uncertainties

As we accumulate statistics, measurements become more sensitive to systematic effects

Simultaneously measured in the
Near Detectors

E Flux In
detector

e

Event rate measured In
detector N=FXoXe€ < De_tgctor
efficiency

Near detectors are a key tool to constrain most of the systematic effects!

TR
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Hyper-Kamiokande

NAG61/SHINE experiment:
How to reduce neutrino flux uncertainties

Systematic uncertainties can also be constrained by external measurements.
For instance, the NA61/SHINE hadron production measurements allow to reduce the neutrino flux uncertainties.

DNHE

10 Claire Dalmazzone - reunion hebdomadaire du LPNHE s



NAG61/SHINE TPCS I magnerc

measure momentum and

The deteCtOr energy deposit of charged
MTPC-L
hadrons Ir
oF-L
Vertex Magnets
BPD-1
oF-F
VTPC-1
CEDAR T THC TVO V1¥
- - -H - R - - B e o - E
| Gap TPC }oF-R
Detectors to select incoming - MTPC-R
2K replica tar .
| protons ;t .310e}’/c | eplica target Main TPCs Scintillators
and measure their trajectories measure measure time of
energy deposit flight for
for identification
identification

11 Claire Dalmazzone - réunion hebdomadaire du LPNHE L P N H E
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NAGT / SH INE U< Hyper-Kamiokande

The detector

The detector was upgraded in 2021-2022 to allow a faster trigger rate

Run 30580 Event 304 2017-08-23723:43:52z (UTC) 1187567050 (GPS), Unix:1503531832s Run 40800 EBvent 3 2022-07-21714.40:59 4396321202 (UTC), 1342449%677:4.39632e+00 (GFS), Unix: 16584144598,.4.39622e+000s

re-upgrade 2017 p+C Event

, _ Post-upgrade 2022 p+T2K Event
noise-dominated)

(track-dominated)

TPCs with the new electronics

~ \

12 Claire Dalmazzone - réunion hebdomadaire du LPNHE ‘- I E
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NAG61/SHINE

Reducing the flux uncertainties

* Main uncertainty on flux: hadron
iInteraction uncertainties.

* The last replica target measurements
allowed to reduce the uncertainty to 5%
at the flux peak!

* New NA61/SHINE data with replica
target in 2022: measure charged hadron

+ Kg production in T2K target
My task: calibration (in progress) and
analysis of the new dataset

?

»
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T2K Preliminary

SK: Neutrino Mode, v,

L - | I | | | | | | | | | | | | | |
o . —
b B 1 . .
(1) 03 Hadron Interactions —— Material Modeling
'c_'é L Proton Beam Profile & Off-axis Angle Number of Profons B
9 B Horn Current & Field ) -
15} u — 2020 flux (replica target) i
< Horn & Target Alignment
E B ®xE,, Arb. Norm. = = == 2018 flux (thin target) .
0.2 .
| | —_
ol T - _ - .; —
0.1 _ - ! ol —
- o -=i_ __
I ! L — _ - 4=
— V| I !
= | | -
- | . —] i
_ ' . — |
0 1
10~ | 10
E, (GeV)
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HK long baseline program:
Sensitivity studies

One application of HK will be to detect the neutrinos produced at an accelerator facility 295km away to measure flavour
oscillation parameters. This is the long baseline program, the foreseen evolution of the T2K experiment.

14 Claire Dalmazzone - réunion hebdomadaire du LPNHE I (% 11
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HK sensitivity studies

T2K latest results gave hint at 2o
that neutrino flavour oscillation
violates the symmetry between
matter and anti-matter (CP
symmetry).

This is quantified by the CP violation

phase parameter Op.

To confirm that neutrino oscillation
violates CP, we want to exclude

HK could do that after a few years
depending on systematic effects
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Hyper-Kamiokande

——  Statistics only

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

—k
N

—k
o

0 exclusion (\Ay?)
(@)

CP™
N N O
|

Sino

o

0 2 4 6 38

Hyper-K preliminary
True normal ordering (known)
sin“0,,=0.0218+0.0007, sin°0,,=0.528, Am5,=2.509x10 eV*/c"

10

HK years (2.7x10% POT 1:3 v¥)

NHE )
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HK sensitivity studies

The uncertainty on the ratio
o(v,)/o(U,) is dominant for
Sin Op ~ 0

E N 7 N
TN Lamakl

...... = Hyper-Kamiokande

"
ced
»

“aw

Only difference is the uncertainty on the ratio 6(v,)/6(V,)

Statistics onl /

Other systematics are

dominant for |Sinoqp| =~ 1
(favoured by T2K results)

1o error on 60

O 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1

-150 -100 -50 0 50 100 150
o 0.p (degrees)
Hyper-K preliminary

True normal ordering (known), HK 10 Years (2.7x10%* POT 1:3 vV)
sin°0,,=0.0218x0.0007, sin°6,,=0.528, Am5,=2.509x10°eV*/c"

2B VE RN, -’\
JA .| - B » )
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HK sensitivity studies

Officialisation

The results were presented on different occasion

) Tightfor
‘ The systematic parameters ph hafor
There are three types of systematic parameters ientification
, 1. The flux parameters characterize the ratio of the expected number of Figure 5 NAGL/SHINE experimental setup
feutrinos per energy bin in the simulation and in the data
New T2K replica target data have been taken in summer 2022 with a

e Jalk at the Neutrino International Research Network

Nantes, June 2023
 Talk at the NNN23 (Procida, October 2023

17
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Towards a better measurement of the CP violation

phase with Hyper-Kamiokande s-”ms

From T2K to Hyper-Kamiokande

Supor-Kamiokande - Hyper Kamiokande - Hypor-Kamiokande i \ o
i e btehe agneic o s charsed| 31 Gev . - e
H £ ; 1360m. water equiv. 4 meson sign and momentum)
8 -~ : : g O
in 3 205m ;

(a) Far detectors dimensions (b) Off-axis angles (c) J-PARC-HK beamline (d) Beam production at J-PARC

Figure 1. The HK long baseline program will use the same neutrino beam as T2K but a bigger far detector. The beam will still be off axis by 2.5

The neutrino flux and interaction cross-sections are characterized at the near detectors including the upgradec
and the future Intermediate Water Cherenkov Detector (IWCD). The appearance (and disappearance) of electron (ant 10 0 ) sty 0 st (costy sinds 0) (i
muon) neutrinos or antineutrinos will be measured at the far detector HK (currently SK). The comparison of the [ o s 'L” ol H gy ey <“|

measured spectra with MC predictions allows to measure some parameters of the neutrino mixing matrix
(PMNS). The bigger volume of the far detector and the more intense (S00kW — 1.3MW) and frequent (1.36s- 1165 per

" 0 i 20,20

spill) proton beam will allow HK to accumulate statistics much faster than T2K. Figure 2. Parametrization of the PMNS matrix
The oscillation analysis NA61/SHINE experimental setup
Near Detectors (ND) fit: constrains the neutrino flux and interactions. The NA61/SHINE spectrometer is presented in Fig.5.

The results can be used as input for the far detector (FD) fit
TPCs in magnetic held

Far Detector fit: Binned likelihood fit of the neutrino spectra at the far de- measure momentum and
tector. y2 is minimized with £ a Poissonian likelihood energy deposit of charged.

Neprows

log(£(6, my)) N .

* 6: the constrained oscillation parameters of interest (e.g.: dcp)
* it the other free parameters (nuisance) parameters. Their values are
randomly thrown Nynros times according to the distributions provided by

prior knowledge (e.g.: ND fit) and the contribution is marginalized over. Detectors to select incoming
protons at GeVie

and measure their trajectories.

Scintillators
easure time of

2. The cross-section parameters characterize the interactions model
3. The detectors parameters characterize the response of the detectors freshly upgraded detector (higher trigger rate, new TRC readout electronics):
he ceteclors parameters ~ 160 million events recorded!

SK v,.v-mode

Replica target tuning
NAG61/SHINE results are used to tune the hadron production part of the T2K
neutrino flux simulation which is a major source of uncertainty. In 2020, the
replica target tuning allowed to divide by 2 the uncertainty on the
flux at peak energy.

SK: Neutrino Mode, v, T2K Prelminar

. Gev) ' k. Gev

Figure 3. Flux parameters errors before and after the ND fit (Fig 34 in [3]).

Predictions for Hyper-Kamiokande

The Improved syst. are a modified version of the T2K 2018 systematic errors
and v /ve Xsec error refers to the ratio of cross-section of ve and ze.

10 '

10
E, (GeV)

Figure 6. Sources of uncertainty on the neutrino flux prediction in T2K and
impact of the last replica target tuning. The tuning was done with
NA61/SHINE measurements presented in [2].

With a better coverage of the produced kaons responsible for the highest
energy neutrinos in T2K, the new NA61/SHINE dataset will help
ucing the uncertainty on the flux parameters.

(a) Percentage of true values of icp
for which sin(dcp) = O can be

excluded at 3 or 55 as a function of

(b) 1o error on acp for true
icp = —/2 or true icp =0 as a

function of H-years
HK-years. References

[11 N, Abgrall et al. NAGL/SHINE facilty at the CERN SPS: beams and detector system JINST, 9, 2014

[21 N. Abgrall et al. Measurements of = differential yields from the surface of the T2K replica target for
incoming 31 GeVc protons with the NAGL/SHINE spectrometer at the CERN SPS. Eur. Phys. .
76(11):617, 2016,

131 K. Abe et al. Improved constraints on netrino mixing from the T2K experiment with 3.13 x 10% protons
o target. Physical Review D, 103(11), jun 2021

4] Laura-lullana Munteanu. Long-baseline neutrino oscilation sensitviies with Hyper-Kamiokande. In 22nd
International Workshop on Neutrinos from Accelerators, volume NuFact2021, page 056, Cagliari, taly,
September 2021.
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Hyper-Kamiokande

Addressing the challenge of
neutrino interaction uncertainties
In Hyper-Kamiokande

SORBONNE
UNIVERSITE

Claire Dalmazzone, 13th October 2023
On behalf of Hyper-Kamiokande Collaboration
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Hyper-Kamiokande

Timing distribution in HK

The accelerator neutrinos are selected in HK in particular thanks to the timing of the events.
The signal reconstruction in Water Cherenkov detectors necessitate a good synchronisation between the PMTs.
For multi messenger observations, the events in HK should be time-tagged with UTC”.

—> Timing is a very important aspect of the experiment!!

*1 1T - Ti X ! D LA \
UTC: Universal Time Coordinated 18 Claire Dalmazzone - reunion hebdomadaire du LPNHE ‘-
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Timing distribution

Setups for the time generation -

Top of Tower 13
HK cavern
Y e GNSS Sends input signal to compare to GNSS
Atomic Clock .
WR WR antenna+receiver |4
switch switch

Synchronise reference signal with GNSS
GNSS <
antenna+receiver N 13-23 RC

* Atomic clocks: Rb and PHM
HK tank ¥ * White Rabbit Switches:
*GNSS = Global Navigation 1. Linked to SYRTE UTC
Satellite Systems 2. Linked to receiver *SYRTE: Laboratory
*WR = White Rabbit protocol for 3. For tests responsible for
time signal transfer \ / * Frequency counters French realisation of
UTC

Foreseen setup for HK Setup at LPNHE

= B B a B =
)u‘ . - W
» () - -
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ion of GNSS signals on site.

In summer 2023, we brought an antenna in Japan to check the recept
Tunnel to HK cavern
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Our antenna

Low signal because of mountains!
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time difference (ns)

Timing distribution <

T
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Jo Hyper-Kamiokande
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Rubidium clock signal correction
time difference between Rb and GNSS

250 A
® before correction My tasks:
200- after correction > Design the correction algorithm
> Evaluate performance of the correction
07 > Implement the online correction
100 A
) m
0- e ———— | | REqUuIrements
—-50
~100 M
OiO 2i5 S.IO 7i5 1OI.O 12I.5 15I.0 17I.5 20I.0
meas time (days)  PNHE )
21 Claire Dalmazzone - réunion hebdomadaire du LPNHE ¢ NAE

PARIS



-------

)‘j}
¥

.......

Conclusion:Plans =«
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 Hyper-Kamiokande will start in 2027. My work involves different aspects the preparation.
 Rubidium timing correction:
> Test correction on data (next months) plan to publish
> Implement the online correction
* New sensitivity studies for the long baseline program using T2K’s latest published results:
> Results are official. publication is being considered
e Calibration and analysis of the new NA61/SHINE T2K replica target dataset:
> Finishing the detectors calibration (~ 1 year)
> Part of the analysis can begin before (MC studies)

e
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Introduction

Neutrino flavour oscillation

Flavour oscillation: quantum effect due to the mixing between the flavour states and the mass
states. Its existence means that neutrinos have non zero mass.

v, 1 0 0 cos 0}, sin 9136 @ cos@,, smnb, 0} (y . |

v, | =0 cos6,; sin6y, _sin@,, cosd,, 0||v If sin o-p # 0, neutrinos and

v, 0 —sinf; cosby ]| —sin 913‘ COS 913 0 o 1)\& anti-neutrinos don’t have the
same oscillation probabillity:

PMNS* parametrisation of the mixing matrix: the three mixing angles (‘91']‘) and the neutrino oscillation violates CP

complex phase o0p are not predicted and must be measured experimentally.

. AmJ%CL N | Am]%{L
Pv, = vy LE) = 8,5— 4 )  R{UUU,U% Isin o | *+2 2, S{UXU UL U sin —

J>k >k

Oscillation probability depends on the propagation lenght, the energy, the mixing matrix U elements

and the difference of neutrino masses squared Am]%{ = mj2 — m,g

N
PMNS for Pontecorvo-iviaki-Nakagawa-Sakata 24 Claire Dalmazzone - réunion hebdomadaire du LPNHE - NHE
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Cross-Section (mb)
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Hyper-Kamiokande
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Introducton =

Sources of neutrinos

L
b LY
s
.
.
.
b -

i Many natural and man-made sources of

10° Extra-Galactic | neytrinos. Detecting neutrinos allows to:
Galactic * Study astrophysical sources: neutrinos don’t

L interact and can point to their source

107 Accelerator oy » Test the Standard Solar Model

o Sup er‘,\\‘t;?/g”he”c " | * Study quantitatively the neutrino flavour

oscillation

10" e Study the neutrinos properties: mass

107 measurement, Majorana particle?, etc.

1022

10% But detecting neutrinos is challenging due to

1028 their very low interaction cross-section!!

10-31

10° 102 1 10° 10° 10° W 90" 1" m*r "
Neutrino Energy (eV) /“\
25 Claire Dalmazzone - réunion hebdomadaire du LPNHE L P M H E
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The T2(H)K experimen

Overview

SK and HK are not aligned with the proton beam at J-PARC. The 2.5° off-axis angle allows to obtain in a narrow

neutrino energy beam peaked at ~600MeV the survival probability minimum in the detector.

charged current

ve
Neutral current

Ve and

Yy and V charged current

80 - —$— T2K data

At these energies, most common interaction is QE: easier to reconstruct
neutrino energy.
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The T2(H)K experiment

From T2K to HK long baseline

vvvvv

Hyper-Kamiokande

HK long baseline is the future of the T2K experiment: the T2K baseline is being upgraded to
accelerate the accumulation of statistics:

O . . ES

* Proton beam intensity increase at J-PARC e N} -.

=. 1000 [ (1) Magnet PS upgrade : . d

2 E 2.48 — 1.32scycle P S *

2 800 | - @1.32 - 1.16s cycle —

Q. i :

8 ! ) RF system upgrade :

0 400 [ — i | ]

1 2 2 harmonic RF ‘

200 L . __cavities , | 3

L ARG PRSI ISR EPWP Rl SR OTGN W R G 4 P W
2016 2018 2020 2022 2024 2026 2028 2030

JFY

Credit: Megan Friend, NuFact 2021

NHE )

27 Claire Dalmazzone - réunion hebdomadaire du LPNHE I~ I\ 1 E

PARIS



* New near detectors

From T2K to HK long baseline

HK long baseline is the future of the T2K experiment:

accelerate the accumulation of statistics:

* Proton beam intensity increase at J-PARC

ND280 at 280m from T2K target:
Inherited from T2K

Is being upgraded for T2KIl and
might undergo further upgrades
during HK data-taking

The T2(H)K experiment

34 —-—
) -

Off-axis

Proton beam angle

f A
L I\
-
/ m \f‘//

g
(\

Beamtarget ,
Average pion

decay point

Intermediate Water Cherenkov Detector at ~1km
from target:
New detector that will be built for HK long baseline

< \
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HK sensitivity studies

Overview of the oscillation analysis in T2K
— Inputs —— Data* fit —— Outputs

_ External experimental
Experimental constraints on

constraints \ oscillation parameters
U flux model _

~>

Vinteractions ___p \\n 4oto fit > u_flux + Cross ED data fit _Cor?stralnts on
model section constraints oscillation parameters

Theory / / /
ND model FD model

A similar framework was used to perform sensitivity studies for HK

“The data to fit can either be experimental data or simulated ‘
data (for sensitivity studies, fake data studies etc.) 29 Claire Dalmazzone - réunion hebdomadaire du LPNHE L N 1

PARIS
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HK sensitivity studies ~< Hyper-Kamiokande
Framework .
Reactor experiment results
on &, + fixed values of 0,
and Am221 o
.......... Use profiled likelihood
External experimental _.......="" nstead of marginal
constraints on . likelihood to save CPU-time
oscillation parameters = =
Outputs of T2K2020ND N, 7
experimental data fit with errors . y.flux + cross_, ED data fit‘ _Cm?stramts on
rescaled” to take beam statistics section constraints A > oscillation parameters

iIncrease and upgrades into account /
FD model

SK simulated data rescaled
to HK fiducial volume and
expected beam statistics

Increase

*This predicted error model is called Improved /“\

systematics (VS T2K 2020 systematics) 30 Claire Dalmazzone - réunion hebdomadaire du LPNHE - I N E

PARIS



HK sensitivity studies b

Likelihood minimisation

Number of Systematic |
observed events parameters events for given (0,)

N\

Use a Poissonian likelihood: In & (NObS ,0,f) = — Z ( NexP(O f) — NObS) +N0bs X ln(NObS/NexP(O f)))

T &

Kinematic variables Oscillation
measured parameters

Expected number of

Prior covariance
matrix*

/
(f — fO)TV—l(f f())_ Prior central

And a penalty for systematic effects: In £, ((f) = 5 values*

¥=-2InZ=-2InZ,—2InZ,,, is minimised with gradient descent algorithm of Minuit 2

Syst

*For T2K 2020 or Improved error model

** Set to values that do not affect the Monte Carlo results or to the | PNH =
results of ND data fit 31 Claire Dalmazzone - réunion hebdomadaire du LPNHE | } H =
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HK SenSitiVity studies J< Hyper-Kamiokande
Marginal likelihood

5 HK-Years, T2K 2020 systematics

Sfprof — mnax fZ(ﬂ) %6-655 _E

= 6.6 —

l %’ 6.553— —f

o 1 i S0 S as E
marg. N i1 g 5%6.453— \ —f

" b =

Average over N realisations of the likelihood. oE E
The n; are randomly thrown from a given - -
6.3 —

distribution. This estimation of the marginal L L R

likelihood is biased with B ~ 1/N. The bias
also increases with statistics, meaning that
for HK it becomes much more cpu-

consuming. YN

32 Claire Dalmazzone - réunion hebdomadaire du LPNHE ! N il&
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lllustration of the bias of the marginal likelihood
behaving as 1/N



HK sensitivity studies

Systematic uncertainties

)j} : ?‘
e

Y
B

< Hyper-Kamiokande

T2K 2020
Improved

Neutrino beam
1 electron ring

Neutrino beam
1 muon ring

Antineutrino beam
1 electron ring

Antineutrino beam
1 muon ring

Neutrino beam
1 electron ring
+ 1 decay electron

ND constrained
flux + cross
section

3.6% 1.8%

2.1% 0.9%

4.3% 1.6%

3.4% 0.9%

4.9% 1.8%

Other cross

3.0% 1.6%

0.5% 0.4%

3.7% 1.4%

2.6% 0.4%

2.7% 1.6%

section
Detector 3.1% 1.1% 2.1% 0.8% 3.9% 1.5% 1.9% 0.7% 13.2% 4.9%
All 4.7% 2.1% 3.0% 1.2% 59% 2.2% 4.0% 1.1% 4.6% 2.0%

Systematic uncertainties on the event rates in HK per sample for the T2K 2020 systematic and the Improved ones

33
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Hyper-K preliminary

HK sensitivity studies

Results
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Hyper-Kamiokande

Sensitivity after 10 years of data-taking: A)(z curves

Statistics only
-------------- Improved syst. (v /v, xsec. error 2.7%)
........................... T2K 2020 syst. (v./v, xsec. error 4.9%)
I_ I “I I I I I | I I I I | I I I I | I I I I & _I
I: ] ] I ] ] ] llll,l l“ ! “““‘I | ] ] ] ] I :I
2.5 -2 -1.5 —1 -0.5
Op (rad)

True normal ordering (known), 10 years (2.7x10% POT 1:3 v¥)
sin°0,,=0.0218=0.0007, sin°0,,=0.528, Am5,=2.509x10°eV*/c*, § ,=-n/2

5CP

Statistics only

-------------- Improved syst. (v /v, xsec. error 2.7%)
........................... T2K 2020 syst. (v/V, xsec. error 4.9%)
B I“ | | | | | | | | | | | | | | | | .F i._
- ! ! ! | ! II| llll ! s Qi A A ~ ! ! ! | |:
(9.46 0.48 0.5 0.52 0.54 0.56
. 2
Hyper-K preliminary SIN“0,4

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

sin” 05,

Statistics only

-------------- Improved syst. (v /v, xsec. error 2.7%)

--------------------------- T2K 2020 syst. (v /v, xsec. error 4.9%)
NX 25 I_ I | “‘ | | | | | | | | | | | | | | | | I: | |
< , : .
20 :— """"""" "\'" """"""""""""""""""""""""""""""""""""""""""""""""""""""""" '.s".' """""""" —:
15 :_‘ ......................................................................................... S _:
o] ee— N o R — -
5_ S Ao -

0 I R . & 1 . dx10°
2.46 2.48 2.5 2.52 2.54 2.56

2 2, 4
Hyper-K preliminary A M3, (eV/c™)

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

y)
Am32

We estimate the resolution by taking the width of the curves at Ay? = 1

=,

34 Claire Dalmazzone - reunion hebdomadaire du LPNHE ! nt
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HK sensitivity studies

Results

——  Statistics only

------ e--::=+  |Improved syst. (v /v, xsec. error 2.7%)

............ e T2K 2020 syst. (v /v, xsec. error 4.9%)
/U? 50 | | | | |
o)
o -
D 40—
S
S30F
C [
o B
5 20F
©
0 10

OO 2 4 6 8 10
Hyper-K preliminary HK years (2.7x10°' POT 1:3 v¥)

True normal ordering (known)
sin°0,,=0.0218+0.0007, sin°0,,=0.528, Am5,=2.509x10’eV*/c*

—— Statistics only

------ e--===:  |mproved syst.
------------ o T2K syst.
30 B | | | I | | | | | | | | | | | | | | i
o5
© 20F
Otﬁo 1555_
< -
CCD 10 =
S sf
(4] u i
19 : | | | I | | | | | | | | | | | | | | | I | ]
0 > 4 6 8 10
Hyper-K preliminary HK Years (27)(1 021 POT 1:3 VZV)

True normal ordering (known)
sin°0,,=0.0218+0.0007, sin°0,,=0.528, Am5,=2.509x10eV*/c*, 8 ,=-1.601

).i;_ Bh U

»” ;l
)7;&'\ "°
326y,

cedn
o«
- -
-
-«
- “
B
N 4
. B
' e B
5 —. .
“ams

B
.
~~~~~~

...... Hyper-Kamiokande

——  Statistics only
----- <---:= Improved syst. (v /v, xsec. error 2.7%)
1073 L L S T2K 2020 syst. (v /v, xsec. error 4.9%)

8 35 : | ‘,,, | I | | | | | | | | | | | | | | | I | :
(\I® u —6
e 1 2

I T 35
O ]
S e
() N
,Q W -3
"rauag -
................................................................................................................................. —..... 2
------------------------------------------------------------------------------------------------------------------------------------------------ 31
O ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] : O
2 4 6 8 10
Hyper-K pre||m|nary HK YearS (27)(1 021 POT 1 3 'VV)

True normal ordering (known)
sin°0,,=0.0218+0.0007, sin°0,,=0.528, Am3,=2.509x10°eV*/c*, 8 ,=-1.601

(%)

2
32

error on Am

- 2
1o error on sin“0,, (%)

=,
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Plan to reduce systematics

Example: v,/v, cross-section ratio uncertainty

This measurement is challenging as

- the v, /v, contamination of the
— ND280 U de with pre- d ity (54% .
______ ND280 Uperadie with 1005 ooy T 4% beam is very low (few percents)
—— ND280 Upgrade ++ with pre-upgrade purity (54%)

20—\ =----- ND280 Upgrade ++ with 100% purity

15 A

With only ND280 upgrade, could

reach a ~7.5% uncertainty or
below with the upgrade ++

10 -

v,/U, xsec ratio uncertainty (%)

Work in progress Estimation of ND280 constraint on o(v,)/o(U,) with
° 2 4 6 8 10 upgrade or upgrade ++ mass, pre-upgrade efficiency
HK Years (2.7E21 POT 1:3 v:D) and pre-upgrade or 100% purity.

Claire Dalmazzone, NNN23, Procida (ltaly)



Plan to reduce systematics

Example: v,/v, cross-section ratio uncertainty

peE I8¢ Hyper-K Work in Progress‘
X 16 Statistics only fE—
Wth | IWCD Id h N3 70/ < [ mmmmmee. Improved syst. (v /V, xsec. err. 2.7% timate usi
| on y , COU reacn a - 0 e 14:— - - IWCD constraint fv e_/Ve XSec. err. eso':;j |\e/\/léjS[|)ng
uncertainty g 12;_ -------------- T2K 2018 syst. (v /V, xsec. err. 4.9% constraints
= 0 A N N
= He R LA T e
o 8
e e Y /s
With ND280 upgrade (++) and IWCD, g
: : | -
the goal Is to go below 3% uncertainty S VAR U A
after 10 years of HK-LBL i F N,
= -3 -2 -1 0 1 2 3
. True dp

Significance level to exclude the CP-conserving values
(0 and %) of Op after 10 years with HK.

Claire Dalmazzone, NNN23, Procida (ltaly) 37 * See ref. 4 for more details
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Timing distribution e

Equipment characterisation

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

e

38 Claire Dalmazzone - réunion hebdomadaire du LPNHE ' ! nt
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Timing distribution

Equipment characterisation

The ASD o(7) can then be plotted as function of 7. The dependency in 7 depends on the type of noise in the signal.

Allan standard deviations of free Rb clock and GPS signals @ LPNHE

10-114 + -+ Free Rb @ LPNHE 0
] @~ GNSS @ LPNHE Fro:;];:_(;'le S
I
© 10-12
910
< 3 ] +
= Phase white +
Q noise T n
g 10—13 —I_ + +
2 Frequency
Frequency random walk
white noise
1014+
O O \O AQ O

Averaging time tin s

39

The Rubidium signal is more stable than the
GNSS at short term but gets worse at long
term because of the frequency random walk.

Need to correct the long term instability due
to the frequency random walk

From Lucile’s

thesis

Claire Dalmazzone - réeunion hebdomadaire du LPNHE ' I-f
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Timing distribution

Rubidium clock signal correction

The frequency random walk leads to a polynomial time

dependency of the time differences between the Rb and
the GNSS PPS:

j i 2 :th
te, — tongg = A X 17+ b X t; + ¢ for i™ measurement
So one can regularly fit Az, ;nes(?) and correct:
j _ i 2

Measurement in progress to try the correction with
experimental data.

40
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< Hyper-Kamiokande

simulated Rb
simulated GNSS
simulated Rb corrected every 500s

simulated Rb corrected every 10000s
simulated Rb corrected every 500000s

10° 101 10° 103 104 10°

averaging time tau (s)

P

Claire Dalmazzone - réeunion hebdomadaire du LPNHE '
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NAG61/SHINE

2022 replica target data calibration

Done:

 BPDs relative alignment

Time stamp calibration

TPC position calibration
Drift velocity calibration

MC simulation

41

e
- -.‘é

To be done:

 TPC alignment with
other detectors

* (Gain (or dEdx)
calibration in TPCs

e TOF calibration

 Data analysis

N

Claire Dalmazzone - réunion hebdomadaire du LPNHE -+BALLY
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NAG1/SHINE U< Hyper-Kamiokande

BPD alignment: done

Beam Position Detectors: three detectors along beam line that allow to reconstruct the beam particle tracks
(essential to match with the interaction vertex in the target).

The three detectors have to be aligned!!

A special run was taken with two additional detectors (Delay Wire
Chambers) along the beam line.
Idea: if we aligh each BPD with the two DWCs, then the BPDs will be

aligned together.

R 3 degrees of freedom for each detector i:

X e Shift in X: AX,
. Shift in Y: AY;
» Rotation around beam direction: 0,

GEM-BPD

N

42 Claire Dalmazzone - réeunion hebdomadaire du LPNHE '
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NAG61/SHINE

BPD alignment: done

The “misalignment parameters” are extracted by comparing the
extrapolated and measured beam hits position at each BPD

A

Particle trajectory extrapolated

xoxt xextr exir __ with DWGs hits
V4
GEM BPD | tan#, [x10°] AX [pm] AY [um]
upstream 0.56 —3.7 5.5
DWC 1 BPD 1 BPD 2 BPD 3 DWC 2 middle _0.22 1.9 209
downstream 0.43 —3.0 4.8

Residual “misalignment” between each BPD and the two others after correction

N

43 Claire Dalmazzone - réunion hebdomadaire du LPNHE - N E
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N A61 / SH I N E N Hyper-Kamiokande

Drift velocity calibration: ongoing

The y position of clusters in the TPCs is extracted from the measured drift time:

Quantities to = Vi X(li...—1n) + Position offset
calibrate y d”ﬁ ( d”ﬁ O) yO (TPC position)
. . Time offset
Drift velocity (cable length)
GRC

— real track
* * + believed cluster position
----- extrapolated reco. track

to™ Varif
i 1. Ay against y gives v;5¢ 2. Ay against v, gives 1y
Yo -
(Segmented in y) Ay = (Vdrift/vctl%; — 1) @- (yo )( (t() — téme) _ Vdrift/vctl%ft X yérue

lrue

3. Residual Ay gives y,

N
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NAG61/SHINE

2022 replica target data analysis

Once data is calibrated, move on to analysis. Once again, many steps needed:

wn
I
.

a/p/ |/ k | §prid

e Track selection (beam+TPC)

dE/dx [MIP]

e Particle Identification: use dedx in TPC

— 10

* Uncertainties estimation I
-10? 10 -1 1 10 10°
q x p [GeVic]

* Corrections using MC

e Etc.

lllustration of the PID technique using dEdx

45 Claire Dalmazzone - réunion hebdomadaire du LPNHE ! Vi1 L
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