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The Landscape of Neutrino Physics

e Most abundant known massive particles. Span a HUGE energy range.
e Crucial in nuclear physics, astrophysics and cosmology.
e Tiny cross section — poorly known compared to other SM fermions.
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https://arxiv.org/abs/1401.6077

The Landscape of Neutrino Physics 3 Hyper-Kamiokande

e Most abundant known massive particles. Span a HUGE energy range.
e Crucial in nuclear physics, astrophysics and cosmology.
e Tiny cross section — poorly known compared to other SM fermions.
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Neutrino Oscillations in a Nutshell

J < Hyper-Kamiokande

Neutrinos interact as weak states (7, Vys v,) , but propagate as mass states (vy, 15, 3).

(v, (1 0 0) ( C13 0 S13€_i5CP\ (¢, s 0) (v
U:“ — O 623 S23 O 1 O _S12 C12 O * I/2
— ] 1%
\"7) \O 923 €23 \—S13615CP 0 3 ) L O 1) 3
c;j = o8 0;; S = sin Ql-j
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Neutrino Oscillations in a Nutshell

Neutrinos interact as weak states (7, Vys v,) , but propagate as mass states (vy, 15, 3).

(v, (1 0 0) ( C13 0 s13e_"5CP\ (¢, s 0) (v
U/’l — O C23 S23 * O 1 O * _S12 C12 O I/2
r) 0 =i oe3) | —spe®r 00 3 ) L0 0 1) B3

c;j = cos 0;; s;; = sin Ql-j

Flavor eigenstates evolve in time cyclically, with a frequency that depends on E/L.

Two neutrino approximation
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Disappearance Appearance

+ Look for decrease in neutrino flux. + Look for increase in neutrino flux.
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Neutrino Oscillations in a Nutshell 56 Hyver-Kamiokande

Neutrinos interact as weak states (7, Vys v,) , but propagate as mass states (vy, 15, 3).

(v, (1 0 0) ( 13 0 s13e_i5CP\ (¢, s 0) (v

U:“ — O 623 S23 * O 1 O N M Sl 2) Cl ) 0 * ]/2

\UT) \O _S23 C23) \_Sl3ei5CP 0 C13 ) \ 0 0 1) %)

c;j = o8 0;; S = sin Ql-j
2 2

Accelerator Solar

Different experiments have different typical L/E, allowing to explore different sets of parameters
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Current Knowledge & Challenges

Entering in the era of precision v measurements
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623 : 5.1% [27%]

013 : 2.9% [9.0%)
Scp : 39%[100%]  |Am3,| : 2.2% [6.7%)
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https://arxiv.org/pdfi2007.14792 pdf
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Entering in the era of precision v measurements

v, (1 0 0 C13 0 Sl3e_i5CP\ ( Cln  Spo 0) Uy

I/,u — O 623 S23 : O 1 O 1 Sl ) Cl ) O : I/2

Vr \0 —923 (23 —s13e’5CP 0 3 )\ 0 0 1) b3
023 : 5.1% [27%] 013 : 2.9% [9.0%) 012 : 4.6% [14%]

Scp : 39%[100%] |Am3,| : 2.2% [6.7%]  Am2, : 5.5% [16%)]
https://arxiv.org/pdfi2007.14792 pdf
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Current Knowledge & Challenges

Entering in the era of precision v measurements
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623 : 5.1% [27%)] 013 : 2.9% [9.0%) 012 : 4.6% [14%]
Scp : 39%[100%] |Am3,| : 2.2% [6.7%]  Am2, : 5.5% [16%)]
https://arxiv.org/pdfi2007.14792 pdf
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Current Knowledge & Challenges

Entering in the era of precision v measurements

v, (1 0 0) Cl3 0 S13€_i5CP\ (¢ Spy 0) Uy

Ll =10 ¢35 s3]- 0 1 0 | =58, ¢, Of-]|%2

Ve \0 =53 c3) | =513 0 ¢ J Lo o 1, Y3
023 : 5.1% [27%] 613 : 2.9% [9.0%) 612 : 4.6% [14%)]

Scp : 39%[100%] |Am3,| : 2.2% [6.7%]  Am2, : 5.5% [16%]
https://arxiv.org/pdfi2007.14792 pdf

Are neutrino oscillations CP-violating?

CP violating phase (dcp) — CP symmetric
can take a value between -180° and 180° \" (No neutrino-antineutrino difference)

o
°

; Disfavored
=90 = region at
the 30 C.L.

Enhance electron
antineutrino appearance

Enhance electron neutrino
appearance

Image Credit: T2K International Collaboration —A « CP symmetric
(No neutrino-antineutrino difference)
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Hyper-Kamiokande
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Hyper-Kamiokande
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Existing Experiments Yol

Atmospherlc : I/ _
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Existing Experiments

Near Detectors
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The Hyper-Kamiokande Experiment 5

Hyper- Kamiokande

Atmosphemc : I/ _

Hyper-Kamiokande

e Extremely broad
physics program

combining and

extending capabilities

of SK and T2K Intermediate
— | Detector
IWCD

"‘ KR A0 RS
[ &
O _/S-PRRC

César Jesiis-Valls | Future neutrino physics with Hyper-Kamiokande | 28th May 2024



g ”.1/\1\1 1
L h o \l“u 'u\ (!

Dome Center Reached

2024

Started PMT production

Beam Power of Main Ring [kW]
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Beam J< Hyper-Kamiokande
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The role of the near detectors - Hyper-Kamiokande

Event rate prediction
Oscillation probability Neutrino flux

NZ(E) = P(v, = vg) X o(E,) X D (E) X e(E)

Interaction cross-section Detector efficiency

In the near detector
We get to learn about

P, — vp ~1 o(E)X D (E)Xc(E)
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The role of the near detectors < Hyper-Kamiokande

Event rate prediction

Oscillation probability Neutrino flux
exp _
N7H(E,) = Py, = vp) X o(E) X D (E) X e(E)
Interaction cross-section Detector efficiency

In the near detector
We get to learn about

P, — vp ~1 o(E)X D (E)Xc(E)

Uncertainties in T2K (arXiv:2101.03779)

Total syst uncertainty on neutrino mode 1R events at SK

1-Ring p 1-Ring e o B
Error source FHC RHC FHC RHC ¢ FHC/puc E 251 % D
SK Detector 24 20 28 38 132 15 @ [ ~ Pre-N
s P\ ) ) / 5 ool %g _
Flux + Xsec (ND constrained 3.3 2.9 3.2 3.1 4.1 2.7 - . %/ Post-ND
Nucleon Removal Energy 2.4 1.7 7.1 3.7 3.0 3.6 B ' % -
o(ve)/o(e) 0.0 0.0 2.6 1.5 2.6 3.0 5 SN
NC1~y 0.0 0.0 1.1 2.6 0.3 1.5 B ’
NC Other 0.3 0.3 0.2 0.3 1.0 0.2 - NS §§ 7@22
sin® 63 + Am3; 0.0 0.0 0.5 0.3 0.5 2.0 10— S Z NN %2
sin” 613 PDG2018 0.0 0.0 26 24 26 11 - = SSSSSSE \%?%
All Systematics 5.1 4.5 8.8 7.1 18.4 6.0 B s s*;;\\% ' __
°F B ERm=SSSSS
. . B S
Only possible thanks to ND constraint: - Flux + Xsec uncertainty 15%—3%
B 1 1 1 | IIIIIIIIIIIIIIIIIIIIIII I 1
Flux + Xsec (ND unconstrained) 14.3 11.8 15.1 12.2 12.0 1.2 % 0.2 0.4 0.6 0.8 1 1.2 1.4
Reconstructed Neutrino Energy [GeV]
. Phys.Rev.D 103 (2021) 1, LO11101 - e-Print: 2008.07921
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Near Detectors

ND280

e Main near detector, has been

crucial for T2K.

e Detailed measurements of
neutrino interactions in plastic
and water.

e ~2(0 neutrino cross section

publications in the last decade.

INGRID . .
e Magnetized detector with
¢ Beam Direction, excellent PID and angular
Intensity and Stability. coverage.

WGBM

® New detector, collecting most
of its data recently.

e Meant to complement ND280:
Additional plastic and water
targets at different off-axis.

e Magnetized detector with high

forward acceptance.

e Hosts water-based nuclear
emulsion NINJA experiment.

César Jests-Valls | Future neutrino physics with Hyper-Kamiokande
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https://indico.cern.ch/event/949705/contributions/4555626/attachments/2371284/4049864/IWCD_Lepton_Photon_Jan2022.pdf

Hyper-K Far Detector R&D

o Hyper-Kamiokande

e 20k 50cm PMTs with 2.6ns time e 8 cm PMTs+WLS for OD

e mPMTs with 19 8cm PMTs: Direction information

+ improved spatial and timing resolution.
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Accelerator Neutrino Physics -

—  Statistics only
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Number of events

Far Detector, v mode, 1-ring u-like
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MaSS Orderlng vid Am23 . .fz.Hyper-Kamiokande

Hyper-Kamiokande JUNO
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Mass Ordering via Beam + Cosmics - Hyver-Kamiokande

e T2K + SK joint fit has recently shown great improvement by combining beam and

atmospheric neutrinos.

e This will be a usual practice in Hyper-Kamiokande.

e-Print: 2405.12488
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Neutrino Astrophysics

40. NMO] — Couch e Very rich SN physics if we get lucky.
—— Nakazato
351 —— Tamborra
— Totani . . . .
=3 o an | Exceptional data quality and statistics at HK.
o,
%25' e Great complementarity with other experiments
= 201 NN
1= Ap~> (JUNO, DUNE, IceCube).
T 151
Q
10- ~~ 2 P
> o
> @Q’\C% §q‘} os,\\
S
100 200 300 400 500 - >
time [ms] =
QN
N
o
~
Reconstructed Model _fe
Inverted | Couch Nakazato Tamborra Totani Vartanyan 5
<  Couch 99.9 0.1 0.0 0.0 0.0 d>)
T Nakazato 00  100.0 00 00 0.0
% Tamborra 0.0 0.0 97.4 0.1 2.5
=  Totani 0.0 0.0 0.0 100.0 0.0
ﬁ Vartanyan 0.0 0.0 0.8 0.0 99.2
1 | |||||||’ | |||||||| | |I||||||

Astrophys.J. 916 (2021) 1, 15 + e-Print: 2101.05269

07 1 10 10> 10°
distance (kpc)

César Jesus-Valls

Future neutrino physics with Hyper-Kamiokande | 28th May 2024

18


https://arxiv.org/abs/2101.05269

Proton Decay
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Solar Neutrinos
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Summa ry /7‘ Hyper-Kamiokande

e Hyper-Kamiokande is the next-generation neutrino experiment in Japan.
e 258 kton water Cherenkov detector.

* 1.3MW neutrino (or antineutrino) beam from JPARC.

® Greatly upgraded and additional near detectors.

e Currently under construction, operation scheduled for 2027 and goes according to

plan.
 [ntense R&D program ongoing for all HK detectors.

® [ncredibly rich physics program:
e Neutrino oscillations: CP violation, Am223, 0,5, mass ordering.
® Neutrino astrophysics: Supernova bursts, solar neutrinos, relic neutrinos.

* Proton decay limits extended by an order of magnitude.

e New COH&bOI‘&tOI”S are Welcome!
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T2K OA results e-Print: 2303.03222

Selection | Topology | Target || Eff. (%) | Pur. (%)
or FGDI1 48.0 71.3
FGD2 48.0 68.2
i vemode = FGD1 29.0 525
p V- FGD2 24.0 51.3
FGDI1 30.0 714
Other | popy 30.0 712
or FGD1 70.0 74.5
FGD2 69.0 727
I - FGDI1 193 454
Vu in vV-mode 1z FGD2 | 172 41.0
EGD1 265 263
Other | £apy 252 26.0
or EGD1 60.3 55.9
FGD2 60.3 52.8
o N FGDI1 30.3 444
vy in v-mode 1 FGD2 26.0 44.8
FGD1 274 633
Other | £opy 27.1 69.5
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V.. in v-mode
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v, inv-mode
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