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Probing the Foundations of the Standard Model

e Hyper-K Observation Target
* One big question: Where will the Standard . i
Model first crack? - E

» Two complementary approaches: precision
pion decays & gigaton-scale neutrino

detection.
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Why Look Beyond the Standard Model?

* Neutrino mass, dark matter, matter-antimatter asymmetry —
SM incomplete.

* Need both high precision and high mass experiments.

« Experimental sensitivity to new couplings rises with
accessible energy scale, while pinpointing where PIENu (and
Pioneer), muon g-2, Hyper-K, and the LHC sit along that
frontier

Precision Frontier

The Structure of the
Higgs Mechanism

- -

YES NO
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Experimental sensitivity to new couplings

PiENu
MeV GeV TeV




Experimental Dialectic

 Tabletop precision 2 monumental scale.
» Each tests different couplings & energy regimes.
« Combined, they constrain a wider slice of parameter space.

Experiment Physical Typical Sensitivity Lever Flagship Example New-Physics Handles
Scale Detector Observables
Mass /
Footprint
PiENu and Bench-top ~1tof Fractional-percent MT—evvVvsT— | Scalar / tensor couplings,
PIONEER spectromete  scintillator precision v branching ratio charged-Higgs or leptoquarks
r=3m + Nal/Csl AR _e/uy=0.1 % for that violate lepton universality

long, 1 m?3) calorimetry PIENU and 0.01 %
for PIONEER (theory

level)
Hyper-Kamio Mountain-sc 260 kt Rare-event reach V_J—oVv_e Leptonic CP violation,
kande ale cavern ultrapure (p—em>10%y; oscillations, proton  baryon-number violation, minimal
(71 m x 68 water, 40k & CPat5o0) decay, super-nova  SUSY-GUT, sterile-v models
m) PMTs v burst
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PIENU measurement status & Goal of Phase I in PIONEER (2026-2031)

 I(r—>ev+rm—>evy)
['(r > puv+m— uvy)
= (1.23534 £0.00015) x 107 (£0.012%) (SM) D

elu

= (1.2327 £0.0023) x 107* (+0.187%) (PDG exp.) ﬁ

R_e/u is one of the most precisely known observables involving quarks
in the SM: V. Cirigliano and I. Rosell, JHEP, 0710:005, 2007

PIENU is a precision experiment on observables that can be very
accurately calculated in the SM highly sensitive to New Physics and
Lepton Flavor Universality (LFU)tests.

PDG average dominated by the PIENU result (0.24% precision) in 2015
based on partial data set (~¥10% of full statistics). Final PIENU data
analysis with full data 6M pi->enu events is targeting 0.1% precision.

Improved Measurement of the m — er Branching Ratio

A. Aguilar-Arevalo et al. (PIENU Collaboration)
Phys. Rev. Lett. 115, 071801 — Published 13 August 2015
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In 2019, a PIENU blinded result (S. Cuen PhD thesis) became
available reaching 0.12% precision in R_e/u:
https://dx.doi.org/10.14288/1.0378447

x 15

Currently a PhD student from UNAM (I. Ortega) is working with
PIENU collaboration to unblind the full and final PIENU result.

PIONEER Phase 1 goal is to capture 200M pi->enu events to
reach 0.01% precision to reach SM theory precision.

Current Expt. Avg.
@ Rey [Exp.]
& Reyy [SM]
® oy [Soak 0.01%] - Goal of PIONEER
1.2131 1.2'32 1.2'33 1.2'34 1.2‘35
Rey*10%

PIONEER proposal: arxiv:2203.01981



https://dx.doi.org/10.14288/1.0378447
https://cds.cern.ch/record/2824583/files/2203.01981.pdf

Deviations from the SM prediction may imply:

a violation of lepton universality, which is NOT a SM hypothesis, it is a consequence of gauge theory of SM (Lagrangian invariant to
local transformations, i.e. Lie Groups) meaning that electrons and muons have the same weak interactions.

Heavy neutrinos lighter than the pion: R. E. Shrock. General Theory of Weak Leptonic and Semileptonic Decays. 1. Leptonic
Pseudoscalar Meson Decays, with Associated Tests For, and Bounds on, Neutrino Masses and Lepton Mixing. Phys. Rev., D24:1232,
1981;

and the presence of new physics beyond the SM, such as new pseudo-scalar interactions, i.e.,

R-parity violating supersymmetry: M. J. Ramsey-Musolf, S. Su, and S. Tulin. Pion Leptonic Decays and Supersymmetry.
Phys. Rev., D, (2007).

Leptoquarks: M. Leurer. A Comprehensive study of leptoquark bounds. Phys. Rev., D (1994)

Charged Higgs bosons & the existence of a new pseudo-scalar interaction with an energy scale up to O(1000 TeV),
which would enhance the branching ratio by 0(0.1%): D. A. Bryman, W. J. Marciano, R. Tschirhart and T. Yamanaka. Rare
kaon and pion decays: Incisive probes for new physics beyond the standard model. Annual Review of Nuclear and Particle
Science, 61:331-354, 2011.

fu e+,
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How to access LFU experimentally?

° Vector-Axial (helicity suppression) gives the first order R

2
RO — I'roe _ q_gmg m721' - m? (2.10)
™ T — a2 e N —and : :

T—r L gﬂ I s M

° In 2007, Cirigliano and Rosell recalculated the corrections using
Chiral Perturbation Theory (ChPT). ChPT uses a low-energy
effective field theory for QCD, allowing for strong interaction
calculations. ChPT enabled a power series solution for the
radiative corrections

R = Rg [1 FDap + A G+ Ry + ] 14+ Arr]. (212)

° Going back to Eq. 2.10, we could introduce the hypothesis that the

gy/ge

>l e ———————— 1.0017 £ 0.0016
T T T |
-l tse I PIENU —— 1.0010 + 0.0009
 — — ———— ]
Koy | Koe | —— oo 0.9978 £ 0.0018
Ko | K- e —— e 1.0009 £ 0.0018
Wopul/ W-e -9 1.0009 % 0.0030
Average —_—— 1.0007 £ 0.0007
0.996 0.998 1.000 1.002 1.004
9.9,

e/ y-se - 1.0011 £ 0.0014
=70/ tep b 0.9964 + 0.0038
K/ K->y | ——— 0.9857 £ 0.0078

Wor/W-py @ 1.0011 £ 0.0101
Average i 1.0001 £ 0.0013

coupling constants are different for each generation (g=g e=g p
= g_71) and then the branching ratio expression becomes

0.980 0.985 0.990 0.995 1.000 1.005 1.010

5 g-9.

R;?l\’l — (q—“> R, (2.14) | pe —— 1.0028 £ 0.0015
g

‘ \ Wort/ Woe ® 1.0077 £ 0.0120
8

£ = 1.0010 = 0.0009 (£0.09%) Average — 8 1.0029 £ 0.0015
8e

1000  1.005  1.010 1015  1.020

° PIENU has the best LFU test measurement so far...
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Example of massive neutrino search in PIENU Neutrino mixing matrix element

o~ {
'6/> 90% C.L. upper limit
- |

at = etve
+ Previous limits

107
T ety -
Decay Positron Energy [
If the heavy neutrino mass is My= 60~130 MeV /2 |
additional low energy positron peak can be detected in New limits Factor 4 improvement
the m+ — e*spectrum e e~y vy
f 10°"50"60 70 80 90 100 110 120 130
Neutrino mass (MeV/c?)
R.E Shrock Phys.Rev.D 24, 1252 (1981),
s More recent and stronger bounds provided by PIENU :
Kinematic factor
_ 3+krr PRD 97.072012 (2018)
R — ﬂ = |Uei2pei ) ve = 2,07 Univi PLB 798 (2019) 134980 [in 71 — v decay]

['(r — ey
(m ) L= € Wy Ty X5 X2 XK
Comprehensive constraints on sterile neutrinos in the MeV to GeV mass
range

D. A. Bryman and R. Shrock, Phys. Rev. D 100, 073011

Conventional v
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Heavy Neutral Leptons with coupling to the first lepton generation
0_2 Electron\coupling dominane: U0 = l:O:(L

Q_ \
R K
= 10 DELPH |
10~ ATLAS
CMS
107°
1077 s\ o, BESHEE g
2-spectro| netcrs (solid)
-1 L
10
9 HlP 2x10” pot
10_ S 0tltlctrid ?vitﬁ‘ﬁ gfpper limit)
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Asli M. Abdullahi et al. “The Present and Future Status of Heavy Neutral Leptons”. 2022 Snowmass Summer Study. Mar. 2022. arXiv: 2203.08039 [hep-ph]
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R.,;, measurement strategy

W+

Al

m,+ = 139.6 MeV
T+ = 26ns
The pion stops in the target and decays
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Counts

69
Positron Energy [MeV]
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R.,, measurement strategy

Counts

m,+ = 139.6MeV

my,+ = 105.7MeV
53 69
Positron Energy [MeV]

T+ = 2.2Us
The pion stops in the target and decays

Then the muon stops in the target and decays
11

Saul Cuen - April/2025



Facing experimental reality
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Guiding principles to the design of the experiment:
1. Collect very large datasets of rare pion decays
2. Tail must be less than 1% of total signal
3. Tail must be measured with a precision of 1%
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Calorimeter design

101
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n-e

03+ Total Spectrum
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107

1077

10~
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Guiding principles to the design of the experiment:
1. Collect very large datasets of rare pion decays
2. Tail must be less than 1% of total signal — calorimeter design
3. Tail must be measured with a precision of 1%
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Calorimeter design

1071t
° — n-ou-e
o — n-e
= [ R e e e E— — I I Total Spectrum
S
c
o
10-5

e

= E—p—e = 7 — ev signal
o events L
Gui il -
1 _ l
At least 2% for positrons
2. with 70 MeV/c momentum
3. Tail must be measured with a precision of 1% At least 19 radiation length (Xo),

Large solid angle (~31 steradians)
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PIENU at &2 TRIUMF
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TRIUMF’s M13 beamline

TRIUMF Cyclotron:
¥ 500MeV proton beam

w7 horizontal st (FOSL) & - 3-Dipoles Beamline
B2 28Rl jaws (FOJA) :::x’;::;:ﬁ EXT EI‘I SION - 10 Quadrupoles
Y - Separation:
orizontal slit (F1SL) Energy-loss
gkl Collimator
- Positron

Contamination <1%
A, - dp/p ~ 1.5% FWHM
@

Monolithic Nal(Tl) crystal
surrounded by 97 pure
Csl crystals

Beam Wire

horizontal slit (F2SL) 2 Chamber

. A Aguilar-Arevalo et al.: Nucl. Instr. Meth.A621, 188 (2010)

60 kHz pions @ 75 MeV/c
m:u:e=85:14:1

Nuclear Instruments and Methods in Physics ~ |*
Research Section A: Accelerators, Spectrometers,

ELSEVIER Detectors and Associated Equipment
Volume 791, 11 August 2015, Pages 38-46

«— 7

Silicon Trackers

Detector for measuring the 7© — e* v, branching
fraction

A.A. Aguilar-Arevalo 2, M. Aoki °, M. B!

,L.Doria? & &, P. Gumplinger ¢,

D. vom Bruch ® %, D. Bryman ¢, ). Comfort , S. Cuen-Rochin ¢

Y. Igarashi & N. Ito %, S. Ito &, S.H. Kettell ", L. Kurchaninov ¢

hke ¢, A. Muroi ®, T. Numao 9 ...M. Yoshida b * Acceptance

Wire Chamber
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The PIENU Detector

Single crystal Nal(Tl) right behind the target
Geometrical Acceptance: 20% of 41T
AE = 2.2%(FWHM)

10 |
Csl ring shower collector .
tail suppression
gamma from radiative decay 1+ Beam

SSD and WC for particle tracking
|dentify r-DIF events in the 1re2 tail region

Flash-ADC readout for all counters
Plastic Scintillator: 500MHz FADC
Nal(Tl) and Csl: 60MHz FADC
Pile-up tagging

Saul Cuen - April/2025

Nal(TI)
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PIENU Exp. Technique

U 4 MeV
(Range:~1mm)

J A
0 V \(—: i

69:8VeV 0~52.3MeV

Calorimeter

Target Energy (MC)

nm—u—e
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Quentin Buat (University of Washington) — Jan 9, 2025

Introducing pp+=EER

Reyjp=T(m—ev(y)) +I'(m = uv(y))

19



Quentin Buat (University of Washington) — Jan 9, 2025

Pioneer at PSI

Gorzéw.
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e :
Blrmlggham o Pt . o) @,) in
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o .
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.7 beamlines for particle

physics and material science
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590 MeV cyclotron K1 . Proton therapy B

Dijon Basel )A‘L,)""\_ £/ 7/ 24mA 1.4MW | W
Liechtenste 50 MHz _("
Switzerland /

Olausanne k\‘ .
Spallation source for i o uxeq,.-

ultracold neutrons
nEDM experiment

Raul Scherrer Instit

Genevav”
t-Ferrand  Lyon
o o

Guiding principles to the design of the experiment:
1. Collect very large datasets of rare pion decays (2e8 7+ — e+ve during Phase |)
2. Tail must be less than 1% of total signal
3. Tail must be measured with a precision of 1%
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Quentin Buat (University of Washington) — Jan 9, 2025

Vud extraction from pion decays

nt - % v, measurement

R = F(rt - nle*v,)
T Tt > all)

- }/ - World average E
-« Theory (90% CL) 1
B Goal: 0.1% i
Y !
\\\4 PRL 93, 181803 (2004) Il i
=
BPHSDEER | §
mq+ = 139.6 MeV 1.030 1.032 1.034 1.036 1.038 1.040 1.042
mpo = 135.0MeV Rng X 108
.0 = 0.084f

Ryp[Exp] = 1.036(0.006) x 1078
Two back-to-back photons

. =0.97386(283
Very low energy positron ud (283)

21



Quentin Buat (University of Washington) — Jan 9, 2025

Vud extraction from pion decays
PIONEER vs other probes

1D projection

0.228 . ‘Ciriglivano th al,' PLB 838 (,2023),13,774%
: | PIONEER vs neutron/nuclei
3 0.977 | , .
> C ]
0.976 =
0.226 E .
0.975 = =
= =
0.974 3 + ® b 63
S 0.224 0.973;— —
22 i 0.972F ..... Q- PIONEER Phase Il —
Eoeeeee @-eens PIONEER Phase Ill ]
0.222 0.971 = V,q from unitarity with V, =0.2233[5] (KI3 average) |
% C Vi frovfl unitarity with V“l = 0.22?0[4] (qu.N“dI meas.) ]
E 097 0*—0* Neutron Pion
0*-0*(0.030%) <

Neutron (0.050%) — Data Source

0_228 AAAAAAAAAAAAAAA A B .

960 0965 0970 0.975 Competitive probe with a
Vud completely different error budget

Great potential to verify the
observed discrepancy!
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Quentin Buat (University of Washington) — Jan 9, 2025

Calorimeter design

LYSO Crystals Liquid Xenon

Lutetium-yttrium oxyorthosilicate, Luz(1xY2xSiOs

120° Fid. volume
Pr—

15 cm inner radius
42 cm total radius

With a high-rate " beam, fast (~50ns) light collection is critical
23
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Calorimeter design

Technology down select

LXe single volume
Well established technology n)
from the MEG experiment (Lv

TRIUMF group leading the effort!

LYSO crystals

Test beam studies demonstrated 1.6% resolution
Simulations show segmentation is an asset

* Prototypes in preparation for both options

Quentin Buat (University of Washington) — Jan 9, 2025
CoF SiPM ~ Photomultipliers

.....

\spherical window assembly

Beesley, et al, arXiv:2409.14691
(submitted to NIMA)

LYSO test beam meas.

24



The ATAR
PIONEER’s heart

Saul Cuen - April/2025

Quentin Buat (University of Washington) — Jan 9, 2025
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The ATAR

Requirements

Thick and highly segmented target to stop the pion and measure the decay chain

f\:xo MIP
AMIP

yYrryyry

26 ns

Tn

m DAR — pu* DAR — e*

-
-

9 MIP

DAR = Decay At Rest

MIP = Minimum lonizing Particle

Quentin Buat (University of Washington) — Jan 9, 2025

Measure time, position, and energy

26



The ATAR

Requirements

Nanosecond precision,
micro-second length
signal

Saul Cuen - April/2025

Position

Muon from stopped pion

Ekin = 4.1 MeV
Travel in Silicon ~ 0.8
mm

Sub-millimeter
position resolution

Quentin Buat (University of Washington) — Jan 9, 2025

Positrons are MIPs
Muons / pions are ~100
MIPS

Large dynamic range
(1000) to see all particles

27
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Quentin Buat (University of Washington) — Jan 9, 2025

Low Gain Avalanche Diodes (LGADs)

Incoming particle Silicon Diodes:
p-n junction separated by
an intrinsic layer (undoped)

LGADs:
additional highly doped layer

Cathode
Ring

Avalanche generates a very high electric field
T B — avalanche effect
D;plqtion Th
egion
The signal amplification allows
for thin sensors and very good
K timing resolution
"""""" '"'-T - The gain mechanism saturates
N - for large energy deposit and

introduces an angle dependency
28
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Quentin Buat (University of Washington) — Jan 9, 2025

Sensor characterisation

Test beam campaigns in 2023 and 2024 at the University of
Washington using the CENPA tandem Van De Graaf
Accelerator

Goal: gain measurement with highly ionising particles

Critical for PIONEER to understand precisely the
energy response saturation for " and p*

29
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Quentin Buat (University of Washington) — Jan 9, 2025

Sensor characterisation

Gain measurements

Grad Student Jessie Yang

S

Sensors provided by multiple vendors (HPK, FBK and BNL)
selected to have low doping concentration (hence low gain) and/or shallow gain layer

2023 analysis (HPK) published (Braun et al., NIM A 1064 (2024) 169395),
2024 (FBK and BNL) analysis ongoing

Next milestone: select the optimal doping for PIONEER

30
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The ATAR
Toward first prototype

Current plan
Build first prototype
to take data at PSI in Fall 2026

Limited prototype
16 layers, 32 channels per layers
(full system has 48 layers with 100
channels per layer)

Goal is to have a first dataset of
pion or muon stopping data
before the 2027 PSI| shutdown

Quentin Buat (University of Washington) — Jan 9, 2025

ATAR 0.5
]

ATAR v0.5 boad

Sensors

Pion beam Calorimeter

Prototype

Final Target

31



Quentin Buat (University of Washington) — Jan 9, 2025

PIONEER Detector Prototyping

Very active R&D effort supported by simulations to aim
for data-taking circa ~2030

2024 2025 2026 2027 2028 2029 2030 2031 2032
LXe 100 L Active Tgt Test ~ Run-1 Run-2 Run-3 Run-4
R&D R&D Large Prototype  Major construction period Install J Phys Phys Phys
: : :
Fall 2026: demonstrator runs* Assembly: r

Commissioning

LXe prototype

Demonstrator
16-array LYSO
16 layers ATAR

Tracker?
R/, measurement
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PIONEER: Beam Requirements Consistent with nE5

Beam measurements proposed.
Phase [ 7 > ev:

nES G4Beamline Model

e Beam: 55 MeV/c ; A—p~2%; 3x10° Hz tn'w
p

*2x10" events in 3 "yrs"* — R, +0.01% 107 He
Beamline Position px (MeV/c)| =™ Rate
Phase Il 7" — 7w : QSBA3 55 63
A CALO Center 55 1.0
«7 Beam: O(85) MeV/c ; =2 ~3%; 107 Hz QSB43 B | s
p CALO Center 75 111

*7x10° events in 4 "yrs"* — R +0.2%

* 5 months/yr

Beamtime Request 2022
2 weeks for beam studies.
Slide from D Bryman (PSI 2022) o R

Saul Cuen - April/2025
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T—>ev: Estimated Uncertainties To be verified by simulations and

prototype measurements.

PIENU 2015 PIONEER Estimate

Error Source % %

Statistics 0.19 0.007

Tail Correction 0.12 ~0.01 (Calorimeter/ATAR)
to Correction 0.05 ~0.01 (ATAR timing/dE/dx)
Muon DIF 0.05 0.005 (ATAR)

Parameter Fitting 0.05 <0.01 (Calorimeter/ATAR)
Selection Cuts 0.04 0.01 (Calorimeter/ATAR)
Acceptance Correction 0.03 0.003 (Calorimeter)

Total Uncertainty* 0.24 < 0.01

* pion lifetime uncertainty not included

7t — 7'e*v: Estimated Uncertainties

PiBeta PIONEER (Phase Il)
Statistics 0.4% 0.1%
Systematics 0.4% <0.1% (ATAR (B), MC, Photonuclear, n>ev)
Total 0.64% 0.2%

Slide from D Bryman (PSI 2022)
Saul Cuen - April/2025



Hyper-Kamiokande Project

* The Hyper-Kamiokande project includes a far detector, a neutrino beam,
and a neutrino near detector complex
* Construct the Hyper-Kamiokande detector at Kamioka
* Upgrade the J-PARC neutrino beam
* Construct the Intermediate Water Cherenkov Detector (IWCD) at Tokai

INGRID

Hyper-Kamiokande detector S
(Far detector)

Saul Cuen - April/2025
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 Kamiokande (1983 - 1996)
* Atmospheric and solar neutrino “anomaly”
* Supernova 1987A
Birth of neutrino astrophysics

* Super-Kamiokande (1996 - ongoing)
* Proton decay: world best-limit ‘

* Neutrino oscillation (atm/solar/LBL) - | P& 1 190 kt fiducial mass

* All mixing angles and Am?s o L \ /.
Discovery of neutrino oscillations

Hyper—Kamlokande

PPy \,,' Su er-Ka }
e Hyper-Kamiokande (2027 -) Kam j" 22 gkt ;.du %

[
* Extended search for proton decay ,,g;; .' ‘

* Precision measurement of neutrino Lo

oscillation including CPV and MO By |
* Neutrino astrophysics W Nov *Prlzes can belg ;
Explore new physics oS Supe -Kaml0kande

g V[ "84 S A Lo

Saul Cuen - April/2025
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Hyper-K Observation Target

Nuetral-Current Interactions (NC)

The Sun in Neutrinos

Vet€ —Vete
£\ ;
N v+ N->v+ N

Solar neutrinos

~ Charged-Current Interactions (CC)
0

p—re +m Nucleon decay

vVe+n—>e +p
- 0
p—op +7

Ve+p—e€e +mn

T SV T o 7V o 2

T "B 7 — hadrons + v,
\C neutrino beam l )
HE
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N
N

S~

Oscillation Production

2 sz c13 0 sige™\ /1 0 o0 1 0 0 "
s12 €12 0 1 0 0 e sy 0 ea/2 0 N
-size™® 0 3 0 —sa3 €23 0 0 el vy

Experiment

1
o Y
o Cross section model # Reconstruct # Ev
= o(E,
< Oscillation e, 0,0+ 5CP
Parameters Am?Z, Ami, Am?
Luca Doria, JGU Mainz NuSTEC Workshop, Mar 2021

Saul Cuen - April/2025 38



Saul Cuen - April/2025

Hyper-K Target sensitivity

Physics category Parameters Sensitivity
LBL d precision 7-20°
(1.3MWx10years) CPV coverage (3/50) 16% [ B%
sin2623 error (for 0.5) +0.017
inati >3.8
ATMHLBL (10 ) MO determination o)
Octant determination (30) | [623-45°>2°
+no 1%1085
Proton Decay (20 years) [REREEN ) years
T forvK  (30) 3x10% years
i 8o/40
Solar (10 years) Day/Night (from 0/from KL)
Upturn >30
Burst (10kpc) 54k-90k
Supemova
Relic 70vs / 10 years
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Long-baseline program with the J-PARC neutrino beam

Experimental setup
* 2.5° off-axis v, and v, beam peaked at 0.6 GeV (oscillation maximum at 295km)

* Major interaction is QE: E,, determined from (p, 0) of charged lepton
* Measures CP violation in neutrinos by comparing P(v,, = v,) and P(v, = V)

neutrino anti-neutrino

L=295km, sin%2615=0.1 H L=295km, sin?20,5=0.1

* A few % statistical uncertainties after 10 years operation with >1000 v, and v, signals
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CP violation sensitivity

 Sensitivity CP violation with 1:3 v: v beam

Frorrprrrr T rr i Tt r ot

LA L Y I o

—
= [ True 8¢p =-m/2
< 10|~ 7] True 8¢p = -n/4
o B
< 8
2 N
B L
S L
(5} 6
(=]
Il r
—~ 4
o k
O =
“w
© -
g 2
172} -

Statistics only
— — — - Improved syst. (v /ve Xsec. error 2. 7%)

Illlll

Hyper-K preliminary
True normal ordering (known)

[ N R A"

HK Years (2.7E21 POT 1:3 v:v)

sin*(0 3) 0.0218 sin*(® 3) 0.528 |Am? J 2.509E-3 eV?3/c*

HK 10 years (2.70E22 POT 1:3 v:¥)

——— [ T T T T ‘ T T T T | T T T T | T T T | T T T T T T l ]
8, 16 _— Statistics only ]
< 1 4: ————— Improved syst. (v¢/Vexsec. error 2.7%) .
N o T2K 2018 syst. (ve/Ve xsec. error 4.9%) =
o 12
.2 -
2 10
2 o
5 8
< o
I 6F
a ,
£
= C
‘w 2F
|
=
Hyper-K preliminary T
rue o
True normal 01de11ng (known) Cp

sin*(0 ) 0.0218 sin*(0 g 0.528 |Am? L 2.509E-3 eV3/c*

* With systematics and known mass ordering (MQO): 2-3 years for 5c sensitivity to
exclude CP conservation for true § CP =-1/2.
After 10 years of operation, 60% of § CP values excluded at > 5¢
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Nucleon decay search

* Nucleon decay is evidence of Beyond Standard Model (BSM) and

Grand Unified Theories (GUT)
* Examples of proton decay sensitivity in two modes:

T T TTTIT

/B [years]

10%

——e— HK 186 kton HD , 3¢
——a— DUNE 40 kton, staged , 3c
o SK+SKGd 27 kton , 3¢

10*

Saul Cuen @ SILAFAE 2024
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2040

2030

1~10% years (30)

/B [years]

[HK]  arXiv:1805 04163
[DUNE] arXiv:2002.03005
[JUNO] arXiv:1508.07166

p—>VK*

PoIK
5
10°
T
: —o—

T

10%

10®

——a— JUNO 20 kton, 3¢ T

HK 186 kton HD , 3¢
DUNE 40 kton, staged , 3c
SK4SKGd 27 kton , 3 b

2040
Year

2030

1~3x10%* years (30)
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Neutrino astrophysics

* Hyper-K is designed to be sensitive to neutrinos with energies starting from a few MeV,
including time, energy and direction information. Unique role in multi-messenger observation

 Solar neutrinos: up-turn at vacuum-MSW transition, Day/Night asymmetry, hep neutrino
observation

* Supernova burst neutrinos: explosion mechanism, BH/NS formation, alert with ~1° pointing

* Supernova Relic Neutrinos (SRN): stellar collapse, nucleosynthesis and history of the universe

SRN rate Ca_lc_ulatlop fromFV and Ey,
Efficiency is not accounted

T semta ] Sou o 1 Baof— K
o7l ; g : gnpgr-K -4 150 s00 |- Energy = 10-20 MeV M e skad
ok 1~ | Up-tum i { 5 350E—— JUNO S
g Oat 4.5MeV threshold 400 | i 53005 7
fs o5F Oat 3.5MeV threshold , s ; ++‘ | & oo f— HK (BH 30%) /
& | + + H’ e F _ o,
3 300 , Tt bt pd g™ | 5 E— SK-Gd (BH30%) 7
2% +++**+i'#+rm+ TREL B200F__ jUNO (BH 30%)
03 - T f : N 200 . 2 51505‘
[ s v | ot ] Modulation induced by SASI | SN direction JooF-.
.2 = 2 : i o ds ; i ) [ =
b o R N | | statistical fluctuation in HK ~70k v's at 10kpc | &
L I T E— ST T s T T e 0 0 , : E i
sl ° 10 20 %09 400 500 0 023 03 o5 1 05585 2025 5030 203 3040 2048

Time [ms]

M. Maltoni et al., Phys. Eur. cos(0gy) Year

Phys. J. A52, 87 (2016)

Katsuki Hiraide @ NNN23
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Hyper-Kamiokande Collaboration

* ~600 members located in 102 institutes from 22 countries
* 25% Japanese / 75% non-Japanese
* Recently approved as a recognized experiment (RE45) at CERN

* Latest collaboration meeting October 2024 in Toyama:

Saul Cuen - April/2025

600
500
400
300
200
100

2015/01/01

—+—Total -=-Japan -~Oversea

i

2016/01/01

NUMBER OF

COLLABORATORS

2017/01/01

2018/01/01

2019/01/01

2020/01/01

2021/01/01

2022/01/01

2023/01/01
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Hyper-K construction schedule

* The Hyper-K construction started in 2020 and will start operation in 2027.

Calender year

2024

2025

2026

2027

2028

a1 a2 |a3 [a4

Qi a2 [a3 |as

Qi |@2 [o3 |a4

Q1 a2 |a3 |aa

Q1 a2 [a3 |aa

Cavern

Excavation : I

Water Tank

Tank lining

1>|5tm:tu.|rd>

50cm PMTs

oduction

PMT Covers
mPMTs

oD
Electronics

Accelerator/beam
IWCD

Accelerator
upgrade

~2 years from now!! 13

Saul Cuen @ SILAFAE 2024
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Excavating the world's largest human-made cavern

\/\

4 Ac;cess “tunnel: Feb: \2b22 comp\fé\;

i s b entrance
v Dome part: Oct. 2023 complete. - . S -

\

Y8888 88:3

""" v Approach tunnels:

k,_ Aug. 2022 complete. /

#8888 8

Hyper-K cavern
3 Super-K
‘ Emstmg human-made caverns
completed.  «y.

stin -Yakasegawa

< 3Super-K ¥
- coming ~1/2yr oo .:1"

-

94.0 m

Saul Cuen - April/2025



Saul Cuen - April/2025

per-K main cavern excavation

4‘ .'A’

* QOctober 3, 2023:

Excavation of the
dome section
completed.
* 69m diameter,
21m height
* One of the largest
human-made
underground space.

Now, the excavation

of the barrel section
is ongoing.
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Hyper-K detector configuration

* Inner Detector (ID)

* 20,000-20" PMT Underwater Electronics OD PMT+WLS

* 64.8m diameter, 65.8m height - - : /i

« 50cm PMTs will be installed 3 :

« 800 multi-PMT modules (19 3” PMT each) mPMT
&

will be integrated as hybrid configuration
* Outer Detector (OD)
* 3,600 -3" PMT
e 1m (barrel) or 2m (top/bottom) thick
* 3-inch PMT + WLS plate
* Walls are covered with high-reflectivity
Tyvek sheets
* Under-water electronics
* Mitigate disadvantage of long cables

50cm PMT

70cm grid
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Hyper-K 50cm PMT performance

(Performancein SK tank, 1.7e7 gain)

%2 better photodetection efficiency (QEXCE) %2 petter charge resolution

I~ " Double total detection efficiency P . “
§ 2f o S 1 E 7ol 1PE Sigma/Mean JracoZ
2 Box&Line PMT a;,_ 60— o o/ ] zoo?,
i;;; (Hamamatsu R12860) ;E’ 50 27i4 / 54i9 /0 1000‘%
w 5 | -
55 g 0 BLPMT g
g).g ilr ) W) q E 30 SK PMT oo '§
ﬁ 3 | '/ Super-K PMT Y 20 a00 =
20 |4 N, 10 N
k5 ..g H (Harnamatsu R3500) “ [ i
cE ’ézs o T ey wsar] °20 30 40 50 60 70 80 90 100
0 5680706050 40302010 0 10 20 30 40 50 60 70 80 80 o/ Mean [%]
BoxELine dvnod x2 better timing resolution
X n n

° € dynode %2 better pressure tolerance i —
. s L TTS [o] 1k
. — enable deeper tank design, S 1000 &
Box & Lpe VT project cost reduction £l 1.5En07 N5 3-010'2_'800 g
s | ™2
dark " d § 30 rs ~600§
7 Low dark rate (4kHz) and Rl E I £
2 20- BL PMT SK PMT 1 2

10 —200

G L L 1 1 L

=1 1
1 1.5 2 2.5 3 3.5 4
Transit Time Spread [nsec]
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T prodt;ttLon ong0|ngr> | O 000 dellvered
Screenlng both at Ham‘d’matsu and Kamioka

\ 4. e B
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Photosensors and underwater electronics

Outer detector: PMT+WLS plate Photosensm s/elec. mockup Underwater Case design and
= vl electronics: feedthrough

BESlgnflna Ization ongoing

Saul Cuen - April/2025
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Beam: status and plan of power increase

Total Accumulated POT for Physics
V-Mode Accumulated POT for Physics

— M L E w4 =l 05

. Ti‘.’\‘ludc Beam Power H i 5

S 3 T g 1400

A 30 —600 &~

o) ] b= . 1200 [

8 25 —500 & z

5 7 o . 1000

S 2 —4002

£ T § 800

3 15 —{300 a

Q B E 600

%10 : =200 3

< t s 5 @ 400

sB-8 % 100

‘u#ll'#l%l#‘Li N P L. o 200

0
20102011201220 014201520162017201820192()2020212022202320242025

760 kW achieved already and 800 kW last week!

Original power projection
in MR Upgrade Plan

@ Magnet ‘E’;\I:rl:ieved 1 T - Mw
Power Supply /=
- upgrade

2.48 > 1.3<s cycle %

1.32 3 1.163scycle
L 515 KWt

.—-0-—4 ° ® RF system upgrade
>

(2) 2nd harmonic RF cavjties

i | I bl R g g il gy §TSE
8016 2018 2020 2022 2024 2026 2028]F$030

—.
@ Collimator system

S.Igarashi, et. al,  ® Injection/FX system
_—

Further beam power increase requires: PTEPvol 2021, &) Beam Monitors (BPM

Issue.3

* Seeking beam loss with optics improvements
* More protons/pulse by upgrading RF system

.p33

circuits)

* Further beam intensity increase will be done by 1.36 = 1.16 sec cycle

Saul Cuen - April/2025
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Neutrino detectors at J-PARC

On-axis Detector Off-axis Magnetized Tracker Off-axis spanning Intermediate

(INGRID) (ND280—Upgrade for T2K —Upgrade for HK) Water Cheren kOV deteCtOr
; (IWCD) ==

New for HK

Critical components to precisely understand J-PARC beam and neutrino interactions:

® On-axis detector: Measure beam direction and event rate

® Off-axis magnetized tracker: Measure primary (anti)neutrino interaction rates, spectrum,
and properties. Charge separation to measure wrong-sign background
- Upgrade by T2K experiment and intensive discussion for further upgrade in HK-era is ongoing.

® Intermediate WC detector: H20 target with off-axis angle spanning orientation.
- Detector site investigation and conceptual facility design are ongoing.

Saul Cuen - April/2025
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Clamp ring
Acrylic dome
Optical Gel

PVC Cylinder

Stainless Steel Pillars
Stainless Steel Backplate
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Mexican funds awarded for Hyper-K

CF-2023-G-643 "Construccion y comisionado de sensores de ciencia frontera para la deteccidon de supernovas, materia
oscura, y medicion de la asimetria baridnica en el Universo, en experimentos de Neutrinos de nueva generacion" (2023)

= Grant holder: Eduardo de la Fuente Acosta (UdeG)

= |nstitutions involved:
* KAREN SALOME CABALLERO MORA (UNACH)

* GIANNINA DALLE MESE ZAVALA (UAS)
* ALEJANDRO KADSUMI TOMATANI SANCHEZ (TEC-GDL)
* Saul Cuen Rochin (TEC-SIN)
CBF2023-2024-427 "Deep Learning y Fabricacion de Sensores de Ciencia de Frontera para Experimentos de Neutrinos de

Proxima Generacion" (2024)
= Grant holder : Saul Cuen Rochin (TEC-SIN)

= |nstitutions involved :
* GIANNINA DALLE MESE ZAVALA (UAS)

CONAHCYT

Consejo Nacional de Humanidades
Ciencias y Tecnologias

Saul Cuen - April/2025 56



Neutrino classification

Cherenkov light

neutrino g
Charged :
particle
in water

muon neutrino J
Cherenkov

J
tau neutrino J electron neutrino
Hyper-Kamiokande, IWCD, mPMTs W ent
Radiation

Neutrinos and Jen—
their oscillation R FD
Vi Detected event

Event #3 o
has to be l

Reconstructed

10t
starts by l

1 Identifying the
particles
involved in an
event

10!

Charge

107!
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Overall process

| .

| dlg?:t;f Conversion to

i : appropriate

; neu’rnr}ro =g format: stack of DOT(OOPEI?OEEI;:%S
, fri:re\rhs . tensors or cloud P

, file ! of points

-Data Augmentation
-Double Cover
-Image:s filtering by
pixel threshold

Saul Cuen - April/2025

Architecture hyper-parameters’ tuning

-Leamning rate -Dropout (value and location)

-Batch size (3 sets) -Optimizer configuration
-Number of epochs

I P I

I Output:

I -Learning curves
I -Average accuracy

|
|

Training/ [
Testing { and loss :
|

|

[

Validation of the

deep learning
architectures

l -Confusion matrix
I -ROC curve, AUC

l -Efficicency
4 architectures:
VGGI9 Muon
Resnet50 | Gamma
*PointNet Electron
+pre-fraining | Vision Transformer a—
+scheduler  Resnet50 (2 class) | Not Muon g:g:r?:

58



@ Tecnoldgico
de Monterrey

Currently working on
requirements from the
integration group.

Saul Cuen - April/2025

top & bottom mPMT support

B - ESPUTIRITRBHENR

COPUTM(2-93(N8) )

353, 5
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/ ” = s e 2
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300 1941
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@ Tecnoldgico
de Monterrey

MPMT mechanical
stress test

Top/bottom configuration
Barrel configuration
Transportation studies,
and box design
-Compression
-Temperate

-Vibrations

Saul Cuen - April/2025
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Conclusions

* Hyper-Kamiokande is 37 generation water Cherenkov detector in Kamioka

* Important physics targets
* Neutrino CP violation: Discovery with 5 o for ~60% parameter regions
* Nucleon Decay Search for testing GUT: T > 103 years for p > e*n®
* Neutrino Astrophysics: Supernova neutrinos

* Hyper-Kamiokande construction on schedule
* World’s largest underground facility: 260 kton water Cherenkov detector
* Access tunnel and cavern construction on track
50cm PMT production underway
Other detector component designs being finalized
Neutrino beam upgrade to 1.3 MW
Near detector upgrade and design of intermediate detector being finalized

* Hyper-Kamiokande will start operation in 2027.

Saul Cuen - April/2025
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We are looking for you!

e Undergraduate, master, phd thesis, and postdocs available for PIONEER and
Hyper-K... Get in contact :)
e C(Collaboration institutes for PIONEER:

o Cinvestav with Pablo Roig
o Tec de Mty with Saul Cuen <saulcuen@tec.mx>

e Collaboration institutes for Hyper-K:
UAS with Giannina Dalle Mese

UNACH with Karen Caballero

UdeG with Eduardo de la Fuente

O
O
O
o Tec de Mty with Saul Cuen <saulcuen@tec.mx>

Saul Cuen - April/2025
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