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Lecture 2 Outline

Mar. 19, 2024 excavation to 20 m depth of
Hyper-Kamiokande cavern

Hyper-Kamiokande experiment

— Physics goals

— systematic errors at the 1% level
Beam and flux prediction

— abitabout NA61

— abitabout Emphatic

— The WCTE experiment
Near detector measurements

— allittle about the neutrino interactions
Intermediate water Chernkov Detector

— the PRISM method
Measurement of electron neutrino cross section
Other far detector measurement

— atmospheric neutrinos

— proton decay
Other future long baseline measurements

— DUNE

— JUNGO, etc
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International Hyper-K collaboration (i e t=n==cse
and a new UTokyo building at Kamioka -
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22 countries, 104 institutes, 583 members as of April 1, 2024
Still linearly increasing 4




Physics Goals for yper—K

m? m?
b air nucleus 4 S
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Normal [™=Y: Inverted
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Search for physics beyond the
standard model.:

. atmospheric L - +""2
— CPVin lepton sector N -
— Neutrino mass hierarchy - .l T S

|

— Precision oscillation parameter 0
measurement

— Search for nucleon decay . W
Astrophysics Observatory:

— Precision measurement of solarv

— High statistics supernova burstv

— Detection of supernova relic v




J-PARC to Hyper-K 295 km baseline

f.,?,m Japan Proton Accelerator Research Complex
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\/Ax? to exclude sind =0

Systematic Uncertainties in HK Era

HK Sensitivity for dcp=-m/2 (maximal CP viol.)
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Reaching 50 C.L. for maximal CP will
require improved systematic
uncertainty estimates

Will require improved understanding
of:

— Hadron-production
distributions

— VU cross-sections
— Detection efficiencies



Neutrino beamline upgrades

* Replacement of Main
Ring power supplies to
allow for higher repetition
rate from 2.48s to 1.36s

« Several upgrades done
on the neutrino beamline
to cope with higher beam
power

« Horn being operated at
320 KA instead of 250 kA
— ~10% increase in the v

flux
June 2024 - Produced
800 kW Beam

New horn PS for

320 kA/1Hz
operation

New horns 1

Increasing cooling capability for

the heat generated by beam

Improving performance

of beam monitors

(Half sensors)

Horns Target

V4
Beam Helium vessel/

dump decay volume Improving maintainability under

higher radio-active environment
Increasing capability of

New MUMON Si|radio-active waste handling

New water tank for

radioactive water disposal |/}
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T2/K\

New FVD2

Improving performance
of beam monitors

Final focus section

Proton beam monitors

proton

New target
cooling system




The T2K neutrino beam flux

runl-9a at ND280 (v-mode)

~ run5c¢-9d at ND280 (V-mode)
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Neutrino flux hadron decay sources

v, energy spectrum at Super-K

Flux (/50 MeV/cm?/10°' POT)

R | i | [
8 10
Energy (GeV)

Decays for v production

Branching ratio

Tt —> ,LL+I/# 99.9877%
rt—ety, 1.23 x 10~
Kt — puty, 63.55%

KT — mutuy, 3.353%

Kt — nlety, 5.07%

K} — 7*u¥0,(v,), called K s 27.04%

KY — m%eTU, (1), called K 40.55%
pt—etv,u, 100%
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Neutrino Beam Flux Uncertainties

Absorber

F ™ o I R IR R R I W= I' ‘‘‘‘
A

Accelerator

Neutrino beam content depends
on primary & secondary hadron
Noconstraintdata:  QrOUCtiON IN target & horns .

Large uncertainty!



Predecessor to EMPHATIC experiment

Hadron production measurements

Thin target measurements Replica target measurements
(p. ©)
5% A,
. — Use thin target data
Re-weight hadron for out-of-target
yields Repeat for all Re-weight hadron yields interactions

Re-weight interaction particle on the target surface
probability generations \
— -4— o
\J /\ .«
[ —— .

Most of the hadron production data in the last decade was taken by NA61/SHINE at CERN SPS




NA61 and EMPHATIC experiments

adron interactions

P @—

Coherent elastic Otot — O¢] “I‘ qul “|‘ Uprod

interactions (o)

Otot = Oel + Oinel

Quasi-elastic
interactions (o)
—_ Inelastic interactions (o,__)

Particle production Old measurements used
(Or00) mixed notation — it is hard

to understand what was
measured.




NAG61/SHINE Detector

« 8 Time Projection Chambers: 3D tracking, dE/dx measurement (5 + 3 new)
* 2 superconducting magnets: momentum determination

* Cerenkov detectors: beam particle identification

« 3 Time-Of-Flight walls: mass determination

« 3 beam position detectors

* Projectile Spectator Detector (PSD): forward calorimeter
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Vertex magnets
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I ToF-R
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— PR 14
’y—z’ NABL/SHINE Facility
at the CERN SPS



T2K Replica Target Production
Cross-Section

* Production cross-section
measured via beam
attenuation in 90-cm T2K
Replica Target

* Full magnetic field setting used
for improved measurement of
elastic and quasi-elastic
protons

* Result consistent with 31
GeV/c proton-carbon thin-
target measurement

- Improved overall precision

* Will help reduce T2K flux
prediction uncertainty

Opoq (Mb)

“;.—l

T2K Replica Target

Carroll et al.

L. @ NAGI/SHINE 2010 replica target data
260 a NAG61/SHINE 2007 thin target data
| ¥ NAGI/SHINE 2009 thin target data
. W NAG1/SHINE 2016 thin target data
240 .
\ I
‘. .A .':
220¢ 5
‘)( e ———————————————————————
= x’.!() 30 40 50 60 70
P,... (GeV/c)

Phys. Rev. D 103, 012006 (12 Jan. 2021)
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A snippet of the NA61 T2K replica target data
Eur. Phys.J. C 79 (2019) 100
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Fig. 30: Double differential yields of negatively charged pions for the second upstream longitudinal bin (18 < z < 36 ¢m). Vertical bars
represent the total uncertanties. Predictions from the NUBEAM (solid blue line) and QGSP_BERT (dashed black line) physics lists from
GEANT4.10.03 [27. 28] are overlaid on top of the data.

(solid) and QGSP_BERT (dashed)
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http://dx.doi.org/10.1140/epjc/s10052-019-6583-0

e Nearly 50% of wrong-sign neutrinos come from interactions outside of the target

Motivation for EMPHATIC
Flux uncertainty at T2K(T2HK) and DUNE

e T2K flux uncertainty at low energies is limited by the interactions outside of the target

(AT, KE+ALK?)

SK: Negative Focussing (V) Mode, v,
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CP violation in atmospheric
neutrino oscillations

uncertainty is dominated by pion production at

low energies (1°/1)

proton interactions 3-30 GeV/c

Roger Wendell, Hadron production work
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EMPHATIC first experlment
L EMPHATIC data-takmg in January 2018
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Interactions in the plxel detector
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Differential cross-section

E -_ TLdAthot |

(}

| - bin number

n - number density

d - target thickness

N. - number of tracks in a bin i
Npot - number of protons on target
At - momentum transfer bin size
C - total correction factor

C
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EMPHATIC first experimen
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EMPHATIC phase 1b

z:’?“:?': Lead glass
calorimeter
Upgrade of the detector
Aerogel RICH
Compact permanent magnet \ Permanent T
e t 2l -
e Halbach array = 20 cm long with "0 cm (aperture) w1
gap = field strength > 1T Target — =
| EETEE 2
SSD  ggp H
ssp Wb ~ i
'M
Top view -
' 100cm i
I ,]
f|;Nl)() — Trow 3 Dvie Pron Tracke
P ] —
20 /K separation =" {1
<7 GeVlc " oot o
; 10 /K separation |

Md Likelihood Ratio



EMPHATIC Spectrometer — In Photos

~1.5m

Aerogel Lead-glass

RICH Calorimeter

Beam aerogel Ckov




EMPHATIC Phase 1 Run
Now taking Phase 1 data in several periods during 2022~2023

® Low and high momentum hadron production data (with 100 mrad
acceptance) + elastic/quasi-elastic scattering data

°* +2 4,68, 12, 20, 31, 60, 120 GeV/c proton, pion(+kaon) beams

® On C, CH,, Al, Fe, Be, Ti, Ca, H,0 targets

Run 1la: January 2022

® 100 mrad acceptance spectrometer (w/out ARICH)
® Graphite, Aluminum, Iron, CH, targets with +2, 4, 8, 12, 20, 30, 60,
120 GeV/c proton, pion, kaon beams

Run 1b: June~July 2022

® 100 mrad acceptance spectrometer (w/ ARICH)
® Graphite, Aluminum, Iron, CH, targets with +2, 4, 8, 12, 20, 31, 120
GeV /c proton, pion, kaon beams

Run 1c: March~April 2023

® Configuration still under preparation, but at least full spectrometer
from Run 1b will be available

25



The Water Cherenkov Test experiment at CERN

See D, Costas {alk

e The Water Cherenkov Test Experiment (WCTE) will

o develop and test hardware and calibration techniques
o study the interaction of 11, p, e, L and y in ultra-pure
and Gd-doped water

to help Hyper-Kamiokande reach its targeted precision.

e WCTE be installed in summer 2024 at CERN in the newly
refurbished T9 beamline (East Area) and receive a beam

of charged particles (m, p, e, 1) with momenta 200 MeV/c ¥
to 1.2 GeV/c. dll

Beam instrumentation (not to scale)

L)

Alie Craplet - Imperial College London ‘ 3.8m - 3




WCTE beamline and July 2023 beam test

e WCTE uses two beamline set-ups:

o one low momentum set-up,
m charged particle identification
B momentum measurement

o one tagged photon set-up,
m produce y of known energy

e Set-ups tested at CERN in July 2023. Over a 3-week long beam test, the
collaboration achieved :

o Development and test of DAQ and detectors
o Demonstration of high purity PID and good photon production rates
o First measurement of the T9 beam composition

27



Set-up for Sub-GeV particle identification

Trigger scintillators : - provide time of flight and beam momentum measurement
Hole counters : - provide beam halo veto

Aerogel Cherenkov Threshold (ACTs) detectors: - upstream ACTs used for e veto
- downstream ACTSs refractive index tailored to the beam momentum « e and p above Cherenkov
threshold « mmand p below threshold

Lead-glass calorimeter : « provides momentum measurement and additional particle ID information.
« The water Cherenkov detector will replace the calorimeter in 2024

Hole Hole

Counter Counter
n=1.006

(for e veto) (for particle id) Vesd Gluss

! Calorimeter
Beam pipe

ACT2 ACT3




Set-up for tagged photon production

Electrons are deflected by the permanent magnet, depending on their energy.

Halbach
permanent Lead glass
Aerogel magnet Radiated Aerogel calorimeter
TOFO n=1.006 TOF1 photon n=1.15

s The lead glass

. Ne
The position of the 1 "\ @' calorimeter directly
hodoscope bar that an | measures the photon
electron hits is used to | energy and provides
measure its energy and | calibration.
those of the photon using: |
As eléctrons go through E = E 'ntial known || outgoing | el T corin oiie
e e’ to the DAQ trigger
matter they can lose energy in the R 2
form of Bremsstrahlung photons. | 11

Alie Craplet - Imperial Colleae London



Beam line developments for 2024 WCTE operation

™
e The PID and tagged i
_© | shieldi
photons set-ups are 3m DESY table | ook | WCTE tank
combined into a ) — o | 2
i | S et Up o e Hole 15em ;6:8: .
single set-up. i 5 g
HH al
T9 beam T2l I ....-. I § WCTE pipe
T0 Aerogel §
e A new TOF detector

will improve PID and
trigger.

Hole

~ Hodoscope

—
=

— >

To T9 beam WCTE pipe

e Number of ACTs will be increased from 4 to 6 and reflective
film exchanged for non-scintillating Mylar to improve
electron veto and PID.

Alie Craplet - Imperial College London 14



Cin

v and Ve cross-section uncertainties
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# The CP violation will be studied by essentially comparing observed v_and v, event rates

¢ v _and v _cross-section uncertainties will be dominant
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Other near detectors @ 280m
- INGRID
- Upgraded ND280

Intermediate Water Cherenkov Detector

The Hyper-K detector

W

¢ Sub-kiloton scale water Cherenkov detector ($8m x 6m)

= 480 photosensor modules inside the tank

= 60 ton of fiducial volume

¢ Gadolinium loading option to add neutron detection capability



The vertically movable detector

©
L
Proton beam
<
)
~‘Beam target =
1’ o
M ks
ey 3 - - — - o
Average pion ‘
decay position NG Off-axis
. angle

2 3 @& 5
True neutrino energy (GeV)

¢ Neutrino energy spectrum depends on off-axis angle

¢ Taking data at different vertical positions provides true energy information
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Phys. Rev. Lett. 113, 241803

Active water shielding

S

2 P v. CCQE interactions 7
38 : A V. CCnonQE interactions
(I ¥ background g

1t background

Bl Other background

Czeont E

N “Lory 77 A ]
:""*hﬁm\\\\§§§akaa<.ac; - -

O 05 1 15 2 25 3 35 4 45 5

Reconstructed p_ (GeV/c)

xR
S

¢ T2K results are suffering from large background
events induced by external high energy ys

Se & 8

Entries/(0.2 GeV/c)

= Reduction of this background is important

fiducial volume
¢ IWCD has two regions that can serve as active
shield for protecting the y background

Non-fiducial
volume

= water volume in the pit

— non-fiducial volume inside the detector

Water pit
volume
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v and Ve cross-section measurements

v-mode smp;le-rmg e-like events ve/ve cross-section errors
- L LA BN RELENLEEL L EELELEL AN =200 RN VR Ao B S B B RN A N N 1B N ) I S~
- 2 900 = = 03 ]
1600~ -] = 3 -] =
! - chCC ] 800 IchC 4 & Ve
= 1400F EREI: ] B ooz Vo
S 1200 Hvecc 3 3 = Bvece 8 ©
> - 4 600 — g 02
10005 Bwwce - E
5 : WUC 1 3 sp0E Bvwkce 3 w
5 800F -4 3 S 3 '
S " F =NC ] 3 40F Bnc E
5 oo , IO300E - 01
Z . IEmenng Y 4 200;_ IEnlcring Y _;
= - 00s ; S e d
100 = e — ey
M s | e g - " 0 T | ! LIy [| - S L3
- 2 3 4 5 0 I 5 3 4 % 200 400 €00 800 1000 1200 1400 1800 1800 2000
Rec. v energy (GeV) Rec. off-axis angle (deg) v By 0AeY)

¢ About 1% of v_ and V_ components in the beam can be identified

¢ Over 18,000 v_ CC events enable a cross-section measurement binned in true energy

# Improved error on the ratio between the v_and v_event rates at the far detector
= The true energy dependent constraints: 3.7%

= T2K’s theory based constraints: 5.0%
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Photosensor module

¢ The detector size is much smaller than the far detector

= Higher granularity and better timing resolution
needed to utilize off-axis angle information

¢ 19 3-inch diameter photomultiplier tubes integrated
in a water-tight module

= Acrylic dome, PVC cylinder, and stainless steal
backplate used

= Each tube optically coupled to the acrylic dome

by a gel, in order to enhance light collection

= Tube placement being able to gain directional
information




Electronics and photosensor

¢ High voltage circuits and readout electronics
mainboard are inside

¢ 20-channel 125 MSPS FADC mainboard developed

= Full waveform can be readout, allowing
better pile-up event identification

= Digitization and pulse-finding are done

= LEDs mounted for detector calibration

& Characteristics of Hamamatsu R14374 3-inch PMT
measured with the mainboard

= TTS: ~1.5ns, Dark rate: <1kHz, Afterpulse rate: <5%/P.E.
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Detector calibrations

¢ The moving detector needs to be precisely calibrated
at each vertical position

& An accurate calibration source deployment is essential
to understand the position dependent detector response

= Auto 3D-depolyment system being developed

# For the small detector size, the positions of photosensor
modules need to be understood precisely

= Taking photos of the modules by cameras inside OSSN 0z & -

the detector i |
oo

= Using photogrammetry technique used for . T8, 4

measuring the positions from the photos "




The Hyper-Kamiokande Experiment

Hyper-Kamiokande (Hyper-K) is a world-leading neutrino
experiment, building on success of Super-Kamiokande & T2K.

Broad & ambitious physics programmes covering many neutrino
sources as well as proton decay measurements.

Water Cherenkov detector technology provides huge target mass
with excellent particle ID and reconstruction capabilities.

Intermediate Water
Near detectors Cherenkov Detector (IWCD)

Water Cherenkov
Test-beam
Experiment

(WCTE) at CERN




Detector Location and J-PARC v beam

* 8 km south of Super-K
* 295 km from J-PARC and 2.5 deg. off-axis beam (same as Super-K)

* 600 m rock overburden South «————+ North
L 0.71°,
- D £ i Rt
E E:ND28CGE
B
i I % N s
Mt' NUyUgo.yama Beam direction
| tilted 3.64°
J - P A RC % - Down do:mward
; » 600 m at J-PARC
v beam B8 ~
axis N HK "
(depth ~13 km) . - U. TOk)’O
Kamioka 2«95 km
% KEK
¥ o SLPARC

Google map 12
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Hyper-K Detector

8 x increase in fiducial mass over Super-K
® /1 mtallx68 mdiameter =258 kt total mass
188 kt fiducial mass

e Outer detector region for active veto of incoming particles , @

o 1 mwide around barrel, 2 m at top & bottom

New photo-detector technology for increased sensitivity

e 20,000B&L50cm PMTs =20% photo-coverage
O 1.5 nstiming resolution (half that of SK PMTs)
O Double quantum efficiency of SK PMTs

® Additional photo-coverage from multi-PMT modules
O 8 cm PMTs grouped in modules of 19 PMTs
O Improved position, timing, direction resolution
O Also used for in-situ calibration of 50cm PMTs

50cm B&L PMT

258 kton

total
volume




Detector Construction Access tunnel completed well!
Cavern excavation to 20 m depth!

1000m ' Mt. Ikeno-yama N\
T
"
£ = Mt. Nijyugo-yama
b 3
600m :

-

Access tunnel

PMT production on
schedule

Inspection and testing
iIs ongoing

Half of PMTs delivered




Excavating the world's largest human-made cavern

J—— N Teemseet
- a2 e e L — . : \/ \“ﬁ\ | ——T— E
St Approach tunnels: e o | complete~_ -
k“ Aug. 2022 complete. ) [ . v Agcess tunnel: Feb.:\g?zz* p -
| == 7 \ entrance -
, v Dome part: Oct. 2023 complete. - - - -
Excavated
g area ) Hyper-| rn
o 3 Super-K
| completed.
\ -~ TmEsEry 3 Super-K
_— -coming ~1/2yr ot > B 5 94.0 m
¥ I ‘\1
S it ] 4l
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Photosensors and underwater electronics

Outer detector: PMT+WLS plate Photoscnsors/clw mockup Underwater Case design and
- electronics: feedthrough
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Long baseline physics -- At 295 km CPV dominates

0.1 . 0.1 . 5
B neutrino §in®2613=0.1 anti-neutrino sin?26,,=0.1
B VT 8RR e — R | C — = Vien
Tio.os S ot |T> 0.06} —
50.04 0=-1/2xn |>='OO4 —_— 8§ =-12n
& ............ L E’. e o o
0.02 0.02f
0 1 P LY | | | ! 1 1 1 0: d
0 1 2 0 1 2
Ey (GeV) Ey (GeV)
Total Normal Hierarchy Leading (612) Normal Hierarchy
0.05 Leading (61) 0.05 g (b1
3 3
e | >
t 0 f 0
= Matter CPC L=295km | = N—CPv L-295km
o sin220,5=0.1| & s onmtne $in22015=0.1
-0.05 sin2023=1.0 _0.05 8in220,,=1.0
6cp= '—900 1 6CP= -90°
0 1 2 0 1 2

Ey (GeV) Ey (GeV)



Appearance event rates

10 years operation with 1.3 MW beam 3:1 vto vratio

Appearance v mode Appearance v mode
> 2 >
g =0 — Total § — — Total
Q E — Signalv, — v, 2 w0e — Signalv, —v,
- “t Signalv, v, | 3 | Signal v, - v,
c : — BG Vo +V, e 150~ — BG Vo +¥,
3 150}~ ~—BG v, +V, % —BG v, +V,
() i :
G 100f- S s
4 N Eg—fff:r:ﬁw " o — | Z s :‘FI:Z:FE_J'—__T—}-—T—H i
% 02 0.4 0.6 0.6 1 12 % 0.2 0.4 0.6 0.8 1 1.2
Reconstructed Energy E|° Reconstructed Energy E|™
signal BG
Total
Yy —=Ve Vy—ve | v,CC v,CC p,CC v, CC NC | BG Total
Events 1643 15 7 0 248 11 134 400 2058
v mode
Eff.(%) 63.6 47.3 0.1 0.0 24.5 126 14 1.6 —
Events 206 1183 2 2 101 216 196 517 1906
7 mode
Eff. (%)| 45.0 70.8 0.03 0.02 13.5 308 1.6 1.6 —




Oscillation Measurements - Search for CP Violation

Strategy of oscillation measurement at Hyper-K
Combination of long-baseline and atm. v observations
= Resolve parameters degeneracy

Atm-v+Beam
Combined

Beam only

ST

S——

1 Atm-v+Beam Combined
— known MO
unknown MO

Beam only
known MO

Atm-v only

sin{8.p) = OAexclus

—~~ unknown MO

Hyper-K preliminary

True normal ordering. improved syst. (v./V, xsec. error 2.7%)

Atm-v only
unknown MO

sin’(0,,)=0.0218 sin’(,,)=0.528 Am3,l= 2.509 x 107 eV?/c*

sin® 0,3 AHIOSPNCNG | xooin & Bt
neutrmo
Mass 0.40 220 -T1+*380
ordering 0.60 490 —+*620
6,3 0.45 220 —T*62c
octant 0.55 160 —T*360

10 years with 1.3MW, normal mass ordering is assumed

Atmospheric neutrino:

sensitive to mass ordering by the earth matter effects
—> Constraints on mass ordering enhance

sensitivity to CP violation by long-baseline
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Precision measurement of neutrino oscillations

Oc P Fraction of 6¢p to exclude sindcp = 0

Ocp  Projected sensitivity to CPV

—e  Statistics only Statistics only
------ e.--=o.  Improved syst. (v./V, xsec. error 2.7%) ssseseneeanes [mproved syst. (v./V,. Xsec. error 2.7%)
o T 2K 2020 syst (» e/—e XSec. error 4 9%) S i - T2K 2020 syst. (vJ/V, xsec. error 4.9%)
12 3 ) E—F o F ol LTI T I AR R [EFS R
& E 3 2
Sy Impactofsyst. T L ——
g [ =d,=00 after 10yr @ 2ob-MSoCL. .
% - N . E) 60 I.:-_. ........................
g T ey 50—§ 40;_ _f
g 2 i h T: 20 :._ ..................... 3
L2 B >% 10 f_. e R o oSV _f
L 10 “ 00 ‘ ‘ A 10
Hyper-K preliminary HK years (2.7x10°' POT/year 1:3 vV, HK years (2.7x10*' POT/year 1:3 v¥)

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

Discovery of CP violation at >5 ¢ for >60% of d.p
1o resolution of §.p in 10 yrs
~20°for 6., = —90°/ ~6°for §., = 0°
Reduction of systematlc uncertalnty has sizable impact:
- Upgrade of ND280 + ~600 ton Intermediate Water

Cherenkov detector (IWCD)
- Aim to suppress detector error below 1%

§in°0,,=0.0218+0.0007, sin’0,,=0.528, Am3,=2.509x10%eV/c*
Statistics only
------ «---.e. Improved syst. (v/V, xsec. error 2.7%)
------ «---e=  |mproved syst. (v, /V, xsec. error 4.9%)
L~ 2020 syst (v /\ xsec error 4 9%) |
’w\ 25_ -l I ' ] L) L] I J_.....‘ J 1 ' I . L L} l I . L L
@ " S, W "\ .
[4}] . 2 aallinie % “' 9
3 LN i
T 15F
Q -
'_c = -4
g 10 < '.'B‘:n»i
e sk
0 -
& 0 L gy g gty popalog gy gfh oy P B IR | 1

I—150 -100 -50 0 50 100 150

8, (degrees)

1 Hyper-K preliminary
1 True normal ordering {(know

HK 10 Years

- (2.7x10%? POT 1:3 v¥)

sir6, =0.0218:0.0007,
sin’0,=0.528

1 ami,=2.509<10%V/ic*
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Flux ratio

Atmosbpheric neutrino sample

Zenith

Isotropic et of \ i
cosinic rays
Cosmic ray
%-
x|
' 4 n
" Vi
! i
e v,
N b
e
\'u \'e s 7 f )
: A‘-,;\'. B
I'JF._ Vi
. S— ..
. . -
0 T T + T T
g k
8 |
4G - — Honda flux
2 O Bartol flux
|
5 | Fluka flux
4 F

E, (GeV)

Number of Events

2000

1000

500}

Red is expected event rate for

10 years running, normal hierarchy and maximal mixing

| e S,

Sub-GeV e-like
58033

Multi-GeV e-like
17085

“m [
4000} V0 Oscillations A 400
2000} "+ " 200}
Sub-GeV p-like UpStop u
61474 3712
0 s 0 )
-1 0 1 -1 0.5 0
1000}
2000 1
Multi-GeV u-like + PC UpThrough u
37010 14907
0 -~ 0 |
-1 0 1 -1 0.5 0
cos zenith
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Atmospheric 3-flavor v beam (0.1-10° GeV, 10-13,000 km)

* The wide range of E (0.1~10% GeV) and L (10 kmJfl, ~13,000 km4@) provide an excellent
opportunity to study various properties of v.
* Study of the earth matter effect to determine neutrino mass ordering

* Unique tests of exotic properties ~80 events/ day
Oscillation studies with wide range of E and L. The matter effect solves MO.

Effect of Mass Ordering (MO) and 2P on v, flux

’ cost) =-0.8  NH, gin’0,,=0.4, sin’i =0.025, 5=40° 1 cost =08 NH, sin*_=0.6, sin’n,,=0.025, 5=40°

0.8 8 |0
0.6
0.4 |
0.2 Al A2

0 wl g
02 (Y M
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|

Nof/ )

1 ST ::P4()c>

!
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(v e)/qlo("e)_1

Bctant. Ocp
1
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Solar v spectrum & possible differences in v./v, oscillation

Confirm MSW effect by observing spectrum distortion “up-turn”
Compare Ve, Ve OScillation (currently ~1.5c¢ tension in solar/reactor v)

0-8 _l I’IJ LI l’l\ 1 ) I I I I ‘ 1 1 1 I 1 I 1 I T 1 I I N ________________________________________________
g 2 ’g‘. o Borexino (° B) % Solar+KamLAND:

néed|l Pr ~ Q.
0.7 = | x o A b + Super-K 3 v e —_

B 1 |z s 1% sin“ 6,, = 0. 307:; (1)9012 )
- . 1 Ts AmZ, = (7. 50_0 18)><1o SV

: P-ty P

5 rn aN_ov Dotted: SK+SNO —

E '\8 10 + KamLAND
04 = Combined

- m S A L - e T T R

E L MR s s S—me=T
0.3 .

- | — standard —— NSl-u ] St
0.2 - 3 o Ve

& —— Sterile NSI-dw ] Filled region: 30

e — 1 ; 1 1 P Solar global PRD 109, 092001 (2024)
0 1 | 18 I I I L I | 1 1 L L 1 1 1 1 1 1 e T B n i aras gl e A D B e

0.1 0.5 1 2 3 5 7 10 14
E, [MeV] \. Maitoni et al., Phys. Eur. Phys. J. A52, 87 (2016) 0'1 0.2 0'3 0. 4sin2(() O')S
12

~130 events/day
* > 3o sensitivity for the spectrum up-turn in 10 yrs (E,=4.5 MeV).
« ~2c day/night sensitivity expected for the difference in v¢/ve 0sc. in 20 yrs.
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Diffuse Supernova Neutrino Background (DSNB)

DSNB energy spectrum Number of DSNB events
_ including red shit before neutron tagging
¥ e e = — HK (187 kton H20)
£ TN e (l)zzzé 1 S — sK-Gd : / 2(t)h2-'1-’ e
3 —— Z E e A SO—— " i 1LL| -~
B B il
. iy _
e F\ 1<2<5 5250 ——HK(BH30%) | .. .7 HKaims for precise flux &
O, 102 \ S | —— SK-Gd (BH 30%) | ; spectrum measurement.
; \.\ -ézoo — — JUNO (BH 30%) /
: \ 100:_-E it 0( Mo H” ) | JUNO (20 kt LS)
5 107 X t v E, =12 MeV
E ! 50— 2020~ R 4N ; th
2 10-% PYRN Nt W .\ 1 1 l T O_ : et WY LI COUN [ S S (100 VRO [N i R s l 4 2024~
0 10 20 30 40 50 60 2020 202-5 2039 2935 2040 20¢2ar
Neutrino Energy [MeV] SKGd aims at first discovery.
S. Ando and K. Sato, New J. Phys. 6, 170 (2004) .
dF, ¢ [ dN,(E.) dz ~4 ev/yr after neutron tagging w/ H,0
: = — RSN(Z) . 3 . -
dE,  Ho Jo dE,  /Qu(1+2)°+ Q4 « Stellar collapse
Neutrinos from supernova explosions « Star formation rate

in the early universe to the present day

integrated flux ~10 cm™sec™ * Reavy element Syninesis



Cherenkov ring image e’ no in SK &

1
-8,

Proton decay searches (note: FV ~8 x Super-K)
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Hyper-K 10 years operation. é;suming
Tproton=1.7%1034 years (~Super-K limit)
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Hyper-K Summary

Hyper-Kamiokande construction has begun,
with first data taking planned for 2027!

@® Building on the success of Super-K & T2K with a
next generation neutrino experiment
O New far detector with 8 x fiducial mass of Super-K
O Improved photosensors with 2 x detection
efficiency & timing resolution reduced by half
O Upgraded near detectors and new intermediate
detector
O Beam upgrade from 750 kW to 1.3 MW
@® \Wide range of physics measurements
O Search for CP violation with precision
oscillation measurements
O Neutrino astrophysics through solar and
supernova neutrinos
O Searches for proton decay and other new physics




DUNE Overview

A next generation experiment

for neutrino science, supernova
physics, and physics beyond the
Standard Model

SANFORD UNDERGROUND ' 7
RESEARCH FACILITY Wisconsin

1300 km baseline FERMILAB

llinois

Far Detector Near Detector
(measure oscillated flux) (essential systematics control)

Initial beam: v, or v,
(selectable)

Facility

Rvan Patterson 9

Sanford A
Underground s : =24
Research e s ! r

. iles _o=2=22225

2 S S R S e .
V- v
v v v Vg v
v v v v v
v v v v v

Fermilab

DUNE: Science and Status
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vu/cmz/GeV/year (X10')

DUNE Beam

ﬂgure cred|t C W'lkmson PIP-ll Superconducting RF CW Linac, 800 MeV SE PIP "
4 ! 4 Ty Consists of Five Types of Cryomodules ==j | - -
9 i — -hl l el ) '
N —I\[I’IFNNEERvA ] ﬁiﬁ‘ e ""‘ o » Upgrade to Fermilab’s accelerator
3 —NOVA _mEE o B e complex
3 o - P>y .
I MlcroBooNE -« PIP-Il will make the accelerator

complex capable of 1.2 MW

« A future Booster replacement

B ".W-v,‘ PIP n c ‘ a.mor
e Wpasindcin o can enable 2+ MW
L. Merm:nga 2020

________Accelerator
e The DUNE Neutrino Beam

Fermil4ab " EGY) ¢ 1.2 MW neutrino beam
neutrino ﬂuxes @ Optlmlzed fOr CPV SenSitiVity

9 2022/02/23 | Luke Pickering | DUNE Long Baseline Oscillations | LLWI 2022
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DUNE Near Detectors (DUNE PRISM)

\

Muon spectrometer

SAND

Liquid Argon



v, CC (E,=3.1GeV)

DUNE far detector L

-

Long-Baseline Neutrino Facility

South Dakota Site Neutrinos from

Fermi National
Accelerator Laboratory

in lllinois

v, CC (E,=3.1GeV)

Ross Shaft
1.5 km to surface

Facility
and cryogenic
support systems

One of four
detector modules of the
Deep Underground
Neutrino Experiment
4850 Level of
Sanford Underground

Research Facility . Four modules \q " |
* Each 17 kT Ar TPC | o




Disappearance Sensitivity . u

2.6

2.55

AmZ, (eV?x 109)
N
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N
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[

2.4

2.:&

| DUNE Sensitivity ——— 7 years (staged)

- All Systematics 10 years (staged)

- Normal Ordering ——— 15 years (staged)

- sin’20,, = 0.088 unconstrained NUFIT 4.0 90% C.L

—90% C.L. (2 d.o.t.) ) o

. +  True Value
-lllllllllllllllllllllllllllll
35 0.4 0.45 0.5 0.55 0.6 0.65

sin%0,,

Excellent energy resolution
Massive far detector event rate
Unprecedented oscillation parameter sensitivity

Events per 0.25 G

Eur. Phys. J. C 80, 978 (2020)

DUNE v, Disappearance
sin%0,, = 0.580
90 +|+ AmZ, = 2.451 x 10° eV?
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200 1
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0

1 2 3 4 5 6 7 8
Reconstructed Energy (GeV)
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Appearance Sensitivity |
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e Unique access to MO + CPV in one experiment!
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Neutrino energy reconstruction

Final state interactions
CCQE (1plh) CCRES N : 2p2h

i l (FSI) can cause different
~—_—3"" interaction modes to ’ \\
I 1 have the same final state

i ' Sy

3 o | i

\
|
|

fy l
I
I
I
|

° |
@ P
i . S n <@ Sr Interactions off a bound '
> o, - —® " é Lt ~& state of two nu;leons can :
- result in 2p2h final states 'Y
L T |
30.08"'1"'q"'l"'1"'3"'1"'1"' Ny
io.m — Al CCOr _ mZ — (my, — Eg)? — mj + 2E,(m,, — Ep)
5 006> — CCQE E, =

2(m,, — Eg — E;, + p,ycos8,)
First-order effects

0.0s- —2p2h
- Other

Fermi motion causes a smearing on E2F

Nuclear removal energy effects introduce a bias

o 1111111111111111111111lllllllllllllllll

e T o 016 8 2p2h and pion abs. FSI cause further bias

it
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Neutrino energy reconstruction problem -
nuclear interactions

“Neutrino interactions 1in the energy range of interest to
current and near-future experiments (1 to 10 GeV), pose
particular problems. In this energy range, bridging the
perturbative and nonperturbative pictures of the nucleon,
a variety of scattering mechanisms are important.

The models incorporated into neutrino simulations at these
energies have been tuned primarily to this bubble chamber

data. This data is not sufficient to completely constrain

the models, particularly with regards to the simulation of
nuclear effects. A logical place to turn for guidance are

electron scattering experiments.”

H. Gallagher, AIP Conf. Proc. 698, 153 (2004)
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Figure 1: Inclusive cross section for scattering of electrons on carbon at 560 MeV and 60 Deg (Q* =
0.24 GeV? at the QE peak), obtained with a free A spectral function. The leftmost dashed curve gives the
contribution from true QE scattering, the dash-dotted curve that from 2p-2h processes, the dashed-dotted-
dotted curve that from A excitation and the dotted curve that from pion background terms. From [2].
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S\ Kinematical energy reconstruction
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Nuclear response
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Intranuclear cascade

— implement realistic density Charge Exchange
profiles and cross sections -

Elastic
Scattering
— add the kinematics of each

Iinteraction y

:I+.

— respect Pauli blocking

— make sure that scattered particles
also propagate

— introduce branching ratios of Absorption

different channels ®
& S T. Golan

— track also other hadrons Pion 'fproduction

— add other nuclear effects...



Initial state
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Medium baseline

JUNO experiment



* A multi-purpose liquid scintillator
experiment in China:

* Reactor v, ~ 60/day
Atmospheric v’s: several/day
Solar v, ~ 10-1000/day
Supernova v’s ~ 10* in 10 s for 10 kpc
DSNB 2-4 IBD/year
Geo-v’s 1-2/day

- This talk

See also Giulio Settanta’s talk: “JUNO Non-oscillation Physics™

* Optimized baseline for neutrino mass
ordering determination with reactor v,

Jinnan Zhang (IHEP)

‘) JUNO Experiment: Layout

TAUP

Jiangmen Underground Neutrino Observatory

2021 VALENCIA

~700 m ® JUNO | Kaiping, Jiangmen city,
underground , s Guangdong Province
III \\
/ ~52.5 km Taishan NPP
K \\ 2X4.6 GW,,
Yangjiang NPP K ‘oo TAO
6X2.9 GW,, y <§.>/ "‘(\
4 0((\ af;v
%%

Figure: Setup of JUNO experiment, with the main 20-kton
JUNO detector and satellite 2.8-ton TAO detector.
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@ JUNO Experiment: Detector
* A multi-purpose liquid scintillator
experiment.

Energy resolution < 3%/ \/ E(MeV):
e ~78% PMT coverage, ~1350 PE/MeV:
* 5000 Hamamatsu 20" dynode-PMTs
e 12612 NNVT 20" MCP-PMTs
e 25600 HZC 3" PMT

Large target volume:
e 20-kton LAB-based liquid scintillator

Energy scale uncertainty <1%

* JHEP03(2021)004: “Calibration strategy of the
JUNO experiment”

Background control

e arXiv:2107.03669: “Radioactivity control
strategy for the JUNO detector”

Jinnan Zhang (IHEP) JUNO Oscillation Physics -

\

( 2021 VALENCIA

Water pool

v o
Q) i
- A S S
&,‘\ = 2 ‘\*y
¥ -
I % : E
(3 ‘ Acrylic spherical
=) ’A:» ¢ vessel filled with
— liquid scintillator

43.5 m

See also Zhimin Wang’s talk: “JUNO Detector Design
& Status”
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Reactor v,: Source and Oscillation

2021 VALENCIA

* Source: reactor antineutrino from fission * Oscillation: v, survival probability in
of four isotopes: vacuum!!:

° 235U, 238U, 239Pu, and 241Pu ) 2 2
. P; 5 =1—cos*@ -MSin =
* Major: 6 YJ cores, % — 2 TS cores Ve Ve 13 12 TE

o . : 31 . , 32
02565 sin® 26,5 (cos2 612 sm2 + sin? ,, sin? :

4E 4E

Table: Thermal power and baseline to the JUNO detector for the Yangjiang x;(goo Tove o d G i —
(YJ), Taishan (TS), Daya Bay (DYB), and Huizhou (HZ) reactor cores. 1201 d 9 —— Nooscillations

= Only solar term

Cores YJ-1[YJ2[YJ3]YJ4]YJ5[YJ6 | TS-1[ TS-2[DYB| HZ 100k — Normal ordering
Power (GW) | 29 | 29 | 29 | 29 | 29 | 29 | 46 | 46 | 174 | 174 [ — |Inverted ordering
Baseline(km) | 52.74 | 52.82 | 52.41 | 52.49 | 52.11 | 52.19 | 52.77 | 52.64 | 215 | 265

80

60 2

20:_ . - >'

2 2
L | Amy, X Am3,
By g

_ |Oscillation

o)
w
Events per 1 MeV

<
«

0 I} 1 1 " L L 1 .l A ry
Inverse Beta Decay ' S Rmew o0
Delayed signal The energy resolution is one of the key factors for
~200 ps as tag determining neutrino mass ordering (NMO).

Jinnan Zhang (IHEP) JUNO Oscillation Physics - TAUP 2021 =
[1]. Oscillation in matter with effective oscillation parameters (j.physletb.2020.135354).
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@') Reactor v,: Precision Measurement of Oscillation Parameters TAUP

2021 VALENCH

 Precision measurement of oscillation parameters:

6 years 20 years

|\<ll

102 = = : 1
. ; : F i i = Stat.+syst.
e ] N T T [ N ] B
............... : : ® Am%4 * Am3,
C(ull\’lr:g: §18;)?11{1t 4.0 2.8 2.8 1.1 § L ., d sin%, ®  sin%6.;
PDG2020 [2] | 4.2 2.4 3.2 1.4 S
R
JUNOG6years | 0.5 | 03 12 0.2 S oo
JUNO Simulation Preliminary P
>
©
. . o« e V] =1
e JUNO will dominant the precision of | «1°
2 2 2 . D
Ams,/Am3,, Am5,, and sin“ 04, : . .
in 1 year 10-2 "y ,][A.‘\A()Is‘mj:(,;notmn Pf‘clllllllllal!r)-l E cx i o !62 | - _
. 1 1 10
* To sub-percent level in 1-2 years JUNO data taking time [years]

A publication on the precision measurement of the oscillation
[1]. JHEP09(2020)178  [2]. PTEP 2020 (2020) 8, 083C01 parameters is coming SOORn.
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JUNO Physics Summary

* Multipurpose experiment JUNO:

* Neutrino mass ordering determination:

* > 30 1n 6 years with only reactor v,
* > 10 with JUNO atmospheric neutrinos

* Precision measurement of oscillation parameters
e Sub-percent for Am%,/Am3,, Am5,, and sin? 6,, with reactor v,
* 0,5 octant with atmospheric neutrinos
e Independent Am%, and sin?8,, measurement with solar B neutrino

e TAO detector

* High precision reactor neutrino spectrum
* Sterile neutrino exploration

* JUNO will start operation in 2024
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There are many exc:ltlng neutrlno experlments planned and under ,
construction around the world

%" « The next decade of measurements will see us
e Determine if there is CP violation in neutrinos

* Determine the mass ordering of neutrinos
Make progress on understanding neutrino interactions on nuclei
Get closer to measuring the absolute neutrino masses
Discover new puzzles related to neutrino properties




Me at J-PARC (Tokai)
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Thank you for
your attention!

Me at Super-Kamiokande | Me at T2K ND280 near detector
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