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Neutrinos Span Multiple Fields! 
Ø Particle Physics 

Ø Astrophysics 

Ø Cosmology 

Ø High energy Astro- particle physics 

Ø Nuclear physics 

• Overwhelming number of sources, wide range of energies 
• Need wide spectrum of experiments and technologies!

Credit: G. Zeller
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• Overwhelming number of sources, wide range of 
energies 

• Need wide spectrum of experiments and technologies! 

This talk will be 
focused on the 

expected 
contributions from 
the next generation 
of long baseline 

experiment 
(Dune & HyperK)
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The standard 3 neutrino paradigmThe standard 3 neutrino paradigm

Emerging symmetries ?
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Everything  solved ???

Most of the parameters measured with <10% precision

θ23 is known with 15% precision 

~15%

~7%

~31%

~4%

~3%

~11%

PDG2021

254 14. Neutrino masses, mixing, and oscillations

Table 14.1: The best-fit values and 3σ allowed ranges of the
3-neutrino oscillation parameters, derived from a global fit of
the current neutrino oscillation data (from [58]) . For the Dirac
phase δ we give the best fit value and the 2σ allowed range.
The values (values in brackets) correspond to m1 < m2 < m3

(m3 < m1 < m2). The definition of ∆m2, which is determined
in the global analysis in [58] is: ∆m2 = m2

3 − (m2
2 + m2

1)/2.
Thus, ∆m2 = ∆m2

31 − ∆m2
21/2 > 0, if m1 < m2 < m3, and

∆m2 = ∆m2
32 + ∆m2

21/2 < 0 for m3 < m1 < m2. We give
the values of ∆m2

31 > 0 for m1 < m2 < m3, and of ∆m2
23 for

m3 < m1 < m2, obtained from those for ∆m2 quoted in [58].

Parameter best-fit 3σ

∆m2
21 [10−5 eV 2] 7.37 6.93 − 7.96

∆m2
31(23)

[10−3 eV 2] 2.56 (2.54) 2.45 − 2.69 (2.42 − 2.66)

sin2 θ12 0.297 0.250 − 0.354

sin2 θ23, ∆m2
31(32)

> 0 0.425 0.381 − 0.615

sin2 θ23, ∆m2
32(31)

< 0 0.589 0.384 − 0.636

sin2 θ13, ∆m2
31(32)

> 0 0.0215 0.0190− 0.0240

sin2 θ13, ∆m2
32(31)

< 0 0.0216 0.0190− 0.0242

δ/π 1.38 (1.31) 2σ: (1.0 - 1.9)

(2σ: (0.92-1.88))

Maximal solar neutrino mixing, i.e., θ12 = π/4, is ruled out at more
than 6σ by the data. Correspondingly, one has cos 2θ12 ≥ 0.29 (at
99.73% CL).

Apart from the hint that the Dirac phase δ ∼= 3π/2, no other
experimental information on the Dirac and Majorana CPV phases in
the neutrino mixing matrix is available at present. Thus, the status
of CP symmetry in the lepton sector is essentially unknown. With
θ13

∼= 0.15 $= 0, the Dirac phase δ can generate CP violating effects
in neutrino oscillations [54,61,62], i.e., a difference between the
probabilities of the νl → νl′ and ν̄l → ν̄l′ oscillations, l $= l′ = e, µ, τ .
The magnitude of CP violation in νl → νl′ and ν̄l → ν̄l′ oscillations,
l $= l′ = e, µ, τ , is determined by [63] the rephasing invariant JCP ,
associated with the Dirac CPV phase in U :

JCP = Im
(

Uµ3 U∗
e3 Ue2 U∗

µ2

)

. (14.9)

It is analogous to the rephasing invariant associated with the Dirac
CPV phase in the CKM quark mixing matrix [64]. In the “standard”
parametrization of the neutrino mixing matrix (Eq. (14.6)), JCP has
the form:

JCP ≡ Im (Uµ3 U∗
e3 Ue2 U∗

µ2)

=
1

8
cos θ13 sin 2θ12 sin 2θ23 sin 2θ13 sin δ . (14.10)

Thus, given the fact that sin 2θ12, sin 2θ23 and sin 2θ13 have been
determined experimentally with a relatively good precision, the size
of CP violation effects in neutrino oscillations depends essentially
only on the magnitude of the currently not well determined value
of the Dirac phase δ. The current data implies 0.026(0.027)| sinδ| !
|JCP | ! 0.035| sin δ|, where we have used the 3σ ranges of sin2 θ12,
sin2 θ23 and sin2 θ13 given in Table 14.1. For the current best
fit values of sin2 θ12, sin2 θ23, sin2 θ13 and δ we find in the case
of ∆m2

31(2)
> 0 (∆m2

31(2)
< 0): JCP

∼= 0.032 sin δ ∼= − 0.030

(JCP
∼= 0.032 sinδ ∼= − 0.027). Thus, if the indication that δ has

a value close to 3π/2 is confirmed by future more precise data, i)
the JCP− factor in the lepton sector would be approximately by 3
orders of magnitude larger in absolute value than corresponding JCP−
factor in the quark sector, and ii) the CP violation effects in neutrino
oscillations would be relatively large.

If the neutrinos with definite masses νi, i = 1, 2, 3, are Majorana
particles, the 3-neutrino mixing matrix contains two additional

Majorana CPV phases [54]. However, the flavour neutrino oscillation
probabilities P (νl → νl′) and P (ν̄l → ν̄l′), l, l′ = e, µ, τ , do not depend
on the Majorana phases [54,65]. The Majorana phases can play
important role, e.g., in |∆L| = 2 processes like neutrinoless double
beta ((ββ)0ν -) decay (A, Z) → (A, Z + 2) + e− + e−, L being the total
lepton charge, in which the Majorana nature of massive neutrinos νi

manifests itself (see, e.g., Refs. [52,66]) . Our interest in the CPV
phases present in the neutrino mixing matrix is stimulated also by
the intriguing possibility that the Dirac phase and/or the Majorana
phases in UPMNS can provide the CP violation necessary for the
generation of the observed baryon asymmetry of the Universe [67,68].

As we have indicated, the existing data do not allow one to
determine the sign of ∆m2

31(32)
. In the case of 3-neutrino mixing, the

two possible signs of ∆m2
31(32)

correspond to two types of neutrino

mass spectrum. In the widely used conventions of numbering the
neutrinos with definite mass in the two cases employed by us, the two
spectra read:

– i) spectrum with normal ordering (NO):

m1 < m2 < m3, ∆m2
31 = ∆m2

A > 0,

∆m2
21 ≡ ∆m2

$ > 0, m2(3) = (m2
1 + ∆m2

21(31))
1
2 . (14.11)

– ii) spectrum with inverted ordering (IO):

m3 < m1 < m2, ∆m2
32 = ∆m2

A < 0, ∆m2
21 ≡ ∆m2

$ > 0,

m2 = (m2
3 + ∆m2

23)
1
2 , m1 = (m2

3 + ∆m2
23 − ∆m2

21)
1
2 . (14.12)

Depending on the values of the lightest neutrino mass [69], min(mj),
the neutrino mass spectrum can be:

– Normal Hierarchical (NH):

m1 ' m2 < m3, m2
∼= (∆m2

21)
1
2 ∼= 0.0086 eV,

m3
∼= |∆m2

31|
1
2 ∼= 0.0506 eV; or (14.13)

– Inverted Hierarchical (IH):

m3 ' m1 < m2, m1
∼= (|∆m2

32|− ∆m2
21)

1
2 ∼= 0.0497 eV,

m2
∼= |∆m2

32|
1
2 ∼= 0.0504 eV; or (14.14)

– Quasi-Degenerate (QD):

m1
∼= m2

∼= m3
∼= m0, m2

j ( |∆m2
31(32)|, m0 " 0.10 eV. (14.15)

Sometimes the determination of the neutrino mass spectrum is referred
to in the literature on the subject as determination of “neutrino mass
hierarchy”. However, as we have seen, the neutrino mass spectrum
might not be hierarchical. Therefore, determination of “neutrino mass
ordering” is a more precise expression and we are going to use this
expression in the present review article.

Eq. (14.11) and Eq. (14.12) suggest that, for consistency, the data
on the larger neutrino mass squared difference, obtained in 3-neutrino
oscillation analyses, should be presented i) either on the value of
∆m2

32 in the case of NO spectrum and on ∆m2
31 for IO spectrum, or

ii) on the value of ∆m2
31 for the NO spectrum and on ∆m2

32 for IO
spectrum. It would be preferable that all experimental groups which
provide data on the larger neutrino mass squared difference, choose
one of the indicated two possibilities to present their data - this
will make straightforward the comparison of the results obtained in
different experiments.

All types of neutrino mass spectrum, discussed above, are
compatible with the existing constraints on the absolute scale of
neutrino masses mj . Information about the latter can be obtained,
e.g., by measuring the spectrum of electrons near the end point in 3H
β-decay experiments [70–74] and from cosmological and astrophysical
data. The most stringent upper bounds on the ν̄e mass were obtained
in the Troitzk [74,71] experiment:

mν̄e < 2.05 eV at 95% CL. (14.16)

• Precision Measurement of 
mixing parameters

• Neutrino mass ordering

• Is θ23 maximal?

• CP violation in the neutrino 
sector
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Atmospheric Sector & CPV: Open Questions

PDG 2020 

• υe appearance (θ13, MH, CPV)

• υ# disappearance (θ23)

• Distortion to the neutrino spectrum (∆m232)

υe appearance

υ# disappearance

Searches at Long Baseline Experiments 

e.g. T2K, NOvA, DUNE, Hyper-K
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Atmospheric Sector & CPV: Open Questions

PDG 2020 

• υe appearance (θ13, MH, CPV)

• υ# disappearance (θ23)

• Distortion to the neutrino spectrum (∆m232)

υe appearance

υ# disappearance

Searches at Long Baseline Experiments 

e.g. T2K, NOvA, DUNE, Hyper-K

• ne appearance (θ13, MH, CPV) 
• nµ disappearance (θ23) 
• Distortion to the neutrino spectrum (∆m23

2) 

No !!



Current long-baseline experiments (T2K & Nona)
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CP violation present: T2K-NOvACP violation present: T2K-NOvA

FNAL Main Injector (120 GeV) 670 kW
<E> ~ 2 GeV (2013)

J-PARC Main Ring (30 GeV) ~500 kW
<E> ~ 0.6 GeV (2009)

810 km
0.84º oC-axis

295 km
2.5º oC-axis

Water Cherenkov

Liquid scintillator

Super-K 22.5 kt

NOnA 14 kt

ND280

underground

~ at surface

∆m23 ~ 10 -3 => L/E ~1000 See A. Mislivec Talk 

A. Mislivec / University of Minnesota FPCP 2021

T2K Experiment

• !  beam generated at J-PARC 

• Far detector (Super Kamiokande) 
at L = 295 km 

• Narrow-band neutrino beam (red) 
peaked at !  = 0.6 GeV near  
oscillation maxima at L = 295 km

νμ (νμ)

Eν
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Reach of Current Experiments (T2K & NOvA) 

What do we know?
• Latest results presented at Neutrino 2020

• Atmospheric Sector picture is looking consistent across 
experiments; preference for Normal Ordering and non-
maximal mixing

• CPV: joint fits underway (T2K+NOvA and T2K+SK) to 
understand interesting differences in !CP

• T2K+NOvA can reach around 2-3 " for CPV and MH 
(depends on parameter choices and systematics reach)

Looking Ahead (T2K)
• Extended run of T2K (20xE21 POT) can result in 3" for CPV
• ND280 upgrades, WAGASCI/BabyMIND to reduce 

neutrino interaction uncertainties
• SK-Gd loading: neutron tagging for enhanced ν/anti-ν 

separation

Looking Ahead (NOvA) 
• Can reach 3σ MH sensitivity for 30-50% of δ values, with the 

full dataset and an upgraded beam
• Can reach 2σ for CPV
• Plan to reduce largest systematics (detector energy scale) 

with test beam experiment.

!13

Reach of Current Experiments (T2K & NOvA)

T2K

arXiv:1609.04111

NOvA

K. WarlBurton & L. Kolupaeva, Nu2020 posterSee Talks by 
Z. Wang and 
A. Ichikawa
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full dataset and an upgraded beam , improved systematic
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Long-Baseline Facilities Across the Globe 

!14

NOvA 
(Ash River)

MINOS(+) 
(Soudan)

DUNE 
(Home Stake)

!14

Current:
NOvA (US)
T2K (Japan)

JAPAN

US

Future:
DUNE (US) 

 Hyper-K (Japan)

Long-Baseline Facilities Across the Globe

• New Technology, high intensity beams, large 
volume detectors are needed for precision

• Next Generation Experiments: DUNE & Hyper-K

PastPresent

Future

Hyper-K
Future

Present

Ø Dune & Hyper-K 
approved and under
construction

Ø Beautiful results 
expected by the end of 
this decade 



Dune & Hyper-K in a nutshell
• DUNE
• Mass ~ 70 KTons

• L  = 1300 Km 

• E (peak) = 2-3 GeV/c (on-axis)

• Beam (Intensity) = 1,2 MW > 2,4 MW

• New Near Detector Suite

• Technology (FD) = Liquid Argon

• New Technology at this mass scale

• Beam physics (Oscillation):  >> MH sensitivity 

• No-beam physics: possibility to measure ne
from supernovae (different technology)

• Hyper-K
• Mass ~ 190 Ktons

• L = 300 Km

• E (peak) = 0,6 GeV/c (off-axis) 

• Beam (Intensity ) = 1,3 MW

• Upgraded T2K Near Detector Suite (+IWCD)

• Technology (FD) = Water-Cherenkov 

• Technology already used in large detectors (SK)

• Beam physics (Oscillation):  >> CP sensitivity 

• No-beam physics:  >> proton decay and
solar/atm. sensitivity (larger mass)



The Deep Underground Neutrino 
Experiment (DUNE) 

July, 2017

!15

DUNE 1.5 km deep in
Home Stake Mine

The Deep Underground Neutrino Experiment (DUNE)

Very Rich Physics Program
● CP Violation
● Neutrino Mass Hierarchy
● Precision measurements of 

neutrino oscillation parameters
● Supernova & Astrophysics
● Nucleon Decay (e.g. p → K+ν)
● Many BSM searches

• Deep underground location

• 70 kton Far Detector (FD)

• Multiple technologies for the 
Near Detector (ND)

• MW-scale wide band neutrino 
beam 

• FD Physics date in late 2020s

• Details of timeline will be 
finalized after project baselining 

(expected this year)

Sanford Underground 
Research Facility 
(South Dakota) Fermilab

1100+ collaborators
30+ countries

190+ institutes

800 miles baseline 

Dual site facilities provided by 

the Long Baseline 
Neutrino Facility (LBNF)



DUNE: Neutrino Beam
•  DUNE’s neutrino source: LBNF beam, from US Fermi National Lab (FNAL) 

Feb. 25, 2021 Georgia Karagiorgi | DUNE: Status and Prospects4

60-120 GeV proton beam, 1.2 MW by late 2020s, upgradable to 2.4 MW 

DUNE: Neutrino Beam 

You Inst Logo

Long Baseline Neutrino Facilities

June 8, 2021 Andrea Zani | Deep Underground Neutrino Experiment: DUNE 7

• Beam line design under way

- 60-120 GeV proton beam

- 5.8 degree vertical bend, to reach SURF

- 1.2 MW by late 2020’s, upgradable to 2.4 MW

- Assumed minimum uptime of 55%

(1.1-1.9) x 1021 POT*/y @ 1.2 MW 
10 µs pulse duration

*Protons On Target

EPJC (2020) 80, 978



DUNE: Near Detector (ND)
•  DUNE ND complex     

Feb. 25, 2021 Georgia Karagiorgi | DUNE: Status and Prospects7

Multiple complementary systems: 

•  ND-LAr: modular, pixelated LArTPC �
 Primary target, similar to FD 

•  TMS ! ND-GAr: measures muons not 
captured by LArTPC à high-pressure 
GArTPC, surrounded by ECAL and magnet�
 Muon spectrometer; nuclear interaction model constraints 

•  SAND: tracker surrounded by ECAL and 
magnet�
 On-axis beam spectrum/time-stability monitor 

ν beam 
 
ND-LAr/TMS are movable on/off-axis (PRISM) �

 Probes different neutrino energies 

DUNE: Near Detector (ND)
•  DUNE ND complex 

•  Located 574 m from neutrino beam target 

•  Primary purpose: characterization of neutrino 
beam and constraining of cross-section 
uncertainties for long-baseline neutrino 
oscillation measurements 

Feb. 25, 2021 Georgia Karagiorgi | DUNE: Status and Prospects5

DUNE: Near Detector (ND) 



DUNE: Far Detector (FD)

Feb. 25, 2021 Georgia Karagiorgi | DUNE: Status and Prospects9

[Top View] 

•  Two far detector designs: �
Horizontal Drift and Vertical Drift�
(both employ liquid argon phase only) 

•  First detector module will be Horizontal Drift (HD) 

•  Four (4) LArTPC FD Modules, �
deployed in stages 

-  17 kton each 

-  1.5 km underground 

You Inst Logo

Far Detector Site - SURF

June 8, 2021 Andrea Zani | Deep Underground Neutrino Experiment: DUNE 10

• 4 Detector modules, ~17 kton
total volume each
- Construction in stages

• FD #1, #2 will be single-
phase (SP) LAr-TPCs, with 
Horizontal Drift (HD) and 
Vertical Drift (VD), respectively

• FD #1 construction starts in    
mid 2020’s

Ross Shaft

Northern Cavern

Southern Cavern

CUC*

Far Detector #1

FD #2

*CUC = Central Utility Cavern, 
hosting Cryogenic plant and DAQ

• Maximal cryostat external       
dimensions: ~ 66 x 19 x 18 m (LxWxH)

Far Detector Site - SURF 
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Dune Single Phase Prototype
(ProtoDUNE-SP)

420 t active volume

Dune Dual Phase Prototype
(ProtoDUNE-DP)

Single & Dual Phase Technology for DUNE

300 t active volume

!19

Dune Single Phase Prototype
(ProtoDUNE-SP)

420 t active volume

Dune Dual Phase Prototype
(ProtoDUNE-DP)

Single & Dual Phase Technology for DUNE

300 t active volume



DUNE FD HD LArTPC Module 
DUNE FD HD LArTPC Module
•  HD FD uses modular drift cells (scalability) 

•  Electric field: 500 V/cm, 3.6 m drift 

•  Suspended Anode and Cathode Plane �
Assemblies (APAs and CPAs) 

•  APA: 
-  Wrapped induction wires, reducing number �

of readout channels, cabling complexity 

-  Single plane of collection wires 

•  Photodetectors also employed, providing timing �
and possibility of off-beam triggering 

Feb. 25, 2021 Georgia Karagiorgi | DUNE: Status and Prospects10
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ProtoDUNEs @ CERNProtoDUNEs @ CERN
Low-noise on all readout planes
S/N > 10 in all cases (>40 for collection plane)
Stable running (Rrst operations in 2018)

JINST 15 (2020) 12, P12004



Hyper-Kamiokande Experiment 

Neutel2021 - 25 Feb 2021

Hyper-Kamiokande Experiment

Hyper-K detector with 8.4 
times larger fiducial mass 
(190 kiloton) than Super-K  
with double-sensitivity 
PMTs 

J-PARC neutrino beam will 
be upgraded from 0.5 to 
1.3MW (x2.5 higher than 
current T2K beam power)


New (IWCD) and upgraded 
(@280m) near detectors to 
control systematic error.

4

ØHyper-K detector with 8.4 times 

larger fiducial mass (190 kiloton) 
than Super-K with double-

sensitivity PMTs 

ØJ-PARC neutrino beam will be 
upgraded from 0.5 to 1.3MW 
(x2.5 higher than current T2K 
beam power) 

ØNew (IWCD) and upgraded 
ND280) near detectors to control 
systematic error. 
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times larger fiducial mass 
(190 kiloton) than Super-K  
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PMTs 

J-PARC neutrino beam will 
be upgraded from 0.5 to 
1.3MW (x2.5 higher than 
current T2K beam power)


New (IWCD) and upgraded 
(@280m) near detectors to 
control systematic error.

4

19 countries, 93 institutes, 
~440 people as of November 
2020, growing 



Physics in 
Hyper-Kamiokande

Proton decay

Supernova 
neutrinos

Solar neutrinos

J-PARC neutrino beam

!!

!", !̅",!!, !̅!

!" , !̅"

!! , !̅!

!?

Atmospheric
neutrinos

8



Water Cherenkov detector 
Water Cherenkov detector

• Cherenkov ring
Ø Particle identification (>99% efficiency for !/# separation)
Ø Momentum reconstruction (energy and direction)

• Scalable to larger mass ⇒ rare process (proton decay search and neutrino observation)
•Well established technology → next slide
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3rd generation underground water Cherenkov detector in Kamioka

Kamiokande

Birth of neutrino astrophysics

Super-Kamiokande

Discovery of neutrino oscillations

Hyper-Kamiokande

Explore new physics

(1983-1996) (1996 - ongoing) (start operation in 2027)

• Atmospheric and solar 
neutrino “anomaly”

• Supernova 1987A

• Proton decay: world best-limit
• Neutrino oscillation (atm/solar/LBL)

Ø All mixing angles and ∆"!#

• Extended search for proton decay
• Precision measurement of neutrino 

oscillation including CPV and MO
• Neutrino astrophysics

4

3rd generation underground water Cherenkov detector in Kamioka

Kamiokande

Birth of neutrino astrophysics

Super-Kamiokande

Discovery of neutrino oscillations

Hyper-Kamiokande

Explore new physics

(1983-1996) (1996 - ongoing) (start operation in 2027)

• Atmospheric and solar 
neutrino “anomaly”

• Supernova 1987A

• Proton decay: world best-limit
• Neutrino oscillation (atm/solar/LBL)

Ø All mixing angles and ∆"!#

• Extended search for proton decay
• Precision measurement of neutrino 

oscillation including CPV and MO
• Neutrino astrophysics

4



The Hyper-Kamiokande FD

-10000 -5000 0 5000 10000

-10000

-5000

0

5000

10000

1

2

3

4

5

6

7The Hyper-Kamiokande detector

Hyper-K

Super-K
H

: 7
3m

Φ: 69 m

Water depth: 
71 m

Fiducial volume: 
188 kt

Cavern Tank×2 pressure tolerance

New detector design
(cost reduction)

×2 photon detection
×2 timing resolution

R&D for large cavern

Precision 
measurement

High statistics 
neutrino data

High QE Box&Line PMT

New detector design 
by synergy of 

different technologies

Recent update: 
• Lower dark rate (similar level to SK)
• Lower radioactive contamination 

5



Detector R&D for Hyper-KamiokandeDetector R&D for Hyper-Kamiokande

Multi-PMT module:
(ref. KM3NeT)
High resolution Cherenkov ring 
imaging essential for IWCD
Consider to use for part of HK

IWCD simulation

20-inch MCP PMT:
Test in dark room 

Prototype at TRIUMF

mPMT in Memphyno
water tank in FranceElectronics at INFN

Box&Line PMT in Super-K

17



Neutel2021 - 24 Feb 2021

Hyper-K Detector Construction has Started

10

Production has started on time for 
the 50cm PMTs with Box&Line dynode.

300 PMTs by March, 20,000 PMTs in 
total by 2026 according to the 
Japanese budget profile.

The Hyper-K Construction

Neutel2021 - 24 Feb 2021

Entrance Yard Construction

SK

HK

1000 m

600 m

Tunnel
Entrance

Kamioka town

Route 41

NMt. Ikeno-yama

Access tunnel
(~2km)

Mt. Nijyugo-yama

Wasabo

Maruyama

6

Construction of entrance 
yard in Wasabo is completed.


Construction of the waste 
water treatment facility at the 
entrance yard.


has started.

Neutel2021 - 24 Feb 2021

Geological Survey

7

• Feb. 2020: First year construction budget approved 
• April 2020: Construction started
• May 2020: U. of Tokyo and KEK signed MOU
• December 2020: First PMTs delivered in Kamioka
• May 2021 Start of the Tunnel excavation
• Operation to start in 2027
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Entrance Yard Construction

SK

HK

1000 m

600 m

Tunnel
Entrance

Kamioka town

Route 41

NMt. Ikeno-yama

Access tunnel
(~2km)

Mt. Nijyugo-yama

Wasabo

Maruyama

6

Construction of entrance 
yard in Wasabo is completed.


Construction of the waste 
water treatment facility at the 
entrance yard.


has started.

May 2021 Start of the 
tunnel excavation 



Near Detectors Suite

Neutel2021 - 25 Feb 2021

Near Detector Suite

On-axis detector: measure beam direction, monitor event rate. 


Off-axis magnetized tracker: charge separation (wrong-sign background), recoil system

Off-axis spanning water Cherenkov detector: intrinsic backgrounds, electron. 

(anti)neutrino cross-sections, neutrino energy vs. observables,  target.H2O
14

üOn-axis detector: measure beam direction, monitor event rate. 
üOff-axis magnetized tracker: charge separation (wrong-sign background), recoil system 
üOff-axis spanning water Cherenkov detector: intrinsic backgrounds, electron. 
ü (anti)neutrino cross-sections, neutrino energy vs. observables, H2O target.



Hyper-K Beam Oscillation Analysis

Neutel2021 - 25 Feb 2021

Hyper-K Beam Oscillation Analysis

Based on T2K oscillation method.

15

Based on T2K oscillation method. 



Hyper-K & DUNE Sensitivites : dCP

Exclusion of sin 𝛿cp = 0 
Ø ~8 𝜎 for 𝛿cp = −90°
Ø More than 50% of 𝛿 range >5 𝜎
• Measurement of 𝛿 cp

Ø23°for 𝛿 cp =90°/ 7° for 𝛿 cp =0°

Neutel2021 - 24 Feb 2021

 Sensitivitysin δCP ≠ 0

Ability to exclude CP conservation versus true value of "#$ 

17
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CP Violation Sensitivity

•  Significant CP violation 
discovery potential over 
a large range of possible 
true δCP values in 7-10 
years of (staged) running 

Feb. 25, 2021 Georgia Karagiorgi | DUNE: Status and Prospects16

Time-projected Sensitivity
•  Assumes nominal staging as described in the DUNE Technical 

Design Report 

 

•  Width of each band represents sensitivity with and without reactor 
experiment constraints on θ13 

 

•  Unambiguous determination of mass hierarchy within the first 
2-3 years 

•  Significant milestones throughout the beam physics program 

-  CPV discovery if true δCP = -π/2 in ~7 years 

-  CPV discovery for 50% of true δCP values in ~10 years 

Feb. 25, 2021 Georgia Karagiorgi | DUNE: Status and Prospects18

Staged scenario 
Ø Assumes equal running in 

neutrino and antineutrino 
mode 

Ø CPV: 65% of 𝛿 range at 3𝜎 in 
7 years 

Hyper-K

DUNE



Hyper-K & DUNE Sensitivites : MH

Mass Hierarchy Sensitivity

•  Definitive determination 
of neutrino mass 
hierarchy (normal or 
inverted) for all possible 
parameters 

Feb. 25, 2021 Georgia Karagiorgi | DUNE: Status and Prospects17

T2K (water Cherenkov)

!26

DUNE & Hyper-K Sensitivites

● Staged scenario

● Assumes equal 
running in neutrino 
and antineutrino mode

● CPV: 65% of ! range at 
3" in 7 years

● MH: > 5" regardless of 
other parameter 
choices

DUNE

Hyper-K

Near Detectors 
designed to reduce 

systematics for 
Hyper-K 

significantly

DUNE CPV

Hyper-K

DUNE MH

arXiv:2002.03005
arXiv:2002.03005

Strategy of Hyper-Kamiokande

Combination of long-baseline and atmospheric neutrino observations 
⇒ Resolve parameters degeneracy

Atmospheric neutrino: sensitive to mass ordering by Earth’s matter effects
à Constraints on mass ordering enhance sensitivity to CP violation by long-baseline

sin$ 6$% Atmospheric 
neutrino Atm + Beam

Mass 
ordering

0.40 2.2 < 3.8 <
0.60 4.9 < 6.2 <

6$%
octant

0.45 2.2 < 6.2 <
0.55 1.6 < 3.6 <

10 years with 1.3MW, normal mass ordering is assumed

10 years with 1.3MW, T2K 2018 systematic error

10

Hyper-K

DUNE

Combination of long-baseline and 
atmospheric neutrino observations 

2-3 years to unambiguously 
determine mass hierarchy 
(NO or IO)



Hyper-K & DUNE are Observatories !

v Nucleon decay searches
v Supernovae physics 

SN explosion mechanism
SN monitor 
Nucleosynthesis 

v Supernova Relic Neutrino
SN mechanism
Star formation history 

v Solar neutrinos 
Burning processes, modelling of the Sun 
Property of neutrino 

v BSM physics (sterile searches, 
non-standard interactions) 

Neutel2021 - 24 Feb 2021

Astrophysics Neutrinos at Hyper-K

20

Supernova Relic Neutrinos 
• SN mechanism  
• Star formation history  
• Extraordinary SNe 

Supernova Neutrinos 
• SN explosion mechanism  
• SN monitor  
• Nucleosynthesis 

Solar Neutrinos 
• Burning processes, modelling of the Sun  
• Property of neutrino 
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Astrophysics Neutrinos at Hyper-K

20

Supernova Relic Neutrinos 
• SN mechanism  
• Star formation history  
• Extraordinary SNe 

Supernova Neutrinos 
• SN explosion mechanism  
• SN monitor  
• Nucleosynthesis 

Solar Neutrinos 
• Burning processes, modelling of the Sun  
• Property of neutrino 
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Proton Decay Searches

Two major modes predicted by many models

26
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∼"
W 

p→!K̅+

Hyper-K is able to pursue these and other final 
states with the highest precision. 
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Hyper-K: Solar Neutrinos
• Large statistics: 130 ν ev./day, Evis>4.5MeV 

• Highlights of solar ν measurements in 
particle physics and astrophysics: 

• Day/Night asymmetry 
• Solar ν spectrum up-turn 
• Discovery of Hep neutrino 
• Variation of solar ν flux 
• Precision measurement Δm2

Neutel2021 - 25 Feb 2021

Solar Neutrinos

Large statistics: 130  ev./day/tank, 
>4.5MeV


Highlights of solar  measurements in 
particle physics and astrophysics:


 Precision measurement 

Day/Night asymmetry 


Solar  spectrum up-turn

Discovery of Hep neutrino 

Variation of solar  flux

ν
Evis

ν

Δm2
21

ν

ν
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Solar Neutrinos

Large statistics: 130  ev./day/tank, 
>4.5MeV


Highlights of solar  measurements in 
particle physics and astrophysics:
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Day/Night asymmetry 


Solar  spectrum up-turn

Discovery of Hep neutrino 

Variation of solar  flux
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Hyper-K: Supernova and Relic  Neutrinos
Supernova neutrino observation: 
• 54-90k events for SN at 10 kpc (most 

sensitive to anti-νe) 
• Precise Neutrino Time profile 
• Precise spectrum measurement 
• Investigation of the SN mechanism 

(SASI/ Rotation/Convection) 

Supernova Relic Neutrino (SRN) 
• Diffused neutrinos coming from all past 

supernovae. 

• Not discovered but promising extra-galactic ν. 

• SRN can be observed by HK in 10y with ~70±17 
events. It is > 4σ for SRN signal. 

Neutel2021 - 25 Feb 2021

Supernova Neutrinos

Supernova neutrino observation:

54-90k events for SN at 10 kpc (most 

sensitive to )

Precise Neutrino Time profile

Precise spectrum measurement

 Investigation of the SN mechanism (SASI/

Rotation/Convection) 

νe

23

Talk by J. Migenda

Models by different groups, using various approximations 
➔ telling models apart can help understand the explosion 
mechanism 

Neutel2021 - 25 Feb 2021

Supernova Relic Neutrinos

25

Supernova Relic Neutrino (SRN) 


Diffused neutrinos coming from all past 
supernovae.  

Not discovered but promising extra-
galactic .  

SRN can be observed by HK in 10y with 
~70±17 events. It is > 4σ for SRN signal.

ν



Dune: Supernova Neutrinos
Physics Prospects: Supernova Neutrinos
•  Dominant interaction on argon: 

•  Unique sensitivity to electron neutrinos from �
a supernova!�
 

•  In case of a galactic supernova, DUNE�
expects to observe up to thousands of neutrino �
interactions over the duration of the burst �
 

•  arXiv:2008.06647 

 

 

Feb. 25, 2021 Georgia Karagiorgi | DUNE: Status and Prospects20

short electron track 
nearby de-excitation�
  gammas, Compton�
    scattering 



Beyond Next Generation

T2HKK/KNO

ESSνSB

THEIA
INO

● More like observatories, very 
broad physics programs

● Precision tests of 3-flavor mixing, 
new physics, and much more 
than just oscillation experiments

● Exact goals will depend on 
where we will be with next 
generation!

 29

Beyond next generation



Thank You !


