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Neutrinos

Second most abundant particle in the universe

Odd particle of the Standard Model


• Very light compared to the other particles


• Non-zero mass - does not originate from the interaction with the Higgs 
➔ evidence of the physics beyond the Standard Model


Neutrinos come from various sources 
with broad range of energies


• Bearers of key information

Understanding the neutrinos  
 
 
Understanding the universe 
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Neutrino mixing: Flavor states ≠ Mass states


Neutrino Oscillation:

Basics of Neutrino Mixing and Oscillation (2ν)
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|νe⟩ = cos θ |ν1⟩+sin θ |ν2⟩
|νμ⟩ = - sin θ |ν1⟩+cos θ |ν2⟩
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Disappearance Channel
Oscillation essentials:

• Probability oscillation in L/E

• Mass squared difference 
Δm2≡m12-m22  

 - drives the frequency 

• Mixing angle θ 

- drives the amplitude
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Neutrino Mixing and Oscillation (3ν)
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2.3 Role of Each Oscillation Parameter 7
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Figure 1: The six oscillation parameters listed in the order they were first measured, and the evolution of
our understanding of them. Data comes from [8,31–40].

2.3 Role of Each Oscillation Parameter
Due to the rich phenomenology of neutrino oscillation physics, the human and planet sized oscillation
lengths, and wide range in available neutrino energies, the interplay of the six oscillation parameters
is quite complicated. The history of their measurements is shown in Fig. 1. The six oscillation
parameters a�ect oscillations in particular ways discussed here.

�m2
31 Neutrino oscillation experiments are only sensitive to the di�erence of mass squareds since

neutrino oscillations occur from the relative accumulated phase. Given three neutrinos, there are
thus two degrees-of-freedom often quantified as �m2

31 and �m2
21; �m2

32 then follows in a straight-
forward fashion as �m2

32 = �m2
31 ≠ �m2

21. �m2
31 is known as the atmospheric mass squared di�er-

ence and is known to be ≥ ±2.5 ◊ 10≠3 eV2. An oscillation maximum or minimum happens when
�m2L/(4E) ƒ nfi/2 where n is some integer; there are additional corrections due to the other �m2’s
as well as the matter e�ect. These �m2’s are sometimes referred to as frequencies since they dictate
when the probability for a neutrino to interact with a certain charged lepton is a maximum or a
minimum. Most experiments are probing the first oscillation maximum or minimum. This value for
�m2

31 corresponds to oscillations at a baseline of 500 m for 1 MeV neutrinos (e.g. reactor neutrinos)
or 500 km for 1 GeV neutrinos (e.g. accelerator or atmospheric neutrinos). There is an impressive
level of agreement on |�m2

31| among a total of seven experiments, reactor, accelerator, and atmo-

NF01 Topical Group Report Snowmass 2021

Atmospheric, accelerator ν

Reactor L~2 km, accelerator ν

Solar, reactor L~60 km ν
cij=cosθij
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Δm2ij≡m2i-m2j
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Open Questions
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Open questions in ν-physics:

• θ23 octant ⇔ θ23⋛45º?
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Open Questions
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Open questions in ν-physics:

• θ23 octant ⇔ θ23⋛45º?

• Mass ordering
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Open Questions
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Open questions in ν-physics:

• θ23 octant ⇔ θ23⋛45º?

• Mass ordering

• Value of the δCP
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FIG. 4. Constraints on PMNS oscillation parameters.
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ordering. The intervals labelled T2K only indicate the mea-
surement obtained without using the external constraint on
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nal constraint. The star shows the best-fit point of the T2K +
Reactors fit in the preferred normal mass ordering. Subfigure
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Nature 580, 339-344 (2020)
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Open questions in ν-physics:

• θ23 octant ⇔ θ23⋛45º?

• Mass ordering

• Value of the δCP


• Absolute mass scale

• Are ν’s Dirac or Majorana nature?

Normal

m3>m2 (m1)

Inverted

m3<m1 (m2)

Normal ordering Inverted ordering

What is the absolute mass?
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Atmospheric, accelerator ν
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Solar, reactor L~60 km ν
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Open questions in ν-physics:

• θ23 octant ⇔ θ23⋛45º?

• Mass ordering

• Value of the δCP


• Absolute mass scale

• Are ν’s Dirac or Majorana nature?

Hyper-Kamiokande

Will be addressed by 

Hyper-Kamiokande
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The Hyper-Kamiokande Experiment

International multipurpose experiment under construction in Japan - long baseline neutrino 
oscillation as well as non-accelerator physics

The world’s most-intense neutrino beam from J-PARC (ultimately 1.3 MW)

Near detectors to control the systematics (@J-PARC):


• INGRID & ND280 (common with T2K) - further improved with upgrades


• Intermediate Water Cherenkov detector - newly built movable detector

Hyper-Kamioaknde (far) detector will be the largest neutrino and nucleon decay 
detector in the world with 260 kt of water (@Kamioka)

￼10
295 km

1000 m

280 m1 km

Neutrino beam

J-PARC

Near detectors

Intermediate water 
Cherenkov detector

Hyper-Kamiokande

2.5˚
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The Hyper-Kamiokande Collaboration

About 560 scientists from 103 institutions from 22 countries

￼11
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Physics Program in a Nutshell

￼12

Atmospheric neutrinos

Accelerator neutrino from J-PARC

Solar neutrinos

Supernova neutrinos

Nucleon decay

νμ or ν̄μ

νe, ν̄e, νμ, ν̄μ

νe

all flavores
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Neutrino Astrophysics - Supernova Neutrinos

99% of the gravitational energy released in ν’s with energy up to ~50 MeV
Supernova burst neutrinos - 54k-90k events in HK for supernova @10 kpc


• Distinguishing explosion mechanism through time and energy spectra (ApJ 916 15 2021)


• Event alert with ~1˚ direction precision - multi-messenger astronomy

Supernova relic neutrinos - not yet observed - determine the past stellar collapse rate


• Detection through inverse beta decay ￼  - neutron tagging efficiency key aspectν̄e + p → e+ + n

￼13
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FIG. 61. Expected spectrum of SRN signals at Hyper-K with 10 years of livetime without tagging neutrons.

The black dots show signal+background (red component). Green and blue show background contributions

from the invisible muon and ⌫e components of atmospheric neutrinos. Without tagging neutrons, spallation

background dominates below 20 MeV. The SRN flux prediction by Ando et al. [102] is used, and a signal

selection e�ciency of 90% is assumed.

backgrounds completely overwhelm the signal. The expected number of SRN events in E =

20 � 30 MeV is about 310/10yrs assuming the flux prediction of Ando et al. [102] and an event

selection e�ciency of 90%. The number of background events from atmospheric neutrinos (invisible

muon and ⌫̄e) is estimated to be 2200/10yrs. So, it is possible to detect SRN signals with high

statistical significance.

However, it is important to be able to measure the SRN spectrum down to ⇠10 MeV in order

to explore the history of supernova bursts back to the epoch of red shift (z) ⇠1. Therefore, in the

following discussion the expected SRN signal with gadolinium neutron tagging is considered.

Inverse beta reactions can be identified by coincident detection of both positron and delayed

neutron signals, and requiring tight spatial and temporal correlations between them. With 0.1% by

mass of gadolinium (Gd) dissolved in the water, neutrons are captured on gadolinium with about

90% e�ciency; the excited Gd nuclei then de-excite by emitting 8 MeV gamma cascades. The

time correlation of about 20 µsec between the positron and the Gd(n,gammas)Gd cascade signals,

and the vertex correlation within about 50 cm are strong indicators of a real inverse beta event.

Requiring both correlations (as well as requiring the prompt event to be Cherenkov-like and the

delayed event to be isotropic) can be used to reduce background of spallation products by many
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FIG. 63. Expected spectrum of the SRN signals at Hyper-K with 10 years of livetime. The black dots show

signal+background (red component). Green and blue show background contributions from the invisible

muon and ⌫e components of atmospheric neutrinos. The SRN flux prediction of Ando et al. [102] was used,

and a 67% detection e�ciency of 8 MeV gamma cascades and a factor of 5 reduction in the invisible muon

background were assumed.

accompanying neutrons, the only possible spallation product is 9Li and an estimation by a GEANT4

simulation is shown in Fig. 64. Because of the short half-life of 9Li (⌧1/2=0.18sec), a high rejection

e�ciency of ⇠99.5% is expected. With this expectation, the 9Li background is less than the signal

level above 12 MeV; this could be lowered by further development of the background reduction

technique. For (3) the resolution tail of the reactor neutrinos, the estimated background rate is

about 380(80)/10 years above 10 MeV (11 MeV) as shown in Fig. 64 with full reactor intensity.

No detection 
efficiency 
applied!

No n-tag 70% n-tag efficiency 
(~SK-Gd)

w/eff ~70ν’s 
in HK in 10 y
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Neutrino Astrophysics - Solar Neutrinos 

So-called up-turn (transition between MSW-vacuum oscillations) - sensitive to various 
(non)standard parameters


• Current tension between standard prediction and measurements


• High-precision measurement by among others Hyper-Kamiokande separates between statistical 
fluke and other non-standard physics


Hyper-K will further probe day/night asymmetry and measure high-energy solar neutrino flux (hep) 

￼14

EPJ A 52 (2016) 87
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Nucleon decay present in majority of the Grand Unified Theories

Very long lifetime - Hyper-Kamiokande balance this with very huge mass


“Golden” channel  


• Almost background free for free protons due to kinematics&topology requirements


• Signal also from bound proton decays

An order of magnitude improvement w.r.t. Super-K

3σ sensitivity for τ~1035 y

p → e+ + π0

Nucleon Decay Search

￼15

Proton

Positron π0

Gamma

Gamma

Hyper-K 10 y

τ=1.7×1034 y

Free protons Bound protons

Atm. ν bg.

Proton 
mass 
peak

Proton 
mass 
peak

3σ sensitivity

arXiv:1805 04163 (HK)

arXiv:2002.03005 (DUNE) 


1.7 × 1034 y 

Hyper-K 10 y

τ=1.7×1034 y
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Nucleon Decay Search

The  channel preferred by Supersymmetry theories


Kaon decay signatures:


•  (BR 64%) produces a mono-energetic 258 MeV muon and 15N* de-excitation 
gamma ➔ prompt-delayed signal coincidence greatly suppresses the background


•  (BR 21%) with a clear 
kinematic&topology pattern


Hyper-Kamiokande the most sensitive experiment  
in this channel in about a year of data taking

p → K+ + ν̄

K+ → μ+ + νμ

K+ → π+ + π0

￼16

π+

K+

π0

Gamma

Gamma
Proton

ν
_

K+

 mono-energetic 
μ+ Proton

ν
_

ν

15N* de-excitation 
Gamma

arXiv:1805 04163 (HK)

arXiv:2002.03005 (DUNE)

arXiv:1508.07166 (JUNO)  


3σ sensitivity
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Accelerator Neutrino Long Baseline Measurement

The narrow spectrum of 2.5˚ off-axis ￼  beam peaks at 0.6 GeV (tuned to 295 km baseline)


Strategy for the CP violation measurement -  comparison of ￼  and ￼

Example for δCP=-90˚: probability enhancement for neutrinos vs. suppression for antineutrinos

High statistics measurement (1.3 MW beam + huge HK det.) with ~2k events both for ￼  and ￼  (1:3)


Improved systematics with new/upgraded near detectors

νμ/ν̄μ

P(νμ → νe) P(ν̄μ → ν̄e)

νe ν̄e

￼17

1-ring event samples

⌫-mode beam ⌫̄-mode beam

Expected event rate @ 10 years (2.7E22 POT),
⌫:⌫̄ = 1:3, @ �CP = 0

⌫-mode, 1-ring µ-like ⇠8800
⌫̄-mode, 1-ring µ-like ⇠12000
⌫-mode, 1-ring e-like + 0 decay e ⇠2100
⌫̄-mode, 1-ring e-like + 0 decay e ⇠1800
⌫-mode, 1-ring e-like + 1 decay e ⇠300

Tom Dealtry (Lancaster University) Hyper-Kamiokande Oscillation Physics December 19th, 2023 10 / 34

⌫e & ⌫e appearance probabilities

Hyper-K ⌫ & ⌫̄ beam flux peaks ⇠0.6 GeV
@ �CP = �90� (�⇡/2)

I ⌫e appearance enhanced; ⌫e appearance suppressed
Unknown mass ordering (solid vs dashed) complicates �CP measurement

I Beam-only sensitivities we show today are for known normal ordering
I Will also show how Hyper-K can use atmospheric data to exclude incorrect MO

Tom Dealtry (Lancaster University) Hyper-Kamiokande Oscillation Physics December 19th, 2023 9 / 34

Spectrum peak 
at 0.6 GeV

Spectrum peak 
at 0.6 GeV

Enhancement

Suppression

Normal ordering

Inverted ordering

Systematics

Hyper-K has high statistics ! systematics limited
Going to show sensitivities

I We have a range of systematics scenarios that span the possible range

1 T2K 2020 systematics
I Where we are now

2 Improved systematics
I Where we expect to be with ND280-upgrade, IWCD, & increased statistics
I Produced by scaling T2K systematics based on ND280-upgrade/IWCD sensitivity

3 Statistics only
I Ideal case of no systematics

Total percentage error on sample event rates:
µ-like e-like

Error model ⌫-mode ⌫̄-mode ⌫-mode ⌫̄-mode ⌫-mode ⌫/⌫̄ modes
0 d.e. 0 d.e. 1 d.e. 0 d.e.

T2K 2020 3.0% 4.0% 4.7% 5.9% 14.1% 4.6%
Improved 1.2% 1.1% 2.1% 2.2% 5.2% 2.0%

Tom Dealtry (Lancaster University) Hyper-Kamiokande Oscillation Physics December 19th, 2023 12 / 34

1-ring event samples

⌫-mode beam ⌫̄-mode beam

Expected event rate @ 10 years (2.7E22 POT),
⌫:⌫̄ = 1:3, @ �CP = 0

⌫-mode, 1-ring µ-like ⇠8800
⌫̄-mode, 1-ring µ-like ⇠12000
⌫-mode, 1-ring e-like + 0 decay e ⇠2100
⌫̄-mode, 1-ring e-like + 0 decay e ⇠1800
⌫-mode, 1-ring e-like + 1 decay e ⇠300

Tom Dealtry (Lancaster University) Hyper-Kamiokande Oscillation Physics December 19th, 2023 10 / 34
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CP Violation Sensitivity

Excluding CP conservation for 62% of δCP 
parameter space @5σ in 10 y 
(assuming know mass ordering)

Improved systematics has great impact

￼18

sin �CP 6= 0 sensitivity

For a true value of �CP , how much can we exclude CP conservation? (�CP = 0, ±⇡)

Exclude CP conservation for
62% of true �CP values @ 5�

Tom Dealtry (Lancaster University) Hyper-Kamiokande Oscillation Physics December 19th, 2023 15 / 34

�CP resolution sensitivity

How accurately can we measure the value of �CP , as a function of true �CP?

20.2� for
true �CP = �⇡/2 = �90�

6.3� for true �CP = 0

Tom Dealtry (Lancaster University) Hyper-Kamiokande Oscillation Physics December 19th, 2023 20 / 34

20.2˚ error at true δCP=-90˚

6.3˚ error at true δCP=0˚
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Precision of θ23  
4%➔2.5%

Sensitivity for Other Oscillation Parameters

￼19

sin2(✓23) = 0.5 exclusion sensitivity

For a true value of sin2(✓23), how much can we exclude sin2(✓23) = 0.5?

3� exclusion outside
the range of true
sin2(✓23) [0.475,
0.545]

Tom Dealtry (Lancaster University) Hyper-Kamiokande Oscillation Physics December 19th, 2023 25 / 34
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Octant of θ23  
determined at 
3σ for Δθ23≳2˚

Precision of Δm232  
~2%➔0.36%

JUNO more  
precise

Assuming react. 
constraints

Precision of θ13  
~2.8%➔2.5%

No improvement 
w/o constraints 
due to θ13-θ23  
correlation
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Atmospheric Neutrinos

Atmospheric neutrinos sensitive to mass ordering through matter 
effect (higher energy + longer baseline in the matter)

Breaks out degeneracy between mass ordering and δCP


• Long baseline δCP measurement no longer relies on know ordering 
when combined with atmospheric neutrinos


• Exclusion of wrong ordering on about 4-6σ in 10 y, depends on 
true value of θ23 (>3σ in 6 y)

￼20

sin �CP 6= 0 sensitivity with unknown mass ordering
For a true value of �CP , how much can we exclude CP conservation? (�CP = 0, ±⇡)
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 xsec. error 2.7%)eν/eνTrue normal ordering, improved syst. (

4/c2 eV-3 10×|= 2.509 32
2m∆)=0.528 |23θ(2)=0.0218 sin13θ(2sin

Beam (Known MO)
Beam (Unknown MO)
Atmospherics (Unknown MO)
Combined (Known MO)
Combined (Unknown MO)

)ν:νHK 10 years (2.70E22 POT 1:3 

Atmospheric neutrinos have longer baseline & higher energies
! Enhances matter e↵ect (/ E⌫ne)
! Increased sensitivity to mass ordering
! Exclude incorrect mass ordering at ⇠4–6� (depending on true sin2(✓23))
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Based on Improved error model relative to T2K 2018

Resonance No resonance

P(ν̄μ → ν̄e)P(νμ → νe)
Normal ordering assumed Normal ordering assumed

sin2θ23=0.4

sin2θ23=0.5
sin2θ23=0.6
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Physics Program Summary

￼21

Physics Parameter Sensitivity

Long baseline ν

(1.3 MW × 10 y)

δCP precision 7-20˚

δCP coverage (3/5σ) 76%/58%

sin2θ23 error (for 0.5) ±0.017?

Atm. ν + LBL ν

(10 y)

Mass ordering >3.8σ

θ23 octant (3σ) |θ23-45˚|>2˚

Supernova ν
SN burst @ 10 kpc 54k-90k ν’s

SN Relic ν (10 y) ~70 ν’s

Solar ν 
(10 y)

Upturn >3σ

Day/Night asymmetry 8σ

Proton decay  
(20 y)

τ for p→e+π0 (3σ) 1×1035 y

τ for p→K+ν (3σ) 3×1034 y
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Schedule

Construction: 2020-2027 - on time

Operation: 2027 - 

￼22

Timeline
• 2022-2027:  Construction,      2027- : Operation 

• No change of schedule since the approval of project in 2020

19

JFY2020 JFY2021 JFY2022 JFY2023 JFY2024 JFY2025 JFY2026 JFY2027 JFY2028

Tunnel const. Cavern
excavation

Tank
Const.

PMT production

PMT cases, Electromics etc.

PMT
installation

Water system Filling 
water

Operation

Power-upgrade of J-PARC and Neutrino Beam-line

Near Detector Facility, R&D, production ND construction

Preparation
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J-PARC Beam Upgrade

￼23

Main Ring
Circumference 1.567.5 m 
K.E.: 3 GeV → 30 GeV 
v/c:  97.1% → 99.95%

Neutrino Exp. Facility

Achieved 515 kW in JFY2020 
Aiming 1.3 MW by JFY2028

Neutrino beam 
Anti-neutrino beam

J-PARC Upgrade

MR-RF cavities New main magnet PS for high rep. rate

320kA horn operation

23
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Near Detectors

Near detectors common with T2K - upgrades planned for T2K and Hyper-K

On-axis detector INGRID - measures beam direction and monitors flux

Off-axis detector ND280 - primary measures (anti)neutrino rate and spectrum,  
magnetized to separate wrong-sign background


• Upgrade for/by T2K: P0D replaced by

- Super fine-grained detector

- High-angle TPCs

- Time-of-flight planes


• Further upgrades for Hyper-K era  
under investigation

￼24

Super fine-grained det. (SFGD)

High-angle TPC

ND280

INGRID
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Intermediate Water Cherenkov Detector

￼25

Newly constructed movable (1˚to 4˚ off-axis) 1 kt water 
Cherenkov detector at ~1 km from target

Instrumented with 400 multi-PMT modules


• 19 8 cm PMTs, dedicated fast electronics, etc.


• High granularity and superb time resolution

Precise cross-section measurement


• Same target material and detection technique as Hyper-K


• Reduction of dominant systematics of ￼  interaction cross section -  
ND280+IWCD complementary reduce the systematics ≲3%  
(alone ≲7.5% and ≲3.7% respectively)


Precise measurement of the (anti)neutrino spectrum


• Sampling at different off-axis angles to get a spectrum prediction  
for the Hyper-Kamiokande far detector

νe/ν̄e

50 m

6 m

8 m
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Far Detector - 3rd Generation of Successful Experiments

Kamiokande: 1983-1996

• Atm. and solar neutrino “anomaly”

• Neutrino from Supernova 1987A

￼26

Super-Kamiokande: 1996-now

• World’s best limit on nucleon decay

• Discovery of neutrino oscillation

Hyper-Kamiokande: 2027-onwards

• Extend nucleon decay search

• Precision measurement of neutrino oscillation

• Determination of CP violation and mass ordering, …

• Unknown unknowns?

×20 =

×8.4 =

H71 m × ⌀68 m

H41.4 m × ⌀39.3 m

H16m × ⌀15.6 m
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Far Detector Civil Construction on Schedule

￼27

Overview of the HK Cavern Excavation

2

1.87km

HK water tank size:    
diameter: 68m 
height: 71m

• After the last HKPAC meeting, excavation of the main cavern was finally started.
• Today, we will quickly review the progress of the onsite excavation.

1st approach tunnel

4th approach tunnel

2nd approach tunnel

Circular tunnel

Cavity for water 
purification system 

Main cavern

Vertical shaft

Access tunnel

SK

HK

Completed!

Black: ongoing

Cavity for water 
purification system

Cavern Dome

Ground-breaking 
ceremony May 2021

Center of the cavern dome reached July 2022

Cavern dome 
completed  

October 2023

Cavity for water 
purification 

(size of Super-K)

Cavern dome excavation sequence
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Hyper-Kamiokande Far Detector Overview
260kt water Cherenkov detector


• 1700 m.w.e. underground


• Inner detector (ID) H64.8 m × ⌀65.8 m

- Fiducial mass of 190 kt (8.4×SK)


• Outer detector (OD) 1m/2m thick 

￼28

• 20k 50 cm PMTs

• Main detection system of ID

• 20% photo-coverage


• ~800 mPMTs modules

• Direction and time resolution

• Direct/scattered light

• 3600 OD modules

• 8cm PMT and WLS plate

• Provides veto agains muons

• Underwater electronics vessels

• ID & Hybrid (ID+OD) vessel

• mPMT signal-collecting vessel
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50 cm PMTs

Hamamatsu Photonics R12860 Box&Line dynode PMTs


• ×2 better photon detection efficiency


• ×2 better single photoelectron resolution


• ×2 better time resolution


• ×2 higher pressure tolerance 


• Low dark rate of 4 kHz

Production resumed - 6000+ delivered and tested @Kamioka


• Previous issues due to flashers successfully resolved

￼29

(all w.r.t. SK 
Hamamatsu 

R3660)
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Underwater Electronics

Underwater electronics to reduce the cable length (signal quality, cost)

El. vessel includes low-voltage & high-voltage power supply, 
data processing board, digitizer board

Two configurations:


• ID vessel services 24 ID PMTs


• Hybrid (ID+OD) vessel services 20 ID PMTs  and 12 OD modules

Long-term underwater 
test conducted  
at CERN
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Digitizer

Data Processing Board

HV Splitter

Voltage supply
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Far Detector Calibration

Great experience from Super-K

Calibration through optical&radioactive sources and control sample

Pre-calibration: calibrated PMTs and photogrammetry

Regular calibration


• Light injection through diffusers and collimators 


• mPMT flashing LEDs


• Outer detector light injectors

Electron LINAC: 3-24 MeV electrons

Radioactive sources


• DT source


• AmBe+BGO - tagged neutrons


• Ni/Cf 9 MeV γ cascade

￼31

￼D + T → He + n

￼En = 14.2 MeV
16O(n, p)16N

￼16N →16 O + e− + ν̄

Low Energy Calibrations

D+T→He + n

n + 16O→p+16N

16N→16O+e−+ν

At low-energy, 
SK is calibrated 
using:

lasers,
radioactive 
sources,
a “DT”
generator,
and its own 
LINAC

Photogrammetry vessel

Light Injector

Ni/CF source

DT Source Principle
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Conclusions

Hyper-Kamiokande is a 3rd generation water Cherenkov experiment @ Kamioka


• World’s largest accelerator long baseline neutrino oscillation and nucleon decay detector


• Built on well-proven technology

Upgrade of the near detectors +  introduction of the Intermediate Water Cherenkov Detector to 
reduce systematics

Construction on time and on the way to start operation in 2027

Many results in 20 years of data taking


• CP violation in neutrino oscillation discovery for 62% of true δCP @5σ


• Nucleon decay explored up to τ>1035 y


• A lot more…
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Extras
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CP Conservation Exclusion with Time

￼34

sin �CP 6= 0 sensitivity vs time

What % of true values of �CP where we can exclude CP conservation,
as a function of time?

50% in <2 years @
3�

50% in ⇠5 years @
5�
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Atm. + LBL Both Orderings

￼35

sin �CP 6= 0 sensitivity with unknown mass ordering
For a true value of �CP , how much can we exclude CP conservation? (�CP = 0, ±⇡)
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 xsec. error 2.7%)eν/eνTrue inverted ordering, improved syst. (

4/c2 eV-3 10×|= 2.509 32
2mΔ)=0.528 |23θ(2)=0.0218 sin13θ(2sin

Beam (Known MO)
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Changing from true normal to true inverted MO flips the half of true-�CP-space
where unknown MO has greatest e↵ect
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Based on Improved error model relative to T2K 2018


