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With 3ν, there are 

 3 angles and 1 imaginary phase:  
The phase allows for CP violation similar to the quark sector.  
There are also 2 values of Δm2, traditionally Δm212  &Δm231.

Those states are not themselves mass eigenstates, |νi⟩, i = 1, 2, 3, 

They relate through a linear combination (the PMNS matrix) 
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• Each mass state of a flavoured neutrino has different mass so they 

propagate with different momentum (amplitude frequency). 
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• Neutrino interaction is also flavour dependent (not mass)
• with mass states developing relative phases, mass states interfere 

resulting in new flavour states —> neutrino oscillation. 

• The mixing is controlled by the PNMS matrix that provides an imaginary 
phase and give raise to CP (T) violating effects. 
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• Jarlskog invariant Jαβ gives an idea of the amplitud of CP violation: 

Jmax ~ 0.033 for neutrinos  Jmax ~ 0.000032 for quarks  

Leptonic CP violation will manifest as a difference of the vacuum 
oscillation probabilities for neutrinos and anti-neutrinos 

Cabibbo, 1977; Bilenky, Hosek, Petcov, 1980, Barger, Whisnant, Phillips, 1980
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Jmax ~ 0.09 for maximal mixing   
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PNMS matrix

• Quark and neutrino mixing matrices are very different. 
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• PNMS matrix as of 2020 (3σ bands) 

diagonal flat”ish”

This “shape” produces the larger Jarlskog invariant: 
• neutrinos  sinθ ~ cosθ 
• quarks      sinθ << cosθ
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• Like in quarks, direct CP (T) violation in neutrino oscillations is induced by the δ 
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• There are (N-1)(N-2)/2 irreducible “physical” phases in any NxN unitary matrix:          

• 3 flavours —> 1 phase.

• the existence of “sterile neutrinos” would add phases to the oscillations:

•  4 neutrinos —> 3 phases,  5 neutrinos —> 6 phases. 
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νx  —> νx 

Change in population of a single flavour 
(neutrino disappearance)  is like a 2 

neutrino oscillation (νx vs non-νx) and it 
should not violate (truely) CP. 

νx  —> νy     x ≠ y 

Measurement of the explicit flavour 
transition will assume the existence of a 

third specie (non-x and non-y) and it 
can violate CP. 

In case of Majorana neutrinos there are two additional phases that are not absorbed by the lepton fields 
but have no influence on oscillations.
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Oscillations normally measure |Δm2|

The sign of Δm2 is the so-called hierarchy

The lighted state ν1 is the one 
with largest fraction of νe (red)

The lighted state ν3 is the one 
with largest fraction of ντ (green)

Δm2sol sign is 
fixed in solar 

oscillation 
through matter 

effects

Δm2atm sign is 
unknown
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independent CP violation
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Experiments assume PNMS and standard model interactions to 
constrain the model and produce a CP violation result. 
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scale

The discrimination power comes “mainly” from the comparison of the neutrino 
electron appearance (P(νμ —> νe)) with the value of θ13 from reactor experiments.
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Model dependent extraction
One example case: T2K (& Nova) experiment 

10

Asume PNMS. 
Measure neutrinos and antineutrinos.  

Take θ12 & Δm212 from solar experiments. 
Measure θ23 & Δm223 from P(νμ —> νμ) 

Add θ13 from reactor experiments 

reactor experiments are disappearance 
experiments and do not depend on δ

notice the 
different x 

scale

The discrimination power comes “mainly” from the comparison of the neutrino 
electron appearance (P(νμ —> νe)) with the value of θ13 from reactor experiments.

T2K (& NOvA) measures a phase in a reference model not a pure CP violation
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For neutrino propagation through the Earth’s mantle,
valid for terrestrial accelerator neutrinos, the value of the
matter potential [35] allows us to write a ≈ 3ðE=GeVÞΔm2

21.
In the energy region between the two Mikheyev-Smirnov-
Wolfenstein resonances, Δm2

21 ≪ a ≪ jΔm2
31j, valid for

both T2HK and DUNE neutrino energy spectra, one may
approximate the relation in Eq. (4) between J̃ in matter
and J in vacuum as [30]

J̃ ≈
Δm2

21Δm2
31

jajð1 − jUe3j2Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔm2

31 − aÞ2 þ 4aΔm2
31jUe3j2

p J ;

ð5Þ

where the proportionality factor is energy dependent
through a.
In the following, we explore whether, at fixed L through

the Earth’s mantle, the energy distributions of ACPT
μe and

AT
μe present signatures of their separation in ACP

μe for the
T2HK and DUNE experiments.
Figure 2 gives the predictions for the energy distributions

of ACPT
μe and AT

μe at an intermediate baseline L ¼ 295 km.
It is worth noting the lack of oscillating structure in the
neutrino energy for both terms of the CP asymmetry. The

magnitude of ACPT
μe is small, as expected, and slightly

dependent on the CP phase δ through the genuine CP-
conserving small contributions of order Δm2

21, more visible
at low energies. When these results for a normal hierarchy
are recalculated for an inverted hierarchy, the net effect is
essentially a change of sign in ACPT

μe . On the contrary, the
magnitude of AT

μe is proportional to sin δ, as predicted by
Eq. (4), without any degeneracy when δ is varied in the
entire interval from 0 to 2π. In addition, in this genuine term
of the CP asymmetry the hierarchy in the neutrino mass
spectrum plays no role: its sign remains invariant when the
sign of the largest mass splitting is changed. We conclude
that the sign of ACPT

μe fixes the hierarchy, whereas the
magnitude and sign of AT

μe fixes sin δ.
The beautiful different behavior ofACPT

αβ andAT
αβ for the

discrimination of the hierarchy is well understood to
leading order in Δm2

21: zeroth order for ACPT
αβ , independent

of δ, and first order for AT
αβ. The mass spectrum in matter

changes from neutrinos to antineutrinos as

Δm̃2
21 ↔ Δ ˜̄m2

21; Δm̃2
31 ↔ −Δ ˜̄m2

32; Δm̃2
32 ↔ −Δ ˜̄m2

31:

ð6Þ

FIG. 2. Energy distribution of the CPT-odd (up) and T-odd
(down) components of the CP asymmetry for the T2HK experi-
ment. The bands correspond to all possible values changing δ
in ð0; 2πÞ.FIG. 1. CPT-odd (up) and T-odd (down) components ofACP

μe at
L ¼ 1300 km and E ¼ 0.75 GeV as a function of a and δ.
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@ 300 km and 1st oscillation

@ short distances       dominates  over       
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Beyond 1st oscillation

• Future experiments follow two strategies: 

1. Short Osc. distance and small matter effects (AαβCPT)

2. Large Osc. distance and large matter effect with two oscillation maxima to disentangle the 
contributions.

• First and second oscillation maximum changes for different values of hierarchy & δCP.
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• Future experiments follow two strategies: 

1. Short Osc. distance and small matter effects (AαβCPT)

2. Large Osc. distance and large matter effect with two oscillation maxima to disentangle the 
contributions.

• First and second oscillation maximum changes for different values of hierarchy & δCP.

• How to get 2nd maximum (sin2(αL/E)) ?

• Change Energy (E) 

• Change travel distance (L)

• 2nd maximum starts to depend on θ12 (solar term)

• Still model dependent unless the asymmetry is computed at the magic energy (0.9GeV for 1300km)
12
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beams. Tuned energy to match different oscillation distances.  

13

The transition of νμ to νe is the best tool at hand to explore CP 
violation in the next generation of experiments. 



νμ beams
• Conventional beams from π decays are not “clean” and “difficult to predict”. 

• They are also not very pure:

• large contribution of wrong flavour  (electrons in muon neutrino beam)

• large contribution of wrong “charge” in antineutrino mode.  (neutrino in anti-neutrino beam)

14
T. Vladisavljevic 12/20

• Understanding the intrinsic ν" (#ν") flux is important for the ν$ → ν" (#ν$ → #ν") appearance analysis
• Wrong sign contamination is greater in #ν mode flux (isoscalar target and proton beam) 

The T2K Neutrino Flux Calculation

&. (% #*+ & -. .% */
(123 4*~-. 6 7/8) (. &% *+ & -. .% #*/

(123 4*~-. 6 7/8)

NuInt2018, L’Aquila, Italy

pA —> πΚ,… 
Measurements 
@ CERN and 

FNAL
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Long base line
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• Neutrino energy is not monochromatic —> estimate “event by event” 
the energy of the neutrino.  

• Non perfect reconstruction of the Energy ( )  —> the cross-
section does not cancel in the ratio. 

• The determination of the energy                 depends on the 
neutrino interaction.  

• Neutrino oscillations flux spectrum deformation(           ) —> the 
ratio does not cancel the cross-sections.
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• From conservation of momentum and 
energy: 
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Situation now (Nufact 2022)
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TABLE III: Table of �CP fractional coverages (%) with three options of systematic

treatment: no systematic error (statistical only), 2016 systematics and improved

systematics. The coverages are calculated at three di↵erent values of sin2 ✓23 (0.43, 0.5,

and 0.60) and it is assumed that the MH has been determined by an outside experiment.

sin2 ✓23 = 0.43 sin2 ✓23 = 0.50 sin2 ✓23 = 0.60

—– 99% C. L. 3� 99% C. L. 3� 99% C. L. 3�

Stat. Only 57.5 47.9 53.3 43.1 49.1 36.7

2016 systematics 45.6 28.3 41.6 20.5 34.7 5.2

Improved systematics 51.5 39.7 48.6 36.1 41.8 23.9

)°(CPδTrue 
200− 100− 0 100 200

=0
CPδ

 to
 e

xc
lu

de
 s

in
2 χ 

Δ

0

5

10

15

20

=0.4323θ2True sin
=0.5023θ2True sin
=0.6023θ2True sin

 POT w/ eff. stat. & sys. improvements2120x10
 POT w/ 2016 sys. errs.217.8x10

  90% C.L.

  99% C.L.

 C.L.σ  3

(a) Assuming the MH is unknown.

)°(CPδTrue 
200− 100− 0 100 200

=0
CPδ

 to
 e

xc
lu

de
 s

in
2 χ 

Δ

0

5

10

15

20

=0.4323θ2True sin
=0.5023θ2True sin
=0.6023θ2True sin

  90% C.L.

  99% C.L.

 C.L.σ  3

 POT w/ eff. stat. & sys. improvements2120x10
 POT w/ 2016 sys. errs.217.8x10

(b) Assuming the MH is known – measured by

an outside experiment.

FIG. 2: Sensitivity to CP violation as a function of true �CP for the full T2K-II exposure

of 20⇥ 1021 POT with a 50% improvement in the e↵ective statistics, a reduction of the

systematic uncertainties to 2/3 of their current size, and assuming that the true MH is

the normal MH.

The expected evolution of the sensitivity to CP violation (��2 for resolving sin �CP 6= 0)

as a function of POT assuming that the T2K-II data is taken in roughly equal alternating

periods of ⌫-mode and ⌫̄-mode (with true normal MH and �CP = �⇡/2) is given in Fig. 3.

The expected 90% C.L. contour for �m2
32 vs sin2 ✓23 for the full T2K-II exposure

is shown in Fig. 4. The expected 1� precision on sin2 ✓23 is ⇠ 1.7�(⇠ 0.7�) assuming

sin2 ✓23 = 0.5 (sin2 ✓23 = 0.43, 0.6), and the expected precision on �m2
32 is ⇠1% assuming

the true oscillation parameters given above and true �CP = �⇡/2.

k. Neutrino Interaction Studies

The additional run time of T2K-II will provide improved measurements of neutrino and
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T2K and NOvA expects approx x2 statistics 
increase that will bring the sensitivity of δCP to 

3σ for the best set of parameters.
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• Paradigm of one model with free parameters plus experimental results 

—>  global experimental fits. 
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Figure 1. Summary of neutrino oscillation parameters. Blue (magenta) lines correspond to normal (inverted)
ordering.

Table 1. Neutrino oscillation parameters summary determined from the global analysis. The ranges for
inverted ordering refer to the local minimum for this neutrino mass ordering.

parameter best fit ± 1f 2f range 3f range

�<2
21 [10�5eV2] 7.50+0.22

�0.20 7.12–7.93 6.94–8.14

|�<2
31 | [10�3eV2] (NO) 2.55+0.02

�0.03 2.49–2.60 2.47–2.63

|�<2
31 | [10�3eV2] (IO) 2.45+0.02

�0.03 2.39–2.50 2.37–2.53

sin2 \12/10�1 3.18 ± 0.16 2.86–3.52 2.71–3.69

sin2 \23/10�1 (NO) 5.74 ± 0.14 5.41–5.99 4.34–6.10

sin2 \23/10�1 (IO) 5.78+0.10
�0.17 5.41–5.98 4.33–6.08

sin2 \13/10�2 (NO) 2.200+0.069
�0.062 2.069–2.337 2.000–2.405

sin2 \13/10�2 (IO) 2.225+0.064
�0.070 2.086–2.356 2.018–2.424

X/c (NO) 1.08+0.13
�0.12 0.84–1.42 0.71–1.99

X/c (IO) 1.58+0.15
�0.16 1.26–1.85 1.11–1.96

of several data sets. From these four parameters, only \13 and �<2
31 have been already measured

with good precision at oscillation experiments.

Concerning the reactor mixing angle \13, the measurement is clearly dominated by reactor
experiments (hence the name). The contribution from other experiments to this result is negligibly
small. Regarding the absolute value of the atmospheric mass splitting, |�<2

31 |, we found that its
determination comes mainly from long-baseline accelerators and from Daya Bay, although the
contribution from atmospheric experiments is still important.

– 2 –
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T2K and NOvA compensate to give δ ~ π

mild preference for normal ordering
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● Far site cavern at SURF will accommodate four 17 kt far detector (FD) modules 
● The Long-Baseline Neutrino Facility (LBNF) provides the beamline and dual site facilities
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Oscillation Physics Sensivities with Phase-II

Mass Ordering Sensitivity CP Violation Sensitivity δCP Resolution

● Unambiguous MH sensitivity (> 5σ) regardless of other parameter choices
● 5σ CPV sensitivity for 50% of δCP

● 7–16o δCP resolution regardless of true values

DUNE has the potential to deliver neutrino oscillation results 
with world-leading precision!

See talks by 
C. Wilkinson & M. Singh

EPJC 80 (2020) 978

0 1 2 3 4 5 6 7 8 9 10
)ν:νHK Years (2.7E21 POT 1:3 

0

5

10

15

20

25

30

 (d
eg

re
es

)
CPδ

 e
rro

r o
n 

σ1

Statistics only
 xsec. error 2.7%)eν/eνImproved syst. (
 xsec. error 4.9%)eν/eνT2K 2018 syst. (

° = 0 CPδTrue 
° = -90 CPδTrue 

| = 2.509E-3  32
2mΔ) = 0.528  |23θ(2) = 0.0218  sin13θ(2sin

True normal ordering (known)
Hyper-K preliminary

3− 2− 1− 0 1 2 3

CPδTrue 
0

2

4

6

8

10

12

14

16

18

2 χ
Δ

) =
 0

 e
xc

lu
sio

n 
CPδ

sin
(

σ1
σ3
σ5
σ7

Hyper-K preliminary
 xsec. error 2.7%)eν/eνTrue normal ordering, improved syst. (

4/c2 eV-3 10×|= 2.509 32
2mΔ)=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 

Accelerator Neutrinos: CPV Sensitivity
good chance to discover leptonic CPV 

measure CPV phase 

best 5σ coverage of  δ if  mass ordering is 
known 

use atmospheric neutrinos to help remove 
mass ordering ambiguity

14

3− 2− 1− 0 1 2 3

CPδTrue 
0

2

4

6

8

10

12

14

16

18

2 χ
Δ

) =
 0

 e
xc

lu
sio

n 
CPδ

sin
(

σ1
σ3
σ5
σ7

Hyper-K preliminary
 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)
Beam (Unknown MO)
Atmospherics (Unknown MO)
Combined (Known MO)
Combined (Unknown MO)

)ν:νHK 10 years (2.70E22 POT 1:3 

~190 for δ=-900 
~70 for δ=0

Michael Smy, UC Irvine

!18

Oscillation Physics Sensivities with Phase-II

Mass Ordering Sensitivity CP Violation Sensitivity δCP Resolution

● Unambiguous MH sensitivity (> 5σ) regardless of other parameter choices
● 5σ CPV sensitivity for 50% of δCP

● 7–16o δCP resolution regardless of true values

DUNE has the potential to deliver neutrino oscillation results 
with world-leading precision!

See talks by 
C. Wilkinson & M. Singh

EPJC 80 (2020) 978

CP 
violation 

σδ 
Neutrino Oscillations 

with Beams
DUNE strategy 

long baseline to be sensitive to matter effects 
high energy, wide-band beam to measure oscillation                                             
pattern for neutrinos and anti-neutrinos 
fine-grained detector to be able to use all (CC) cross section channels 
near detectors to characterize beam and measure “unoscillated" spectra 

Hyper-K strategy 
shorter baseline to reduce correlation between CPV and matter effects 
low energy, narrow-band beam to focus on CCQE 
inexpensive water Cherenkov detector with limited tracking ability; can afford larger 
fiducial mass and use it for atmospheric neutrino measurements of  matter effects 
near detectors to characterize beam, and an additional intermediate detector to 
measure “unoscillated spectra” (using the “Nu-prism” beam angle technique) 

neutrino oscillation measurements of  both experimental programs are complementary 
and vital for a robust understanding of  the underlying physics and to limit the impact of  
systematic effects such as cross section uncertainties)13

Michael Smy, UC Irvine

S. K. Agarwalla, S. Das, A. Giarnetti, D. 
Meloni, and M. Singh, in preparation

Hyper-K

DUNE

HK+D



Hyper-K status

29



Hyper-K status

• excavation progressing fast: 

29

more than a 1,000 words

4
Courtesy M. Shiozawa, ICRR and S. King, King’s College



Hyper-K status

• excavation progressing fast: 

29

more than a 1,000 words

4
Courtesy M. Shiozawa, ICRR and S. King, King’s College

• photosensor designed finalised. 

Photosensors: mPMTs vs 20” PMTs

complementary 
measurements of  
Cherenkov light 
systematic error reductions

8

mPMT: 19 x 3” PMTs 20” ‘B&L’ PMT

photo-cathode area 870 cm2 2000 cm2

effective light yield ~ 1 hit/MeV/5,000 mPMTs ~6 hits/MeV/20,000 PMTs

dark noise 19 x 200-300 Hz ~4kHz (typical)
transit time spread 1.3ns 2.7ns

comments
• granularity 
• directionality 
• better time resolution 

• performance confirmed 
• high photon detection 

efficiency

Courtesy F. Di Lodovico, King’s CollegeCourtesy S. King, King’s College

see also Akutsu-san’s WG6 talk on Tuesday 

20” PMT

Photosensors: mPMTs vs 20” PMTs

complementary 
measurements of  
Cherenkov light 
systematic error reductions

8

mPMT: 19 x 3” PMTs 20” ‘B&L’ PMT

photo-cathode area 870 cm2 2000 cm2

effective light yield ~ 1 hit/MeV/5,000 mPMTs ~6 hits/MeV/20,000 PMTs

dark noise 19 x 200-300 Hz ~4kHz (typical)
transit time spread 1.3ns 2.7ns

comments
• granularity 
• directionality 
• better time resolution 

• performance confirmed 
• high photon detection 

efficiency

Courtesy F. Di Lodovico, King’s CollegeCourtesy S. King, King’s College

see also Akutsu-san’s WG6 talk on Tuesday 

19 x 3” PMTs



Hyper-K status

• excavation progressing fast: 

29

more than a 1,000 words

4
Courtesy M. Shiozawa, ICRR and S. King, King’s College

• photosensor designed finalised. 

Photosensors: mPMTs vs 20” PMTs

complementary 
measurements of  
Cherenkov light 
systematic error reductions

8

mPMT: 19 x 3” PMTs 20” ‘B&L’ PMT

photo-cathode area 870 cm2 2000 cm2

effective light yield ~ 1 hit/MeV/5,000 mPMTs ~6 hits/MeV/20,000 PMTs

dark noise 19 x 200-300 Hz ~4kHz (typical)
transit time spread 1.3ns 2.7ns

comments
• granularity 
• directionality 
• better time resolution 

• performance confirmed 
• high photon detection 

efficiency

Courtesy F. Di Lodovico, King’s CollegeCourtesy S. King, King’s College

see also Akutsu-san’s WG6 talk on Tuesday 

20” PMT

Photosensors: mPMTs vs 20” PMTs

complementary 
measurements of  
Cherenkov light 
systematic error reductions

8

mPMT: 19 x 3” PMTs 20” ‘B&L’ PMT

photo-cathode area 870 cm2 2000 cm2

effective light yield ~ 1 hit/MeV/5,000 mPMTs ~6 hits/MeV/20,000 PMTs

dark noise 19 x 200-300 Hz ~4kHz (typical)
transit time spread 1.3ns 2.7ns

comments
• granularity 
• directionality 
• better time resolution 

• performance confirmed 
• high photon detection 

efficiency

Courtesy F. Di Lodovico, King’s CollegeCourtesy S. King, King’s College

see also Akutsu-san’s WG6 talk on Tuesday 

19 x 3” PMTs

FY2020 FY2021 FY2022 FY2023 FY2024 FY2025 FY2026 FY2027 FY2028

Hyper-Kamiokande Schedule

6 Neutrino 2020-2022 update 

• tough schedule to operate in 2027. 

• no gap between T2K and Hyper-Kamiokande operation.  

• same beam, same technology —> fast ramp up. 



Dune status

30



Dune status

30

• excavation ready: 

July, 2017

!9

The DUNE Far Detector

Single FD module (17 kt);
Membrane cryostat

person

1

2

3

4
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• The first two DUNE FD modules 
will be Liquid Argon Time 
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Dune Dual Phase Prototype
(ProtoDUNE-DP)

FD#1: Horizontal Drift  LArTPC

300 t active volume

ANODE CATHODE ANODE CATHODE ANODE

JINST 15 T08010 (2020)● 12 m x 14 m x 58 m active volume
● Each Anode-Cathode chamber has 3.5 m drift
● Cathode at -180 kV
● 150 Anode Plane Assemblies (APAs) with 384,000 readout wires 
● Anode planes have wrapped wires (readout on both sides)
● 6000 photon detection system (PDS) channels for light readout

• horizontal drift technology proven at CERN.

• vertical drift technology under test at CERN.
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Dune Dual Phase Prototype
(ProtoDUNE-DP)

FD#2: Vertical Drift  LArTPC

300 t active volume

● Charge readout units at the top and 

bottom
● Cathode in the middle
● Photon detectors integrated on cathode 

and on cryostat walls
● Two 6.5 m drift chambers
● -300kV on cathode; 450 V/cm field

● VD technology evolved from extensive R&D 

from single and dual phase LArTPCs
● Designed to maximize active volume
● Perforated PCBs with segmented electrodes 

(strips) as readout units

See talk by 
O. Lantwin
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Dune Dual Phase Prototype
(ProtoDUNE-DP)

Phased DUNE Construction 

300 t active volume

                Phase I
• FD: 2 x 17 kt LArTPC modules

• ND: ND-LAr+TMS (with PRISM) 

+ SAND

• FD turns on late 2020s

• 1.2 MW capable beamline and ND 

by 2031

               Phase II
• FD: 4 x 17 kt modules

• ND: ND-LAr+ND-GAr (with 

PRISM) + SAND

• Proton beam 1.2 MW to 2.4 MW

ND FD

!13

Dune Dual Phase Prototype
(ProtoDUNE-DP)

Phased DUNE Construction 

300 t active volume

                Phase I
• FD: 2 x 17 kt LArTPC modules

• ND: ND-LAr+TMS (with PRISM) 

+ SAND

• FD turns on late 2020s

• 1.2 MW capable beamline and ND 

by 2031

               Phase II
• FD: 4 x 17 kt modules

• ND: ND-LAr+ND-GAr (with 

PRISM) + SAND

• Proton beam 1.2 MW to 2.4 MW

ND FD

• two experiment phases!11

Dune Dual Phase Prototype
(ProtoDUNE-DP)

FD#1: Horizontal Drift  LArTPC

300 t active volume

ANODE CATHODE ANODE CATHODE ANODE

JINST 15 T08010 (2020)● 12 m x 14 m x 58 m active volume
● Each Anode-Cathode chamber has 3.5 m drift
● Cathode at -180 kV
● 150 Anode Plane Assemblies (APAs) with 384,000 readout wires 
● Anode planes have wrapped wires (readout on both sides)
● 6000 photon detection system (PDS) channels for light readout

• horizontal drift technology proven at CERN.

• vertical drift technology under test at CERN.

!12

Dune Dual Phase Prototype
(ProtoDUNE-DP)

FD#2: Vertical Drift  LArTPC

300 t active volume

● Charge readout units at the top and 

bottom
● Cathode in the middle
● Photon detectors integrated on cathode 

and on cryostat walls
● Two 6.5 m drift chambers
● -300kV on cathode; 450 V/cm field

● VD technology evolved from extensive R&D 

from single and dual phase LArTPCs
● Designed to maximize active volume
● Perforated PCBs with segmented electrodes 

(strips) as readout units

See talk by 
O. Lantwin

!12



Other ν experiments

31



Other ν experiments
• Under the PNMS paradigm we need to improve 

our knowledge on all oscillation parameters. 

31



Other ν experiments
• Under the PNMS paradigm we need to improve 

our knowledge on all oscillation parameters. 

• Atmospheric neutrinos: Dune, 
HyperKamiokande, KM3, IceCube, INO, …

• θ23, Δm223, hierarchy.

31



Other ν experiments
• Under the PNMS paradigm we need to improve 

our knowledge on all oscillation parameters. 

• Atmospheric neutrinos: Dune, 
HyperKamiokande, KM3, IceCube, INO, …

• θ23, Δm223, hierarchy.

• Long range reactor neutrinos: JUNO.  

• θ12 Δm212, hierarchy.

31



Other ν experiments
• Under the PNMS paradigm we need to improve 

our knowledge on all oscillation parameters. 

• Atmospheric neutrinos: Dune, 
HyperKamiokande, KM3, IceCube, INO, …

• θ23, Δm223, hierarchy.

• Long range reactor neutrinos: JUNO.  

• θ12 Δm212, hierarchy.

• Search for sterile (4th and 5th family) neutrino: 
short range reactor neutrinos, SBND, … 

• PNMS unitarity
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experiments:

• This is a long process with many challenges: 

• high power beam, unknown neutrino fluxes, new detector technology, cross-section 
modelling.

• stretching nuclear physics beyond its limits?  

• > 1 experiment (distance, technology, neutrino energy, cross-section channels) to 
convince us we have seen CP violation (and not a nasty cross-section or beam effect).
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With luck we can get the confirmation of ν CP violation at the beginning of next decade.
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Update:  New ND280 data samples

CC0π CC1π CCOther

CC0π-0p-0γ

CC0π-Np-0γ

CC1π-0γ CCOther-0γ

CCPhoton

2020

2022

All postfit

ND fits in T2K



Global fits!
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Pontecorvo–Maki–
Nakagawa–Sakata (PMΝS)  

matrix experimental results in 
a nutshell
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Kinematical approach
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In the kinematical  case                   is given by models tuned 
by experiments.  
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Under this exchange of neutrinos by antineutrinos, the
imaginary part of J̃ijαβ, as that of J

ij
αβ, changes sign, whereas

the real parts do not. As the CP asymmetries are a
difference between neutrino and antineutrino oscillation
probabilities, we discover that ACPT

αβ is changing its sign,
whereas the sign ofAT

αβ remains invariant under the change
of hierarchy, as seen in our numerical results.
The increase in the baseline from L ¼ 295 to L ¼

1300 km has a very important implication: the appearance
of oscillations in the low and medium neutrino energy
regions of the two distributions. There is a different pattern
for the two components ACPT

μe and AT
μe of the experimental

CP asymmetry, with the zeros at different values andACPT
μe

changing its sign around the zeros, whereas AT
μe does not.

This contrast is very well apparent in the results we show
in Fig. 3.
Besides this additional effect of having, in the different

energy distributions, a signature to separate the two
components, all the other properties discussed above
remain the same, independent of the baseline. These are
the slight dependence of ACPT

μe on δ due to effects of Δm2
21

at low energies and the hierarchy discrimination with its
sign, as well as the proportionality of AT

μe with sin δ
independent of the neutrino hierarchy.

In our scan of the different energy distribution behavior
at L ¼ 1300 km of the matter-induced ACPT

μe and genuine
AT

μe components of the CP asymmetry, we have discovered
a magic energy interval around E ¼ 0.91 GeV with a zero
for ACPT

μe and a relative maximum for jAT
μej. We checked

that this energy value changes linearly with the vacuum
jΔm2

31j and is both hierarchy independent and blind to all
other fit parameters. This remarkable configuration is well
seen in the results presented in Fig. 4, with the two bands
for ACPT

μe (green area) and AT
μe (blue area). The zero in

ACPT
μe is independent of δ, and ACPT

μe changes its sign
around this first-order zero, whereas AT

μe has a maximal
value proportional to sin δ. This behavior ensures that, for a
bin width up to the feasible [36] 0.15 GeV, the mean value
of ACPT

μe is below 10%jAT
μejmax, whereas AT

μe is above 95%
of its peak value.
To summarize, in this Letter, we have provided a

conceptual basis for disentangling genuine from matter-
induced CP violation in neutrino oscillations. This is
achieved by means of a theorem in which the experi-
mental CP asymmetry contains two terms with different
behavior under T and CPT symmetries. Whereas the
matter-induced component is an even function of the
baseline, the genuine CP violating term is odd in L, as
it is for the case in vacuum. In this separation,
ACP

αβ ¼ACPT
αβ þAT

αβ, we have demonstrated that (i) ACPT
αβ

is even in sin δ∀ a, and vanishes at a ¼ 0∀ δ, whereasAT
αβ

is odd in sin δ∀ a. (ii) ACPT
αβ , which is slightly dependent

on δ at low energies, changes its sign in going from the
normal to the inverted hierarchy, whereas AT

αβ remains
the same.
For flavor-diagonal interactions with matter, the

genuine CP violation condition in the flavor basis
remains the same for the propagation in matter and in
vacuum. This implies a well defined proportionality
between the genuine CP-odd rephasing-invariant mixings

FIG. 3. As Fig. 2 for the DUNE experiment. Notice a factor of 2
in the asymmetry scale with respect to Fig. 2.

FIG. 4. Zooming Fig. 3 at low E, superposing the CPT-odd
(green, solid) and T-odd (blue, dashed) asymmetries.
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For neutrino propagation through the Earth’s mantle,
valid for terrestrial accelerator neutrinos, the value of the
matter potential [35] allows us to write a ≈ 3ðE=GeVÞΔm2

21.
In the energy region between the two Mikheyev-Smirnov-
Wolfenstein resonances, Δm2

21 ≪ a ≪ jΔm2
31j, valid for

both T2HK and DUNE neutrino energy spectra, one may
approximate the relation in Eq. (4) between J̃ in matter
and J in vacuum as [30]

J̃ ≈
Δm2

21Δm2
31

jajð1 − jUe3j2Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔm2

31 − aÞ2 þ 4aΔm2
31jUe3j2

p J ;

ð5Þ

where the proportionality factor is energy dependent
through a.
In the following, we explore whether, at fixed L through

the Earth’s mantle, the energy distributions of ACPT
μe and

AT
μe present signatures of their separation in ACP

μe for the
T2HK and DUNE experiments.
Figure 2 gives the predictions for the energy distributions

of ACPT
μe and AT

μe at an intermediate baseline L ¼ 295 km.
It is worth noting the lack of oscillating structure in the
neutrino energy for both terms of the CP asymmetry. The

magnitude of ACPT
μe is small, as expected, and slightly

dependent on the CP phase δ through the genuine CP-
conserving small contributions of order Δm2

21, more visible
at low energies. When these results for a normal hierarchy
are recalculated for an inverted hierarchy, the net effect is
essentially a change of sign in ACPT

μe . On the contrary, the
magnitude of AT

μe is proportional to sin δ, as predicted by
Eq. (4), without any degeneracy when δ is varied in the
entire interval from 0 to 2π. In addition, in this genuine term
of the CP asymmetry the hierarchy in the neutrino mass
spectrum plays no role: its sign remains invariant when the
sign of the largest mass splitting is changed. We conclude
that the sign of ACPT

μe fixes the hierarchy, whereas the
magnitude and sign of AT

μe fixes sin δ.
The beautiful different behavior ofACPT

αβ andAT
αβ for the

discrimination of the hierarchy is well understood to
leading order in Δm2

21: zeroth order for ACPT
αβ , independent

of δ, and first order for AT
αβ. The mass spectrum in matter

changes from neutrinos to antineutrinos as

Δm̃2
21 ↔ Δ ˜̄m2

21; Δm̃2
31 ↔ −Δ ˜̄m2

32; Δm̃2
32 ↔ −Δ ˜̄m2

31:

ð6Þ

FIG. 2. Energy distribution of the CPT-odd (up) and T-odd
(down) components of the CP asymmetry for the T2HK experi-
ment. The bands correspond to all possible values changing δ
in ð0; 2πÞ.FIG. 1. CPT-odd (up) and T-odd (down) components ofACP

μe at
L ¼ 1300 km and E ¼ 0.75 GeV as a function of a and δ.
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Exclusive transition: P(νμ→νe)
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• Angle θ13 can be measured in this case, but related to the value of the δCP.

• Comparison between neutrinos and antineutrinos allows to derive δCP and hierarchy 
through matter effects.

• The probability is a complex mixture of all mixing parameters.

• Hierarchy can be determined in CPC and CPV terms. 


