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NEUTRINO OSCILLATIONS

• Neutrino come in three “flavor” eigenstates (νe, νµ, ντ) 

• Likewise, neutrinos come in three mass eigenstates (ν1, ν2, ν3 ) 

• The mass and flavor eigenstates “mix” (summarized in unitary matrix U) 

• Neutrinos are produced in flavor eigenstates by weak interaction 

• Mass eigenstates evolve differently in proper time (L/E).  

• New flavor components appear → “neutrino oscillations”
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• Amplitudes: mixing matrix U 

• Wavelength in L/Eν: mass2 splittings.

2 13. Neutrino mixing

Here, Ei and pi are respectively the energy and momentum of !i in the laboratory
frame. In practice, our neutrino will be extremely relativistic, so we will be interested in
evaluating the phase factor of Eq. (13.4) with t ! L, where it becomes exp["i(Ei " pi)L].

Imagine now that our !! has been produced with a definite momentum p, so that
all of its mass-eigenstate components have this common momentum. Then the !i

component has Ei =
!

p2 + m2
i ! p + m2

i /2p, assuming that all neutrino masses mi

are small compared to the neutrino momentum. The phase factor of Eq. (13.4) is then
approximately

e!i(m2
i /2p)L . (13.5)

From this expression and Eq. (13.1), it follows that after a neutrino born as a !! has
propagated a distance L, its state vector has become
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Here, E $ p is the average energy of the various mass eigenstate components of the
neutrino. Using the unitarity of U to invert Eq. (13.1), and inserting the result in
Eq. (13.6), we find that
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We see that our !!, in traveling the distance L, has turned into a superposition of all
the flavors. The probability that it has flavor ", P (!! % !"), is obviously |&!" |!!(L)#|2.
From Eq. (13.7) and the unitarity of U , we easily find that
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Here, !m2
ij ) m2

i " m2
j is in eV2, L is in km, and E is in GeV. We have used the fact

that when the previously omitted factors of ! and c are included,
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. (13.9)

The quantum mechanics of neutrino oscillation leading to the result Eq. (13.8) is
somewhat subtle. To do justice to the physics requires a more refined treatment [3] than
the one we have given. Sophisticated treatments continue to yield new insights [4].
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THREE FLAVORS/MASS STATES

• Neutrino oscillations in atmospheric neutrinos:   

• mass2 splitting of  2.5x10-3 eV2 (Δm2atm ~ Δm231, Δm232) 

• first maximum at 500 km/GeV 

• Solar neutrinos, reactor: 

• mass2 splitting of ~7.8x10-5 eV2 (Δm2sol = Δm221)

0

@
⌫e
⌫µ
⌫⌧

1

A =

0

@
U⇤
e1 U⇤

e2 U⇤
e3

U⇤
µ1 U⇤

µ2 U⇤
µ3

U⇤
⌧1 U⇤

⌧2 U⇤
⌧3

1

A

0

@
⌫1
⌫2
⌫3

1

A

13. Neutrino mixing 13
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Here, !1 and !2 are the members of the solar pair, with m2 > m1, and !3 is the
isolated neutrino, which may be heavier or lighter than the solar pair. Inside the matrix,
cij # cos "ij and sij # sin "ij , where the three "ij ’s are mixing angles. The quantities
#, $1, and $2 are CP -violating phases. The phases $1 and $2, known as Majorana
phases, have physical consequences only if neutrinos are Majorana particles, identical
to their antiparticles. Then these phases influence neutrinoless double beta decay [see
Sec. IV] and other processes [32]. However, as we see from Eq. (13.8), $1 and $2 do
not a!ect neutrino oscillation, regardless of whether neutrinos are Majorana particles.
Apart from the phases $1, $2, which have no quark analogues, the parametrization of
the leptonic mixing matrix in Eq. (13.31) is identical to that [33] advocated for the quark
mixing matrix by Gilman, Kleinknecht, and Renk in their article in this Review.

From bounds on the short-distance oscillation of reactor !e [8] and other data, at
2 %, |Ue3|2 <$ 0.032 [34]. (Thus, the !e fraction of !3 would have been too small to see in
Fig. 13.3; this is the reason it was neglected.) From Eq. (13.31), we see that the bound
on |Ue3|2 implies that s2

13
<$ 0.032. From Eq. (13.31), we also see that the CP-violating

phase #, which is the sole phase in the U matrix that can produce CP violation in
neutrino oscillation, enters U only in combination with s13. Thus, the size of CP violation
in oscillation will depend on s13.

Given that s13 is small, Eqs. (13.31), (13.14), and (13.16) imply that the atmospheric
mixing angle "atm extracted from !µ disappearance measurements is approximately "23,
while Eqs. (13.31) and (13.17) (with !# = !e and " = "") imply that "" % "12.

If the LSND oscillation is confirmed, then, as already noted, there must be at least
four mass eigenstates. It is found that if there are exactly four, a statistically satisfactory
fit to all the neutrino data is not possible. However, if there are at least four neutrino
mass eigenstates, there is no strong reason to believe that there are exactly four. The
presence of more states may improve the quality of the fit. For example, it has been
found that a “3+2” spectrum fits all the short-baseline data significantly better than a
3+1 spectrum [35].

IV. The neutrino-anti-neutrino relation: Unlike quarks and charged leptons,
neutrinos may be their own antiparticles. Whether they are depends on the nature of the
physics that gives them mass.

In the Standard Model (SM), neutrinos are assumed to be massless. Now that we
know they do have masses, it is straightforward to extend the SM to accommodate these
masses in the same way that this model accommodates quark and charged lepton masses.
When a neutrino ! is assumed to be massless, the SM does not contain the chirally
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sij = sin θij 

cij = cos θij 

• Three rotation angles (θ12, θ13, θ23) 

• One complex phase δCP 
• additional phases possible if neutrinos are “Majorana” 

• changes sign for antineutrino oscillations (“CP odd”)



THE MATTER-DOMINATED UNIVERSE
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• Extremely small? 

• Extremely large? 

• This asymmetry remains a mystery 
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MATTER ANTI-MATTER

MATTER figure courtesy of 
H. Murayama

Challenge to Particle Physics
COSMOLOGY’S

HOW DID THIS HAPPEN?

�B

N�
⇠ O(10�10)

Further exploration and elucidation of possible CPV sources is critical

S A K H A R O V  C O N D I T I O N S :  
• B A RY O N  N U M B E R  ( B )  V I O L AT I O N  
• V I O L AT I O N  O F  C ,  C P  S Y M M E T RY  ( C P V )  
• D E PA RT U R E  F R O M  T H E R M A L  E Q U I L I B R I U M



THE MYSTERY OF FLAVOR

• Unexplained physics in the Standard Model . .  

• Whence mixing and mass parameters? 

• Do neutrinos have a different origin?
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NEUTRINO BEAMS IN A NUTSHELL

• To first order, accelerator-based neutrino beams operate on the same basic principles

6

1

2
3 4

1. High energy protons impinge on a target 

• pions are produced 

2. Electromagnets focus pions into a decay region 

• one sign is focussed, the other defocussed 

3. The pions decay in a decay pipe 

• muon (anti)neutrinos are produced (sign selection) 

4. Beam absorber stops all other remaining  particles 

• some muons penetrate and can be monitored. 

• neutrinos go on to the experiment

• Each step represents an enormous technical challenge 

• Primary proton beams approaching 1 MW in power 

• Hundreds of kA of current to focus the beam

Currency: “protons-on-target” 
n.b. Non-trivial exchange rate when 
comparing different beams



LONG BASELINE EXPERIMENTS

Accelerator-based beams are typically Eν ~ few GeV 

• “on-axis” beams provide the highest rate, width of spectrum 

• “off-axis” beams can be tuned to maximize the oscillation 

probability, reduce background 

Maximize oscillations for Δm2atm → 500 km/GeV 

7
P (⌫µ ! ⌫µ) ⇠ 1� (cos4 ✓13 sin
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DUNE XSEC model

● DUNEInt package – heavily augmented GENIE model

● Benefit from T2K, NOvA and MINERvA experience, which 
spans the energy region of interest

● Theory developments expected and required, but we can 
build an empirical model to estimate model deficiencies

Since the beam is νµ or νµ, a critical measurement 

is the “disappearance” of νµ/νµ into other flavors 

• Primarily sensitive to sin2 2θ23



νµ→νe OSCILLATION PROBABILITY

• θ13 may be constrained by reactor measurements   

• θ23 (as opposed to 2θ23) dependence →“octant” dependence if θ23≠45° 

• Joint analysis with νµ disappearance 

• CP odd phase δCP can result in 

• asymmetry of oscillation probabilities P(νµ→νe) ≠ P(νµ→νe), distortion of νe/νe appearance spectrum 

• Mass ordering sensitivity through x: νe/νe enhanced in normal/inverted hierarchy
8
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M. Freund,  Phys.Rev. D64 (2001) 053003



QUICK SUMMARY
• increase sin2 θ23, sin2 2θ13 

• enhance both νµ→νe and νµ→νe 

• CP violating parameter δCP 

• δCP =0,π: no CP violation: vacuum oscillation probabilities equal 

• δCP ~-π/2: enhance νµ→νe, suppress νµ→νe 

• δCP ~+π/2: suppress νµ→νe, enhance νµ→νe
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N O VA’ S  P H Y S I C S  G O A L S
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What is the mass hierarchy or 
ordering for atmospheric 
neutrinos? 

Is there a νμ - ντ symmetry (is the 
large mixing angle maximal; if not, 
what is the octant)? 

Is CP violated in the lepton sector? 

Are there other neutrinos beyond 
the three known active flavors?
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• enhance νµ→νe 

• suppresses νµ→νe

• “inverted”  ordering:  

• suppress νµ→νe 

• enhance νµ→νe



CURRENT STATUS:

• T2K and NOvA have somewhat different 

best fit parameters: 

• note differing conventions on range of δCP 

• T2K:  

• maximal θ23 (sin2 θ23 ~0.5), δCP ~-π/2 

• NOvA:  

• θ23 slightly in second octant, δCP ~0 though 

broad range of values allowed. 

• Both experiments prefer normal ordering.
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13G. S. Davies (Indiana U.): NOvA 3-flavor oscillation results

Oscillation results [joint ƭe + ƭƬ fit]

[arXiv:1906.04907 for more details]

IH UO
Disfavored 1.8Ƴ

NH UO
2019 best fit

IH LO
Disfavored   2Ƴ

NH LO
Disfavored 1.6Ƴ

LO
Disfavored 1.6Ƴ

IH
Disfavored 1.9Ƴ

[Feldman-Cousins corrected significances]

Normal Hierarchy preferred by 1.9Ƴ

August 6th, 2019
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FIG. 2. The 90% confidence level region for �m2
32 and

sin2 ✓23, with best-fit point shown as a black marker [61], over-
laid on contours from other experiments [19, 20, 62, 63].

with a significance of 1.9� (p = 0.057, CLs = 0.091 [67])
and the upper ✓23 octant with a significance of 1.6� (p =
0.11), profiling over all other parameter choices.
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TO THE FUTURE
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Supernova neutrinos

BH formation

NS formation

• CP violation discovery and 
measurement, mass 
hierarchy determination, and 
so on.

• Neutrino astronomy
• Proton decay discovery
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• n.b. 

• Both DUNE/LBNF and Hyper-Kamiokande have a rich and wide scientific program 

• they also have important complementarities in key physics measurements 

• nucleon decay, atmospheric neutrinos, neutrino astrophysics 

• sterile and exotic properties of neutrinos 

• exotic particle production in the neutrino beam line 

• Here, I will focus on the “long-baseline” program at each detector
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HYPER-KAMIOKANDE:

• 8.4x larger fiducial volume than Super-Kamiokande 

• Equivalent photo coverage with 2x sensitive PMTs

12

13

FIG. 1. Illustration of the Hyper-Kamiokande detector with one (left) and three (right) cylindrical tanks.

The 1TankHD configuration has the advantage of a higher photon collection e�ciency, while

the 3TankLD configuration benefits from a higher target mass.

However, finally the 2TankHK-staged was chosen as the optimal solution by a dedicated task

force (TOTF), and it is the one highlighted in the rest of the text.

Candidate sites for the Hyper-K experiment were selected such that neutrinos generated in the

J-PARC accelerator facility in Tokai, Japan can be measured in the detector. J-PARC will operate

a 750 kW beam in the near future, and has a long-term projection to operate with 1300 kW of beam

power. Near detectors placed close to the J-PARC beam line will determine the information about

the neutrinos coming from the beam, thus allowing for the extraction of oscillation parameters

from the Hyper-K detector. The ND280 detector suite, which has been used successfully by the

T2K experiment, could be upgraded to further improve the measurement of neutrino cross section

and flux. The WAGASCI detector is a new concept under development that would have a larger

angular acceptance and a larger mass ratio of water (and thus making the properties more similar

to the Hyper-K detector) than the ND280 design. Intermediate detectors, placed 1-2 km from the

J-PARC beam line, could measure the beam properties directly on a water target. Details of the

beam, as well as the near and intermediate detectors, can be found in Section II.1.

Hyper-K is a truly international proto-collaboration with over 60 participating institutions from

Brazil, Canada, the United States, France, the United Kingdom, Italy, Korea, Poland, Russia,

Spain, and Switzerland, in addition to Japan.

Hyper-K will be a multipurpose neutrino detector with a rich physics program that aims to

address some of the most significant questions facing particle physicists today. Oscillation studies

from accelerator, atmospheric and solar neutrinos will refine the neutrino mixing angles ad mass

SK HK
overburden Mozumi, 1000 m Tochibora, 650 m

Inner PMTs 11,129 20” 40,000 20”

Photocoverage 40% 40% (x2 sensitivity)

Total/Fiducial mass 50/22.5 kaon 260/187 kton

• Proto-collaboration: 

• 340 members 

• 17 countries 

• Host institutions: 

• University of Tokyo, KEK



FAR DETECTOR SITE:

• Site is 8 km south from SK 

• Geological survey indicates that 68 m diameter x 71 m height cavern can be excavated with conventional techniques 

• Same off-axis angle as Super-Kamiokande in the J-PARC neutrino beam
13

Kamioka Town

SITE OVERVIEW:
• 8km south of Super-K, 295km from J-PARC, 650m rock overburden
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CONSTRUCTION 2020:
• Geological survey for 

detailed cavern design
• 1 year for borehole 

coring, in-situ rock 
stress, in-situ rock 
property meas. etc.

• Access tunnel
• Detailed designing

• Entrance yard
• Yard leveling, power 

distribution, water 
supply, waste water 
treatment facility

HK Cavern

Access tunnel

Entrance Yard

Public road

Public road
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READY TO START 
CONSTRUCTION:

12

• Large cavern excavation is 
found to be feasible with 
various geological survey 
data, discussions with the 
engineering experts etc.

Thickness of 
the plastic 

region (blue 
part) can be 
affordable by 

existing 
support 

technology.

• New 50cm PMTs were 
developed which has double 
photon-efficiency of that of 
Super-K.  Protection cover 
has been tested and 
confirmed under 80m depth 
water.
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PHOTOSENSORS:

• New Hamamatsu R12860 50 cm PMT: 

• ~2 x photodetector efficiency relative to R3600 used in SK 

• combination of photocathode and collection efficiency 

• Improved charge and time resolution  

• Additional technologies (MCP-PMT, mPMT, etc.) under investigation

14
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Fig. 6. Transit time spread for single photoelectron signals.

Fig. 7. Transit time spread (FWHM) as a function of the signal intensity in
photoelectrons.

3. Hybrid photo-detector

The main difficulties faced during the development of the 50 cm
HPD came from the high bias voltage (8 kV) required to collect pho-
toelectrons and from the large junction capacitance of the 20mm-
diameter avalanche diode (AD). We developed three candidates of
built-in 8 kV high-voltage power supplies, which can be installed in the
waterproof endcap of an underwater HPD. As an alternative option to
minimize heat radiation in water and increase lifetime, a waterproof

cable and a connector (up to a 100 m water depth) was also devel-
oped. The AD was improved to reduce its capacitance from 800pF to
400pF. A low noise preamplifier was developed for the 400pF input
capacitance, with a fast response so that the waveform could fit in
a 100ns window. In the end, the HPD achieved the best charge and
timing resolutions among the 50 cm photodetectors.

AD segmented into 2–5 channels were also developed to further
reduce the capacitance with separated readout channels. We measured
that the relative probability to obtain a hit in each of the five segmented
channels from a single photon depended on the position at which
the photon hit the photocathode surface, and that the transit time
was varying by a few nano seconds along the azimuthal angle. It
was confirmed that the individual channel readout could potentially
have some sensitivity to the position at which the photon hit the
photocathode.

Fig. 5 compares the integrated charge distributions around the
single photoelectron peak for the BL PMT, the HPD and the Super-K
PMT. The peak width (RMS) divided by its height was measured to be
35% for the BL PMT, 15% for the single AD channel HPD, 10% for one
of the channels of the 2 channels AD, and 53% for the Super-K PMT.

Transit time spreads (FWHM) for single photoelectrons are shown
on Fig. 6, measured to be respectively 7.3, 4.1 and 3.6 ns for the Super-
K PMT, the BL PMT and the HPD. That of the HPD is sensitive to the
preamplifier noise and rise time. By applying a time walk correction
as shown by the dotted line curve, it can reach to 3.2 ns. Fig. 7 shows
the evolution of the time resolution (FWHM) as a function of the signal
intensity. The HPD has the best resolution for high intensity signals,
but not at low charge because of the preamplifier noise.

4. Micro channel plate photomultiplier tube

The 50 cm MCP PMT was initially developed for the JUNO ex-
periment. The design was then improved for use in water Cherenkov
experiments, focusing especially on the timing performance. The addi-
tion of focusing electrodes improved the uniformity of the transit time
between the different parts of the PMT surface, and reduced the transit
time spread. Fig. 8 shows the improvement of the uniformity of the
transit time spread on the left-hand side, and of the relative transit time
on the right side. The timing performances have remained essentially
similar after this initial improvement. The latest sample tested had a
4.3 ns timing resolution (FWHM), and 43% charge peak resolution for
single photoelectron signals.

5. Safety operation in water with covers

The accidental implosion of a single PMT in deep water might create
a significant shockwave and initiate a chain implosion of the PMTs. A
cover preventing the potential shockwave was developed for the Super-
K PMTs. It is made of FRP (fiber reinforced plastic) and UV transparent

Fig. 8. Comparison of the MCP PMT transit time spread (left) and relative transit time (right) measured before (blue dotted lines) and after (red dashed lines) the addition of
focusing electrodes. The measurement was done by scanning the surface of the PMT between the center (0˝) and the edge with a light spot. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 1. Measured QE spectra of six BL PMTs (solid lines), four HPDs and a typical
Super-K PMT (dashed line).

Fig. 2. Single photoelectron detection efficiency of a BL PMT relative to the one of a
Super-K PMT, as a function of the position on the photocathode. The position angle is
defined to be zero at the PMT center and ±90˝ at the edges.

Table 1
Specification and drawing of new three 50 cm diameter photodetectors. The values in
the bottom show the typical bias voltage.
PMT HPD PMT
Box-and-Line Avalanche Micro-channel
dynode diode plate dynode

R12860 R12850 GDB-6203
Hamamatsu Hamamatsu NNVT

2 kV 8 kV 1.9 kV

light pulses (as shown in Fig. 4). A 5% drop was observed for an
output current of 170 �A, which is the current produced by single
photoelectron events at a rate of 78MHz. This is high enough to be
able to observe the highest expected rate in any possible supernova
explosion.

The glass curvature was modified compared to the R3600 design to
increase the pressure tolerance beyond 1MPa for a deep water tank.
The weakest part after the improvement appears to be around the pins
penetrating the bulb. This area is protected by the waterproofing part, a
half-sphere made of a poly phenylene sulfide (PPS) resin. Two hundred
PMTs were tested in a high pressure water vessel and so far none were

Fig. 3. Charge linearity of the BL PMT at 1.4 ù 107 gain. The dotted line shows an
ideal linear response.

Fig. 4. Measured charge as a function of the background pulse rate in three intensities
of 25, 50 and 100 photoelectrons, relative to outputs in 1.4ù107 gain at 1 kHz. Each
charge is calculated using the baseline just before the pulse.

Fig. 5. Charge distribution around the single photoelectron peak.

damaged at 0.95MPa. Fifty of them were further tested up to 1.25MPa,

and all passed the test.
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• Ongoing discussions to decide international contributions.
INTERNATIONAL CONTRIBUTION:
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SCHEDULE

• Funding for Hyper-Kamiokande was approved December 2019 

• Construction has started with the aim to start operations in 2027. 

• Meanwhile, J-PARC plans a series of upgrades to the Main Ring which supplies the neutrino beam line 

• ~500 kW now → 1.3 MW
15

● Aiming at operation start in 2027.

SCHEDULE:

10

FY2020 FY2021 FY2022 FY2023 FY2024 FY2025 FY2026 FY2027 FY2028

Access/
Cavern 
design

Cavern
excavation

Tank
Const.

PMT production

PMT cases, Mirrors, Electromics etc.

PMT
installa

tion

Water system
Filling 
water

Operation

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

Near Detector Facility, R&D, production ND construction

Geo. 
Survey
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● We are here; January 2020.
PAC January 16, 2020

JFY 2017 2018 2019 2020 2021 2022 2023 2024

Event HD target Long 
shutdown

FX power [kW]
SX power [kW] 

475
50

>480
50

>480
50

>480
70 

>700
>80

800
>80

900
>80

Cycle time of main 
magnet PS
New magnet PS

2.48 s 2.48 s 2.48s 2.48s 1.32s
             

<1.32
s

<1.32
s

High gradient rf system
2nd harmonic rf system

Ring collimators
Add.collim
ators (2 
kW)

Add.colli. 
(3.5kW)

Injection system
FX system

SX collimator / Local 
shields

Ti ducts and SX devices 
with Ti chamber Ti-ESS-1 (Ti-ESS-2)

Mid-term plan of MR

Mass	production	
installation/test

Manufacture,	installation/test

Kicker PS improvement, Septa manufacture /test

Kicker PS improvement, FX septa manufacture /test

Local	shields

New buildings

FX: The higher repetition rate scheme : Period 2.48 s —>  1.3  s for 750 kW.
            ( = shorter repetition period )                              —>  1.16 s for 1.3 MW
SX: Mitigation of the residual activity for 100kW

23



PHYSICS SENSITIVITY

• Over 10 years of beam operation ~ 2000 ,  

candidates are expected, allowing a high statistics test of CP 

asymmetry 

• 3:1 mix of neutrino vs. antineutrino beam running to get roughly 

equal statistics in both modes. 

• Precision of ~7-20° can be achieved depending on the value of dCP 

νμ → νe ν̄μ → ν̄e

16
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FIG. 133. Top: Reconstructed neutrino energy distribution for several values of �CP . sin2 2✓13 = 0.1 and

normal hierarchy is assumed. Bottom: Di↵erence of the reconstructed neutrino energy distribution from the

case with �CP = 0�. The error bars represent the statistical uncertainties of each bin.

in the top plots of Fig. 133. The e↵ect of �CP is clearly seen using the reconstructed neutrino

energy. The bottom plots show the di↵erence of reconstructed energy spectrum from �CP = 0�

for the cases �CP = 90�,�90� and 180�. The error bars correspond to the statistical uncertainty.

By using not only the total number of events but also the reconstructed energy distribution, the

sensitivity to �CP can be improved and one can discriminate all the values of �CP , including the

di↵erence between �CP = 0� and 180� for which CP symmetry is conserved.

Figure 134 shows the reconstructed neutrino energy distributions of the ⌫µ sample, for the cases

with sin2 ✓23 = 0.5 and without oscillation. Thanks to the narrow energy spectrum tuned to the

oscillation maximum with o↵-axis beam, the e↵ect of oscillation is clearly visible.

5. Analysis method

As described earlier, a binned likelihood analysis based on the reconstructed neutrino energy

distribution is performed to extract the oscillation parameters. Both ⌫e appearance and ⌫µ disap-
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significance as a function of the running time. For the normal hierarchy case, and mass hierarchy is assumed

to be known. The ratio of neutrino and anti-neutrino mode is fixed to 1:3.
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FIG. 141. Expected 68% CL uncertainty of �CP as a function of running time. For the normal hierarchy

case, and mass hierarchy is assumed to be known.

are almost the same. CP violation in the lepton sector can be observed with more than 3(5)�

significance for 76(57)% of the possible values of �CP .

Figure 141 shows the 68% CL uncertainty of �CP as a function of the integrated beam power.

The value of �CP can be determined with an uncertainty of 7.2� for �CP = 0� or 180�, and 23� for

�CP = ±90�.

As the nominal value we use sin2 ✓23 = 0.5, but the sensitivity to CP violation depends on the

value of ✓23. Figure 142 shows the fraction of �CP for which sin �CP = 0 is excluded with more than
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are almost the same. CP violation in the lepton sector can be observed with more than 3(5)�

significance for 76(57)% of the possible values of �CP .

Figure 141 shows the 68% CL uncertainty of �CP as a function of the integrated beam power.

The value of �CP can be determined with an uncertainty of 7.2� for �CP = 0� or 180�, and 23� for

�CP = ±90�.

As the nominal value we use sin2 ✓23 = 0.5, but the sensitivity to CP violation depends on the

value of ✓23. Figure 142 shows the fraction of �CP for which sin �CP = 0 is excluded with more than



DUNE/LBNF

• 1.2 MW  beam from FNAL to SURF (1300 km) 

• upgrade to 2.4 MW planned 

• 4 x 10 kT Liquid Argon Time Projection detectors 

• Broad beam, higher energy, longer baseline 

• very powerful capability to resolve mass ordering 

• broad beam may probe additional oscillation maxima 
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LONG BASELINE NEUTRINO FACILITY
Reliability Projects Progress ± Cage  

04.24.20 E McCluskey | LBNF Construction Progress at Near and Far Sites19

• Cage 
designed & 
fabricated 
specifically for 
LBNF/DUNE

• Delivered last
night to SURF

• To be
installed in 
Ross Shaft to 
replace 
existing work 
deck

With Inspection Deck
(Normal Operation)

With Work Deck
(Significant work only)

Reliability Projects Progress ± Cage  
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Far Site - Pre-Excavation Construction at SURF

04.24.20 E McCluskey | LBNF Construction Progress at Near and Far Sites7

All work  necessary to construct the systems to transport ~800,000 
tons of rock from underground blast area to “Open Cut” in 
downtown Lead, SD.

Ross
Shaft

Í Rock conveyor

Open Cut

• Underground rock handling systems (ore passes, 
skip loading, temporary grizzly, rock spill 
collection system)

• Rock crushing system at Ross Headframe
• Installing 4200’ surface rock conveyor to open cut

• Ross headframe reinforcement 
• Shaft utilities: fiber optic and power 

cables, water and gas piping
• Electrical service on the surface to 

the shaft

Pre-Excavation Construction Progress ± Tramway 

04.24.20 E McCluskey | LBNF Construction Progress at Near and Far Sites13

Tramway renovation

Refurbishing 2400’ long tramway for 
tunnel-housed portion of 4100’ rock 
conveyor to rock to the Open Cut in 
downtown Lead, SD

Rehab complete

New ground support, lighting, and floor slab in tramway

Near Site ± Site Preparation 2020 at Fermilab 

04.24.20 E McCluskey | LBNF Construction Progress at Near and Far Sites4

Pond F to be 
demolished

Stockpile Area Indian Creek 
Culvert

Cooling Tower

Relocated 
Utilities 

(Electrical, 
Communications, 

ICW, Sumps, & 
Pond Piping)

Borrow Pit with 
fencing

Contractor Staging 
and Laydown

Easement

Existing MI-20 
Building

Cooling Tower Model

~17 ft 
Tall

Right-of-Way 
(ROW)

FUTURE BEAMLINE

• Pre-excavation activities underway 
at Sanford Underground Research 
Facility (SURF) 

• Need to transport 800k tons of 
rock out of the ground 

• Site preparation at near site (beam 
line + near detector hall) underway 

• main construction expected to 
start in 2020



PROTODUNE

Chapter 2: Anode Plane Assemblies 2–44

2.3 Quality Assurance

The most important and complete information for assuring the quality of the APA design, com-
ponents, materials, and construction methods comes from the construction and operation of
ProtoDUNE-SP. We have learned much about the design and fabrication procedures that has
informed the detailed design and plans for the DUNE APA construction project. ProtoDUNE-SP
included six full-scale DUNE APAs instrumenting two drift regions around a central cathode. Four
of the ProtoDUNE-SP APAs were constructed in the USA at the University of Wisconsin-PSL,
and two were made at Daresbury Laboratory in the UK. All were shipped to CERN, integrated
with PDs and CE, and tested in a cold box prior to installation into the ProtoDUNE-SP cryostat.
Figure 2.18 shows one of the drift regions in the fully constructed ProtoDUNE-SP detector.

Figure 2.18: One of the two drift regions in the ProtoDUNE-SP detector at CERN showing the three
installed APAs on the left.

2.3.1 Results from ProtoDUNE-SP Construction

A thorough set of quality control (QC) tests were performed and documented throughout the
fabrication of the ProtoDUNE-SP APAs. The positive outcomes give great confidence in the

The DUNE Far Detector Single-Phase Technology The DUNE Technical Design Report
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ProtoDUNE-SP Status, Analysis and Ops Parameters26

Physics Analysis 
In progress

Pion - Ar: Charge Exchange  Process 

Pion - Ar: Absorption  Process 
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Physics Analysis 
In progress

Pion - Ar: Charge Exchange  Process 

Pion - Ar: Absorption  Process 
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ProtoDUNE-SP Status, Analysis and Ops Parameters

Beam Data - dE/dx 

Resolution appears better in DATA than in MonteCarlo !

dE/dx width is found to depend on diffusion constants

1 GeV Electrons 1 GeV pions 1 GeV protons

(after Space Charge Calibration)

Flavio Cavanna  |Jan. 15, 2020 PAC Meeting January 15-16, 2020 -FERMILAB 
ProtoDUNE-SP Status, Analysis and Ops Parameters

 High Level Strategic Goals

3

  Prototyping production and installation procedures for DUNE Far Detector Design  

  Validating design from perspective of basic detector performance ⇾ inform TDR 

  Accumulating test-beam data to understand/calibrate response of detector to 

different particle species 

  Demonstrating long term operational stability of the detector

proto
SP

Mission  (accomplished)

~ 3M Beam Triggers ACCUMULATED and Analyzed

500 days of operation
• ProtoDUNE: 7 x 6 x 3.6 m3 demonstrator of DUNE design operated at the CERN 

Neutrino Platform with a tagged charged particle test beam 

• 500 days of operation in 2018-2019 

• Second run planned for 2022 with production components 



PHYSICS SENSITIVITY

• Large matter effects allow DUNE to definitively 

resolve the mass ordering within the first years 

• Detecting CP violation occurs in the context of 

simultaneously probing all other parameters

• νµ/νe CC events are identified with high (~90% 

and higher) and purity (~95% and higher) 

• DUNE will achieve 7-17° precision in δCP 

depending on its value



NEAR DETECTORS

Near/Intermediate detectors
Critical components to precisely understand J-PARC beam 

and neutrino interactions.

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

•Off-axis magnetized tracker: Measure primary (anti)neutrino interaction rates, spectrum 

and properties.  Charge separation to measure wrong-sign background

•Intermediate WC detector: H2O(Gd) target with off-axis angle spanning orientation

On-axis Detector
(INGRID)

Off-axis Magnetized 

Tracker
(ND280→ND280 Upgrade for HK)

Off-axis spanning 

intermediate water 

Cherenkov detector
(IWCD)

Connection to FNAL and CERN: Beam test of prototype detectors, Hadron 
production measurements for precision determination of J-PARC neutrino flux, etc.

20January 15, 2020    FNAL PAC    “Hyper-Kamiokande Project”  Masato SHIOZAWA
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Chapter 2: Liquid Argon TPC - ND-LAr 2–26

Figure 2.1: Illustration of the ND hall, showing the detector subcomponents. With respect to a beam,
which points from right to left in this image, ND-LAr is the most upstream, immediately downstream
is ND-GAr, which serves ND-LAr as a muon spectrometer. Beyond ND-GAr, is SAND.

of the ND. In Section 2.3, an overview of the ArgonCube R&D program is given, including a1

focus on a multi-tonne scale demonstrator that forms the core component of prototype DUNE2

ND (ProtoDUNE-ND). A dedicated discussion of the physics goals of ProtoDUNE-ND is given3

in Section 2.4. In Section 2.5, a discussion of the optimization of the active volume of ND-LAr4

to achieve good acceptance across the cross-section phase space is given. Expected event rates5

in ND-LAr are presented in Section 2.6. Methods to determine the muon and electron momenta6

resolution scale uncertainties are discussed in Section 2.7. Finally, techniques to constrain the flux7

using neutrino-electron elastic scattering and the low-‹ method are described in Section 2.8.8

2.2 Requirements9

Primary requirements10

• The ND-LAr must be as functionally similar to the FD as is practical given the intensity11

of the beam at the near site. This allows for the cancellation of detector and target related12

systematic uncertainties to the greatest extent possible in comparing what is observed in the13

ND with that seen in the FD (the so-called near-to-far extrapolation).14

• The ND-LAr must be able to measure the neutrino flux using standard techniques with15

su�cient statistics that it can constrain the flux at the FD over periods relevant for oscillation16

analyses.17

• The ND-LAr must have the ability to reconstruct the neutrino energy as well or better than18

DUNE Near Detector Conceptual Design Report

���
���35,17('���������

• DUNE and HK confront unprecedented challenges in reducing 
systematic uncertainties to observe CP violation  

• the Near Detector is the principal means to reduce 
uncertainties 

• Both DUNE and HK employ: 

• On-axis beam monitoring system 

• Detectors with functionally identical methods as the far 
detector (FD) 

• Detectors with capabilities beyond the far detector  

• e.g. magnetization, lower thresholds, calorimetry 

• Movement off-axis (PRISM) to intercept neutrinos with 
different spectra

NFD(⌫↵ ! ⌫� , EREC) =

Z
dE⌫ ⇥ �(⌫↵, E⌫)⇥ P (⌫↵ ! ⌫� , E⌫)⇥ V ⇥ n⇥R(⌫� , EREC , E⌫)⇥ �(⌫� , E⌫)
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�(⌫↵, E⌫)⇥
P (⌫↵ ! ⌫� , E⌫)
�(⌫� , E⌫)⇥V ⇥ n⇥
R(⌫� , EREC , E⌫)

<latexit sha1_base64="c3/bEgojpra7aN1hTThpKslDbsc="></latexit>

on-axis 
monitor

magnetized tracking 
spectrometer with 
calorimetry

FD-like detector PRISM off-axis 
movement

upgrade



SECOND OSCILLATION MAXIMUM

FIG. 1: Contour map of the J-PARC o↵-axis beam to Korea [8, 9].

water-based liquid scintillators raise the possibility of a program based on reactor neutrinos

at a later stage.

There were earlier e↵orts on a large water Cherenkov detector in Korea using a J-PARC-

based neutrino beam [3, 4]. Originally an idea for a two baseline experiment with a 2nd

detector in Korea has been discussed by several authors pointing out possible improvements

for measurements on CP violation and mass hierarchy [5–9]. Three international workshops

were held in Korea and Japan in 2005, 2006 and 2007 [10]. The mixing angle of ✓13 was not

known yet, and therefore the detector size and mass could not be determined at the time.

Now more realistic studies and a detector design are possible due to the precisely measured

✓13 [11–18].

Overall the T2HKK configuration with two baselines o↵ers the possibility to significantly

augment the study of neutrino oscillations relative to the single baseline T2HK configuration.

The resolution of parameter degeneracies with the measurement at two baselines also may

allow for more precise measurements of the oscillation parameters and sensitivity to non-

standard physics. In the following sections more details on the T2HKK detector, sensitivity

studies, and additional benefits are discussed followed by a summary and conclusion.

8

The interference which gives rise to CP violation grows as the 

neutrinos continue to oscillate 

• “Second oscillation maximum”: neutrinos have oscillated ~twice 

from their initial state 

• kinematic phase ~π/2 →~3π/2 

• Recall that the kinematic phase of the oscillation goes as L/E 

• For fixed energy, go 3x the distance 

• For fixed distance, look at 1/3 the energy 

• Both programs have the opportunity to study the 2nd oscillation 

maximum 

• HK: Same Eν ~600 MeV with a 2nd detector at ~1100 km 

• DUNE: Eν ~800 MeV at the same 1285 km distance

https://inspirehep.net/literature/1499045



CONCLUSIONS:

The future long-baseline neutrino program is “on shell” 

• CP violation, mass ordering, next level of precision in neutrino oscillation parameters 

• Hyper-Kamiokande : 

- project is now approved! 

- construction phase is starting 

- based on proven Water Cherenkov technique enhanced with new photosensor technology 

• DUNE/LBNF: 

- successful large scale demonstration with ProtoDUNE @ CERN 

• Technical design report for the far detector published! 

- pre-excavation activities ongoing at SURF, preparatory activities at FNAL 

• Both experiments have a wide-ranging physics program beyond the long baseline physics 

• Both experiments require near detectors that will control systematic errors well beyond the state of the art. 

Meanwhile, enjoy the exciting “completition” between T2K and NOvA 

• The fun will continue with HK and DUNE!
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