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The solar neutrino deficit



Solar neutrino sources



Solar neutrino spectra
Gallium
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Homestake results
1	SNU	=	
10-36	captures	
/atom/second

• Homestake: 100,000 US 
gallons (380 m3) of 
perchlorethylene (dry 
cleaning fluid)


•



The solar neutrino deficit



Atmospheric neutrino deficit

• Experiments such as 
SuperK were able to 
distinguish electrons 
and muons



Sudbury Neutrino Observatory

• 10,000	PMTs	

• 2km	underground
• 1000	tons	of	D20	

• 6500	tons	of	H20



Sudbury Neutrino Observatory



The solar neutrino deficit



SuperKamiokande atmospheric data

• Re-interpretation	of	
SK	results	assuming	
that	some	fraction	of	
the	CR	νµ	have	
oscillated	to	ντ	(that	

SK	is	not	sensitive	to)



www.nobelprize.org



Neutrino oscillations
• The	neutrino	weak	eigenstates	and	mass	eigenstates	are	not	the	same	(are	not	
‘aligned’)	

• The	neutrino	propagates	in	the	mass	eigenstate	but	interacts	in	the	weak	eigenstate	
• NB	this	can	only	happen	if	neutrinos	have	mass	
• “Beyond	Standard	Model”	physics	
• The	Pontecorvo-Maki-Nakagama-Sakata	(PMNS)	mixing	matrix	relates	the	weak	and	
mass	eigenstates

• Generally	the	PMNS	(U	above)	is	written	in	terms	of	3	mixing	angles	θ12,	
θ13,	θ23	and	a	complex	phase	δ (s=sin,	c=cos):



Mass hierarchy and flavour content

• Oscillation probabilities 
contain terms which 
include mass squared 
differences


• However, the sign of         
isn’t known leading to 2 
mass ordering possibilities 


• Note also P(L,E) 



Neutrino oscillations
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HyperKamiokande detector
• A next generation Water Cerenkov neutrino detector building 

on expertise and know-how from the successful, Nobel Prize 
winning, Kamiokande and Super-Kamiokande projects



• Water Cerenkov detector 
comprising 50k tonnes of pure 
water under a Mt. Ikeno in 
Japan


• Running since 1996

• Long-standing programme of 

studies of solar and 
atmospheric neutrinos


• Since 2009 also the far 
detector for T2K


• Recently undergone a 
significant “tank open” 
refurbishment


• Formally entered phase SK-V 
of data-taking today!


• Planned loading of Gd (see 
later) 

SuperKamiokande Detector



T2K - long-baseline neutrino physics

• First	ever	off-axis	
(anti-)neutrino	
beam	

• Beam	energy	is	
tuned	to	oscillation	
maximum

!18



Neutrino oscillations
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T2K event rates



HyperK detector
• A next generation Water Cerenkov neutrino detector building on 

expertise and know-how from the successful, Nobel Prize 
winning, Kamiokande and Super-Kamiokande projects



HyperK proto-collaboration

• Currently ~300 physicists from 76 institutes across 15 
countries



Recent funding (good) news



HyperK proto-collaboration structure



Detector Location

• HyperK detector location is 8km south of SuperK site 

• 295km from J-PARC and 2.5 deg. off-axis beam (same as SuperK) 

• Narrow band energy peak is at 600 MeV (same as SuperK)

HyperK
J-PARC



Near detectors and beam (T2HK)

• J-PARC 30 GeV neutrino beam creates a narrow-band neutrino 
beam with peak enemy 600 MeV 


• Neutrino beam be upgraded from 485kW (2018 operation) to 1.3MW 
via improvements to beam power and number of protons per pulse

More Power at MR → 750 kW → 1.3 MW

More Rapid Cycle:
2.48 s→ 1.32 s → 1.16 s

• Main Power Supply to be 
renewed

• High gradient RF Cavity
• Improve Collimator
• Rapid cycle pulse magnet 

for injection/extraction

More Protons / 
Pulse：
• Improve RF Power
• More RF Systems
• Stabilize the beam with 

feedback The 1st Mtg of Hyper K FF 



Near detectors and beam (T2HK)

• Upgrades to the near detectors are also planned


• Current T2K ND280 detector to be upgraded with new TPCs, super-FGD and TOF system


• New moveable water Cerenkov detector for beam profiling

arXiv:1412.3086	 arXiv:1609.04111	



Inner detector PMT R&D
HyperK inner detector 
photosensor requirements:

• Large aperture

• High quantum efficiency

• Wide dynamic range 

(1-1000pe)

• Low dark rate (<4 kHz for 20” 

PMTs)

• Waterproof

• High pressure tolerance (>8 

atm) 

The full inner detector surface area comprises ~40,000 70cm x 
70cm square “cells”

If all cells are instrumented with 20” PMTs then this corresponds to 
40% photo coverage




Inner detector PMT R&D
20” PMTs: Primary candidate: Hamamatsu 
R12860

• Developed by Hamamatsu for HyperK

• “Box and line” design

• High quantum efficiency

• Improved dynodes

• Initial tests demonstrate:

• x2 single photon detection efficiency

• x2 improvement in timing resolution

• x2 hydrostatic pressure tolerance (c.f. 

SK)

Single photoelectron timing

Charge 
separation

Single photon detection efficiency



Inner/outer detector PMT R&D

Different options under consideration including

• Multi-PMTs à la KM3NeT DOMs (finer granularity, improved 

timing, etc.)

• Wavelength-shifting plates (lower cost per unit area, timing?)

• Hybrid 20”/3.5” PMT system for inner detector



Physics programme

• Sensitivity to a wide range of neutrino energies opens up a broad physics 
programme



Physics programme
By studying a combination of accelerator, atmospheric and solar 
neutrinos HyperK will address key questions including:


• Precision measurements of the neutrino mixing matrix parameters


• search for CP violation and the measurement of δCP 


• neutrino mass hierarchy


• θ23 octant determination


• (Solar and atmospheric neutrinos)


• Supernova detection


• Supernova relic neutrinos


• Proton decay searches



Event rates
Assumes:

Normal Hierarchy

sin2θ13	= 0

10 years running 

(1.3MW x 108 s)

            = 1:3


Difference	to	δCP	=	0	 Difference	to	δCP	=	0	



Search for CP violation

ACP =
P(νμ → νe) − P(νμ → νe)
P(νμ → νe) + P(νμ → νe)

Hint	of	maximal	CP	viola^on	at	δCP	~-			/2	from	T2Kπ



Sensitivity to CP violation

5σ observation of CP 
Violation for 58% of 
δCP parameter space

Precision of δCP 
measurement:

~ 22º for δCP =	±	90º

~ 7º for δCP =	0º



CP significance comparison



Mass hierarchy and θ23 octant sensitivity
Based on joint analysis combining data from 1 HK tank and atmospheric neutrino samples

Mass	hierarchy	
determination	at	3σ	for	
all	possible	values	of	θ23	



Atmospheric neutrinos
• Earth matter effects modify the energy spectrum of the electron 

(anti-)neutrinos as they pass through the Earth’s core

• These matter effects are sensitive to mass hierarchy, δCP, and θ23 octant 

sin2θ23	=	0.4	!	0.6	

δCP	=	40°	or	220°	



Supernova Relic Neutrinos

• By loading SuperK with Gd the improved neutron capture efficiency 
will facilitate SRN detection


• HyperK will collect enough events to measure the spectrum


• Allows insights into star formation history, heavy elements and black 
hole formation



Supernova neutrinos
• Expected neutrino event rates 

for supernova:

• Galactic centre: 50k-80k

• LMC: 2k-3k

• M31: ~10

• Will enable, e.g. underlying 
astrophysics, e.g. Standing 
Accretion Shock Instabilities - 
(SASI) behind the SN to be probed

see, e.g. https://arxiv.org/pdf/1610.00559.pdf



Proton decay
• Proton decay is a fundamental prediction of 

GUT theories, e.g.:

• Supersymmetric GUT theories

• X boson-mediated GUT theories

• HyperK will 
extend the 
search for 
proton decay 
to ~1035 years, 
which covers 
many more 
theoretical 
models than 
present



A second detector in Korea (T2HKK)
• HyperK plans to add a second, identical 

tank

• South Korea would be an suitable 

location for this tank

• Enables the second oscillation 

maximum to be studied

• Improves sensitivities for all HyperK 

studies

Japan

Korea



• Locating the second detector in 
South Korea results in 
improved sensitivities 
compared with 2 HyperK tanks 
in Japan


• For example:

• The uncertainty on δCP is up 

to 3º smaller with a 2nd tank 
in Korea


• There is also an increase in 
sensitivity to the neutrino 
mass hierarchy due to 
increased matter effects over 
the longer baseline

A second detector in Korea (T2HKK)



HyperK timeline

• Excavation will begin in 2020


• Operations are expected to commence in 2027



Summary
• HyperK is a next generation water Cerenkov detector that 

will be built in Japan


• It will observe (anti-)neutrinos from the J-PARC beam as well 
as atmospheric, solar and (possibly!) supernova neutrinos


• With a 187 kton fiducial volume HyperK will enjoy a broad, 
rich and exciting physics programme including neutrino 
oscillation, CP violation, mass hierarchy, supernova physics, 
etc.


• Operations are expected to commence in 2027, new 
collaborators are welcome in many areas of detector 
construction and operations (recent discussions in Mainz 
and Munich), HK spokesperson visiting Europe in 2019


