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Recent experimental measurements 
of the Solar neutrinos with 

Cherenkov detectors



Congratulations!
for 10th years anniversary of Borexino

Lots of great results!

Beautiful memories for me! 
(2009-2011)

  

Borexino Results
Borexino detector is the first neutrino detector able to perform  a full spectroscopy of 
the solar neutrinos in real time, thanks to its incredible low background.

MSW-LMA

LOW
exclusion

  

Event selection

We remove the events 

300µs after each muon and 

the fiducial volume cut 
remove most of the 
external background 
showing the final shape of 
Borexino spectrum.  

a/b discrimination to remove 210Po peak

TFC to remove 11C

  

Borexino Results

 

Final fit of Prompt events spectrum. Background NON-antineutrino <1%.
The Th and U spectral shapes have been generated by mean of MC.

Null Hypothesis of geoneutrinos excluded at 5.9 s.
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Super-Kamiokande
96 97 98 99 00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19

SK-I SK-II SK-III SK-IV SK-Gd

11146	ID	PMTs	
(40%	coverage)	

5182	ID	PMTs	
(19%	coverage)	

11129	ID	PMTs	
(40%	coverage)	

n  Analysis	energy	threshold	(recoil	electron	kineCc	energy)	
n  Live	Cme	for	solar	neutrino	analysis	

Acrylic	(front)	
+	FRP	(back)�

Electronics	
Upgrade�

SK-I� SK-II� SK-III� SK-IV�

4.5	MeV	
1496	days�

6.5	MeV	
791	days�

4.5	MeV	
548	days	

3.5	MeV	
2645	days		
(~March	2017)	

Neutron	tagging	
with	Gd�

Water	system	
For	SK-Gd�

2.2		
MeV	

~8	MeV	
Current	total:	5480	days	
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Solar neutrino observation in SK

✓Find solar direction 
✓Realtime measurements 

- day-night flux differences 
- seasonal variation 
✓Energy spectrum

ν+ e- → ν+ e-Typical event 

ID

OD

vertex 55cm hit timing
direction 23deg. hit pattern
energy 14% # of hits.

Detector performance
resolution (10 MeV)

~ 6 hits/MeV 
well calibrated by LINAC and DT 
within 0.5% precision

information

neutrino-electron elastic scattering

Ee = 8.6 MeV (kin.) 
cosθsun = 0.95



5 Sep., 2017 Recent developments neutrino physics and astrophysics 6

Motivation of the measurement
See the neutrino oscillation MSW effect directly
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Day-Night flux asymmetry

Expected 
(day-night)/((day+night)/2)

Regenerate νe by 
earth matter effect5

Spectrum distortion

Super-K can search for the spectrum “upturn” 
expected by neutrino oscillation MSW effect

Super-K

Vacuum oscillation 
dominant

Matter oscillation 
dominant

-1%

-2%
-3%
-4%



Published results 
(PRD94, 052010, 2016) 



5 Sep., 2017 Recent developments neutrino physics and astrophysics 8

Neutrino oscillation
~2σ tension between solar global 
and KamLAND in Δm221

�m2
21 = 7.54+0.19

�0.18

The unit of Δm221 is 10-5 eV2

sin2 ✓12 = 0.316+0.034
�0.026

sin2 ✓12 = 0.308± 0.014

�m2
21 = 4.85+1.33

�0.59

sin2 ✓12 = 0.307+0.013
�0.012

�m2
21 = 7.49+0.19

�0.18
Solar global

KamLANDSolar+ 
KamLAND

sin2θ13=0.0219±0.00148B flux is constraint by SNO NC data

PRD94, 052010 (2016)
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Day/Night asymmetry
expected time variation as a function of cosθz

R
at

e/
R

at
e a

ve
ra

ge

θz
Sun

Earth

Δm221=4.84x10-5 eV2 
sin2θ12=0.311 
sin2θ13=0.025

Day/Night Amplitude was fitted to
-3.3±1.0±0.5%

in SK-I to IV (4499 days)
2.9σ

Non-zero significance was

PRD94, 052010 (2016)

expected

Δm221=4.84x10-5 eV2 
sin2θ12=0.342

PRL112, 091805 (2014)

KamLAND

Solar

SK-I,II,III,IV best fit

expected
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Yearly solar neutrino flux
Preliminary

SK-I

SK-II

SK-III

SK-IV
8B flux vs sun spot
No correlation with 11 years 
solar activity is observed

χ2=15.52/19 (dof) 
Prob. = 68.9%

Solar neutrino rate measurement in SK is fully consistent 
with a constant solar neutrino flux emitted by the Sun

Sun spot number : http://www.sidc.be/silso/datafiles 
Source: WDC-SILSO, Royal Observatory of Belgium, 
Brussels



Latest results and progress 
in June 2017
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Contents
• Updated spectrum analysis 
• Total live time 5480 days (May 1996 - March 2017) 
• SK-I (1496 days), SK-II (791 days), SK-III (548 days), 
SK-IV (2645 days, PRD94,052010: 1664 days) 

• Periodic modulation analysis in SK-IV 
• Using same data set as PRD94, 052010 
• Energy scale improvement 
• Take into account PMT gain & dark rate effects 
• Study of spallation BG
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Event vertex distribution
Preliminary

n  Whole	area	in	these	plots	corresponds	
to	22.5	kton.		

n  Above	5.0	MeV(kin),	fiducial	volume	is	
22.5kton.	

n  Below	5.0	MeV	Bght	fiducial	volume	cut	
is	applied.	

n  Water	condiBon	is	controlled	well	

4.5-5.0	MeV(kin)� 4.0-4.5	MeV(kin)�

3.5-4.0	MeV(kin)�

Color	:	Events/day/bin		low�high�

Z[m]�

R2[m2]�

Z>-7.5[m]	
(16.5kt)	�

R�
0�

(8.8kt)�

(8.8kt)�

�	�

SK-IV (2645 days)



5 Sep., 2017 Recent developments neutrino physics and astrophysics 14

Observed solar neutrino signal

SK IV 3.5-19.5MeV (kin.)

: Data
: Best fit
: Background

Signal in SK-IV : 51521 +349 -347 events 
Total in SK-I to IV : 89285 events

Preliminary

SK-IV (2645 days)

θsun�

SK�

Sun�
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Recoil electron spectrum
Preliminary

SK spectrum data is consistent within 1σ 
for the Solar best fit parameters, while 
marginally consistent within 2σ for the 
Solar+KamLAND best fit parameters.

(statistic error only)

Solar+KamLAND	parameter�
Solar	global	parameter�
Quadra6c	spectrum	best-fit	�

Exponen6al	spectrum	best-fit�

SK-IV (2645 days)
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Periodic modulation analysis
• Past publication : PRD68, 092002 (2003) 
• SK-I 1496 days, 4.5-19.5MeV (kin.) 
• Used Lomb-Scargle (LS) and 5-day long samples 
• It was pointed out that a maximum peak was observed at around 9.43/year. 
• A preliminary search in SK-IV in 5-15/year region is done.

false	alarm	
probability	
(FAP)	=	0.015�
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Periodic modulation analysis
• Data set: 
• SK-I : 1496 days, 5-day long sample, 4.5-19.5 MeV (kin.) 
• SK-IV : 1664 days, 5-day long sample, 4.5-19.5 MeV (kin.) 
• Generalized LS method (with symmetric error) 
• Search region : 5-15 [/year]

Maximum	peak	at	
around	9.43	/year	is	
not	found	in	SK-IV.	

Frequency	[/year]	

Lo
m
b	
po

w
er
	

			:	SK-I	1496	days		
			:	SK-IV	1664	days			

Preliminary
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Energy scale improvement
PMT gain is increasing

1.0	

1.1	

1.2	
Re

la
*v

e	
	g
ai
n	
ch
an

ge
	

Try to implement the effect to detector simulation 
and energy reconstruction

Preliminary
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Energy scale improvement
Energy scale of decay electron

Looks stable after gain correction

Preliminary

Year	

Eff
ec
)v

e	
#	
of
	h
it	
PM

T	

			:	Average		
			:	+/-	0.5%			

Before	gain	correc)on	 A@er	gain	correc)on	
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Energy scale improvement
Look at the calibration data : DT generator

Preliminary

A"er	gain	correc,on	

Year	

Eff
ec
,v

e	
#	
of
	h
it	
PM

T	

Gamma rays from 16N 
Center position in 2009-2017 
Looks stable
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Energy scale improvement
Look at the calibration data : LINAC

Preliminary

A"er	gain	correc,on	

2016 LINAC campaign 
Position dependence : ±0.5%
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Study of the spallation event
Preliminary

• Neutrons production in the 
hadronic shower from a spallation 
causing muon was pointed out by 
J.Beacom and Shirley Li. 

• They could be observed when the 
energy threshold is lowered via 
2.2MeV gamma from n+p 
reaction 

• Tried to use lowering threshold 
data (~2.5MeV (kin.) threshold.)

where the spallation is expected to have occurred. The
distance along the muon track from where the spallation
is expected to occur to where the relic candidate exists is
the third likelihood variable, longitudinal distance LLONG.
Lastly, the value of the combined charge in the largest nine
consecutive bins of the dE=dx histogram is our fourth
likelihood variable, QPEAK. The more charge in the peak,
the more likely the muon is to be making spallation.

Probability density functions (PDFs) are formed for
each of the four spallation variables. For each muon cate-
gorization, the relic candidates were correlated to muons
preceding the candidate in time (the ‘‘data sample’’), and
correlations were examined. A random sample was formed
by taking the same correlations to muons immediately
following the relic candidate in time. The random sample
histograms were subtracted from the data histograms
(yielding a ‘‘spallation sample’’), for each muon catego-
rization. These profiles were parametrized, resulting in
functions representing spallation (from the spallation sam-
ple) and accidental correlation background (from the ran-
dom sample). These parametrizations, once normalized,
are the PDFs, which are multiplied together to give the
likelihood (for example, see Fig. 4).

For each muon categorization, a cut on the likelihood
was instituted. Cut values were tuned until no statistically
significant difference existed in the distributions of the data
remaining after the cut compared to the random sample for
the !t and LTRANS variables. The spallation contamination
remaining after the spallation cut is difficult to estimate
due to the large statistical uncertainties, but no evidence
for remaining background was found. For the SK-I/III
combined sample, we could see any excess with a reso-
lution of about 4 events; and for SK-II, with a resolution
of about 2 events.

µ track

relic candidate

peak of
dE/dx plot

LTRANS

LLONG

FIG. 3 (color online). Schematic explanation of spallation
distance variables.

Distance along muon track in ID (m)
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FIG. 2 (color online). Example of a dE=dx plot. The red line
indicates where along the muon track the candidate was recon-
structed. This example has particularly good correlation.
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FIG. 4 (color online). SK-I/III data with likelihood functions
overlaid for single through-going muons. Top shows transverse
distance; bottom shows longitudinal distance.

K. BAYS et al. PHYSICAL REVIEW D 85, 052007 (2012)
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Study of the spallation event
Preliminary

• Neutrons production in the 
hadronic shower from a spallation 
causing muon was pointed out by 
J.Beacom and Shirley Li. 

• They could be observed when the 
energy threshold is lowered via 
2.2MeV gamma from n+p 
reaction 

• Tried to use lowering threshold 
data (~2.5MeV (kin.) threshold.)

νe!

e+!

p!
n! γ#p!

2.2MeV

~200 usec.
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Study of the spallation event
Preliminary

Time	difference		[μs]	

#	
of
	c
an

di
da

te
s	
	

207+/-5	μs	

2m	3m	 4m	

XLONG	(=	Xi	-	Xave) 

LTRANS	 

MulLplicity	>=2	
LTRANS	<	1.5	m	

Longitudinal	difference		[cm]	

+/-2m	

n  Data	set:		
n  ~6	week	data	from	WIT	
n  20	~	500	μsec.	a\er	muons	
n  Energy	<	5.5	MeV(kin)	
n  Transverse	distance	(LTRANS)	<	5	m	
n  Applied	a	simple	event	quality	cut	

n  We	observed	neutron	candidates	
n  Further	study	is	on	going	

Muon	track	

Neutron	
candidates	

Transverse	distance		[cm2]	



In future
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Inverse beta decay
νe!

e+!

p 
n 

γ#

γ#p 

Gd 

(2.2MeV)

~8MeV

Dissolve Gadolinium into Super-K 
J.Beacom and M.Vagins, 

 Phys.Rev.Lett.93(2004)171101

Delayed coincidence
1.

2.

3.

TIME AXIS

z = 0

"

"

z = 1

z = 5

We need information 
concerning...

WE ARE 

HERE.

2. Formulation and Models
How to Calculate the SRN Flux

S.Ando

First observation of neutrinos 
emitted from past supernovae

Super-K Gd
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Super-K Gd

201X� 201X+1� 201X+2� 201X+3� 201X+4�

Fill	water(~2month)�

Pure	water		
circula;on	

T1	=	Load	first	Gd2(SO4)3		up	to	10t=0.02%�

Stabilize	
water	transparency	

Physics	run�

T2	=	Load	full	Gd2(SO4)3	
												100t=0.2%	�

Physics	run�

�
�
�
�

�
�
�
�

T0	=	Start	leak	stop	work(~3.5	month)�

June 1st, 2018, tank open since 2006



5 Sep., 2017 Recent developments neutrino physics and astrophysics 28

Around this time next yearT2K Exotics Report 
 
 
 
 
  

Yusuke Koshio, Alexander Izmaylov 
for T2K Exotics WG 

May 28, 2016 
 T2K Collaboration Meeting 

 

Open the Super-K tank since 2006
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Hyper-Kamiokande

~10 times larger volume 
than Super-K

2 tanks x

New photo-censer which has 
twice sensitivity than Super-K

~40000 PMT / tank
with staging

H
60
m

Φ74m

96 III HYPER-KAMIOKANDE DETECTOR

2.1.3. Performance of Single Photoelectron Detection1

The single photoelectron pulse in a HQE B&L PMT has a 6.7 ns rise time (10% – 90%) and 13.02

ns FWHM without ringing, which is faster than the 10.6 ns rise time and 18.5 ns FWHM in the3

Super-K PMT. The time resolution for single PEs is 1.1 ns in � for the fast left side of the transit4

time peak in Figure 59 and 7.3 ns at FWHM, which is about half of the Super-K PMTs. This5

would be an important factor to improve the reconstruction performance of events in Hyper-K.6

The nominal gain is 107 and can be adjusted for several factors in a range between 1500 V to7

2200 V. Figure 60 shows the charge distribution, where the 35% resolution in � of the single PE is8

better compared to the 50% of the Super-K PMT. The peak-to-valley ratio is about 4, defined by9

the ratio of the height of the single PE peak to that of the valley between peaks.10
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50cm high-QE box&line PMT

50cm Super-K PMT

50cm high-QE box&line PMT

50cm Super-K PMT

FIG. 59. Transit time distribution at single pho-

toelectron, compared with the Super-K PMT in

dotted line.
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50cm high-QE box&line PMT

50cm Super-K PMT

FIG. 60. Single photoelectron distribution with

pedestal, compared with the Super-K PMT in

dotted line.

2.1.4. Gain Stability11

Because the Hyper-K detector is sensitive to a wide energy range of physics, the PMT is required12

to have a wide dynamic range. The Super-K PMTs have an output linearity up to 250 PEs in charge13

by the specifications and about 700 PEs measured in Super-K (with up to 5% distortion)[117],14

while the linearity of the HQE B&L PMT was measured to be within 5% up to 340 PEs as seen in15

Figure 61. Even with more than 1,000 PEs, the output is not saturated and the number of PEs can16

be calculated by correcting the non-linear response. The linearity range depends on the dynode17

current, and can be optimized with changing the resistor values in the bleeder circuit. This result18

demonstrates su�cient detection capabilities in the wide MeV – GeV region as in Super-K, as long19

as it is corrected according to the response curve.20
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• Efficiency x 2, Timing resolution x 1/2
• Pressure tolerance x 2 (>100m)
• The impact is large to physics sensitivities 
and detector design optimization

• enhance p→νK+ signal, solar ν, neutron 
signature of np→d+γ(2.2MeV) 

New 50cmΦ PMT
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Hyper-K PMT
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96 III HYPER-KAMIOKANDE DETECTOR

2.1.3. Performance of Single Photoelectron Detection1

The single photoelectron pulse in a HQE B&L PMT has a 6.7 ns rise time (10% – 90%) and 13.02

ns FWHM without ringing, which is faster than the 10.6 ns rise time and 18.5 ns FWHM in the3

Super-K PMT. The time resolution for single PEs is 1.1 ns in � for the fast left side of the transit4

time peak in Figure 59 and 7.3 ns at FWHM, which is about half of the Super-K PMTs. This5

would be an important factor to improve the reconstruction performance of events in Hyper-K.6

The nominal gain is 107 and can be adjusted for several factors in a range between 1500 V to7

2200 V. Figure 60 shows the charge distribution, where the 35% resolution in � of the single PE is8

better compared to the 50% of the Super-K PMT. The peak-to-valley ratio is about 4, defined by9

the ratio of the height of the single PE peak to that of the valley between peaks.10
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FIG. 59. Transit time distribution at single pho-

toelectron, compared with the Super-K PMT in

dotted line.
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FIG. 60. Single photoelectron distribution with

pedestal, compared with the Super-K PMT in

dotted line.

2.1.4. Gain Stability11

Because the Hyper-K detector is sensitive to a wide energy range of physics, the PMT is required12

to have a wide dynamic range. The Super-K PMTs have an output linearity up to 250 PEs in charge13

by the specifications and about 700 PEs measured in Super-K (with up to 5% distortion)[117],14

while the linearity of the HQE B&L PMT was measured to be within 5% up to 340 PEs as seen in15

Figure 61. Even with more than 1,000 PEs, the output is not saturated and the number of PEs can16

be calculated by correcting the non-linear response. The linearity range depends on the dynode17

current, and can be optimized with changing the resistor values in the bleeder circuit. This result18

demonstrates su�cient detection capabilities in the wide MeV – GeV region as in Super-K, as long19

as it is corrected according to the response curve.20

ー Hyper-Kー Super-K

Time [nsec]
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Solar neutrinos in Hyper-K
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Solar neutrinos in Hyper-K
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Hyper-Kamiokande
Notional Timeline (1st Tank)

9

FY
2015

2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026

Access tunnels

Cavity excavation

Tank construction

sensor installation

Photo-sensor productionPhoto-sensor 
development

Survey, Detailed design

water 
filling

Operation

DUNE beam

DUNE non-beam

• 2018～2025  HK construction
• 2026～          CPV study

                      Atm・Solar・Supernova ν study, Proton decay searches

(Note) In the physics potential study, assumed are start of 2nd tank 
operation 6 years after the start of 1st tank.

Notional timeline (1st tank)

Selected ‘Roadmap 2017’ in MEXT 
Hope to realize as soon as possible!
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Summary
• The current running detector of solar neutrino with 
Cherenkov detector is only Super-Kamiokande 

• Day/Night, oscillation analysis (PRD 94, 052010 (2016)) 
• Yearly flux using SK-I~IV 5200 days sample 
• Spectrum using SK-IV 2645 days sample 
• Periodic modulation using 1664 days sample 
• Analysis improvements, (e.g. PMT gain correction, 
Neutron emission by muon spallation) 

• In future 
• Super-K Gd will start from next year 
• Hope Hyper-Kamiokande is realized as soon as possible


