
HK physics potential
Masashi Yokoyama 

(Department of Physics, University of Tokyo)

7th open meeting for HK
July 10, 2016 @ London



Sun

Supernova

Accelerator
(J-PARC)

T2HK

Proton 
decay

Broad science program with Hyper-K
• Neutrino oscillation physics

• Comprehensive study with  
beam and atmospheric neutrinos

• Search for nucleon decay 

• Possible discovery with ~×10 
better sensitivity than Super-K

• Neutrino astrophysics

• Precision measurements of solar ν
• High statistics measurements of  

SN burst ν
• Detection and study of  

relic SN neutrinos

• Geophysics (neutrinography of 
interior of the Earth)

• Maybe more (unexpected)
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ν oscillation study w/ Hyper-K

• Long baseline experiment with J-PARC neutrino beam

• Same configuration as T2K

• Well understood beam and systematics (NA61 etc.)

• Reliable sensitivity estimate based on T2K results

• Main focus on CP asymmetry 

• Atmospheric neutrino

• Complementary to beam ν:  
mass hierarchy and θ23 octant

• Solar neutrino
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SKHK

J-PARC ν beamline designed to have  
the same off-axis for Super-K & Hyper-K

Reveal a full picture of neutrino oscillations with 
precision measurements of CP and mixing parameters



Long baseline experiment
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• Already covered by Kobayashi-san

• 1.3MW will be realized before  
the start of HK

• Highest priority in KEK-PIP review

• Seamless evolution of program:  
 T2K → T2K-II → HK
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KEK Project Implementation Plan Review
• Priority of new projects to be promoted with a major 

budget request was discussed. 

NuInfra 2016

Project to be prioritized: 
COMET II 
J-PARC upgrade for Hyper Kamiokande
Hadron Hall Extension
H-line and g-2/EDM
LHC and ATLAS
Super Computer
RNB

Separate prioritization
Light Source

PIP review concluded that “J-PARC upgrade 
for HK is the highest priority”. 

Magnet PS upgrade
High grad. RF
Inj/FX system upgrade
1.3 s cycle

1.25 s cycle

1.20 s cycle

1.16 s cycle
Air-cooled 2nd RF

RF anode power supply upgrade

10th RF system

Sensitivity on CPV of “T2K-2”
23

u> 3 sigma CPV sensitivity for maximal CPV

J-PARC and neutrino beam



28 June 2015 ND280 upgrades  Alain Blondel T2K meeting 3June15 25

Near Detectors
• Operation of the magnetized ND280 off-axis detector 

should continue for HK, with potential upgrades 

• Intermediate (at ~1,2 km) WC detector being investigated.  
Two proposals:

• Off-axis angle spanning orientation. 

• Gd loading, magnetized μ range detector.

• Will merge in unique detector/ collaboration.
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arXiv:1412.3086 [physics.ins-det]arXiv:1606.08114 [physics.ins-det]

See later talks



Expected events

νμ disappearance

No oscillation

sin2θ23=0.5

ν beam ν beam

νμ+νμ
CCQE

νμCC  
nonQE

Others

ν beam 8947 4444 721

ν beam 12317 6040 859

rec
ν

Reconstructed Energy E
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

N
um

be
r o

f e
ve

nt
s/

50
 M

eV

0

2000

4000

6000

8000
 modeνDisappearance 

No oscillation

sin2θ23=0.5

rec
ν

Reconstructed Energy E
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

N
um

be
r o

f e
ve

nt
s/

50
 M

eV

0

2000

4000

6000

8000
 modeνDisappearance 

No oscillation

sin2θ23=0.5

1.3MW, 10×107sec,  ν:ν=1.3

7



Expected events

for δ=0
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Wrong sign 
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νe appearance1.3MW, 10×107sec,  ν:ν=1.3
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Assumed systematic uncertainties

• Beam flux + near detector constraint

• Conservatively assumed to be the same

• Cross section uncertainties not constrained by ND

• Nuclear difference removed assuming water measurements

• Far detector 

• Reduced by increased statistics of atmospheric ν control sample and 
fundamental detector response understanding with improved calibration

9

• Further reduction by new near detectors under study

• Benefit from experience with T2K(-II)

ν mode anti-ν mode
νe νμ νe νμ

Flux&ND 3.0 3.3 3.2 3.3
XSEC model 0.5 0.9 1.5 0.9
Far Det. +FSI 0.7 1.0 1.5 1.1

Total 3.2 3.6 3.9 3.6

Uncertainty on the expected number of events at Hyper-K (%)

Extrapolation from T2K experience



CPV sensitivity

sinδ=0 exclusion error

>3σ >5σ δ=0° δ=90°

PTEP 7.5MWy 76% 58% 7.5° 19°

2 tanks 13MWy 78% 62% 7.2° 21°

• Exclusion of sinδCP=0

• >8σ(6σ) for δ=-90°(-45°)

• ~80% coverage of δ 
parameter space with >3σ

• From discovery to  
δCP measurement:

• ~7° precision possible
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→Octant determination,
    input to models
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11

sin2θ23=0.5

sin2θ23=0.45 90%CL



• Cross section measurements with large statistics and high quality data

• Larger phase space to reduce model dependence

• Expected number of events after selection per 1021 POT:

• ~40k νμ CC events /1ton @ 280m

• ~1M νμ and ~20k νe events for 2kton intermediate detector

• Exotic physics searches

• Sterile neutrino

• Lorentz/CPT violation

• Heavy neutral lepton

• …

Near detector measurements
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Muon efficiency
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• Wide range of ν energy (0.1 GeV ~ 104 GeV and beyond)
• Wide range of ν baseline (10km downward ~ 13,000km upward)
• νμ:νe ~ 2:1 at production
• ν oscillation study by high statistical data (>40,000 events in Super-K) and all 
three flavors (νe, νμ, ντ)
• Unique tests of ν’s exotic property (4th ν, Lorentz violation, etc)

Earth’s atmosphere

Cosmic rays (proton etc)

11

Atmospheric ν’s



Atmospheric ν

• ~>3σ sensitivity to the mass hierarch with atm ν only

• >3σ octant determination for |θ23-45°|>4°
14

9

T2K 90% Allowed

Hyper-K Sensi�vity 10 Years, Staging Scenario 

True NH

True IH

Hyper-K 2.6 Mton year, Staged

 Expect beRer than ~3s sensi�vity to the mass hierarchy using atmospheric 

neutrinos alone 

 3s Octant determina�on possible if |q
23

 – 45°| > 4°  

Hyper-K 2.6 Mton year, Staged

True NH

True IH



Beam + Atm ν

• Complementary information from beam and atm ν

• Sensitivity enhanced by combining two sources!
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Other science with atm ν

• ντ cross section 
measurement

• Sterile neutrino

• Lorentz violation

• Geophysics

• Information on the 
chemical composition 
of Earth’s outer core 
using matter effect
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Nucleon Decay Physics Potential



Proton decay signal: p→e+π0

• For lifetime just above 
the current limit, clear 
signal can be seen

• Negligible background 
in the free proton 
enhanced region

• BG suppression by 
neutron tagging 
(thanks to higher 
photon yield)
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3σ discovery potential reaches ~1035 years!
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Proton Decay : p  → ν K+

K+

ν  K+ momentum is 340 MeV/c [ Cherenkov threshold (749 MeV/c) ]
 However, K+ experiences no nuclear interactions and escapes 
 Strategy: search for evidence of isolated K+ via its decays
Cannot reconstruct the original proton mass 

νµ

K+ → µ+νµ K+ → π+π0BR: 65% BR: 21%

Search Methods
1) Nuclear deexitation γ, µ, and decay e+
2) Monochromatic µ from K+ decay  

Search Method
 3) π+ and two γ from π0 decay

236 MeV/c 205 MeV/c

Faster PMT �ming and higher photon yield in 
the Hyper-K HD design improve signal e5ciency 

20Borrowed from R.Wendell
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Signal + BKG

Atm ν BKG

Proton Decay at Hyper-K: p → νK+

γ 

Two HD Tanks, Staged over 10 years 

 If  proton life�me is at the current Super-K limit of 6.6x1033  years Hyper-K will observe a 

nearly monochroma�c peak in the momentum distribu�on of muon candidates  tagged 

with a prompt γ. 
 Similarly an excess in the kaon invariant mass distribu�on will be seen in candidates 

from the two pion search 

* no p
µ
 cut
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Sensitivity enhanced by better timing and higher photon yield



Nucleon decay searches
• Will be sensitive to a wide variety of nucleon decay modes 

• 3σ potential exceeds current limits by an order of 
magnitude (or more)

23

3σ discovery 
potential (10yrs)

Current limit 
(90%CL)

p→e+π0 8.0×1034 1.4×1034

p→νK+ 2.5×1034 0.7×1034

p→μ+π0 8.7×1034 1.1×1034

p→e+η0 4.0×1034 0.4×1034

p→μ+η0 8.3×1034 0.1×1034

n→e+π- 1.7×1034 0.2×1034

p→μ+π- 1.1×1034 0.1×1034



Solar neutrino

• Tension between Solar and KamLAND Δm221

• Definite observation of D/N asymmetry

24

Day/Night sensitivity vs. time

only statistic error

From no Day-Night asymmetry
From KamLAND best fit parameter

1Tank HD

2Tank HD after 6yr

8

Day/night asymmetry sensitivity
Solar$vs.$KamLAND$

The SK spectrum and D/N data favor a lower Δm2
21 value than KamLAND’s by 

more than 2σ and mostly determine this parameter in the solar ν oscillation fit. 

See P3.077  
Pierce Weatherly 

Non standard 
interaction�

Solar�

KamLAND� The unit of Δm2
21 

    is 10-5eV2�

26�

filled regions: 3σ�

SK+SNO+KamLAND�
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Solar neutrino
• Observation of spectrum upturn to check MSW in Sun

• Observation of hep neutrino: new probe to inside Sun

• Good energy resolution (high performance sensor) and 
calibration necessary

25

Upturn sensitivity vs. time

1Tank HD

2Tank HD after 6yr

~5σ after 10 years running

12

Spectrum upturn sensitivity Possible observation of hep ν



Supernova burst neutrino

• Large statistics for galactic SN

• Precise timing and energy information to probe SN mechanism

• Pointing (2deg@10kpc) and timing for multi-messenger astronomy

• Nearby (>1Mpc) SN 

• Check of dim SN, coincidence with GW telescope, …
26
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SN relic neutrinos

• Diffuse ν from past SN

• 98±20 events (4.8σ) 
expected in 10 years

• Measurement will 
provide information on 
history of stars
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Indirect DM searches
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38
Search for WIMP Annihila�ons in the Sun 

 Similarly the data can be binned in the direc�on to the sun
 Hyper-K limits are expected to be a factor of 3~5 stronger than Super-K in 

the absence of a signal
� Strongest limits on SD interac�ons at low WIMP masses
� Possible to exclude hints for SI interac�ons with hardest channel (t+t-)

Black lines are results from SK
Red lines are Hyper-K 5.6 Mton year sensi�vity 

DAMA/LIBRA PICASSO

SIMPLE

ICECUBE bb

ICECUBE 
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BAKSAN 
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LUX
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CDMS II Si
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*Solar composi�on, VDF, 
Nuclear form factor

**

38
Search for WIMP Annihila�ons in the Sun 

 Similarly the data can be binned in the direc�on to the sun
 Hyper-K limits are expected to be a factor of 3~5 stronger than Super-K in 

the absence of a signal
� Strongest limits on SD interac�ons at low WIMP masses
� Possible to exclude hints for SI interac�ons with hardest channel (t+t-)

Black lines are results from SK
Red lines are Hyper-K 5.6 Mton year sensi�vity 

DAMA/LIBRA PICASSO
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ICECUBE bb
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SD

SI

From Sun

From Galactic center

• Unique sensitivities,  
especially for low mass region

• Improve ×3-10 over SK limit



Summary of physics potential
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2TankHD w/ staging

LBL
(13.5MWyr)

δ precision 7°-21°

CPV coverage (3/5σ) 78%/62%

sin2θ23 error (for 0.5) ±0.017

ATM+LBL
(10 years)

MH determination >5.3σ
Octant (sin2θ23=0.45) 5.8σ

Proton Decay
(10 years)

e+π0 90%CL 1.2×1035

νK 90%CL 2.8×1034

Solar
(10 years)

Day/Night (from 0/from KL) 6σ/12σ
Upturn 4.9σ

Supernova

Burst (10kpc) 104k-158k

Nearby 2-20 events

Relic (10 yrs) 98evt/4.8σ



Conclusion

• HK has huge potential for a wide range of science

• Yet we want to further strengthen our science case

• Beyond discovery of CPV; What can we learn?

• Optimization of the second tank? (see also next talk)

• Non-standard scenarios? Sensitivity?

• Broader science topics? Additional detector capability?

• ….

• We will welcome your ideas and participation!
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Backup



Advertisement

• There are openings for postdoctoral researcher 
positions on HK/SK and on T2K at U.Tokyo group 
(M.Yokoyama)

1. R&D of HK, as well as the physics sensitivity studies 
of HK and/or the analysis of data from ongoing 
experiments using the Super-K detector. 

2. R&D of T2K ND upgrade and data analysis of T2K.

• If there is someone interested, please contact 
Yokoyama (masashi@phys.s.u-tokyo.ac.jp) ASAP.
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Neutrino Anti-neutrino

for 295km baseline,
normal hierarchy
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Masashi Yokoyama (U. Tokyo)

Strength of Hyper-K
• Best sensitivity for CP measurement

• Relatively short baseline (~300km): less 
matter effect

• Off axis beam at 1st oscillation maximum

• Large statistics with good S/N

• ~2000 appearance signal events expected

• S/N~10 at appearance peak

• Performance proven with real data

• Building on experience from T2K/Super-K

• Further improvement expected as we go
34



Neutrino energy spectrum
• Well understood by NA61@CERN and T2K

• Anti-ν flux ~80% of ν @peak

• π production multiplicity

• Of course, cross section on nucleus differs (by ×~3)

• Beam time ratio of ν:ν=1:3 is assumed in sensitivity study
• Different ratio studied but dependence not large for CPV sensitivity
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Masashi Yokoyama (UTokyo)

Sensitivity study
• Based on a framework developed for T2K future sensitivity study 

(PTEP 2015, 043C01)

• Fit reconstructed Eν distributions

• Both νe and νμ samples, for ν and anti-ν run

• Fit sin2θ23, Δm2
32, sin22θ13, δCP

• Mass hierarchy assumed to be known  
(from other experiments and/or HK atmospheric ν)

• Systematic error estimated based on T2K experience/prospects

• Implemented as covariance matrix,  
including correlation between energy/flavor bins

• Compared to published (PTEP 2015, 053C02) result which used a conservative 
estimate, anti-ν error is improved based on progress in T2K anti-ν data analysis

• Assuming 2Tank HD staging (2nd tank from 7th year), 10 years total run
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Correlation matrix
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(Part of) recent results using Super-K

38

with local density 0.3 GeV=cm3 [37,38], a Maxwellian
velocity distribution with a rms velocity of 270 km=s, and a
solar rotation speed of 220 km=s. The results are listed in
Table I. They are also plotted together with other exper-
imental results in Fig. 3 for SD coupling and Fig. 4 for SI
coupling for the isospin-invariant case. For IVDM, we note
that for the result given in the Table I, the entire CDMS II Si
[15] 90% C.L. signal region will be in tension with our
τþτ− channel result.

There are several sources of uncertainties related to the
WIMP capture process. Uncertainty in the composition of
the Sun is considered by comparing the DARKSUSY
default choice BS2005-OP model with the BS2005-
AGS,OPmodel [47] with lower heavy element abundances.
For the uncertainty in the nuclear form factor, we compared
the Helm-Gould form factor [7] used in DARKSUSY to the
choices in Refs. [48,49]. These effects are predicted to be
small in the SD-coupling case and up to 25%, 45%
respectively in the SI-coupling case where heavier elements
than hydrogen contribute to the capture. The effect of
uncertainties in the velocity distribution of WIMPs is
determined in Ref. [50] to be up to 40% (25)% for SD
(SI) couplings. The effects of the planets on the capture rate
is determined to be negligible [51,52]. Solar evaporation is
expected to have no impact above a WIMP mass of
4 GeV=c2 [16,53–55]. These uncertainties are added in
quadrature and indicated by the shadowed regions in
Figs. 3 and Fig. 4. Uncertainty in the local WIMP density
will make a similar vertical shift of the limits for all direct
and indirect detection experiments, and so is not indicated.
In conclusion, the result of the first WIMP search using

contained events in SK is presented. No significant signal
excess was found for 4–200 GeV=c2 WIMP hypotheses.
The derived upper limit on the SD WIMP-proton cross
section places the most stringent constraint to date for
WIMP masses below 200 GeV=c2 even for the softest (bb̄)
channel, assuming the equilibrium condition between
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FIG. 2 (color online). The 90% upper limit on total integrated
muon-neutrino flux from WIMP annihilations in the Sun at SK
for the τþτ− channel in red solid line, bb̄ in green dashed line,
WþW− in blue dot-dashed line. The shadowed regions show 1σ
bands of the sensitivity study results (color scheme is the same as
for data).
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FIG. 3 (color online). 90% C.L. upper limits on SD WIMP-
proton cross section calculated at DARKSUSY [30] default are
shown in red solid line with uncertainty bands to take account of
uncertainties in the capture rate for the bb̄, WþW−, and τþτ−

channels from top to the bottom. Also shown are limits from other
experiments. IceCube [9] in brown dashed line: bb̄ (top) /WþW−

or τþτ− (bottom); BAKSAN [10] in pink dot-dashed line: bb̄
(top), WþW− (middle), τþτ− (bottom); PICASSO [39] (blue
long-dashed line); SIMPLE [40] (green long dot-dashed line).
The black shaded region is the 3σ C.L. signal claimed by DAMA/
LIBRA [12,41].
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After 20 years of operation, Super-Kamiokande is still providing (and will 
continue to provide) world-leading results in multiple disciplines!
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value of these choices have negligibly small effects on this
analysis.

A. No-νe analysis

As described in Sec. IVA, the analysis with the no-νe
approximation fits both jUμ4j2 and jUτ4j2. Since it does not
include normal νe matter effects it is systematically biased
towards smaller jUμ4j2 values than the CC matter effect fit.
The fit is performed on a two-dimensional grid of 200
points, 50 points in jUμ4j2 distributed logarithmically
between 10−3 and 10−1 and 40 points in jUτ4j2 distributed
linearly between 0 and 0.4.
The best fit is at jUμ4j2 ¼ 0.012 and jUτ4j2 ¼ 0.021 with

χ2min ¼ 531.1 over 480 bins (goodness-of-fit p ¼ 0.05).
Figure 4 show the zenith angle distributions for the
subsamples most sensitive to the jUτ4j2 parameter and
an example of what a large sterile contribution would look

like. The Δχ2 to the no-sterile prediction is 1.1, consistent
with no sterile neutrinos at the 1σ level with two degrees
of freedom. We limit jUτ4j2 to less than 0.18 at 90% and
less than 0.23 at 99%. These limits are independent of the
new Δm2 above 0.1 eV2 (see Appendix B 3). The contours
in jUτ4j2 vs jUμ4j2 can be seen in Fig. 5. The jUμ4j2 best fit
point and limit are discussed in the next section in the
analysis which focuses on that parameter.

B. Sterile vacuum analysis

The analysis with the sterile vacuum approximation fits
only jUμ4j2, the term which drives fast oscillations, creating
extra disappearance at all energies and zenith angles in all
μ-like samples. The fit is performed on a one-dimensional
grid of 200 points distributed logarithmically between 10−3

and 10−1. The best fit is at jUμ4j2 ¼ 0.016 with χ2min ¼
532.1 over 480 bins (goodness-of-fit p ¼ 0.05). No sterile
oscillations is slightly disfavored by Δχ2 ¼ 1.1.
Figure 6 shows the best fit from this analysis in several

μ-like samples which closely matches the prediction with-
out sterile neutrinos (the ratio is approximately unity across
all bins). In fact, there is no net difference in χ2 between the
best fit point and the prediction without sterile neutrinos
looking just at the difference between the data and the
prediction in each bin. All of the difference in χ2 at the best
fit come from the reduction in the systematic penalty term
from introducing a nonzero jUμ4j2. The dashed line in
Fig. 6 shows the prediction with the best fit sterile
parameter, but without separately minimizing the system-
atic uncertainties. It shows the effect of a nonzero jUμ4j2 in
isolation: it lowers the normalization in the μ-like samples
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FIG. 4 (color online). Zenith angle distributions summed across
SK-I through SK-IVof the PC through-going and UP-μ stopping
subsamples shown for the data (black points with statistical
error bars), the MC prediction without sterile neutrinos (black
solid line), and the MC prediction with a large (approximately 5σ
sensitivity) sterile signal of jUτ4j2 ¼ 0.31. Both MC predictions
are shown after fitting the systematic uncertainties to the data.
These two subsamples are shown because they contain the 10’s of
GeV neutrinos most sensitive to the sterile matter effect. The
prediction with a sterile component shows an up-turn for the most
up-going events which corresponds to the distortion of the
oscillogram shown in Fig. 2(b).
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is excluded at 90% and the dark gray region is disallowed by
unitarity.
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by approximately 3%. By introducing this normalization
change with the sterile oscillation parameter, several sys-
tematic error parameters can be moved closer to their
nominal values, reducing the χ2 penalty term. The reduction

is concentrated in three systematic errors: the ðνμþν̄μÞ=
ðνeþν̄eÞ ratio in the atmospheric flux below 1GeVand from
1–10 GeV as well as the charged-current quasielastic
(CCQE) νμ=νe cross-section ratio, summarized in Table III.
All three of these systematic errors relate to the relative

normalization between the μ-like subsamples, which have
sterile oscillations, and the e-like subsamples, which do
not. These two flux systematics specifically affect the low-
energy subsamples and the CCQE interaction mode is
dominant at lower energies, so it affects the same sub-
samples. The flux uncertainty is calculated as part of the
neutrino flux model, which uses direct muon flux mea-
surements plus simulations of hadronic interactions in the
atmosphere constrained by hadron production experiments
[58]. The uncertainty is between 2% and 3% in size at these
energies. The CCQE cross-section uncertainty comes from
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FIG. 6 (color online). Ratios to the MC prediction without
sterile neutrinos, binned in zenith angle and summed across SK-I
through SK-IV, for three μ-like subsamples at low (FC sub-GeV),
medium (FC multi-GeV), and high energies (though-going UP-
μ). The prediction without sterile neutrinos has been fit to the data
using the systematic uncertainties. The black points represent the
data with statistical error bars and the solid red line shows the MC
prediction with the best fit for sterile neutrinos (jUμ4j2 ¼ 0.016),
including the best fit systematic uncertainties. In all the samples it
lines up close to unity, meaning the prediction is nearly identical
to the prediction without sterile neutrinos. The dashed red line
shows the MC prediction with the same sterile component
(jUμ4j2 ¼ 0.016), but now with the same systematic uncertainty
parameters as the denominator, showing the effect of just the
sterile oscillations: the normalization is shifted downward by
approximately 3% in every μ-like sample.

TABLE III. The best fit pull values, shown for both no sterile
neutrinos and the best fit point from the sterile vacuum analysis,
of the systematics which change the most between those two
points. The values at the best sterile fit are all significantly smaller
than the values assuming no sterile neutrinos, reducing the χ2

penalty term.

Systematic uncertainty No steriles (σ) Best fit (σ)

ðνμ þ ν̄μÞ=ðνe þ ν̄eÞ, < 1 GeV −0.49 −0.13
ðνμ þ ν̄μÞ=ðνe þ ν̄eÞ, 1–10 GeV −0.50 −0.09
CCQE νμ=νe 0.36 0.01
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FIG. 7. The 90% and 99% upper limits on jUμ4j2 from the
sterile vacuum fit to Super-K is shown in the solid and dashed and
vertical lines, respectively. The gray filled region is excluded at
90%. This analysis is not sensitive to Δm2, but the experiments
who also measure jUμ4j2 are, so here the one-dimensional Super-
K result is shown in two dimensions. The dotted line is the 90%
limit placed by the joint analysis of MiniBooNE and SciBooNE
[35] and the dot-dashed line is the 90% limit placed by the CCFR
experiment [34].
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[11], the observed solar neutrino signal at lower recoil
electron energies is used for the flux and spectrum analysis.
At the time of each event, the solar zenith angle θz is

determined. This is the angle between the vector from the
solar position to the event vertex and the vertical detector
(z) axis. The precision of the cosine of this angle is much
better than 10−3, the bin width used in the following
analysis. The accuracy of this angle is limited only by SK’s
absolute time precision (a few 100 ns) and basic astronomy.
The SK elastic scattering rate as a function of the solar
zenith angle rðcos θzÞ is used to search for a day-night
difference in the interaction rate. The expected change in
the interaction rate due to the varying Sun-Earth distance
(induced by the eccentricity of Earth’s orbit) is taken into
account throughout this Letter. The most straightforward
method to look for a day-night effect is to define separate
day (cos θz ≤ 0) and night (cos θz > 0) samples. Based
on rD (rN), the average scattering rate of the day (night)
sample, we define the SK day-night (DN) asymmetry
as ADN ¼ ðrD − rNÞ= 1

2 ðrD þ rNÞ. Therefore, ADN ¼ 0
implies no terrestrial matter effect on solar neutrino
oscillations.
To increase sensitivity, Ref. [16] first introduced an

unbinned maximum likelihood fit of the solar zenith angle
distribution of the rate rðcos θzÞ to the day-night variation
amplitude α. This was done using “shapes” of such
variations expected from neutrino oscillation calculations.
By construction, α scales the calculated day-night
asymmetry Acalc

DN while leaving the average rate
unchanged, giving the measured day-night asymmetry
Afit
DN ¼ Acalc

DN × α. This more sophisticated method, referred
to as the “amplitude fit,” was also used in [4]. The
calculated oscillation shapes ignore the SK daytime over-
burden, which can be up to a few kilometers depending on
the solar zenith angle.
We refer to the angle between the solar and reconstructed

recoil electron candidate directions as θsun. The solar
neutrino interaction rate is extracted by an extended
maximum likelihood fit [4] to the cos θsun distribution.
Reference [16] expands the signal likelihood to allow for a
time-dependent solar neutrino-electron elastic scattering
rate, parametrized by the amplitude scaling variable α. The
best-fit α, multiplied with Acalc

DN , defines a best-fit Afit
DN. In

this manner, the day-night asymmetry is measured more
precisely statistically. It is also less vulnerable to some key
systematic effects, such as directional variation of the
energy scale (the frequency of which is limited by SK’s
angular resolution, ∼25°).
Because the amplitude fit depends on the shape of the

day-night variation, given for each energy bin in [16] (and
also in [4]), it necessarily depends on the assumed
oscillation parameters. Vacuum oscillations depend on
the neutrino energy, the length of the flight path L and
the oscillation parameters, the difference of the squared
masses of the mass eigenstates Δm2

ij (i ¼ 1; 2; 3;…), and

the mixing of the mass eigenstates with the flavor eigen-
states (mixing angles θij). If the neutrinos propagate
through matter, then the density of the matter will effec-
tively change the oscillation parameters. It was shown,
analytically, by [17,18] that rðcos θzÞ − rD oscillates with
the vacuum frequency ðΔm2

21=4EÞL, if L ≈ 2R cos θz now
denotes the path length of the neutrino inside Earth (R
being Earth’s radius). Although the dependence of matter
effects on the mixing angles (in or near the large mixing
angle solutions and for θ13 values consistent with reactor
neutrino measurements [19]) is quite small, the dependence
on Δm2

21 is more noticeable. The fit is run for solar
oscillation parameter sets which predict various matter
effects (10−9 eV2 ≤ Δm2

21 ≤ 10−3 eV2 and 10−4 ≤ sin2θ12
≤ 1), for values of sin2 θ13 between 0.015 and 0.035.
Figure 1 combines the data from all four SK phases to

show the measured zenith angle distribution of the flux
assuming no oscillations. The expected zenith variation
assuming best-fit oscillation parameters [11] from a global
fit based on solar neutrino data [2,4–6,8,10,11] is overlaid
in solid red. The dashed blue line also includes reactor
antineutrino data [21]. The day and night flux values given
in the left portion of Fig. 1 imply a day-night asymmetry of
ADN ¼ ½−4.2& 1.2ðstatÞ'%. The ninth data point in the
right panel of Fig. 1 shows an ∼2 sigma deviation,
enhancing the resulting ADN. We believe this is a statistical
fluctuation, accounted for by the quoted statistical uncer-
tainties. The result Afit

DN coming from the unbinned maxi-
mum likelihood fit is less prone to these types of
fluctuations. To calculate the total systematic uncertainty,
the individual systematic uncertainties of the four phases
(for values see [4–6,11]) are assumed to be uncorrelated,
since the dominant contributions come from the
energy-scale uncertainty (tuned independently for each

cosθz

F
lu

x 
(x

10
6 /c

m
2 /s

)

A
ll

D
ay

N
ig

ht

2.2

2.3

2.4

2.5

2.6

-1 0 1

FIG. 1 (color online). SK combined solar zenith angle depend-
ence of the 8B solar neutrino flux. Solid red (dashed blue) gives
the prediction based on oscillation parameters from a fit to SK
data while constraining the flux (solar þ KamLAND fit) and the
dashed-dotted line gives the total average flux.
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