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Introduction – SuperKamiokaNDE

• Water cherenkov detector for neutrino

• Water 50ktons (22.5ktons fid.)

• 1,000m underground

• Inner-Detector (ID) : 11,146 50cm PMTs (40%) 

• Outer-Detector (OD) : 1,885 20cm PMTs
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Motivation

• LMA solution – 1/r2 annual modulation

• Flux dependence of core temperature 

Φ𝑠𝑜𝑙𝑎𝑟 8𝐵 𝜈 ∝ 𝑇25 (PRD, 53:4202, 1996)

• Friction in tachocline

- Related with the sunspot

- Strong magnetic field 

• Magnetic field flips flavor and spin of 𝜈

called resonant spin flavor precession

- Additional disappearance 

- Periodicity of flux modulation Impact of anti-solar differential rotation in mean-field solar-type dynamos
(Q. Noraz et al. 2021 Nov 11, Solar Physics)
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• Neutrino from 8B(99.8%) and hep(0.2%) 

• Most neutrino made in core(< 0.3𝑅𝑠𝑢𝑛)

• When escaping the Sun, the neutrino coincide 2nd mass eigenstate after 
undergoing MSW effect inside of the Sun.

• Measure electron/muon neutrino event at SK
𝜈𝑒 + 𝑒 → 𝜈𝑒 + 𝑒 (𝑍,𝑊) / 𝜈𝜇 + 𝑒 → 𝜈𝜇 + 𝑒 (𝑍)

Solar neutrino at SK 

Solid: 𝝂𝒆 + 𝒆 → 𝝂𝒆 + 𝒆
Dotted: 𝝂𝝁 + 𝒆 → 𝝂𝝁 + 𝒆

Upper: No threshold
Lower: 4.74MeV threshold
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Angular distribution of recoiled electron event

• Maximize binned extended likelihood (event by 
event)

• Use background 𝑏𝑖𝑗 and signal(𝑠𝑖𝑗) shape 

• The fraction of signal events(𝑌𝑖) expected in the 
𝑖𝑡ℎ energy bin from MC 

• Find number of background(𝐵𝑖) for each 𝑖𝑡ℎ

energy bin and total number of signal(𝑆)

• Signal and background shape for each SK period

• Measure solar 𝜈 for monthly merged bin, i.e. 12 
seasons

• Finally, calculate ratio : Signal / Expected
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Annual modulation 
of solar 𝜈 flux

Preliminary

• Measure 16 ~ 20 events/day

• Accumulated monthly bin 

e.g) SK-IV : 1bin = 10 months statistics

• Flux = Measured/Expected x SNO NC 
(5.25 𝑐𝑚−2 𝑠𝑒𝑐−1)
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Chi2 for Annual modulation of solar 𝜈 flux 

• Measure flux(𝑓), eccentricity(𝜀) and perihelion days(𝑡𝑝)
NDF = 48 bins – 3 parameters, 4 nuisance parameters

• Use SK1-4 flux systematic uncertainty

𝜎𝑝=1~4,𝑏
𝑓𝑙𝑢𝑥 𝑠𝑦𝑠𝑡.

: 3.35%, 6.55%, 2.1%, 1.67%

𝜒2 = ෍

𝑝=1

4

෍

𝑏=1

12
𝐷𝑝,𝑏 − 𝐸𝑝,𝑏 𝑓, 𝜀, 𝛿𝑡𝑝, 𝛿𝑝

𝜎𝑝,𝑏
𝑠𝑡𝑎𝑡.

2

+ 𝛿𝑝
2

𝐸𝑝,𝑏 = 𝑓 1 − 𝛿𝑝𝜎𝑝,𝑏
𝑓𝑙𝑢𝑥 𝑠𝑦𝑠𝑡.

× 𝑟 𝜀, 𝑡𝑝𝑒𝑟𝑖 + 𝛿𝑡𝑝𝑒𝑟𝑖
−2

(Only syst. error for flux)
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Measurement of solar neutrino flux at 1 A.U.

• Assume total flux from SNO = 5.25 × 106/𝑐𝑚2/𝑠𝑒𝑐

• Minimum 𝜒2/𝑁𝐷𝐹 = 48.74/(48 − 3)

• Flux (error) = 2.335 × 106/𝑐𝑚2/𝑠𝑒𝑐 (1.54%)

StatisticStatistic & systematic

𝑓 = 2.335−0.0198(𝑠𝑡𝑎𝑡.)+0.0290(𝑠𝑦𝑠𝑡.)
+0.0198(𝑠𝑡𝑎𝑡.)+0.0311(𝑠𝑦𝑠𝑡.)

Preliminary
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Kepler orbit constant (eccentricity, perihelion)

• Find minimum of 𝜒2 in variation of 
eccentricity and perihelion days 

• Expected values  : 𝜀 = 1.67%, 𝛿𝑡𝑝 = 0

• 𝜀 = 1.53 ± 0.35 % (𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑 1.67%)

• 𝛿𝑡𝑝 = 1.5 ± 13.5 𝑑𝑎𝑦

• systematic error is propagated only to 
the solar neutrino flux at 1 A.U..

Δ𝜒2 = 2.3, 6.18, 11.83, 19.33

Preliminary
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Start of SK1

End of SK1

End of SK2 End of SK3

Mid of SK4

End of SK4

• Use the published SK-I result (PRD 68:092002)

• Use B8/HEP MC for expectation

• Mean time of actual data-taking

• 5 days statistics : approx. 90 events

Time variation of 8B solar 𝜈 flux variation for 5days interval

Preliminary
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Comparison of average flux

SK
phase

Flux (Paper) of whole period [/cm2/sec]
Average of 5d flux (±𝒔𝒕𝒂𝒕. )

[/cm2/sec]
𝝌𝟐/𝑵𝑫𝑭

for Flux/R2 fitting

1 2.35 ± 0.024 𝑠𝑡𝑎𝑡 −0.076
+0.084(𝑠𝑦𝑠𝑡) 2.345 ± 0.024 407.8/(358 − 1)

2 2.38 ± 0.05 𝑠𝑡𝑎𝑡 −0.15
+0.16(𝑠𝑦𝑠𝑡) 2.388 ± 0.05 176.5/(175 − 1)

3 2.32 ± 0.039 𝑠𝑡𝑎𝑡 ± 0.053(𝑠𝑦𝑠𝑡) 2.383 ± 0.038 182.8/(141 − 1)

4 2.31 ± 0.014(𝑠𝑡𝑎𝑡) ± 0.04 (𝑠𝑦𝑠𝑡) (Preliminary) 2.327 ± 0.013 854.5/(669 − 1)

Combined 2.336 ± 0.011(𝑠𝑡𝑎𝑡) ± 0.043 (𝑠𝑦𝑠𝑡) (draft) 2.338 ± 0.011 1261.6/(1343 − 1)

Flux = 2.335 x 106/cm2/sec (best-fit)
R: distance between the Sun and earth

Flux/R2 fitting curve
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Preliminary
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Frequency analysis – Lomb-Scargle

• Lomb-Scargle periodogram: quick search for periodicity

• Assume all errors are the same 
→ Statistical consistency check (10,000 MC samples).

Frequency [1/days] Frequency [1/days]

If maximum power is 9.39, statistically the 
maximum power can be larger than 9.39 in 34.3% 
cf) C.L.= 79.8% vs 65.7%(=100−34.3%)

For 𝑹𝑺𝒖𝒏~𝑬𝒂𝒓𝒕𝒉
𝟐 corrected 5-day dataFor 5-day data

365 days period

Preliminary
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Sinusoidal likelihood test
• Find flux average value (𝑔0) with minimization(𝐿0) of chi2,  −𝑙𝑛𝐿(𝑟; 𝐴, 𝐵) =

1

2
Σ𝑟

𝐷𝑟−𝑔 𝑟

𝜎𝑟

2

• Apply asymmetric error(𝜎𝑟). If below data then error is lower, vice versa.

• Fit for each frequency 𝜔 = 2𝜋𝑓

• Find 𝐴, 𝐵 in 𝑔 𝑡𝑖 , 𝑡𝑓 with minimization(𝐿) of chi2.

• Draw fitting-power plot (𝑓, Δ𝐿 = 𝑙𝑛𝐿0 − 𝑙𝑛𝐿)

• For interpretation, generate 10,000 MC samples for 𝑔0 with statistical error

𝑔(𝑡𝑖 , 𝑡𝑓) = 𝑔0(𝑡𝑖 , 𝑡𝑓) +
1

Δ𝑡
න
𝑡𝑖

𝑡𝑓

𝐴𝑐𝑜𝑠 𝜔𝑡 + 𝐵𝑠𝑖𝑛 𝜔𝑡 𝑑𝑡

Data point
Expected  𝑔(𝑡)
Time interval expected 𝑔(𝑡𝑖 , 𝑡𝑓)

Lower 
error

Upper 
error
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Fitting-power distribution

1-0.63=0.37

Zoom-in 
362d       341d  312d

R2 corrected 5-day data

# of entries = 10,000 

If maximum power is 9.9, 
statistically the maximum 
power can be larger than 
9.9 in 63% 

98% at power = 17.15

Original / R2 corrected Preliminary
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Sensitivity
• Simulated 1,000 MC signals for various amplitudes and frequencies 

• Use statistical error for 1/R2 corrected 5-day samples

• Amplitude / null flux = 1-99%  &  frequency =  1000 cases in [0/day,0.2/day]

• 98% false alarm criteria : power>17.15 (previous slide, the same as SK1 paper)
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Modulation of Amplitude
3% / 4% / 5% / 10% / 20%

Power distribution 
of log-likelihood method

17.15

C.L. 50% / 80% / 90% / 95% / 99%

e.g) Period = 6.25days (0.16/days)

Modulation amplitude / null flux [%]

Preliminary

5 July 2023 WIN2023 J. Y. Yang (SNU) 15



Summary  

• Observe annual modulation

• 5-day interval 8𝐵 solar 𝜈 flux 

• No significant modulation was 
found. 

• Exclude 4.9% of solar 
modulation amplitude

95% sensitivity contour

cf.) SK1 flux : 2.345 ± 0.024 (𝑠𝑡𝑎𝑡. )
SK1-4 flux : 2.338 ± 0.011 (𝑠𝑡𝑎𝑡. )

Preliminary
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backup
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Distance calculation
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Elapsed time from perihelion [Day]

Eccentricity(𝜀) = 0.0167 / Perihelion(p) = 1.471E+08km (at Jan 3rd)

Kepler ellipse 𝑟 =
𝑝(1+𝜀)

1+𝜀 𝑐𝑜𝑠𝜃

• Distance r is not closed form of time.

• Mean anomaly, 𝑀

• 𝑀 =
2𝜋

𝑇
𝑡 − 𝑡𝑝 , 𝑡𝑝 = 𝑡𝑖𝑚𝑒 𝑎𝑡 𝑝𝑒𝑟𝑖ℎ𝑒𝑙𝑖𝑜𝑛,

• Eccentric anomaly, 𝐸 satistfies  below

• 𝑀 = 𝐸 − 𝜀 sin𝐸 , 𝜀 = 𝑒𝑐𝑐𝑒𝑛𝑡𝑟𝑖𝑐𝑖𝑡𝑦

• Distance 𝑟 = 𝑎 1 − 𝜀 cos𝐸

• Calculate :  𝑀→ 𝐸→ 𝑟

• T = 365.2425 days, 𝜀 = 0.0167

• 𝑡𝑝 = 𝐽𝑎𝑛 3𝑟𝑑 19: 43, 2007
(ℎ𝑡𝑡𝑝𝑠://𝑤𝑔𝑐.𝑗𝑝𝑙.𝑛𝑎𝑠𝑎.𝑔𝑜𝑣:8443/𝑤𝑒𝑏𝑔𝑒𝑜𝑐𝑎𝑙𝑐/#𝑁𝑒𝑤𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑖𝑜𝑛)

• If necessary, make a shift(𝛿) for 𝜀 + 𝛿𝜀, 𝑡𝑝 + 𝛿𝑡𝑝

Barycenter
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Motivation – Solar Model (SSM)

• MSW effect in the Sun 

: 1) dense electron ~ 𝜃𝑀 2) variation of density d𝜃𝑀 𝑥 /𝑑𝑥 ≠ 0

• 𝑖
𝑑

𝑑𝑥

𝜙𝑒1
𝜙𝑒2

=
1

4𝐸

−Δ𝑚𝑀
2 −4𝐸𝑖𝑑𝜃𝑀/𝑑𝑥

4𝐸𝑖𝑑𝜃𝑀/𝑑𝑥 Δ𝑚𝑀
2

𝜙𝑒1
𝜙𝑒2

Δ𝑚𝑀
2 , 𝜃𝑀 = 𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑠𝑞𝑢𝑎𝑡𝑒𝑑 𝑀𝑆𝑊 𝑚𝑎𝑠𝑠 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒, 𝑎𝑛𝑔𝑙𝑒

• Dense electron: mass state (𝜈1, 𝜈2)→MSW state (𝜈1
𝑚 𝑥 , 𝜈2

𝑚 𝑥 )

• Variation of electron density 

→ Also, state varies, 𝜈𝑖
𝑚 𝑥 ≠ 𝜈𝑖

𝑚 𝑥 + 𝛿𝑥

• In the Sun, adiabatic condition (off diag. ≪ diag.)

: no transition between 𝜈1
𝑚 𝑥 and 𝜈2

𝑚 𝑥

• At the solar surface, neutrino state coincide to 𝜈2, even small mixing 𝜃.

Adiabatically
resonance 
(𝜈𝑒 ↔ 𝜈𝜇)

Δ𝑚2 = 7 × 10−6𝑒𝑉2, sin2 2𝜃 = 10−3, 𝐸 = 1𝑀𝑒𝑉

𝑚𝑀2,1
2 =

1

2
(𝑚1

2 +𝑚2
2 + 2 2𝐺𝐹𝐸𝑁𝑒 + Δ𝑚𝑀

2 )
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Motivation – Oscillation parameter

Consider both Solar & earth MSW effect

• LMA : no energy distortion, day/night flux 
difference

• SMA : energy distortion

• VAC : energy distortion, seasonal variation

• Recent result solidify LMA 
@ E=5MeV

Resonance
line

Δm2 = 8 × 10−8

tan2 𝜃 = 0.7
∙∙∙ LOW

Δm2 = 5 × 10−6

tan2 𝜃 = 5 × 10−4

— SMA

--- LMA
tan2 𝜃 = 0.4

Δm2 = 7 × 10−5
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Motivation – Solar structure

• Seismic Solar Model (SeSM)

• Hydraulic & thermal equilibrium state

• but Fluctuating → Change temperature → Core burning rate ~𝑇25→ 𝑒, 𝜈𝑒 , 𝐻𝑒 rate

• Solution: acoustic mode & gravity mode(core, can measure by fluctuation of 𝜈𝑒)

Experimentally 
measured

Beyond 
the frontier

𝒆 (Escape 5000 year)
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• SeSM+Magneto-HydroDynamics (Rotation&Magnetism, MHD)

• Velocity difference → alpha & omega effect

• Meridional Flow → periodic Sunspot

• Magnetic field (fossil field generated in the proto-star) is strong between 
convection and radiation zone : tachocline

• Q. thinkness&frequency of tachocline→ Interaction with 𝝂𝒆

• E.g) Simulation: 0.05𝑅𝑠𝑢𝑛, 24𝑑𝑎𝑦𝑠 (arXiv:1009.0852v2, 52p, 7.1.1)

• E.g) 49.1, 43.3, 38.7𝑑𝑎𝑦𝑠 (Space Science Reviews volume 218, 23 (2022))

Motivation – Solar Dynamo

Impact of anti-solar differential rotation in mean-field solar-type 

dynamos (Q. Noraz et al. 2021 Nov 11, Solar Physics)

- fast equator and slow poles(grey arrow), the poloidal field(black 

arrow) have reversed, AC dynamo

- fast poles and slow equator, the poloidal remains in the same 

direction, DC dynamo

https://cpaess.ucar.edu/sites/default/file
s/heliophysics/resources/presentations/2
014_Charboneau.pdf

Shearing by axisymmetric 
differential rotation

toroidalpoloidal
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• In matter and magnetic field (Dirac and Majorana)

• Like MSW resonance, resonant spin flavor precession can be induced.

→ RSFP change flavor of neutrino passing through magnetized plasma

→ The resonance leads additional oscillation effect. 

→Magnetic field frequency results in time variation of neutrino flux.

Motivation – RSFP

PHYSICAL REVIEW D 72, 033008 (2005)

𝐿𝑖𝑛𝑡
𝐷 𝑜𝑟 𝑀 = Σ𝑖,𝑘

1

2
𝜇𝑖𝑘
𝐷 𝑜𝑟 𝑀 ( ҧ𝜈𝑘𝑅 𝑜𝑟 ҧ𝜈𝑘𝑅

𝐶 )𝜎𝛼𝛽𝜈𝑖𝐿 𝐹
𝛼𝛽 + ℎ. 𝑐 𝜇𝑖𝑘

𝐷,𝑀: magnetic moment, M 𝑖, 𝑘 = 𝑒, 𝜇

𝑖
𝑑

𝑑𝑡

𝜈𝑒
𝐿

𝜈𝜇
𝐿

𝜈𝑒
𝑅

𝜈𝜇
𝑅

= 𝐻𝐿

𝐵𝑀
𝐵𝑀†

𝐻𝑅

𝜈𝑒
𝐿

𝜈𝜇
𝐿

𝜈𝑒
𝑅

𝜈𝜇
𝑅

𝐻𝐿(,𝑅) =

𝛿𝑚2

2𝐸
𝑠 + 𝑉𝑒(, 𝑉𝜇)

𝛿𝑚2

4𝐸𝑠𝑖𝑛2𝜃

𝛿𝑚2

4𝐸𝑠𝑖𝑛2𝜃
𝛿𝑚2

2𝐸
cos2 𝜃 + 𝑉𝜇(, 𝑉𝑒)

𝑠 = 0 𝑀𝑎𝑗𝑜𝑟𝑎𝑛𝑎 , sin2 𝜃 𝐷𝑖𝑟𝑎𝑐 , 𝑉𝑒 =
𝐺𝐹 2𝑁𝑒 −𝑁𝑛

2
, 𝑉𝜇 = −

𝐺𝐹𝑁𝑛

2
,

{𝑖𝛾𝜇𝜕𝜇 −𝑚 −
𝜇

2
𝜎𝜇𝜈(𝐺𝜇𝜈 + 𝐹𝜇𝜈)}Ψ(𝑥) = 0

𝐹𝜇𝜈: External electromagnetic fields

𝐺𝜇𝜈: Weak interaction with matter
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Expected flux – MC sample

• Generate total number of flux for 8𝐵 (𝐻𝐸𝑃) based on 
1. the theoretical calculation – SK1/2 (SK1/2/3/4)
2. the experimental measurement – SK3/4

• Identical cuts for data are applied to MC sample except for 
spallation & 16𝑁 cut → Compensated by dead volume(~20%)

8𝐵 spectrum(Winter, upper) and 
comparison of other 3 spectra (lower)
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Signal modeling 

• Angular distribution(𝑐𝑜𝑠𝜃𝑠𝑢𝑛) of MC samples

• Assume: Neutrino events along with the Sun

• For each energy and zenith angle bin, s(𝑐𝑜𝑠𝜃𝑠𝑢𝑛, 𝐸, 𝑐𝑜𝑠𝜃𝑧𝑒𝑛𝑖𝑡ℎ)

• Fit with 3 exponentials and 1 Gaussian

• Will be used as input for fitting.

The Sun
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• Angular distribution(𝑐𝑜𝑠𝜃𝑠𝑢𝑛) from Data

• For each energy and zenith angle bin

• Assume: background should not be related with the solar angle 
(𝑐𝑜𝑠𝜃𝑠𝑢𝑛 > 0.75, signal range).

1. Extract distribution of (𝑐𝑜𝑠𝜙, 𝑐𝑜𝑠𝜃𝑧) for 𝑐𝑜𝑠𝜃𝑠𝑢𝑛 < 0.75, 
background range 

2. Build 𝑐𝑜𝑠𝜃𝑠𝑢𝑛 for background range sample and smooth the 
distribution

3. Fitting 𝑐𝑜𝑠𝜃𝑠𝑢𝑛 distribution with 8th polynomial. Estimate 
entries in signal range.

4. Generate Toy MC using distribution of (𝑐𝑜𝑠𝜙, 𝑐𝑜𝑠𝜃𝑧) in 
background range. 
:The number of events are background range event + estimated 
events in signal range

5. Iterate 1-4, until 8th polynomial converges.

Background modeling
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