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1. Detection of SN neutrinos with water Cherenkov detectors

・Neutral-current reactions on 16O

Detection of 4.4 MeV 𝛾 from 12C (4.4 MeV, 1+, T=0) induced by
16O (𝜈, 𝜈′) 16O (12.97 MeV, 2- ) →  12C (4.4 MeV, 2+, T=0) + 𝛼
Isospin mixing in (2-, T=1, 12.97 MeV) and (2-, T=0, 12.53 MeV) states in 16O

・Isotopic abundance of 18O = 0.204%

Effects of the contributions from 𝜈-18O reactions on SN 𝜈 detection by charged-

current reactions on 16O in water are examined 

2.  𝜈-20Ne reactions for nucleosynthesis of 19F

Cross sections for 20Ne (ν, ν’p) 19F,   20Ne (νe, e
+n) 19F induced by SN𝜈



1. Detection of SN neutrinos with water Cherenkov detectors

Langanke, Vogel and Kolbe, PRL 76, 2629 (1996) 

Super Kamiokande (SK-I, II, III):  E𝛾 > 5 MeV  
𝛾 spectrum in a water Cherenkov detector

GR   1-, 2-



・SK-IV:  E𝛾 > 3.5 MeV

→  Detection of 4.4 MeV 𝛾 from 16O (𝜈, 𝜈′) 16O (12.97 MeV, 2- ) M. Sakuda

16O (12.53 MeV, 2-, T=0) → 12C (4.4 MeV, 2+, T=0) + 𝛼
12C(g.s. 0+) + 𝛾 (4.4 MeV)

16O (12.97 MeV, 2-, T=1) × 12C (4.4 MeV, 2+, T=0) + 𝛼

Γ𝛼1/Γ = Br (12.97 MeV → 12C (4.4 MeV) + 𝛼) 

= 0.37±0.06    Leavitt et al., Nucl. Phys. A 410, 93 (1983)

= 0.22±0.04    NNDC (Zijderhand and van der Leun, Nucl. Phys. A 460, 181 (1986).) 

= 0.46±0.06    Charity et al., Phys. Rev. C 99, 044304 (2019)

Averaged value = 0.35

・Isospin mixing

|U> =  1 − 𝛽2 |U, T=1> - 𝛽 |D, T=0>             |U> = | 12.97 MeV, 2- >

|D> =  1 − 𝛽2 |D, T=0> +  𝛽 |U, T=1>            |D> = | 12.53 MeV, 2- >



𝛽 =
𝜀

1+𝜀2
,     𝛽2= <T=0 |Hc| T=1>/∆𝐸

𝜀2 =
𝑃𝛼𝐷

𝑃𝛼𝑈

Γ𝛼𝑈

Γ𝛼𝐷
𝑃𝛼 = α penetrability,   Γ𝛼= α-width   

We need 𝑃𝛼 to derive 𝜀 or 𝛽

e.g. in Leavitt et al.    
𝑃𝛼𝐷

𝑃𝛼𝑈
is estimated to be ≈0.033  → 𝜀2=0.28 → 𝛽 = 0.45 ±0.04

・Isospin Mixing parameter 𝛽 from B(M2) values
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𝛽 = 0.25 – 0.30
B(M2)

p-sd shell: SFO-tls Hamiltonian
Suzuki and Otsuka, PRC 78, 061301 (2008) 

gs
eff/gs =0.70

16O (e, e’) 16O M2 + E1 + M3

fs = gs
eff/gs = 0.70 (2-), 0.65 (1-, 3-)



μ capture on 16O (103/s)   (𝑓𝐴 = 𝑔𝐴
𝑒𝑓𝑓

/𝑔𝐴)
16N Exp.               Calc. 

2- (0.0 MeV):       6.3 ± 0.7, 7.2 
7.9 ± 0.8 (𝑓𝐴= 0.63 ± 0.03)
8.0 ± 1.2

0- (0.120 MeV):  1.1 ± 0.2 1.33  

1.56 ± 0.18 (𝑓𝐴= 0.62 ± 0.02)
1- (0.397 MeV):  1.73 ± 0.10 1.52

1.31 ± 0.11 (𝑓𝐴= 0.62 ± 0.03)
2-+1-+0-:              9.15 ± 0.70 10.1 ± 0.5

10.9 ± 0.7 (𝑓𝐴= 0.62 ± 0.02)
10.87 ± 1.22

𝐸𝑥 > 16 MeV:   102.6 ± 0.6 112.0

98 ± 3 (𝑓𝐴= 0.95)

16N 𝛽− decay rate  (10−3/𝑠)
2− → 0+:     27.2 ± 0.4 27.2   

(𝑓𝐴= 0.73 ± 0.01)
2-:  fA = 0.68 ± 0.05

Neutral-current cross sections 16O (𝝂, 𝝂′) 16O*

fA = 0.68 for 2- (12.97 MeV), 1- (13.09 MeV)

1- 𝛽2= 0.94 (𝛽= 0.25), fA
2*(1- 𝛽2) = 0.43

|2-, 12.97 MeV>→ 𝛼 + 12C (4.4 MeV)

with Γ𝛼1/Γ = 0.35 

|1-, 13.09 MeV> → p + 15Ng.s.



Fermi-Dirac:

Modified Maxwell-

Boltzmann: 

Sakuda, Suzuki, Reen, Nakazato, and Suzuki, PTEP in press, arXiv:2211.07851 



Preliminary:  

Time evolution of events

K. Nakazato

1. Burst

2. Accretion

3. Cooling
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Σ B(GT)exp = 4.06

Σ B(GT)calc = Σ B(GT)exp 

fA = gA
eff/gA = 0.88

・𝜈-18O reactions 
18O   0.204 % of oxygen isotopes 

GT strength in 18O

Exp. (3He, t),  Fujita et al., PRC 100, 034618 (2019)
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Ratio = 1.3 - 0.3      T = 3 MeV

0.5 - 0.1      T = 3.5 MeV

0.3 – 0.07    T = 4 MeV 

Ee = 5- 60 MeV:

Expected event numbers with 18O (𝜈𝑒, 𝑒
−)18F

(𝜈𝑒, 𝑒
−) no osc.      normal        inverted 

41 ->68    178 -> 203    134 -> 172

(+66%)     (+14%)        (+28%)

(M, Z) =(20M☉, 0.02)     Z = metalicity

<E_νe> = 9.32 MeV,  <E_νe> = 11.1 MeV,  <E_νx> =11.9 MeV

Expected event numbers Nakazato,Suzuki,Sakuda, PTEP (2018)

SK  32Kton
10 kpc
𝐸𝜈
𝑡𝑜𝑡 ≈

3x1052 erg 
/ flavor



2. Synthesis of 19F by 𝝂 process

𝜈 − 20Ne reactions

20Ne (ν, ν’p) 19F     SP = 12.843 MeV 

20Ne (νe, e
+) 20F    Q=7.024 MeV,     20F → 19F + n       Sn = 6.601 MeV 

Q + Sn = 13.625 MeV

cf.    
20Ne (ν, ν’n) 19Ne     

Sn = 16.864 MeV

20Ne (νe, e
－) 20Na    

Q=13.887 MeV
20Na → 19Ne + p      

Sp = 2.195 MeV 

Q + Sp = 16.082 MeV

T(νe) < T(νe) ≦ T(νx)  

Hayakawa
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SFO-tls:  p-sd shell

WBP:  p-sd-pf shell



Hauser-Feshbach statistical model 

→  BR for γ, p, n, d, 3He, α and multi-particle 

emissions 20
Ne -> 

19
F
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Fermi-Dirac with temperature T 

(𝑇𝜈𝑒 , 𝑇ഥ𝜈𝑒 , 𝑇𝜈𝑥) = (3.2, 5, 6 ) MeV 

(a)  (𝜈, 𝜈′𝑝) 𝜎 = 5.50 × 10−42𝑐𝑚2

(b)  ( ҧ𝜈𝑒 , 𝑒
+𝑛) 𝜎 = 0.79 × 10−42𝑐𝑚2

b/(a+b) = 0.13  

(𝑇𝜈𝑒 , 𝑇ഥ𝜈𝑒 , 𝑇𝜈𝑥) = (3.2, 4, 4 ) MeV 

(a)  (𝜈, 𝜈′𝑝) 𝜎 = 0.76 × 10−42𝑐𝑚2

(b)  ( ҧ𝜈𝑒 , 𝑒
+𝑛) 𝜎 = 0.23 × 10−42𝑐𝑚2

b/(a+b) = 0.23  



Summary

1. Detection of 4.4 MeV 𝛾 from 16O (𝜈, 𝜈′) 16O (12.97 MeV, 2- ) 

Isospin mixing in (2-, T=1, 12.97 MeV) and (2-, T=0, 12.53 MeV) 

Expected event no. of 4.4 MeV 𝛾 ~ 1/5 of 𝛾 with 𝐸𝛾 > 5 MeV 

2. Effects of the contributions from 𝜈-18O reactions on the SN detection by charged-current  

reactions on 16O are studied. 

Cross sections for 18O are larger at 𝐸𝜈 < 20 MeV

Expected event nos. of SN𝜈 are enhanced by ~15-30% for the case with the MSW osc. and  

by ~65 % for the case without the osc. 

3. Cross sections for 20Ne (ν, ν’p) 19F,   20Ne (νe, e
+n) 19F induced by SN𝜈 are evaluated for 

the study of production of 19F in SN.

Synthesis of 19F by simulation calculations in SN is under way by Kajino group.
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