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v-detection
Scintillator (CH, ...), H,O, Liquid-Ar, Fe
v-12C, v- 13C, v-160, v-5Fe, v- 40Ar
E, <100 MeV

v-oscillation effects — v mass hierarchy
MSW oscillations in SNe

SN neutrino detection by v-12C and v-1°0 reactions

(MSW + collective oscillations)

v- 160 reactions

Suzuki, Chiba, Yoshida, Takahashi, and Umeda,
Phys. Rev. C98, 034613 (2018)

Neutrino oscillations in v- 160 reactions
Nakazato, Suzuki, and Sakuda, PTEP 2018, 123E02 (2018)




@ v-nucleus reactions with new shell-model Hamiltonians

1. v-12C, v- 3C: SFO (p-shell; space p-sd)

2. v-1Q: SFO-tls, YSOX (p +p-sd shell)

3. v-Fe, v-"5Ni: GXPF1J (pf-shell)

4. v-*Ar: VMU (monopole-based universal interaction) +SDPF-M

+GXPF1J (sd-pf)
Suzuki, Fujimoto, Otsuka, PR C69, (2003) , Suzuki and Otsuka, PRC878 (2008)
Honma, Otsuka, Mizusaki, Brown, PR C65 (2002); C69 (2004)
Suzuki, Honma et al., PR C79, (2009)
Otsuka, Suzuki, Honma, Utsuno et al., PRL 104 (2010) 012501
Suzuki and Honma, PR C87, 014607 (2013)
Yuan, Suzuki, Otsuka et al., PR C85, 064324 (2012) )
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=v-nucleus reactions pf-shell: GXPF1J (Honma et al.)

p-shell: SFO cf. KB3 Caurieretal.
o 13 56 .56
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Spin-dipole sum

| .
B(SDX . = E < S i =P
oA 1 =1
Sz, =rlY" x F)ts
L = (0] [, 8N 10y = AL Ny, - 24
NEWS-rule: 52— 83 = (0[S, 53] {0) = ——(N(r"), = Z(r),)
Ps;, — Sd [N(P3/2)=6, N(P12)=2]
For 12C; N=Z 320, ) SN ol
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- . L !
kinetic energy term (K) for H = =

EWSh = jfu+1jh—1[1+ {’D|ZLT; 0 10>]

T 2m

fo =2,1and -1 for A" =07, 17 and 27, respectively.

One-body spin-orbit potential term Vis =€, 4; - @,
EWS:, = = q2A+1;|f*"*¢ < []|Z r2 + g2l - 7)) | 0 >
gy=1for A" =0-, 1~ and g,r;.L = -T/5 for A™ = 2.
For N=Z, EWS* = EWS*,, and EWS2/5< EWS!/3 <EWSO.
EWS- 0 1 2
K+LS 48.0 116.6 117.2 MeV-fm? [ n(ps,)=6, n(py,)=2]
SFO 45.61 108.48  154.49 [N(P3,)=6.42, n(py,)=1.44]
E, =EWS/S.
K+LS 26.39 22.01 14.13 MeV
SFO 25.71 25.22 21.50




Hauser-Feshbach statistical model
Branching ratios for y and particle emission channels (with multi-particle emission

channels): v, n, p, np (d), nn, pp, 3H (nnp), 3He (npp), o, ap, an, ann, onp, app, ...
Isospin conservation is taken into account (S. Chiba)

c  Neutral current reactions ¢
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v-induced reactions on 1O Spin-dipole strength in O

Modl.ﬁcatl(.)n of SFO — SFO-tls 0().) = r[Yl « G]}“[_
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Spin-dipole sum . .
2 4b* = 2.99fm® A" =0 0 — sd
\(SD) Z [<Ap| S l0=F=4 126" =808fm® A" =1 ¢ 2941
220b* = 14.96fm* AT = 2~
EWSA 0 1- 5-
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SFO 25.8 252  21.0
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@ p-capture rate on %0 and the quenching factor

The muon capture rate for 0 (g, 17,) N from the 1s Bohr atomic orbit
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Synthesis of 1B and *C in SNe
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Casel: previous branches used
in %0 (y, n, p, a-emissions) and
HW92 cross sections

Case2: previous branches, and
new cross sections

Case3: multi-particle branches
and new cross sections

G(lGO(v,v'ocp)llB)

o(**C(v,v'p)"'B)

~10%

Production yields of B and C (10-'M)

Case 2 Cased Casel

iR Case 1

20M,, EF N

Case 2 Case 3

M("B) 294 292 313 677 658  7.66
M(M1C) 280 271 320 933 891 964
MMB+'"C) 574 562 633 1610 1549 17.29

T. Yoshida




v oscillation effects — v mass hierarchy

MSW v oscillations

Normal hierarchy Inverted hierarchy

Resonance condition
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FIG. 3. Deansity profile of the presupernova star model used in
the paper [20]. The progenitor mass is set to be 150 .




Charged current scattering off 10 nucleus as a
detection channel of supernova neutrinos

Ken’ichiro Nakazato!, Toshio SuzukiZ, and Makoto Sakuda? PTEP 2018, 123E02 (2018)
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(M, Z) =(20M, 0.02) Z = metalicity
<E v,>=9.32MeV, <E v>=11.1MeV, <E v.>=11.9 MeV

Nakazato et al., ApJ. Suppl. 205, 2 (2013)
N(ve )= P*NO(ve) + (1-P)*NO(v,)
N(anti-v,)=P’*N°(anti-v,) + (1-P")*N°(v,)
Normal hierarchy: (P, P*)= (0, 0.68) Dighe and Smirnov, PR D62, 033007 (2000)
Inverted hierarchy: (P, P*) = (0.32, 0)



Table 6 Expected event numbers with a threshold energy of E, =5 MeV for the models

m Table 5.

ordinary supernova

black hole formation

reaction no osc. normal 1inverted no osc. mnormal inverted
IGO(UE, e )X 41 178 134 2482 2352 2393
160(1.7.5_, £:+)X 36 H& 103 1349 1255 1055
electron scattering 140 157 156 514 320 351
inverse [3-decay 3199 3534 4242 17525 14879 09255
total 3416 3927 4635 21870 18806 13054
1000 1000 F—r—rT T 1000 £+ .
; w/o v osc. ] Normal : Inverted E
%‘ 100 = inverse § decay - '%‘ 100 %“ 100 = ~
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to a black-hole-forming collapse.
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Same as Fig. 4 but for the model with (M, Z) = (30M4,0.004), which corresponds

100



MSW v oscillations

Increase-in-the-rates

1 [Call2
: 4He(v, bp)3He g
Normal — hierarchy : Vs Vi => Ve |12C(v Ep)11C ;>
In the He/C layer ¢
1 o - - o Be o
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0.9 . - gl & Li
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-S - preferred ! — o, o
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? 0.7 [ N 3H
= : _‘_'H\\L‘_____ inverted ]
— 0.6 L — +T2K, MINOS (2011)
107° 104 10-2 Daya Bay, RENO (2012)

Yoshida et al.,PRL 96 (2006) sin®20 ;5

First Detection of “Li/*'B in SN-
grains in Murchison Meteorite
W. Fujiya, P. Hoppe, & U. Ott, ApJ
730, L7 (2011).

sin226,5 = 0.1

Bayesian analysis:
Mathews, Kajino, Aoki and Fujiya,
Phys. Rev. D85,105023 (2012).



Various roles of v’s in SN-nucleosynthesis

b‘\“ ® A Kajino
MSW resonance at p~103 (g/cm?3)
v-Flavor Oscillation

v-v Scattering near Proto-Neutronyt K

v-Collective Flavor Oscillation

He-C H
Layer Layer
R-process:
Heavy Nuclei
VP-process:
Mo, ®Ru ? V-pProcess:

Explo. Si-burn.
Fe-Co-Ni,
0Co, °°Mn, 51V ...

/

V-Process
180T, 1383, 92Nb, %Tc ...

/

, ©7Li, °Be, 1911B ...



Spectrum with v-oscillations  (£,) = 10, (E,) = 14and (E, ) = 18 MeV.
With collective oscillation effects
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- With collective and MSW effects  +cos®6,F,, (E) (E <Egyi)
Fio (E) = P(EYF] (E) + [1 — p(E)IF, (E), F.(E)=F, (E) (E>Eg)

Survivar [PronanuIies Incieaimg COuecove ermects 10T tNe S0ETE o @ESCrImed N e e

Scenario Hierarchy sin’ @y PE < Exqe) PE = Eqy) p(E) Earth effects
A Normal 210~ 0 0 cos” @, Wy
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Cross sections folded over the spectra

*Target = ©°C ) = 10, (E; ) = 1and (£, ) = 18 MeV.
E, <10MeV E"(**C)~13MeV

Natural isotope abund.=1.07% /A (normal) B (inverted)

no oscillation 8.01 8.01 (10-%°cm?)
collective osc. 8.01 39.44 39.44 (39.93)
collective +MSW 39.31 8 39.35 (39.53)

-Target = 48Ca Q(%8Ca-%85c)=2.8 MeV E(1*; 48Sc) = 2.5 MeV
A (normal) B (inverted)

no oscillation 73.56 73.56 (10%°cm?)
collective osc. 73.56 303.4 303.4
collective +MSW 302.6 73 302.8

Cross sections are enhanced by oscillations.
Epiit 18 too small to distinguish the v-mass hierarchy in case
of Collect. +MSW oscillations  ( ): Eg;, =15 MeV



Summary

1. = v-12C GT+SD shell-model with SFO
- v-10  SD shell-model with SFO-tls
- Partial cross sections for particle and y emission channels
with Hauser-Feshbach statistical model
- Synthesis of 1!B: 2C (v, v’p) 1B, 0 (v, v’ap) ‘B
LC: 12C(v, ep) 11C, 190 (v, eap) C

2. MSW v oscillation effects
Mass hierarchy dependence:
Production ratio of *'B/’Li in SNe
Cross sections of 180 (v, &) X and 160 (v, e*) X

MSW-+collective oscillations
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