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v 1, T —type neutrino-induced events dominate NC reactions
since energy (Temperature) is higher than e-type.
Independent of neutrino oscillations

[11t is important to measure both CC signals and NC y events.
We Do need to Measure Br(C*,0*>v) =TyT (E,). --- Purpose of RCNP E398.



Neutrino bursts from SN explosion at 10kpc,
expected for H,O detector (22.5kton)

> NC y-ray Calculations by Langanke,Vogel,Kolbe,PRL76,2629,96;

Beacom-Vogel,PRD58,053010,98.

»  M.Ikeda et al (SK collab), APJ669,619(°07): Evis>18MeV.
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Feature of y-ray production of NC v-O (-C) reactions (p4

1) E,<100MeV: Elastic and Inelastic ~ 2) E ,>100MeV: Quasi-elastic

1N knock-out
V\/V ( V U)|6O V

16 I6o*
0 O, o Vo
ISN*VM v

1)E,<100MeV: Inelastic scattering (Giant resonances)  +Elastic [CEVNS,not shown]

> vC,0>vC*,0*->y: Langanke et al., Phys.Rev.Lett.76(1996).
v They calculate vO,C>vC*(15.1MeV) and O*->vy(>5MeV).

» We (RCNP E398) measure Br(C*,0*-> y(>1.5MeV) and reevaluate SN rate.

2) E,>100MeV: Nucleon knockout(Excitation of residual nucleus).
> vO->v+p/n+15N*/150* Ankowski,Benhar,MS et al.Phys.Rev.Lett.108(2012)052505
» vC>v+p/n+11B*/11C*: T comment How different C is from O?
> Experiments:T2K, RCNP E148 O(p,2py)
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production +CEVNS (Scholberg’s talk, not shown here)
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Oxygen and Carbon (Shell Structure)

= You learn a single particle model or a shell model in nuclear physics.
= Shell structure of 80 and 12C.

Oxygen 10 Carbon 12C
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(1) NC QE vy Production (vO>v+p/n+1°N*/1>0" )

o Impulse Approximation with Spectral Function O,C(e,e’)

Benhar,MS et al., PRD72,053005(’05); O(e,e)
Ankowski,Benhar,MS:PRD91,033005('15). C(e,e")

o Production of y-rays (>5MeV) in NC QE is significant (Br~ 40%

for O). Ankowski,MS et al, PRL 108,052505('12)
o Note:6MeVy happens in CCQE or even Delta. 1N knockout is the point.

-
3
- i =F1 . 3 &
h 5 o=,
1 e
=f I !t. 3 b a " 3 <k 5
)))))
......
¥ & . + . -~ + *x 4 peaag x
- - [T p——
a TG Ny > ™ P 2 * - 50 S
= fe b 3 h .&'
N - ’, 3 L)
Ny ] o A
= b i, g,
- v, 20 i e, 3% 5 g - v, 373 ang
— N o T ey o et 2D e
3y = T T = T T T T v
k. - ~
x ‘l’n‘l 3 e B e J\
3
o3 ] - -
[ -~ S £ N
-r - - X r—tr— i
2 I3 - T —
- ot ~ -~

sigma (10~-38 cm~2)

1AA DO

3

2.5 -

N
T

=
S,
T

=

o
n

0

T T
antinu induced gamma —

nuNC ——

X

windicavmmme VO > V+N+X
Kolbe et al.
v--O—>v+N+ {
Br~40% . l
0 WAo; 0‘.4 0,'6 0"8

v+O0 >v+0*>Sv+y+ X
by Kolbe etal (NC Inelastic)

E (GeV)




Qualitative Estimate (For Quantitative Estimate, refer to AnkowskiPRL)

= P53, knockout gives 6-MeV vy, which contributes mainly to y production.
= Rough Estimate: Br=0.7x(p;/, 4/8*1.0+s,,, 2/8*0.15)=0.38.
G(NC VO Y)NGNCQE*O'BS

= Note: Spectral Function not only gives (p,E) of a nucleon in O, but also
gives a spectroscopic factor of p/,, p3, and sy, .
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y-ray prodauction in NC QE v-0O reactions
--Important Background to SRN — (copy from sekiya)

- BG source: atmospheric neutri

—H.Sekiya@Neutrino2016
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(2) NC v-1°0,12C Inelastic reaction

Ref. Langanke et al., Phys.Rev.Lett.76(1996).

(p6 Jachowicz et al .,PRC59( ‘99), Botrugno, Co’, NPA761(°05)
>
Axial Current Dominant: 160(v,v’ ) Cross Section

Especially, Spin Dipole Resoance :J* =2-,1-(T=1) Domiant.
(17,15.1MeV for C)
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What about Carbon? vc>v+p/n+tie*1ic*

s Is vC2v+p/n+11B*/1?1C* similar to vO-=> v+p/n+PN*/120™?

18 June, 2009 Makoto Sakuda@L OWE



Quasi-free knockout for 12C 1
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y-ray emission probability (I'y/I" (Ex))

The energy spectrum of y-rays from giant resonances of 12C and
160 and the emission probability have been measured for the first
time as a function of Ex.
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Quasi-free knockout for 12C 1

. 1 T. Kawabata et al. o
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Summary (of data analysis) p20

= We have carried out E398 in 2014 to measure y rays from giant
resonances of 12C and 1°0 using Grand Raiden (GR) and an
array of NaI(Tl) y-ray counters.

= Good control of y-ray Response Functions using radioactive sources and

known y-ray levels (2.1,4.4,6.9, 15.1MeV) throughout the experiment
was critical. —->Sudo’s talk

= GR-Nal Coincidence results: >Mandeep’s talk

« First measurement of the emission probability (I'y/I'(Ex)) as a function of
Ex for 16-34 MeV (every 2 MeV).
= The y-ray energy spectra clearly show that y rays are emitted from the

excited states of the daughter nuclei after hadronic (p-/n-) decay of 12C
and 160, qualitatively consistent with a prediction by Langanke (1996).

= The y-ray emission probability increases as Ex up to 'y/['(Ex)=0.7 for 12C
at Ex=27 MeV and 0.9 for 190 at Ex=23 MeV until the energy threshold
for two nucleons decay, and then decreases gradually.



3. How to estimate the number of SN v's

ESTIMATION OF SUPERNOVA NEUTRINO EVENTS

E398 results are applied for the estimation of NNcyfor Super-K and KamLAND. :

The expected number of events from the core-collapse:

N; = Flux(v;) X nygpe X 0;
E 1

— V. . . . .
Where F lux(vl-) = E\'P T and o, is the cross section for reaction i
D = 10 kpc ’
KamLAND (1kton) SK (32.48kton)
Total Gravitational Energy
L =3 x 1053 ergs
ve
/4 v,
—_— vp
— 17” .
?’ Ve Myarger IS NUMber of targets
- | Mecaz0xa0n M0 :1.09x10%
L divided equally among all species L, == 1y :8.60x10°! Ny :2.17x10%

KamLAND collaboration: Phys. Rev. C 84 (201 1) 035804.



ASSUMPTIONS

13

The NC events are assumed to be induced by only v, (v,, v, and their anti particles).

Equilibrium Temperature T, = 3.5 MeV
T; =5 MeV

T,.= 8 MeV

Supernova neutrino spectra is approximated
by that of Fermi-Dirac distribution.

D (ET 0553  E?
(ETL)= T, 1+expE/T,

Solving Analytically, we get Average Energy as:

<E,>=3.5xT,

Now, we need cross section information

-
0 Vi

0 w2 N # N o N W=
Neutrino energy [MeV|

Ref. ). F. Beacom and M. R.Vagins: Phys. Rev. Lett. 93 (2004)



INELASTIC SCATTERING CROSS SECTION:!'2C

The differential inelastic scattering cross sections for '2C(v,v') were folded by Fermi-
Dirac spectrum.
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INELASTIC SCATTERING CROSS SECTION:'¢O

The differential inelastic scattering cross sections for '*O(v, v') were folded by
Fermi-Dirac spectrum.

160:| £y > 0.5 Mev Ey > 5.0 Mev NC Cross section '*O(v, V') 0

3 10 ,
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This y-ray emission probability takes into B 7 done T EVdE
account y-rays which are only from Iso-vector ONCy = dE, ?( z)dE;
de-excitations. P E398

ONC = 160 Ey>05Mev): 2.49 + 0.33 x 1042 ¢m2

18O gy>50 Mevy: 1.60+ 0.24 x 1092 cm?
(1) E. Kolbe et al Nucl. Phys. AS40 (1992) 599.



Summary —continued (SN events) ->Mandeep’s talk p21

= We have applied our measurement to the estimation of NC y-ray
events with KamLAND and Super-K from supernova explosion.

Detector Reaction Other
(E398) Calculations

KamLAND v,+p—oet+n 320 330
(1 kton) NC « T 12C - v+ V51 + 53 58
E, > 1.5 NC 12C 20 + 2 *(1)

MeV v+ 12Co v, +y+ X -
Super-K CC v,+p-oet+n 8120 8300
E,> 5.0 NC v+ 10 > v, +y+X 720+ 170 710

MeV *(2)

NC v, + 160 - v, 1043

+a+12C+ vy 4

(1) A. Suzuki: Nucl. Phys. B (Proc.Suppl.) 77 (1999) 171101 (2) J.F. Beacom, P.Vogel:
Phys.Rev.D,vol.58,053010
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