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Diffuse Supernova Neutrino Background

. Diffuse Supernova Neutrino
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electron

Super Kamiokande

proton neutron

P n

Q-

. Super Kamiokande (SK)
- 50 kton Water Cherenkov detector

positron

- Reduced background events by using neutron capture signal i

from Gadolinium Positron signal Neutron signal

- Most stringent upper limit on DSNB flux DSNB upper limit (90% C. L.)
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Neutrino-Nucleus Interaction

BSackground: Iinteractions between

atmospheric neutrinos and oxygen nuclel

Large uncertainties on prediction

Neutral Current Quasi-Elastic (NCQE) scattering

v+ 10 = v +n+ PO+
v+ %0 - v 4 p + PN

non-NCQ

Reconstructed energy spectrum
M. Harada et al., Astrophys. J. Lett., 951(2):L27 (2023)
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Neutrino-Nucleus Interaction
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Neutrino-Nucleus Interaction

e.g. Energy distribution of particles
from the de-excitation of 1°N*
with various models

. De-excitation from highly excited states emits
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Inverse-Kinematics

Strike a nuclear beam into a nucleon target
The entire system Is moving relative to laboratory frame

- Makes detection of low-energy residual nuclei and de-excitation products (typically < 10
MeV In the CM frame)

Normal kinematics Recoll nucleon Inverse kinematics

-
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Inverse-Kinematics

. Measuring branchings ratio of major de-excitation channels of 1°N*, 1°0%, and 90" as a function
of excitation energy

- Reaction to produce these nucler:
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K. Kobayashi, et al. [arXiv:nucl-ex/0604006 [nucl-ex]] (200606)

SN excitation energy Is reconstructed
by measuring recoll protons

Residual nuclel and de-excitation
products are detected
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SAMURAI-79 Experiment

Rl Beam Factory (RIBF) @ RIKEN Nishina Center Measurement of 160(p, 2p)!5N*

SAMURAI spectrometer Neutron
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Current Status and Plan

. Proposal was approved at RIBF PAC on Dec. 2024

- Planing to conduct the first measurements as early as this autumn
- Simulation studies to optimize the detector configuration and running plan

- Selection method, position of the neutron detector, etc.

. Communicating with nuclear reaction theorists Overview of our strategy zoasio2a 3
_ o Event generator CCONE Geant4
- Method to improve the prediction model (p2p). (pp) B3t pirger  \Forkliew physicslist
. . theory +——>Distorted-Wave Born Approx.
using the experimental data by Ogata-sen (DWBA A
: : : Pre-equiribrium NEUT oy Ifinato-san
- Difference between neutrino-induced and STo Gataim] e 7 Direct few optor
. . . Plane-wave impulse Approx.
nucleon-induced reaction oy i) || Compound Py
\ v k Hauser-Feshbach (HF) Pre_equiribrium
. _ . INCL++ (in preparation)
Initial state Weak interaction Final state Deexcitation imgort tuned HF\[ Compound J
Y, v, - interaction n % " seVe,-a / .\ Hauser-Feshbach (HF) J |
/ Q.' \ RN X Z_Il‘ej &, « BCE Mel/
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Simulation Study

Conducting simulation studies for the SAMURAI-79 experiment

- Event selection and reconstruction method

-  Optimization of magnetic field and detector configuration
- Parameter tuning with de-excitation calculation

This talk

- How accurately can we measure the excitation energy of 1°N*?

. .0
..

Topic of this talk 15/22



Excitation Energy Reconstruction

. Simulation of excitation energy reconstruction of 1°N

- Two recoll protons are emitted and detector response Is simulated
- Sl tracker (STRASSE), Csl calorimeter (CATANA)

Direction of Gamma & proton
160 beam = V - detectors

Neutron
detector

SAMURAI
Maanet

STRASSE

LH> target .
#D\

160 beam

Residual
nuclei

RASS ~ R EVRE YR S Charged particle @
i pacec) J ! AN 1] \.‘.S ! N/
- = - . 0| e
-2 target == = Zal etectors
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Excitation Energy Reconstruction

_ 15N*
Four-momentum of >N CATANA

7

P1sN = Pbeam +ptgt —P1— P2

Pream . TOUr-Momentum of °0 beam

Py - TOUur-momentum of target proton |
P, . four-momentum of recoil protons 7 \ a]5N*

—
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e

160
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Excitation energy reconstruction targét . ug
. 15 Vacuum
E, = \/ (Pisn)? — Misy Misy : mass of 15N Yacuum

H. N. Liu et al,, Eur. Phys. J. A 59, 6, 121 (2023)
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Measurement of Recoll Protons

Si tracker (STRASSE)
- Two layers of double-sided Si strip detector (DSSD)
- Pitch size of 200 um _

- Can measure momentum direction of recoll protons

- Angular resolution of ~O(10) mrad B
STRASSE

Outer layer

- Can measure vertex position

- Position resolution of ~1 mm
P STRASSE

~ o Inner layer
ok

STRASSE
160)
| 15N* Direction of
/ 150 mm 160 beam LH2 target 18/22
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Measurement of Recolil Protons

. Csl calorimeter (CATANA)
- Array of 140 Csl (Na) scintillation crystal

CATANA

e

- Energy resolution for 662 keV gamma-ray
- 10% (FWHM)

- Can measure kinetic energy of recoll protons

3
3

\
LH 2 \

target | __ e

s S
R

Vacuum
Chamber

H. N. Liu et al,, Eur. Phys. J. A 59, 6, 121 (2023)

Y. Togano, et al., Nuclear Inst. and Methods
in Physics Research B 463 (2020) 195-197 -l 9 /22




Excitation Energy Reconstruction

Momentum direction: STRASS

Kinetic energy. CATANA
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Other Simulation Studies

. Event selection and reconstruction method

Optimization of magnetic field

Optimization of detector configuration

- Position of recoll neutron detectors

Parameter tuning with de-excitation calculation

Measurement of 60O(p, pn)!°0O*

Neutron detectors

NEBULA and
NEBULA-Plus

---------------------

S

LH: target

@ 16Q beam -
Y &

SAMURAI
Maanet

STRASSE

Residual
nuclei

Drift Chamber and @

hodoscope .

Magnetic field: 2.0 T

Neutron
Charged particle /" \ WY

detectors
Excitation Energy of 150

hist
[ Entries 41631
- Mean 29.06
- Std Dev 3.789
— Fitting parameters
— Mean = 29.872
B Sigma = 1.885
- Area = 35293
— > 35MeV = 733
—_ < 25MeV = 5263
— 1 N ' TP SRR W AT S T 2]/22
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Summary

Precise prediction of nuclear de-excitation process is critical for diffuse supernova
neutrino background search at Super-Kamiokande

Key process: de-excitation of 1°N, 1°0, and 160

We plan to conduct SAMURAI-79 experiment

- Inverse kinematics experiment @RIKEN RI
- This autumn (iIf possible)

Simulation studies

- Excitation energy reconstruction, etc.

Sk
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Impact on DSNB

. Assumption 5

DSNB future sensitivity (3 0)

- Uncertainties
- NCQE: 68% — 20%
- non-NCQE: 36% — 20%

DSNB flux (17.3 <E_ < 31.3 MeV) [cm™® 57

0.5 i -------------- SN
_Nakazato+15(NH, min) | ' '

Current analyS|s

I
2022/07

2023/08

| | | | | | | |
2024/09 2025/10 2026/11 2028/01
Date
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Simulation update plan

Overview of our strategy

S79 MC
2025/02/14

(P.2p), (p.NP)
theory

by Ogata-san

S79 data

-

Tuning
(HF level density)

Event generator CCONE

replacg? just
an option?

Direct ProvigelaiNew physics list

Distorted-Wave Born Approx.

(DWBA)

Pre-equiribrium

Exciton model

Compound

. Hauser-Feshbach (HF)

Import tuned HF

Geant4

I(V p), (v,n) theory\

NEUT by Minato-san
Direct #™" option

Plane-wave impulse Approx.
(PWIA)

Pre-equiribrium
INCL++ (in preparation)

. Compound )

. Hauser-Feshbach (HF) J_/

25/22



Statistical Performance

R BkEE = ROZERRNE (Ex = 30 MeV): 7.7%
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Atmospheric Neutrino

FERERSER AKZ=Za2—K~U/ U+ 190 = v+ p+ N*
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Atmospheric Neutrino

FTELEEREER AK=a2—KU/ v+ %0 = [T 4+ n + PO*

2. Rx=—a— b/ v tBRRIRFEZDCCQERIE &, v+ %0 = [ +p + PN*
ZNICHF > TR 2 TR KRIG
CCQE interaction Inelastic scattering Neutron capture
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Simulation Setup
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Simulation Setup
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Event Generation
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Event Generation

1. EIRILF—EEE LAY MR °O+p —> PN+2p 160
Virtual dissociation: °0 - PN +p,. .4
P
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Event Generation
160(Mspectral function  Benhar etal, Phys. Rev. D,
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Event Generation
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Event Generation

Spectral function
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Event Generation
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—dge cut
STRASS

Selection Criteria
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Selection Criteria

Angular selection
- CATANA®D2DDEw hDIETAN G = 180° £ 36°

—nergy selection

- CATANAD2DD kY hHEHICTO MeVELE (7> YHRDERS)

20D RBtkE+ D
C— LBICEERFETOAE ¢ (abF) CATANATHIE & fc TR L ¥ —

count/bin

105‘.?... | —

! [ T ! | 3
0 20 40 60 80 100 120 140
¢, [deg]

energy [MeV] 38 /2 2




Selection Criteria

Matching of STRASSE and CATANA
- STRASSETHRHENRIFEMNEL. b hDEH>=CATANAICELET 3

MEIXILF—&D

- FIEIRILF—HDEWNE EZRYIRIEI TN S

B L Rk FDE—LBICHT 5EEO (labR)
- REKETFOBE O MNERLLEDIH C N —
'S 5000 — Ex =10 MeV
= - — Ex =30 MeV
R kG =R DFEIRZNER 8 4000¢ ——Ex=50MeV.
= [MeV] Efficiency [%] 3000, -
10 9.5 2000; -
30 7.7 1000; E
50 5.2 0165030 40 50 60 70 80 60
6 [ded]
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Energy Loss Correction of Oxygen Beam

. BRRE—LEFLHAZNPR TERI T RILF—Z KD
RIGERDIRI)ILF—%. STRASSETHIE Ut RIGRDzEEZEN SHETE

—

200 MeV/uDEEE—L %
LH2EHIC AR UTc & &,
RIDE & RIGERID TR F—

upstrearn) [mm]

- N

=)

Lupstream : E'j% Ell\] D J:bilﬂ/ﬁ\l-l 9 llﬁu'l:ll D ZEEﬁjL g, 2401~ —
£ 220F 7
LL B |

200~ = m . _ =

180 - —'.l'_-_._ ]
.

u = -

— = . ]

160 ey

140 =

1201 -
100 B | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |

-80 -60 -40 -20 0 20 40 60 80
Z [mm]



Energy Loss Correction of Recoil Protons

. G T IEICATANADIERICAN T DHIIC. FRATGYETIXRILF—%KS
. YMEZEDEDIRILF —Epeforem. BDITFRILF —Eatter & RATEERE AXD SHETE

—

- RITEEBREIFSTRASSETHIE UT:EEIE A A & RIDRDN S HETE
_ . _ Csl crystal
- 85AF _ + — =15
IKH_IJ: Hbd_/dX(/j: 36the BIOChO)ﬁ% © é: (I(— Ak Al and teflon
0.5 mm for each
dE Vacuum Chamber: Al
Ebefore Eafter ! dx X Ax (Cylinder part)
3 mm t
STRASSE Recoil proton
Outer layer: Si
300 um 3
Inner layer: Si 0
200 um t | AL Vacuum Chamber: Al
(Sphere part)
Target: LH2 I 30 mm
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Energy Loss Correction of Recoil Protons

.E 350 1T 1T 1 L 1T T 1 1T 1T 1 1T 1T 1 L L L L T T _1 ] )

_Q __ — - —1 1 1 1 | L L 1T T 1 1T 1T 1 L L L L T T T—
= - N 2 N I N
3 300 — ; 2000 -
© N N ) - -
B ] ) B _
250— _— 2500 — —
200 — 2000 -
150 ‘F = 1500/ =
100 - 1000 — —
0L E 500 —
O :I_ L1 1 | L1 121 |_.-. L1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 [ | | : : u_l] | L_J— | L |_ i u | :

_5 O 5 1 O 1 5 20 25 30 35 40 45 L 110 l 1 PR S RN T N N NN AU DN A U T N U N U 0 Y I N Y Y OO [ 11 L 111

E -E [M eV O—5 0 5 10 15 20 25 30 35 40 45

true —obs - Etrue_Eobs [M eV]
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Taill Components

_Ex= 30 l\/leV _
TR DRAFEFOIRILF—BRZESBEE>TUR gt R :
> 7c8 : a0of -
- 8.5%DEGFH Etrue - Ereco > 2 MeV " -
R EH 5 % . :
1. Escaped: B FHCATANATE I RILF—ZKES T IchT 5 o -
2. Frame: STRASSED 7 L —AHH %> TRAIC T RILF— | S R ]
;E;'g" LU TWA reconstructed E, [MeV]
3. Reacted: BFMNERTCIRRILZRLI U, ZDEBRIH g 10 (1) Escaped
CATANAZ AT bl “fijuee
4. Others: CATANAD#ERB L DRMEICAD, 2 TCIXILF—Z2
% > 2 ICCATANAIC A8 9 % etc. °F

60—

|
SRR RSN UEEDI R F—& j-w
BEREINEIXRILF—DE “E

O_III|IIII|IIII|IIII|IIII|IIII|IIII| IIIIIIII |I




Selection Efficiency

Selection —fficiency [%]

=x = 10 MeV 30 MeV 50 MeV
—dge cut & Track selection 33.7 28.6 19.5
Vertex selection 33. 1 27.9 138.9
Angular selection 17.1 14.1 9.6
—nergy selection 15.8 12.7 3.5
Matching of STRASSE and CATANA 9.5 7.7 b.2
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Excitation Energy Resolution

True Ex = 30 MeV

dangle FrTr 11 T 1 1 LI L | | L L L L L T 1 1 | dEkin
g 300 :L L I T 1 11 l LR B I | l L L l L L I T 1 11 I T 1 1 I | Entries 1 5232 g 600 I l I l I I I I Entries 1 5232
E ~ Mean 9.609 E B Mean 0.1642
2 B Std Dev 6.43 2 - Std Dev 0.751
o 2501~ E O 500f —
200~ = 4001 —
150 — 300}- —
100} — 200f —
50 — 100} —
0 —l L1 1 l L1 11 l L1 11 I L1 11 I L1 11 I L1 1 B 0 B 1 I L1 11 l L1l 11 I L N
0 5 10 15 20 25 30 35 40 45 50 -5 -4 -3 =2 -1 0 1 2 3 4 5
angle between true and obserbed [mrad EiueEqps [MEV]
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Excitation Energy Resolution

NS

(i
i
wmu

HEARIXCEF IR F—ZEDEICESHMATHEIRILF—2BUFEVET

Ex — \/(Ebeam Etgt o El o E2)2 o (Pbeam o Pl o P2)2 o Mfrag

Nominal (1) Momentum direction
-E L | L | IIIIIIIIIIIII -E IIIII | T 1T 1 | L | L | L | L | T 1T 1 | IIIII -E
S 1000 — S 1400 - S
= c - - S 1000
3 L i 3 1200/ - 3 Tt
800 — - . i
i _ . -~ _ 800
_ o =1.0MeV 1ooop o = 0.2 MgV :
600_ — 800:— _: 600_
. 600|— - .
4007 B - - 400
| 400_— — B
200 — - — 200_
— 200_— — —
LLLILILIIIL_ _ILLLlLIIIli_I_LJ_MlLIIlllIIII|IIII|IIII_ _IIII I S | L . I I | L1 1 |
q 0 15 20 25 30 35 40 45 50 q 0 15 20 25 30 35 40 45 50 q 0 15 20 25 30 35 40 45 50
reconstructed E,  [MeV] reconstructed E,  [MeV] reconstructed E,  [MeV]
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Continuous Input Distribution

Spectral functionz® & ICERK U Tc. EEH/RME T RILF—

STETD

C X)L F—

31 X

EORMEIXRILF—L&

SRS NERBIRLF—

reconstructed E, [MeV]

HODRMEIRILF— T’I‘ﬁ&éhﬁﬁbﬁ_'
- o L L I L L L B R B LA LN BN -
S 9000F = S 300F
S 8000F 4 € '
- ) — - -
8 7000F 2 8 %
6000 = 200F
5000F = -
- 3 1501
4000:— - B
3000F- U = 100F
2000/ = -
- - 50F
1000 E :
%00 10 20 30 40 50 60 70 9% 0 10 20 30 20 50 .
true E, [MeV] reconstructed E, [MeV]

(Purity) = OKEZDANRY MY / (RIEDARY M)
B KZ60~70%

0 5101520253035404550

true E, [MeV]

ZRHME UMIET 5 2 EDE

{TLLfY
ALE
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count/bin

Excitation Energy Resolution
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Branching Ratio

. REZEPEFEBREIT S ET IBNORRIEZEF v XILZRIE

&

- e.g. 4ND &L

HE Nz & —EIC14N+n

- e.g. 12Ch\&t

N nc

- 12C+t,12C+d+n,12C+p+2n

- RMEFREBTRETORERZ DT & TRHE

AU VHR - BFRLES

STRASSE
LH> target N\

—

160 beam

SAMURAI
Maanet

Residual
nuclei

CETE T @

G4PreCompoundic &K%
1SN D BEIZE 73 I EE
(10.83 < Ex < 50 MeV)

Channel Branching Ratio [%]
4N + n 38. 1
13C +p+n 11.2
"B + o o./
LI+ 2 + n 0.4
12C+p + 2n 0.2
2C+d+n 5.6
LI+ 2« 5.5
4C + p 3.9
13N + 2n 3.8
Others 12.6
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Measurement of Residual Nuclel

Particles

A/ZDRKEW4C, BEIFYRTAN, /NS WISND

- 20 TOWBICL DETORBRERETE S A/Z N, 12C, oL, a, d
13C
118




Measurement of Neutron

4N+ n OFMEFOAEZYIa2L— 3V

T2AFv I FL—%— (NEBULA)

120KDEIRD T ZRFY IV FL—F—D4EBICHATNS
- BN FNNEADTZRAFYIIVFL—Y—RNITEEUVLEIRILF—DI5, RFD

BEICIOU TRIEEZFTE

HUNRDEY N xFEET 8, Neutron aetector

o MeVee (electron equivalent)
DL E VB




Measurement of Neutron

FEFHNT1

]

-3

HENTcANRY MEEEDT2% &R o T

1EDHEFNEHDE v N Z1ED AR N (cross-talk)

N EE

- Cross-talk rejection T DAY N ZXEIT 2 HE
(S 1& DEE)

Conditions Ratio [%]

S IR N D A I 60

6 MeVeeld EDEw M1 DL E 27

6 MeVeell EDE Y KH1D 12

count
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/7A?/7//?b 9 @&
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5000/ -
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