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SK-Gd experiment

Loading Gadolinium in SK

\/
Improvement of neutron detection efficiency A
* Supernova Relic Neutrino (DSNB)
» Integrated neutrino flux from all of -
Supemova in the paSt Neutrinos from past SNe
A
. . @) Iii?lion
» Star formation history
* DSNB search in Super-Kamiokande (SK) e Bang
» Inverse beta decay (IBD) events - o
e
—_ 5 B reactor-
U + H +@D g 10 |":-| A;cide(ntal coincide:ce . —
e TP elayed 5

Prompt 7

(captured by Gd)

» Neutral current quasi-elastic scattering _
by atmospheric neutrino 1s the AN\

lareest backeround NCQE ¢ r & we ==,

10th Supernova Neutrino Workshop @Okayama Univ. Feb. 29 - Mar. 1st, 2024



NCQE interaction

IBD (SRN)
v, n
\ p . »©®
@

e NCQE events cannot be distinguished from IBD

e The number of NCQE events 1s estimated by simulation

» Systematic error : 68 - 82% (largest uncertainty) “E .. oxmmoro
40 L) X'NCQE
e Measurement of NCQE interaction using S

T2K HGUtrinO beam ::-)3 30 & B Beam-unrelated (from off-timing data)

» Cherenkov angle distribution has differences & “F {,
b/w data and MC expected at large angle region § fg: q_{, 7

» Caused by y-rays from neutron-160 interaction 10;— %t#_ﬁ : | ﬁ
(described in the next page) °F ++f%7+ v gy !

0
0O 10 20 30 40 50 60 70 80 90
0, [degree]
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Neutron-1°0O interaction

Q\Ieutron-oxygen interaction (Secondaryy

e Primary y :y-rays from NCQE T
e Secondary y : y-rays from neutron emitted by NCQE Y/
with oxygen nucleus e TN
e Primary and secondary y-rays are detected < e
as one Cherenkov ring - — -

— Reconstructed Cherenkov angle 1s large

e Neutron interaction with oxygen are poorly
understood and the cause of uncertainty

It is important to understand neutron-160 reaction
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Experiment @Research Center for Nuclear Physics

Neutrons were made incident Energy Neutron  Gamma-rays

on water target and mnteracts ™ detector  Detector

with 160 30 MeV LgS HPGe

y-rays produced by neutron-160 ~ 80MeV ~ LqS ~ LaBrs
reaction were measured 250 MeV

E487 (80 MeV) : Mar., 2017
E525 (30, 250 MeV) : Oct. and Dec., 2018

The result of E487
» Y. Ashida et al, Phys. Rev. C
109, 014620 (2024)
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Cross section extraction

Number of y-rays

Cross Section = ——
Number of incident neutrons

Number of incident neutrons Number of y-rays
are estimated by LqS data ;| are estimated by HPGe data
Neutron selection Energy calibration
Energy reconstruction : Background subtraction
Detection efficiency Spectrum fitting
estimation ~
- 5

y-rays intensity
Neutron flux
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Neutron selection

e Neutron-like events are selected using Pulse Shape
Discrimination (PSD)

— gamma pulse |
— neutron pulse |

tail
PSD parameter = | |
Pus Moy, W,
total o toullons

e Waveforms of n-like events have longer tail, larger PSD parameter
e (Cut criteria were determined for each energy region

» 05 80
3 F
TO T1 T2 = 0.45 -y : 70
15600 © = o :
) i B | - B -
£ & — g 0 Neutron
315400 — : | i o . . 60
©1s200— 1| /i i 8 0.35
C I I ! s
15000 | [ ! : 0.3
I 1 1 1
1a800— I [ ! | 0.25
L 1 1 1 -
1a600— I|[ ! i 02
- 1 1 1 .
— 1 1 1
14400 — || ! _ !
sa200F- i i( Qtall >i 0.15
- 1 1 1
— 1 1 1 I
13000 | ! Qt tal i 0.1 Gamma-ray
L K I ota ?{ P 10
C 1 181 | :I 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | IIIIIII | 1 ;:'
1380050 580 600 620 640 660 680 700 720 740 0.05
time [channel] g | | | |
00 1 1 1 20 1 1 1 40 1 1 1 60 1 1 1 80 1 1 1 100 1 1 1 120 O

energy [MeV]
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Energy reconstruction

TLi
Il Neutron
y-rays from 'Be”
Li(p, n)’Be”

e Neutrons are generated by e o

"Li(p, n)"Be’ : At
e Flash gamma : y-rays from Be* we 3 g

- p

e Neutron energy was calculated I hig

based on time difference F\ Wﬁl‘\

b/w flash gamma and neutron il |

o Lisy| L0 LINEY RN LIa g usuuil Nyl | | | | | 1 1 1 1 1 1 1
360 380 400 420 440 460 480 500
time [ns]

mc? - Neutron mass (939.6 MeV)

[. - Distance from L1 to water

At - Time difterence
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Neutron flux

x10
O F —
§4ooo;— 30 MeV (:31 3000
ISISSOOE— lg
™ - _ g— 2500
< 3000 2
%25003_ § 2000
Z2000;— é 1500
1500;_ -LLLLL 1000
10005—
- 500
500 —
:....I...-I-..I...I....I...-I- TS B .L.IL.L.
00 5 10 15 20 25 30 35 40 0O 90 100
Kinetic Energy [MeV] Kinetic Energy [MeV]
G 60_—
£ b 250 MeV
T F e Neutron flux for 30, 80, 250 MeV
§ ¢ experiment have consistency
g with previous study
20 (Y. Iwamoto et al., 2015)
of-
0: | L e b e 1 N
0 50 100 150 200 250 300

Kinetic energy [MeV]
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Gamma-rays analysis

Energy calibration

S 3000
Q

Energy calibration

3 ;_ v2 / ndf 1.137/7
2500:_ p0 2.684 +0.003186
20005— 241 m \Q/
; 56 Background subtraction
10005— 60 2
- \x 4 Spectrum fitting
s ..|....|£.1.O..|....|....|....|....|....|. .
0 1000 2000 3000 4000 5000 6000 7000Energ?l?l?eOV]
y-rays spectrum (w/ water, w/o water) y-rays intensity
g 10° = — with water
E - —— without water
8 W, | 10:613MeV&SE&DE -
ol /| \ e Linearity was confirmed (< 1%)
— |
MWM ] e y-rays peak from 100 (6.13 MeV)
i W“"W' is seen in w/ water spectrum
10° — I l‘
; |' 'le
I2000I — I3000I — |4000| — l5000I — I6000I = I70e0noe[ rgly [ll(eV]
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Background subtraction

Signal Signal

(on-timing)

 Neutron - 100 interaction
(235-270 MeV)

Background

Out of signal
range

Neutron
capture

e Neutron - 160 interaction /" .
(off-timing)

(below 235 MeV) (Be)
* Neutron capture

ToF

O [
3 [ — W/ water on
2 [fm  wweee w/ water off
g " — w/o wat
ghat P e, L, w/0 water off
= (w/ water on - w/ water off) [
g[, i
- (w/o water on - w/o water off) |
101 — P, y
T TSR BT R~ R T

energy [keV]
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Signal spectrum y

» y-rays emitted by the interaction of 235-270 MeV neutrons with 160
» This spectrum consists of y-rays from 160*, ISN*, 12C* etc...

 Intensities of each y-ray are extracted by spectrum fitting

-
o

5.27 MeV (15N*)

107" i T
| 4.44 MeV (12C*) w

6.13 MeV (160%)

counts [/uC]

l 6.92 MeV (1607)

—h
mmnn

102

1 1 1 | 1 1 1 1 | 1 1 1 1 | 11 1 | | 11 1 | | 11 1 | | 11 1 | | 11 1 |
0 1000 2000 3000 4000 5000 6000 7000 8000

energy [keV]
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Spectrum fitting

* The signal spectrum 1s expressed as a linear combination of
individual y-rays and continuous component

» Relative intensity of each gamma-rays are extracted by fitting

Gamma-rays

Continuous Signal
4 Somponent A Signal 1 A Signal 2 A Signal 3 ‘
Water
> > > > target
X Pcont. X / X .
A\A wont l P1 Pz / XP3  Signal template for 6.92 MeV
. made by simulation
—— Signal .
........... Best Fit % 6000
>
1 ] 5000

>
Energy

4000 (-
3000}
2000}

1000

o

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

Energy [keV]
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Reaction

Energy [MeV] Nucleus (J7) Process

2.30 BN(7/2%) °0O(n, np)°N*
274 160(27) 160(n, n")10O*
3.68 B3C@3/27) 10 (n, a)3C*
4.44 2ch 1°0(n, na)'?C* etc . . .
4917 HN(07) 1°0(n,2np)*N*
5.10 N((27) 1°0(n,2np)*N*
5.18 BO1/21) 1°0(n,2n)°0* etc. ..
5.27 BN(5/2%) 1°0O(n, np)'°N* etc. ..
6.13 160(3) 1°0(n, n")10O*
6.18 50(3/27) 1°0(n,2n)°0* etc. ..
6.32 BN@3/27) 1°0Q(n, n'p)°N*
6.92 16O(2H) 160(n, n")!°0*
7.12 160(17) 160(n, n")1°0O*
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Fitti]..,_ ...... | VY e YA\ V. PN WAN .
Cross Section

o 444 E, [MeV] Cross Section [mb]
b 16( 2.30 0.82 + 0.7
p 16( 2.74 22+0.9
3.68 4.1+1.2
51 4.44 37.5+6.8
— 4.92 1.9+1.2
E 5.10 <0.11
S 5.18 1.3+0.9
g 9.9+ 1.9
6.13 22.3 +4.1
6.18 4.6+ 1.3
6.32 129+2.5
6.92 6.0+ 1.5
7.12 9.0+ 1.9
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Fitti]..,_ ...... Wda. 70N NNAX X7\ .
Cross Section

* 0.32 E, [MeV] Cross Section [mb]
b 16(
2.30 0.6 1023
3.68 0.5 1023
4.44 2.0 4071
% 5.18 1.1 0406
Z':‘ 5.27 1.6 10598
g ° 6.13 1.9 064 9
§ 6.32 3.8 1349
6.92 0.6 10293
7.12 0.6 10293
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Fitti]..,_ ...... Wdrs /N NAX .\ 7\.
Cross Section

* 6.32 E,[MeV] Cross Section [mb]

p 16C 2.30 <6.9
2.74 <2.8

3.68 37+2.6

5 T 4.44 10.8 £33
= 1 4.92 <3.7
5 i 5.10 54+2.6
S 5.18 <6.2
1°§ 5.7 8.0+ 2.7

; 6.13 0.4+3.1

07l 6.18 92 +3.4

6.32 153442

E 6.92 72426
7.12 53+2.3
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Comparison with previous study 20

e The result of E525 (30, 250 MeV) 1s roughly consistent with R.O. Nelson
et al. (2001).

e E487 (80 MeV) shows smaller cross section result than the other results.

» Non-linearity of proton current measurement cause the underestimation
for cross section

T oy T T B T -
§ oy R ONelsonetal ...... (2.0.0..1) ...... ERE-T S B RONelsonewl@OOl)
g gg o Thls study 1 3 - o ThlS study B
§ 50:—.. ------------------------------------------------------------------------------------------------------------------------ = g 80_—-5-. ................................................................................................................................... _
S 40 4 & g
- . . B0 [ =

T

02 P S S R o e e

: - : : : : o : : : : :
] e i e — - 20 TR A A o A

| | | | | l | | | | : | | | | : | | | | | | | | | | | | | | | | | : | | | l | | | | : | | | | | | | |
0 50 100 150 200 250 0 50 100 150 200 250
Neutron Energy [MeV] Neutron Energy [MeV]

R.O. Nelson et al., Nucl. Sci. Eng. 138, 105 (2001)
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e INCL++ and BIC show better agreements with observed data
in 30 MeV and 250 MeV

e Reported by Hino-san in the poster session

Count /8.0 keV/neutron

0.5

0.4

0.3 L4 |

T, ol B 4 LY \
‘f‘i} ‘ ‘.“:’wl.“‘ i . e “‘\"m IIAL | "n‘ i |
ALY (e PR L A i 1™
L[ ol ™ ) [ TN R 10 ul
0.2 Iy S W B ai
| | | N b
i \ -

2000

3000

4000

5000

INCL++

BIC

1933.4 / 750
2405.5 / 750
4632.9 / 750

“Preliminary] & KWL Preliminary -
e & Wy E525Data
____________________________________________________ 2 15'“\"NCL+HP
= e BIC +HP ]
= ki Jwﬂ"ml il ‘“mm r " ‘

-------------------------------------------------- = 1.0;----\--,--}“1 L |l BERT +HP-
SN i ARl }\‘ 'JP“.. il UI||| ]

: | i rw .|§-| i

0.5 b— oo i e l ........... Lﬁm! ..... E . T SO S _

: : | ||"|“|"II i

| i ool _To__t ______ Syst.. —180%
6056 — %OBO — 8000 2000 | 30%0 4050 — 5050 | 6050 — 7050 — 8000

x2/ndf @30 MeV x2/ndf @250 MeV

122.4 /120
133.0 /120
238.6 / 120
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Summary -

e It 1s important for SRN search to understand neutron-160 interaction

* We measured y-rays produced from neutron-1¢O reaction using 30, 80
and 250 MeV neutron

* Data analysis

» Neutron flux was estimated after particle identification and energy
reconstruction

» Relative intensity was obtained by spectrum fitting

» Cross sections for each y-rays were calculated

* Comparison with nucleon-nuclear interaction model
was reported by Hino-san

» INCL++ and BIC have the better agreement 1in both 30 and 250 MeV
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I 2V —HRSR (LgS)

I—==— .1 B
i +p — "Be* +n Eﬂ%jj - 7}(@%5’9 | S
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-7 7 v 7 A (LgS)

PIial—Yarsz

it

Y — 7 8% 13220 - 250 MeV

— Z OFEE D R 2 Wi AR RS
o FET7 7y 7 A
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60CO 117 MeV, 1.33 MeV
241Am/Be 4.44 MeV
S6Fe 1.63 MeV + S.E. + D.E.
40K (BR1R) 1.46 MeV
H (FARE T 18) 2.22 MeV
F0C Tt 1137/7

PO 2.684 +0.003186

DAY vEEENT 2500
HPGet&kHEs D T RI)LF— o
v UJL—araiTholk: 1500

SENFEINS6 MeVihax
2. RWiRFIEZ HESE

1000

500

IIII|IlllllllllllIlllllllllllll

1 1 | I | I | I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 l | I | I |
0 1000 2000 3000 4000 5000 6000 7000 8000
Energy[keV]
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Event selection and reconstruction

Event cut for neutron selection

>

Neutron events have
longer tail

Neutron
Gamma-ray

Scintillation emission

>
Time
o— 0.5 80
S AN
s 0.45 ;‘: : .- | - - -. - - 20
sl . - . . Neutron
<) —60
- 0.35 88 ' -
0.3/ =
0.25 - -40
0.2 s
0.15 =% ac A SR
o1
Gamma-ray o
0.05 _
00 ] 1 1 1 2|0 1 1 1 4|0 1 1 1 6|0 1 1 1 8|() 1 1 1 10|0 1 1 1 120 0

Final presentation for master - Deposit energy [MeV]

30

Kinetic energy reconstruction
TLi1 LqgS

Neutron
I—— I
>
y-rays from 7Be”

Li(p, n)’Be*

 y-rays from 7Be” enter the LgS

before neutrons

» Energies of neutrons are calculated

based on the time difference

u — total
10° — — gamma

- Time diff.
102 _— < > I

| h’"‘u

- ’ rn".'nl 1|,,,'|,.|

10 ‘ Wﬁl‘h\r

1_|..|“J._.._l R O I I

360 380 400 420 440 460 480 500

Time of Flight [ns]
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ANT W74 T4 V7 HPGo D
o T4 T4 VYT ERIT, BN VRO EKMIHREE KD 5

Signal template Background template
KB TEEL S N MEFH
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B RE ‘
6.92 MeV " r )
TV 3 7o UILDSD
AV % -\ PR
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\_ J 3000 4
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80 MeV
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