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Measurement of the neutrino-oxygen
neutral-current quasielastic cross section
and study of nucleon-nucleus interaction model
using atmospheric neutrino data in the SK-Gd experiment
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SK-Gd experiment

* In Jul. 2020, 0.011% by mass of Gd was loaded in SK
— SK-Gd experiment started!]

Fraction of Captures on Gd
o
[o2]

« Since Jul. 2022, 0.03% by mass of Gd has been loaded in SK g ~75%
~50% '
« Why Gd? 0.4
- Largest thermal neutron capture cross section b 7
among natural elements i
. _—=<0.011% : :~0.03%
- Emit a total of ~8 MeV of gamma rays e R R

— Neutron tagging efficiency is largely improved

« Aiming the first observation of the diffuse supernova Cn) H
1 G ' :‘:,... :’.\':: . ".““v v
neutrino background (DSNB) P \
[1] J. F. Beacom and M. R. Vagins, Phys. Rev. Lett. 93, 171101 (2004) 2.2 MeV Y
LI. Marti et al., Nucl. Instrum. Methods Phys. Res., Sect. A 959, 163549 (2020)
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DSNB search in SK-Gd experiment

« Search for the inverse beta decay (IBD) by electron

. . —_— +
antineutrinos (Ve + p — e” + n) DSNB search result using the observed data

» Detect positron (prompt signal) and neutron (delayed with 0.011% by mass of Gd
Signal)pairs vl—'_'102:|III T T 1 T T 1 T T T III|III|III|III|III|III II:
i - ——4— SK-VI Data (552.2 days) -
— Can remove backgrounds without neutrons e r [ Atmospheric- (non-NCQE) ,
& - [ Atmospheric-v (NCQE) .
G>.) B - Spallation °Li —
© - Reactor-v
s 10 [ ] Accidental coincidence —
: lllllllllllllllllllllllllllll :Illlllllllllllllllllllllllll: _g I DSNB (Horiuchi+09 6-MeV, Maximum) E
Do : Gd : 2 -
€ P = N A i
A' L E ;O ------ "} V@ E 1 )
: e : U
: Total \
0(1-10) MeV et ~8 MeV y
Fasssssssssssssssssssssssnsnss® "annnansnsssnannnnnnnnnnnnnnnat 107"
Prompt signal — Delayed signal 8 10 12 14 16 18 20 22 24 26 28
~115 psec (0.011% by mass of Gd) Erec [MeV]

M. Harada et al., Astrophys. J. Lett. 951, L27 (2023)
FY2024 1st CRC Town Meeting M. Harada, Ph.D. Thesis, Okayama University (2023)



NCQE events in DSNB search

» Neutral-current quasielastic scattering (NCQE) reaction

Atmosphere

« Atmospheric neutrino knocks out a nucleon of the oxygen nucleus N et

— Deexcitation gamma ray and neutron pairs mimic DSNB events

Vu(‘_’u) .:: .:'. Vu(‘_’u) -' Ve(ve)

— Important to estimate NCQE events precisely _

NCQE DSNB (IBD)
v(V) + 10 > v(V) + PO+ vy +n Ve +tp—e+n
: v/V O n qu : Ve ch\j

ri O P D e F O
\ i et \ P Nl ot

0(1) MeV'y i ~8MeVy : 0(1-10)MeVe* i ~8MeVy

Prompt signal ——» Delayed signal Prompt signal ——» Delayed signal
~115 usec (0.011% by mass of Gd) ~115 usec (0.011% by mass of Gd)

FY2024 1st CRC Town Meeting S. Sakai, Ph.D. Thesis, Okayama University (2024)



NCQE events in DSNB search

» Energy of atmospheric neutrinos: 0(102)-0(103%) MeV

» Energy of neutrons from (atmospheric) neutrino interactions: 0(1)-0(103) MeV

— More gamma rays and neutrons are generated by nucleon-nucleus interactions

« Cannot distinguish between neutrino and nucleon-nucleus interactions in SK

— Must understand each process that generates

gamma rays and neutrons

Energy of neutrons from neutrino interactions (MC)
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What | did

Study of nucleon-nucleus interaction model

» Evaluated nucleon-nucleus interaction models systematically

for the first time

FY2024 1st CRC Town Meeting
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Nucleon-nucleus interaction model

» Consist of intranuclear cascade model and evaporation model
- Intranuclear cascade model: Describe a chain of reactions triggered by a reaction between an incident

particle and a nucleon in a nucleus
- Evaporation model: Describe a process of emitting nucleons and gamma rays isotropically

when an excited residual nucleus deexcites

Intranuclear cascade Evaporation model
model

FY2024 1st CRC Town Meeting



Nucleon-nucleus interaction model

» Evaporation model is so different
- BERT unique (BERT): Continuous transitions till the end

- G4PreCompound (BIC, INCL++): Continuous to discrete transitions (more realistic)

Intranuclear cascade Evaporation model

model A
p .k
fed ,
y' &) :
Can be used in Geant4-based SK detector simulation

BertlnlCascadeModeI
(BERT, SK official modely ™ ». BERT unique
e ol CAProComoOuRd. BERT unique  G4PreCompound
INOLan (BERT) (BIC, INCL++)

FY2024 1st CRC Town Meeting



Energy of gamma rays

* BERT:

Energy of gamma rays by neutron inelastic scattering (MC, NCQE)

Many continuous components in addition to peaks of deexcitation gamma rays
« BIC & INCL++: Similar tendencies

10° :

# of gamma rays

il m
Ll
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Number of neutron captures

« BERT: Number of neutron captures per NCQE event is large (1.29/NCQE event)

« BIC & INCL++: Similar tendencies (1.07(1.06)/NCQE event)

Number of neutron captures (MC, NCQE)

(7)) —
= _
0 — BERT =
()] 7
© — BIC E
+H 7
— INCL++ =
I 2’7‘5 - 3|0 - |3|5| ——E
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Comparison of nucleon-nucleus interaction model

« Select NCQE events from the 552.2 days of observed data with 0.011% by mass of Gd
— Compare the following distributions in BERT, BIC, and INCL++

- Cherenkov angle of prompt signal: Correspond to the number of gamma rays

- Energy of prompt signal: Correspond to the energy of gamma rays

- Number of delayed signals: Correspond to the number of neutron captures

NCQE
~
n: Refractive index \

:8 = U/C Recon ring
_

—
I
———Xﬂi cosfO. = iﬁ \N

" n~1.34
B~ 1

— B¢ ~ 42 degrees

X

True rings of 2y

N— S
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Comparison of nucleon-nucleus interaction model

Cherenkov angle of prompt signal Energy of prompt signal Number of delayed signals
g12_""|""|""|""|""|""_ 5314_|'"|'"|'"|'"|'"|"'|"'|"'|"'|"'|"_ £ I e
[0 - ] - 1 o 35— —
i Data X /ndf i G 1oL X? /ndf Data _' o F x* /ndf Data -

o+ 230/15 ] b i T ] of | tais 3

Lo BERT 19.6/15 i 10 6.9/11 BERT 7 E T 3.1/5 BERT  :
s:— _____ BIC 1 19.8/15 It |==an 6.8/11 BIC E 255— 2N 28/5 . BIC =
6= — INCL++ |, | I ] e — INCL++ ] 20 — INCL++

i M °r e E 15 =
| N AL A I R IE H - 5 ; - ]

. - o Tl E 101 E
2:— R I S 5 ] 2;— 1_____4:::: g | . 5 f— —E
B2 TS e 70 s 80 O 61214 66 20 22 24 2626 =5 S E—T

0 [degree] E s [MeV] N etayed

Correspond to the number of Correspond to the energy of Correspond to the number of

gamma rays gamma rays neutron captures

 QObserved data: 38 events
« Evaluate each distribution using chi-square
— Not conclusive due to small statistics

— Suggest that BIC and INCL++ reproduce data better than BERT
12
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Determination of nucleon-nucleus interaction model

» Focus on the number of events in Cherenkov angle of prompt signal (6¢) € [78, 90] degrees

» Consider statistical uncertainty of data and systematic uncertainty of MC
— BERT is ~2.20 far from data at this work

0c € [78, 90] degrees

%>12_""|""|"" |

0 —+- Data Number of events
I BERT (B¢ € [78, 90] degrees)
gl—
I BIC e Data 14
6— — INCL++
- BERT 26.8
i
. e BIC 18.4
2:_ ----- o _‘_H INCL++ 18.9
%o""4|o""5o""6|o' '7|o"' 80 90

FY2024 1st CRC Town Meeting
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Determination of nucleon-nucleus interaction model

« SK continues to observe with 0.03% by mass of Gd

« Assume that neutron tagging efficiency improves
from 35.6%![" (Gd: 0.011%) to 63.0%?! (Gd: 0.03%)

— Statistics increases by about 1.4 times with the

same live time

« Evaporation model can be determined at 5o by
using ~4 years of data (Gd: 0.03%)

Poe) IIII|IIII|IIII|IIII|IIII=IIII|IIII

0 1 2 3 4 5 6 7

Live time (Gd: 0.03%) (year

N

[1] M. Harada et al., Astrophys. J. Lett. 951, L27 (2023)
[2] Y. Kanemura, “Improvement of neural network analysis in SK-VII”, SK internal slide (2023)

FY2024 1st CRC Town Meeting
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Results from other experiments

« RCNP!I (quasi-mono energetic neutron beams + water target)

- Evaluate energy spectrum of gamma rays
using chi-square (See the right slide —)
Suggest that INCL++ reproduce data
better than other models
« T2KII (accelerator neutrinos)
- Compare the following distributions in BERT
and INCL++
- Cherenkov angle of prompt signal
- Energy of prompt signal
Suggest that INCL++ reproduce data
better than BERT

Cascade Models

- BRAAWRT—RETILVEOLE: ThEnT 74 N DBRMEETILEFEES BT

- E525%RERT — 9&03 ’—‘5(%73’( FETRE (%ff‘tbnh?fz BFREICHFEFTISVIADNS

10
i

8 il "Prelim nary g Preliminary-
> C W >
S F | = E525 Data -
S o4 [1 1 3 INCL++
z N ] 2 u\‘ BIC
g 0.3 7 g \
S \ ] 3 : ‘HWH SFERT
o2 il A . I HH
r ‘ [ \ “MM i "
0.1 : i i
ool Tot: Q\1e+ =-1.0.1% ¥ oo -Tot. Syst = -!8 %
2000‘ = ‘3000‘ = 21000‘ = 5000 = 6000‘ = ‘70{)0‘ = éOOO 2050‘ = 2!000‘ = :lOOO — 5000 — 6000‘ — ‘7000‘ — él;l]l)
Energy /keV Energy /keV
[ Model | x2/ndf @30 MeV x2/ndf @250 MeV
INCL++ 1933.4 / 750 303.1 /120
24055 / 750 348.7 /120
BERT 4632.9 / 750 592.7 / 120
2 .
X N g e - Both da’_ca§et prefer INCL++ model.
X = Z st U - BIC: similar due to the syst. error.

. Bertini shows a large inconsistency.

] BEEGA M, “=a—KhY)/ RSBREICET cPEFEREFRERGEHEASEROERT —F VI 2L —yavyETILOLR, JPS FE79EFRAR (2024)
[2] TS fib, “T2KEERICKZZa—MU /FEHL Y MRIGEEDIZHDGeantdX—ADEHEB Y T 2 L—Y 3 Y OHE”, JPS F79[MEFERKS (2024)
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Prospects (SAMURAI-79 experiment)

* RIKEN RIBF (80O and 7O (200 MeV/u) beams + liquid hydrogen target + SAMURAI spectrometer)

- Measure the particle decay branching ratio from 1°N*, 1°0* and 180O* as a function of excitation energy

- Measure the energy spectrum of deexcitation gamma rays and neutrons without energy threshold
— Tune the deexcitation model

— Reduce uncertainties of atmospheric neutrino backgrounds (= 40% — ~10%)

Setup for 190(p, 2p)1°N* Setup for 190(p, pn)'50* and 7O(p, pn)1€¢O*
Neutron
detectors
(plastic scintillation)
NEBULA and \ NEBULA and
B NEBULA-Plus . NEBULA-Plus
(silicon) s AN A

STRASSE SAMURAI STRASSE  : SAMURAI
Magnet eveee flannn . ; Magnet

LH: target LH: target

—_—
@ 160 beam

\ LTI
Residual Residual

—
@ 160 beam
Yy
nuclei nuclei

Drift Chamber and @ Drift Chamber and @

hodoscope hodoscope

(Csl(Na) crystals)

S. Sakai, “Inverse-kinematics experiment using oxygen beams at the RIBF:
FY2024 1st CRC Town Meeting Toward the observation of diffuse supernova neutrino background at the SK-Gd project”, ADRIB25 (2025)
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Prospects (TOMOE project) ERATO (1) TOMOE

« JST ERATO SEKIGUCHI Three-Nucleon Force (TOMOE) Project (Oct. 2023 - Mar. 2029)

. S |Nuclear fusion & fission ” Nucleosynthesis| | Neutron star

Applied Science

Evolution of Nuclear Data

Polarization Experuhent
- Few-Nucleon S ms-

h
)

High-Accuracy
Quantum -Body

le

Determination of

) % Three-Nucleon Force ¢ @ g
\ ; i Towards High Precision

Nuclear Force ¢

Fundamental Science

Descriptions of Nuclei from First Principles

Establishment of Quantum Many-Body Simulation Tool of Nuclear Phenomena
with High-predictive Power

FY2024 1st CRC Town Meeting https://www.jst.go.jp/erato/sekiguchi/




Prospects (TOMOE project) ERATO (1) TOMOE

« JST ERATO SEKIGUCHI Three-Nucleon Force (TOMOE) Project (Oct. 2023 - Mar. 2029)

|Nuclear fusion & fission ” Nucleosynthesis| | Neutron star

Applied Science

Evolution of Nuclear Data

md e

« Developing a system to calculate and illustrate nuclide production cross sections

from light particle (n, p, d, t, 3He, «, y) injection reactions
— Understanding the status of nuclear reaction model calculations and
evaluated nuclear data libraries

— Considering the optimal production methods for nuclides useful in the field of

applied science

FY2024 1st CRC Town Meeting https://www.jst.go.jp/erato/sekiguchi/



Summary

« Aiming the first observation of the DSNB in SK-Gd

— Important to estimate NCQE events precisely

» Performed the measurement of the neutrino-oxygen NCQE cross section and the study of nucleon-nucleus
interaction model
— Suggested that BIC and INCL++ reproduce data better than BERT

— Similar results are obtained from other experiments (RCNP, T2K)

» Will reduce uncertainties of atmospheric neutrino backgrounds by the SAMURAI-79 experiment

«  Will promote ‘evolution of nuclear data’ by the TOMOE project

FY2024 1st CRC Town Meeting
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Super-Kamiokande (SK)

Large water Cherenkov detector (1996-)

Consist of 50 kilotons ultrapure water and photomultiplier tubes (PMTs)
Inner detector (11,129 20-inch PMTs)

— Reconstruct vertex, direction, and energy of charged particles
Outer detector (1,885 8-inch PMTs)

— Distinguish between neutrinos and cosmic ray muons

| was a member of the SK Collaboration (Apr. 15t, 2019-Mar. 31st, 2024)

May 31, 2023@Toyama M}

Mt. Ikenoyama
Hida,
Gifu,
Ja s

Cherenkovlight

|

Inner ‘
detector

FY2024 1st CRC Town Meeting https://www-sk.icrr.u-tokyo.ac.jp/en/sk/experience/gallery/



Thermal neutron capture cross sections on Gd

Table 1. Relative abundances of gadolinium isotopes in natural gadolinium [20] and their radiative thermal
neutron capture cross sections [1].

Isotope Abundance [%] Cross section [b]
12G4 0.200 735

154Gd 218 85

155Gd 14.80 60900
156G3d 20.47 1.8

157Gd 15.65 254 000
158G3d 24.84 2.2

16034 21.86 1.4

FY2024 1st CRC Town Meeting T. Tanaka et al., Prog. Theor. Exp. Phys. 2020, 043D02 (2020)



Fraction of neutron captures on Gd

Neutrom Captwes on Gd vs. Concentration
= 132t —) 90% S]] Themel
o/ | 1921 ons2>~9»n e neutron
(2 100% - (ultlmate goal) capture
o - j | Cross
N i 3 ] section
o) o/, | 40tons 2 ~75% A R | ===
5 80% - (happening now!) f (barns)
*% * 1| Gd = 49700
O 60% 13.2 tons of . O .a,iiiit .
- Gdy(S0,);*8H,0 1] $=0.53
" in 50 ktons water ]
40% | > ~50%capture” /| | | ]| H=033
on gadiolmlum
(SK-Vl status) O =0.0002
o) I 2 I~ I~ F ]
20% | B! ] e |
| S| 3 2 .
i 5 ol o o Gd in
0 | o o
0% ; Water
00001% 0001% 0.01% 0.1% 1% 15

FY2024 1st CRC Town Meeting M. Vagins, “A Gadolinium-loaded Super-Kamiokande”, NEUTRINO 2022, online (2022)



Diffuse Supernova Neutrino Background (DSNB)

« DSNB: Superposition of neutrinos emitted from all past SNe

» Floating in the universe like background radiation 10 g . . — T
. . — - Total .
* Flux is small, but always potentially observable T B ]
’ ysp y R U — O<z<l ]
EN é ? // N mm—=-- 1<z<2 ?
~ /f ___ 2<z<3 ]
Now n 0.1 %\\\\ N _3<z<4 =
i) U e 4<z7<5
s EAN ]
3) EOAN

44 ., 1072 & \ \ AN 3
b - \ \\ \ N ;
A =100\ N \\ =
Neutrinos from . \ \\ \ . -
past SNe s [ \ oA . .
itk 1074 &= \ N 3
C P Rt R NN é

- L0 Reflecting the history of SNe
0 10 20 30 40 50 60

Big Bang 138 billion Neutrino Energy [MeV]

Y. Koshio, “The supernovae neutrino detection in Super- and Hyper-Kamiokande”, LPNHE, Paris, France (2023)
FY2024 1st CRC Town Meeting S. Ando, Astrophys. J. 607, 20 (2004)



Diffuse Supernova Neutrino Background (DSNB)

« DSNB flux:

dF (E,) jzmax dz [R ( )szax {ijax
——=c A
dE, 0 HoJQm(1+2)3+Q, el

Mmin

— Depend on SNR, , initial mass function,

number of neutrinos per SN, etc.
« There is a range of one order of magnitude on DSNB flux predictions
— DSNB observation would contribute to our understanding of the

mechanism of SNe, SFR, and SNR

» Aiming the first observation of the DSNB in the Super-Kamiokande

FY2024 1st CRC Town Meeting

dAN(M,Z,E!)
Yimr(M) dM} dZ]
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K. Abe et al., Phys. Rev. D 104, 122002 (2021)



What we do not understand

(e.g.) SN rate problem rrrr 1 " "1 T rrrrrr?

® -

 Lifetime of a massive star going SN is short enough 6\&03? 3 s

10 — O((XOO$ /// -
compared to the time scale of the evolution of the [ 00 1 g :
universe — [ - / I

' ©
— Star formation and SN can be approximated to 2@ - /:; 0&6‘“6“ .
. _ ! \t 1
occur at the same time " @csﬂ
> Co®
— Should be possible to predict the SN rate (SNR) "o 1 |
from the star formation rate (SFR) QZ?
| O Lietal Q0l1a) 1999) ]
appellaro et al.

. i i ' i i Botticella et al. (2008) 7
SNR obtained from optical observations is about half L o <0] ggpf)%%f? (l)eegg 10(9(200)5 ) |
of prediction from the SFR e e ) & paanetal ( (20021)

- Some SNe are too dark to be observed? o Lv vt b 1
_ _ _ . 0 0.2 0.4 0.6 0.8 1.0
- There is something preventing observation? Redshift z

— Would like to observe SN neutrinos more!

FY2024 1st CRC Town Meeting S. Horiuchi et al., Astrophys. J. 738, 154 (2011)



DSNB search in SK

« Search for the inverse beta decay (IBD) by electron antineutrinos (v, + p - e* + n)
— Cross section is 1-2 orders of magnitude larger than others at < 30 MeV

» Detect positron (prompt signal) and neutron (delayed signal) pairs

. 738 IIIIIIIIIIIII LU LU LU LU LU LU ULLLE
— Can remove backgrounds without neutrons A AU AR SR S A
- IBD —vP0CC--v,0CC Vv®ONC
« Delayed signal was 2.2 MeV gamma ray by neutron capture on H e L A L B L R e
— Neutron tagging efficiency was < 20% =T S — R - ]
e reareaereaeesseessressrer masesseesseesseessressrnssens . = i ;
- - 210—41_ .............. 40700 W VN N S — -
— P :n P :
Y l.E.>O “““““ @ = E % | i E
\ S \ e H/ e
O0(1-10) MeVe* :i 22MeVy / E
EIIIIIIIIIIIIIIIIIIIIIIIIIIIIIE EIIIIIIIIIIIIIIIIIIIIIIIIIIIIIE 10_45_IllliI:.:IlilllliIlllilllliIlllilllliIlllillllillll_
. . 0O 10 20 30 40 50 60 70 80 90 100
Prompt signal ——» Delayed signal _
~200 psec Neutrino Energy [MeV]

FY2024 1st CRC Town Meeting Y. Kashiwagi et al., Astrophys. J. 970, 93 (2024)



Neutron capture time constant
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DSNB flux upper limits

FY2024 1st CRC Town Meeting

EllllIII|III|III|III|III|III|III|III|III|III|III:
SK-VI Observed (This work)
SK-VI Expected (This work)
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Modern DSNB Predictions
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M. Harada et al., Astrophys. J. Lett. 951, L27 (2023)
M. Harada, Ph.D. Thesis, Okayama University (2023)



NCQE cross section

* Flux-averaged theoretical cross section:

10 GeV theory

Yi—yy Pi(E) X 0i(E) dE
<01§hCe(§Ery> = 2u S ToGeV P xoncor & _ 102 x 10738 cm? /oxygen
J160 Mev Zi=vy Pi(E)AE

- Ratio of observed NCQE events to expected NCQE events (fycqr):

NObS 38
NObS _ NeXp 3 _ NeXp Nexp
fNcQE = RLnoR QR Others — (0,725 NCQE 28.7
NNCQE —
NNC non—QE 13.3
° H . EXp
Measured cross section: NEP 40

measured\ _ theory
(UNCQE ) = fncqe X <UNCQE >

= 0.74 + 0.22(stat.) x 10738 ¢m?/oxygen

FY2024 1st CRC Town Meeting
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NCQE cross section

* Number of events

BERT BIC INCL++

Nobs 38
NNCOE 28.7 19.8 20.2
W s 13.3 10.2 10.1
Nee’ 1.4 1.1 1.2
N Sel))(;)llation 0.9 0.9 0.9
Npo o 0.1 0.1 0.1
N ccidental 1.6 1.6 1.6
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NCQE cross section

« Systematic uncertainties

FY2024 1st CRC Town Meeting

N NP o
Atmospheric neutrino flux +18.0%
Atmospheric neutrino/antineutrino ratio +5.0%

Cross section - +18.0%

Primary interaction

+1.5%/-9.4% +0.0%/-2.4%

Secondary interaction —30.9% —24.3%
Energy cutoff —2.1% —-1.5%
Data reduction +1.4%
Neutron tagging +6.4%
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NCQE cross section

« Systematic uncertainties
NEF : 60.0%

spallation

- From DSNB analysis

exp .

- Npeactor : 100.0%
- From DSNB analysis
NXZ((I:)idental = €Emis X ng)lpes—ntag 1 4.6%

- From systematic uncertainty of ¢,,;; and

statistical uncertainty of Nyrs_iag(= 5,447)

FY2024 1st CRC Town Meeting

NE

Atmospheric neutrino flux +18.0%
Atmospheric neutrino/antineutrino ratio +5.0%
Cross section +24.0%

Primary interaction

+1.2%/—-8.0%

Secondary interaction —20.7%
Energy cutoff —-19.9%
Data reduction +1.4%
Neutron tagging +6.4%
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NCQE cross section

« Determine systematic uncertainty of (algnceggured

. exp exp
1. Determine Nycqps Nnchon—qes @Nd N

according to each uncertainty

2. Calculate (oNcgs"e?) to plot

3. Repeat procedures above 1 million times

4. Range of 10 from

(oNEgs red) = 0.74 x 10738 cm?/oxygen

is the systematic uncertainty

(oNEgEred) = 0.74 + 0.22(stat.

X 10738 cm?/oxygen

FY2024 1st CRC Town Meeting

exp
Others

0.85
Toia(syst.)

) =

exp

exp
theory

obs _ —
N NNCnon-QE ~ Nothers % <
N

ONCQE > using toy MC

exp
NCQE

4500

4000

3500

3000

2500

2000

1500

1000

500

Systematic uncertainty
—— Nominal (0.74)

........... +16 (+0.85/-0.15)

oo

0.5 1 1.5 2 2.5 3 3.5 4
Cross section [10°¢ cm?]

S. Sakai et al., Phys. Rev. D 109, L011101 (2024)
S. Sakai, Ph.D. Thesis, Okayama University (2024)



NCQE cross section

o (oneasired) = 0.74 + 0.22(stat. ) 1082 (syst. ) x 10738 cm?/oxygen

— Consistent with
<alf]}ézogy> = 1.02 x 10738 cm?/oxygen

within the uncertainties

w

=9

NCE) : |
2 - e ~0.9
S 25 ]
— - —0.8
c L
ke = N
3] B —0.7
3 2 AR bbbty Theoretical —
§ B ) Theoretical (flux-averaged) —0.6
(3 1.5 —_ /' Total error —— Measured ] 0-5
B Atmospheric neutrino flux n
B —0.4
1 __ T Stat. error __ 0.3
N . .
- —0.2
0.5 -
- —0.1
o B 1 1 1 1 1 1 1 1 | 1 1 1 1 1 1 1 1 o
0.16 1 10

FY2024 1st CRC Town Meeting

Energy [GeV]

S. Sakai et al., Phys. Rev. D 109, L011101 (2024)
S. Sakai, Ph.D. Thesis, Okayama University (2024)

ux [GeV'cm2 secsr ]

Y

Atmospheric neutrino



Nucleon-nucleus interaction model

Physics List Final state model (n inelastic scattering)
. FTFP (Fritiof model + Precompound model)

FTFP_BERT_HP
. QGSP (Quark-Gluon String model + Precompound model)

. BERT (Bertini cascade model)

QGSP_BIC_HP
: : : : : : 1 : . BIC (Binary cascade model)
INCL++ HP — _
: E E : INCL++ (Liége intranuclear cascade model)
: : : . : : : : . >
o 7 < N 9 9 Ve 7z < <2
470 9 0 04? (% J o 9 o < o J o OO JO Eq . HP (High precision neutron model)

FY2024 1st CRC Town Meeting S. Sakai, Ph.D. Thesis, Okayama University (2024)



Differences of nucleon-nucleus interaction model

* Reaction point with nucleons in the nucleus
-  BERT: Determine using mean free path

- BIC, INCL++: Determine using closest approach distance

= ——1I
X o né

FY2024 1st CRC Town Meeting
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Differences of nucleon-nucleus interaction model

» Stopping time of intranuclear cascade process

- BERT, BIC:  Stop when all (escapable) particles escape the nucleus

- INCL++: Force to stop at the following time (ts¢op)
A 0.16
Lstop = 70 fm/c X (ﬁ)
» Nuclear model (nucleon density)
-  BERT: Change discretely with distance from center of the nucleus

- BIC, INCL++: Change smoothly with distance from center of the nucleus

» Condition for termination of the evaporation process
-  BERT: End when excitation energy falls below 107> MeV

-  BIC, INCL++: End after continuous and discrete transitions

FY2024 1st CRC Town Meeting
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Comparison of nucleon-nucleus interaction model

« Calculate y? using Poisson likelihood
bin Nobs,i
XZ — ZZ <Nexp,i — NObs,i 4 pobs iy )
Nexp, i
i=1

- N°bs: The observed number of events

- N°®*P: The expected number of events
— Not conclusive due to small statistics
— x?2in BIC and INCL++ is smaller than that in BERT in all distributions

x*/ndf (6¢) X% /ndf (Eyis) x* /ndf (Ngelayed)
BERT 23.0/15 9.8/ 11 5.8/5
BIC 19.6 /15 6.9/ 11 3.1/5
INCL++ 19.8/15 6.8/ 11 2.8/5

FY2024 1st CRC Town Meeting



Comparison of nucleon-nucleus interaction model

« p-value is larger (model is closer to data) as y?/ndf is smaller

2.5:|||| I'TN [T ||||||||||||||||||||||||||||||||||:
: AN BERT
20 \INCL++—_
155_ \\\1%\_5
N \1\10% 5% =
X°/n B

32%

|
|
|
|
ot
o
N
|
|
|
|
|
|
|
||||

:

1.0

o\
o
®
N

N
.\\

0.5

g
//

A\

20 30 40 50
Degrees of freedom n

0.0

o

1

o

Figure 40.2: The ‘reduced’ x?, equal to x2/n, for n degrees of freedom. The curves show as a
function of n the x?/n that corresponds to a given p-value.

FY2024 1st CRC Town Meeting S. Navas et al. (Particle Data Group), Phys. Rev. D 110, 030001 (2024)



Determination of nucleon-nucleus interaction model

« SK continues to observe with 0.03% by mass of Gd (SK-VII)

N geiayes (NCQE, expected)

. . . . 3
« Assume that neutron tagging efficiency improves x10
14
from 35.6%!"] (Gd 0.011 %, SK-V') to 63.0%/ B N ggiayea (SK-VI, neutron tagging efficiency 35.6%)
(Gd 003%’ SK—V”) 12:_ N seiayea (SK-VII, neutron tagging efficiency 63.0%)
— Statistics increases by about 1.4 times with the 10—
same live time 8:
6
4L
21
= |
% 2 4 6 8 10
Ndelayed

[1] M. Harada et al., Astrophys. J. Lett. 951, L27 (2023)
[2] Y. Kanemura, “Improvement of neural network analysis in SK-VII”, SK internal slide (2023)
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Current situation

* No published data for particle decay branching ratio from highly excited states of 1°0* and 16O~
* Normal-kinematics experiment with 18O(p, 2p)1°N* reactionl!!

- Only particles with energy above ~3 MeV are detected

- SKis sensitive to all thermalized neutrons regardless of their initial energy

— Insufficient to reduce uncertainties of atmospheric neutrino backgrounds to ~10% level

Energy threshold for Ref. [1]

gamma rays * neutrons
"E 0.08 Hauser-Feshbach g : Hauser-Feshbach
} 0.07 Fermi breakup } 0075 Fermi breakup
% 006 —— GEM _'_g 0.06F 0 — GEM
< ) . < g
. . g Na) GEM + Fermi bre o | L GEM + Fermi breakup
Emission probability from £ 0.05 | g 00g |
T g £ 0040 ! 15
de-excitation process of 1°N* 2 004 2 bt
oy 'E 0.03 I g 0-03f—|-|_i
(Excitation energy: 20-40 MeV) = | m L
0.02 0.02F 1
g |
001} 'll [ 001F
{ AL R LI o el ! e
0 2 1, El pF T W 0. Leds ol laaa bl b T
0 2 3 45 6 7 8 910 0 2 4 6 8 1012 14 16 18 20
Kinetic energy (MeV) Kinetic energy (MeV)
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[1] M. Yosoi, Ph.D. Thesis, Kyoto University (2003)



Oxygen beam experiment at the RIBF

* Plan to perform the inverse-kinematics experiment with 1O(p, 2p)'°N*, 10O(p, pn)’*0O*, and 7O(p, pn)'eO*

reactions using the SAMURAI spectrometer

- Beam: 0 and 70O (200 MeV/u)
- Target: Liquid hydrogen
40 -
_ s—hole
« Would like to measure = N
> \ (7O
- Particle decay branching ratio from °N*, 1°0* and 16O* = 30r ( 4N;\15‘1
> P
: o >
as a function of excitation energy E g-gg* ECE
- Energy spectrum of de-excitation gamma rays and © 20 jsi=— 020 755 444
o 5261 s.
neutrons without energy threshold = %%% "
-+~ . g.s. 12
— Tune the level densities in the Hauser-Feshbach < 101 1083 C+t
N+n
(statistical) model
0- 15 =

FY2024 1st CRC Town Meeting K. Kobayashi et al., arXiv:nucl-ex/0604006v1 (2006)



Oxygen beam experiment at the RIBF

Experimental setup for 1%O(p, 2p)15N*
» Detect knock-out protons with STRASSE (silicon) and CATANA :

(Csl(Na) crystals) detectors

— ldentify 16O(p, 2p)1°N* reaction

— Reconstruct excitation energy of 1°N*

* Detect de-excitation gamma rays with CATANA detector

* Detect de-excitation neutrons with NEBULA and NEBULA and
NEBULA-Plus

NEBULA-Plus (plastic scintillation) detectors
STRASSE SAMURAI

* Detect residual nuclei and all other decay products LH target Magnet

R
with the downstream detectors @ 1°0 beam :E
Y

FY2024 1st CRC Town Meeting

Residual
nuclei

Drift Chamber and @

hodoscope
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Oxygen beam experiment at the RIBF

Experimental setup for 10(p, pn)1°0* and 17O(p, pn)1¢0O*
Detect knock-out protons with STRASSE and (half of) CATANA detectors
Detect knock-out neutrons with HIME and MNEUT (plastic scintillation)

detectors

— ldentify 16O(p, pn)°O* and 7O(p, pn)'O* reactions

— Reconstruct excitation energy of 1°0* and 160"

Detect de-excitation gamma rays with CATANA detector

Detect de-excitation neutrons with NEBULA and
NEBULA-Plus (plastic scintillation) detectors

Detect residual nuclei and all other decay products

with the downstream detectors

FY2024 1st CRC Town Meeting

Magnetic field: 2.0 T

Neutron
detectors

NEBULA and
NEBULA-Plus

STRASSE SAMURAI

Magnet

LH; target \\

160 beam

Residual
nuclei

Drift Chamber and @

hodoscope
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Three-nucleon force

Binding energies of light nuclei

W
T
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