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Super-Kamiokande Gadolinium (SK-Gd)

* SK-Gd: Experiment aiming to the world’s first observation

of the Supernova Relic Neutrinos (SRN) by loading Gd in SK detector

Why Gd?
* (Gd has the largest thermal neutron capture cross section among natural elements

» Total ~8 MeV y-rays are emitted by neutron capture on Gd

— Neutron detection efficiency is enhanced largely
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SRN search in SK-Gd 4

* Target: Inverse beta decay of O(1-10) MeV v,

1:__‘102:|||III|IIII|IIII|IIII|IIII|IIII|III|:
— Can remove backgrounds w/o neutrons _cEJ - —+— SK-Vl observed data (552.2 days) 7
. — [ ] Atmospheric-v (non-NCQE) =
 Backgrounds w/ neutrons remain *UE) - : Atmospheric-v (NCQE) | i
— Focus on the atmospheric neutrino-oxygen e BN Spallation "Li
9D oL I Reactor-v _
neutral-current quasielastic reactions (NCQE) o r [ 1 Accidental coincidence 3
g Y DSNB (Horiuchi+09 6-MeV, Max.) -
SRN E *= signal region T
Voe+p—e +n Z |
e e, RIS 77 | — !
: ¥ Gd E - Y, i
_e ..... A - 1
................... P n . g -
""" ......................... ... ,O‘ JV@ _~£ : |
\, :: Total \ : | -
0(1_10)Meve+ EE ~8Mev-y E 10 En]-'||||||||||IJ||||||||||||||||||||||||_':
: ¥ : 10 20 30 40 50 60 70 80
- Reconstructed kinetic energy [MeV]

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

M. Harada et al., Astrophys. J. Lett. 951, L27 (2023)
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NCQE

* v(V) + 10 - v(v) + 1O + O(1) MeV vy + 0(10-103) MeV n
— By nucleon-nucleus (secondary) interaction, additionally de-excitation (secondary) y-rays and neutrons are emitted

— Must understand the number of secondary y-rays and neutrons and the energy of each secondary y-ray

* Systematic uncertainty of NCQE events in the SRN search is 68%-82%

— The large uncertainty mainly comes from secondary interaction model
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: | interaction : {interaction (¥~
- : ) \ ¥
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~115 usec(0.011% mass conc. of Gd)
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Comparison of secondary interaction models

So far Now
SK detector simulation GEANT3-based Geant4-based
Bertini Cascade model (BERT, current official model) Available Available
Binary Cascade model (BIC) X Available
Liege Intranuclear Cascade model (INCL++) X Available

* Geant4-based SK detector simulation was developed
— Various secondary interaction models can be used
— Compared the following distributions among secondary interaction models (BERT, BIC, INCL++)

using atmospheric neutrino MC

4 I
Number of secondary y-rays Number of neutron captures

Energy of each secondary y-ray  Total energy of secondary y-rays
\_ J
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Comparison of secondary interaction models

e In BERT, the number of secondary y-rays is larger than BERT
@) O INCL++
other two models n n
. O ........... » / ! O ........... »
* In BERT, the number of neutron captures 1s larger than W e ‘O
other two models d \
| !
* Trend is similar between and INCL++
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Comparison of secondary interaction models

* In BERT, many continuous components exist (e.g.)

in addition to the peak structure of de-excitation y-rays n O

- O ........... > / 6 MeV !

* In BERT, total energy of secondary y-rays is larger than P, A

other two models 1 Total

|
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Event selection 11
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Verification of secondary interaction models

* Not significant due to the small statistics, but BIC and

INCL++ are closer to the observed data than in BERT

* x? becomes significant

— Determine the best secondary interaction model

— Systematic uncertainty decreases in both NCQE cross

section measurement and SRN search
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NCQE cross section measurement

(O_measured
NCQE

— Consistent with <

— Consistent with the previous study in SK pure water phase

)

I"#

‘k+,
N°" = Ngig g theory
N X \ONcQE
&)
+0.87

0.74 + 0.22(stat.)

(preliminary)

-0.16

(syst.) X 10738 ¢cm?

ag;;;-‘f> = 1.02 X 10-38 cm?

1.01 + 0.17(stat.) T9:25(syst.) X 10-38 cm?
(L. Wan !"#$%Phys. Rev. D 99, 032005 (2019))

e Large systematic uncertainty comes from the difference

among secondary interaction models

— Systematic uncertainty decreases by determining

the best secondary interaction model
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Summary

* NCQE is one of the main backgrounds in SRN search

— Must understand secondary interactions for the precise estimation of NCQE events

* Verified which secondary interaction model is closer to the observed data

— Not significant due to the small statistics, but BIC and INCL++ are closer to the observed data than in BERT

* Performed the NCQE cross section measurement in SK-Gd
—> (aﬁnceé‘gured) = 0.74 £ 0.22(stat.) 387 (syst.) X 1038 cm? (preliminary)
— Consistent with <alflfée(§£y> = 1.02 X 10-38 cm?

— Consistent with the previous study in SK pure water phase (1.01 + 0.17(stat.) X825 (syst.) X 10-38 cm?)

» Systematic uncertainty of NCQE events decreases by determining the best secondary interaction model

TAUP 2023
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Supernova Relic Neutrinos (SRN) 16

* SRN: Integrated flux formed by neutrinos 1o
> = Horiuchi+21 (Extrapolated, $#=0.1, NO)
from all past core-collapse supernovae %’ s 520 10
B L% Horiuchi+18 ( %z’.s,cm =0.1)
_’__'L‘ Nakazato+15 (Max, 10)
% 1 :__‘ ‘ ------ Nakazato+15 (Min, NO)
. ~~ RS N = = = = Galais+10 (NO)
* SRN flux depends on the following N N — o Horuchi+09 (6 VeV, M)
E L e\ A =im = Lunardinio9
" K 2 = Ando+03 (updated at NNNO5)
Core-collapse rate L 10t W2 . —— Kapingras00
- * 7, ‘s, Malaney97
MetalliCIt é - ¢ . S ,&/ ’:’ ------------ Hartmann+97
y E I ,‘, 4} e ) ’ L, mimaima Totani+95
The number of emitted neutrinos per supernova etc. _— 102 N\
Z -
% -
* Detecting the SRN would enable us to understand 103
the star formation history as well as the supernova mechanism -
104 = :l,"%,
_I | | I | | I | | I .| | I | | | | |”,'4 /?’4\ | |

10 20 30 40 50 60 70 80
'y Energy [MeV]

TAUP 2023 K. Abe e al., Phys. Rev. D 104, 122002 (2021)



SRN flux 17

dP(E,) _ Zt dz Z. + { M., AN(M, Z, E{,) } ]
T Cfo PR e e [Rc;CSN(Z)j0 Y7z, 2) JM_/$ Yimr(M) a5 dM \ dz

Hubble constant

Density parameter

Cosmological constant

Total core-collapse rate

Metallicity distribution function of progenitors
Initial mass function of progenitors

Neutrino number spectrum from the core-collapse of a progenitor (E,, = (1 + 2)E,)

TAUP 2023 K. Nakazato et al., Astrophys. J. 804, 75 (2015)



SRN flux 18
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Figure 10.Total" uxes of SRNgsolid) and contributions from various redshift ranges for the reference model. The lines except for the solid line correspond,
to bottom, to the redshiftrangés z 11 z 2,2 z 3,3 z 4,and4d z 5 forEp 10MeV. The left and right panels show the cases for norr
and inverted mass hierarchies, respectively.

TAUP 2023 K. Nakazato et al., Astrophys. J. 804, 75 (2015)



SRN flux 19
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Figure 3. Components of the DSNBux spectrumg! / dE, of electron antineutrinos arriving on Earth with enegdgr the case of ourducial mode(Z9.6 and W18;
ng,b 2.7M. ; besttt !). In the left panel, solid lines correspond to the contributions from EC&i), successful iron-core SNeediun), and failed SNe
(dark to the total DSNB' ux (dashed ling The right panel shows tHaux originating from different redshift intervglgyht to dark for increasing redshiffTo guide
the eye, the approximate detection windowldf#EB0) MeV is bracketed by shaded vertical bands.

TAUP 2023 D. Kresse et al., Astrophys. J. 909, 169 (2021)



Super-Kamiokande (SK) 20

Large water Cherenkov detector (1996 - )
Super-Kamioka Nucleon Decay Experiment
Super-Kamioka Neutrino Detection Experiment

Consists of tank filled with ultrapure water and photomultiplier tube (PMT)

ID: Reconstruct the information of charged particle 50 kilotons (FV: 22.5 kilotons)

OD: Veto cosmic ray muons

Inner detector (1D)

' |
Time '+ Energy 11,129 20-inch PMTs
Quantity of charge I Position it
(! # of Cherenkov photons ) | Direction Outerldetector (0D} =

TAUP 2023



Super-Kamiokande Gadolinium (SK-Gd) 21

Neutron Captures on Gd vs. Concentration
: - = ST T T Thermal
Element — Atomic weight O 100% - 132tons £~90% I neutron
O ﬂ Cross
> 32.065 u O 80% _ 40tons AE~75% s || section
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+ |
Q. | | =
H 1.00784 u © i | G4 = 49700
O ©60% 13.2 tons of - - -
Gdz(SO4)§3*8HZO 1] S=0.53
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,, ,, 40% - AE-S0%capture” S L L ] H=03s
(SK-VIistatus) O =0.0002
| -/ 38| 8 3 |
. o - A -4 - _
Gd  :3145u 20% ol el e |
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8H-O : 144.12 0 N L ‘ L
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0. 0001% O 001% 0.0l% 0.1% 1% 15

TAUP 2023 M. Vagins, “A Gadolinium-loaded Super-Kamiokande”, Neutrino 2022 (2022)



Neutron capture time constant
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Fig. 13. Neutron capture time constant as a function of the gadolinium concentration.
The red points correspond to the Geant4 Monte Carlo simulation, while the black
line corresponds to an approximate polynomial function. The horizontal blue band

represents the mean neutron capture time constant measured with the Am/Be source,

and the vertical blue band represents the derived concentration, which is consistent
with the estimation from the weight (110 ppm) described in Section 4.3.

K. Abe et al., Nucl. Instrum. Methods Phys. Res., Sect. A 1027, 166248 (2022)
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Abundance and cross section of Gd 23

Table 2. Relative abundances of gadolinium isotopes in natural gadolirdiiinajnd their radiative thermal

neutron-capture cross-sectiods. [

Isotope Abundance Cross-section

[%0] [b]

152Gd 0.200 735
1%Gd 2.18 85
1%5Gd 14.80 60 900
1%6Gd 20.47 1.8
157Gd 15.65 254000
1%6Gd 24.84 2.2
160Gd 21.86 1.4

TAUP 2023
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Total energy of ! -rays from neutron capture on Gd

3Tota| energy of ! -rays (n capture on Gd, MC, true)
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Effective detection cross sections 25

Effective detection cross sections

1055' — T T T ] | | |
L ¥
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% /'/
o i =
10 ki S
I —— — — — — ]
T R S e
!
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E, (MeV)

Figure 5. E! ective neutrino interaction cross sections as a function of energy

Including energy resolution and threshold & ects. See the text for details.
G. L. Fogli et al., J. Cosmol. Astropart. Phys. 04 (2005) 002
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Background and SRN

» Atmospheric neutrino charged-current reactions were the main background of SRN search

SRN
' # '"$ ##S$
: Gd
I Can remove ! . P n N
’ o Jl T ——el T

.
........
.......
. v

_ . i $(1-10)MeVe' ii ~8MeV

Prompt signal — Delayed signal
~115 ! sec (0.011% mass conc. of Gd)
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NCQE 27

* ((102-10%) MeV atmospheric neutrino reacts with oxygen nucleus
— (0(1) MeV de-excitation y-ray and O(10-103) MeV neutron are emitted
 Difficult to distinguish NCQE events from SRN events

— Important to estimate NCQE events precisely

SRN NCQE
NEI"S HHS | O&H ' S & " # U B
o cd P ogs 0 A
S P n — n- .
P Bi Q J e @ ........................ O A
\ Total \ \ 1 Total \
$(1-10) MeV e* ~8 MeV ! %(1) MeV ! ~8 MeV |

Prompt signal — Delayed signal
~115 ! sec (0.011% mass conc. of Gd)

TAUP 2023

Prompt signal — Delayed signal
~115 ! sec (0.011% mass conc. of Gd)



28

Energy of primary neutron

(MC, true)

gy of primary neutron

[MeV]



Flux upper limit 29

EIIIlIIIlIIIlIIIlIIIlIII|III|III|III|III|III|III
e  SK-VI Observed (This work)

==mmim - SK-VI Expected (This work)
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102 &=~ SETEIEIEY SK-IV Expected —
SR ——— KamLAND Observed =
- == [ ] Modern DSNB Predictions .
| —A— _
- - _A_— —
10 = T " -, e E

=

[EEY
o:
=

T Flux Upper Limit [cm™ sectMeV]

10"2 cec e b b b b b b P b P By
8 10 12 14 16 18 20 22 24 26 28 30 32

T, Energy [MeV]

M. Harada et al., Astrophys. J. Lett. 951, L27 (2023)
TAUP 2023 M. Harada, “First result of a search for Diffuse Supernova Neutrino Background in SK-Gd experiment”, August 31%, 14:00



INC model 30

I"#3$%896"% ('Y ()*+,-*./'%0*123456
I Target nucleus is treated like a continuum with density distribution

I The collision point # is given by the following equation

#1$ %R (

! #
| § '
L83 $% & (#' $)% & (

%  : Mean free path
( : Uniform random number between [0, 1)
) : Nucleon density

: Mass number

+ : Number of protons
, ) . Collision cross section between the incoming particle and target proton
, ~ . Collision cross section between the incoming particle and target neutron

TAUP 2023 M. J. Kobra, “Intranuclear Cascade Model for Deuteron- and Alpha- induced Reactions at Intermediate Energies”, Ph.D. Thesis, Kyushu University (2017)



INC model

57.9%8%"%('%()*+,-*.['%0*12+-8%+,-9::6
!

31

Each projectile and target nucleon 1s given a position and momentum

I The nucleons will propagate until they come close to a certain distance -

%.

% Nucleon-nucleon collision cross section

H. Iwamoto et al., Biomedical Soft Computing and Human Sciences, 13, 2 (2008)
TAUP 2023

M. J. Kobra, “Intranuclear Cascade Model for Deuteron- and Alpha- induced Reactions at Intermediate Energies”, Ph.D. Thesis, Kyushu University (2017)



Coalescence 32

Target nucleus

-

Fig. 1. Schematic representation of the surface coals-
cence process.

TAUP 2023 H. Iwamoto et al., Biomedical Soft Computing and Human Sciences, 13, 2 (2008)



BERT 33
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BIC 34
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INCL++ 35
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Final state model (neutron inelastic scattering) 36
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Atmospheric neutrino flux 37
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Theoretical NCQE cross section 38
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Number of events 42
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