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Diffuse Supernova
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Life of Star
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Supernova Neutrinos
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Diffuse Supernova Neutrino Background
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Stax Formation Rate on DSNB
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Search for DSNB
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SK-Gd Project
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Gd Monitor using IMuon
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AR =a—hkY/FE —RFER FBF) EXK[FOD
}?%4@2 (BRI E) @)ir\ﬂflzbnt/\l\mjapggig < XEFD - N
THEREIh., IRICEDFWTWS,

8 WAR—% BERNG (IBD)

IBD (DSNB) @
Gd

SK event

RFH MR
IR

/\\

e AR

DSNB

NCQE

Spallation
Signal region CC-e

v

S — O\ A

Reactor

HERER PEHL Y MEEMEREL (NCQE)
AKx=a1— kY ./ Charged-Current& FEHi#RSpallation D AEHDSNBDE = 5813

LH L. NCQEFIBD &

‘\ p ,,
v‘\\ A § )
8 — 30

Energy [MeV]

EUTRDEDND D6 o o

XADEEL LY > K< T



15

DSNB Search in SK
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Why NCQE in T2K?
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How to VMIake Neutrino Beam?
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Understanding so far
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RCNP E525 Experiment
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Model Update

EPJC, 86, 148 (2026)
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NCQE in T2K Runl-11"
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Neural Network Classifier

3

. Improvement of NCQE behavior. Then, further reduction of NCQE BG in DSNB.
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More NCOQE Reduction?
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Analysis Flow
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Updated! - N
1. Energy cut
Si h;EQUJ L[ntuple 2. On timing cut
\ lowfit Merge o >- Decay-ecut . Results
, 4. FV cut
Data data 5. Ambient BG cut
o 1st reduction 6. 0. cut
\ \. \_ ¢ J

Information related to this study:
. Flux release 2bav1l, NEUT5.9.0 + NucDeEx v2.1

. Good spills after coil No.b off (sk_quality_flag > O && good_spill_flag > O)
- Runl13a: 572032 spills, 1.082 x 1020 POT (Nov.-Dec. 2023)
- Run13b: 519321 spills, 0.970 x 1020 POT (Jan.-Feb. 2024)
- Run13c: 865502 spills, 1.876 x 1020 POT (Jun. 2024)

- PMT-per-PMT relative CE correction was introduced to the energy
reconstruction (lowfit) and the detector simulation (SKG4).




Flux -

Flux: Run13a
13_ . Runl3 (release 25av1) vs Run9a
5 oA T ey —raiay ] - FHC 320kA vs 250kA
T B4 ¢ |o runga: Ve —runi3:v,
é T S YA runda: vM —run13:§M . Integrated Flux (0O-10 GeV) /cm? /1021 POT
: .
g 1.325 x 107 1.200 x 107 1.104
m

1543 x 105 1.444 x 108 1.068
7.495 x 105 8208 x 105 0913
2231 x 105 2301 x 105 0.970

10
Enu /GeV

- The horn current upgrade leads to
- Increase in the v flux thanks to
focusing in FHC
- decrease in the anti-v flux due to
defocusing in FHC
=> The larger NCQE event rate (per POT) is
expected in Run13 than Run1-9 FHC.

Ratio to run9a

Enu /GeV
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Relative CE

. To reflect the coil failure effect, the relative CE at each PMT was measured:
. Ratio of PMT hit rate before and after the coil No.b off

N (i) o | £qye [ XCE (D) XIQE (i)Xetc
‘ ‘ \ Water effect

Cut efficiency Same if PMT is Reflection effect
Align with coil on and off. the same. Assume the same

NiO

2520f

-> will be applied to energy reconstruction and MC response

Relative CE Map

relativeCE

relativeCE
4800

Entries 11146

Mean 0.9691

=
600 RMS  0.04614

1.20 §4oo

c
1200

3“] o0 ool barrel
. HO? L soof— tOp
Coil#5 1 - 600 bottom
0.80 o

200

o[TT

L1 | | L1l L1 11 1 1 1
8. 0.7 0.85~—0.9" 1 1.1 1.2 1.3 1.4




NnGd from AmBe

Reconstructed energy distribution :
SK-7 vs SK-7.5 (after CE correction) C

Number of events per prompt candidate

Number of events per prompt candidate
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LowE Energy Reconstruction

Nso

=1

0.10
0.09fF ¢
0.08 3 + - SK-7.5 After-corr.
0.07F ~SK-7
0.06
: 3
0.0sF
0.04
0.03F . \ SK-7.5
- *
0.02F e
0.01fF = .,
0000123456 7 8 9 10
o [Z=0m])
0.08 _ - Data ( 5~270ys - 270~535us I
0.06 5 I MC ( 5~270us - 270~535us ) i
0.04}

0.02f

0.

0 1 2 3 4 5 6 7 8 9 10
Reconstructed energy [MeV]

M. Nishigami, SKCM Nov2024

getable/7_b5_1 -

N all

Rcover ex T 1
N, normal S (927 ¢z) P )\run QEz

the relative QE variation of each PMT
orrected with the measured relative CE

-> works well in the LowE energy reconstruction.

Y. Masaki, JPS2025Fall

38:""8&%"'

S - 'I"I';';I"I':
® = -
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=379 é&k@ :l 4 VR
336.53—;# * " 0515% =
— 1 W -
33 prtigl} iy Nﬁbﬂ.w it =
e 35.5/ e
S ..l SK75:
e 35 Gd!&%)\ N
34.5H 0.01% > 0.03% >
Y |5 R Elll.,l.zlzl.ll./:

07/01 12/31 07/01 12/31 07/02 12/31 07/02 01/01 07/01

2020 2020 2021

2021 2022 2022 2023 2024 2024
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Event Selection

Good Spill Selection (count POT during SK7.5 for MC)

Timing Cut (data only): within 100 ns rw.t each bunch

Energy Cut: 4 < bsenergy < 30 MeV

Fiducial Volume Cut: dwall > 200 cm && effwall > 200 cm
Ambient BG Cut: bsenergy dependent cut to dwall, effwall, ovaq
e.g., (dwall) > a + b x (bsenergy)

-> used the same cut as run 11 for runl3a to 13c.

6. CC interaction Cut: bsenergy dependent cut to Cherenkov angle
(angle) > 1.67832 x (bsenergy) + 17.7273

T also same as Run11 analysis

ok W~

The beam-unrelated BG and CC remaining rates were not optimized for Runl 3.

From TN-514, parameters for the ambient BG cut.

| Run | _awall | bwall | _aeff | beff | aovag | bovag_
o
13

580.0 -80.0 1941.5 -314.0 0.4125 -0.042

13a 580.0 -80.0 19415 -314.0 0.4125 -0.042
580.0 -80.0 1941.5 -314.0 0.4125 -0.042
580.0 -80.0 1941.5 -314.0 0.4125 -0.042




MCVSMC'

SK7.5 vs SK4 (Runl-9)

. Compared SK7.5 with SK4 MC by LiCheng. (SK4 POT normalized to SK7.5).
- Horn current: 250 (SK4) -> 320 kA (SK7.5) gives higher event rate at SK.

effwall

effwall [cm]

0 0.10.20.30.4050.60.70.80.9

_ v-NCQE -NCOE _

SK7.5 43.8 13.6 64.8
SK4 (%) 37.7 1.3 14.4 3.4 56.8



Data Open. NCQE Selection

e I S L L L L I I

Events

ol L bbb

5 | S P 5 7 S SN SR N SO

200 400 600 800 1000 1200 1400 1600 1800
dwall [cm]

. Usual NCQE Selection § fromes @ oo - :
- N | . nuncQE i 20
.|l nubarNCQE : : E : : : : : : -
Runl11 analysis) T8 S ............. | o 3 ) TR TS MRS PN AT M
_ _ - : : -nonbeam - : : 5 : : : i
. Basically, consistent. of '
lowest bins of Evis : :
spectrum like NbO. E.. [MeV]
non-beam component,
will be eliminated by the

- [ ] SK7.5data
(same criteria with the % _
: | I NCother
Evrs Cut pomt-
- An excess In the
-> this part, as well as the
DSNB analysis threshold.

Events
Events

.................

500 1000 1500 2000 2500 3000 3500 4000 4500 -0 . . . . 0.6 0.8
effwall [cm] OvaQ

43.78 1.15 13.68 0.23 7.23 72.07 /8 £ 8.8




NCQE Event Timing

NCQE event timing in T2K window Residual from the nearest bunch

m B m _||||||||||||||I||||I||||I||||||||||||||

=. 8k S 16Ty ] —
0o g - 5

Q 7: = 14:_ ............................................................. _

= F =T 5 5 5 i i L]

§ 6_ g 12__.. ..... . - ...... __

N N | IR

5_ 10__ ...... |. ........ .| . ........ : ........ ...... __

4: 8:_ ...................................................... _

3: 6:_ ........................................................ _

2: 4:_ ..................................................... _

1: 2:_ ............................................ _

O:ll _||||i|||| |i||||i||||_

)5 800-150-100 -50 0 50 100 150 20

Timing /us Residual Time /ns

. Timing distribution of the selected NCQE candidates:
- NCQE candidates well reflected J-PARC’s 8-bunch beam timing profile!
- Residual from the nearest bunch timing within 100 ns.



Added Evis

25 LRI

”lll1ll_

¢ sKk7.5data .
20k - 2+ - e« o« o+ - 2| [ roNGeE _
[ : : : : . -nubarNCQE :
. NCother ]
[ [e¢ §
E . non-beam b

event/bin

tof et

00 20 40 60 80 100120140160180200

n50

event/bin

tefoebn b

1 R TTPE SRR P T

%.4 -0.2 0.0 . .

ovaq

event/bin

event/bin

N
2

20f-:---- e PPN -

tef droee et b

20 25
E,.. /MeV

tefctninn et

R T RESE R

00 10 20 30 40 50 60 70 80 90
angle /deg

N

(63}

Basic Distributions

event/bin

15

10

14 16 18
dwall /m

N
[6)]

N
(@)
T T T T

event/bin

ot bo

f0f et b

001020304050607080910

35

/.5, 29.5 MeV], #events and distributions are consistent.

N
[

event/bin

N
(@)

5 10 15 20 25 30 35 40 45
effwall /m

.00.102030405060.708091.0
msg

18.68

0.54

9.04

4.79




NCQE Rejection Test in SK7.5

. For validation of NCQE reduction in SK7.5 for DSNB analysis, we would like to
check NCQE events and behavior in T2K Run13 (after SK coil No.5 off period).

TN-b14: NCQE event remaining rate at each selection method

NCQE Run 1-11 FHC

- M~ TETTAY

MC setting (FHC) NCQE selection Ey;s [7.5, 29.5|MeV  Eys + 6¢ Eiis + 0c+MSGais | Evis + 0c+MSGin | Eyis+NN

NEUT-BERT-G4Cas 370.3 (100.0%) 220.4 (59.5%) 32.6 (8.8%) 11.8 (3.2%) 9.4 (2.5%) 8.9 (2.4%)
NEUT-BERT-G4Pre 348.6 (100.0%) 188.5 (54.1%) 33.5 (9.6%) 11.8 (3.5%) 9.4 (2.7%) 7 (2.5%)
NEUT-INCL-G4Pre 343.3 (100.0%) 177.6 (51.7%) 32.9 (9.6%) 12.6 (3.7%) 9.9 (2.9%) 2 (2.7%)
NEUT564-INCL-G4Pre 352.1 (100.0%) 185.3 (52.6%)  36.6 (10.4%) 13.4 (3.8%) 10.4 (2.9%) 9.8 (2.8%)
NEUT-INCL-NucDeEx 345.1 (100.0%) 181.2 (52.5%) 33.0 (9.6%) 12.3 (3.6%) 9.4 (2.7%) 9.3 (2.7%)
INEUTNuc-INCL-NucDeEx | 315.5 (100.0%) 163.1 (51.7%) __ 31.6 (10.0%) 12.8 (4.1%) 10.1 (3.2%) 9.5 (3.0%)1
NEUTNuc-GCALOR 346.5 (100.0%) 198.8 (57.4%) 26.1 (7.5%) 8.3 (2.4%) 6.6 (1.9%) 6.7 (1.9%)
Data (FHC) 289 (100.0%) 125 (43.3%) 24 (8.3%) 11 (3.8%) 7 (2.4%) 6 (2.1%)

There are no exact number and information for MSGdis cut and NN in TN-514.

-> tested the condition in red boxes.
K75|\/|C N50 > -163.84 * MSG + 146.48

NCQE selection | Evis [7.5, 29.5

64.8 (100%) 33.0 (51.0%) 6.4 (9.9%) 1.5 (2.3%)

- No ambient BG included in this number. But it will be negligible after the Evis cut.
. The reduction power is reasonably consistent with the Runi1-11 FHC.
-> the estimated systematics on these cuts will valid in even SK7.5.

Evis + 6 + MSGIin



MSGIlin cut in 2D

NCQE selection

Z200L
180}
160F

140k

120

100F-

80F-

60

h=

20F

0

00102030405060.708091.0
msg

0.0

EVIS + 6 + MSGIin

R I L LT E LT R T T P, R, S

_ ..... ........... gel.@@t@d ............. .......

AR AT IR R AT I N

.

0010203 04050607 0.80.9 1.0
msg

- The reduction power is reasonably consistent with
the Runl1-11 FHC. We can expect the same trend

In the NN cut.

If the SK7.5 data distributions are consistent with
the SK7.5 MC, we can conclude that the NN cut
works also in SK7.5 with the estimated
systematics in TN-514.
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Evis + 6 + MSGIin

140 . MC densuty (FULL)
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o o
A 80
-
60
40 4
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£ 100
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o o
Q 80
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Distribution Shape Check

Residual (Data/MC ratio) w/ the Evis cut (Evis € [7.5, 29.5] MeV)
-> the shapes are also consistent within stat. error in each variable.

N
O'I

N
1
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Q
o D
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|
|
N
o
|
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|
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E4.5_ ..................... L S ,._;
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Data/MC
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Reduction Check =~

- Reduction power at each step displayed in the Evis distribution.

- The remaining number of events are consistent with the expectation at each
step within statistical unc. => concluded to apply the same NN for SK7.5 data.

NCQE selection Evis + 9 + I\/lSGIln

¢ SK7 5 data

I nuNCQE -
Il nubarNCQE i
[ NCother

M cC -
I non-beam .

251 = 25

>
[ é i
= | + SK75data | 2 |
S ool I nuNCQE n % ool
> 1 Bl nubarNCQE | | -
b [ NCother i i
15 i B ccC ] 15 B
B non-beam . i
.. 10f
51
of

- |

e e B L B RN R >25
o L )
¢ SK75data |1 = | ¢ SK75data |1 =
I nuNCQE 1 E ool I nuNCQE 1 g 20’
Il nubarNCQE 1 3 : Il nubarNCQE 1 3 -
[ NCother i i [ NCother i i
Bl cc - 15[ | [ - 15
I non-beam 1 - B non-beam - -
% 10 10

E,.. /MeV

SK7.5 MC and data

5

10 15 20 25

E... /MeV E,.. /MeV

E,.. /MeV

N50 > -163.84 * MSG + 146.48

NCQE selection | Evis [7.5, 29.5]

MC 64.8 + 7.2 (100%)
Data /8 = 8.8 (100%)

33.0 (45.8%) 6.4 (8.9%)
28 £ 5.3 (35.9%) 4+32.19 (5.1%)

Evis + 6 + MSGIin

1.5 (2.3%)

0+180 (0%)
(*) stat. error
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Summary
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Backups




Link to poster

IUNO DSNB

12

- The most concern of SK-Gd is the status of JUNO-DSNB analysis...
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e Data (206.5 days)

4 41

—amcc 1« 19 event with 207 days-exposure.

- Fast Neutron

DSNB ROI: 12.0-30.0 MeV
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Initial PSD capability is far from the sensitivity paper
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https://indico.global/event/15740/contributions/147417/attachments/71901/141058/dsnb-neutrino2026-poster_v3.pdf
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Coil Failure
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Geomagnetic Compensation Back!
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NCOE in T2K
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Harada et al, ApJ Let. 951:L.27 (2023) Cherenkov Angle Neutron Multiplicity
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- Atm. v-NCQE is a major concern in SK DSNB search.

. Because Atm. v-NCQE analysis in SK overlaps with the DSNB sample, we can

not study the NCQE behavior in the DSNB signal window.

-> T2K-NCQE can! as well as comprehensive studies to estimate systematics

coming from the reaction and with small accidental BG.
. Possible to examine a NCQE reduction method based on the datal
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Why 0. and Neutron? =

BGs in the DSNB signal region are constrained using Cherenkov angle 6 ¢ and
the number of tagged neutron (multiplicity) in the spectral fit analysis.
-> misunderstanding of these leads to systematic uncertainties.

20 < 6¢c< 38 deg

SK-IV DSNB paper, PRD 104(12):122002, 2021
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Events/2.7-degree

Re-visit run1-9 analysis with the different MC models.
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Background: Atm.v-NCQE

For Further Improvement

I/(NC)
,u e™ (CC)

knock-out
nucleon

__________

Intranuclear

Cascade

v reaction (primary)

n-0 int. (secondarﬂ

Int. model update

Add G4-det. simulation

likewise runl 1 analysis

. Combine run 1-13 (pure + Gd-loaded water phases)

Run 1-13:
Statistic
Run 1-9 (POT) Run 1-11 (POT) Run 1-13 (POT) Run 1-9
FHC: 14.94 x 1020 =» 21.47 x 102 = 27.00 x 102° (~ 1.8x Run 1-9)
Run 11

RHC: 16.35x 1022 —=» No increase = No increase (+ 0% RHC)

NCQE neutron numbers:

: # 61 (FHC, 19% ntag eff,)

# 21 (RHC, 19% ntag eff.)

: # 21 (FHC, 50% ntag eff.)
Run 12-13: ~ 85 (FHC, 65% ntag eff.)

-> SKG4 in pure water phase is necessary! Now in progress!



Data vs Simulation
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Gd Dissolving System

- Improvements for double amount dissolving
- Enlarge the port for Gd from SK

-

powder supply. old

—¥ route

- Making vortex to prevent
powder from stagnating

In the bottom.
l Gd powder

| S——
Hopper storage
Max 400 kg

—_ measure
~16 kg T

e ’ / Shear
“new port mixer

pump

Gd water

to SK
.

. Dissolved 17 kg powder into 1.8 ton water at each batch (~ 30 min).
- Powder replenishment and lot management was done by the expert shifters.
- supplied ~260 kg at each shift.



Physics in SK-Gd

Diffuse Supernova Neutrino Background (DSNB)

- accumulated flux of v from past CCSNe
Phys. Rev. D 104, 122002

both sig. eff. and BG
rejection will be
iImproved by Gd n tag
-> further sensitivity
towards discovery.

Events/2-MeV

pure water ~10 years ->

Galactic Supernovae (e.qg.. SN burst Pointing)

10

-

—4— SK-IV Data

|:] Atmospheric-v (non-NCQE)
|:| Atmospheric-v (NCQE)
|:| Spallation °Li

- Reactor-v

|:| Accidental coincidence

------- DSNB (Horiuchi+09 6-MeV, Maximum)

i

-1y
30 40 50 60 70

- elastic scattered e- keeps

directionality of incident ve.

IBD will be BG due to loss
of directionality in IBD et.

-> Removing IBD by neutron

tagging improves SN burst
pointing accuracy.

Total cross section for water
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Big Bang
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Declination (deg.)
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51

Now

5 billion
years ago

13.8 billion
years ago

SRS RS et

Right ascension (deg.)



Horn Focused Beam
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Neutrino Beam
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OFF-Axis Beam
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OFF-Axis Beam
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