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The Diffuse Supernova Neutrino Background [z

J.Beacom, TAUP 2011
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* Integrated neutrino flux from past core-collapse supernovae
* Detectable range within redshiftz = 1 — 2

* Supernova physics, star formation and neutrino properties

C Zmax dz
Opsyp(E,z) = — Rey(z) F, |[E(1 + 2)]
Ho Jo V(1 + 2)3+0,

* Elusive low energy signal!
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* Detectable range within redshiftz = 1 — 2

* Supernova physics, star formation and neutrino properties
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* Elusive low energy signal!
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Super Kamiokande with Gd

* Located in Kamioka mine, Japan

* 50 kton water Cherenkov detector

e 22.5 kton fiducial volume

I+ Inner Detector (ID): 11,129 50 cm PMTs

* QOuter Detector (OD): 1,885 20 cm PMTs
+ Wavelength Shifting Plates

Low energy threshold ~ 4 MeV
* Neutron tagging via Gd loading

Neutron capture efficiency on Gd
100
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°
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% X Final goal :
E Enhanced anllllllllllllll.llllllll :
K - 27 Current (2022-) . ’
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H Os)essnnnnnsn EEEEEEEEEEN :
% DSNB 5,0 Initial loading (2020) -
! . - 0 - ]
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DSNB Detection in Super-Kamiokande

electron
anti-neutrino

Ve Gadolinium
proton neutron Gd

Vetp—el 4m Py / |

* Inverse Beta Decay (S + n):

\ \
* Largest interaction cross-section for 7 \ (oo
. 8 MeV
all other detection modes (2x) — =
Positron signal Neutron signal
* 8—30 MeV DSNB Search Window in . Effective detection cross sections
reconstructedvisibleenergy 10""'
104
o F with
“‘E " n capture
O 1035- l/
:/102__ ./'/'
10 F
"o 10 20 30 a0 50 60
Fogli et al. (2005), JCAP, 2005(04), 002 E (MeV)
5
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DSNB Detection in Super-Kamiokande

* Inverse Beta Decay (S + n):

Ve tp—2 e +n

* Largest interaction cross-section for
all other detection modes (2x)

* 8-30MeV DSNB Search Window in T —
. . 10° |/ Spallation Atmospheric
reconstructed visible energy ;0
* Few events per year expected in the E 10°F .
search window 5 _
. g ' DSNB .
* Dominated by backgrounds: 2 ‘ :
o Muon Spallation o
z
o Atmospheric Neutrinos N
* Require thorough background

electron
anti-neutrino

Ve
proton n

\ 6"“1

positron
e+

Positron signal
Beacom, J.F (2010)

n
L

TGd ~ 30 us M .
B
Y

Gadolinium

Gd

eutron

- v
8 MeV

Neutron signal
, Ann. Rev. Nucl. Part. Sci.60, 439

5 10 15 20 25 30 35 40
Measured E, [MeV]
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NCQE Atmospheric Neutrino Interactlons

S Sakai, TAUP (2023)

. “;c;g;;;,;a;.;;'; ...... P |
o Gd S|
v/v O n ! X 2 NC Decay electrons
@ .................................... O AAAAAAAAAA ,@ O"{@ g (Monte—CarIo) E (MIChel spectrum) i Ve CC
\ \ ﬁ)tal -é
Y Y ~8 MeV'y <
........................ e S L o . .
20 60
* Neutral Current Quasi-Elastic (NCQE) interactions:
v(@) + 0 s v({@)+n+ 0
v(@) + 0 > v({@)+p+ N>
e De-excitation + neutron (mimics IBD signal)

* Multiple secondary y-rays from nucleon interactions in prompt window
e Dominant below 20 MeV
e Currently a residual background in the DSNB search
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Efficiency of the angle cut

0.200 1 mmm CCQE + 2p2h i —— precut mmw DSNB  mmm NCQE
Bl CC+nm 1.0 -
0.175-1 W CC (other)
I NCQE
0.150 - B NC+nm 0.8
[ NC (other)
[%2]
8 01254 T3 DStNB "|_
= - CU >
0 206
©
o 0-100 1 (Y]
— &
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C
o
>
' 0.050
0.2
0.025 A
0.000 - 0.0
10 20 30 40 50 60 70 80 90 10 15 20 25 30 35 40

Cherenkov Angle (6¢) [degrees] Ereconstructed [MeV]

o Powerful discriminator based on the Cherenkov opening angle (0,)

e O~ 42’ for IBD interactions (DSNB)
* O islarge for NCQE events due to multiple secondary y-rays

o DSNB search window (current analysis cut) O: [38°, 53]

o Large residual NCQE contribution after angle cut applied — challenging background
requires new reduction techniques
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Reducing the NCQE Background

Atmospheric NCQE v Simulation

0.200 1 mmm CCQE + 2p2h B
mm CC 4+ 70 Il Before Cuts
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0 0
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o = 40
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Cherenkov Angle (6¢) [degrees] Ereconstructed [MeV]

* Powerful discriminator based on the Cherenkov opening angle (0,)

o O~ 42’ for IBD interactions (DSNB)

o O is large for NCQE events due to multiple secondary y-rays

* DSNB search window (current analysis cut) O: [38°, 53]

* Large residual NCQE contribution after angle cut applied — challenging background
requires new reduction techniques, such as Convolutional Neural Networks!
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CNN Models: Event Selection for Training

Convolutional Neural Networks (CNNs) trained
with/without the 8, cut to investigate a new
method for targeted NCQE reduction.

FirstCNN Model:

* First reduction of the DSNB analysis applied to
IBD and NCQE Super-K (Gd) simulation

* This includes only energy window, fiducial
volume and noise cuts to remove obvious and
mis-reconstructed backgrounds

e Select events with NCQE - NCQE .
one tagged neutron (FirstCNN ) [ (AngleCNN)JiS .

AngleCNN Model:

e Used FirstCNN event
selection, then
applied the
Cherenkov angle cut
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Convolutional Neural Networks

Ou, Xianfeng et al. (2019): 108152-108160.
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on on on

o ResNet-18 Convolutional Neural Network (CNN): 18 layers with residual
connections to enable faster training for deeper networks.

o Using the Water Cherenkov Machine Learning (WatChMal) framework 7

o Input:
e Standard SuperK event display (timing and charge) to 2D image mapping
*  Prompt event only for e/ y classification

o Training:

 Optimised hyper-parameters for training (see backup)
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Model Performance on FirstCNN Test Set

DSNB vs NCQE Rejection (Testing Set: FirstCNN)

"4

UPER

o FirstCNN — Clear Backgrounds: 4 s e
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o FirstCNN — Clear Backgrounds:

30/08/2023

Test set includes many NCQE
events with ambiguous Cherenkov

rings

Classifies apparent NCQE events
that lack distinctive Cherenkov ring
to enhance signal purity

=
o
IS

=
o
w

NCQE Background Rejection (1/FPR)
= =
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Model Performance on FirstCNN Test Set 5|

DSNB vs NCQE Rejection (Testing Set: FirstCNN)

—— FirstCNN, AUC=0.979
—— AngleCNN, AUC=0.950
X Cherenkov Angle Cut

o FirstCNN — Clear Backgrounds:
e Test setincludes many NCQE
events with ambiguous Cherenkov
rings
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* Classifies apparent NCQE events
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to enhance signal purity
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Model Performance on FirstCNN Test Set 5|

DSNB vs NCQE Rejection (Testing Set: FirstCNN)
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e Distinguishes events with similar
hit distributions, with Cherenkov
ring characteristics

10!

-
o
°

Normalised Density
=
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* Marginal improvement at signal
efficiency of Cherenkov angle cut
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Understanding CNN Performance

NCQE Cherenkov Angle Distribution 0 NCQE Energy Distribution
.25
0.200{ 1 Before Cut i [ Before Cut
B FirstCNN Cut [ FirstCNN Cut
0.175 4 Cherenkov Angle Cut 0204 Cherenkov Angle Cut
1 cut SK preliminary
§ 0.150 SK preliminary
= >
@ q) i
9 0.125 = 0.15
© ~N
= 0.100 o)
2 o
g 0.075 & 0101
L
0.050 1
0.05 -
0.025
0.000-

20 30 40 50 60 70 80 90 0.00 ' ' y y T
20 40 60 80 100
Cherenkov Angle (6¢) [degrees]
‘ Ereconstructed [MeV]

Evaluate at the
Cherenkov Angle
Signal Efficiency
* Residual background at low energy (~96%)

« DSNB search window (current analysis cut) 8. : [38°, 53°]

o FirstCNN Cut:
* Applies an energy dependent cut — inferred from PMT hit distribution

* Combination of CNN and optimised Cherenkov Angle cut - effective reduction

30/08/2023 Soniya Samani | TAUP 2023: Atmospheric Background Reduction using CNN’s in DSNB Searches at SuperK-Gd 16



UPER

Model Performance on AngleCNN Test Set ‘5|

DSNB vs NCQE Rejection (Testing Set: AngleCNN)

> FirstCNN outperforms AngleCNN: o ——— | — FirstCNN.AUC=0969
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, —— AngleCNN, AUC=0.957 |

« FEffective features: Captures 1090 L1 X _Cherenkoy Angle Cut_|
crucial event features of —

Cherenkov ring
102

* Generalisation: Avoids overfitting
to generalise well to unseen data

NCQE Background Rejection (1/FPR)

104
e Training Data: Benefits from o |
training data that includesboth =z
ambiguous and clear Cherenkov W
rings for NCQE events > DSNg'gignal Effici%gcy (TPR) - o
* Performance declines at high —fe - = bous Evens
NCQE rejection
* AngleCNN effective at
discriminating challenging NCQE E g
events at low signal efficiency
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Robustness Analysis K
_ , 2 LT | e ]
o Testing on differentanglecuts (8,) 5 &% Y~ MidCut, AUC=0972
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o AngleCNN’s Robust Adaptability:
Maintains performance with stricter
angle cut due to specialised training

NCQE Background Rejection Rate (1/FPR)

0.0 0.2 0.4 0.6 0.8 1.0
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DSNB Current Upper Limits ﬁKﬂ
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o Develop an effective reduction method to enhance signal and
background efficiencies beyond current level

o Current best upper limits achieved in SK-VI (see talk by M.Harada,
Thursday August 315t)
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Summary ﬁiﬂ

O

O

O

Dominant contribution of NCQE Background in DSNB Search Window
Current best handle is cut on reconstructed Cherenkov angle

Residual background at low energy — in region of the highest flux
prediction of DSNB models

Investigated new reduction techniques using CNNs — ResNet-18 models
trained on samples with/without Cherenkov cut applied

FirstCNN moderately improves reduction at Cherenkov angle cut
efficiency
Combination of CNN cut + optimised angle cut will likely be an effective

reduction method ‘ Next Steps

Explore deeper ML methods — Graphical Neural Networks
Integrate novel reduction approach into full energy bin-by-bin analysis

Aim to improve DSNB upper limit constraints
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BACKUP — DISCOVERY POTENTIAL
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SK-GD DSNB discovery potential (counting experiment)

4.0

3.5F

1.5 90% C.L.

- Including NC backgrounds
0 Assuming no NC remaining
0.0 | | | | | | ] | | 1 I I I 1

' N 9 < ™ 5
< > > > >
O S A A

Study done by A. Giampaolo
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BACKUP — TRADITIONAL ANALYSIS

o




IBD and Atmospheric MC Generation

Vectgen (DSNB) » SKG4 " lowfit | Leaf variables » AddNoise
NEUT (ATMPD) 1 (e+/- selection) (data-driven)
| l____J
Generate an event for each : l Li9
minute in livetime across runs ¥ : Reactor
85220 — 87220 (SK-VI). APfit NTag F---- ! DSNB Models ¥
MC production Reconstruction ARITFSEITE Reweight
Analysis: |
o DSNB MC: 522 livetime days of full SK-VI duration splash_format
o ATM MC: 500 years of atmospheric neutrino events, |
with an additional 5000 years equivalent NCQE MC. ncap
1. Atmospheric modelled with HKKM-2011 flux with NEUT. J/
2. Kresse spectrum for IBD MC — reweighting to DSNB models.
3. Low energy reconstruction |
4. Inject data-driven noise l
5. Apply neutr(?n tagglr?gi | WatchMaL &
6. Event selection — efficiency calculations
7. Format for CNN input
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DSNB (Horiuchi)
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Event Selection — First Reduction

DSNB (Horiuchi)
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Efficiency after First Reduction

Atmospheric v Simulation
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Cherenkov Angle (6,)

5 Angle Optimisation

0.200 1 - — Opt (FOM = 2.0864) X Cut (FOM = 2.0601)
—— Def (FOM = 2.0601) X Opt (FOM = 2.0864)
[ ATMNU MC
[]
©
c
0.125 —L 3
Keo)
] s
0.100 A S o
=}
o 10!
0.075 - g
©
C u
51 -
0.000 . . ; ; — ] 50 . . . .

10 20 30 40 50 60 70 80 90 38.0 38.5 39.0 39.5 40.0 40.5 41.0

Cherenkov Angle (8¢) [degrees] angle lower bound
o Powerful discriminator based on the Default (SK-1V) Optimised (SK-VI)

opening angle 6. of the Cherenkov cone. .5, _ 6, < 50.0° | 38.92°< 6 < 53.05°
* IBDf,~42"

* Heavier particles (u/m) at low 0. FOM = ——

* NC events mostly at higher 6, due to

multiple gamma emission. nglMﬁ
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Effwall (d.f()

O

Removes residual radioactive
events from surrounding rock
and detector walls.

Since no available simulation,
comparing data to IBD MC,

normalised to the same area
above 1000 cm, is evaluated .

Radioactivity observed as an
excess at low effwall values.

Energy-dependent cut as
background is dominant at low
energy (same as SK-1V).

,.v’ vertex

d eff

Events / 50 Bins

"4

5000

4000 A

w
o
o
o

N
o
o
o

1000 A

¢ DSNB Data I DSNB MC
¢ DSNB Data Cut DSNB MC Cut

s o o o o o a

400 600 800 1000 1200 1400 1600
effwall [cm]

Default (SK-IV)

max[300 cm,500 cm — 50(E, o — 16 MeV)]
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Pilike Optimisation

20.0 -

17.5 A

15.0

12.5 A

10.0 -

7.5 1

5.0 -

2.5 1

0.0 -

Pilike ()

—— Opt (FOM = 2.3073)
—— Def (FOM = 2.3029)
[0 DSNB MC

[0 ATMNU MC

0.3 0.4 0.5 0.6 0.7 0.8

pilike

=

FO

—2.303

—-2.304

—2.305

—2.306

—2.307

Ring clearness to remove pion-like events.

Ntriplets (HC + 30)

R, = 5
" Ntriplets(gc + 10)

High momentum particles tend to produce

clearer Cherenkov ring.

—— Opt (FOM = 2.3073)

—— Def (FOM = 2.3029)

/

/
/|

N\~

~

e

\v

0.360 0.365 0.370 0.375 0.380 0.385 0.390 0.395

Default (SK-1V)

pilike

| Optimised (SK-VI)

< 0.36

| < 0.369

S
FOM——

PBLD
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Ring Clearness (R,

20.0 A

17.5 4

15.0 A

12.5 A

10.0 A

7.5 A

5.0 A

2.5 A

0.0 -

Pilike (atmnu_mc)

CCQE
CCPI

CC (other)
NCPI

NC (other)
NCQE

cut

0.3 0.4 0.5 0.6 0.7 0.8
pilike

=

FO

—2.303 A

—2.304 A

—2.305 A

—2.306 A

—2.307 A

Ring clearness to remove pion-like events.

Ntriplets (96 + 30)

R, = 5
" Ntriplets(ec + 10)

High momentum particles tend to produce

clearer Cherenkov ring.

"4

Pilike Optimisation

—— Opt (FOM = 2.3073) |
—— Def (FOM = 2.3029)

0.360 0.365 0.370 0.375 0.380 0.385 0.390 0.395
pilike

Default (SK-1V) | Optimised (SK-VI)

<0236 ‘ < 0.369

S
FOM——

PDOD
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Average Charge Deposition (g /ns0) af

Q50N50 () Q50N50 Optimisation
200 4 —— Opt (FOM = 2.5372) | —— Opt (FOM = 2.5372) |
—— Def (FOM = 2.5005) —— Def (FOM = 2.5005)
L5 | m= DSNB MC —2:491
' [ ATMNU MC /
1.50 - -2.50 -
1.25 -
s -2.51
1.00 1 2
0.75 - -2.52 1
0.50 -
-2.53
0.25 -
0-00 T T T T T T T T T T T T r T
00 25 50 75 10.0 125 150 17.5 20.0 1.6 1.7 1.8 1.9 2.0 2.1
q50n50 q50n50
o Higher momentum particles tend to Default (SK-1V) | Optimised (SK-VI)
deposit more charge. <20 ‘ < 1.727

o Scan average charge deposited in 50 ns S
TOF window. FOM = ———
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Average Charge Deposition (g /ns0) af

Q50N50 (atmnu_mc) ‘ Q50N50 Optimisation

BN CCQE —— Opt (FOM = 2.5372) |
25 BN CCPI —— Def (FOM = 2.5005)

B CC (other)| 2497

mEE NCPI /

NC (other)

207 B NCQE ~2:501

— cut
1.5 A § —-2.51
104 —2.52 A

—2.53 A
0.5 |
- W~ N
' 0 2 4 6 8 10 g50n50
q50n50
o Higher momentum particles tend to Default (SK-1V) | Optimised (SK-VI)
deposit more charge. <20 ‘ <1722

o Scan average charge deposited in 50 ns S
TOF window. FOM = ———
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Efficiency after Full Atmospheric Reduction

Atmospheric v Simulation

CCQE + 2p2h
CC+nm

CC (other)
NCQE

NC +

NC (other)

Vatm/ bin/ MC yrs

20 40 60 80 100
Ereconstructea [MeV]

30/08/2023 Soniya Samani | TAUP 2023: Atmospheric Background Reduction using CNN’s in DSNB Searches at SuperK-Gd 35



Efficiency after Atmospheric Reduction

Cut Value Signal Efficiency [PREV] | Signal Efficiency [TOTAL]
¢ [38.92°, 53.057] 92.2% 92.2%
defr Energy dependent 94.4% 86.9%
R, < 0.369 98.6% 85.6%
qs0/Ms0 <1.722 93.7% 80.2%
Nax <12 100% 80.2%
Nmaxgate <5 100% 80.2%
Nyecay—e <0 98.1% 78.6%
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BACKUP — CNN ANALYSIS
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1.0

1.0

0.948 Training Parameters

’ ° ’ Lr =0.001

0.8

0.61-

Loss

0.4 14l

0.24"

0.0+

. . Epochs =6

: Batches= 256

o Network = ResNet-18

Training Set = 400,000 events

I I— ) 04 Validation Set = 20,000 events
. Testing Set = 20,000 events

—— Train Loss  —— Train Accuracy
e \Val Loss e Val Accuracy

Model Saved
Accuracy

0.2

0.0

1 2 3 4 5 6 7 8 9
Epoch

CNN (Convolutional Neural Network): eep learning model designed using
convolutional layers to automatically learn hierarchical patterns and features
for classification of images.

ResNet-18: Consists of 18 layers, utilises residual connections, enabling
easier training for deeper networks.

SK event display timing and charge as inputs.

Select 300 ns around the prompt window for e/ y classification.
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AngleCNN Training

| ' MWW e Training Parameters
IR TR IRy T ey N SN E ETy NI S ATy v R NAR f ; 'F“ gl |F ik
| © o s Lr =0.001
0.8 e I e 1038
: : . . Epochs =11
| . g Batches= 256
061 Train Loss Train Accuracy %i ¢ : % 3 Network = ReSNet-18
A | S i S e S S Training Set = 100,000 events
04] E 02~  Validation Set = 5,000 events
ARt U LULE L & | | . i A Testing Set = 5,000 events
L] ° x i ® 3
0.21 : -0.2
O'Oo 1 2 3 4 5 6 7 8 9 10 111 12 13 14 150'0
Epoch

o CNN (Convolutional Neural Network): eep learning model designed using
convolutional layers to automatically learn hierarchical patterns and features
for classification of images.

o ResNet-18: Consists of 18 layers, utilises residual connections, enabling
easier training for deeper networks.

o SK event display timing and charge as inputs.

o Select 300 ns around the prompt window for e/ ¥ classification.
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o FirstCNN:

DSNB vs NCQE Rejection (Scaled to Cherenkov angle efficiencies)

. —— FirstCrNN, AUC=0.97§ H
e Tested on FirstCNN test set —10%L ] , —— AngleCNN, AUC=0.159 |
e 1 - =-|_l X Cherenkov Angle Cut
o AngleCNN - Enhanced Reduction: 2 “1—&}\_\
3 1
« Tested on AngleCNN test set § 10 e
. . g i~
* Scaled according to the signal andz S
. . = N\
background efficiency of the e \
V4
Cherenkov angle cut g 100 \
o X
d gsig - 0-96 % \\
* &prg = 0.28 10°
bkg 0.0 0.2 0.4 0.6 0.8 1.0

o AngleCNN > FirstCNN

2023/08/30

DSNB Signal Efficiency (TPR)

Marginal improvement for most of
the ROC curve.

10!

o
(=]
>

AngleCNN performance declines at
the signal efficiency of Cherenkov
angle cut

Normalised Density

,_.
o
L

FirstCNN tested on FirstCNN Test Set

71 NCQE Events
=71 DSNB Events

Ppsns

Normalised Density

10t

-
o
=3

—
o
5

AngleCNN tested on AngleCNN Test Set

NCQE Events
71 DSNB Events

Ppsns
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