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DETECTOR ENERGY

¢ Jiangmen Underground Neutrino TARGET MASS ~ RESOLUTION

Observatory(JUNO): KGamLAND 1000 t 6%//E
D, Chooz 8+22 t

RENO 16t 8%/+/E

5¢ Measure neutrino oscillation parameters Daya Bay 20t
300 t

A

% Determine the neutrino mass ordering

Borexino

to sub-percent level

\
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¢ SuperNova, Solar, Atm. Geo. etc
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DETECTOR

Top Tracker

Central Detector®
f:f:;" ) s

2 Water Pool
~17,612 20” PMTs 2 » ater Poo

+ ~25,600 3" PMTs

+  ~/5% coverage mos g
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RECONSTRUCTION - PMT

2

* PMT wavetorm reco (common issue for many exp.)

Al

¢ photon counting (classification)

A

¢ time/charge reco (regression)

AV

¢ baseline: first_hit_time and total_charge

¢ 1deal: T/Q for every photon hit?

8 120~ ST _ _ 3 [ hitT=59.22, wfT=236, charge=0.10
8 L hltT—81 .31, wfT=251, charge=1.07 & ok hitT=58.33 WiT=246. ch arg o= 03
110 hitT=579.00, wfT=522, charge=0.76 - hitT=79.75, wiT=264, charge=1.15
. i hitT=79.79, wfT=265, charge=1.39
100F- pmtID=3, type= 0, npe=2 180 omtiD=30, type='0, npe=4
- 160
90— -
n 140
80— N
= 120}
70— N
C 100
- 80—
50 ]
60—
40t W;
- = 5 40 Ml
30 [ | 1 1 I ' | | l | l' | l | | | I | | | l 1 | | l | | | 1 1 1 l ” 1 | | | | | I 1 1 | l | | | I 1 1 1 l 1 | |
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200

tde [ns] tdc[ns]
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RECONSTRUCTION - MEV

.

¢ High precision Vertex/Energy reco in MeV region

.

¢ world leading energy resolution: 3% @1 MeV

2

¢ model/inputs/outputs optimization

R

% universal challenges:

% PMT dark noise de-noising, information segmentation...

i . |
"~ s
o o
< (=]

- 200

- 150

First hit time

- 100

50

0

' ! 1 ' ! 1 ' ! 1 ' 1 1
N \) QD Q Q
SO I O OO I

X pixel
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RECONSTRUCTION - GEV

A

25 MUODS:

NA

¢ classification, track reco

NA

¢ Atmospheric neutrinos:

.

S s¢ PID, direction/ energy reco...

90.443 102.603

Total Charge FHT Tasks:

B l

'

Direction

2 " —— | Planar models | Reconstruction |
, - (EfficientNetV2) ) i
I Particle/Flavor
i | Identification |
S : ~ ™
pherical E\odel Energy |
_ (DeepSphere)  Reconstruction

Planar

/ projection

[PMT features] — Spherical

direction

projection
O 4 ,
= Vertex/Track
S 35 : [
35_ 3D Point cloud- . Reconstruction
g Point clouds — * | based model p : \
o Slone X (PointNet++) Cosmic-ray Muon
ol g’ Reconstruction
= (Refer to Jiaxi Liu's
1'55_ | poster for details)
1;_ FHT .
0.5F | :
—  Peak Time
e L ) 1g g Med : ; , \
900250 300 350 400 450 500 550 600
Time (ns)
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PHYSICS ANALYSES

Al

s Signal/bkg separation

.

s Correlated signals selection

Sy

¢ IBD prompt&delayed signals

2

¢ muons & induced 1sotopes

Al

¢ Parameter hitting

N\
5¢ More...

Wuming Luo 7
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2« ML based tast&accurate stmulation

s¢ Hardware: ML waveform reco on FPGA
¢ Online: Event Classification (no triggers for JUNO)

Al

¢ different energy range, multiple categories for the same
type of events (muons, atm. neutrinos...)

¢ need to save different info (WaveForm, partial WE, T/Q)

\I2

« Detector monitoring

v

\I

.

P anomaly detection

A

“¢ rare signal detection (such as SuperNova)

Al

-~ TNOore...

Wuming Luo 8



Al

* Image vs video: how to use the temporal info

¢ Sparse data: lots of un-fired PMTs

A

¢ Spherical detector

Al

# MC and data discrepancy

A

¢ ML related systematics uncertainties

Al

¢ Information segmentation: multi-target reco

A

¢ Resource bottleneck for running Large Models such
as Transtormer(not enough GPU memory)

A

2 And more...
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PARTICLE IDENTIFICATION

2 Goal: Pulse Shape Discrimination (y/e/e+, vs proton/
neutron)

¢ Principle: different scintillation timing profile

s Method: BDT or NN

T4 W
~ [T T T T T
3 -1 true — TZ Wf 3
> 10 —— DSNB, ™ R
< R
B N —— DSNB, t*¢ N n peak
N 10 PET E
'C_‘Q true .
£ 103 == Am-vNC, t Naark || Rtail
o) L -
Z. ~ _ rec 3
S — = Atm-v NC, t%
4 —~=
107 F =

Multi-layer Perceptron Classifier

dN psnB, dN\NC
(dT)norm /( dT)norm

100 200 300 400 500 600 700 800
Time [ns]
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Single-phase
LATPC

.:ii g
Charge j—» Wire number :
A HBOQL/
2017

¥,
s neutrino interaction image from one wire plane in
. (\0 MicroBooNE
(\@_.*" Filled with e Very high resolution calorimeter - millimeter-scale ‘ N ; at e r
liquid argon e Canresolve individual particles down to low energies

e 3x2D views = 3D imaging

Cherenkov

% Neither track information, nor Cherenkov rings for JUNO
% Advantages of JUNO: 1. large PMT coverage(78%), large volume; 2.

excellent neutron tagging; 3. hadronic component visible in LS; 4. can
measure distinctive 1sotopes

Wuming Luo 12
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PARTICLE TOPOLOGY

Energy deposition topology in LS for different type of particles

mu-, XYZ(0,0,9000)6=0.35, dE/dx (Mev/mm) plot, event#0

e-, XYZ(0,0,9000) 6=0.35, dE/dx (Mev/mm) plot, event#0
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11000
10000

9000

30qu¥boo P
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23000200
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pi0, XYZ(0,0,9000) 6=0.35, dE/dx (Mev/mm) plot, event#0
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RECO/PID METHODOLOGY

*Step 1: feature extraction from PMT waveforms

Wy e % Step 2: model building

I
90.443 102.603

< Step 3: optimization and validation

Total Charge FHT ,' Tasks:
- | R —
Planar ./ 98E - .. & " r Direction
roiection’ MR - i ® | Planarmodels |~ Reconstruction
BhS 3 W | (EfficientNetv2) | ¢
4 I \. ] Particle/Flavor
QA Viaronaros | Identification
e l - ':
[ I w
= Bl DeepSphere .‘ l : l
3 ’,’i - projection ( PP ) Reconstruction
25F I} ] V
- X } ertex/Track
[ S|Ope (—\ 3 .
2l z 2D Povcland - l Reconstructlonl
150 ! Point clouds T R based model :
- | (PointNet++) { Cosmic-ray Muon
1 L 4 — Reconstruction
0.5F- | ‘ (Refer to Jiaxi Liu's
F :PeaLTime ‘ poster for details)
e L e A ‘ O . WrAYA
900 250 300 350 400 450 500 550 600
Time (ns)
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PLANE MODEL: EFFICIENTNETV2-S

Tanh

T EE. W MBConv
i — — —> | block | == — || | Ovuteuts

(nPE, FHT, Slope...)

Squeeze-and-
Excitation (SE)
Module

Fused
-MBConv —
block

Squeeze-and-
Excitation (SE)
Module

Wuming Luo 15




SPHERICAL MODEL: DEEPSPHERE

2 ChebConv Layers 2 ChebConv Layers 1 ChebConv Layers

Fully connected layer
Max pooling layer @ Max pooling layer

Prediction
Bolck

X4

Wuming Luo 16



T s e g : " . TS e iy

3D MODEL: POINTNETH+

skip link concatenation

interpolate :
pointnet

—> —> —>
sampling & pointnet sampling &
grouping grouping

—

pointnet

class scores

Y Y

set abstraction set abstraction —>
pointnet fully connected layers

W uming Luo : . S | 5 | 17
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0.10

3GeV <E< 4GeV

uc: -0.03

DIRECTIONALITY

25 = 0g: 8.81
(a) v, - i
201 —o9—
——
— —
o 15 T @
_— '
g :‘: o
b 10 | -50 0 50 100 b
D Reconstructed 6 - True 6 () («»)
= :.: . ——
5 i $=.=
0 - .
1 3 5 7 9

% Directly reconstruct the direction of v instead of the charged lepton

25

20

¥ EfficientNet-V2
¥ DeepSphere
# PointNet++

E, (GeV)

“ mitigate the intrinsic large uncertainty between the two

“hadronic component in LS also helps, advantageous w.r.t. Water Cerenkov

Phys.Rev.D 109 (2024) 5, 052005

0.12 , ,
- I I 1 Reconstructed and true v directions
1 1
(b) ve/ve ! | --- 68% quantile: 22.6°
0.10- : |1 True v and charged lepton directions
i i ~—- 68% quantile: 33.7°
1 1
0.08 | : :
l :
. l :
O 0.06 i i
o l l
: :
0.04 | |
| 1
: 1
1
0.02 !
l
I
0.00 —1 ' '
0 20 40 60

* Energy dependent Zenith Angle resolution, less than 10° for E>3GeV

Wuming Luo
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Included Angle (°)

J. Phys. G: 43 (2016) 030401

Yellow Book
O—Glu :1 )
Ogy = 1 OO




PID STRATEGY

o
o

S
@

NC-like events

&
~J

vu-like events

3-label
identification

Atm. Neutrino identification

vu-like events

(Ey — E!ep:mn)/Eu
o
(e )]

Candidate 0.5
V,, -like events
" %04
> 0.3
PMT Features 0.2
Features '
Extraction 0.1
Neutron Features

Ve -like events

Ve -like events

V,-like events

5N
o

Figure 4. The schematic workflow of atmospheric neutrino classification.

w
o

'llllllllllllllllll

N
o

+ Both leptons&hadrons visible, different topology
% stepl: CC-e/CC-mu/NC classification

“ step2: U vs v
Wuming Luo 19

Captured Neutron Multiplicity
—
o

Lopaadapsadonne b na oo bosnaboonalanaal
00 25 50 75 100 125 150 175 20.0
E. [GeV]

(a) ),ratio

U U T T Y N U TN T U TN U O N O O NN AN

L b te e o e s na o b v o boa L
0.0 25 50 7.5 10.0 125 15.0 17.5 20.0
E, [GeV]

(b) Neutron multiplicity




PID ML INPUT & MODEL

Point clouds
(PMTs on CD sphere)

PMT-level features:
nPE, FHT, slope, etc.

+
17612 >< (3' features) FC layer
ARt Lot A (256+256)
A . FC layer 1
AR e | PointNet++ _ (64) FC (lay;-'r 2

——— | — | ) OUTPUT

Reconstructed neutron | = RN

Point clouds
(neutron vertex)
N, x3

“+PMT features —> PointNet++ (x, y, z, feature_i...)
“Neutron candidates —> DGCNN (x, y, z)

Wuming Luo 20



PID PRELIMINARY PERFORMANCE

Wing Yin Ma@Neutrino2024

| . . I 1.0 —— AUC = 0.77
l g M f(ve) ConfUSIon Matnx | AN - == Random Classifier
: 2 Pred : 9 0.8
'3 Truth | S
- . © 0.6
| ; E _rl cut | E
12 E A= f(ve)  B=[ f(Ve) = = 0.4
E | I c .
lz E f(V‘,) _rl — _reut . I .9 ROC “\\
o ; C=foefVe) D= 1(We) 0.2 curve
: 00 02 04 06 08 10 (Receiver Operating Characteristic)
: output score : 0.0 N

0.0 0.2 0.4 0.6 0.8 1.0
Background Efficiency

Fig. 8: Illustration of the AUC score using v, /7, classification as an example. The AUC score can be
viewed as an optimisation of v, /7, efficiencies.

CC-e VS CC-p VS NC

3-label Identification e-CC ROC Curve 1.00
1.0
\ +++‘+'+ 4F| | F
30.8 \\\\ 0.95 4 +:‘: + + :I:
£ .. CC-e VS other . e ZIZ=.=
'S 0.6 U
E N 2 0090 )
w ° N o
= 0.4 work 1n progre§§ work 1n progress
e .
=) . 0.85
Po21 __ strategy 1, AUC = 0.96 \ <+ Strategy 1
—— strategy 2, AUC = 0.95 \‘\\\ + Strategy 2
0.0] ———- Random Classifier S 0.80 ' ' ' '
0.0 0.2 0.4 0.6 0.8 1.0 0 5 10 15
Wuming Luo Background Efficiency 21 Visible Energy (GeV)
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MeV Region

PMT WAVEFORM RECO 1|

N2

s Classification: photon counting

\I/
s« Model:

Al

‘¢ resembles speech recognition

¢ RawNet: one of the most influential DINN model designed for

speech recognition

Confusion matrix

Al

¢ takes 1D waveform as input :

0.00 000 0.00 000 0.00 0.00 0.00 0.00

0.03 000 000 0.00 0.00 0.00 0.00 0.00

2-
hWaveform172 hWaveform8229 3 0.00 0.87 0.06 0.00 0.00 0.00 0.00 0.00 0.00
hnes gies 100 ehines  aad
LD) 120 StdDev 3602 8 60 Stzagev 362.1
0.00 0.13 wism 0.10 0.01 0.00 0.00 0.00 0.00
< 7 ) < ) 4
- Waveform (PMT#172 Waveform(PMT#8229) .

nPE=1 2 nPE=4

54 0.00 000 0.01 O.IQE 0.15 0.02 0.00 0.00 0.00
64 0.00 000 0.00 0.02 0.22 E 0.18 0.03 0.00 0.00

J 0.00 0.00 000 000 004 025 046 0.21 0.04 0.01

80

A oo

1 1 1 1 1 1 I 1 1 1 I 1 1 1 l 1 1 1 I 1 1 1 I
0 200 400 600 800 1000 1200

8

EIIIIIIIIIIIIIIIIIIIIIIIII
~

o
3
§_
:

True label

@
o

8

'
o

TN S S S S S — g4 0.00 000 0.00 0.00 0.00 005 024 042 024 0.05
800 1000 1200

Time [ns] Time [ns]
9] 0.00 0.00 000 0.00 000 001 006 024 043 0.26

104 0.00 0.00 0.00 0.00 0.00 000 001 0.07 029 m
o
-~

- ™~ m < n o M~ © N

Predicted label
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PMT WAVEFORM RECO I1

= Regression:

§
7

« easy: total charge or first hit time &
¢ dithicult: charge and time for the first 5 or 10 pulses @

Al

- Super dithcult: charge and time for each pulse
% Method: 1D wavetorm + CNIN

8 120f— ST _ _ 3 [ hitT=59.22, wfT=236, charge=0.10
8 L hItT—81.31, wfT=251, charge=1.07 & ok hitT=58.33, WiT=246" charge—1 03
110— hitT=579.00, wfT=522, charge=0.76 - hitT=79.75, wfT=264, charge=1.15
. N hitT=79.79, wfT=265, charge=1.39
J00F- pmtID=3, type= 0, npe=2 180; pmtiD=30, type= 0, npe=4
= 160
90— .
- 140
80— N
- 120
70— u
C 100
60— - \
- 80—
50 E
60—
- : § 40 :H
30’_1“1"11""|11'|lllllllllll 1111”11]1111111111111111111

0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
tdc [ns] tdc[ns]
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PMT WAVEFORM PHOTON COUNTING

W. Luo@Neutrino2024

Table 2: Modified RawNet architecture. For convolutional layers, numbers in-

§ 3 — o ID;falultl L _L é _' B side parentheses refer to filter length, stride size, and number of filters. For
‘;‘ -\ \DefaulAZ : Vertex _ 160 gated recurrent unit (GRU) and fully-connected layers, numbers inside the
O B > o L i parentheses indicate the number of nodes.
E‘: 2.5 — VA -B“ : Dark Noise — 140
g R\ U \B2-C? : Waveform reco. - Layer Input Output shape
A R\ Ut VC?D? : sPE charge smear ] 120
i 2 - Case D : Ideal ] Strided Conv(3,3,128)
2 f ] 100 - oy BN (128, 140)
2 1.5 ~ %0 LeakyReLU
8d _ N
1 - ( Conv(3,1,128) )
: ] 60 BN
: . C — T Res block { Conv(3,1,128) ; x2 (128, 46)
00 0 100 200 300 400 500 600 700 800 900 1000 BN
time/ns LeakyReLU

MaxPool(3)
Conv(3,1,256) )

*/nput: pre-processed PMT wavetorm within BN

~

Y

~

s ? LeakyReLLU
42 Ons Slgnal Wlndow Res block <{ Conv(3,1,256) 3} x2 (256, 1)
LeakyReLLU
MaxPool(3) )
*Qutput: {px} the probability for predicting Spetker oy (128)

S Model: Customized RawNet
GRU GRU(1024) (1024,)
(k=0,1, 29) PEs Output FC(10) (10,)
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PHOTON COUNTING PERFORMANCE

l_IIIIIIIIIIIIIIIIIIIIIIIIIIII|IIII|IIII|IIII

0.00 0.00 0.00 000 0.00 0] 000 000 000 000 000 000 000 0.00 000 0.00 B —— dyn_allProb_pdf_1PE
- dyn_QtoPE_pdf_1PE 7

- | —— dyn_allProb_pdf 3PE -
B Y e dyn_QtoPE_pdf 3PE  —
— —— dyn_allProb_pdf S5PE —

0.03 0.01 0.01 0.0 0.00 0.00 B - dyn_QtoPE_pdf 5PE |

0.00 0.00 0.00 0.00 0.00 B N
34 0.00 : ! WO.ZZ 0.04 0.02 0.01 0.01 0.01 06_ ]

0.13 v 0.09 0.01 0.00 0.00 0.00

54 0.00 0.00 0.00 0.01 0.18“0.13 0.01 0.00 0.00
64 0.00 0.00 0.00 0.00 0.03 0.22 0.16 0.02 0.00

74000 000 0.00 000 0.00 0.04 EEEEEEEENGNGNEEty 0.01 ;1000 000 000 000 000 003 017 034 025 0.22 02— o —

0.00 0.00 0.00 0.00 0.00

14 0.06 0.00 0.00 0.00 0.00 0.00 0.00 O 8

0.00 .00 : .0 .0
0 0.0 0.00 0.00 0.00 , | 0.00

44 000 0.00 0.01 0.17 N 0.06 0.02 001 0.02 | BaEsaEssss | feeeeeeee ]

True label
True label

54 000 000 000 001 0.17 041 025 0.08 0.03 0.05 04

64 0.00 000 000 000 0.02 0.17 037 0.25 0.09 0.10

8 - 0-00 0.00 0~00 0-00 0-00 0-01 0-05 0-27 ﬁ 0-09 8 | O‘OO 0-00 O'OO 0.00 O‘OO 0.00 0.03 0.16 0.31

29 a 000 000 000 OOO 000 OOO 000 003 0.21 0.76 9 i 000 000 000 000 000 000 000 003 0.15 O I N TN A T T O S s el Wt e | .__1__1___1__1__] L] ;'"__';;;':1 L1 L J [ Y I B I Lol
0 1 2 3 4 5 6 7 8 >9 0 1 > 3 4 5 6 4 8 O - 2 3 4 5 6 7 8 9 10
Predicted label Predicted label PE

+Left: Confusion matrix of RawNet
+99% (95%, 87%) accuracy for I1PE (2PEs, 3PEs) W. Luo@Neutnino2l24

*Accuracy decreases rapidly as nPEs increases

“Right: Confusion matrix based on charge classification
+The accuracy 1s markedly inferior to that of RawNet
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A

¢ Goal: vertex reco for e* in [0-10] MeV region

% Principle: PMTs charge&time (both highly vertex
dependent) — > vertex

s¢ ML based Methods:

NA

¢ 1nputs: each PMT as a pixel —> images

¢ models: Plane or Spherical CNN

Wuming Luo 23



1. PLANE MODELS

2D projection of PMTs
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MODELS: VGG-J

Convolutional Block = Dense Block

O

’_L x3 §
SIS
- o o
o O O

512 == o
256 o o
& 100_/
o/ 512
s 312/
1024_/

MaxPooling Layer

Flatten mm

x| -/
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3orl

” X ” = Batch Norm

= ReLLU
:r:j o = 2D Conv
f-_-_" = MaxPool
YIL = Stride




MODELS: RESNET-J

conv2 X conv3 X
conv4_ X
|
64| | 128
. 256 512 x5
|| _/ x3

convy X
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H X “ = Batch Norm _/ = ReLU

el
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| T| = AvgPool
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2. SPHERICAL MODELS

#* HEALPix —> spherical CNN

Al

¢ Borrowed from Astro. Phys.

Al

¢ Pixelization of a sphere

Al

= Many other spherical models...

NSide = 1 NSide =2
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MODELS: GNN-J

NSide = Dense
I . N NSlde =2 ‘
C 25

16 32

NSide = 16

i
\@}.‘,,,,

(3072, 2)

ChebConv Layer MaxPooling Layer + BatchNorm Global Average Pooling

\K\'/QQ | NSide — Nside /2
Filtered

Radius K=5

First hit

Wuming Luo 33




