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#Introduction of JUNO
“+Applications of Deep Learning in MeV region

$PMT wavetorm reco for reactor anti-neutrinos
*Vertex/Energy reco for reactor anti-neutrinos

“Applications of Deep Learning in GeV region
* Directionality for atmospheric neutrinos

#Particle Identification for atmospheric neutrinos

“Summary
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JUNO

< Jiangmen Underground Neutrino

ObSGI’V&tOI’y(J UNO) Top Tracker

% Determine the neutrino mass ordering

o ° ° = -~ : L cid 3
< Measure neutrino oscillation Water Lol 7 2
parameters to sub-percent level
% SuperNova, Solar, Atm. Geo. etc _ = | E
Central Detector . Bosos -
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TARGET MASS ~ RESOLUTION z = e A
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KamLAND 1000 t 6% @1 MeV +  ~78% coverage ' T e
D.Chooz 8422t NN
RENO 16t 8% @1 MeV NG 2 OO S 0
Daya Bay 20t Liquid Scintillator AR &:1 '.. =7 NI
3% @1 MeV @: 43.5m




PMT swavetorm non-unitormity;

reactor V PMT dark noise
MeV energy
I PMT charge smear
vertex HC pile Up
Neutrino
Dircetion HVIASS clasI;iIEcO::tion
Yy vis Ve vs NC Ordering
\ multi-detector
; bined r
Particle [ID cosmic U SO
GeV track

Vvs77

Energy shower vertex | 4 o
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IMPORTANCE AND PRINCIPLES

% Large number of PMTs O(104) installed on a sphere
% each PMT as a pixel —> JUNO as a Camera

+ ensemble of PMTs charge/time form an image
* Image 1s highly vertex and energy dependent

% Vertex/energy reconstruction <—> Image recognition

Reactor Ve signal IBD event number (x103)
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https://arxiv.org/abs/2405.18008

INPUTS

#Large number of PMTs O(109) installed on a sphere
“Method 1: projection to 2D plane —>Plane CNN
*Method 2: HEALPix —> plane/spherical CNN
*Method 3: 3D models such as pointNet++/Transformer

NIMA 1010 (2021) 1656527

NSide = 1 NSide =2

7

MCP PMT Dynode PMT
Yl Q- .-.".".E" | .:;.-l'l'.-'.-.

b, S
i Eﬁgﬁw W, o
‘ ! ’ il i

- NSide = 2

............
...............................
000000000000000000000000
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

NSide =1

Wuming Luo  Nucl.Sci.Tech. 33 (2022) 7, 93 /



MODELS: VGG-J

NIMA 1010 (2021) 165527
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MODELS: RESNET-J

NIMA 1010 (2021) 165527
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MODELS: GNN-J

NIMA 1010 (2021) 165527
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VERTEX: CHARGE
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VERTEX: MCP VS DYNODE

+Comparison between MCP PMTs and Dynode PMTs Nucl-Sci.Tech. 35 (2022) 7, 93
“Number: 12612 vs 5000; Time resolution(cys): 12 ns vs 2.8 ns

+Separating charge/time info by PMT type gives the best performance
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VERTEX: ADDITION OF 2ND HIT

I“ Nucl.Sci.Tech. 33 (2022) 7, 93
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ENERGY: BDT/FCDNN

EurPhys.J.C 82 (2022) 11, 1021

‘ ([ ([ ]
] . { . —
*Inpufts: reature engineering  Nouon Description
9 AccumCharge Total accumulated charge
“Models: BDT or FCDNN | :
nPMTs Number of fired PMTs
‘:‘ Optimiz ation: Xces Yees Zecs Rees Oces Pecs Jecs Pecs )’ZCC, }’;C, V' Center Of: Ch.arget
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‘:‘h er-ParameterS Xchts Ychts <chts RCht’ 9Chta ¢Cht’ JCht, Pcht > yZChta Y;ht9 )/)?ht Center of FHT
yP htn%a htn,t+1 Yo—n %o htmean, htstd, htSkeW9 htkurtosis FHT distribution
‘ ([ ]
“feature selection
3.751= | ' ' | 1.251— ' ' ‘ ' ' ' | | ‘ T Input layer Hidden layers
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3.25- {93 : hy e e e hie :
= wland® . .
oW /N N A
< 2.25 1.21- . — (Rew) — 1\ MAPE loss
2 1.75- 1.2 § . . , . A . \linear —» Edep
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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
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+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

Wuming Luo 16
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ENERGY RECONSTRUCTION

Algo Name |Observable |Likelihood: k < K; |Likelihood: k > K;

Charge, Time, Maximum QTM LE (Charge) L) = Z Po(aill)P(k,
PE, Time, Maximum Likelihood | PETMLE k (true PEs) Lklus) = Pk, 1)
Estimation (ideal) iiHi) = K, i
Charge, Probability, Time, QPTM LE {pk} , d l_ - i
Maximum Likelihood Estimation (re 3listi C) L{p ) = kz_(; Ry, kpp Pk, i),
. . +00
Chéﬁ”fglf’ff’ rf;f‘:e’t.Majlmum QPETMLE k(pe=1), g Lkilwy) = Pk, i) L@ilu) = Y. Po(@ilk)Pte, )
1kelihood Lstimation
(100% accuracy) k=1
Charge,Contusion Matrix, Time, QCTM | E K ‘max 2
Maximum Likelihood Estimation (pK )’ X = ; Cla X Pk, i)
where y; 1s the expected nPEs for the 1-th PMT, P(k, y;) 1s just, R = i C,
the Poission probability of observing k p.e. given y; and Py(q;lk) B

Wun 18 jhe charge pdf for k p.e.. 17 confusion matrix Cyy




W. Luo@Neutrino2024
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+Using the photon counting information for PMTs with (x<Kr) PEs can
improve the energy resolution

*The improvement becomes smaller as Kt increases due to the dropping

accuracy for high PEs

$Additional checks were done to validate the results
Wuming Luo 18
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JUNO NMO SYNERGY

0.0 0.5 1.0 1.5 2.0 2.5

“ NMO @ 6years Ay?: Reactor(~9), atm.(~1.96), |AmZ2.|(411.5% or 911%) N Prehmmary | j

-
- -
-
-

f”
- -

- -
-
- -
-

% 1.96 of atm. was estimated with assumptions e e S s

-
-
-
-

-

% Can we do better than Yellow Book?

reactor YV

Yellow Book
assumptions MeV

—— NO: stat.+all syst. -
—— 10: stat.+all syst. -
..... NO: stat. only

..... |O: stat. only
A I T T N

Event Selection Evis > 1GeV

Ve/Ve YViS:Eh/EViS = 05 JUNO and8TAO 1D9\Q tilnfe [y:_*:rs] o120
».,,.P,_,,h,,,ﬁ,.,;m.,,mw,:,u,W,,,,,:MM,,‘M,. e ,6##=1 A
Directionality oo =10° Yufeng Li et al.
Phys.Rev.D 88 (2013) 013008
CC-e VS CC-# VS 25 ! I ! | ' I ! 1 ! | ! I 1 !
. Normal true MH
NC: 100% eff. _
Classification - . R S PR )
NE 15 | _
vvs v: Ne, Yiis S AN _
‘ AmQO(al ée : : :n:e M;H(Tpu =_°°))
T True MH (c,.:"= 1.0%) i
False MH (o, = 1.0%)
0

234 236 238 240 242 244 246 248 250

|AMZee| (X107 eV?)



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 21
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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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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)

25

~’




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
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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 25
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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 | 26
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DIRECTIONALITY

3GeV <E< 4GeV

0.10

uc: -0.03

25 = 0s: 8.81 25
(a) v, o8 =R 1158 (b) Ve & EfficientNet-V2
¥ DeepSphere
20 _—o— 20‘$ # PointNet++
e
S —
; 15 ; 15 .
D 10- Reco;\ssotructege-Tru?e(‘) e D 10 _— . ——
_._ =.=
5 ' === _ s —
0 0
1 3 5 7 9 1 3 5 7 9

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

“ 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
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* Energy dependent Zenith Angle resolution, less than 10° for E>3GeV
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J. Phys. G: 43 (2016) 030401
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PID STRATEGY
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Figure 4. The schematic workflow of atmospheric neutrino classification.
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+ Both leptons&hadrons visible, different topology
% stepl: CC-e/CC-mu/NC classification

“ step2: U vs v
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Captured Neutron Multiplicity
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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)
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PID PRELIMINARY PERFORMANCE

Wing Yin Ma@Neutrino2024
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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.
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https://agenda.infn.it/event/37867/contributions/227965/

PID PRELIMINARY PERFORMANCE

Wing Yin Ma@Neutrino2024
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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.
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* PMT de-noising, waveform reco

+14C pileUp 1dentification

< Muon classification/combined reco

% Seperation of Scintillation and Cherenkov photons?
* Multi-target reco?

% And more...

Wuming Luo 39 e



<+ With O(104) PMTs and 20kton LS, JUNO provides a perfect scenario

for Machine Learning applications

* A few examples were presented

% MeV reactor v: PMT waveform/vertex/energy reco

% GeV atm. v: directionality reco and PID

* More interesting and challenging problems...

% ML can turther enhance the capability of the detector, yielding faster,

better results
THANK YOU!
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% Several postDoc openings at JUNO
* Commissioning, Reconstruction, Physics Analysis and more...
+ Competitive salary!

< Email: luowm@ihep.ac.cn
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INPUTS: PMT FEATURES

$Feature variables extracted from PMT waveforms
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DIRECTIONALITY
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