CRIME SCENE INVESTATION
AT JUNO
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“Introduction: what/why/how...

“Reconstruction of reactor anti-neutrinos
“Energy reco

“*Vertex reco

“Reconstruction of atmospheric neutrinos
“*Directionality
“Particle Identification

“Summary
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MULTI-PURPOSE OBSERVATORY

* Physics goals: neutrino mass ordering (~30), precision measurement of neutrino
mixing parameters (<<1%), supernova v, geo-v, solar v, nucleon decay,

* Future upgrade (2030s) : searching for Ovf[3

New

physics

~5000 IBDs for
~60 IBDs per da Several per da Hundreds per da Several IBDs per da
[ Y p Y [ Y CCSN @10 kpc P Y

llllllllllllllllllllll‘lllIIIIIIIIIIIIIIIIII'

IBD: inverse beta decay
CCSN: core-collapse supernova Neutrino oscillation & properties Neutrinos as a probe
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THE DARK KNIGHT
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RECO IS CHALLENGING

+ CSI@JUNO objectives:
% Identity particle type: e*, &, 8, ¥, neutron/proton, U...

: . ; o . : i
% Determine particle properties: position, energy, track, direction.. HH

% Know yourself, Liquid Scintillator detector %

% pros: low energy threshold, high energy resolution and 7 ...

* cons: unsegmented, neither track info, nor Cherenkov rings...

»_ rift time
ChargeL» Wire number

SRR
1cm

uBOQNE e
SE

A neutrino interaction image from one wire plane in
MicroBooNE

W . L sl s nauing e Very high resolution calorimeter - millimeter-scale

umlng uo ron return yoke interspersed : e (Canresolve individual particles down to low energies
Transverse slice with Muon chambers J
threstiahs €A -

e 3x2D views = 3D imaging




+CSI@JUNO objectives:
*Identify particle type: e*, &, 3, ¥, neutron/proton, U...

* Determine particle properties: position, energy, track, direction...

*Know your suspect, particle behavior in JUNO:

*charged particles deposit energy and emit scintillation photons,

together with negligible Cherenkov light

#particle topology: point/ball-like source(IMeV region); track or
shower(GeV region)

‘ L L ® ® L
vmﬂlt—kple—epkme—seeﬂes«, »eeme}deﬁt—s%&als
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ENERGY RECO

- No oscillations
— == 0Only solar term
— Normal ordering
—— |nverted ordering

Events per 1 MeV

S
&
-—
-~
[
=
w
o]
=
=
3
| —
-—
| —
<

Inverse beta decay cross section (cm?)

Antineutrino energy (MeV)



REACTOR NEUTRINOS

DETECTOR ENERGY
TARGET MASS  RESOLUTION
KamLAND 1000 t 69%//E
D.Chooz  8+22t
RENO 16t 8%/~/E
Daya Bay 20t
5%/+/E

Borexi 300 t

UNO

2
min

|Ax
(=
o

Resolution [%]
NNNONNNNNONNWWwWwwwwwww B

N
o

Reactor v, signal IBD event number (x10°)
0.5 1.0 1.5 2.0 2.5 3.0

—— Resolution: 2.8% _|
—— Resolution: 2.9% _
—— Resolution: 3.0%

JUNO exposure:
6 yearsx26.6 GWy,

OoORNWRAUIONODOVORNWRAUIONDOOO
| [

“Challenging: un-precedented energy resolution

“Important: better resolution — > better sensitivity
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+Simple total PE method: E ~ total PE
¢ Maximum likelihood method*

+optical model independent
#calibration data driven

“taking into account differences among PMTs
% Main factors for energy resolution:
“photon statistics

“energy non-uniformity*

$PMT dark noise
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NIMA 1001 (2021) 165287

+Stepl: use calibration data to construct
the expected number of PhotoElectron
per unit E A(r,0,0p,r) for PMTs

+Step2: maximize the likelihood | s
f un CtiO N Total l'cf//ec'ji()n zone

. k;

] l

L{k}|r,0,9,E, )= Hﬁ(ki\r, 0,0, E,) = H

=L b, .
*lki} — detected PE for PMTs

IR A E.is — visible energy 4
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SEE 6005 B 101 Ec=0MeV -
Source Type Energy [MeV] L o ERRE: : :_
68 2 % 0.511 B M e e (E =5Mev) ]  E '0°F - E
o J e 02F 5N 1 1° 1=-------..-------»::' g
Co Y 1.173 + 1.333 P LTS - 0.005F :
AmC (n,H)y 22D 107 : = ool o Ge - .
Laser Op 1 - y . g R i g
- - 0985F v Laser s
10—4 = ' E o - L+ | | | :
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0 200 400 600 800 1000 S 005k E
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redep it | T Y s XY TR TR T TT I Ly -
0.995 F- -
‘ [ ] [ ] { { E E
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ﬂ . . 0.985 F- =
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-0 1000 2000 3000 4000 5000

e (]

+Laser(°8Ge) 1s better at high(low) energy
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“*Energy deposition of positron in LLS <

1 E — **Ge + 2 MeV Laser —

*kinetic part: point-like

“annihilation part: ball-like

% Use combined source Laser+8Ge to

— 68G.e + 5 MeV Laser

mimic positron |

107

geomb 0 GpGe pbe gg o ST gl 085000

VIS
Evis

4 Ge 1072
Ew’s . Euis + Ek 0 20 40 60 80 100 120 140 160 180

ePMT [O:

*Ex — kinetic energy of e+
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PERFORMANCE
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+Combined source 1Improves the 2 1005 E § =
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energy resolution) 1n the total 099+ E=0MeY ¢ E,-aMey » ooy |1
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stainless-steel latticed shell

event vertex and time

{;.’O, tO} acrylic sphere

7
i Lwater,i

% Define residual time

PMTs

0, | ’

: " {74}
ti‘es(rOa tO) = 1; — tot; — o, ool
+Construct pdf p(t) - e

% Minimize likelihood function

T T . . 1
0006, T T T T I T T T Ll I Ll Ll Ll Ll I T T T T I lllllllllllllllllllllllllllll
4
.

0.005

0.004

0.003

Arbitrary Unit

L(Fy,1t0) = —1In Hp(ti*es)

0.002

0.001
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LIKELIHOOD METHOD

Nucl.Sc1. Tech. 34 (2023) 6, 83

L(qla qz, ..., qura EViS) —

L £ (15)
H e H (ZPQ((Iv:|k)><P(k,M)),

un fired fired \k=1

charge only

L(tl,r,t2 Ty . tN 'rlr tO) —

time onl r H Ek 1 PT(tz "“lr dza.u'zau'z y k) X P(k l'l'z + /’l‘;i)
i T —valid hit Ek , Pk, g + )
(16)
[,(ql, qQ2, .-y qN; t1.r 2y ..o, tN,r|I', to, Evis) =
+oo
charge & time r, E II e 11 (Z Po(gilk) x P(k,m))
un fired fired \k=1

1 (Zle Pr(tir|r, di, pt, ud, k) x P(k, p u?)) |
T —valid hit EkK=1 P(k, p; + p .

‘Wuming Luo | | | _ | 24 2 : | == (@




PERFORMANCE COMPARISON

Nucl.Sci.Tech. 34 (2023) 6, 83

*R.s depends mainly on PMT time info, charge info also helps

*Impact of Rreson Eres1s < 0.6% for QTMLE

5220;_ CID ] | | | | g 3.5: I B s s B B B S S :

=200 | Vert -o- QMLE k5 B —o— True vertex i

= 180 - €riex . TMLE 5 30 —5— QMLE ~

= = = QTMLE 2 - A— QTMLE (*’Ge+e time PDF)

g 1601 5 = - — s QTMLE (*Ge time PDF) -

— l r <17.2m) 2y 29[ ]
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REACTOR NEUTRINOS

L . | | ) | 1 I I | | ) | | 1 I I | ] ) | - ? - ' I I ' l ' ' l I ' ' l I l ' ] | ' ' ' l ' L

o i | ! | I | | 7 SO ]
— B . 505 /¢ i :‘ - —— Default N

I “/ 1 29.5/ —

g 3r ;( ! ert o (’)0;97 i} D i\ L \Defaulf-A? : Vertex 5
g - o S . m 2.5 V\A%-B? : Dark Noise —
= - b 0.6401 +0.002763 i N 82-C2 - Waveform reco B

_ c 1.205 +0.01392 — 5 ' ' i

A 251 ] BN e \C2-D? : SPE charge smear |

— - . - . —

o - ] - Case D : Ideal

ZIN: : :

O — — _

5 2f : 1.5F
&3 - . -

1.5 ] LE
1= ~ -

- | | | T | I 1 O [~ :
0 2 4 6 8 10 12 0

E . [MeV]

* Latest predicted Eres 2.95% @] MeV

* Decomposition of the Energy Resolution

Chin.Phys.C 49 (2025) 1, 013003

+ PMT dark noise, charge smearing
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PMT WAVEFORM PHOTON COUNTING

Eur.Phys.J.C 85 (2025) 1, 69

: T T AT e T Table 2: Modified RawNet architecture. For convolutional layers, numbers in-
da e e s — side parentheses refer to filter length, stride size, and number of filters. For
i ; : , , : : . i gated recurrent unit (GRU) and fully-connected layers, numbers inside the
- 1 parentheses indicate the number of nodes.
0.8 = ............ ........ ............ ............. ............. ........ — Layer Input Output shape
1| O O O O WO M - Conv(3,3,128)
06 —_ ..................... _/ _S;:)lr?ved BN (128, 140)
B 1 I N I R S R LeakyReLU
04 f b N T ComvG,L128)
0.2 __. ..................... ............ ........ ............ ............. ............. ........ _— LeakYReLU
- : Resblock { Conv(3,1,128) :x2 (128, 46)
0' i T T T : . : . . . . . ~ ____BN____
0100 200 300 400 500 600 700 8009001000 0" 100 200 300 400 500 600 700 800 9001000 LeakyReLU
time [ns’ time [ns | MaxPool(3)

Y

Conv(3,1,256) )

*/nput: pre-processed PMT wavetorm within BN

LeakyReLLU

42 Ons Signal Window Res block <{ Conv(3,1,256) 3} x2 (256, 1)
LeakyReLLU
MaxPool(3) )

*Model: Customized RawNet
e . . GRU GRU(1024) (1024,)
“*Qutput: {pk} the probablhty for predlctlng Speaker FC(128) (128)

embedding

(k=0,1, 29) PEs Output FC(10) (10,)

~
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PHOTON COUNTING PERFORMANCE

0 000 0.000.00° 0.0 0.00 000 000 0.00 04 0.00 000 000 000 000 000 000 000 000 0.00

1- 000 0.000.000.00 0.00 0.00 0.00 1] 0.06 0.01 0.0 000 000 000 000 0.00

2 0.00 0.00 0.00 0.000.00 0.00 5 ] 0.00 0.17 003 001 001 000 000 0.00

3 B 000 000 0.00 0.00 0.00 3 0.00 0.00 'S 022 004 002 001 001 0.01

g 44000 0.00 0.00 WM 009 001 000 000 0.00 54000 000 001 loa7 B oo oo o001 o002
: :

£ 51000 000 000 0.01 gugs ﬂ R 00t 000 0.00 S<]o000 000 000 001 017 [041 025 008 003 005

6 11 9:000 0-008N0-008S0-00 Lt S R 002 000 6] 000 000 000 000 002 017 037 025 0.09 0.10

;1000 000 000 000 000 004 025 050 020 0.1 1000 000 000 000 000 003 017 034 025 022

g{ 000 000 0.0 0.00 0.0 0.01 ROIDONEE. H - gl 000 000 000 0.00 000 000 003 016 031 BN

=9 0.00 0.00 0.00 0.00 0.00 0.00 0.0 0.03 FO:21 s 9] 000 000 000 000 000 000 000 003 015 [EES

o 1 2 3 a4 5 6 1 8 =9 o 1 2 3 4 5 6 7 8 =9

Predicted label Predicted label

“Left: Confusion matrix of RawNet
+99% (95%, 87%) accuracy for I1PE (2PEs, 3PEs)

*Accuracy decreases rapidly as nPEs increases

0.8

0.6

0.4

0.2

“Right: Confusion matrix based on charge classification

+The accuracy 1s markedly inferior to that of RawNet
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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.. 20 confusion matrix Cyy




[—
.
-
[

-
-
.
—
]
.
]
.
—
]
N
-
]
—
]
4
-
-
]
4
-
—
]
4
.
.
—
-
]
-
]
-4
.
.
-
]
—
-
A
-
—
-
-

H

.

-
[W—

—

—

—

-—d

-4

-4

m—pm= QTMLE : P - : 5 m—pmm QTMLE .

; 3 - - : : —a— PETMLE : : i
: : - SETT-WLE Kr ’ : 7 — : P eedee. QPETMLE K,=1 : : -
I S AN — =0, N e B : : —a— QPETMLE K.,=4 ' : N
0-99 : : QPTMLE KT=2 : : 0,99

- . —— QPTMLEK=3 ]

..... ] 0.98

Eres Ratio
|
|

Eres Ratio
l
|

------ QPTMLE K, =1
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0.98

oorb N 097

096F 1 096
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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
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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

o - et 8.25MeV
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= -
) 7
] ]

i g
l fll1d,} oo
i ,
il e k/'. Tt b
o iy fort s 37 Wbl o
» .'if.,".;:. b R 10 »
AL TORE N ."l'& ¥ LA T . 'Iif!:;-.,,
b "gfff‘ﬁili.l"n.'-ﬁ. e el s, oA @
é lll"l'#':":lrlllu..l“;: ..".. l. llt ' ||:|rH!'J“I|... 9
B S T | g T s O
e, - . R Y .
>\ Ir- n’ .'. e YV - ‘;'|l.|-|‘| U
i .%-,:.!“- , o o e
ll. ."l'- ) l\' .I':'l |.I:.: !Jln: hl %H'J\E _"f:' ::'?.Tn
A T CRNP bl 1 S o ' ' ' 6 Q
‘t\ ( ' .la r IIJ..II 'l.l "1-. r.ll.'!l. 1III l'.:f !.:' 'l|lll L} J‘l %
Jau )0 'l..- Ve -L.,r"";ﬂ' ‘ AN |.l
LT L " .:j.! l'I' ..L :'!ll |I|?'I'I '“‘ .
fﬁ.:." I..' ":u'||.:¥‘ ;I | Il .‘eu l.'l\l o ‘.l' 4
N ¥ c j,.“hu‘ w &
" !_ ) f v
FENE fre 1..,."
® ...: L I; T
Rk () .
\’\, 1 I 1,‘ "..' 1 | [ \’\9 [ 1 1
SR NS Q‘"\\ \Q\\ \\\ \b‘\\ \@ \"F\\ N ,{,‘.9 O N
X pixel

Wuming Luo 33

250
F,
Rl f |l . § ' g . m
N AR - 200 E
fw
4 S
. Q
' - 15
. 150 o
s :, R
! Lt
- 100
50

I | 1 I 1 1 I 1 i 0
D Q N} \\ NN Q \) N}
S PRSI

X pixel

Nucl.Sci.Tech. 33 (2022) 7, 93

Q

140
120

100 |-
80 |

60

2 160f

100 200 300 400 500 600 700 800 900 IOOO
time/ns




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
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MODELS: VGG-J

NIMA 1010 (2021) 165527

X2
= Convolutional Block - Dense Block
~~ X3 -
Q ., prm— e, o
< oS0
q\ - 0
— 8 O O o)
- o O O
- o 8 8 o
¢ 512 . e, e ©
~ 256 of=% 3orl
o 100_/ ” X ” = Batch Norm
— 128 512
@)
( 64 -~ —/ = ReLU
1024 _/ .
Conv Layer MaxPooling Layer ' 10 =2D Conv
| h_ Flatten mm o
| . 1> =MaxPool
N
— yIL = Stride
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MODELS: RESNET-J

NIMA 1010 (2021) 165527

conv2 X conv3 X

Wuming Luo

conv4_ X convd_Xx
. 64 128 1024
256 L™\ 512 x5
j e e/
Flatten _Jo \,id/conv block«B

O

O

© "Full" path

§ ot Out /‘"

SE=1oN[o g . T%

=0l "o T .

. o 1° e St [ 64 AN

o5 3 or 1 o= 1]

o) L. )

ol 77100 2hata ) [

§ —/ Input ~__ ™~

HX“ = Batch Norm _/ = ReLU 512_/ "Skip" path

[===

' 1e=2D Conv.

| T| = AvgPool

e e+

o ——,

. |» =MaxPool

N

YIL = Stride
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MODELS: GNN-J

NIMA 1010 (2021) 165527

NSide = 16
NSlde =
NSide =4
N
N
l\
-
<
16 32

ChebConv Layer MaxPooling Layer + BatchNorm Global Average Pooling

\/\\ X NSide — Nside / 2
AT Filtered

Radius K=5
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VERTEX: CHARGE
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First Hit Time
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VS TIME
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+Charge also helps constrain 5, , s
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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

€160_
€ 140F @ FHT, Charge
— - & MCP
120 ¢ Dynode
= - A X
8 100/ L All
) C L;?
X 80 N
60— A8 e
= A ® dh &
= A g & o0 < r ¢
40_— a at A % %
20—
- o | I I | |
O13F & | | | | ' i
© SN T I - L S .
1.2t "
1.1F IR S : X g B 9
S S Sy e | S g
2 4 6 3 10 12
Eedep (MeV)
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VERTEX: ADDITION OF 2ND HIT

I“ Nucl.Sci.Tech. 33 (2022) 7, 93
—~ 701 = L |
. g : . Default g 100~ # Fully separated
' Charge :c; 605_ $ FHT, Charge S - % FHT, Charge
o 5 501 % FHT, SHT, Charge E 80: ¢ FHT, SHT, Charge
2 4of ® 8 [ ®
o 40 O 60—
o b L - & e B *
& \-:" m 30:_ R " 40: . £
= — &
l 20F A - Tt e e
of- ideal PMTs 20— realistic PMTs
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Ay

¢ Production: Cosmic Rays interact with Earth’s atmosphere,
decay of secondary mesons

A

% Propagation: oscillation in matter, sensitive to NMO

Al

¢ Detection: interact with nucleir via Charge Current (CC) or

Neutral Current (NC)

Isotropic flux of
cosmic rays

Vv, CC Event NC Event Ve CC Event

l/

H Ve

Ve Vea

T, P T, P
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ATM. VYV @ JUNO

$Measurement of atm. ¥ oscillation at JUNO could turther boost
the NMO sensitivity

+Key ingredients: directionality, flavor identification, v vs o

The spectra diff between NO and |O for: mu neutrino.

4.5 _ - Reactor A

< 0 .
74 —I | QO 3 | Atmospheric ,
S v | T,? 4.0 H— Combined+1.4% Am?, —
—0.2 ”—_ i | 35 - sin?@,3 : (0.545 = 0.0 3
1 o v _ |
J4 1023 . S~ S 3
e @9 & 2.5 5
40 I = | ~byr - ~4.2y1
= =2.0| |
S ! ]
3 \ | 1072 c/? 1.5! |
TOSAN | <] | |
S ‘ i 1.0 E
= Tif.x‘=‘ri."‘_-'ri»r"‘ | 05 :_ " L1 1. Ly | Ll —’
| . 10 2 4 5 8 10
Neutrino Energy [GeV] DAQ time [year]
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Single-phase
LArTPC

.:ii 2 :
Charge J_. Wire number :
\ uBooNE _
2017

VS
/ ‘."d neutrino interaction image from one wire plane in
. (\0 MicroBooNE
(\Q’_.*" 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
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PARTICLE TOPOLOGY

Energy deposition topology in LS for different type of particles

e-, XYZ(0,0,QOOO) 6=O.35, dE/dx (Mev/mm) plOt, event#0 mu-, XYZ(0,0,QOOO) 9=0.35, dE/dx (Mev/mm) p|0t, event#0

25 14000 25

13000 .,
e " =20 12000

i I 11000 |15
10000
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5
7000 2000 2
1000

X

neutron, XYZ(0,0,9000)06=0.35, dE/dx (Mev/mm) plot, event#0

10 9000
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N )
71—0 11000 15 D 390
10000
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DETECTOR RESPONSE
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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
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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
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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
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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

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
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Included Angle (°)

J. Phys. G: 43 (2016) 030401

Yellow Book
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PID STRATEGY

prompt trigger

(@v,/v,-CC (b) v, /v, - CC (c) NC

»,
 d
»
Muon track Electron shower "o,"
"'
"
Vv v .
v v g .

0.1 SEIRANE RN E NN RE NN TR AN AN EE

A v » L1l 1 ]
ladrons Hadrons Nadarorn: 00 25 50 7.5 10.0 125 150 17.5 20.0
I ——— E. [GeV]

(a) Yratio

© Ineutron capture

BN
o
|

w
o
T L

N
o
T 1

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

Captured Neutron Multiplicity

—
o
T T 1T

o
L

o da s b e e r s b e b had
0.0 25 50 7.5 10.0 125 15.0 17.5 20.0

N e
% step2: U vs U e, eV
(b) Neutron multiplicity
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PID ML INPUT & MODEL.: 1

| Point clouds
PMT-level features: (PMTs on CD sphere)

nPE, FHT, s'Iope, etc. 17612 x (3+features)

FC layer
(256+256) FC layer 1
(64) FC layer 2
— P0|ntNet++
(16)
— —— I ) OUTPUT
Reconstructed neutron | = ; — DGCNN
i

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 ML INPUT & MODEL.: 2

300

600

(ns)

400

200

*PMT features —> DeepSphere (x,y, z, feature_i...)

“Neutron candidates —> DeepSphere (x,y, z, FHT, nPE)
*Merged inputs: DeepSphere (x,y, z, feature_1..., FHT, nPE)
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PID PRELIMINARY PERFORMANCE

| . . I 1.0 —— AUC = 0.77
| f(v,) ConfUS|0n Matnx I S, === Random Classifier
e e
3 Truth o
I . l T 0.6
s : s _ cut | =
|.g E A-fcut f(Ve) B"fo f(Ve) I — - 0.4
E | I c .
'2 5 f(V,.) _rl - _reut ., I o ROC ] S
: oL R C—fcut f(ve) D-fo f(ve) : ¥ 0.2 curve
: 00 02 04 06 08 10 (Receiver Operating Characteristic)
: output score : 0.0 )

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 other 00 CC-e VS CC-x VS NC
1.0 | '
0.96
o = e 4F
> - +T =
3 0.6 0.92
= O
& . 3 .
Hogg | work 1n progress 0.88 | work 1n progress
Q
3
0.2 | 084 |
—— PointNet++, AUC = 0.96 : + PointNet++
0.0 LT— DeepSphere, AUC = 0.95 -+ DeepSphere
I ' ' ' ‘ ' 0.80 ' - ' '
0.0 0.2 0.4 0.6 0.8 1.0 0 3 6 9 12 15
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PID PRELIMINARY PERFORMANCE

% Discrimination between v VS U was achieved

# Neutron information 1s important for v, VS 7, separation

v, VS 1, v, VS D,
1.0 1.0
0.9 e-type PID AUC energy dependence
: == . = — -
work 1n progress === —
0.9 | 0.9 | f# 4
—— — ——
+—-ﬂ}—_$_ —— k :

0.8 [ o 0.8 |
O —— O ——
- —— - —
< j::é: —H— < k' Q07

0.7 T 0.7 |- WOrk 1n progress 2 .

——
—— ——
0.6 I 4 Strategy 1 . 1 0.6 I 4 Strategy 1 0.6-
- . Stll"ategy 2 | | | - . Stll"ategy 2 | | | e~ w/ neutron
. . t
0 3 6 9 12 15 0 3 6 9 12 15 05| T MWoneutron | |
Visible Energy (GeV) Visible Energy (GeV) 0 5 10 15 20

Visiable energy (GeV)
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PID PRELIMINARY PERFORMANCE

+ Consistent results between different event generators

5 categories classification yields consistent results as “stepl +step2”

1.0 1.00
: Strategy 1 :
work 1n progress work 1n progress
0.9 0.90
—o— —a—
08 F— 0.92 | T, L+
U U =*= —_—
——
2 2 ¥4 T
——
0.7 } :t=+=i#+ :t‘“‘ 0.88 | + =T
iﬁt +
0-6 1 4 GENIE T 0-84 I 4 342 1abel hd
+ NuWro -+ 5 label
0.5 ‘ ‘ ‘ ‘ 0.80 ‘ ‘ ‘ ‘
0 3 o 9 12 15 0 3 9 9 12 15
Visible Energy (GeV) Visible Energy (GeV)
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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 (video segmentation)?

% Prompt-delay signals analyses

% And more...
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+ With O(104) PMTs and 20kton LS, JUNO provides lots of unique,

interesting yet challenging problems for event reconstruction

A few examples were presented

<+ MeV reactor v: vertex/energy reco

% GeV atm. V: directionality reco and PID

% Better performance and understanding of the detector, yielding faster,
better results

1THANK 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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JUNO

< Jiangmen Underground Neutrino

ObSGI’V&tOI’y(J UNO) Top Tracker

% Determine the neutrino mass ordering

. ; : il S
% Measure neutrino oscillation ateron) 7 2
parameters to sub-percent level %
% SuperNova, Solar, Atm. Geo. etc _ o s AN =
Central Detector - S
DETECTOR ENERGY e
TARGET MASS  RESOLUTION ~17,612 20” PMTs — é}*
KamLAND 1000 t 6% @1 MeV S LR o i Aot eeds
+ ~/8% coverage e s ehetRe o sodte
D. Chooz 8+27 t TEERE L O T
RENO 16t 8%@1 MeV N 'm
2 o 1gs A P71 !
Daya Bay 0 t Liquid Scintillator NN .
20kton =
5% @] MeV
o : 43.5
3%@1 MeV ed:om
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ATM. NEUTRINOS: IMPORTANCE

45 - — Reactor Prlvate \;\/ OI’k B

o(6,) — 0(6,,)=19.5° "~ At heri -

0 20 " 60 : — Mospneric .
UL L 4.0 ——— Combined+1.4% Am§1 —

— v, CC purity=1.00 N , _

~ 4r 7 = sin“6,3 :(0.545 + 0.0 _
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“ Atm. NMO sensitivity largely depends on angular resolution and flavor identification

“ NMO 30: reactor alone(by) —> reactor + atm. (~4.2y)

+ Major background for lots of analyses
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INPUTS: PMT FEATURES

$Feature varniables extracted trom PMT waveforms
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JUNO NMO SYNERGY
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% Can we do better than Yellow Book?

reactor YV
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