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» Searching for 0,23
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The rarest nuclear decay process

Ty 5(2v8B) ~ 101 — 10°* yr

hypothetical decay:(4,2) —» (4,Z + 2) + 2e~

- Majorana nature of the neutrino
(own anti-particle)

- Lepton number conservation
violation

- Matter/antimatter asymmetry

Electron energy spectrum of 53 decay
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Q-value [MeV]

Xel36 gaseous TPC
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Xel36 pros:

-Noble gas (gaseous amplification) => Can be used in TPCs
- good natural abundance ~9%

Cons:

- Low Q-value (2457.83 keV) => Higher probability of a bkg
contamination

EXO 2019 results (liquid Xenon detector)

.. By 136 yo 2,53 ROl in EXO-200

32Th —.- Other Bkgds

ROl is contaminated by the bkg:

U238 and Th232 decay chains:
- 2448 keV gamma from Bi214
- 2615 keV gamma from TI1208

For Xel36:
Q value = 2457.83 keV

2500
Energy [keV]

PhysRevLett.123.161802, Search for OvSg with the Complete EXO-200 Dataset (2019)




> Xel36 gaseous TPC

Topological difference
b/w bkg and signal

®s Geant4 simulation
e

Photoelectric electron

y background

* 2B signal




> Xel36 gaseous TPC < PANDAH 2‘!

China Jinping Underground

SICHUAN W,

Topological difference 90% enriched Xel36 gas +1% TMA . Laboratory (CJPL)
b/w bkg and signal Pressure: 10 bar HDPE Shelding =3 e
Total gas mass: 140 kg Py o2l
®s Geant4 simulation Nitrogen : 3 A b
'5 Chengdu
) SS Vessel 3 o0 ;

Readout

’China Jin’;’;lmg L
Undﬁergrou&@*ab
Photoelectric electron . " o

y background Acrylic Field ¥, U

Cage

Reaching the cosmic bkg level
to be ~1 cts/weekim”/2

Cathode Bkg is suppressed from the
surrounding contamination,
leaving the irradiation from the
electronics and Cu

* 2P signal

Cu

Pb Shelding




> Xel36 gaseous TPC £+ pannat E =

China Jinping Underground
Laboratory ((;JPL) :

AT,

Topological difference 90% enriched Xel136 gas +1% TMA
b/w bkg and signal Pressure: 10 bar
Total gas mass: 140 kg

HDPE Shelding

"China

®s Geant4 simulation Nitrogen

SS Vessel SICHUAN=C - amay

China Jin’;’;lmg i
Underground Labol
I I

B e

’ Readout

GUIZHOUES

Photoelectric electron 3 .
y background Acrylic Field
Cage

Reaching the cosmic bkg level
to be ~1 ctsiweek/im”2
Cathode Bkg is suppressed from the
surrounding contamination,

leaving the irradiation from the
electronics and Cu

* 2P signal

Cu

52 Micromegas Modules
64+64 readout channels each

Pb Shelding
MM schematics
(20x20 cm)
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> Xel36 gaseous TPC < PANDAH 2‘!

Readout

SICHUAN W,

. . . hing” o
Topological difference 90% enriched Xe136 gas +1% TMA : Eaér;?{igwrslrzgjlé)nl_t;erground
b/w bkg and signal Pressure: 10 bar HDPE Shelding <5 g, o
Total gas mass: 140 kg Py o2l
®s Geant4 simulation Nitrogen : 3 A b
e SS Vessel | 5 ;

’China Jin’;’;lmg L
Undﬁergrou&@*ab
Photoelectric electron . " o

y background Acrylic Field ¥, U

Cage

Reaching the cosmic bkg level
to be ~1 cts/weekim”/2

Cathode Bkg is suppressed from the
surrounding contamination,
leaving the irradiation from the
electronics and Cu

* 2P signal

Cu

52 Micromegas Modules

64+64 readout channels each . Pb Shelding
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: — &0~ 800+
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> Software environment REST 2% panDAY H =

Monte-Carlo simulation 128 x 128 matrix

Done with REST environment Signal from the readout system
4000
Hide | 3DView | Actions | 5 mmi
jg F 49 3000
,,,> 500? 2000
Simulation of the - 1) i ‘ 1000
detector response R T T XZ YZ
R S 0 20 40 60 80 100 120 ¢
e . Track Reconstruction
Electron diffusion, r?gess?ncocﬁaizc °
smearing, P 9
Slgnal Shaplng’ etC. Event ID 23 Event ID 23
__ 6001 6001
1S [
£ ssof 580
o :
% 560 5600
(F [
N s40f- 5400
5201 520F
OUtPUt: 500 500
- Total reconstructed energy of the track seol. w0l
- Track topology
500 480 460 440 420 100 90 80 —70 —60 50 40 30 —20
X-axis (mm) Y-axis (mm)



> Software environment REST < PANDAH 2‘!

128 x 128 matrix

Energy spectrum of the reconstructed events _ 0
o Signal from the readout system
@ L 2% 4000
E L ) T F
w C_ Simulation: S ol
500 = 40 3000
- ~10 000 Ovgg events of Xel36. - '
- Qvalue = 2454 keV = T 60
40— ROI: [2357, 2553] keV 500; '. P 2000
3{}0 _— e i 100 1000
: 00 100 260 300 400 ) 5(_]0 XZ YZ
: i 0 20 40 60 80 100 120 ¢
200— Track Reconstruction
- 93% of events are in the ROI processing chain
100 C Event ID 23 Event ID 23
C __ 600 6001
- S [
0 I B SV E ssol 5801
1600 1800 2000 2200 2400 2600 e [
E [kaV] ‘% 560 560F
N 5401 5401
5201 520F
OUtPUt: 500 500
- Total reconstructed energy of the track | & w0l
- Track topology
-500 480 460 440 -420 -100 90 -80 -70 -60 -50 —40 -30 —20
X-axis (mm) Y-axis (mm)




> Problems with Micromegas PANDA R

Gain map for one Micromegas module

— 1200 ExYampIe of missing channels

68

67 -

66

R
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D007

651~

64 -t

. . Missing channels cause
Inhomogeneity of the Gain loss Of.g

causes an incorrect energy - Topology of the track
reconstruction - Energy reconstruction info

Detector Activities in Saclay; 12/11/19 - Benjamin Manier
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> Problems with Micromegas o PANDAH TV

Gain map for one Micromegas module

— 1200 Example of missing channels Simulation:
Y: « ~10 000 0 events of Xel36.

b db. Q value = 2454 keV

';&'0'0" ROI : [2357, 2553] keV
LR

S

5G5S

Energy spectrum of the reconstructed Ovsg events

64 _.% E 0 missing channels (93% in ROI)
w 500/~ 1 missing channel (86% in ROI)
0 1 L 2 missing channels (79% in ROI) _
B 3 missing channels (73% in ROI) I
400— JJ l‘L
Missing channels cause 300; 21% of all the events in ROI ROl -{Il‘
Inhomogeneity of the Gain l0ss of e e 5 Ti=sing ; |
causes an incorrect energy ) Topolbgy of the track 2001~ | module on the Readout plane |
reconstruction L -
econstructio - Energy reconstruction info 100l H[\{JH
C pn I
Detector Activities in Saclay; 12/11/19 - Benjamin Manier B pﬂf l’l_J' l
o D I vt v st N .
1600 1800 2000 2200 2400 2600
E [keV]



> Energy prediction with ML 2% panDAY H =

General principle of the ML techniques \
(Deep Neural Network) Ng
The purpose of this study with ML is to find a way to r
correct data affected by the problems with MM
Signa| event with Input Layer Hidden Layers Output Layer
missing channels
; ° o Energy
. ) 7] ’e @ [ reconstruction Y
120 i 000 H Loss/cost function - 0
i“ 7 1 n N2
Model MSE= =Y (Y;; _ YE)
n

Given true Energy Y ‘\ =1

Updating the model parameters to minimize the Loss function
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> Energy prediction with ML $, PANDAH E‘! @

Convolutional Neural Network (CNN) model is being
used to predict the energy of the event from the
simulated detector data

In this study the output is one value

(128, 128, 2) Feature maps x32 128 (Regression problem)
Input
@ | Output:
.| Energy
74 prediction
L ..-,--,-5
LI A Ll o B ol B bl
Convolutions Convolutions Convolutions Fully connected

3 Dense layers

1 & A\ 2
Loss function for the back-propagation: Mean Squared Error (MSE) MSE = — E (Yg — Yi)
n
i=1



> Enerqy prediction with ML

images_masks

0 1.0
: Masks generated \
Simulated data: by randomly T
« 288k Signals (24 files by 12Kk) gﬂggﬁgg issing N —
* One e- events event (X3) m\\ 0.6
* registered by 1 MM 2 &0
* primary energy range [0.5, 3.5] keV = 04
128 x 128 matrix 100 02
0
” 0 20 40 60 80 100 120 0o
20 4000 channels I n put
* Primary energy: . images_wMissing Lo Data
* | 3000 initial energy of the
generated e- by the 20 o
o0 Geant4 (labels) '
i i 20001« Detected energy: 40 f
80 energy ‘“registered” o i 4 06
by the detector in 2 %91 b
100 1000 REST N 04
0 Detected energy with 100 aagesit 02
0 missing channels
& i = 2 = 45 = missing channels: . 2 j
data from missing [loo

0 20 40 60 80 100 120

(Simulated Signal from the detector) channels is subtracted enafinais




> Enerqy prediction with ML

Simulated data: 0 images_stack \
» 288k Signals (24 files by 12Kk)
* o0ne e- events
* registered by 1 MM <0
e primary energy range [0.5, 3.5] keV
40
128 x 128 matrix
) 5 60 Input
£
e Data
40 . . 3000 80
60
| 2000 100
80
100 1000
120
120 0 20 40 60 80 100 120
0 20 40 60 & w0 10 channels
Representation (128, 128, 2) shape data element }

(Simulated Signal from the detector)



> Enerqy prediction with ML

SimU|ated. data: : Energy difference comparison
» 288k Signals (24 files by 12k)

B Difference b/w Primary&Detected (Entries: 12000)
* 0One e- events

mmm Difference b/w Primary&Detected /w missing (Entries: 12000)
* registered by 1 MM 0.010

* primary energy range [0.5, 3.5] keV

AE is being affected by
missing channels

First step — reconstruct
energies in order to achieve
proper AE distribution

Dff b/w Primary&Detected : 4 =20.951, 0= 35.541 a0
=== Norm fit
mmm Difference b/w Primary&Detected (Entries: 12000)

1

0.0107 | Gives a precision
which we should
regard in energy
reconstruction
Corresponds to
3% FWHM of the
detector

Entries/N
o
o
o
o

0.008 0.004

0.002

Entries/N
=]
o
o
o

0.004

0.000 . ;
0 100 200 300 400 500 600
0.002 dE, keV
Due to rough threshold,

will be updated

0.000"




> Enerqy prediction with ML

Preliminary
First attempts to test the model on pure

Predicted vs Primary E

3000

Correlaz'b%n of the Difference b/w Primary&Predicted values and Detected
50
2750

2500

events (without missing channels) to . °
. . T 2250
predict Primary energy s wi 2 0
& 2000 . 5 g
§_1750 " ﬁ—mo 20

Global event normalization
by the max amplitude among N
all the events 1250 e 0

=200

1500 -

1250 1500 1750 2000 2250 2500 2750
o Primary(testY), keV
0.35 1000 o
CNN 1250 1500 1750 2000 2250 2500 2750
20 0.30 Primary(testY), keV
G55 Diff b/w Primary&Predicted: u=14.927, 0=65.247
40 0.007 Difference b/w Primary&Predicted (Entries: 20000)
0.20
o0 0.006 A
\
015 i L. .
80 A Preliminary results give
0.005 oy
! 0.10 b 0=65 keV of the AE b/w
.
1 . .
100 Z 0.004 il 1 | Primary and Predicted
w o 1 |l
008 £ .t | values
120 . & \
. L~0.00 0.003 ! H
0 20 40 60 80 100 120 |
! |
0.002 i \
! \
/ |
| \
J v
0.001 / |
/ |
/ \
I \
J \

0.000 = =
-500  -250 0 250 500 750 1000 1250
dE, keV



> Enerqy prediction with ML

Preliminary

Predicted vs Primary E

50 Iorrela%%n of the Difference b/w Primary&Predicted values and Detecte
3000

30

40
25
2500
>
g 3 20
£ 2000 2 3 15
%} “C-' = -100
Q
a 20 10
—-200
Individual event normalization by the 1500 5
max amplitude in each event o .
- - - . 1250 1500 1750 2000 2250 2500 2750
(only the topological information is stored) 1000 Primary(testy), kev
1250 1500 1750 2000 2250 2500 2750 0
Primary(testY), keV
(0] 1.0
Diff b/w Primary&Predicted: u= —31.770, 0=103.644
CNN === Norm fit
20 : ois 0.0040 Difference b/w Primary&Predicted (Entries: 20000)
40 i i 0.00351 ‘,” \‘\\
‘ 06 /% | 0=103 keV of the
60 0.0030 i\ | AE b/w Primary and
Slight dependency of the e i \ | Predicted values
0.4 . . . u ' '
& diff. Predicted — Primary £ / )
wrt Primary value 5o { |
100 02 => room for improvement —— i ".
120 0.00101 / \
L ro.0 ! \
0 20 40 60 80 100 120 i \
0.0005 1 #
0.0000 = ==
—800 —-600 —400 —-200 0

200 400

600 800
dE, keV




> Energy prediction with ML
i
Preliminary 3000 -
.:i.-
| \ 3 2500 g
Global event normalization — m o
Prediction of Detected energies Correlation is clearly | 3 i
A o expressed, but... g 2000
- 24*12k events with missing K i
channels 1500 .,-'-':-F‘
o 0.35 ot
1000 i
20 0.30 #F
oL 500 1000 1500 2000 2500 3000
40 Detected(testY), keV
60 0.20 CNN Correlation of the Difference b/w Detected&Predicted values and Detgcted
0.15
80 200
2 0.10 ' E
100 Rather wide LR P
005 AE distribution o o ity
120 ' >
0.00 ~
0 20 40 60 80 100 120 w
§ -200
—-400
500 1000 1500 2000 2500 3000

Predicted vs True Detected E

3500

Detected(testY), keV

3500

14

12

10

8
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Entries




> Enerqy prediction with ML

Global event normalization

Preliminary  pregiction of Detected energies

Diff b/w Detected&Predicted : u=57.499, 0 =289.486
=== Norm fit
Difference b/w Detected&Predicted (Entries: 4200)
0.005
24*12k events with
- - ’ A
0.004 missing channels AN
| \
L \
z The goal of the training:  / X
o 0.003 ! \
T o - 0 keV I 1
[ = [ \
a p — 0 keV / N
0.002 /
0.001 ’f \
0.000 : = S .
—600 —-400 —-200 0

dE, keV

Work in progress:
- model parameters to optimize
- data configuration update

- model architecture modification

200

Energy difference comparison
Difference b/w Primary&Predicted (Entries: 4200)
Difference b/w Primary&Detected (Entries: 4200)
0.010
AE Primary and Detected:
0=35 keV p=21 keV
0.008
z AE blw Primary and
£ 0.006 Predicted:
I 0=95 keV u=-36 keV
0.004
0.002
0.000
-400 -200 0 200 400 600
dE, keV

Results are not event close to the goal for the moment




» Conclusions %% panDAY 'T‘I cea

Promising preliminary results on ML techniques on the energy prediction
Energy reconstruction technique is in the development
Individually normalized data prediction will be completed

Next steps:
Update of the models architecture for bkgl/signal discrimination
Energy prediction based on real detector gain
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> Xel36 gaseous TPC £+ pannat H =

Micromegas basic principle s

Electrode de derive

(Microbulk example) | * A

V=-870V " TPC volume p
Read-out plane and mesh ALL IN ONE / - ~1

E]-_HI—HH—-[]-—-I:[ — _ E=15kViem

Read-out plane

ARY

. Weak elec. field

Vo=—400 v

blicro—grille

5 * Strong elec. field
N . Pistes (anode)

Particule chargee

E =40 kEVicm




> Xel36 gaseous TPC £+ pannat H =

Micromegas basic principle \
"‘ Electrode de derive
*
“ A
V=-870V * TPC volume e
/__,.-—
E=15kVicm * Weak elec. field
%
‘\-
Vo= —400 V x Micromesh
\‘ A/
E = 40 kVicm | & * Strong elec. field
- " Pistes (anode)

_ 4 Read-out plane
Particule chargee




> Xel36 gaseous TPC

Read-out plane and mesh ALL IN ONE / -
ITTTTTTTNTTONTT — s

Read-out plane

Microbulks

Micromegas based on a copper clad
50um-thick kapton foil; 40um diameter holes
Top face - mesh

Bottom face - read-out plane

Constant kapton foil thickness

- very good gain homogeneity

- best energy resolution among MPGDs
Only kapton and copper — excellent radiopurity
~0.1 pBg/cm? for 2*4Bi and 2°%¢Tl|

Studied by Zaragoza, IRFU and SJTU

Built at CERN, used at CAST, n_TOF

® T I
: ’ gCﬂ Duu Quawii ' ‘ @

Thermo-bonded MM

= g Mesh
Thermal bonding film )
Ge film

spacer ¢ 1lmm
Grounded pillar
<@ 0.5mm PCB board

Regular Micromegas with resistive Germanium layer
Mesh spacing by thermo-bonded polyester layer
Comparison with Microbulk:

* more robust

* low radioactive material

* sparks protection with resistive layer

* larger energy resolution expected

compared to Microbulks

Developed and built at USTC (Hefei, China)




> Problems with Micromegas

’
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Inhomogeneity of the Gain

. ) Example of missing channels
Gain map for one Micromegas module Y <

Entries

Missing channels cause
loss of:

- Topology of the track

- Energy reconstruction
info

Event 1D 23 Event ID 23

causes an incorrect energy
reconstruction

Detector Activities in Saclay; 12/11/19 - Benjamin Manier 540
520

500

—

- 1 600+
Loosing significant part
of the energy deposition
& one of the event
characteristics

580

5601

540

520

500

480

Due to consecutively missing channels

[ PEVEUSUUIY FVTS NPT TUTE PP PN
-100 -90 -80 -70 -60 -50 -40 -30 -20
Y-axis (mm)

| L 1 1
-500 480 -460 -440 -420
X-axis (mm)

Simulation:

~10 000 Ovgpg events of Xel36.
Q value = 2454 keV

ROI : [2357, 2553] keV

Energy spectrum of the reconstructed Ovs5 events

E 0 missing channels (93% in ROI)
5001 1 missing channel (86% in ROI)
L 2 missing channels (79% in ROI)
B 3 missing channels (73% in ROI) jJ[L
400— |
3001 | 21% of all the events in ROI ROI -{“1
I | are lost due to only 3 missing 1
L | channels per Micromegas L
200~ | module on the Readout plane |
100}— 1 HJ‘(I 1
L I l.ﬂ |
B WL
ok . e oo ol e
1600 1800 2000 2200 2400 2600
E [keV]

Proper reconstruction of the missing
information must be addressed
Starting from Blob charge
correlation study




Microbulks Thermo-bonded MM g@

Fragile detectors: cut channels, dark currents | Good energy resolution of 15% at 6 keV

N 5 04 1
Gain inhomogeneity for some detectors (not | (A" + 5% isobutane 1 bar)
all) linked to production problems Some non-uniformity of the gain a priori
Rather good resolution but not as good as due to production methods, improved
expected performance with new methods
#Am source, 5 bar Xe+%IMA Unstable dark current at high pressure
g 00— i . Er——— f  bosem |
S 18 wmasacr ? wmf o s
1600 Fi: 13 eV of Z'Ng Lx { E w2 B4R +24
14000 Fil: 17 g0V o =g LE1 ‘1' 00—~ pd AMa+a7
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> Blob charge correlation 4* PaNDA Y H oo

First Blob energy correlation

> 1000F
E_ 900F
Approximation of the lost Blob charge —) Study of the Blob charge g & ;
information from the second projection energy correlation @ 7o0p ‘
600
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400 1
_______________ e weonl 300
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560 100 = 107
O o0 500500 400 608600 7006w 600 1000
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Second Blob energy correlation
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400 !
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The correlation b/w Blob Charges is not evident, however from the 200
first approximation we may notice that both Blobs contain ~700 keV
of the total reconstructed energy (E_X + E_y) %00 200 500 400 500 600 700 B, ey



> Blob charge correlation $* PANDAY H oo

Better determination of the Blob — Study of the correlation b/w
charge deposition E deposition and Scattering angle 6

(Pure Geant4)

N . Angle distribution wrt distance to the last Ede
Distribution of the distance to the last Edep wrt Eloss 9 P

= B g‘ 3 _E
= [ £ : =
=, — - Track topology in Geant4 =
4 soﬁ Preliminary N events: 10 000 4 ]
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Energy deposition drastically increases
I at ~2mm to the last point of the track
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~10 mm

Most of the deposited energy is in the “tail”
Scattering angle could be used as a feature for NN application
Ongoing study of the real topology of the event determination




> Xel36 gaseous TPC Z* panpAt E e

Missing channel repairing with linear interpolation (Benjamin Manier)

* Added hits are based on the side
segments on the cut strip
* Energy is interpolated linearly from

the side segment Hits Event
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> Energy prediction with ML %% panDAY 'T‘I cea

‘ batch_normalization 6 | BatchNormalization ‘

InputLayer

‘ batch_normalization_4 | BatchNormalization ‘

)

| max_pooling2d_3 | MaxPooling2D |

}

| max_pooling2d_5 | MaxPooling2D |

flatten_1 | Flatten
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> Enerqy prediction with ML

Data coherence

Correlation b/w Detected - Primary & Primary energies Diff b/w Primary&Det: ¢=19.120, 0=38.410
100 mmm Difference bfw Primary&Det (Entries: 80000)
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Expect similar distribution for the difference b/w
Primary and Predicted values



> Enerqy prediction with ML

Simulated data:

« 80k Signals 0012 Diff b/w Primary&Det: u=17.719, 0=34.770
° one e_ events I Difference b:‘r: Primary&Det (Entries: 80000)
* registered by 1 MM — ‘
e primary energy range [1, 3] keV Due to det. response
p=17.7 keV
0008| g =34.7 keV

128 x 128 matrix

=
° W
20.006
20 s00 | Primary energy: 5
initial energy of
0.004
“0 2000 the generated e-
| ' by the Geant4
© (labels) O
# -t 2000
80
Detected energy: 0.000°
e woo | energy “registered” by o
the detector in REST
120
0

0 20 40 60 80 100 120

(Simulated Signal from the detector)
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> Energy prediction with ML $, PANDAH E‘! @

Convolutional Neural Network (CNN) model is being
used to predict the energy of the event from the

simulated detector data

In this study the output is one value

(128, 128, 2) Feature maps x32 128 (Regression problem)
Input
@ | Output:
.| Energy
74 prediction
L] » - = -,-5
LI A Ll o B ol B bl
Convolutions I Convolutions Convoiunons Fully connected
3 Dense layers

Kernels 5x5 Kernels 3x3 Kernels 3x3

1 & -
Loss function for the back-propagation: Mean Squared Error (MSE) MSE = — Z (Yg — Yi)
n



> Enerqy prediction with ML

Predicted vs Primary E

Preliminary

Global event normalization
by the max amplitude among
all the events
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> Enerqy prediction with ML

Preliminary

Individual event normalization by the
max amplitude in each event
(only the topological information is stored)
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> Enerqy prediction with ML

Global event normalization

Correlaﬂ’%n of the Difference b/w Primary&Predicted values and Primary
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=> room for improvement
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