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Outlook
Machine Learning in CLAS12

» Charged Particle Tracking
» Track identification in Drift Chambers
> Drift Chamber Data De-Noising
> Track Parameter reconstruction with Machine Learning

> Level-3 Trigger

» Data reduction with online electron identification with Al
» RICH Cherenkov Particle |dentification

> Particle ldentification
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Outlook

ChaTGPTge'l's real

» Gan you write a code to fill a

histogram with gaussian distribution
and fit it for GROOT?

Will insisted
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Outlook

ChatGPT

» Can you write a code to fill a histogram with

»{ Welcome

chatGPT_fit2.java

reactionFit.jshell data_pvalue.txt J chatGPT_fit2.java 1 X

Users > gavalian > Work > Software > project-10.5 > jaw-2.3 > J chatGPT_fit2.java > %2 GaussianFill > & main(String[])
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import java.util.Random;

public class GaussianFill {

|
! !
! !
' |
' [
|
| '.
' [
' [
' [
|
" " " " " " " | Run | Debug :
gaussian distribution and fit it with GROOT? & ¢ swtic storic vois mainisirinai) ares) |
|
[ 9 // Define the histogram range and number of bins :
| .
| EE% 10 double xMin = -5.0; :
: 11 double xMax = 5.0; |
AN 12 int nBins = 100; :
| .
500 | Name hist ! 13 // Crt?ate the hlstogr:-‘zm . . :
i . :[:] 14  H1F hist = new H1F("hist", nBins, xMin, xMax); |
Entries 10000 | 15 // Create the Gaussian distribution parameters :
i Mean -0.013 : 16 double mean = 0.0; !
- i |
! 17 double sigma = 1.0; |
B :l RMS 0.998 : 18 // Fill the histogram with random data from the Gaussian distribution :
400 — : Underflow 0 | 19 Random rand = new Random(); |
n : o fl 0 | 20  for (int i=0; i<10000; i++) { |
o ‘ verilow : 21 double x = rand.nextDouble()*(xMax - xMin) + xMin; ~
u i I Integral 10000.000 : 22 double val = rand.nextGaussian()xsigma + mean; N
23 hist.fill(rand.nextGaussi : '
i , XZ/NDF 79.077/70 i R ist.fill(rand.nextGaussian()) :
300 amp 400.323/5.0016 . 25 :
= |
| \ mean -0.012/0.0100 | 26 F1D func = new FID("func", "[amplxgaus(x, [mean], [sigma])", xMin, xMax); :
B Z : 27 func.setParameter(0, 500.0); '
- ! ! 28 func.setParameter(1, 0.0); :
- A : 29 func.setParameter(2, 1.0); :
200 | 30 |
i I ‘ | 31 hist.fit(func); :
u ' \ : 32 :
i : 33 // Create the canvas and draw the histogram |
| 34 Tanvas canvas = new TCanvas("canvas", 800, 600); :
i : 35 canvas.draw(hist); !
:]_()() — : 36 canvas.draw(func, "same"); :
- \ | 37 I
= |
/ \ : 38 |} !
n [ 39 } |
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Jefferson Lab

add experimental hall (12 GeV)
and beamline . “ LTCC
ﬂ FTOF .
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> CEBAF

> 12 GeV electron beam distributed to 4 experimental hall
> Each experimental hall contains a detector system for specific experiments

» CLAS12
> CEBAF Large Acceptance Spectrometer (CLAS12) Located in Hall-B
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CLAS12 Detector _
QOO0OCEO0000CTY | 5 4, | |
| per layers in each region | o |
QOQOQOQOQOQ“.QOQOQOQOQOQOQOQO » 6 wire planes in each super layer > Charged particle tracking is computationally
OOOOOOOOOOOOO.‘OOOOOOOOOOOOOOO ith B-de . . extensive (about 80% of data processing time)
~ ‘ gree tilt relative to each _ | _
kS OOOOOO‘?OOOQ%%Q other, (112 wires in each plane) > The multi-particle final states produce numerous
g 000000080000 ) - clusters in each sector which have to be analyzed
OOOOOOOO?OOOOOO » Clusters in each super layer are to find the right combinations of clusters that form
O@@Q@Q@Q@Q@Q@Q@“‘O@@Q@Q@Q@Q@Q considered part of the track o track
trajectory
OOOOOOOOOOOOOOOOO‘,OOOOOOOOOOO > |dentifying correct cluster combinations can speed
"‘ up the tracking process and improve efficiency
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\\ | N o ~
\‘\\\‘ 30 ; ° 8 ‘é‘ ‘{§ (((:)( - i ¢ ‘gf.f(z% ® )
BAND HTCC \\\ ‘\\\’ ?0 o (gf o (‘(&:Eé.. .i.. cg(.:(g o S
—> 318—% S o %o — ® ) ¢ % o, 1
/I:l 4 LD) s ® o ¢ oo o -

1 47%% I S S - ﬁé; o
e [ ] @ U@ ®
@ @ ] o 0w
AL o S R 3 R o

& ° @ Gis o8 £
% |'(‘0' |8 | | | | |0.3.|00 ((F‘. | 1
0 20 40 60 80 100 O 20 40 60 80 100 (

Wire Number Wire Number

G.Gavalian (Jlab) CLAS Collaboration Meeting (March 22 2023)



Physics Results

> True tracks are identified by conventional algorithms from real data.
o\.\ y g

> One negative and one positive track (different curvature due to
magnetic field)

> False tracks are constructed by interchanging randomly one or two
e clusters with the clusters from the other track in the event

> The average wire position in each
super layer is used as an input to

False Track

Output Layer

Multi-Layer Perceptron (MLP) S =
> The network is trained on 6 inputs ¢ T
and produces three outputs: y ™ Okkk
» False track E A :
» Negative Track % /] \“/«\l
> Positive Track 5
s T
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Corruption Auto-Encoder

> An auto-encoder is composed of an encoder and a decoder sub-models. The S~ . .\\'\\.\
encoder compresses the input and the decoder attempts to recreate the input T~ Tralnlng Sample for Auto-Encoder N
from the compressed version provided by the encoder. \-\ \\
> Typically used for de-noising, but can be used for fixing glitches (our case). S >
Input Output ’ o« .\\\O\
gz, IF TensorFlow \\ \.\\
S \\ o // /
g‘g \\ ~_  Code ~ / S Input Output S
.,’q,w E O\ // \\\\ //// \\ //
&y \ N/ \/ —1l, AN -7 T
: /)\\ //<\ />\\ //\/\ \ ) A d - // \.\\.\
\ \ N \ ~
/// \ /// -7 RN \\\ // \\ \\ \ // \\ > Code e /// \\ // \'\\.
/7 >N \ / \ / \ / /
X Keras N \/\/ ( / \/\/
/ \ -
N v Y, N v Y, ’\\\. / \ 7/ \ /N / \\ \\‘\
Encoder Decoder / \ / - ~ \ / \o\
- A S~ \\ ~_
e / s N \ e
// e N \
> The network Predicts the missing cluster 7 )
ngn . " . e O e
position with a precision of 0.36 Wire ~|_ — — .
Encoder Decoder
Inference of missing Segment: u= —0.058, 0 =0.356 ° \\\.
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H » Use Auto-Encoders to fix the missing cluster (provide a position)

» (Good reconstructed tracks are used to generate training
samples by removing one cluster from each super layer
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Putting things together

A/ VS VS S AN

\ ; ; A | .

\. , /
I I
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Construct pseudo-

Classifier picks Remove all usters for all 5 Identify tracks Voilal
the correct track clusters belonging CIUSLErs Ior 8 using 6 super '
from 6 super-layer to identified track superiayer layer candidates

combinations using
Corruption Auto-
Encoder

combinations with pseudo-

clusters
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Physics Results

Al-assisted track candidate classification and Inefficiency Reduction Auto-Encoder
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10 WM conventional 1.0F
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> Particle efficiency increases with luminosity
by ~10%.

> The impact on physics for a multi-particle
final state is dramatic (20% for the two-
particle final state and ~35% for the three-
particle final state)

> The tracking code speedup is ~30%.

12 L @ Conventional Tracking
® Al assisted Tracking
V Ratio of efficiencies

f=0.99+0.0024x

Tracking Efficiency
O
O

O
o0

- f=1.00+-0.0040x
f=1.00+-0.0022x
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Beam Current (nA)
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Results

~35% @gain in physics

Did we stop here”?
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De-Noising

Performance for higher luminosity
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De-Noising
CLAS12 Event Display (Drift Chambers)

i All Drift Chambers (Seq Event# 9 True event# 5133245) )

Next L“" @ﬂ@:: EQ@'Q& 9/1 ' r e P

F Sector 1
1 Total DC occ 4.07% sector 1 occ 0.00%
1 approxr0¢ 244.1cm, 21.2° 0.0°

Raw Superlayer Occ 2.68%
Reduced Superlayer Occ 1.79%
superlayer 2 layer 4 wire 53

Pod

Il B B = BN B BB B N BN BN BN N N Em noise DC Clusters
1 [ Visibility
IE' ® Single Accum. v Truth
I 7 Hit Display Control
|_. Reg HB 0 RegTB
i Al HB + AITB
4 Relative Accumulation or ADC Value
0 ® Color Monochrome
' RN
i : : B T 0
I 0 0.2 0.5 0.8 1
]
K
I
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De-Noising

RAW DATA GROUND TRUTH De-NOISED
> Gonvolutional Auto-Encoder is used to de-noise raw : | f |
data from drift chambers. T -
» The network is trained on reconstructed data with f%% fji %% !
track hits isolated from raw DC hits. . i | é X
. . . . § .4 8,
> The network is able to isolate hits that potentially - W by
belong to a valid track through drift chambers Y ' K !
L L)
§ §
Ja
sor i { P 1 b
%2 Ly Input Output i f % %
ge.  IF TensorFlow ' : ; %
/ o e I WAT SR 2
;EE 4.;}" \\ // \\\ - - Code _ /// \ // | j@é % ij | 0 20 40 60 80 100 O 20 40 60 80 100 O 20 40 60 80 100
0F 0% - \ / I
3y VE BN BY S Network Performance Summary
%2» r’fﬁo /,)‘\\ /// \ / \\\ ///\\ 3;5 % 100 A + + + 1 m o s -
15:0 ) ‘. ‘ // \\ i | | | gl | 1.0 4 segments segments segment
§0 | N // /\ - ~ /\ \\\ : g 5;% : 80 - + + + 0.8
;é: ; m/// Ke raS \\\\ i 5% ,§ 601 ® Hit reconstruction efficiency 0.6 -
2f % E 20 ® Noise reduction efficiency
iz b . v y, N v Y, g 0 0.4 -
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De-Noising Results (simulation)

» The reconstruction is run on simulated data with a merging background for different incident beam currents

(luminosity)

» The simulated three-particle final state is analyzed to measure yield for de-noised data and for conventional

1000
300 — a) - —e— conventional 45 nA
45 nA #hh". conventional 45 nA
600 - ;i\{‘- [ ] de-noised ai 45 nA
400 — [; 0l _
200 - 'Ii‘ H‘" T '."'“.—[_—'.ﬂ';i:w:
800 = | | | | | | | | !
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200 - =
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288 ] 150 nA . ‘s conventional 150 nA
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& &
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» At standard running

luminosity, the de-noising
slightly increases the yield
compared to Al-assisted
tracking.

With increased luminosity,
the de-noising helps to
iIncrease the yield
significantly compared to
conventional and Al-assisted
tracking.

Simulation underestimates
the gain in yield significantly.



De-Noising Results (data) “

RUN GROUP-A Pass2 Validation Cooking
Includes De-Nosing and Al-assisted Tracking

ep — e'pr— (X) ep — e'prT (X) ep — e mt T (X))

MMSQ Pim (Missing Pim Events) MMSQ Pip (Missing Pip Events) MMSQ Prot (Missing Proton Events)
[ Passl [ Passl [ Passl
Increase 57 % | T3 Pass2v1 12 02 Increase 59 % 3 Pass2 v1_12 02 Increase 67 % 3 Pass2 v1_12 02
] [ Pass2 vl 14 newCVT ] Pass2 vl_14 newCVT SUUU - Plinh 3 Pass2 vl_14_newCVT
1l T Pass2 vl_22(8.5.0) C—J Pass2 vl 22 (8.5.0) | [ Pass2 vl 22(8.5.0)
15000 - 15000 - Il \
4000 1
12500 - 12500 - L
10000 - 10000 - 3000 -
7500 7500 - :
* 2000 -
5000 - 5000 -
1000 -
2500 - 2500
0 ' ' ' | 1 ' ' 0 ' | ' ' ' ' ' 1 0 ' | | 1 |
-04 -03 -02 -01 00 O01 ©02 03 04 -04 -03 -02 -01 00 ©O01 ©02 03 04 0.4 0.6 0.8 10 12 14
MMSQ (GeV2) MMSQ (GeV2) MMSQ (GeV2)
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De-Noising Results (data)

Generic figure downloaded from Internet

05140:""I""I.'."'I""I""I""I""I""I
€ [ auavomocer o, <017 G
Eml 120_— UPC sample | -o-urT1Iike sign
2 | — Fitmodel " like sign
§ 100:— . 81‘1‘310?;'3 )\Q/
e I N With De-Noising and Al-assisted
> (Q tracking the extracted number of
o \s\@ , J/psi increased by 83%
_ O :
40_— ﬁ
: - ]l I
20_— > + T
| ¥
0 . 1 =l
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Track Parameter Reconstruction “

6- A /> » Charge Track Parameter Inference
> ;/A/ » Reconstruct momentum and angles of particles based on the cluster
o4 - - »- p=0.7 GeV, 8=12°, p=60° "
I A p=5.0GeV, 8=12°, p=60° positions of the tracks
297 / & p=6.3 GeV, 8=12°, p=60° | o | | | _
2- A > Particles have distinct trajectories through drift chambers dependin
\ 9 P 9
" A | | | | on their momentum, polar and azimuthal angle.
” ' Wire Number ” > > Design an MLP network and investigate different combinations of

6 - p=1.0GeV, 9=20°, p=60° activation functions to derive the best network for this problem.
—A- p=1.0GeV, 8=25°, $p=60° \ /
»- p=1.0 GeV, 6=30°, ¢y‘/ 1/ . _I_
ep — € N
:/\‘ ‘<A < 14000 - — > Missing mass of two particles
N Conventional Hit Based
\ A/ >/

- U
1 1

w
I

Super-Layer

N
1

12000 Al, MLP TANH/LIN calculated using particle momenta
from Hit-Based Tracking compared

RN
]

\ 4
| | | |

20 80 100 10000 ~

Wire Number \. to missing mass calculated from Al
Output Layer jzzz § particle parameter inference.

_ § > Hit Based Tracking works ~250 ms

' i;'ﬁ:ug:‘j'ingle ) \\\\\\\ - > Al reconstructs particle parameters

= <0.5 ms per event
0.5 2.5 3.0

Mx (em™ [GeV]
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Results

Leve-3

Trigger
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Level-3 Trigger Richard Tyson (Glasgow)

Metrics vs Response Lower Threshold

o comaEcoUTWNien | [ o 1.000 T ~@ggg- =~ == T =T TTTTTTToooTToosmm-———————————o-
I ‘ ECIN & ECOUT V-View I ﬂ { H . 0-975 1
g-"’ 1 ‘ - 0.4 PCAL W-View - PeAL I I I 0.950 -
o~ - o PCAL V-View - I » 0.925 -
: 9
™ PCAL U-View - J : g
C ks s o8 g ™ S T I T T T 0.900 1
Wire - Strip
DC ECAL 08751 o
® Accuracy
0.850 - e Purity
o @ Efficiency
0.825 - ¢ PE
. . 0.0 0.2 0.4 0.6 0.8 1.0
Convolutional Convolutional Lower Threshold on Response
. A T
Layers Layers Level-3 Trigger | | | -
> A Convolutional Neural Network with a Computation graph is used to identify electrons.

> The DC image is analyzed separately from the EC image, then combined to make a

decision.
> The ECIN, ECOUT, and PCAL are combined into one image 6x72
1D Dense > The current implementation does not use information from High-Threshold Cherenkov

Layers Detector

l 00012 0841 09999  0.906

Triaqer 0.03 0.930 0.999 0.962

g.g. 0.47 0.977 0.99 0.983

Decision

G.Gavalian (Jlab) CLAS Collaboration Meeting (March 22 2023)



Level-3 Trigger

Level-3 Trigger Performance compared to conventional Trigger

Purity vs Beam Current Data Reduction vs Beam Current
1.0 - :
=¢.§=. ® Al Tngger
-1.71e-04*x + 9.28e-01 ® Al Denoiser & Trigger
0.8 - -1.9e-04*%x + 9.39e-01
0.9 -
0.6 - S
: = 0.8 -
- ® Al Tnigger =
= ® Al Denoiser & Trigger ©
& ® CLAS12 Trigger ﬁ
0.4 - o -
8 0.7
0.2 - 0.6 -
-3.40e-03*x + 4.29e-01 3.19e-03*x + 5.07e-01
3.20e-03*x + 4.97e-01
| | ! ! ! | ! ! 0-5 ! | | ! ! | ! !
40 50 60 70 80 90 100 110 40 50 60 70 80 90 100 110
Beam Current [nA] Beam Current [nA]
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Level-3 Trigger

4 NVIDIA Level-3 Trigger Test

> Neural Network was developed for Level-3 trigger studies. (Richard Tyson, -
University of Glasgow) 6
> The Software was tested on clonfarm11 node with two NVIDIA Tesla T4 i
GPUs (2 available, tested only on 1), over 3 times faster than RTX 2080 Ti i
> Results are reported as inference per second (inference is per one sector) N -
> The real data rate is inference divided by 6 E -
> Results are reported for 1 CPU core and 1 GPU unit ic; 4
2 I
Q B ]
% 3 RTX 2080 Ti (Max Rate ~17.2 kHz)
- |
<P _
22
f CPU (Max Rate ~3.4 kHz)
o Event Rate ~ 550 Hz
> Online multi-threaded data decoder into HIPO is implemented (C++) (0—0—0—0—0—0—0 00 0 o 00
» Currently contains only DC and ECAL decoding ""“s00 600 700 800 900 1000 1100 1200
> The ET-RING is set up to convert EVIO events into HIPO data frames Batch Size

(100 events per frame) and store HiPO frames in secondary ET-RING
> The Level-3 trigger will be tested during the next run

> With HiPO ET-RING we can now implement online data 0.0012 0.841 0.9999 0.906
reconstruction (Al track reconstruction will be easy to add) 003 0930 0.999 0940

» Online data calibration is also possible
0.47 0.977 0.99 0.983
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Future of CLAS12-Al

Level-3 Trigger (Al) -

Saving experimental data
Already containing tracks
&= And physics topologies
Data Persistence |dentified by Al

Data Acquisition

00012 0841 09999  0.906
0.03 0.930 0.999 0.962
0.47 0.977 0.99 0.983 -

Physics Reconstruction (Al)

\A/ v/ V/ v/ ./
A A
| e e | . |
| | | |

QY | | e | ro |

I ] i i J !

Classifying track candidates from
Reconstructed clusters
In real-time

§ s & @a &,
% Removing Noise signals

cf”
" g B <§ . g From tracking detectors

Data De-Noising AI
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Rich Detector (preliminary)

CLAS12 - RICH

* The Ring Imaging Cherenkov detector (RICH) is designed to
improve CLAS12 particle identification in the momentum range 3-8
GeV/c and will replace one sector of the existing LTCC detector.

* The RICH design incorporates aerogel radiators, visible light photon
detectors, and a focusing mirror system, which will be used to
reduce the detection area instrumented by photon detectors to ~1
m? . Multi-anode photomultiplier tubes (MA-PMTs) provide the
required spatial resolution and match the aerogel Cherenkov light
spectrum (visible and near-ultraviolet region).

* For forward scattered particles (6< 13°) with momenta 3 - 8 GeV/c,
a proximity imaging method with thin (2 cm) aerogel and direct
Cherenkov light detection will be used.

* For larger incident particle angles of 13°<0<25° and momenta of 3
- 6 GeV/c, the Cherenkov light will be produced by a thicker aerogel
(6 cm), focused by a spherical mirror, undergo two further passes
through the thin radiator material and a reflection from planar
mirrors before detection.
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Rich Detector (preliminary)

> RICH ldeal Geometry > RICH Real World Geometry
> If the ideal geometry and position of mirrors are known the ray- » Ray tracing will predict an inaccurate position for the hit on the detector
tracing can help recover the Cherenkov angle plane
» Calculating the Cherenkov angle for each of the hits on the » This affects the efficiency of particle identification

photomultiplier plane allows to identify the particles.

K+ (p, 6, ¢) Mirror K*(p,0,¢)
p(z,y, 2)

u(cosfy, cosb,,, cosh.,)

Aerogel Layer| [ Mirror

> Neural Networks can be trained on Real-World data which includes miss-alignments

» It can learn the Cherenkov ring patterns for incident particles, given interaction point and direction at crossing
the aerogel layer

G.Gavalian (Jlab) CLAS Collaboration Meeting (March 22 2023)



Rich Detector (preliminary)

Kaon Identification Efficiency (IDEAL GEOMETRY)

Kplus efficiency, 6= 21.25 Kplus efficiency, 6= 23.75
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Kaon ldentification Efficiency (MIS-ALLIGNED GEOMETRY)

Kplus efficiency, 6= 21.25
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Rich Detector (preliminary)
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> Neural Network predicts
Cherenkov angle for incoming
particles based on the hits on
the RICH photo-multipliers

» Kaon efficiency is uniform
across the momentum range

> The Network is trained on misaligned
data

» Kaon efficiency is calculated from
misaligned data

> When trained on experimental data, the
detector will not need to be aligned.
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Summary

» Charged Particle Tracking
> Fully implemented Al-assisted tracking in the data processing workflow
> Drift Chamber de-noising is implemented as a pre-processing stand-alone software

» Pass-2 cooking is going to use both Al (de-noising and assistance), and there is a significant increase in
the efficiency of reconstruction (57%-83% physics outcome)

> The particle parameter inference network is fully implemented and will be used online to provide track
information and help to monitor tracking detectors.

> Level-3 Trigger
> Level-3 Al is implemented and tested on cooked data
> Work is ongoing to convert EVIO to HIPO online to be able to use the Level-3 trigger with data acquisition
> This will lead to significant data reduction and a decrease in data processing times
> RICH Cherenkov Particle Identification
> The first developments in RICH particle identification with Al achieved good results
> Maybe we can avoid traitorous alignment if the Al can be trained on real detector data

Hall-B is the first to use Al/ML in the data processing and analysis at the LAB

More Al projects coming soon
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Machine Learning in CLAS12

Backup Slides
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De-nosing Performance Multi-Threaded
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De-nosing Performance Multi-Threaded
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Rich Detector (preliminary)

Kaon Identification Efficiency (IDEAL GEOMETRY)

Kplus efficiency, 6= 21.25 Kplus efficiency, 6= 23.75

> Alignment is important for
traditional reconstruction

> Reconstruction is done using ideal
geometry for mirrors

5 6 7 8 10 8 10

(enve P (Gau » Simulation in one case is done
Kaon Identification Efficiency (MIS-ALLIGNED GEOMETRY) using ideal geometry

> |n the second case, the simulation
IS done using miss-aligned mirrors

> Efficiency drops significantly when
the geometry is not known well.
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