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COMET Offline software framework---ICEDUST

(Integrated Comet Experimental Data User Software Toolkit)
ICEDUST Offline

e Support full chain of Software Suite and [ 0aOfflineDatabase J--r-[oacm“'“f"}
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Simulation of COMET Phase-|

 The simulation of COMET has been sub-divided into smaller tasks

Cylindrical Detector Muon Transport section
Section (CyDet)

e

D5Me ectro Muon beam

Veto System
857 ’ﬂ: v
- -7 7#"|Detector Solenoid ( ~1T)

7 L

Beam simulation Cosmic ray simulation Signal & background simulation
(for experiment optimization) (for cosmic ray background study) (for other background study)
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Status of Monte Carlo simulation

* Constantly upgrade and updating
* ICDUST framework: Geant4 etc.
* Geometry, magnetic field map, detectors resolution
* Proton Beam profile etc.
 Validation and comparison on software and different physics models

* Mass production about every two years
e 107 - 10° PoT each MC
* The 7t mass production(MC7) done
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Bunch train merging

* Bunch train simulation is a unique challenge for COMET
 Slow processes (neutron propagation/radioactive decay/etc.) from previous bunches are included.

* Bunch train events generated
* Infinite bunches in front of each signal window is assumed

oaRooTracker

SimG4

A

(a) Primary particles for (b) The particles create (¢) Many POT events (d) Detector hits in the
time window are

one event are cre-

hits in detectors.
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SimDetectorResponse
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COMET Phase-I tracking system
---The Cylindrical Detector system (CyDet)

® Cylindrical trigger hodoscope (CTH):
® Two layers of plastic scintillators
® MPPC readout
® 4-fold coincidence trigger

® Cylindrical drift chamber (CDC):

® 18 sinse wire stereo layers

® Helium based gas

® large inner bore

® Momentum resolution: 200 keV/c (for p=105 MeV/c)
® Stopping target

®* Aluminum target with 17 disks

® 100 mm radius, 0.2 mm thickness, 50 mm spacing.

Superconducting coils
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CDC tracking challenges

* No z measurement directly

* No vertex constraint

* No track seed

* All curling tracks which 1/3 are multiple turns
* OQOverlapping hits

* High hit occupancy

Requirements for tracking

* Tracking under high hit occupancy

* Estimate track parameters from enormous track segments
e Distinguish hits and tracks from different turns

e Suppress high momentum tail of reconstructed tracks
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A Web-Based Event Display for COMET

By Weihao Zheng , Nanjing University

Interactive 3D inspection of CyDet reconstruction and beam data for data checks and algorithm debugging

Upload Status

M Load Event File P H % Z N
File: eventjson
Load complete: eventjson API Online

COMET Experiment at J-PARC, KEK

“
OMEI Run / Event: multiple / multiple (2)

type: TruthTrack
«color: #297200
trackiD: 1

N
SO nHits 64

initialPos: [70.86084,42.44798,-349.96855]
initialMom: [87.68997,40.38854,41.20539]
uuid: 590067d8-5862-41da-9ac5-04e085052343

Multi-select

m"z events selected Q Q a2r ) < G @ © % B B =] i i (o]

CyDet geometry, hits and tracks in the browser
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Implementation and features

Phoenix 3D framework

Integrates Phase-1/I1 and CyDet geometries
with visibility and transparency controls.

Event inspection

View hits, reconstructed tracks and beam
trajectories; switch events, inspect metadata
and filter beam particles by type, momentum
and arrival time.

ROOT / JSON input

Load JSON directly or convert ROOT data
through a Python / PyROOT backend.

Status: Deployed at IHEP. Next: improve deployment and caching, and complete access for external collaborators.



Tracking algorithms for CyDet

* De-nosing
e GBDT CDC Tracking Flow
« NN: FPN CDCDigi2Hit CDC Rec. Track model
¢ TraCk f|nd|ng ( * = ICDCReconTrack
RANSAC | CDCTruthMaker overall
. 1 Y [ ICDCReconTrack |
Hough transform CDCNoiseFilter B 1siiﬂ?n A
e GPU: Apollonius finding { ’
* Track fitting | COCTruthFinder u O
* Genfit2 : Y \
] ) ‘ CDCTrackFitter — ICD%F:STJ?:HCI(
* Track quality selection “ |

* Machine learning
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High occupancy in the tracking detector

40% occupancy @ 1.6x107 POT/bunch

Full Chamber Occupancy in Each Event
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De-noising performance

e 2D Cut, GBDT, FPN have been tested

* FPN gives best efficiency and purity performance

9000 events (T gt -50 ~ 900 ns)
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Hit Filter : to reduce the input for GNN

(by Weihao Zheng Nanjing University)
Aim: reduces noise hits for GNN by > 95%

* Suppresses background hits while retaining signal

Output: signal / noise probability
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Traditional de-noise algorithm
(By Zhaoke Zhang IHEP)

* Occupancy of sample : random background
* Goal: reject background before track reconstruction

e Algorithm:
* Noise hit = no hit in left/right adjacent cells (same layer)
* Reverse Hough transform — evaluate hit track probability

e Circle-intersection method > common intersections reveal
hits lying on track circle
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CDC Track Finding

hprob_norm

hprob
Entries 1000000
Mean x 1.619
Meany  5.199
.. | stdDevx 09301
StdDevy 3326

Apollonius's problem : construct circles that are tangent
to three given circles in a plane
Creek Apollonius of Perga (200 BC)
Compass constructions by French Frangois Viéte (1600)
Algebraic solution (cyclographic model) :
(X1 +Xs)*+(=Ya+Ys)” = (Fs=11 $1)°
(~Xo+Xs)24(-Y2+¥s)? = (Fe-12 $2)°
(‘x3+xs)2+(_y3+ys)2 =(rs-r3 33)2
with 8133 = +1

toy model: 46 hits of electron signal (red)
use d" true signed stereo drift distance

LOL
@&

(COMET Stereo Drift Chamber Toy Model
Sl |

Track finding based on Hough Transform The Apollonius Problem

* Calculate Z of pairs using track direction and other parameters
* Calculate Z of hits by linear fitting

.
’ ¢ * Performance:
: . o * Resolution of pair z: 9.8 mm
° . .e* * Resolution of hit z: 10.1 mm 3500
. L -
" - 3000
- L - * - - T .
° : .. " 2500
- - Y directiron A
¢ - - —wire I ' 2000
: . " distance Pair (phi, z)
- between hits WM 1500
.
-
: 1000
“wire 2
i S TANE s
. . track direction . 500F
9

directiron——%>

Random Sample Consensus (RANSAC)
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Performance of Ransac Flndlng for Slngle Turn Event

« Track segments efficiency: 96.2% S 0 . o
* Peak finding efficiency: 99.99% R e
e Track f|nd|ng eff|c|ency 96.2% m_ .................................................. 2“0“ _
 Efficiency after track fitting: 95.6% R ;
* Resolution: o000 oo so00f-

o, = 0.24 mm, o, = 0.24 mm, 5, = 4.3 mm, sl 1 3

6,x = 1.0 MeV/c,0,, = 1.0 MeV/c,0,, = 4.9 MeV/c o " o

Pﬂj 02 -l ] 0. ?12).( ngB 0—5 —4 pE T ""%;IPYB(MEIVL—_-}S E2(} —15“—.1(.1.“—_'; ' 1] 5 alg lm‘FVIZ}G

Geometrical Tracking Momentum resolution
A Totally Tail Jtail
cceptance finding  fitting (core/tail)

_ 96.2% 99.4%
Single Turn 14.0% p—— 12.7% 1.6% 214keV/533keV
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GNN-based end-to-end Machine Learning tracking

By Weihao Zheng Nanjing University

* Learns extract hits association and track parameter directly from data instead of relying on
hand-crafted algorithm and manual parameter tuning

Vs

[ Raw CDC hits H MLP hit filter H GNN }7
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GNN-based end-to-end Machine Learning tracking

By Weihao Zheng @ Nanjing University

Key results
Reconstruction approach
MLP
MLP Reject background hits and reduce the graph size. Signal hit recall ~ 96%
Noise hit reduction ~97%
GNN Associate hits with GravNet and Object GNN
Condensation and predict momentum, position Single-/multi-turn hit efficiency: ~96%/95%
and hit-level quantities. Hit purity ~ 89%
GNN + GenFit

GenFit Fit GNN candidates from predicted initial states

_ : Final acceptance ~68%
and apply quality selections.

Single-turn |p| residual: core 6 = 0.274 keV/c

5 as0f £ % Truth single t
2 F : 2
g 150 GNN single turn/ s ok ru _smge urn
“ am- U‘core=274keV = c’.core_228keV
290 - w00l N=7597
300F
200F
E 100F
E e IP1I Ip, 2|[Mewcl3 =3 -2 -1 0 1 2
Oct-9-2026 o PP, (Mevic]
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CDC Track Fitting

e GenFitTool

* An experiment-independent generic track fitting framework
* Open sourced, active development and large user community
» Official track fitting for Bellell, also used by PANDA, CEPC,BESIII etc.

* |ICDCTrackFitter

* Wrapper for GenFit-based CDC track fitting

* Input: ICDCTruthTrack and hits
e Output: ICDCReconTrack and hits

* An example usage of this tool will be provided soo

Oct-9-2026
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GenFitTools

IGenfitHit

]

IGenfitMCHit I

i

IWireMeasurementGas

T

IGenfitTrack

1

IGenfitFitter

IGenfitField IMTF

IGenfitGeoMaterialinterface
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CDC Track Fitting

Sample: Pure signal single turn events

* Momentum resolution & fit quality - as expected

Momentum Residuals with Double Gaussian Fit
O e R cuernow =8 &
Nl=d15+.9.
b 800 -
T L
mud= Q11T +0.032,
LmaZ=0937+.0.043
10 -2y
600 -
b
] E
! &
10% 4 400
Momentum
resolusion~245keV 200 4
LOA] 4
; . . - . 0-
=3 =2 =1 1] 1 2 3 o

Prated = Panatn [MeVic)
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CDC Multi-turn flttlng By Zhaoke Zhang, IHEP
* A multi-turn fitting algorithm developed for COMET CDC

 Parallel fitting, hit competition, annealing fitting

* Significantly improves the fitting quality and reduce tail of multi-turn track momentum

Multi-Turn (maxTurn = 2) First-Turn Residual: Base Line vs MTF

Base Line (N=2624 in [-2,2])

3 ynderflow=276, overflow=263

Base Line fit: m=862, nz=1762, u1=0.01, 4z=0.12
0,=0.18%0.01, 0;=0.76+0.03, y*/ndf=113.7694

_ MTF (N=2652 in [-2,2])

" underflow=274, overflow=215

140

one hit associated with two tracks | Multi-turn fitting N=2652-

- Baseline N=2624

12

(=]

¢S ) ) h MTF fit: ny=1150, nz=1502, py=0.01, uz=0.07
\/ measured drift circle o 0,=0.18+0.01, 0,=0.68+0.03, y*/ndf=114.9083
() fitted doca circle 100 _
N |
—> fitted track i .
I

—— projection of a CDC wire in X-Y plane g0k

Entries

60

Weighted mean of measurement and it's
covariance matrices in Kalman filter :

o~y — ~ o ~ . o 20k i ) Sin
(Vk) =G, - > niGi mg = V. (Z PE;GE:-mL) _tt T
i =EFi—

40

1

+++++++

0 = L L 1 I 1 1
=2.0 -1.5 -1.0 —0.5 0.0 05 1.0 1.5 2.0

p : assignment probability Phices = Prrun (MeV/©)
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Track quality cut by Machine Learning

« Gradient Boosted Decision Trees (GBDT) is a ML method for classification
 Tail events with bad quality are suppressed using GBDT

* Parameters used by GBDT Residue S
SCore cu s BITICIENCY

E; =

o Number of hit w10 g_ No quality cut
e NDF 10t
° \2 E
10
e \>/NDF -
10°
e Maximum layer reached by the electron track (after fitting) bl

Gentfit error matrix Longitudinal position

-H-Ill T IIIIII|
__l_

Gentfit error matrix Longitudinal momentum 1

1 1 1 1 L 1 1 1 1 1 L 1
-5 0 5 10
MeV

L
=

Fitted longitudinal momentum

Figure B.8: Residue distribution by taking the best 80% fitted events according to
the GBDT score and without cut
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Performance at high occupancy

The total efficiency is 50% when DIO contribution is 0.05 @Hit occupancy of 50%
(w/o track finding, failed on multiple turn)

10°

1nes
Entries 1170260
: Mean -0.1434
| stdDev  0.7526

10°

10

Expected Events per 50 keV/c

1—

1 L1 -l'-‘ 1 lIr : 1 3 11 l L1 I L1
8 10 90 92 94 96 98 100 102 104 106 108 110
Ap [MeVic] Momentum [MeV/c]

107_8111_111-111_111-111111 11 6 10—3|l|||ILIIIL|IIJIII

Momentum distribution DIO and signal distributing
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Cosmic ray test analysis with ICEDUST

e CDC cosmic ray test data study is done under ICEDUST

e X-T relationship, TO and resolution calibration is done

Event 3 HV side
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Momentum calibration

e TV 2 e'v
* A stopped i+ decays into a monoenergetic e+ at 69.8 MeV (r=23.5cm@1Tesla)
e Used by SINDRUM Il and the PIENU for momentum calibration

* Data taking time and background have been studied preliminary

200p
} COMET MC5A02

From PIENU E .
Ss0f
— TT—¢eV g
=
Q10°E
e F
B .
E102§
= k- L
3 -100fF
10} !
' -150f
1B, jepaiciol ol v Ry peph e B gy _203:1n.;l“.11““l“..l““l“..l“..l;.,. 0
0 10 20 30 40 50 60 70 80 90 100 —200-150-100 -50 0 50 100 150 200
Energy in Nal + Csl (MeV) Stopped
T
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Data management

* Raw data
* Raw data is stored at storage near the detector.
e Data rate: ~300MB/s
e Data size(150 days): ~9PB of raw data

* Metadata -- information of data file

e Run number
» Software library which processes data
e Location of file and so on

e Database
e Calibration information
e Detector condition and so on.

Oct-9-2026 COMETE Fr&EI B #Hid=
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Data distribution

e Data sites and distribution
* Main data site is at KEKCC
* Shared with Osaka University, in2p3-cc and Dongjiang Lab. China
* Phase-a data distribution has been proved

* Analysis
* By using DIRAC, detailed analysis is realized by ROOT

e Software distribution
 CVMFS (CERN Virtual Machine File System), ready at IHEP
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Computing estimation

e Cosmic ray simulation (150 days)
* Sneaking cosmic ray muon: ~0.5M CPU hours
* Atmosphere cosmic ray muon: ~3.5M CPU hours

* Beam simulation
* 0.5M CPU hours / year

e Event reconstruction (data)

e Data trimming (trigger rate 13kHz)
* ~0.05M CPU hours

* Reconstruction
« ~2M CPU hours

e 3 years computing budget
 ~8M CPU hours
e 14kS/M CPU hours and ~110kS in total for 3 years
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Summary

e |ICEDUST as the offline software framework
* Simulation
* Reconstruction

Calibration

Real data (cosmic ray test data)

Mass production

* Tracking algorithms for COMET Phase-| are ready

* Algorithms:
* De-noising and pre-fitting
* Track finding and fitting for single turn, multi-turn is under development
e GBDT track quality cut

* Data management and computing estimation have been made
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Background hits simulation
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Tracking at high hit occupancy

Can be done

. * Denoising
using GBDT or NN

Denoising * To filter out the majority of
noise in the chamber

* Track finding

Can be done * To find out track candidates:
using either * Group hits

iterative fitting, or Track Findi Nng « Estimate track parameters as
parameter seed for further fitting

scanning, or NN o
* Track fitting

- * To provide final estimation of
Kalman |flllter 5 . the momentum of the studied
BRI Track fitting trajectory upon its entrance in

for the final fittin :
step. Genfit2 is y the drift chamber.

the default choice.




Background suppression with beam window

Prompt beam

e 3kW proton prompt beam:

« ~ 10" protons on pion targets (in 145 days running
time)

Delayed electrons (DIO)

Time Window
for Signal Search

Proton Pulse

* Bunch structure of proton beam
* Bunch size ~ 107 POT
e Bunch spill/width ~100ns
 Extinction factor 3x1011

number of particles

* Bunch separation time =1170ns

700 ns time

1.17pus
Time structure of proton beam bunch
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Count per & ns

Ocoupanzy [%]

Background simulation
Resampling from beam simulation
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DIO contribution vs efficiency

DIO contribution
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De-noising

e ADCv.s. TDC as 2D box cut
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* Feature Pyramid Network (FPN)
- Network for object detection
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Track fitting quality study

* Tracking fit quality - key to COMET physics goals
* Tail events at high momentum - background source

Momentum resolution & tail vs. mass cut

Momentum resolution vs corner cut

Momentum Difference Overlay

nEvent Mom res(keV/c) Tail(A>2)
No cut 12554 250 1406(11.2%)
Fitstatus == 3or7 10813 245 1116 (10.321%)
&chi2<=100 9286 233 787(8.475%)
&chi2<=75 8159 225 666(8.163%) %
&chi2/ndof<=4 9882 240 796(8.055%) B
&chi2/ndof<=2 7636 207 317 (4.151%)

Preliminary Results:

 Momentum resolution: 250 — 207 keV/c(17% improvement)
e Taill (A>2): 11.2% — 4.15% (63% reduction)

Oct-9-2026

COMETEPrEEIM BT

36



	幻灯片 1: COMET Software and Analysis
	幻灯片 2: COMET Offline software framework---ICEDUST (Integrated Comet Experimental Data User Software Toolkit)
	幻灯片 3: Simulation of COMET Phase-I
	幻灯片 4: Status of Monte Carlo simulation 
	幻灯片 5: Bunch train merging
	幻灯片 6
	幻灯片 7
	幻灯片 8
	幻灯片 9
	幻灯片 10
	幻灯片 11: De-noising performance
	幻灯片 12
	幻灯片 13: Traditional de-noise algorithm (By Zhaoke Zhang  IHEP)
	幻灯片 14
	幻灯片 15
	幻灯片 16: GNN-based end-to-end Machine Learning tracking By Weihao Zheng  Nanjing University
	幻灯片 17: GNN-based end-to-end Machine Learning tracking By Weihao Zheng @ Nanjing University
	幻灯片 18: CDC Track Fitting
	幻灯片 19: CDC Track Fitting
	幻灯片 20: CDC Multi-turn fitting By Zhaoke Zhang, IHEP
	幻灯片 21: Track quality cut by Machine Learning
	幻灯片 22: Performance at high occupancy
	幻灯片 23: Cosmic ray test analysis with ICEDUST
	幻灯片 24: Momentum calibration
	幻灯片 25: Data management
	幻灯片 26:  Data distribution
	幻灯片 27: Computing estimation
	幻灯片 28: Summary
	幻灯片 29: backup
	幻灯片 30
	幻灯片 31
	幻灯片 32: Background suppression with beam window
	幻灯片 33
	幻灯片 34: DIO contribution vs efficiency
	幻灯片 35: De-noising
	幻灯片 36: Track fitting quality study


   t 𝛽


   t d ,  t h


  ~   96 %


  ~ 97 %


  ~ 96 % / 95 %


  ~   89 %


  ~ 68 %

