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Back in 2021... ﬂ(".

Run: 22, 26
2021-11-300

exp 22 run 26 o Mean ECL hits: 2.2277

£ | Belle Il Simulation 2024 (own work) . * Mean CDC exira hits: 208.02
> | ee~uuy) * -
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ok *The number of CDC hits in the event not assigned to any track.
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Highest measured luminosity... so far... ﬂ(".

Run: 26, 1968
Run: 22, 26 2022-06-22 07:02:47
exp 26 run 1968 2021-11-300 o Mean ECL hits: 3.2435

¢ Mean ECL hits: 2.2277 e Mean CDC extra hits: 1 437.1
e Mean CDC extra hits: 208.02

- Belle Il Simulation 2024 (own work)
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Extra CDC hits*®

N9 A N ON DL DT DD LD YDA DN DD WD AN A D
AR e V@ 2 G @ P PR P D E A X 0T N U QAR PP
Cel, ol Ny . - o . Q/q, Q?’ q?/ q?/ q?/ q?/‘ (Lq/‘ q?“ (bb‘\ b"\ b&‘\ h'\ '5«'\ v:,..\ Bes A Bes g..\ Bes Dt b‘?’ ,,.q” q:’) Qi’-)‘ (i'J‘ ri’) rf) Q/Q) rLQ)‘ (LQ')‘ q,b‘ (Lb‘ q’b‘ q"b‘ (L‘.O‘ -
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*The number of CDC hits in the event not assigned to any track.

B AN B exp 26 run 1968 run dependent

=50 e G Ao R Wi T S SRR AN AR SRy A e /AR

® ~ 10% of wires hit

—-100

_ 1\
® moderate computing cost*  \®

* 2
fcomp X Mpits

6/23 01.10.2024 Greta Heine - greta.heine@kit.edu Institute of Experimental Particle Physics (ETP)



mailto:greta.heine@kit.edu

Expected future conditions ﬂ(".‘

. Run: 26, 1968 /
Run: 22, 26 2022-06-22 07:02:47 nominal phase 3

: 2021-11-300 e oy
nominal phase 3 . * Mean ECL hits: 3.2435 expected future conditions
/E\ ¢ mea" ggl(-;m:; 2-:?77208 02 e Mean CDC extra hits: 1 437.1
: : e Mean extra hits: 208.

O - Belle Il Simulation 2024 (own work) uon O e Mean CDC extra hits: 3750
~ ° -*(
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B -o- Mean ECL hits -+~ Mean CDC extra hits
ol *The number of CDC hits in the event not assigned to any track.
: o iInal ph 3 Ind dent
_50 -
B | | | |
* & ~ 27% of wires hit
Y (0)
@ high computi t* \eN
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* 2
fcomp X Mpits

7123 01.10.2024 Greta Heine - greta.heine@kit.edu Institute of Experimental Particle Physics (ETP)



mailto:greta.heine@kit.edu

Hit Clean-up



mailto:greta.heine@kit.edu

Hit Clean-up
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New CDC L1 Trigger LS2: Proposal

Hit Clean-up Tracking
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figures created by Lea Reuter
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New CDC L1 Trigger LS2: Proposal

Hit Clean-up

nstruction Classification Filter Output

Preliminary starting points

Scope Trigger Input Signal

¥ 14336 sense wires B up to 978 sense wires per FPGA

@ 20 FPGASs @ 1 bit hit + 5 bit timing + 4 bit ADC

11 | 27 30.09.24  Greta Heine - greta.heine@kit.edu
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Hardware Requirements

@ 1-2 us for all processing

@ Throughput up to 312.96
Gbit/s per FPGA

Institute of Experimental Particle Physics (ETP)
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Inte raCtion NetWO rk a Graph Neural Network Architecture
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@ Interaction network model by Battaglia et al. with
PyTorch Geometric

B GNNs can easily adapt to different geometries, input
sizes and sparsity of data

@ light-weight (only 500 parameters)

@ implementation available in his4ml

InteractionNetwork(node_dim: 4, edge_dim: 3, hidden_size: 8)

+—— - - +——————— +
| Modules | Parameters |
+—— - —_—t—— +
| R1.layers.0.weight | 88 | Edge bIOCk R1
| Rl.layers.0.bias | 8 |
| R1.layers.2.weight | 64 | for edge feature updates
| Rl.layers.2.bias | 8 |
| R1.layers.4.weight | 24 |
| Rl.layers.4.bias | 3 |
| 0.layers.@.weight | 56 |
| 0.layers.@.bias | 8 | Node block O
| 0.layers.2.weight | 64 |
| 0.layers.2.bias | 8 | :
| 0.layers.4.weight | 32 | for hit feature updates
| 0.layers.4.bias | 4 |
| R2.layers.0.weight | 88 |
| R2.layers.@.bias | 8 |
| R2.layers.2.weight | 64 |
| R2.layers.2.bias | 8 | Edge block R2
| R2.layers.4.weight | 8 |
R2. layers.4.bias | 1 | :
l__ 7 e N 1-dim edge-level output

Total Trainable Params: 544

Institute of Experimental Particle Physics (ETP)
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Training samples

background conditions
B 1) experiment 22 run 26

B 2) experiment 26 run 1984*
@ 3) nominal phase 3

technical sample mix
B KKMC pp(y) samples
@ particle gun tracks
@ prompt
B z-shifted
@ displaced (& non-pointing)

@ non-pointing displaced vertices

@ + enriched** with low pT tracks

14 / 23 01.10.2024 Greta Heine - greta.heine@kit.edu

Displaced

Run: 26, 1968

Fum: 22, 26 2022-06-22 07:02:47 nominal phase 3
202111300 . * Mean ECL hits: 3.2435 expected future conditions
* Mean ECL hits: 2'2.277 e Mean CDC extra hits: 1 437.1 M ECL hits: 3.2435

e Mean CDC extra hits: 208.02 e Mean its: 3.

e Mean CDC extra hits: 1 437.1
Beam BG condition
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Extra CDC hits*

-o- Mean ECL hits +- Mean CDC extra hits

*The number of CDC hits in the event not assigned to any track.

Forward Barrel Backward Full
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Sample Details

particles: muons

nTracks: 1 to 6 (uniform)
momentum: 0.05 to 6 GeV (uniform)
low _mom: 0.05 to 0.4 GeV (uniform)
low pT enrichment: poisson(1)

* 15% less background than exp 26 run 1968, but 25 times more samples available (50K vs. 2K) ** additional poisson distributed low momentum tracks for curlers

Institute of Experimental Particle Physics (ETP)
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Graph Encoding node

®
Model 08 *
node attributes o OO ° /O O Q\
. . ””‘Q“ ® (o © o ° 9 . .
@ wire coordinates (X, y) . o ’ o
® )
®@ ADC (energy) and TDC (time ¢
(energy) (time) XY
See also
edge attributes ° arXiv:2307.07289
‘0‘ I(grail(ph E[)uti)lldin)g with
@ ookup tables
@ dr, dg, dTDC ‘ oo
‘:“ B favy
b ‘R‘o =
truth labels °
AN :
B MC truth <

*Master thesis ,Graph-Building and Input Feature Analysis for Edge Classification in the Central Drift Chamber at Belle 11* of Philipp Dorwarth, May 2023
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Preliminary ADC and TDC cuts ﬂ(".

@ apply ADC and TDC cuts before training

exp 26 run 1894

@ reduction of input data size

O - >
| | S . Belle Il Simulation 2024 (own work) =
B better balance between signal and background hits 5200 [ ol i) 10-1 2
(— better training) Z ol -- cuts S‘
' c
102
@ preliminary cut positions*
. adC < 14 10—3
@ tdc <4240
104

B hit efficiency 99.5113% +- 0.0058%
@ background rejection 44.3164% +- 0.0096%

@ hit purity 9.2392% +- 0.0073%
(before: 5.3893% +- 0.0043%)

adc

* for full precision ADC and TDC information (not TRG level), ** as starting point, not optimized yet

16 / 23 01.10.2024 Greta Heine - greta.heine@kit.edu Institute of Experimental Particle Physics (ETP)
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Exa m p I e G N N O U t p Ut on edge level Karlsruhe Institute of Technology

nominal phase 3 nominal phase 3

Belle Il Simulation 2024 (own work)
ee - uu(y)

1.0

Belle Il Simulation 2024 (own work)
ee - uu(y)

y (cm)
y (cm)

100 100

0.8

50 50

0.6

INdIN0 NNO

0.4

~50- ~50-

0.2

—-100— —100—

T I I T I 0.0
—-100 =50 0 50 100
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Example GNN OUtpUt on hit level

nominal phase 3

y (cm)

100

50—

—100

Belle Il Simulation 2024 (own work)
ee - u(y)
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nominal phase 3

y (cm)

100

50—

—100

Belle Il Simulation 2024 (own work)
ee - u(y)

GNN output > 0.6

I
—100 -50 0

50

100
X (cm)
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basf2.ModuI\e basf2.Path

\

Evaluation on basf2 tracking Sainain Eiwzns A\‘(IT

/L___.

basf2.Module conditions

optimization of Hit Cleanup settings based on tracking performance

Include Hit Cleanup as basf2 module into tracking Tracking Modules

RegisterEventlLevelTrackingInfo

® use CDCWireHit* Background Flag to mark hits as background for tracking IF eI m———
HitCleanup

@ tracking from release 06-00-08

TFCDC_ClusterPreparer
. . . . TFCDC_SegmentFinderFacetAutomaton

@ monitor tracking performance and execution time TREHIT et | e S er e Emire

TFCDC_TrackQualityAsserter
. . . TFCDC_StereoHitFinder

B optimize free parameters of HitCleanup on track charge efficiency TFCDC_SegmentTrackCombiner
TFCDC_TrackQualityAsserter
TFCDC_TrackQualityEstimator
TFCDC_TrackExporter
IPTrackTimeEstimator

*% i CDCHitBasedT@Extraction
Free Parameters Evaluation Samples CDCTrackingEventLeveWMdstInfoFiller

@ training on CDCWireHits or CDCHits B cte > utu (v e Gent it et rano Lat fon
FullGridChi2TrackTimeExtractor

@ x andy position at z=0 or middle of wire W KKMC generator yeackionderil I ruthnecotracks
IPTrackTimeEstimator

@ preliminary ADC and TDC cuts @ 1000 events e

¥ GNN cut

* dataobject used in tracking instead of CDCHlits. Includes wire efficiencies. **current state of work, more to come (e.g. including TOT)

20 /23 01.10.2024 Greta Heine - greta.heine@kit.edu Institute of Experimental Particle Physics (ETP)
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Evaluation on basf2 tracking S(IT

run 22 exp. 26

charge_efficiency* efficiency* fake_rate* clone_rate* hit_efficiency total time time_finding time_fitting time_HitCleanup
basf2 only 95.19% +- 0.54%  95.70% +- 0.51% 0.26% +- 0.13%  0.07% +- 0.07% 78.9 +- 49.6 ms/call 8.9 +- 6.8 ms/call 68.2 +- 64.2 ms/call
best Hit Clean-up model** 86.19% | 112.6 +- 48.3 ms/call 47.8 +- 18.2 ms/call

run 26 exp. 1984

charge_efficiency* efficiency”* fake_rate* clone_rate* hit_efficiency total time time_finding time_fitting time_HitCleanup
basf2 only 87.41% +- 0.83% 88.04% +- 0.81% 2.20% +- 0.38%  0.00% +- 0.00% 120.6 +- 71.8 ms/call 45.4 +- 21.1 ms/call 70.9 +- 86.5 ms/call
best Hit Clean-up model** 0.00% +- 0.00% 85.61% | 197.8 +- 62.2 ms/call 119.0 +- 28.5 ms/call

o

nominal-phase 3 mi
phese 0

charge_efficiency* efficiency* fake_rate* clone_rate* hit_efficiency total time time_finding time_fitting time_HitCleanup

basf2 only 78.20% +- 1.05%  78.46% +- 1.04%  6.82% +- 0.69%  0.00% +- 0.00% 346.3 +- 154.4 ms/call  195.2 +- 52.5 ms/call  146.3 +- 166.3 ms/call

best Hit Clean-up model** 81.72% 179.1 +- 24.6 ms/call

*track fitting metrics **current state of work, more to come, best settings: CDCWireHits, z=0 coordinates, ADC > 9, TDC > 4240, GNN cut 0.2

21/ 23 01.10.2024 Greta Heine - greta.heine@kit.edu Institute of Experimental Particle Physics (ETP)
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Evaluation on tracking

4]}

Road map . integratiOn into basf2 traCking Karlsruhe Institute of Technology
- get full tracking metrics (efficiencies, purities, fake rates etc.) Comparison with BD T Clean-up
* monitor execution time ‘ and Neuro Z Trigger
of Hit Clean-Up /f} Evaluate on other samples:
- BB
 displaced samples
. Ko
* bhabha
* protons ...

First performance check on

TRG like resolutions

 TRG layers
 TDC resolution
 ADC resolution

Graph Building on FPGA
arXiv:2307.07289

o~

Bl ——. CDC Segmentation
= » segmentation by superlayer
& angle on 20 FPGA boards
* handle overlaps
* handle merging of FPGA outputs

. Getting Started FPGA implementation studies
 size reduction studies
o (quantization, graph size, pruning, etc.)

¥ ‘
G -
T
H 3
I I I B i
] — o —
e :
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Summary

@ Hit Clean-up algorithm removes background hits reliably for KKMC muon pairs

@ it can significantly improve tracking (e.g. experiment 0, KKMC muon pairs):
@ track charge fitting efficiency 78.2% — 92.0%
@ track fitting fake rate 6.8% — 2.4%

@ hit cleanup significantly reduces the time needed for track finding and track
fitting at high backgrounds

@ potential for further time improvement by implementation in C++ instead of
Python

@ implementation on L1 TRG level is planned
B first studies on L1 TRG conditions are carried out

@ next steps include optimization on L1 TRG conditions and implementation
studies

23 /23 01.10.2024 Greta Heine - greta.heine@kit.edu
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nominal phase 3

- Belle Il Simulation 2024 (own work)
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100+

50
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—100-
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background
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—100 -50 0
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Belle Il backgrounds ﬂ(".

Background Processes

Particle Scattering Luminosity Synchrotron rad.

e’ x E*
Touschek Scattering

Radiative

I Bhabha

XpoxIX——

o Np
.G},

articles

Injection bkg.
Injected
/ beam
Coulomb
Scattering +

Two-photon .
: 1 7
// Bremsstrahlung S N
)
4

Machine
acceplance

2
o« PxIXZ2

Slavomira Stefkova, slavomira.stetkova@kit.edu 3 Belle Il Group Meeting A\‘("

O~ ro vw bt o gy

XN

articles gas molecules

o<Np

Backup 01.10.2024 Greta Heine - greta.heine@kit.edu Institute of Experimental Particle Physics (ETP)



mailto:greta.heine@kit.edu

AT

Graph Building Models

& investigation of 10 different graph building models model 08

0.90
i Simulation,e*e~ $A’'h, h'-»u*u-
: e (own work) BGx1.0, nominal phdse 3
& 0.85 -
c _
Q) i
O 080f —* -
$= i
$ - 4 model 01 (offline)
0.75 I ¥ model 02 (offline)
3 ; - model 03 (offline)
- 4 model 04 (offline)
Model 08 C 070F —&- model 05 (offline)
© 4 model 06 (offline)
¥ .

@ ®@ @ 8 model 07 (offline)
\ : ; E 065 | # model 08 (offline)
. . model 09 (offline)

.' @ _ 4 model 10 (offline)

: 0.60 R RS RS S S R R S
Y@ 0.60 0.62 0.64 0.66 0.68 0.70 0.72 0.74
KQ O QJ median node purity

Master thesis ,,Graph-Building and Input Feature Analysis for Edge Classification in the Central Drift
Chamber at Belle |I* of Philipp Dorwarth, May 2023
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Wire efficiencies S(IT

exp 22 run 26 exp 26 run 1894 nonimal-phase3

exp 22 run 26 exp 26 run 1894 nominal-phase3
?, Belle Il Simulation 2024 (own work) bad wi é Belle 1l Simulation 2024 (own work) bad wi o E Belle 1l Simulation 2024 (own work) bad wi
; ee - puly) . ad wires o5 ; ee - uply) ad wires ; ee - uply) ad wires
100 N 100 R Soy 07 o0
0.7 .'.-.._...- 0.8
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50 50 50
ooy e | W | | EEE O EET AEEY st o5 N | fEH g LR etnigd 06
7 0.5 > > > .. §
0 049 0 L ﬁ\ i o 0 o
= . S =
. . 0.4
T 0.3
0.3 '.
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a1 o
-100 = : -100 = -100
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=100 =50 0 50 100 =100 =50 0 50 100 =100 =50 0 50 100
X (cm) X (cm) X (cm)
configured globaltags (highest priority first) are configured globaltags (highest priority first) are configured globaltags (highest priority first) are
mc_production_MC15rd_a_exp22_bucket28, mc_production_MC15rd_a_exp26_bucket36, mc_production_MC15ri_a, release-06-00-07
data_reprocessing_prompt, online, release-06-00-07 data_reprocessing_prompt, online, release-06-00-07 mc_production_MC1l5ri_a
data_reprocessing_prompt data_reprocessing_prompt
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Trigger-like LS2 Conditions

@ conversation with Koga-san
@ TDC

@ 2ns resolution — half resolution

® 1o absolute time information because no EventTO — remove absolute TDC
@ ADC

® sumof 3 points instead of 25 — different distribution, how to emulate?

® 4 bit resolution (= 15 thresholds) — remap to 15 bins
@ both

@ 5/6 wires in each super layer — remove non-TRG layers

@®:axial send to TRG e PP /:/
ol // HER it
GiitsRRltaza sRetettaasttagesantidtt conosatittas
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Karlsruhe Institute of Technology

‘ Example of waveform data \

250
- O * @:tdcis recorded
245:— A .
- < -
240(— . E
: +—> .
“*F CDCTRG ADG . .
230:—. ® ® ) ¢
‘:- e e (.q.. o ‘_‘.
. 32ns’.; .
- 1 1 CDCIADCl . 1 1
0 5

sa;ompli}s\g pc;oint (§52MI-3I02)
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TDC reduced resolution

AT

Karlsruhe Institute of Technology

. deflnlthn (Phlllpp theS|S) T TDCcount — Tstop o Tevt o Ttof o Tdrifl; o Tprop—delay o Ttime-walk?

¥ offline resolution: 1ns

¥ TRG resolution: 2ns

Backup
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® reduce resolution by factor 2 b'é 10¢

102

109

Belle Il Simulation 2024 (own work) tde
B : ] signal 22 26
Particle Gun 1 bg 22 .
signal 26_1968 4833
(227 bg 26 1968
I U — i......: signal nominal-phase3 4724
_____________________________ ....: bg nominal-phase3
T e | 4656
L e 4878
R . 4866
::‘. .“:_J_j.w_n-_-.uﬁ.,wuwu-w
j'::’ H ses
i 'j 4583
_ w 4583
- {. 4581
420 4400 4600 4800 5000 4578

TDC counts 4583

Institute of Experimental Particle Physics (ETP)


mailto:greta.heine@kit.edu

ADC bins ﬂ(".

@ bin 0: [0,14] (only for evaluation)

Belle Il Simulation 2024 (own work)

] signal early-phase3
] bg early-phase3
signal 26 1968

3 flat signal _ o

® 4 different binning modi

- Particle Gun

1.00e+00

- 10 V—-_ bg nominal-phase3
® flat background v
| T 1 o0 A e 20 T
B flat noise e
¥ equidistant 102}

100 200 300 400 _ 500 600
ADC counts
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ADC bins ﬂ(".

@ train

& 1000 events 8 Belle Il Simulation 2024 (own work)
W4 binning modi + full -q'-) 108 | Particle Gun g ler;zlrﬁlajs;zf;:sﬂ
- signal 26_1968
B background 26 1968 S 73 bg 26, 1968
_ . |_|. ... signal n.ominal-phase3 }
® sample: displaced and angled particle gun -0 bg nominal-phase3
@ inference 4
-
@ 100 events & 10°
. . L]
@ 4 binning modi
2
B background 26 1968 10
@ dimuon
. o . 100
@ trained on 4 binning modi + full 100 200 300 400 500 600
ADC counts
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Entries / (1.07e+00)

Entries / (1.07e+00)
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ADC binning modi

[ Belle Il Simulation 2024 (own work)

. [ signal flat s
Particle Gun g -

(1 bgflat_s

n ' | | J —
f

flat signal

12 14
ADC counts

| Belle Il Simulation 2024 (own work)

[ signal flat_noise

Particle Gun [ bg flat_noise

I

| | h‘
T
flat noise

0 2 4 6 s 10

12 14 16
ADC counts

16

Entries / (1.07e+00)

Entries / (1.07e+00)

=
o
(oo}

=
o
(=)}

' Belle Il Simulation 2024 (own work)

. [ signal flat_b
Particle Gun J -

[ bgflat_b

=
o
IS

=
o
N

Ihb

flat background

...............................

10°

0 2 4 6 8 10 12 14
ADC counts

=
(@)
(0]

=
o
(o]

[
o
SN

=
o
N

100...1..A1..A1A..|

16

- Belle Il Simulation 2024 (own work)

[ signal equidistant

Particle Gun [ bg equidistant

e

equidistant

12 14 1
ADC counts

0 2 4 6 s 10
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AT

Karlsruhe Institute of Technology

@ first bin overcrowded due
to huge 0 bin

¥ deviations in last bin due
to ADC clipping

® recheck: fixed binning for
different background
levels
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ADC binning performance &‘(IT

sp26rn106s0s2) @ for reduced binning flat

1.02
e | - _
(- - Belle Il Simulation 2024 (own work) NOISEC performs best (AUC -
ooy 0.9806
L ee - uu(y) - f . )
0.98 | '
el @ advantage of flat noise:
0.94 e e g 0576 & stable for different signal
02 T types
: — trained on dimuon, flat_s binning (AUC ": 0.9804)
0.90 B — trained on angled_displaced, flat s binning (A.UC': 0.9531) . n eed to Ch eCk Sta bi I ity fo r
: trained on dimuon, equidistant binning (AUC : 0.9763) u
088 ~— trained on angled_displaced, equidistant binning (AUC": 0.9347) d Iffe re nt baCkg rO u n d S
| - trained on dimuon, flat_b binning (AUC " : 0.9686)
086 —_ - = trained on angled_displaced, flat_b binning (AUC - 0.9553)
00 02 04 06 08

FPR
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4]}

True Hit Definition

® What hits do we want to keep?

1) all hits from signal particles?

JdL

2)or only some?

l -4400
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