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COMET Phase-l experiment
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-Purpose : Search for u-e conversion in an Al target
-Signal : monoenergetic 105 MeV electron

-Single event sensitivity : 3.0 x 107! (100 times the current sensitivity)

-Detector : Cylindrical detector system
-electron momentum and timing measurements



CyDet : Cylindrical detector system

CDC (Cylindrical Drift Chamber) CDC

1T magnetic field applied
- Measure the particle momentum \

: Al Target
. 4986 sense wires, 20 stereo layers J

105MeV/c

CTH (Cylindrical Trigger Hodoscope)
- Measure the electron timing

- Double layered Scintillation counters to
make a primary trigger signal H

CTH trigger rate ~ 91 kHz (expectation)

. 4 fold coincidence =
—
. low-E electron dominant /

Scintillation

/ Conversion
electron track



Online trigger system
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Online trigger system

Fast control & timing (FCT)

Signal distributor for clock and trigger

Final trigger decision FCT = RECBE

/'

FC7

Interface

rCOTTRI CDC system

FR NG| COTTRI CDC

Trigger  Trigger

\Y]=

R Score

.

<=

GBDT ™.

Hit info.

« RECBEs generate the 2 bit dE/dx information and send it @10 MHz

« COTTRI CDC system

* FE : hit classification based on local/neighboring features.

« Convert 2 bit data to GBDT scores in 400 ns integration time window

 MB : event classification with the global feature.

e Sums up the GBDT scores and makes the CDC trigger decision @10 MHz

2 bit dE/dx
of each CDC wire
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Latency measurement
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Latency (RECBE - COTTRI CDC system - FC7 - FCT - RECBE I/F - RECBE) is ~1.9 ps.



Online trigger system
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Function generator = .
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Latency measurement

U A 2.09US A 0,00V
n @: 2.09uS @: 1.02V

il Test pulse

T N

CTH trigger

. L
:

x COTTRI CDC

MB

CDC trigger

b

' o e i & |
CI 5001 M 400nsS <A 5 250mV O
COTTRI CTH COTTRI CTH

Y. 1.85400MS MB FE

FC7

Latency ~ 2.1 us
There is no increase in delay due to the coincidence trigger.



Other preliminary results of FC7 coincidence trigger

coincidence delay scan Communication stability check
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New online event classification algorithm 14

To improve signal acceptance, increase trigger efficiency, and widen
the measurement time window

_ _ Current system
Measurement time window(ns) 70011701 [500,1170]
Signal acceptance(%) 4:2 7.0
S~ 17

The current trigger system has a trigger rate above 13 kHz for 500 ns start

The current CDC trigger algorithm
= hit classification by ML + event classification by counting signal-like hits

New CDC trigger algorithm under development
= hit classification by ML + event classification by Neural Network
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Neural network based event classification

New CDC trigger algorithm under development
= hit classification by ML + event classification by Neural Network

Signal like
0.8

Score map

Hit scoring by ML

' <07

Circle size | hl 0.6

= score I‘HI Il I e
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- By using the score map as input to the Neural network,
pattern recognition of the trajectory drawn by the signal
electrons can be introduced for event classification.



Model construction 16

Fully connected 5 dense layer Quantized MLP (HPs tuned except for bit width)

Input QDense QActivation QDense QActivation
_> _> '
(40) (64) RelLU (20) RelLU

> QDense QActivation QDense QActivation - QDense Activation
(44) RelLU (8) RelLU (2) Softmax

hlS 4 mI Convert models into firmware-transformable
s resneianrs, COG€(RTL) w/0 programing in HDL

— Signal tagger, AUC = 99.7% https://dx.doi.org/10.1088/1748-0221/13/07/P07027
BG tagger, AUC = 99.7%
-== Signal tagger, AUC = 96.5%

FPGA : AMD Xilinx Kintex-7 xck355t-ffg90"
— QKeras (CPU) :’

hls4mI(FPGA) | Usage (%)

TensorFlow

QKeras accuracy 0.9934” Latency

DSP | FF
his4mi accurac?/ 0. 9085 @200MHl S

130 ns ~0 ~0 5| 32

After high-level synthesis of the C++ file generated by
his4dml with vivado_hls, | generated this QMLP ip in vivado
and implemented it into COTTRI MB’s firmware.




Test

Input event

ILA : COTTRI MB

> W NUM_OF_VALID_FE[7:0]
8 COTTRI_VALID

. / COTTRI FE

s 5 \"‘9‘”

Input event |nfo

| ]

s % DoRxDataOut[239:01 88000000401} 040042041 n‘ 04402001 u% 001081001 E]% umusmusul nmusmanl 049[]8a|44l]£ 143143I4UD! lzmnalwuzlI

Compressed data 240 bit
from COTTRI FE
¢ MLP_IDLE
¢ MLP_READY
¢ MLP_DONE
¢ SIGNAL_OUT_VALID
8 BG_OUT_VALID
8 CONST_SIZE_IN_1_VALID

FANANNET O AT 4 LAl ID

I
0000420440c200108100108100108100908a1431431441030

|
0000001111001010

0000000001010100

> LUND I _Dize_in_1]19:0]

. -
40

> W CONST_SIZE_OUT_1[15:0]

0002

BG score < Signal score

Score as expected &© 0.08 0.95
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Neural Network test results
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score score difference
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software and hardware predicted values are
In perfect agreement



Summary

- CDC trigger chain test was conducted.
- Latency ~ 2 us
- CyDet trigger chain test was conducted.

- The FC7 trigger was successfully issued and distributed to whole CyDet
trigger system.

- Latency ~ 2 us
- Many tests were carried out. The analysis is ongoing.
- New online event classification study is ongoing.

- Neural network model that classifies the signal electron event and
background event was constructed.

- The trained model was successfully implemented on FPGA.

. Software and hardware prediction scores are in perfect agreement.
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Trigger algorithm

Hit classification Event classification
GBDT gives each wire hit a score CTg?DC Trigger TISi:g-[cIJ_-Ier
: ased on its local hit pattern
'. . Circle size 2 e’) e
s signal . = score - .
\§\ . backgrourtd _?: ; ',.' Scoring . S
by LUTs | (', E <> F
Yu nakazawa PhD thesis Fig3.5 /\ : | High-level trigger

The current CDC trigger algorithm
1. Set the CDC active section for each segment of CTH
2. Within each active section, count hits that exceed the score threshold

3. CDC trigger is issued when the count exceeds the threshold.

New CDC trigger algorithm under development
1. Set the CDC active section for each segment of CTH
2'. Execute Neural Network inference w/ score information of each active

section as Inputs
3. CDC Trigger is issued based on Neural Network classification.




Signal and BG hits

Signal-hit characteristics

. Contained helical tracks
. Single hit in the same wire
- MIP-level energy loss

Background-hit characteristics

- Low energy electrons

- Interaction of gamma rays at the CDC walls
- Helical trajectory contained in the same cell
« Multi hits in the same wire

- Protons (from muon nuclear capture)
- Momentum higher than 100MeV/c

- Large energy loss
- ~40 protons/beam-pulse
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-Machine learning algorithm (GBDT™) to score hit information for
each wire based on energy loss and local patterns

-

GBDT
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714V —kv bk _
CDC config  |BG hit &= |~ 1 V= 7 | active section
scorel&#R
IR SE 20 layer x ~250 cell ~20 % o bit ~1500 ch
AXAY T« | 18 layer x 180 cell 5% 1 bit 960 ch
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MLP 26
Q (BItlgUANDHPF 2 —=> 7%, <X.Y> : XiZ£Dbittg. YiIintsio

ap_int<6> 1" TensorFlow
Input QDense QActivation QDense QActivation
(40) (64) RelLU (20) RelU Keras
w:i<6,1> <166> w:i<4l1> <166> <4,0> w:i<41> <166 > <4,0>
b:<6,1> b:<4,1> b:<4,1> QKeras
> QDense QActivation QDense QActivation N QDense Activation
(44) RelLU (8) RelLU (2) Softmax
w:i<41> <166 > <4,0> w:i<41> <166 > <4,0> w:i<41> <166> <16,6 >
b:<4,1> b:<4,1> b:<4,1 >

hls 4 mi EFINE/N—RU Iz PRREREBICELSDTAV IV IRULIC
7 7—L7 x 7EEAIEER J— K (RTL) ICE

© Copyright 2021, Fast Machine Learning Lab. .
https://dx.doi.org/10.1088/1748-0221/13/07/P07027

FPGA : AMD Xilinx Kintex-7 xck355t-ffg90

—
o
n

Usage (%)

o
@

Latency
QKeras accuracy 0.9934 @200MHz
~Hls4ml accuracy 0.9085

—&— hilsdm|,AUC=96.66 ]30 ns ~O ~O 5 32

—#— gkeras,AUC=98.64
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QMLP module simulation  gneuteven

Xilinx vivado simulationic & D QMLP module®latency & H /1% €S2

EFANY NEHRZ AU TZEFDwaveform
QMLP start QMLP done

|l].l][ll] ns |5l].l]l]l] ns |Il][l.l]l]l] ns |15l] D00 ns |2[lll.l]l]l] ns |25l].l]l]l] ns |3l]l].l]l]l] ns 0.000 ns l4l]l].l]l]l] ns |4“15!].l]l]l] ns |SIlll.l]ll[l ns

« COTTRI_VALID
+ CLK200MSYS
« AP_START

§ AP_RESET
> W SCORE[239:0] 0000490440c200108100108100108100908214314314410304010304

8 MLP_DONE
8 MLP_IDLE

8 MLP_READY

8 CONST_SIZE_IN_1_VALID

8 CONST_SIZE_OUT_1_VALID
8 SIGNAL_OUT_VALID

Y/ AT LA I

|
XXXXXXXXXXEXXXXX l]l]l]l]{]l]l 111001010
> N ARRXARRARARARRAL 0000000001010100

> N
. W CONST_SIZE_OUT_1[15:0]

!
BG score < Signal score

g e
latency, score i 1 FEED & 008 0.95




High level synthesis for machine learning *

Keras
TensorFlow

PyTorch

Co-processing kernel

compressed
model HLS . B
conversion

Usual machine learning ”
software workflow
tune configuration
precision
reuse/pipeline

Fast inference of deep neural networks in FPGAs for particle physics Fig1.

Custom firmware
design

https://dx.doi.org/10.1088/1748-0221/13/07/P07027



FPGA programing Flow

~,

l Compile from C/C++ to HDL




Neural Network on FPGA )

Correspondence between Neural Network operation and FPGA resources

Vector of neuron output
Ex)One-hidden-layer values at each layer

Matrix of weight

, Lo

X = 8m (Wm,m—lxm—l + bm)

—

Activation Function

- Precomputed and
Stored in BRAMSs

Multiplication
- DSPs
Addition
Output Iayer[Activation function J Logic cells
l M
l l N multiplication — Z N m—1 X N m

m=1 cDSPs
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Firmware

COTTRI Front-Enél

Active section

(CDC wire 960 ch)
M 1bit scorefgF® %=
SITCPTZ RLXRICE
= A

FE-MBRE D7 — % Brik (&
10MHz,

960 bit Dscore’
1OMHZz CERX TE R WL\D

Score receiver
1bit x 960ch®Dscorel&iR

Score sum
1 bitdscorelgik %= 24{E & L TObit

240 MHz;

FPGA 2.00 MHz
(Kintex-7)

Oscillator
200 MHz

Sib326
Clock Jitter Cleaner
40 I\/IHz_to 120 MHz

A
i 40 MHz

Aurora 8B/10B |... » Clock Mbdule

: Through DP

Commu. protocol

Xilinx LogicCORE IP| 120 MHz

COTTRI Merger-Board

T. 6bit x 40 |[C[E#HE

© Copyright 2021, Fast Machine Learning Lab. I—

his 4 ml L

Aurora 8B/10B !:PGA Si5326
Commu. protocol |, KINEX=7) || 5001 jitter Cleaner
Xilinx LogicCORE IP 120 MHz 40 MHz to 120 MHz
vy 120 MHz X
l Clock Module
v 240 MHz :
Oscillator
40 MHz
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COTTRI FE to COTTRI MB data format

. Maximum data transfer = 2.4 Gbps/lane x 2lane x 0.8 = 3.84 Gbps
. Data format : 1 header & 10 data packets

1 frame @ 10 MHz

Bit 313029282726252423222120191817161514131211109 8 7 6 5 4 3 2 1 O

plezles10|O| Parity bits |1 Sent number Board ID
O| Parity bits |0 RECBE 9
O| Parity bits |0 RECBE 8
O| Parity bits |0 RECBE 7
O| Parity bits |0 RECBE 6
O| Parity bits |0 RECBE 5

Score , ,
O| Parity bits |0 RECBE 4
O| Parity bits |0 RECBE 3
O| Parity bits |0 RECBE 2
O| Parity bits |0 RECBE 1
O| Parity bits |0 RECBE O
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COTTRI FE to COTTRI MB data format

For the preliminary study

1 frame @ 10 MHz

Bit 313029282726252423222120191817161514131211109 8 7 6 5 4 3 2 1 O

Header [O1BzElainAdi= Sent number Board ID
O| Parity bits |0 [nput39 Input38 Input37 Input36
O| Parity bits |0 Input35 Input34 Input33 Input32
O| Parity bits |0 Input31 Input30 Input29 Input28
O| Parity bits |0 Input27 Input26 Input25 Input24
O| Parity bits |0 Input23 Input2?2 Input?2 1 Input20

SCOre O| Parity bits |0 Inputl9 Inputl8 Inputl 7/ Input16
O| Parity bits [0 Inputlb Input14 Input13 Inputl?2
O| Parity bits |0 Inputl] Input10 Input9 Input8
O| Parity bits |0 Input/ Input6 Inputb Input4
O| Parity bits |0 Input3 Input?2 Input Input O
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