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1. STCF overview and requirement for trigger system
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Requirements of STCF trigger system
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O Main challenges of STCF

® High background

» MDC: 180 kHz/wire
» ECAL: 580 kHz/crystal

2
350 400 10

® High physics rate (400 kHz)

® High count rate

Component Readout time Event size(B) Total(B/s)
window

ITK(Silicon) 1000 ns 14300 5.72G
ITK(uRWELL) 600 ns 17232 6.89G
MDC 800 ns 20400 8.16G
PID(RICH) 200 ns 15600 6.24G
PID(DTOF) 100 ns 7380 2.95G
ECAL 400 ns 15000 6.00G
MUON 600 ns 262 105M
Total(Silicon) - 72.9k 29.2G
Total(URWELL) - 75.9k 30.4G

O Demand of STCF L1-trigger System
® High trigger efficiency (~99%)

® | ow background trigger rate (< 50kHz)

® High throughput, low latency

® Good adjacent event distinguishing ability
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2. STCEF trigger system preliminary design
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STCF L1-trigger system preliminary design

¥ XY 2D tracking and reconstruction >
MDC Sub-trigger > 3D reconstruction >
> Time reconstruction >

v' MDC: key tracking detector

Cluster reconstruction
and pattern analysis

level
v" ECAL: key calorimeter, fast response ECAL Sub-trigger >  Energy and balance analysis { 1L
® MUON: identification of p/n/n/K . Event time reconstruction .
oy k Long track reconsiruction b |
MUON SUD-LIIZZET 57 oo oeoeoeeeeeeesoeesesseeseeseesesesssesseesseesereseeeesssmesessseeee
............................................ HE . Neutral hadron identification e
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STCF L1 trigger hardware design

» CROB: Common ReadOut Board

Simulation

Trigger DAQ chassis Ol?t:(cal PG c:’_pEerLg“%'
@t f o T »> CROB-DCM for data collection
—» | e : CROB-DCM :
i___fU_-C_PEI__E DAQ system fOI’ DAQ SyStem
» CROB-ST for data collection for
ri er Sub—tr_ig !-___.-'T_____-_____--i -
Tiniﬁt I--cha-ss-'s---: ! | croB-LTU || CROB-GTU i Ll SUb'trlgger
—> H{_ | | ranou ' » CROB-LTU for data processing
________ LS of sub-trigger logic
D [ e » CROB-GTU for trigger decision

_. H l of global trigger logic

"""""" > Global clock: 40 MHz
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3. FPGA-based L1-level hardware platform R&D

» Hardware platform and prototype design
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Hardware platform key board test

OThe 3" version of CROB-LTU
CROB-LTU FMC+ sub-board  Data simulation board CTM board 10 GbpS eye map of FMC+

en
03
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s 0e02
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» CROB-LTU

« 3rd version of key boards have been manufactured and tested
« 8 DDR4 modules all usable

» FMC+

* high-frequency optimizing

» Data simulation board and CTM board
 Testing completed
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L1 trigger prototype

O Prototype for frame test and sub-trigger logic

r=-=-oo FEE data ~ "7 "7 7T 1
simulation

e o o o o e e e e
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Trigger
data

O Prototype for global trigger logic

——————————————— rmeri--"—=—=1 [C~————=—=—=—=
r : I Sub—-trigger
1 MDG sub—trigger GTL
! x3 I output It igger
! ‘H I
> genZ?tt X1Z|'_l)gtaGTH"|: CROB-ST CROB-LTU : - dﬂa
board transm S T I | s S N — 1 ata x8 GTH
! | |r GTL I generation |« »| CROB-GTU
e o e e e e 1 1 | board GLT
1 : trigger
_:_’ CROB-GTU : desis ion
|
|

» Prototype: 1/8 MDC (cover 1/3 of MDC), 1/4 ECAL

» Frame verification: data transmission, latency
» Sub-trigger algorithm performance evaluation

» GTL performance evaluation
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3. FPGA-based L1-level hardware platform R&D

» MDC sub-trigger hardware design
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OMDC structure

« 4 x axial superlayer

« 4 x stereo superlayer

2548 mm

>

~«. MDC
electronics

MDC endcap

[ 1 Axial superlayer (A)

[ Stereo superlayer (U)
| . [ Stereo superlayer (V)

MDC sub-trigger

OMDC sub-trigger logic

MDC hit data
_____________ _I____________J
____________ S I
' Axial superlayer | Stereo superlayer
Position - I Position, TDC ===~~~
‘ I Positi
os1tion
Track segment finding Track segment finding
TDC
Tracking (N, ¢) T Track segment finding
Reconstruction (p;, @) ’| Track segment timing
*| Track 3D reconstruction (z, 6, p)
13
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MDC sub-trigger

O Introducing stereo superlayers in 2D tracking 03D reconstruction

Yy ’;" The err.orofu caused by y ; ;’i T'le ef1*o1 g:.;: o‘c‘z\'.leted
SL4, 04 el dresten SL4 | e eston Input Hidden Layers Output
] L\ I
SL1 i :;2 SLli V 24 , '/jam, * I a2, n N
«// W \ B G
Criterion 1: if 91 < o4 then ¢2° < 3’ Crit.erion .2: The candidate and ¢3 Q':\f-.",'-f" : alll, ,.’ \—— ‘ a2, X Y ) : & 1
are in their corresponding color range 0'1\7‘\,. ~ ‘ ..\./“‘ =\ ) 1 0,  . 4
SL‘4}+ ’,”;4 The Range of o SL‘4T leeR;mge’ofu ij‘l‘fly‘i ‘ a[||3 ¥ L q 3[213 ‘r‘ ‘.‘ y -
é/ X - X ’ l B J ‘aul,,,‘".
! ! ’ 'au]ﬂ}. "
SL1 ! SL1| \ _— \ & -\
| | "a[”m\/ ) ’ 3[21n2 4/
I¢1—¢4I>4° X |¢1_¢;|<4° X
Criterion 3: The range of candidate ¢ expandsif | ol — @4 | < 4°
- - . 0 ]
* Single track efficiency exceeds 99% > Multi-layer fully connected neural network (MLP)
* Reduces background false tracking rate in * Input: TS numbers and TDC for 8 superlayers
charged trigger channel by 45% « Output: z-vertex in various pt regions
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MDC sub-trigger hardware design

O The MDC sub-trigger hardware design

O Track segment trigger efficiency in evaluation board

x15 x8
I CROB-ST CROBLTU Event Types 4/4 Threshold | 3/4 Threshold | 2/4 Threshold
Fok S ket ) REER 47— o C A0 00 A0
ooog — tl mpgm 1l r Il J/‘P — k7k 97.6%% 08.2% 9.6
oooo <48 T MR > EHEEE 0ELER HiERE J’/qj + o1 i ol e
j@ﬂ — pp 91.9% 93.8%% 99.2%%
c CROBST s CROS-MeT J/¥ — Anything 96.19% 97.19 99.3%
MDC FEe FoK T Fokami ) MEER ﬁf’; FokaTE ) BESE -
0000  ||wsmmmed . 1¥ f f [ i A J' L Ivoomzies False trigger rate 0 0.6 KHz 8.8 KHz
oooo <48 BICR —> FHERR DR BER BEE 3DRBERE Himin
oooo
- CROB-LTU - -
mDC FEE | . O Latency measured in FPGA evaluation board
KA KT FHEE R
ST (W g !
g S S g <48 WIRLE — > EHEER 0FFER HomiE S I R ‘
' TSFinder A | | Track Finder |
YB0Ta) 1 (44Ta) | |
1 Source —
O FPGA evaluation board R R B S
UsB3.0 iTS Finder B | i Buffer 3 i 2D Parameter |
' ( | © (46Tck) 1 1 (28Tck) | C (39Tak) |
ILA Status: Idle h—/ . m E . m
Name Value so 1S Flnc‘ier B s Track Finder 2D Parameter
R L ! I [
0 finder_update 0 Y ‘\. |
0 TSF_update 0 - 138 ns | LA “‘ I
o ’ - 132ns _|_| v |
Wangle_vald 0 TS Fllnder A\\ n 117 ns
‘ - W90 ns e
[« >
339ns
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MDC sub-trigger performance

O 2D and time reconstruction O Z-vertex resolution of different pt

® The M f e- .
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3. FPGA-based L1-level hardware platform R&D

» ECAL sub-trigger hardware design
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ECAL sub-trigger

OECAL structure OECAL sub-trigger logic

> Region division:

» Trigger cell:
| ECAL data input
« Barrel: 4x4 or 3x4 Barre .
. X Making energy-time
i Endcap: 3%x5 or 4x5 Inner Endcap 2 histogram in 5 regions
|
o X
Outer Endcap 2 Data slice finding in

SN 7z cch hitogram

S

Overlap with
previous data slice

Data slice extension New data slice

210cm
L

<
4

k.

Cluster finding and dividing

.

Cluster energy and position
information calculation

ez ¢

Global trigger input
320cm g8 P

Qi
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ECAL sub-trigger hardware design

O The cluster reconstruction method in ECAL sub-trigger O The result of cluster reconstruction

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

: Cluster Reconstruction : TC energy deposition Cluster energy deposition
Extract | Timing | Threshold Hit Map ; Cluster | Cluster |  Cluster . - - -
T&Q  |TCEnes| judgement [ Y | Segment | [ locate | - = - 1 N3 = B
* : ] - 12
Waveform - . — 20:_ - 1
Sampling ' Cluster | - -
v ' w Position E - < - 0.8
Cluster : . Energy éCluster Energy - E- o8
FEE Timing Reconstruction [Tevent Timing - - F 04
T : 5__ L UI2
[ .. 1 - I [ - | | . | [ | 1 | | 0
B 8 10 12 14 2 4 [:] B8 10 12 14 16 18
D Cluster flndlng based on gradlent descent methOd Before reconstruction After reconstruction
Energy decrease
> Mev O The resource evaluation (left: barrel; right: endcap)

400 Resource | Utilization | Available | Utilization % Resource | Utilization | Available | Utilization %
LUT 229814 663360 34.64 LUT 83341 663360 12.56
= LUTRAM 829 | 293760 0.28 | | LUTRAM 1309 | 293760 045
300 FF 508745 | 1326720 3835 | | FF 130684 | 1326720 9.85
BRAM 599.50 2160 27.75 BRAM 132.50 2160 6.13
200 10 45 728 6.18 10 45 728 6.18
BUFG 6 1248 0.48 BUFG 6 1248 0.48
MMCM 1 24 4.17 MMCM 1 24 4.17

100

0
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ECAL sub-trigger hardware design

O The hardware design of ECAL sub-trigger
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O The board testing setup
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ECAL sub-trigger performance

I ) Y I I N Y ) Y S 2 ) S Y A Y E R E E Y
‘:g 300 I:’hysk.:s Elveni:j:rw B : i ;s
° o indive —‘T— : !.: o : -
E o =
wr : g
92;“'2'0”"_1?._‘I-_1|0”_H-I5_Cl“l!.il I_%_::_‘Ill]_””_ilslluzlu_llllzﬁ § o o %E
Residual of event timing (ns) oo - s
£ 120 Background level B Pt jtan
] 1x bkg
] - 2 % bkg
'g 100 3 x bkg : -
§ Vs O ECAL sub-trigger performance
é'* 80—
s F > Event timing residual <5 ns
4{_ » Distinguishing efficiency around 100% for adjacent events
200 with 50 ns interval
DD__J o 2‘0 T 410 T 6I0 1 iﬁm; ir?téw;llhlresf:o!l:iili?'lsl > Hardware Iatency < 150 nS
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3. FPGA-based L1-level hardware platform R&D

» Global trigger hardware design
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Global trigger logic design
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MDC track and track
segment information

ECAL cluster information

|

. .

.

Statistics on rec.
track number

MDC back-to-back
track pair finding

MDC track-ECAL
cluster matching

ECAL back-to-back
cluster pair finding

Statistics on cluster
number and energy

N

{

GTL back-to-back
check

Statistics on matching track-

cluster pair number

y

Trigger table

Enabled trigger channels

GTL decision

O Function of GTL

> Match the information of the two sub-detectors

» Extract trigger criteria with the information of the two sub-detectors

» Design a trigger table considering all physics process with the input information
The 2026 Technology & Instruments in Particle Physics Conference (TIPP2026)
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T/ns

Data window

OThe hardware design of global trigger T Nfs ”*f" N*fs N*j"‘) ”1“5
i i i i i i >
lECAL l“ﬂDC 0-1000ns  StageO I Stagel I Stage2 I Stage3 I I I
DATA DATA | | | | | |
| | | | | |
ECAL MDC 25-1025ns | StageO | Stagel | Stage2 | Stage3 |
Stage0 CAL CAL | | | | | |
50-1050ns | | StageO | Stagel | Stage2 | Stage3 |
_________ _ i} I I | | | | | |
v vy ! 251075 | | | | | |
- ns | | | StageO | Stagel | Stage2 |
ECAL E&M MDC | | | | | |
Stagel MATCH MATCH MATCH
I | Resource | Utilization | Available | Utilization %
________ 317 T LUT 147979 663360 22.3
EVENT FF 366092 1326720 27.6
Stage?2 MATCH CARRYS 18085 82920 218
MUXES 5400 331680 1.6
Stage3 _— » The latency of each stage is constrained within 25 ns
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i_ Lv1
Trigger

> The dead time of GTL is 50 nsto 75 ns

» The resource evaluation has been completed
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Global trigger logic performance

Trigger channel

Physics Signal

Energy Point

Single particle matching ratio in the

Signal trigger

Background trigger

Signal trigger rate

signal data slice efficiency rate(kHz) (kHz)
Jhp-> inclusive 3.097GeV 99.4% 98.6% 165.4
+ - + -
ere > n'm iy 4.26GeV 95.0% 99.8% 2.97x10
Jhy->e*e
+a- S
ere >y 4.26GeV 94.6% 99.8% 2.98x10
Jhy->pu
efe >ttt T 4.26GeV 99.3% 98.4% 1.72x101
Charged channel I -> AA 3.097GeV 90.8% 98.6% 3.13x101
Iy -> 22 3.097GeV 92.4% 97.8% 1.59%x101
+a- + K-
ere > KKy 4.682GeV 98.0% 99.5% 1.78x10°
J/\V > 28.1
ete ->D,Dy 3.773GeV 97.3% 99.9% 2.08x101
ete->D*Dr 3.773GeV 100% 99.8% 1.64x101
e*e -> D Dy 4.04GeV 99.8% 99.9% 3.37x10*
Jhy-> v invisable 3.097GeV - 98.8% 1.16x10*
ete->nu 3.097GeV - 97.2% 3.41x101
Neutral channel
ete->ynn 3.097GeV - 98.9% 1.28x102
e*e >y n A(ISR) 3.713GeV - 98.4% 2.47x1072
o ) Digamma 4.26GeV - 98.7% 1.78
Luminosity monitor channel
Bhabha scattering 4.26GeV 97.5% 99.8% 36.6
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Beam test

0 Beam test setup O Trigger system in beam test
» GBT link to PIDB, -

ECAL, and DAQ Si;l; ;g;l___‘ Tracker [ — — DTOF [~ — | PiDB - = ECAL ——m—»

ey RN -
implemented - .
> Full trigger chain
verified I - H
> Efficiency: 96% e R il
(3.9% loss due to 200 e
ns trigger deadtime) . e

Trigger
—_—

DAQ for hae | ||=

» Latency: 1.3 ps =
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Summary

O The demand and tested performance of L1 trigger system

» High trigger efficiency (~ 99%)
« Most typical charged trigger channel > 99%
* Most typical neutral trigger channel > 97%
» Low background trigger rate (< 50 kHz)
« The average background trigger rate is under 30 kHz
» Low latency (< 5 ps)
« ECAL hardware latency < 150ns
« MDC hardware latency is 340 ns (2D) + 210 ns (timing) + 125 ns (3D) = 675 ns
« GTL hardware latency is around 600~1000 ns

» Good adjacent event distinguishing ability (AT < 100 ns) T h k
« ECAL timing can distinguish data slice with time interval more than 50 ns an S
29
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