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The Level-0 endcap muon trigger system for the ATLAS experiment at the HL-LHC, including the algorithms using Thin Gap Chamber (TGC), has been 
developed. Muon segments are reconstructed using all hits of TGC, then combined with information from other detectors for precise pT reconstruction and 
reduction of fake hits. The trigger algorithm provides high efficiency for reconstruction of high-pT muons, and suppresses muons with lower-pT than threshold. 
Each step of the algorithm is properly implemented in the firmware, and all trigger firmware modules are fully connected as a trigger chain and expanded for 
processing trigger in the whole region. Logics in the trigger firmware are integrated on the 1st prototype of the trigger board (Sector Logic, SL) with large-
scale FPGA. The integrated firmware is implemented with reasonable resource and latency.

Thin Gap Chamber (TGC)
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Muon detector for trigger in the ATLAS detector, MWPC with fast response 
• 2D readout in Wire (R) and Strip (φ) 
• TGC Big Wheel (BW) covers Endcap Region 
• 7 Layers, 3 stations

Upgrade Concept for HL-LHC
• Send every hit of 1/24 in φ to a trigger processor with a large-scale 
FPGA (Endcap Sector-Logic, SL) and process trigger here 
• FPGA : Xilinx Virtex Ultrascale+ XCVU13P 
• MPSoC mezzanine : Mercury XU5 
• Optical transceiver : FireFly RX (12ch) x 10, TX (12ch) x 10 
• Far less limitation for data in halfway, more complex algorithm
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Objective of the trigger algorithm: 
• Reconstruct muon and its transverse momentum (pT) 
• Reject candidates not coming from IP, muons with lower-pT than threshold 
• Develop logics within strict latency (~ 1.1µs) and limited FPGA resource
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• Completed whole chain of trigger 
modules in small area 
• A SL covers large area (1/24 in φ) 
‣ Expanded to the whole region 
‣ Implemented modules consist of 
simple submodules 
• Used in the whole area
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図 3.6: Big Wheel の形状。Big Wheel は 1/12 円を単位としてチェンバーの構築がされて

いる。[1]

EI, FI
図 3.7 に EI, FI の形状を示す。EI にはバレルトロイド磁石との物理的な干渉のため、

チェンバーを設置できない領域がある。トロイド磁石が 8 回対称なので、EI のチェンバー

が無い領域も 8 回対称になっている。Run-1 において EI, FI はトリガー判定には用いられ

ず、offline でのミューオントラックの再構成に必要な位置情報の測定のみを行っていた。
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図 3.7: EI, FI の形状。EI にはトロイド磁石と干渉するためチェンバーが入れられなかった

領域がある。
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TGC EI

TGC FI

図 3.3 TGCのEI/FIのR-φ平面でのチェンバーの図 [12]。FIは全 φ領域を覆っているが、

EIはバレルトロイド磁石と干渉してしまうため全 φ領域には配置できない。
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Forward region of each octant is divided into three trigger sectors. Thus in each end-cap of

TGCs there are 48 End-cap trigger sectors and 24 Forward sectors.

The smallest regions shown in Figure 12-7 are trigger subsectors which correspond to the

smallest unit area of the trigger segmentation. A trigger subsector corresponds to eight channels

of wire-groups and eight channels of read-out strips. An End-cap trigger sector contains 37 η

rows by 4 φ columns of trigger subsectors, a total of 148 trigger subsectors. A Forward trigger

sector contains 16 η rows by 4 φ columns of trigger subsectors, a total of 64 trigger subsectors.

Each η−φ trigger subsector corresponds to one Region of Interest (RoI). Each subsector is treated

independently in the trigger so that the δR and δφ inputs that determine the pT condition

applied can be set separately for each subsector.

System segmentation is different between the detector and trigger logic. Each chamber output is

divided into 16-channel segments, corresponding to output from ASD boards (described

below). This segmentation, however, dose not correspond to the trigger segmentation in

wire-group signals since the chamber layout shown in Figure [Longitudinal view of TGC

system...] is not projective toward the IP. Hence the signals should be rearranged into proper

segments before entering trigger logic. Figure 12-8 shows the wire-signal segmentation. As

shown in the figure, trigger segments are over the boundaries of chambers, and signal

exchanges are necessary between them. This is performed in Patc-Panels, described in

Figure 12.4.3. Totally 19 kinds of Patch-Panel boards are made and every signals are rearranged

by rerouting on board and/or between adjacent boards. For strip signals, the segmentation is

same between the chamber and electronics and no signal exchanges are needed. Details of

signal rearrangement in Patch-Panels are described in [12-3].

In each trigger sector, the two highest-pT track candidates are selected and sent to the MUCTPI.

Figure 12-7 TGC level-1 trigger segmentation for an octant. One octant wheel is divided into six End-Cap

sectors and three Forward sectors. Bold lines in the figure indicate individual trigger sectors. They are further

subdivided into trigger subsectors.
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図 3.4 TGCのトリガー判定に用いられる単位の模式図 [3]。緑の線で囲まれた領域がトリ

ガーセクターであり、赤い部分が 1つのRoIを表す。R方向に 2つ、φ方向に 4つ

のRoIをまとめて SSC (紫)と呼ぶ。

図 3.3 : TGC のトリガー判定に用いられる単位の模式図. [17] 赤い線で囲まれた領域が 1 つの

RoI, 緑の線で囲まれた領域が 1 つのトリガーセクターを示す.

3.1.3 トリガーロジック衝突点で発生したミューオンは磁場内側の検出器, トロイド磁場領域を通過して TGC BW に

入射する. トロイド磁場は φ 方向に磁場がかかっているため, ミューオンの飛跡は η 方向に曲げ

られる. しかし, トロイド磁石は完全に φ 方向のみでなく, 磁石付近では R 方向にも磁場成分を

持ち, また衝突点付近のソレノイド磁石は z 方向の磁場成分を持つため, ミューオンは φ 方向に

も曲げられる. これらのミューオンの曲がり具合はミューオンの pT によって変化する. そのため

ミューオンの飛跡の情報から pT を計算し, 閾値を設ける事でトリガーをかける事ができる. 図 3.4

に Run 3 のエンドキャップ部初段ミューオントリガーにおける TGC BW でのトリガーロジック

の概要を示す.　　
3.1.4 エレクトロニクスRun 3 における初段ミューオントリガーで用いられるエレクトロニクスとデータの流れを図 3.5

に示す. 以下では, トリガー判定に用いられるエレクトロニクスの各部の役割を説明する.

　　
Amplifer Shaper Discriminator (ASD) ボード

Amplifer Shaper Discriminator (ASD) ボードは, TGC のワイヤー・ストリップからアナログ

信号を受け取り, デジタル信号への変換を行う. ASD 上の ASIC で TGC からの信号を増幅・整

形し, 閾値を超えた信号を LVDS 信号として出力する. 図 3.6に示すように, 1枚の ASD ボード

は 4 つの ASIC を搭載し, 合計 16 チャンネルの信号を同時に処理する.
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8.4 Sector Logic

Trigger for Exotic Signatures

Several new physics models that extend the Standard Model (SM) predict exotic signa-

tures such as the Long-Lived Particle (LLP) [8.9]. The sensitivity of the searches could

be improved by specific trigger algorithms. An example is the algorithm with loosened

interaction-point pointing constraint. The Sector Logic is designed not to kill the exotic

signatures.

8.4.2 Hardware Design

The Sector Logic is implemented in the off-detector boards housed in the ATCA shelves.

The readout of the RPC and TGC hit signals and of the Level-0 trigger information is im-

plemented in the same boards. Additionally, the control of the RPC and TGC on-detector

boards is based on the same boards. The barrel and endcap systems are based on 2 ⇥ 16

and 2 ⇥ 24 boards (Fig. 8.19), where the number “2” represents the positive and negative

sides of the beam axis.

Figure 8.19: Structure of the detector and the coverage of the off-detector boards where the Sector

Logic is implemented. The left and right figures are for the barrel and the endcap, respectively. The

outermost layer of TGC is shown for the endcap. The regions surrounded by the red lines show the

coverage of the boards. For the barrel, the coverage has two types, which is indicated by the red

lines. For the endcap, the coverage for four boards are indicated by the red lines. The segmentation of

the MDT Trigger Processor (green lines) is different, and a Sector Logic board is connected to three

MDT Trigger Processor boards at maximum.

The requirement for the off-detector boards is similar between the barrel and the endcap.

A common board design is proposed to minimise the resources required for the develop-

ment. Figure 8.20 shows a block diagram. Each board has one FPGA, in which the Sector
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FPGA (XCVU13P) consists of 4 silicon die (Super Logic Region, SLR)
• Send hits in each sector to individual SLR 

• Process BW reconstruction 
• Send reconstructed track to SLR1 using 
Super Long Line (SLL) 
• The number of SLL is limited 
• Takes long time for transportation 

‣ Causes timing violation 
• Optimization of pipeline registers,…

• Optimized each module and reduced information sent to SLR1 
‣ Integration of all logics finished, further sophistication ongoing
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• Each module covers different size of region 
‣ Consider its boundary and connection 
‣ Properly connected all trigger modules
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Total Latency at SL: 
~ 0.49 µs

Requirement : ~1.1 µs

Level-0 Endcap muon trigger efficiency  
in each threshold 
‣High plateau efficiency 
‣Suppression of low pT muons 
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図 4.2 : パターンマッチングの概念図.[32] ワイヤーとストリップで独立にパターンマッチングを行
い, 飛跡の位置情報と角度情報を抽出する. ワイヤーとストリップで求めた飛跡の角度情
報から, CW を用いて pT 閾値を求める.

Wire-Strip Coincidence
• Combine wire and strip 

segments
• Obtain pT using

“Coincidence Window”

Wire

Strip

10/05/2023

M1 M2 M3
Ch 5 4 3

Address  
0x136

Wire/Strip Segment 
Reconstruction

第 4章 高輝度 LHC に向けた初段エンドキャップミューオントリガーの概要 52

0

2

4

6

8

10

12

14

16

18

20

φΔ
0.03− 0.02− 0.01− 0 0.01 0.02 0.03

θ
Δ

0.15−

0.1−

0.05−

0

0.05

0.1

0.15

ワイヤーパターンマッチング ストリップパターンマッチング

coincidence window

Δθ2

Δϕ3

入力(=代表点 ID) 出力(=飛跡情報)M1 M2 M3
4 5 9
4 6 9
4 7 9
4 8 9

ビーム軸

M1

μM2
M3

M1

z

R M2 M3

代表点 ID 4 6 9

η1, Δθ1
η2, Δθ2
η3, Δθ3
η4, Δθ4

⋮ ⋮

入力(=代表点 ID) 出力(=飛跡情報)M1 M2 M3
7 4 4
7 5 4
7 6 4
7 7 4

M1

z

φ M2 M3

代表点 ID 7 6 4

ϕ1, Δϕ1
ϕ2, Δϕ2
ϕ3, Δϕ3
ϕ4, Δϕ4

⋮ ⋮

20 GeV 
15 GeV 
10 GeV 
5 GeV

図 4.2 : パターンマッチングの概念図.[32] ワイヤーとストリップで独立にパターンマッチングを行
い, 飛跡の位置情報と角度情報を抽出する. ワイヤーとストリップで求めた飛跡の角度情
報から, CW を用いて pT 閾値を求める.
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