
煝疴ס劻䔵䙎茣כ圸䧯⫙ع٤ْءجס٭؝ٛع٤؛٭%5ِٖ.�."גׄ⻔מ4㵅닫"-5"ס$(-�-(
25th ICEPP Symposium

2019 Feb. 19th
Yunjian He/���

Kuze Group, Tokyo Institute of Technology



潨埉ס煝疴ס׆
2019/02/19

25th ICEPP Symposium - 2019.02

�

AM(Associative Memory)を用いた
MDT (Monitored Drift Tube)ミューオントリガー

を開発して

2026年から始まる
HL(High-Lumi)-LHCのATLAS実験に
利用可能であることを示す
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ATLAS

• 汎用型検出器
標準模型の検証と新物理の
探索を目的
ヒッグス粒子の発見に貢献

• 中心に40MHzで陽子が衝突
- 多段トリガーシステムで
1kHzの頻度でデータを記録
- 初段トリガーのレートは
約100kHz
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Collider Collision Energy
[TeV]

Luminosity
[cm()sec(+]

Trigger Rate
[kHz]

LHC 13 (Run 2) 1×1023 100
HL-LHC 14 (Design) 7×1023 (Design) 1000 (Design)

Luminosity:	#	of	collisions	produced	in	detector	per	cm5 per	second
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断面積の違いでバックグラウンド事象がより増加
現行システムの識別が困難(single-6 threshold:20 GeV→40GeV)
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2.1 Physics Signatures with Single-Electron and Single-Muon Triggers
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Figure 2.2: The integrated acceptance as a function of the single lepton pT threshold for four repres-
entative channels: W ! `n, H ! ttbb̄, tt, and a compressed spectrum SUSY model relevant for
“Well-tempered Neutralino” motivated models. The Phase-II TDAQ upgrade would enable lower-
ing the single lepton Level-0 threshold to 20 GeV from 50 GeV, the projected threshold without the
upgrade.

primary motivator for the Phase-II physics programme, also requires these single-electron
and single-muon thresholds to remain low.

Among the physics processes selected by the single-lepton triggers are tt production, in-
clusive W ! ln, HH ! ttbb̄ with at least one t ! e or µ, and electroweak SUSY signa-
tures with low-pT leptons. The acceptance for each of these four processes as a function of
the lepton pT threshold is shown in Fig. 2.2. The SUSY model is a “Well-tempered Neut-
ralino” model that is designed to be consistent with the dark matter relic density [2.1]. A
threshold of 20 GeV provides good acceptance for WH, tt, and c̃±

1 c̃0
2 ! W±c̃0

1Zc̃0
1 with

significant losses if the thresholds are raised to the no-upgrade scenario.

The search for non-resonant HH production and anomalous Higgs boson self-couplings are
key goals of the HL-LHC programme. Modification of the Higgs boson self-coupling can
lead to changes the cross-section of order unity [2.2]. Specially, because of destructive in-
terference removing the coupling approximately doubles the HH cross-section. Figure 2.3
shows the sensitivity of the search for HH ! ttbb̄, with one t ! e or µ and one t de-
caying hadronically, as a function of the offline lepton pT requirement which is determined
by the trigger threshold. The points in the figure show the estimated sensitivity based
on fully simulated signals and backgrounds scaling from the Run 2 result to the HL-LHC
luminosity and centre-of-mass energy of 14 TeV. The analysis also includes a data-driven
estimate of the jets misidentified as t leptons (fake-t background), which leads the result to
be limited by the required minimum lepton pT (27 GeV) corresponding to the Run 2 trigger

22

何もしないと新物理探索に支障をきたす
トリガーシステムの改良が必要
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Figure 1.1: Two R-Z views of of the present (Run 1/2) ATLAS muon spectrometer layout. The
green (blue) chambers labelled BIS/BIL, BMS/BML, BOS/BOL, BEE (EIS/EIL, EES/EEL, EMS/EML,
EOS/EOL) are MDT chambers in the barrel (endcap) regions of the spectrometer. The TGCs, RPCs, and
CSCs are shown in red, white, and yellow, respectively. Top: one of the azimuthal sectors that contain
the barrel toroid coils (small sector); bottom: one of the sectors in-between the barrel toroid coils (large
sector).
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- TGCとRPC: 高速応答(25 ns)ができ、今の初段トリガー発行に使用
- MDT: 空間分解能に優れるが、700 nsの読み出し時間が必要、精密測定
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• 初段トリガー全体が使える時間:

2.5 µs → 10 µs
• 改良したATLAS実験のMDTの読み出し所要時間:

2.2 µs
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初段トリガーでMDTの情報を
利用できるようになった！

↓
MDTミューオントリガーを
導入して精度をあげよう

ATLAS日本でMDTトリガーをやっている人:
奥村 恭幸(ICEPP staff) 小玉 昂史(東大M2) 自分
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� Magnetic Field P(MeV)=3B(T)R(cm)

Muon track

Direction of motion

Direction of motion

R

荷電粒子が磁場の中の軌道の曲がり具合を測り
曲率半径を推定して運動量を判定
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3つのMDT stationでセグメント(ミューオン部分飛跡)を検出できる
- セグメントの位置座標→ミューオンがどこを通ったのか
- セグメントの向き→ミューオンがどの方向へ飛んだのか
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FPGAAM

MDT hits

Pattern 
matching

Trigger!
Segment & Track
Reconstruction

㸯椝僦⺮宋䬎䓜 魊곶Ⱏ䬎䓜
ソフトウェアベースのシミュレーションで
• パターンリスト作成
• AMによるパターンマッチング
• セグメントとトラックの再構成
• MDTトリガーアルゴリズム
の実装のテストを行った
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00 00000001 00000102 00001003 000011

00 00000001 00000102 00001003 000011

DataMemory Address

Input: 02 Input: 000010

Output: 000010 Output: 02 + α

Normal	memory Associative	Memory
• 入力データと事前に保存した全データ(パターンバンク)と照合
一致した場合、そのアドレス及び関連した情報を出力

• AM-MDTのパターン: MDT hitの組み合わせ
• MDT hit: Tube番号 ドリフト半径 通過した側(左右)
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Figure 6.8: Cross-section of
a MDT tube. Figure 6.9: Longitudinal cut through a MDT tube.

reduction of the signal pulse height [165–168]. A disadvantage of this gas mixture is the non-linear
space-drift time relation and the drift time of about 700 ns, which is about 50% longer than is typical
for linear gases such as Ar/CH4. The non-linearity of the Ar/CO2 gas leads to a reduction of spatial
resolution at high counting rates due to the distortion of the electric field created by the positive
ions. At full LHC luminosity, counting rates of up to 30 kHz per tube will be expected due to the
conversion of background photons and neutrons [34, 36, 169]. The corresponding degradation of
the average resolution has been determined in tests at high gamma backgrounds and is expected to
be 60-80 µm per tube at the expected background levels [166, 170–172]. Detailed results are given
in section 6.3.4. An additional complication for tracking comes from the fact that the detailed shape
of the space drift-time relation in ArCO2 depends on environmental parameters like temperature
and pressure as well as on the local magnetic field due to the Lorenz force. In order to maintain the
high spatial resolution under varying environmental conditions, an online calibration system based
on measured tracks is foreseen [173, 174].

A small water admixture to the gas of about 300 ppm is foreseen to improve HV stability.
The effect of this admixture on the drift behaviour is expected to be negligible [175].

6.3.2 Mechanical structure

The main parameters of the MDT chambers are listed in table 6.2. The chambers are rectangular
in the barrel and trapezoidal in the end-cap. Their shapes and dimensions were chosen to optimise
solid angle coverage, while respecting the envelopes of the magnet coils, support structures and
access ducts. The direction of the tubes in the barrel and end-caps is along f , i.e. the centre points
of the tubes are tangential to circles around the beam axis. While all tubes of a barrel chamber
are of identical length (with the exception of some chambers with cut-outs), the tube lengths in the
end-cap chambers vary along R in steps of 24 tubes. Detailed information on chamber dimensions
and other parameters is available in [176]. The MDT chamber construction is described in [177].

The naming of chambers is based on their location in the barrel or end-cap (B,E), their as-
signment to inner, middle, or outer chamber layer (I, M, O) and their belonging to a large or a
small sector (L,S). The sector number (1–16) and the sequence number of the chamber in a row
of chambers in a sector are added to completely specify a MDT chamber. A BOS chamber, for
example, is located in a small sector of the barrel, outer layer, while an EML lies in the large sec-
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Number of output patterns
BIL

Segment finding efficiency
• With respect to a good offline segment

in Zàµµ MC samples 

ATLASのBarrel Inner Largeの部分のpattern finding の結果
٤俙٭ذقⲇ⮂ס׼־." ⫙圸䧯ⲯ椙

この円筒の側面の一部 • 1入力セグメント入力に対して
1~2出力パターン

• ほとんどの領域で~98%の再構成効率
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Segment resolution
• Angle resolution

(BIL)
• Position resolution

(BIL)


劄虘⡑	䈼ס⻔偙ס澵כ⻔ꆻⳛ偙׌٤ֿꂉ٭ذق 
劄虘⡑	䈼ס翝⛺ס澵כ翝⛺ع٤ْءج׌٤ֿꂉ٭ذق
セグメントと対応するパターンを

正しく選んだ場合
1 mradの角度分解能と2 mmの空間分解能

を見込める

BILの部分の結果
この円筒の側面の一部
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この円筒の側面

運動量(!")と関連するパラメータを求めて
パラメータが大きい/小さい→運動量 (!")が小さい/大きい

の関係で運動量 (!")を推定

1セグメントも検出すれば
事象選別ができる
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α

β

Sagitta
• 1 segment (inner以外): #
• 2 segments: $
• 3 segments: sagitta/$
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すべての場合で強い相関を確認
AM-MDTによる事象選別が可能
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理想なトリガー:

ꆻⳛꓪ <(F7�D>
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! → µµ, pile up 200, cavern BG 25のMC sampleで
Z由来のミューオントラックのみを使い
AM-MDTを適用できる事象でテスト
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ミューオン事象を正しく選別
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先行研究
による結果
By 堀井さん
(名古屋 staff)

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/L1MuonTriggerPublicResults
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MDTが扱えないイベントも含むため単純比較できないが
TDR予想よりも高い性能を期待できる
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㺤劳כ״כױ
• HL-LHCのATLAS実験でトリガー精度維持のためにMDT
ミューオントリガーを導入

• 素早くセグメントを検出するために
Associative Memoryを使用

• AMで高い角度分解能と空間分解能の再構成が可能
• 再構成セグメントの数に応じた運動量推定法を採用
• ミューオン事象に対して高い運動量弁別能力を持つ
これから:
- 背景事象の除去性能の評価
- ハードウェアへの実装とテスト
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AM-MDTの
テストボード
@CERN
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Figure 6.8: Cross-section of
a MDT tube. Figure 6.9: Longitudinal cut through a MDT tube.

reduction of the signal pulse height [165–168]. A disadvantage of this gas mixture is the non-linear
space-drift time relation and the drift time of about 700 ns, which is about 50% longer than is typical
for linear gases such as Ar/CH4. The non-linearity of the Ar/CO2 gas leads to a reduction of spatial
resolution at high counting rates due to the distortion of the electric field created by the positive
ions. At full LHC luminosity, counting rates of up to 30 kHz per tube will be expected due to the
conversion of background photons and neutrons [34, 36, 169]. The corresponding degradation of
the average resolution has been determined in tests at high gamma backgrounds and is expected to
be 60-80 µm per tube at the expected background levels [166, 170–172]. Detailed results are given
in section 6.3.4. An additional complication for tracking comes from the fact that the detailed shape
of the space drift-time relation in ArCO2 depends on environmental parameters like temperature
and pressure as well as on the local magnetic field due to the Lorenz force. In order to maintain the
high spatial resolution under varying environmental conditions, an online calibration system based
on measured tracks is foreseen [173, 174].

A small water admixture to the gas of about 300 ppm is foreseen to improve HV stability.
The effect of this admixture on the drift behaviour is expected to be negligible [175].

6.3.2 Mechanical structure

The main parameters of the MDT chambers are listed in table 6.2. The chambers are rectangular
in the barrel and trapezoidal in the end-cap. Their shapes and dimensions were chosen to optimise
solid angle coverage, while respecting the envelopes of the magnet coils, support structures and
access ducts. The direction of the tubes in the barrel and end-caps is along f , i.e. the centre points
of the tubes are tangential to circles around the beam axis. While all tubes of a barrel chamber
are of identical length (with the exception of some chambers with cut-outs), the tube lengths in the
end-cap chambers vary along R in steps of 24 tubes. Detailed information on chamber dimensions
and other parameters is available in [176]. The MDT chamber construction is described in [177].

The naming of chambers is based on their location in the barrel or end-cap (B,E), their as-
signment to inner, middle, or outer chamber layer (I, M, O) and their belonging to a large or a
small sector (L,S). The sector number (1–16) and the sequence number of the chamber in a row
of chambers in a sector are added to completely specify a MDT chamber. A BOS chamber, for
example, is located in a small sector of the barrel, outer layer, while an EML lies in the large sec-
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Figure 6.8: Cross-section of
a MDT tube. Figure 6.9: Longitudinal cut through a MDT tube.

reduction of the signal pulse height [165–168]. A disadvantage of this gas mixture is the non-linear
space-drift time relation and the drift time of about 700 ns, which is about 50% longer than is typical
for linear gases such as Ar/CH4. The non-linearity of the Ar/CO2 gas leads to a reduction of spatial
resolution at high counting rates due to the distortion of the electric field created by the positive
ions. At full LHC luminosity, counting rates of up to 30 kHz per tube will be expected due to the
conversion of background photons and neutrons [34, 36, 169]. The corresponding degradation of
the average resolution has been determined in tests at high gamma backgrounds and is expected to
be 60-80 µm per tube at the expected background levels [166, 170–172]. Detailed results are given
in section 6.3.4. An additional complication for tracking comes from the fact that the detailed shape
of the space drift-time relation in ArCO2 depends on environmental parameters like temperature
and pressure as well as on the local magnetic field due to the Lorenz force. In order to maintain the
high spatial resolution under varying environmental conditions, an online calibration system based
on measured tracks is foreseen [173, 174].

A small water admixture to the gas of about 300 ppm is foreseen to improve HV stability.
The effect of this admixture on the drift behaviour is expected to be negligible [175].

6.3.2 Mechanical structure

The main parameters of the MDT chambers are listed in table 6.2. The chambers are rectangular
in the barrel and trapezoidal in the end-cap. Their shapes and dimensions were chosen to optimise
solid angle coverage, while respecting the envelopes of the magnet coils, support structures and
access ducts. The direction of the tubes in the barrel and end-caps is along f , i.e. the centre points
of the tubes are tangential to circles around the beam axis. While all tubes of a barrel chamber
are of identical length (with the exception of some chambers with cut-outs), the tube lengths in the
end-cap chambers vary along R in steps of 24 tubes. Detailed information on chamber dimensions
and other parameters is available in [176]. The MDT chamber construction is described in [177].

The naming of chambers is based on their location in the barrel or end-cap (B,E), their as-
signment to inner, middle, or outer chamber layer (I, M, O) and their belonging to a large or a
small sector (L,S). The sector number (1–16) and the sequence number of the chamber in a row
of chambers in a sector are added to completely specify a MDT chamber. A BOS chamber, for
example, is located in a small sector of the barrel, outer layer, while an EML lies in the large sec-
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• 直径3 cm程度のガスチューブ
• 最大ドリフト時間700 ns、1tube分解能80 µm
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Figure 6.10: Mechanical structure of a MDT chamber. Three spacer bars connected by longitudinal
beams form an aluminium space frame, carrying two multi-layers of three or four drift tube layers.
Four optical alignment rays, two parallel and two diagonal, allow for monitoring of the internal
geometry of the chamber. RO and HV designate the location of the readout electronics and high
voltage supplies, respectively.

tubes is the precisely-milled end-plug, which also serves as reference for wire positioning. This
method ensures a high precision of relative wire positioning at construction time.

The straightness of the tubes is required to be better than 100 µm. The relative positioning
of wires reached during production, has been verified to be better than 20 µm. The gap between
adjacent tubes filled by glue is 60 µm. A detailed account of MDT chamber construction and
quality assurance is given in [178–183].

In spite of the solid construction of the MDT chambers, deformations are expected to occur
in the various mounting positions in ATLAS and may change in time when thermal gradients are
present. Therefore, an internal chamber alignment system was implemented, which continuously
monitors potential deformations of the frame. The alignment system consists of a set of four
optical alignment rays, two running parallel to the tube direction and two in the diagonal direction
as shown in figure 6.10. The lenses for the light rays are housed in the middle, while LED’s and
CCD sensors are located in the outer spacers. This system can record deformations of a few µm
and is designed to operate during production, installation, and operation of ATLAS. Details of the
in-plane alignment system of the MDT chambers are given in section 6.5.

Due to gravitational forces, chambers are not perfectly straight but suffer a certain elastic
deformation. The BOS chambers for example, with a tube length of 3.77 m, have a gravitational
sag of about 800 µm when supported at the two ends in the horizontal position. The wires in
the tubes have only 200 µm sag at their nominal tension of 350 g. In order to re-establish the
centricity of the wires, the sag of the multi-layers can be corrected by the sag-adjustment system,
which applies an adjustable force to the central cross-plate. Using the in-plane alignment system as
reference, deformations can be corrected with a precision of about 10 µm. Thus, for each angle of
installation in the ATLAS detector, the sag of drift tubes and wires can be matched, leading to wire

– 173 –

• 3/4層のtube→1 multi-layer
• 2 multi-layes→1 station
• セグメントの位置分解能35 µm
• + < 2.4の領域をカバー
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8.3.2 Improvement of the Trigger Performance

Figure 8.4: A simplified block diagram of the proposed Level-0 Muon Trigger System for HL-LHC.
The top and bottom parts show the diagrams for the barrel and the endcap, respectively.

(see Section 8.5) is proposed to improve the robustness and redundancy of the trigger by
performing a combined track segment reconstruction by sTGC and MM.

8.3.2 Improvement of the Trigger Performance

Improvements in trigger performance will be achieved by increasing the detector accept-
ance, the trigger logic, and the momentum resolution. The upgrade of the muon system
towards Phase-II includes the addition of RPCs in the barrel inner station as described in
Ref. [8.1]. By allowing for coincidences of hits in the RPCs in the inner and outer stations,
the acceptance gaps in the barrel trigger system which are caused by the non-instrumented
regions in the barrel middle station due to the presence of the structures of the barrel toroid
coils will be closed. The expected value of the product of the acceptance and the efficiency
of the muon trigger in the barrel region is more than 90% depending on the coincidence
criteria. The Barrel Sector Logic in the new design includes the coincidence of the addi-
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3.2 Features and Limitations of the Run 3 Level-1 Trigger System

Table 3.4: Level-1 pT thresholds of few key lepton triggers at the Phase-I luminosity and at the
planned peak HL-LHC luminosity of L = 7.5 ⇥ 1034 cm�2s�1 assuming the Phase-I system with
no upgrade. The second column indicates the Run 3 estimated rates. The thresholds indicated in the
third column are the ones required to satisfy a maximum of ⇠ 100 kHz Level-1 trigger rate that the
Phase-I system can sustain.

Trigger Level-1 pT Threshold [GeV] Level-1 Rate Level-1 pT Threshold [GeV]
at L = 3 ⇥ 1034 cm�2s�1 [kHz] at L = 7.5 ⇥ 1034 cm�2s�1

isolated single e 32 14 50
di-e 19 5 35
single µ 25 15 40 (with low efficiency)

Without an upgrade of the TDAQ Phase-I system, the expected trigger rates at a peak lu-
minosity of L = 7.5 ⇥ 1034 cm�2s�1 are incompatible with the Phase-I readout system.
Table 3.4 shows for a few key signatures the Level-1 pT trigger thresholds in Phase-I and
the equivalent in Phase-II if we were to keep the Phase-I readout system with the required
maximum Level-1 rate of 100 kHz. It can be observed that pT thresholds would need to be
increased significantly thus affecting the physics potential of ATLAS. Equivalently, the total
trigger rate corresponding to the Phase-I pT trigger thresholds would result in a factor of 10
times the allowed rate for the Phase-I readout system.

To maintain the single-electron and single-muon trigger rates at the levels achieved in Runs
1 � 3, leaving sufficient bandwidth for other important triggers in the trigger menu, the
thresholds for these key triggers would have to be more than 50 GeV for electrons and more
than 40 GeV for muons, as shown in Fig. 3.16. These high thresholds would significantly
degrade the potential for the physics programme planned for Run 4, as shown Section 2.1.
Furthermore, the improvements expected for tau lepton triggers from the Phase-I Level-1
calorimeter upgrade will be insufficient in Run 4, severely impacting the physics accept-
ance.

3.2.5 Limitations in the Level-1 CTP and TTC systems

The CTP that was installed at the start of Run 2 will support the Phase-I system through
Run 3. However, it is not adapted to the technical requirements of Run 4, such as providing
readout at rates of 1 MHz or beyond, and driving the new TTC system.

The TTC system that will be used up to the end of Run 3 was conceived in the 1990s and
is constrained by the technology that was available at that time. With a line rate of only
80 Mb/s, its capabilities for transmitting data with each positive trigger decision are limited.
For this reason, for example, it relies on local counters in the front-end receiver ASICs for the
detection of synchronisation errors. This and other considerations led ATLAS to envisage
a much improved system that would be provided to all detector systems in the Phase-II
upgrade, that would also be capable of supporting a two-level trigger scheme.
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(a) Single-electron rates.
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(b) Single-muon rates.

Figure 3.16: Single-lepton trigger rates at Level-1 versus pT threshold expected with the Phase-I
trigger system at a luminosity of L = 7.5 ⇥ 1034 cm�2s�1 as extrapolated from Run 2 data. Left
plot electron rates and right plot muon rates.

The Run 2 trigger menu uses 406 inputs and 501 items, including triggers for monitoring,
control samples, etc. At most about 250 out of the 501 items are enabled concurrently. It
is convenient to implement a large trigger menu in which only a subset of the items is
actively used at any given time, allowing rapid switching according to the instantaneous
luminosity, and simplifying monitoring and offline use of trigger information. Noting that
the CTP needs to be replaced for other reasons, it is clearly prudent to foresee support for
larger trigger menus from Run 4. This will give flexibility to benefit from enhancements
elsewhere in the trigger system, to profit from new ideas for triggering, and to react should
new physics require additional trigger items.

3.3 Limitations of the Run 3 DAQ System

As discussed earlier in this chapter, the detector electronics readout is one of the main limit-
ations of both the Run 3 trigger and DAQ systems. Furthermore, the readout and Dataflow
components of the Run 3 DAQ system do not have the flexibility or scalability required to
cope with the factor of more than twenty increase in bandwidth expected in Run 4 condi-
tions. This large increase in bandwidth results from the increased event size and higher
data rates, as discussed in this section.

3.3.1 Detector Readout

Most of the present detector readout and trigger elements have hard limits on the maximum
first-level trigger latency and rate they can operate, and therefore they have to be replaced
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2.1 Physics Signatures with Single-Electron and Single-Muon Triggers
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Figure 2.2: The integrated acceptance as a function of the single lepton pT threshold for four repres-
entative channels: W ! `n, H ! ttbb̄, tt, and a compressed spectrum SUSY model relevant for
“Well-tempered Neutralino” motivated models. The Phase-II TDAQ upgrade would enable lower-
ing the single lepton Level-0 threshold to 20 GeV from 50 GeV, the projected threshold without the
upgrade.

primary motivator for the Phase-II physics programme, also requires these single-electron
and single-muon thresholds to remain low.

Among the physics processes selected by the single-lepton triggers are tt production, in-
clusive W ! ln, HH ! ttbb̄ with at least one t ! e or µ, and electroweak SUSY signa-
tures with low-pT leptons. The acceptance for each of these four processes as a function of
the lepton pT threshold is shown in Fig. 2.2. The SUSY model is a “Well-tempered Neut-
ralino” model that is designed to be consistent with the dark matter relic density [2.1]. A
threshold of 20 GeV provides good acceptance for WH, tt, and c̃±

1 c̃0
2 ! W±c̃0

1Zc̃0
1 with

significant losses if the thresholds are raised to the no-upgrade scenario.

The search for non-resonant HH production and anomalous Higgs boson self-couplings are
key goals of the HL-LHC programme. Modification of the Higgs boson self-coupling can
lead to changes the cross-section of order unity [2.2]. Specially, because of destructive in-
terference removing the coupling approximately doubles the HH cross-section. Figure 2.3
shows the sensitivity of the search for HH ! ttbb̄, with one t ! e or µ and one t de-
caying hadronically, as a function of the offline lepton pT requirement which is determined
by the trigger threshold. The points in the figure show the estimated sensitivity based
on fully simulated signals and backgrounds scaling from the Run 2 result to the HL-LHC
luminosity and centre-of-mass energy of 14 TeV. The analysis also includes a data-driven
estimate of the jets misidentified as t leptons (fake-t background), which leads the result to
be limited by the required minimum lepton pT (27 GeV) corresponding to the Run 2 trigger
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Concept of associative memory 
•  Comparison between predefined hit 

pattern for tracks and detected hit pattern 

Each t r ack gene r a t es a h i t pa t t e rn . S i nce t he de t ec t or
has a f i n i t e spa t i a l r eso l u t i on (b i n s i ze ) , many d i f f e r en t
t r acks gene r a t e t he same h i t pa t t e rn . The numbe r o f
d i f f e r en t h i t pa t t e rns gene r a t ed by a l l t he t r acks i s f i n i t e
and i t i s poss i b l e t o s t or e a l l o f t hem i n a su f f i c i en t l y
l a rge memor y . The co l l ec t i on o f a l l t hese pa t t e rns de -
f i nes bo t h t he space o f t he t r acks we a r e l ook i ng f or and
how t hey appea r i n t he de t ec t or : we w i l l r e f e r t o t h i s
co l l ec t i on as t he pa t t e rn bank .

For each even t , a numbe r o f t r acks t r ave r se t he
de t ec t or and a pa r t i cu l a r con f i gur a t i on o f h i t s i s t hus
gene r a t ed : we w i l l r e f e r t o t h i s con f i gur a t i on as t he
even t . A concep t ua l l y s i mp l e way t o pe r f orm t he t r ack
f i nd i ng a l gor i t hm i s t o scan t he pa t t e rn bank and com-
pa r e each pa t t e rn t o t he even t . A t r ack cand i da t e i s
f ound wheneve r a l l t he h i t s i n t he pa t t e rn a r e pr esen t i n
t he even t . Go i ng t hrough t he t o t a l i t y o f t he pa t t e rns i n
t he bank y i e l ds a numbe r o f t r ack cand i da t es .

The numbe r o f d i f f e r en t pa t t e rns t o be s t or ed i n t he
bank depends on t he de t ec t or gr anu l a r i t y and geome t r y ,
and on t he cha r ac t e r i s t i cs o f t he t r acks we wan t t o
de t ec t . As an examp l e we w i l l cons i de r t he s i t ua t i on
shown i n f i g . 1 : t he de t ec t or cons i s t s o f f our pa r a l l e l
p l anes and each p l ane i s segmen t ed i n t o n b i ns . We
cons i de r a l l s t r a i gh t t r acks c ross i ng a l l f our p l anes . We

m

The Pa t t e rn Bank
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F i g . 1 . S t r a i gh t t r acks t r ave r s i ng f our pa r a l l e l de t ec t or l aye r s .

M . De l l ' Or so , L . R i s t or i / VLS I s t ruc t ur es f or t r ack f i nd i ng

wan t t o es t i ma t e t he numbe r o f d i f f e r en t pa t t e rns (NP )
t ha t can be gene r a t ed by a s i ng l e t r ack .

A f a i r l y good approx i ma t i on i s

NP = 3n 2 .

By se l ec t i ng one b i n i n p l ane 1 and one b i n i n p l ane
4 we de f i ne a road : t he r e a r e n 2 d i f f e r en t roads . F rom
f i g . 2 i t shou l d be obv i ous t ha t a l l t he t r acks be l ong i ng
t o a road gene r a t e t hr ee d i f f e r en t pa t t e rns cor r espond
i ng t o t he t hr ee subroads de l i m i t ed by do t t ed l i nes .

Expr ess i on (1) can be gene r a l i zed as f o l l ows :

Np = (m- 1)n 2
,

�

(2)

whe r e
NP = numbe r o f pa t t e rns ,
m = numbe r o f de t ec t or p l anes ,
n

�

= numbe r o f b i ns / p l ane .
The ma i n prob l em w i t h t h i s approach i s t ha t t he

numbe r o f pa t t e rns t o s t or e i n t he bank f or a pr ac t i ca l
s i t ua t i on may be ve r y l a rge . For examp l e , i f we cons i de r
4 p l anes w i t h 256 b i ns / p l ane we ob t a i n :

Np = 3x256 2 =2x10 5 .

To dea l w i t h such a l a rge numbe r o f pa t t e rns we
need a l o t o f memor y and we expec t t he process o f
ma t ch i ng a l l t he pa t t e rns sequen t i a l l y t o be ve r y t i me
consum i ng .

4 . Assoc i a t i ve memor y

F i g . 2 . Roads and subroads .
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The pa t t e rn ma t ch i ng a l gor i t hm can be eas i l y i mp l e -
men t ed on a pa r a l l e l a r ch i t ec t ur e because d i f f e r en t pa t -
t e rns can be compa r ed t o t he even t i ndependen t l y and
i n any orde r ; i n pa r t i cu l a r , any numbe r o f compa r i sons
can be pe r f ormed i n pa r a l l e l prov i ded t ha t t h i s i s a l -
l owed by t he ha rdwa r e .

I f our ma i n goa l i s speed , we can t r y t o push t he
degr ee o f pa r a l l e l i sm t o t he l i m i t and compa r e a l l t he
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パターンを保存しておく、パターンは層と番号からなる
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AMで各パターンを一緒に照合することができる
dataを層ごと並行に流して比較操作を行う



#BDLVQ�� ". DIJQך╚ס鱍כ׆׾ַי׀
2019/02/19

25th ICEPP Symposium - 2019.02

��

Pattern1

Pattern2

Pattern3

Pattern4

5

6

3 4

2

4

2 2

5 3 2

4 3 2

5

3

Layer A Layer B Layer C Layer D

3 4 3 2

Input Hits: A-3, A-5, B-4, C-3, C-4, D-2, D-5 

/53�

Concept of associative memory 
•  Comparison between predefined hit 

pattern for tracks and detected hit pattern 
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t ha t can be gene r a t ed by a s i ng l e t r ack .

A f a i r l y good approx i ma t i on i s

NP = 3n 2 .

By se l ec t i ng one b i n i n p l ane 1 and one b i n i n p l ane
4 we de f i ne a road : t he r e a r e n 2 d i f f e r en t roads . F rom
f i g . 2 i t shou l d be obv i ous t ha t a l l t he t r acks be l ong i ng
t o a road gene r a t e t hr ee d i f f e r en t pa t t e rns cor r espond
i ng t o t he t hr ee subroads de l i m i t ed by do t t ed l i nes .

Expr ess i on (1) can be gene r a l i zed as f o l l ows :

Np = (m- 1)n 2
,

�

(2)

whe r e
NP = numbe r o f pa t t e rns ,
m = numbe r o f de t ec t or p l anes ,
n

�

= numbe r o f b i ns / p l ane .
The ma i n prob l em w i t h t h i s approach i s t ha t t he

numbe r o f pa t t e rns t o s t or e i n t he bank f or a pr ac t i ca l
s i t ua t i on may be ve r y l a rge . For examp l e , i f we cons i de r
4 p l anes w i t h 256 b i ns / p l ane we ob t a i n :

Np = 3x256 2 =2x10 5 .

To dea l w i t h such a l a rge numbe r o f pa t t e rns we
need a l o t o f memor y and we expec t t he process o f
ma t ch i ng a l l t he pa t t e rns sequen t i a l l y t o be ve r y t i me
consum i ng .

4 . Assoc i a t i ve memor y

F i g . 2 . Roads and subroads .

437

The pa t t e rn ma t ch i ng a l gor i t hm can be eas i l y i mp l e -
men t ed on a pa r a l l e l a r ch i t ec t ur e because d i f f e r en t pa t -
t e rns can be compa r ed t o t he even t i ndependen t l y and
i n any orde r ; i n pa r t i cu l a r , any numbe r o f compa r i sons
can be pe r f ormed i n pa r a l l e l prov i ded t ha t t h i s i s a l -
l owed by t he ha rdwa r e .

I f our ma i n goa l i s speed , we can t r y t o push t he
degr ee o f pa r a l l e l i sm t o t he l i m i t and compa r e a l l t he

Predefined hit patterns 
(pattern bank) 
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Pattern1

Pattern2

Pattern3

Pattern4
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5
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Layer A Layer B Layer C Layer D

On

On

Matched

Matched

完全に一致したパターンがある場合、読み出し操作が
始まり、パターンに紐づけされた情報も一緒に出力



#BDLVQ�� ٤٭ذق%5.�."
2019/02/19

25th ICEPP Symposium - 2019.02

��

AM pattern for L0 MDT
• Input hit representation (16 bits)
– (Signed) drift radius + Tube channel ID

1mm binning
radius[3:0]=0-15

11

6 of 18-bit CAMs for 6 layers of MDT
AM pattern for segment



#BDLVQ�� ꅋַע%5.�."
2019/02/19

25th ICEPP Symposium - 2019.02

��

Latency for segment reconstruction

24

FPGA 
on

ATCA
Mother 
board

FPGA
on

Mezzanine AM

HBM

1 3

58

serial bus parallel bus
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しきい値決定用の%, ', #$が flat な particle gun sample
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%, ', #$が flat な particle gun sample
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しきい値決定用の$, &, "#が flat な particle gun sample
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ηによって通過した磁場が異なるため、領域分割を行った

��
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しきい値決定領域にあるイベントの分布を積分し
積分値が全体の95%となるパラメータの値を

しきい値とする

Only for demonstration
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