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• HL-LHC experiment will start in 2026 to explore new physics by 
- the extension of the reach for new particles and 
- more precise measurements of Higgs couplings.

We are here. Phase-1 upgrade 
Production is ongoing.

Phase-2 upgrade 
Detector and electronics designs are 
being finalized.

High-Luminosity LHC (HL-LHC)

• To take full advantage of HL-LHC,  
- current trigger and readout electronics need to be replaced by new ones, and 
- sophisticated trigger algorithm will be introduced.

Luminosity First level trigger rate

ATLAS Run2 1.4×1034 cm-2s-1 100 kHz

ATLAS HL-LHC 7×1034 cm-2s-1 1 MHz
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TGCs

Figure 1.1: Drawing of the (Run 1) ATLAS Muon Spectrometer layout. The green (blue) chambers
indicated as BMS/BML, BOS/BOL, BEE (EIL, EES/EEL, EMS/EML, EOS/EML) are MDTs. TGCs,
RPCs and CSCs are shown, respectively in red, white and yellow. upper panel shows the R-Z view of
one of the azimuthal sectors that contain the barrel toroid coils (“small” sector), the lower panel shows a
sector between the barrel toroid coils (“large” sector).
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First Level Muon Trigger for HL-LHC ATLAS
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• Multiple detectors will be used for muon reconstruction. 
- Barrel: RPC, MDT, TileCal (Additional RPCs will be installed in the inner layer.) 
- End-cap: TGC, RPC, MDT, TileCal, NSW (introduced at the Phase-1 upgrade) 

• TGC and RPC trigger algorithms will be renewed to improve the momentum resolution.

NSW consists of  
MicroMegas (MM) and small-strip TGC (sTGC).

・TGCのアルゴリズムについて私は話すよ NSW Detector Layout
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16 Φ-sectors for each 
A and C sides 

small and large sectors 
have different sizes

sTGC: 3 modules are 
glued to an FR4 frame to 
form a wedge → like a 

single (rigid) body 

The central spacer also 
supports the sTGC 

wedges via the sTGC 
kinematic mounts

MM: 2 modules on 
each side are are 

mounted on a central 
spacer frame

sTGC and Micromegas
16 layers

sTGC sTGCMM MM

Precision requirements place stringent constraints on the construction 
MM: Spatial resolution < 100 μm 
→ strip alignment in each layer  

30 μm RMS in η  
80 μm RMS in z 

sTGC: <1 mrad angular resolution      
→ 40 μm RMS strip position in η and 

between layers  
80 μm RMS deformations in wedges 

NSW Detector Layout
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 The ATLAS Collaboration, "ATLAS Phase-II Upgrade Scoping Document", CERN-LHCC-2015-020

https://cds.cern.ch/record/2055248/
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R (wire)

Φ (strip)Thin Gap Chamber (TGC) 
• Multi-wire proportional chamber (MWPC)  
operated in a saturated mode 
• Two-dimensional position measurements

End-cap First Level Muon Trigger Upgrade

β

Current trigger system 
• Take coincidence of the TGC hits among 
layers. 

Trigger system for HL-LHC 
• In addition to NSW, TGC provides the 
segments using track trigger algorithm. 

• Make decision with the deflection angle 
β between the track segments before 
and after the magnetic field. 

• Thanks to an improved pT resolution for 
muons with β, the new trigger 
suppresses the events including muons 
with low pT.

Big Wheel



TGC Segment Reconstruction at HL-LHC
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• 7 out 5

• In Run 2, the coincidence is taken but a segment is not reconstructed. 
• Segment reconstruction with pattern matching is considered for HL-LHC.
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• Number of pattern lists in all region of TGC is roughly 4,800,000 (4,500,000) for wires (strips). 

• TGC track trigger makes the decision by matching at least 5 hit out of 7 TGC layers with 
pattern lists.
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Performance Study
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Performance is studied with the data sample collected in Run-1, √s = 8 TeV,  
25 ns bunch spacing.  

TGC online track reconstruction 
• TGC segment reconstruction is simulated with minimum χ2 fit for  
the TGC hits (5 out of 7 layer coincidence is taken in advance) with a straight line.
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 = 8 TeV, 25 nsecsusing data 

Phase I expected

Phase II proposed, TGC tracking

Phase II proposed, MDT tracking

 > 20 GeV
T
pOffline selected muons,

• The rate of a first-level single 
muon trigger with 20 GeV 
threshold is expected to be 
reduced by 25% with the polar 
angle difference between the 
TGC and NSW segments for the 
end-cap region (1.3 < |η| < 2.4). 

• Relative efficiency is 95% for  
20 GeV threshold.

Requirement on the deflection angle

MDT provides an additional suppression for 
low momentum muons.

 The ATLAS Collaboration,  
"ATLAS Phase-II Upgrade Scoping Document", CERN-LHCC-2015-020

https://cds.cern.ch/record/2055248/


End-cap Muon Trigger Electronics for Phase-2
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• Signals digitized by amplifier/shaper/discriminator (ASD) boards are fed into the TGC 
frontend board. 

• A TGC frontend board aligns the timing of the hits and transmits the data of 256 
channels to the off-detector electronics at 16 Gbps (8 Gbps × 2) with fixed latency. 

• Trigger and readout board reconstructs TGC segments using TGC track trigger 
algorithm and makes a preselection based on TGC and NSW segments. 

• MDT trigger processor receives the information of preselection from the trigger and 
readout board and then makes a decision with an improved pT resolution. 

• Finally, trigger and readout board sends a trigger decision to central trigger processor.

FPGA
Patch-Panel ASIC 
(PP-ASIC) ×8 

Timing alignment

High-speed serial link  
(8 Gbps × 2)

MDT trigger 
processor

ASD

TGC frontend board ×~1,400

A PP-ASIC receives  
the signals of 32 channels. 
Total: 256 channels

Trigger 
processor

Trigger and  
       readout board ×48

FIFO

・
NSW etc.

MDT

Readout

TriggerTGC

Off-detector electronics On-detector electronics

~320,000 
channels

Control the ASD threshold



Prototype of TGC Frontend Board
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Prototype has all essential functions of TGC frontend board for phase-2!• Concept of sending hit data, controlling the Patch-Panel (PP) ASIC and ASD threshold, and 
using universal module for all TGC chambers will remain in the final design.
- PP-ASICs need to be replaced by new ones for Phase-2 upgrade.
- Radiation tolerance FPGA need to be selected.

Optical receiver and transmitter
4 receiver and 4 transmitter
(up to 40 Gbps)

Ethernet interface
for debugging 

Connecter for copper cable
LHC clock, reset, …

For hit data transfer and control

For ASD threshold

For the timing alignment
(old) PP-ASIC
4 on mother board
4 on daughter boards
32 × 8 = 256 channels

FPGA
Xilinx Kintex-7
XC7K325TFFG900-2
Data transmitter
PP ASIC control via JTAG
DAC control via I2C

DAC
DAC7578SPW
8 channels × 2
ADC
LTC1289CCSW
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Performance Test of the Data Transfer
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• Measure the bit error rate with the loop back 
of Pseudo Random Bit Sequence (PRBS) 
using Xilinx’s IBERT. 

• Transfer rate: 8.0 Gbps for single lane

• Large open area is obtained. 
• Measured bit error rate: < 1.3×10-16  
(corresponding to < 1 errors for 5-day operation  
 of single board)

IBERT statistical eye diagram
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• The full TGC readout chain with the prototype of TGC frontend board has been 
demonstrated with charged particle beams at the H8 beam line in CERN. 

Basic functionalities of the TGC front-end board are proven to work fine!

• TGC trigger and readout board 
for phase-1 upgrade was used. 
(refer to “The Phase-1 Upgrade of the 
ATLAS Level-1 Endcap Muon Trigger”  
by Mr. Shunichi AKATSUKA (23 May))
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Beam spot

• TGC frontend board provided stable data 
transfer with 2 × 8 Gbps in beam test period. 

• The validity of the transferred data has been 
checked by evaluating the efficiency for each 
channel. 

• ASD threshold controlling and monitoring 
based on FPGA have been demonstrated 
successfully.

http://indico.ihep.ac.cn/event/6387/session/36/contribution/141
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demonstrated with charged particle beams at the H8 beam line in CERN. 

• TGC trigger and readout board 
for phase-1 upgrade was used. 
(refer to “The Phase-1 Upgrade of the 
ATLAS Level-1 Endcap Muon Trigger”  
by Mr. Shunichi AKATSUKA (23 May))

Layer	1
1

0.9

0.8

0.7

0.6

0.5

0.4

EfficiencySupport structure

• TGC frontend board provided stable data 
transfer with 2 × 8 Gbps in beam test period. 

• The validity of the transferred data has been 
checked by evaluating the efficiency for each 
channel. 

• ASD threshold controlling and monitoring 
based on FPGA have been demonstrated 
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Basic functionalities of the TGC front-end board are proven to work fine!
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End-cap Muon Trigger Processor
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・FPGA is required to have a large number of the high-speed transceivers and sufficient resources  
for trigger and readout algorithm.

The design of end-cap muon trigger and readout board in progress!

April 10, 2017 – 23 : 40 DRAFT 25

Figure 5.9: Picture of the prototype of the PS board for TGC.

Figure 5.10: Schematic diagram of the endcap sector logic blade.

Muon Central Trigger Processor

Readout of TGC information
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(Tranceiver)MDT trigger processor

Reconstruct TGC segments   
by TGC track trigger algorithm 

Make TGC trigger decision 
with inner segments

Make final decision 



Conclusion
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• In order to cope with a higher event rate in the HL-LHC operation,  
TGC trigger and readout electronics are planned to be upgraded. 

• About 25% additional reduction of trigger rate is expected by an improved 
online momentum resolution with the new TGC track trigger logic in the 
end-cap region. 

• A prototype of TGC frontend board has been developed with the concept 
of sending all hit data with 16 Gbps per board. 

• The data transfer from TGC frontend board prototype has been 
successfully demonstrated with charged particle beam. 

• Designing of the trigger and readout board is ongoing. 

• Future tasks:  
- PP-ASICs need to be developed with a process of higher radiation tolerance,  
- Radiation tolerance of the devices (FPGA etc.) needs to be tested,  
- TGC track trigger algorithm needs to be tested with hardware, and 
- Trigger and readout board needs to be developed.
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Backup



Magnetic Field
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第 1章 序論 13

トロイド磁石

トロイド磁石は、図 1.15 (c)に示すように、φ方向に沿ったトロイド磁場を生成するために、コイルを φ方向
に対し、8回対称になるように設置しているユニークな磁石である。したがって、磁場の強さは、一様ではなく、
基本的にコイルの配置と同様に 8回対称になる。0 < |η| < 1.4領域の強さは 1.5–5.5 Tm、1.6 < |η| < 2.7領域の
強さは約 1–7.5 Tmとなる。トロイド磁石により、ミューオンは η方向へ曲がる。トロイド磁石の磁場の強さを図
1.16を示す [12]。

!"# !$#

図 1.16 (a)トロイド磁石のビーム軸方向の磁場分布。(b)トロイド磁石の x–y平面における磁場
分布。

1.4 ATLASトリガーシステム
LHCが計画どおりのルミノシティーかつ 25 nsのバンチ衝突で稼働するときの陽子 ·陽子反応事象レートは、約

1 GHzとなる。このデータは、興味のある物理事象以外の事象がほとんどの割合を占めており、すべて読み出し
保存する事は、コンピューティングリソースの関係上不可能である。したがって、ATLAS実験では、興味のある
物理事象のみを選別し、コンピューティングリソースを無駄にしないように効率的にデータ取得を行う事を目的
として、3段階のトリガーシステムを採用している (図 1.17 [10])。1段目のトリガーはレベル 1トリガー (L1トリ
ガー)と呼ばれ、ASICや FPGAを駆使したハードウェアのトリガーである。2段目は、レベル 2トリガー (L2ト
リガー)と呼ばれ、ソフトウェアによるトリガーである。3段目もレベル 2トリガーと同様に、ソフトウェアによ
るトリガーであり、イベントフィルタと呼ばれている。レベル 2トリガーとイベントフィルタは、まとめてハイ
レベルトリガー (HLトリガー)とも呼ばれる。

・nonuniform magnetic field. 
・arranged eight-fold symmetrical with respect to the Φ axis.

Distribution of toroidal magnetic field  
in beam axis direction
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Distribution of toroidal magnetic field  
in the X-Y plane



Radiation Levels
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Radiation levels at LHC (@1x1034)

• Radiation levels are proportional to the luminosity, and a higher value is 
expected for HL-LHC. 
• Position of the TGC front-end board is closer to the best location than 
the worst location. 
• Electronic circuit of the TGC front end board should consist of devices 
with radiation resistant corresponding to this estimate. 
• Soft error mitigation will be considered.

Location of TGC electronics

 

ATLAS Thin Gap Chamber Production Readiness Review Report
Amplififer-Shaper-Discriminator ICs 9 November 1999
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5  Radiation tolerance

5.1  Requirements
Much of the volume of the ATLAS detector will be in an extremely harsh radiation
environment. Although even the highest radiation level in areas where the TGC trigger
electronics is located (that closest to the interaction point) is far from the most extreme in
ATLAS, it still offers challenges that must be met to ensure the long-term performance of the
trigger.

Using data from a simulation of the expected
radiation environment in ATLAS [9], radiation
levels at the TGC wheels are summarized in
Table 5-1.

Taking into account the uncertainty in the
estimation, a safety factor of four is required
[9]. The bipolar transistors, which have a
higher sensitivity to radiation damage, require
an additional factor of 1.5 for the neutron flux
and a factor of five for the ionizing dose. 

The radiation tolerance criteria at the worst
location of the TGC trigger station for 10 years
running are summarized in Table 5-2.

Bipolar technology was used for the ASD chip
and sub-micron CMOS technology will be
used for the trigger and read-out gate arrays.
Such technologies have already been investi-
gated for radiation tolerance [10]. In our appli-
cation, special radiation tolerant processes
were not chosen due to difficulties in both
availability and cost. The SONY P23 stan-
dard-process ICs were checked for radiation
tolerances. 

5.2  Radiation tolerance test
The front-end electronics boards with the ASD chips will be mounted directly on the TGCs.
Therefore the ASD chips will be exposed to a high level of both ionizing (gamma) and neutron
radiations. The expected dose and the neutron fluence at the worst location of TGCs in the for-
ward muon trigger station, integrated over 10 years of LHC running with a luminosity of 1034

cm-2s-1, are 125 Gy and 1.2×1012 1MeV equivalent neutrons/cm2[9]. Note that these values in-
corporate a safety factor of 4 reflecting the uncertainty of the radiation level estimation, as well
as additional safety factors which is specific to the bipolar electronics: 5 on the ionizing rate and
1.5 on the neutron rate[9].

Table 5-1  Typical radiation levels per year in the
regions where TGC electronics will be located. The
two locations correspond to the most and the least
extreme in terms of radiation environment

Worst 
Location

Best
Location

Neutrons, 
n/cm2/yr 

9.7×1010 3.1×1010

1 MeV equivalent 
neutron/cm2/yr

2.0×1010 3.6×109

Dose, Gy/yr 6.2×10-1 2.1×10-1

 
Table 5-2  Radiation tolerance criteria for chamber-
mounted electronics for 10 years LHC running

CMOS Bipolar

Neutrons, n/cm2 3.9×1012 5.9×1012

1 MeV equivalent 
neutron/cm2

8.1×1011 1.2×1012

Dose, Gy 2.5×101 1.3×102



Efficiency of TGC hits
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number of events with a hit for interest and the other three layers  
number of events with a hit for each layer other than the layer of interest

Efficiency = 

• Most of the channels in the beam 
area has almost 100% efficiency. 

• Efficiency is lower for some 
channels along the support 
structure of the wires inside the 
chamber. 
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The data transferred by the prototype of the TGC front-end board  
has been demonstrated!

Support structure


