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• Multiwire proportional chamber

• Primary role in muon trigger

• Height: ~25 m

• Channels: ~320,000



/232022 — 10 Years after the Discovery 4

4−10

3−10

2−10

1−10

1

ve
v 
V

m 
V

κ
 o

r 
ve

v 
F

m 
F

κ

 Run 2ATLAS

µ

c

τ
b

W

Z
t

tκ = cκ

 is a free parametercκ

SM prediction

1−10 1 10 210

Particle mass [GeV]

0.8

1

1.2

1.4V
κ

 o
r 

F
κ

eν µν τν u c t

Leptons Quarks

e µ τ d s b

g γ Z W H

Force carriers Higgs boson

• Higgs boson coupling observed (>5σ) 
for Z, W, t, b, and τ.

• Indication (2σ) for μ — more data needed

Symposium: https://home.cern/events/anniversary-discovery-higgs-boson

https://home.cern/events/anniversary-discovery-higgs-boson
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https://atlas.cern/Updates/Press-Statement/Run3-first-collisions

Accumulation of data samples of proton-proton collisions at 13.6 TeV

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/EventDisplayRun3Collisions
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5 to 7.5 x nominal Lumi

13 TeV

integrated 
luminosity

2 x nominal Lumi2 x nominal Luminominal Lumi
75% nominal Lumi

cryolimit
interaction
regions

inner triplet 
radiation limit

LHC HL-LHC

Run 4 - 5...Run 2Run 1

DESIGN STUDY PROTOTYPES CONSTRUCTION INSTALLATION & COMM. PHYSICS

DEFINITION EXCAVATION

HL-LHC CIVIL ENGINEERING:

HL-LHC TECHNICAL EQUIPMENT:

Run 3

ATLAS - CMS
upgrade phase 1

ALICE - LHCb
upgrade

Diodes Consolidation
LIU Installation

Civil Eng. P1-P5

experiment 
beam pipes

splice consolidation
button collimators

R2E project

13.6 TeV 13.6 - 14 TeV

7 TeV 8 TeV

LS1 EYETS EYETS LS3

ATLAS - CMS
HL upgrade

HL-LHC 
installation

LS2

30 fb-1 190 fb-1 450 fb-1 3000 fb-1

4000 fb-1

BUILDINGS

20402027 20292028

pilot beam

Luminosity upgrade: 2 x 1034 cm-2s-1 ! 5–7.5 x 1034 cm-2s-1

Start of the operation in 2029
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Di-Higgs production for self-coupling measurement

• SM significance for ATLAS bb$$ + bb"": 3.2! (link)

• SM significance for ATLAS + CMS: 5! (link)

ATL-PHYS-PUB-2022-005
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3.1. INTRODUCTION 29

Fig. 3.4: Left: Constraints on the W -boson and top-quark mass from direct measurements and
indirect constraints [34]. Right: Constraints on the oblique parameters S and T (setting all other
oblique parameters to zero), together with the individual constraints from MW , the asymmetry
parameters sin2 q lept

eff , Pt
pol and the forward-backward asymmetries A f

FB with f = `,c,b, and GZ .
The dark (light) region corresponds to 68% (95%) probability [35].

Z-pole and at the WW threshold is also foreseen.

3.1.4 The Higgs potential
A very important aspect of the electroweak physics programme is the measurement of the tri-
linear and quartic couplings of the Higgs boson to itself. These couplings are directly related to
the shape of the Higgs potential,

V (h) =
1
2

m2
Hh2 +l3vh3 +

1
4

l4h4, with l SM
3 = l SM

4 =
m2

H

2v2 , (3.2)

where v = 1/
qp

2GF ⇡ 246 GeV is the vacuum expectation value of the Higgs field, and
mH ⇡ 125 GeV.

The shape of the Higgs potential can have important consequences for our Universe as
it determines how the early universe went through a phase transition. In the early universe,
the electroweak phase transition is determined by the scalar potential at finite temperature,
whereas collider measurements probe the potential at zero temperature. At a temperature of
about 100 GeV it went from a symmetric state into a state with a broken electroweak symmetry.
For the SM Higgs potential, this phase transition is a crossover, but alterations to the potential
could result in this phase transition having been first order. If the phase transition is strongly
first order (l3 is modified by O(1)), and there is a new mechanism for CP violation, two of
the Sakharov conditions necessary (but not sufficient) for an explanation of matter and anti-
matter asymmetry of the Universe are fulfilled. Gravitational waves stemming from that phase
transition could be discovered by the Laser Interferometer Space Antenna (LISA) [36].

The parameters l3 and l4 can be measured in processes where two or three Higgs bosons
are produced, and via loop-contributions in single Higgs production processes. At present, the
LHC data are not sensitive, but with HL-LHC it is expected that the trilinear Higgs self-coupling
can be determined with a precision of about 50% [23].
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Z-pole and at the WW threshold is also foreseen.

3.1.4 The Higgs potential
A very important aspect of the electroweak physics programme is the measurement of the tri-
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2GF ⇡ 246 GeV is the vacuum expectation value of the Higgs field, and
mH ⇡ 125 GeV.

The shape of the Higgs potential can have important consequences for our Universe as
it determines how the early universe went through a phase transition. In the early universe,
the electroweak phase transition is determined by the scalar potential at finite temperature,
whereas collider measurements probe the potential at zero temperature. At a temperature of
about 100 GeV it went from a symmetric state into a state with a broken electroweak symmetry.
For the SM Higgs potential, this phase transition is a crossover, but alterations to the potential
could result in this phase transition having been first order. If the phase transition is strongly
first order (l3 is modified by O(1)), and there is a new mechanism for CP violation, two of
the Sakharov conditions necessary (but not sufficient) for an explanation of matter and anti-
matter asymmetry of the Universe are fulfilled. Gravitational waves stemming from that phase
transition could be discovered by the Laser Interferometer Space Antenna (LISA) [36].

The parameters l3 and l4 can be measured in processes where two or three Higgs bosons
are produced, and via loop-contributions in single Higgs production processes. At present, the
LHC data are not sensitive, but with HL-LHC it is expected that the trilinear Higgs self-coupling
can be determined with a precision of about 50% [23].

Direct constraint
on Higgs potential!

https://cds.cern.ch/record/2802127
https://indico.cern.ch/event/1135177/contributions/4878400/attachments/2474236/4245433/Brost%20-%20Higgs@10%20-%20Prospects.pdf
https://cds.cern.ch/record/2802127
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Inner Tracker

Pixel Detector

ATL-TDR-030

482 pages

Inner Tracker

Strip Detector

ATL-TDR-025

556 pages

LAr Calorimeter

ATL-TDR-027

271 pages

Tile

Calorimeter

ATL-TDR-028

300 pages

Muon
ATL-TDR-026
408 pages

Trigger & DAQ
ATL-TDR-029
608 pages

Six TDRs (~2600 pages) approved by CERN Research Board in Apr. 2018

Y. Horii: editor
M. Corradi: materials

Y. Horii: editor
M. Corradi: main editor
and 1st project leader

Another TDR provided and approved later for High-Granularity Timing Detector [ATL-TDR-031]
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Extension of the trigger latency — improved selectivity
Extension of the trigger and event filter rates — more events to later stages

Muon  Calorimeter Inner Tracker

Trigger Buffer

Data transfer

LHC ATLAS HL-LHC ATLAS

  Trigger latency 2.5 #s 10 #s

  Trigger output 100 kHz 1 MHz

  Event filter output 1 kHz 10 kHz

Electronics upgrades are
essential for the extensions
of the latency and rate
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All TGC electronics boards will be
replaced except for the ASD boards.

All hit data will be transferred
from on-detector boards (PS boards)
to off-detector boards (SL boards).

Muon tracks are reconstructed
in modern FPGAs on SL boards.
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Numbers

  Detector channels 320k

  ASD boards 23k

  PS boards 1434

  JATHub boards 148

  SL borads 48
} Newly developed
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PP ASIC receives the LVDS hit signals

from the ASD boards and align the timing.

Each hit is assigned to a bunch crossing.

FPGA collects the hit data of 256 channels

and transfers them to SL boards

with 8 Gbps x 2 optical connections.

FPGA controls the ASD boards

and the components on the PS boards.

~7 W (1 board), ~10 kW (all boards)

PP ASICs

Kintex-7 FPGA

SFP+

Hit signals from ASD boards

Hit data to SL boards (8 Gpbs x 2)

Pre-production started in 2021
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In order to establish a robust system, we use commercial-off-the-shelf (COTS) 
products for PS boards wherever possible.
Challenge: confirmation of the radiation tolerance of COTS products!

Safety factors

• SFsim: safety factor for simulation uncertainty 

• SFldr: safety factor for low-dose rate at actual experiment 

• SFlot: safety factor for lot-to-lot difference and difference in lot

Example: SF for FPGA TID: 1.5 x 5 x 4 = 30, requirement: 180 Gy
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Neutron irradiation test 
at Kobe Univ. (6 weeks)

Non-Ionising Energy Loss (NIEL)Total Ionising Dose (TID) Single Event Upset (SEU)

SEU measurements and 
recovery Demo. at CERN

Gamma irradiation test 
at Nagoya Univ. (16 weeks)

Requirement: 180 Gy Requirement: 1.6x1012 n/cm2 9.8x102 /cm2s 

at L=7.5x1034

Nagoya leaded and completed intensive radiation tests!
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First prototype tested:
• Power up/down sequencing
• Temperature monitoring
• FPGA configuration and initial 

trigger firmware test
• FireFly loopback
• MPSoC-FPGA connection
• IMPC-Shelf manager connection
• Clock recovery for fixed latency 

(zero delay mode of Si5345)
Second prototype development in 2023
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https://indico.cern.ch/event/1127562/contributions/4904832/
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Muon tracks reconstructed from TGC (EM) and selected with inner detectors.

1808 bits 

896 bits 

Wire Segment
Reconstruction 

(BW TGC Endcap 1)

Strip Segment
Reconstruction 

(BW TGC Endcap 1) 

Wire/Strip
Coincidence

(BW TGC
Endcap 1)

BW TGC wire hit map 
after channel mapping 
(Endcap 1) 

BW TGC strip hit map 
after channel mapping 
(Endcap 1) 

SLR0

SLR1

1808 bits 

896 bits 

Wire Segment
Reconstruction 

(BW TGC Endcap 2)

Strip Segment
Reconstruction 

(BW TGC Endcap 2) 

Wire/Strip
Coincidence

(BW TGC
Endcap 2)

BW TGC wire hit map 
after channel mapping 
(Endcap 2) 

BW TGC strip hit map 
after channel mapping 
(Endcap 2) 

SLR2

808 bits 

192 bits 

Wire Segment
Reconstruction 

(BW TGC Forward)

Strip Segment
Reconstruction 

(BW TGC Forward) 

Wire/Strip
Coincidence

(BW TGC
Forward)

BW TGC wire hit map 
after channel mapping 
(Forward) 

BW TGC strip hit map 
after channel mapping 
(Forward) 

SLR3

Inner
Coincidence

Track
Selector

NSW track segment 

TileCal energy flag 

BIS78 RPC coincidence 

EIL4 TGC hits 

(after formatting)

64 candidates 
x 124 bits 
= 7936 bits

3 candidates 
x 124 bits 
= 372 bits 

3 candidates 
x 124 bits 
= 372 bits 

GTY for MDTTP

Buffer 
(and then GTY) 
for MUCTPI

4 candidates 
x 23 bits
x 37 units
= 3404 bits 

4 candidates 
x 23 bits
x 37 units
= 3404 bits 

4 candidates 
x 23 bits
x 16 units
= 1472 bits 

1 candidate 
x 17 bits
x 20 units 
= 340 bits 

1 candidate 
x 17 bits
x 20 units
= 340 bits 

1 candidate 
x 17 bits
x 4 units
= 68 bits 

4 candidates 
x 52 bits

x 13 regions 
+ 1 candidate 

x 50 bits 
x 22 regions 
= 3804 bits 

4 candidates 
x 52 bits

x 13 regions 
+ 1 candidate 

x 50 bits 
x 22 regions 
= 3804 bits 

4 candidates 
x 52 bits

x 8 regions 
= 1664 bits 

TGC (EM)
Endcap magnet

y

z

TGC (EI)

NSW

Tile calorimeter
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/
L0MuonTriggerPublicResults#Performance_of_trigger_algorithm

Pattern matching — ultimate method (concept: M. Tomoto, firmware design: Y. Horii)
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Fast muon reconstruction developed with machine learning (CNN) implemented in FPGA
The workflow shown in the following
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Masked Linear 
kernel: <50,50> 

tanhAdd

Conv1D
1 filter: <3,3>

Conv1D
1 filter: <3,2>

Conv1D
1 filter: <3,2>

tanh
Masked Linear 
kernel: <50,50> 

Masked Linear 
kernel: <50,50> 

ReLU

Add tanh

Affine
kernel: <28,50> 

bias: <28> 
ReLU

Affine
kernel: <14,28> 

bias: <14> 
ReLU

Affine
kernel: <8,14> 

bias: <8> 

Affine
kernel: <1,8> 

bias: <1> 

Feature Extraction

Dense Net

M1 Input 
<50,3>

M2 Input 
<50,2>

M3 Input 
<50,2>

<28> <28> <14> <14> <8> <8>
θ Output 

<1>

3 layers

2 layers
2 layers

A compact CNN developed — the structure optimised for the TGC detector, 
the parameters quantised, highly sparse network provided by pruning

Input: detector hit map

Output: track angle

3 layers

2 layers 2 layers
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NIMA 1045, 167546 (2023)

Successfully implemented in XCVU13P FPGA 

Angular resolution similar to minimum χ2 

Latency < 100 ns

https://www.sciencedirect.com/science/article/abs/pii/S0168900222008385


/23Possible Future Extensions 22
TG
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 ID

TGC layer ID

The algorithms with machine learning could extend the trigger acceptance
for exotic signatures, e.g. close-by leptons, lepton jets, …

Study ongoing…
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• The ATLAS experiment will be upgraded to fully exploit the physics 

potential of HL-LHC. 

• The TGC electronics will be replaced for larger latency and rate 

of the first-level trigger. All TGC data will be transferred to off-detector 

boards, and muon tracks are reconstructed in modern FPGAs. 

• Fast muon reconstruction with a pattern matching method was 

developed as a baseline. Method with machine learning is under study.
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CERN-LPCC-2018-04

Improved measurements of the Higgs coupling 

to gauge bosons and fermions 

— improved understanding of the origin of masses

Percent-level for muon — second-generation fermion

https://arxiv.org/abs/1902.00134
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Run 1: 7-8 TeV 

Run 2: 13 TeV 

Run 3: 13.6 TeV 

LHC Design: 14 TeV

Increase of cross section — large for high mass
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Pileup 200

Top quark pair
simulation

Total Ionising Dose: maximum 20 MGy
1 MeV neutron Eq. flux: maximum 2.6 x 1016 cm-2

4000 fb-1

High luminosity, high pileup (high number of proton-proton collisions
per proton-bunch crossing), high radiation level
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New Inner Tracking Detector
• All silicon with at least 9 layers up to |&| = 4

• Less material, finer segmentation

New Muon Chambers
• Inner barrel region with RPCs, sMDTs, and TGCs

• Improved trigger efficiency/momentum resolution
and reduced fake rate

High Granularity Timing Detector (HGTD)
• Precision time reconstruction (30 ps)

with Low-Gain Avalanche Detectors (LGAD)

• Improved pileup separation

Upgraded Trigger and DAQ System
• Single level trigger at 1 MHz

• Improved 10 kHz event farm

Electronics Upgrades
• On-detector/off-detector electronics upgrades

of LAr Calorimeter, Tile Calorimeter, and Muon Chambers

• 40 MHz continuous readout with finer segmentation to trigger
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ATL-PHYS-PUB-2021-024

Figure 7: Display of the 23-00-03 Inner Tracker layout presented in this document.
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  ATLAS  Simulation

~30% improvement

• 178 m3 of silicon pixel + strip — factor of 2.7 larger than the current ATLAS 

• Finer segmentation — improved vertexing, tracking, jet flavour tagging, … 

• Coverage increased from |η| < 2.5 to |η| < 4
η: pseudorapidity

http://cdsweb.cern.ch/record/2776651
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ATLAS Simulation

Red: before upgrade
Green: after upgrade

• Acceptance of the muon trigger in the barrel region improved
by additional Resistive Plate Chambers (RPCs): 78% ! 96%

• Monitored Drift Tube (MDT) in the barrel inner layer replaced by small-diameter MDT for free space for RPCs.

• Doublet Thin Gap Chambers (TGCs) in the endcap inner layer replaced by triplet TGCs for fake reduction.
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3.3 Physics object performance

(a) Jets with 30 GeV < pT < 50 GeV. (b) Jets with pT > 50 GeV.

Figure 3.20: Pileup jet rejection as a function of hard-scatter jet efficiency in the 2.4 < |h| < 4.0
region at the beginning of the lifetime of the detector, VBF H to invisible sample, for the ITk-only and
combined ITk + HGTD reconstruction.
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Figure 3.21: Relative pileup jet rate as a function of jet pseudorapidity, for jets with 30 GeV < pT <
50 GeV.
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2.2 Detector overview and requirements

2.2 Detector overview and requirements

The HGTD is being designed for operation with hµi = 200 and a total integrated luminosity
of 4000 fb−1. Taking into account the space constraints of the existing ATLAS Experiment,
including the more advanced planning for the tracker upgrade when R&D on the HGTD
began, the HGTD will be located in the gap region between the barrel and the end-cap
calorimeters, at a distance in z of approximately ± 3.5 m from the nominal interaction point.
This region lies outside the ITk volume and in front of the end-cap and forward calorimeters,
in the volume currently occupied by the Minimum-Bias Trigger Scintillators, which will be
removed. The position of the two vessels for the HGTD within the ATLAS detector is shown
in Figure 2.3.

Figure 2.3: Position of the HGTD within the ATLAS Detector. The HGTD acceptance is defined as the
surface covered by the HGTD between a radius of 120 mm and 640 mm at a position of z = ±3.5 m
along the beamline, on both sides of the detector.

The envelope of the detector vessel has a radial extent of 110 to 1000 mm. The envelope in z
is 125 mm, including the neutron moderator, supports, and front and rear vessel covers. A
50 mm-thick moderator is placed behind the HGTD to reduce the back-scattered neutrons
created by the end-cap/forward calorimeters, protecting both the ITk and the HGTD. A
silicon-based timing detector technology is chosen due to the space limitations. The sensors
must be thin and configurable in arrays. In close collaboration with RD50 [4] and few
manufacturers, an extensive R&D program is still ongoing. However baseline sensors that
can provide the required timing resolution in the harsh radiation environments were already
produced by three different vendors. LGAD [5] pads of 1.3 mm ⇥ 1.3 mm with an active
thickness of 50 µm fulfil these requirements. This pad size ensures occupancies below 10%

7

• Precision time reconstruction (30 ps) with LGAD

• Coverage: 2.4 < |&| < 4.0

• Pixel size: 1.3 x 1.3 mm2, thickness: 50 #m

• Improved pileup jet suppression
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is only 0.0000000005 of the total cross section 
of the proton-proton collision… 

We select interesting collisions before storage 
— “trigger”.
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• Level 0: 1 MHz, ~5.2 TB/s, latency 10 μs 

• LHC: 100 kHz, ~290 GB/s, latency 2.5 μs 

• Event Farm: 10 kHz, ~52 GB/s 

• LHC: 1 kHz, ~2.9 GB/s
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With the upgrade of the trigger 
and DAQ system, trigger thresholds 
similar to those used at Run 1 
can be used at HL-LHC. 

Retain high acceptance for various 
physics processes!
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SONY analog master slice (bipolar)
Preamplifier gain of 0.8V/pC
Comparator with LVDS outputs

ENC ~ 7500 electrons at Cinput = 150 pF

16 channels per board

The current ASD chips satisfy
the radiation tolerance criteria
for HL-LHC. No replacement planned.

ASD chip

ASD board
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Mass production completed.
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1808 bits

896 bits

Wire Segment
Reconstruction

(BW TGC Endcap 1)

Strip Segment
Reconstruction

(BW TGC Endcap 1)

Wire/Strip
Coincidence

(BW TGC
Endcap 1)

BW TGC wire hit map
after channel mapping
(Endcap 1)

BW TGC strip hit map
after channel mapping
(Endcap 1)

SLR0

SLR1

1808 bits

896 bits

Wire Segment
Reconstruction

(BW TGC Endcap 2)

Strip Segment
Reconstruction

(BW TGC Endcap 2)

Wire/Strip
Coincidence

(BW TGC
Endcap 2)

BW TGC wire hit map
after channel mapping
(Endcap 2)

BW TGC strip hit map
after channel mapping
(Endcap 2)

SLR2

808 bits

192 bits

Wire Segment
Reconstruction

(BW TGC Forward)

Strip Segment
Reconstruction

(BW TGC Forward)

Wire/Strip
Coincidence

(BW TGC
Forward)

BW TGC wire hit map
after channel mapping
(Forward)

BW TGC strip hit map
after channel mapping
(Forward)

SLR3

Inner
Coincidence

Track
Selector

NSW track segment

TileCal energy flag

BIS78 RPC coincidence

EIL4 TGC hits

(after formatting)

64 candidates
x 124 bits
= 7936 bits

3 candidates
x 124 bits
= 372 bits

3 candidates
x 124 bits
= 372 bits

GTY for MDTTP

Buffer
(and then GTY)
for MUCTPI

4 candidates
x 23 bits
x 37 units
= 3404 bits

4 candidates
x 23 bits
x 37 units
= 3404 bits

4 candidates
x 23 bits
x 16 units
= 1472 bits

1 candidate
x 17 bits
x 20 units
= 340 bits

1 candidate
x 17 bits
x 20 units
= 340 bits

1 candidate
x 17 bits
x 4 units
= 68 bits

4 candidates
x 52 bits

x 13 regions
+ 1 candidate

x 50 bits
x 22 regions
= 3804 bits

4 candidates
x 52 bits

x 13 regions
+ 1 candidate

x 50 bits
x 22 regions
= 3804 bits

4 candidates
x 52 bits

x 8 regions
= 1664 bits

Logic cells BRAM URAM

SLR0 68% 22% 52%

SLR1 64% 36% 43%

SLR2 68% 22% 52%

SLR3 27% 10% 21%

Signal paths for Super Logic Region (SLR)

Preliminary resource utilisation




