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Introduction

Tile Calorimeter Liquid Argon calorimeterMuon Detector

Toroid Magnet Solenoid Magnet SCT Pixel Detector TRT 

ATLAS detector being re-
commissioned for Run 2.
Biggest challenge during LS1:  
additional pixel layer added 
(IBL). 
Detailed upgrade plans for 
Phase-1 and Phase-2 taking 
shape. 

This talk will only give very rough overview of ongoing R&D work.
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ATLAS Phase-1

The four main Phase-1 Technical Design Reports 
(TDRs) are now all fully approved by the LHCC and 
Research Board, including scrutiny by the Upgrade 
Cost Group (UCG). 
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The ATLAS Roadmap

HL-LHC

splice
consolidationLHC 

13-14 TeV 

~100 fb-1 LS2
~300 fb-1

~3000 fb-1
until 2035

collimation, 
cryogenics, ...

LS3

HL-LHC
installations

14 TeV 

phase 1 upgrade

2013  2014  2015  2016  2017  2018 2019  2020 2021 2022  2023  

LS1

2024  2025  2035  

phase 2 upgrade

~30 fb-1

Go to design energy, 
nominal luminosity
L = 1 *1034 1/cm2s2

Injector and LHC Phase-1 
upgrade to ultimate 
design luminosity
L = 2 *1034 1/cm2s2

HL-LHC Phase-2 
upgrade, IR, lumi 
levelling, ...
L = 5 *1035 1/cm2s2

ATLAS Phase-1 ATLAS Phase-2ATLAS Phase-0
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The ATLAS Roadmap
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LS1
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Go to design energy, 
nominal luminosity
L = 1 *1034 1/cm2s2

Injector and LHC Phase-1 
upgrade to ultimate 
design luminosity
L = 2 *1034 1/cm2s2

HL-LHC Phase-2 
upgrade, IR, lumi 
levelling, ...
L = 5 *1035 1/cm2s2

ATLAS Phase-1 ATLAS Phase-2ATLAS Phase-0

Selection of upgrades: 
Fast TracKing (FTK) input to 
HLT (already started)
New Small Wheel (NSW) for the 
forward Muon Spectrometer
Finer granularity LAr data to 
Level-1
TDAQ Upgrades to Level-1/HLT
Additional forward proton system 
(AFP)
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Fast TracK Trigger (FTK)
Dedicated, hardware-based track finder (based on CDF Silicon Vertex 
Triggering development)

Runs after the first level trigger on duplicated Si-detector read-out 
links.
Provides tracking input to the HLT for the full event at 100kHz.
Finds and fits tracks (~ 25 µs) in the ID silicon layers 
at nearly offline precision.

Processing performed in two steps

hit pattern matching to pre-
stored patterns (coarse)

subsequent linear fitting in 
FPGAs (precise) 

Associative memory ASIC
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number of ROIs to be considered for b-tagging and al-
lows the use of sophisticated algorithms at HLT.

The transverse impact parameter distribution is the
basic input to b-tagging. This distribution is sensitive
to the long lifetime of particles within the b-jet and pro-
vides a means of separating b-jets from light-flavor jets.
The transverse impact parameter of tracks associated to
light-flavor and heavy-flavor jets is shown in Figure 3
for both the re-fitted FTK and the o✏ine tracks, with
the fully simulated samples of tt events [5]. A longer
positive tail is present for the tracks associated to heavy-
flavor jets for both the o✏ine and FTK tracks, as is ex-
pected for b-jets. The light flavor jets have a symmetric
distribution with much smaller tail, allowing good sep-
aration between the two classes of jets.

Figure 3: The transverse impact parameter distribution is shown for
tracks associated to light-flavor (black) and heavy-flavor (red) jets.
The solid lines show the distribution for the o✏ine tracks, whereas
the points show the FTK tracks re-fitted at HLT [5].

In Run1, b-jet tagging in the HLT began with a
calorimeter-based jet pre-selection that tightened the jet
pT thresholds. With the use of FTK, track finding can be
run with looser the HLT jet thresholds without putting
additional load on the HLT processors, allowing HLT
to require tighter b-jet tagging. Figure 4 shows two
such working points of b-tagging from a draft Run2
menu along with some examples of re-optimized work-
ing points in which the b-tagging is run with lower jet
thresholds [5]. The output rates of the various trigger
items are shown as a function of the event-level tth (h!
bb) e�ciency. With the quasi-o✏ine quality track-
ing information, HLT can use tight b-tagging require-
ment which rejects the light-flavor jet and keeps more
heavy-flavor jet. Comparing ”2b55 4j55 Medium” and
”2b35 4j35 Tight”, the jet pT threshold is lowered
while keeping signal e�ciency and reducing the HLT

trigger rate.

Figure 4: HLT trigger rate v.s. signal e�ciency at the number of
pile-up corresponds to 60 and center of mass energy 14 TeV [5]. The
black points show b-jet items that will fit into the HLT constraints
without FTK, red points show options with significantly larger input
rates possible with FTK. All operating points assume the re-fitted FTK
performance. The e�ciencies are quoted with respect to the inclusive
signal and include the L1 e�ciency. The trigger names specify the jet
multiplicities, pT thresholds and b-tagging operating points. For ex-
ample, the ”2b55 4j55 Medium” trigger requires at least two medium
b-tagged jets above 55 GeV and four or more jets above 55 GeV.

3. Conclusion

The Fast Tracker (FTK) trigger system, part of the
ATLAS trigger upgrade program, is a highly parallel
hardware system that provides all track information for
any event accepted by Level-1 trigger. FTK has a poten-
tial to improve various trigger performance in terms of ⌧
identification and b-jet tagging, then eventually physics
performance for Run2 LHC and after.

A part of FTK will be installed for the barrel region
(|⌘| < 1.0) at late 2015, full coverage (|⌘| < 2.5) will be
established in 2016.
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Light jet rejection using FTK compared to 
offline reconstruction

FTK will be integrated in run 2 with complete coverage by 2016
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Muons: New Small Wheel
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•  In'forward'direc5on'the'efficiency'of'muon'chambers'
deteriorates'as'the'luminosity'goes'beyond'the'design'value'

•  LevelI1'muon'trigger'rate'exceeds'the'available'bandwidth'
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The'innermost'sta5on'
of'the''muon'endcap'

Located'between'
endcap'calorimeter'
and'endcap'toroid'

Consequences of luminosity rising beyond design values for forward muon wheels 
Degradation of the tracking performance (efficiency / resolution) 
L1 muon trigger available bandwidth exceeded unless thresholds are raised
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Replace Muon Small Wheels with New Muon Small Wheels 
Improved tracking and trigger capabilities
Meets Phase-2 requirements

compatible with <µ>=200, up to L~7x1034 cm-2s-1

MicroMegas (area of 1200 m2)
Space resolution < 100 µm independent of  incidence angle 
High granularity -> good track separation
High rate capability due to small gas amplification region and 
small space charge effect 

Small strip Thin Gap Chambers (sTGC) (area of 1200 m2)
Space resolution < 100 µm independent of  incidence angle 
Bunch ID with good timing resolution to suppress fakes 
Track vectors with < 1 mrad angular resolution 
Based on proven TGC technology 
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Level 1 Calorimeter trigger Upgrade

Upgrade of LAr Level-1 trigger electronics, 
to provide finer granularity for Level-1 
trigger decision

e.g. 10 super-cells instead of 1 trigger tower 
(in the barrel)
introduction of Feature Extraction Modules 
(FEX) in trigger path.

Maintain high efficiency for Level-1 
triggering on low pT electrons and photons.

Retain transverse energy in each layer 
instead of summing → longitudinal shower 
information.
Improvement in Level-1 trigger electron 
reconstruction, isolation, energy resolution.
Forward compatible with Phase-2 Upgrade.

7



Ingrid-Maria Gregor -  ATLAS Overview 8

ATLAS Phase-2
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The ATLAS Roadmap
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The ATLAS Roadmap
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Selection of upgrades: 
All new Inner Tracking Detector
Introduction Level 0/1 trigger
Level-1 track trigger
Calorimeter electronics upgrades
Upgrade muon trigger system and 
electronics
DAQ upgrade
Enhancements to high-eta region
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Basic Requirements For New Tracker

Improve tracking performance
Reduce material in the tracking volume

Improve performance at low pT

Reduce rates of nuclear interaction, photon 
conversions, Bremsstrahlung…

Reduce average pitch
Improve performance at high pT 
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Radiation hardness
Ultimate integrated luminosity considered ~ 3000 fb-1

Annual integrated luminosity of 250-300fb-1 with 
levelled operation at 5*1034 cm-2sec-1

Radiation hard sensor material required
New readout electronics required

Granularity
Efficient pattern recognition and tracking with pile-up of 
140-200
Maintain detector occupancy below % level
Requires much higher granularity

ttb
ar

 e
ve

nt
 w

ith
 1

40
 p

ile
-u

p 
ev

en
ts

(A
TL

A
S

 s
im

ul
at

io
n)



Ingrid-Maria Gregor -  ATLAS Overview

ATLAS Tracker Upgrade

11

DRAFT
within ±150 mm, although at high |h | more reliance is placed on the pixel system (up to 7
hits) which provides true space points from single-sided modules. With at least four pixel hits
everywhere, robust track seeding in the pixel system is possible as a start for track finding.1707

They constrain the tracks especially in the core of high energy jets. To allow combined muon
tracking over the full muon coverage, the pixels extend to |h | = 2.7. A short (“stub”) strip
barrel has also been introduced to avoid a gap in hit-coverage between the barrel and end-1710

cap. This also improves momentum resolution in this region, and allows the second end-cap
disk to be placed at larger z.
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Figure 6.4: Number of hits on muon tracks with pT > 5 GeV as a function of pseudorapidity, h . The line
shows the result for tracks originating at the centre of the detector, and the symbols for the tracks originating
from z = 150 mm.
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Figure 6.5: pT resolution as a function of pseudorapidity, h , for different momenta from simulation of the
current ATLAS ID (with and without IBL) (left) taken from the IBL TDR [35], and from simulation of the
upgrade tracker layout using the track selection defined in [46] (right).

Momentum resolution: The layout has been arranged to maximize the length of the trajectory1713

inside the solenoid of the particles and measurements are made at points that minimize the
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Pixel

Figure 6.1. An all-silicon-detector tracker is proposed, with pixel sensors at the inner radii sur-
rounded by microstrip sensors [43]. In the central region, sensors are arranged in cylinders, with
4 pixel layers followed by 3 short-strip layers then 2 long-strip layers. From current knowledge
of the LHC conditions the outer radius of the beam pipe is assumed to be at 33 mm. Given the
required modularity discussed above, an inner support tube (IST) will be implemented at a radius
of 110 mm, and a pixel support tube (PST) at 345 mm, taking account of the required clearances for
service routing. The forward regions will be covered by 6 pixel disks and 7 strip disks. Strip layers
are double-sided with axial strip orientation on one side and sensors rotated by 40 mrad on the
other side, giving the second coordinate measurement. The tracker is surrounded by a polyethylene
moderator to reduce the energies of neutrons, which decreases the 1MeV neutron equivalent silicon
damage fluence arising from the flux of neutrons entering from the calorimeters [44] (which for the
current ID are partially moderated by the material of the TRT).
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Figure 6.1: The baseline layout of the replacement tracker showing the active areas of silicon detectors
arranged on cylinders and disks.

In the optimisation process, gaps have been preserved between subdetector parts to allow for
supports, services, and insertion clearances. The resulting sensor areas and channel counts are
shown in table 6.6.

The biggest changes to the current inner tracker are replacement of the TRT with 47.8 mm long
silicon strips; the pixel system extends out to larger radii; more pixel hits in the forward direction
to improve the tracking in this dense region; and smaller pixels and 23.8 mm long inner strips to
increase the granularity. The outer active radius is slightly larger, improving momentum resolution.
Services have been routed out of the active area as soon as possible, minimising the effects of non-
sensitive materials. The layers of silicon are more evenly spaced, especially in the forward region,
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Strips

LOI layout optimised for tracking performance
Biggest changes compared to current tracker:

pixels system extends out to larger radii
more pixel hits in forward direction to improve 
tracking
smaller pixels and short inner strips to increase 
granularity

Currently design studies ongoing to optimize 
various sub-detectors.

Remove Transition Radiation Tracker 
(TRT) as occupancy is too high during 
HL-LHC
Install new all-Silicon tracker with 
much higher readout bandwidth
Granularity increase by factor > 4  

Silicon Area Channels [106]

Pixel 8.2m2 638

Strip 190m2 71

⌘

beam-axis

radius

IP

Solenoid
LOI Layout
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R&D Silicon Strip Tracker
Outer tracker is a silicon strip detector with n-in-p sensors

5 barrel layers, “stubs”, 7 discs EC 
Double-sided layers with axial strip orientation and rotated by 
40mrad on other side (z-coordinate)

Short and long strips with 74.5 µm pitch in barrel 
End-Cap with radial strips of different pitch (6 different 
module designs)

12

Silicon modules directly bonded to a cooled carbon 
fibre plate.
A sandwich construction for high structural rigidity 
with low mass.
Services integrated into plate including power 
control and data transmission.
Use of DC-DC conversion or serial powering to 
increase powering efficiency and reduce service 
material.

Cu bus 
tape 

Ti coolant tube 

Carbon honeycomb 

Carbon 
fibre 
facing 

Readout ICs!

Si Strip 
sensor 

Kapton flex hybrid 
Stave cross-section: 

High T conductivity  foam 

1.4 m 

replace !!
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R&D HL-LHC Pixel Detectors

13
Quad Pixel Module Prototype

RD50

Thin n-in-p

Test chip with an array of 
16 × 32 pixels in 65 nm 
CMOS technology with 
pixel size of 25 × 125 µm2

Current baseline pixel layout based on existing solutions
Hybrid pixel approach with planar or 3D sensors under 
investigation.

CMOS monolithic approaches emerging and interesting for 
larger radii.
Plan to develop readout ASICs in 65 nm technology -> pixel 
sizes as small as 25x100 µm2 or 50x50 µm2 possible 
Larger area thin sensors (n-in-p) quads/sextuplets produced 
on 150mm diameter wafers with several foundriesN
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FE pixel to bigger sensor pixel, for example 50⇥150 µm2 or 50⇥200 µm2. Unused FE-pixel will
be deactivated and the power consumption of the chip can be reduced.

R&D is ongoing to find the best solution to meet these requirements. ATLAS groups have
made first prototyping efforts towards a new front end chip using 65 nm feature size conventional
CMOS. The main R&D effort is now being carried out by the RD53 collaboration which com-1230

bines the 65 nm pixel chip developments of the LHC experiments for HL LHC upgrades. The
goal is to develop a pixel frontend chip, RD53-FE containing all necessary blocks needed for the
usage in all participating LHC experiments. A first full size prototype is expected in 2016. The
final implementation to the particular experiment’s application will be done by each collaboration
afterwards.1235

The choice of 25 ⇥ 100 µm2 and 50 ⇥ 50 µm2 reps. is also motivated by prototyping in
65 nm technology, where an analog front-end chip [43] has been produced for a small matrix of
16⇥ 32 pixels (Figure 9.44) using staggered bump bonds. The analog noise below 100 electrons
and threshold dispersion of 350 electrons for a mean threshold of 2700 electrons (Figure 9.45) are
very satisfactory results. The 65 nm node is the smallest feature process still using silicon dioxide1240

gate dielectric, which is intrinsically radiation hard due to quantum tunneling. By placing bump
bond pads staggered in the z coordinate, a bump pitch of 50 µm is maintained, while allowing a
Rf pitch of 25 µm.

Figure 9.44. Test chip with an array of 16 ⇥ 32 pixels in 65 nm CMOS technology with pixel size of
25⇥ 125 µm2. Scaling to realistic size of digital logic and memory gives the final pixel size estimation of
25⇥150 µm2.

Another option for reducing the pixel size is to use 3D integrated electronics by having multi-
ple tiers of electronics within the pixel footprints [44, 45]. The electrical interconnections between1245

the tiers, to the sensors and with the external wire bond pads are made by Through Silicon Vias
(TSV) and metal to metal surface interconnections. A test chip with separate analog and digital
tiers, FE-TC4-P1 (Figure 9.46), was produced with 130 nm CMOS technology. Pixels of size
50⇥ 166 µm2 contain the full analog tier similar to FE-I4 and two variants of digital tiers. The
analog tiers show good performance after having been thinned to 10 µm thickness of Si bulk. The1250

radiation hardness of the analog and digital parts has been demonstrated in a 24 GeV proton beam
up to a dose of 500 Mrad. The communication between the analog and digital tiers has been shown

– 57 –

RD53

The requirement of radiation tolerance is particularly demanding 
for the inner pixel layers.

Thin n-in-n, n-in-p planar, 3D and diamond sensors have been 
shown to withstand doses up to 2×1016neq/cm2 and 1Grad.
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Trigger system architecture

New design for Phase-2
2-level system, Phase-1 Level-1 becomes in Phase-2 L0; new L1 includes tracking
Make use of improvements made in Phase-1 (NSW, L1Calo) in L0
Introduce precision muon and inner tracking information in L1

Better muon pT resolution
Track matching for electrons,…

An upgrade of the FE 
trigger processing 
will be required. 

Level-0
Rate ~ 1 MHz, Lat. ~6 µs
Muon + Calo
Level-1
Rate 300-400 kHz, Lat. ~24 µs
Muon + Calo + Tracks

Will also have new timing/control 
links and LHC interface system

14
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Figure 5.9. The ATLAS L0/L1 sytem overview.

off-detector hardware can if required be increase to process all ITk data as a part of regular up-
grades. The output from the L1 Track processor is combined with L1 trigger information from the
rest of ATLAS in L1 Global and L1 CTP which sends the L1 accept trigger at maximum 400 kHz
rate.465

5.2 ITk readout for the L1 Track trigger system

The baseline architecture is to read out the full ITk strip and pixel detectors at 1 MHz. The baseline
was changed from R3 readout to full readout to facilitate simpler on-detector readout logic. Latency
studies for full readout at L0A-rate are in progress.

Studies of R3 readout (old baseline) using a discrete event simulation of the complete readout470

chain including the distribution of the R3 and L1 accept requests, and readout of the HCC to the
off-detector electronics have been performed using ITk hit occupancies expected with 200 pileup
interactions per bunch crossing. The results suggest that old baseline layout with ASICS daisy
chained on the hybrid gives increased latency that in parts of the tracker violates the latency budget.
The studies led to a change of architecture to star readout where each ABC130 is connected directly475

to the HCC. The principle advantage of the star readout arrangement, is that the time to transfer the
data along the daisy chain multiple times is not required – each data packet from each ABC130 can
be transferred simultaneously to the HCC. In addition, because each chip has a dedicated link, the
data packets from the chips will not need any additional header to identify from which chip they

– 17 –
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L1Track Trigger

Adding tracking information at Level-1 (L1)
Move part of the High Level Trigger (HLT) reconstruction into the early stage of trigger
Goal: keep thresholds on pT of triggering leptons and L1 trigger rates low

Triggering sequence
L0 trigger (Calo/Muon) 
reduces rate within ~6 µs
to 1 MHz and defines 
RoIs
L1 track trigger extracts
tracking info inside RoIs
from readout electronics

Challenge
Finish processing within 
the latency constraints

Requires changes to
electronics feeding trigger system
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Calorimeter

Tile Calorimeters
No change to detector needed
Full replacement of front-end and back-end electronics to cope with higher initial event-
rates and higher radiation levels

New read-out architecture: Full digitisation of data at 40MHz and transmission to off-
detector system, digital information to level L1/L0 trigger

LAr Calorimeter
Replace front-end and back-end electronics

Ageing, radiation limits, compliance with Phase-2 
L0/L1 trigger rates and latencies.
Fully digital 40 MHz readout → finest granularity 
trigger input (L0/L1)

Replace Forward calorimeter (FCal) if required
Install new sFCAL in cryostat or miniFCAL in front of 
cryostat if significant degradation in current FCAL or if 
finer granularity mandated by physics requirements at 
HL-LHC

16
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possible extensions at Large η 

Extend ITK tracker to η = 4.0: different pixel 
layouts/performance (extended IBL, disks, rings, 
pixel granularity,…) 

Muon spectrometer options for 2.7<η<4.0:
  - 1 pixelated tag chamber before EC toroid
  - 2 chambers (before/after EC toroid)
  - 2 chambers +1.5T warm toroid

Segmented timing detectors in front 
of EMEC/FCAL in 2.5<η<4 (MBTS 
location): (~100µm;~10ps)

sFCal with improved segmentation and 
reduced pulse length in 3.1<η<4.9

Trigger w/ fwd 
tracking:
- L0/L1 capabilities 
- vertex information

17

Recommendation in 
spring 2015 ! 
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Summary

A long and exciting road ahead !

HL-LHC

splice
consolidationLHC 

13-14 TeV 

~100 fb-1 LS2
~300 fb-1

~3000 fb-1
until 2035

collimation, 
cryogenics, ...

LS3

HL-LHC
installations

14 TeV 

phase 1 upgrade

2013  2014  2015  2016  2017  2018 2019  2020 2021 2022  2023  

LS1

2024  2025  2035  

phase 2 upgrade

~30 fb-1

ATLAS Phase-1ATLAS Phase-0 ATLAS Phase-2

New inner pixel layer
Detector consolidation
2015: FTK deployment

Improve L1 Trigger, NSW 
and LAr electronics to 
cope with higher rates

Prepare for 140-200 pile-up events
Replace Inner Tracker
New L0/L1 trigger scheme
Upgrade muon/calorimeter 
electronics
Upgrade of DAQ detector readout
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Backup slides
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Muon Trigger: Tile coincidence

20

Main source of fake triggers are low-
momentum protons emanating from 
endcap toroid and shielding

1.0 < |η| < 1.3 region of Big Wheel TGC 
not covered by the NSW

Use hadronic TileCal extended barrel 
(D-layer) for trigger coincidence

Energy resolution smeared by 
electronics noise in Level-1 read-out 
path lowers efficiency above 500 MeV

Tile Muon coincidence reduces rate by 
82% at that threshold
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LAr Readout Electronics Upgrade

21

The Proposed Phase I Upgrade 

M. Aleksa (CERN) August 27, 2013 10 

New or modified  
components 
in red Æ LAr TDR 

Proposed phase I  
upgrade fully  
compatible  
with plans for  
phase II  
upgrade 

New FEXs 
designed and 
built by L1Calo 
Æ TDAQ TDR 
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TDAQ system: Run-1

22
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TDAQ system: Run-3

23
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Phase-2 Readout architecture

24

Readout architecture overview for the Phase-2 upgrades 
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Muons: New Small Wheel cont.
Strong reduction of muon L1 trigger rate in 
forward direction

Dominated by fakes

Vital for running at high luminosity

In addition smaller improvements during 
phase-0

Additional muon chambers in barrel/end-cap 
overlap region
Coincidences with outer layers of Tile 
Calorimeter removes peak of muon fakes

25
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Level-1 calorimeter trigger

26

Complemented by new L1Calo trigger 
processors eFEX and jFEX

maintain lower thresholds at 
an acceptable rate

Run-1 calorimeter trigger input:
Trigger Towers Δη x Δϕ = 0.1 x 0.1
• Used to calculate core energy, isolation

Run-1 trigger menu 
at Linst=3 x 1034 cm-2s-1

Total rate for EM triggers 
would be 270 kHz!
(Total L1 bandwidth is 100kHz)

Provide better granularity 
and better energy resolution
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Level-1 calorimeter trigger cont.

27

Significant degradation of the turn-on curve
with pile up (<µ>=80) 
• requiring much higher offline threshold 

(black curve)
• recovered through introduction of super-cells

(red curve)

Trigger eff. vs jet pT

EM Triggers
Better shower shape discrimination 
à lower EM threshold by ~ 7 GeV at same rate
In addition significantly improved resolution 
à lower EM threshold by another few GeV 
 at same rate

Topological triggering
Will feed calorimeter trigger input to 
L1 topological processor (already in Phase-0)


