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PHYSICS MOTIVATION: HIGGS AND DI-HIGGS AT THE HL-LHC
➤ Higgs production through  

Vector Boson Fusion 

➤ Di-Higgs production
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1 Introduction

The observation of Higgs boson pair production is a principal goal of the High-Luminosity LHC (HL-
LHC) programme [1], because it would enable measurement of the Higgs self-coupling, �HHH . Since
this is related to the form of the Higgs potential, it could lead to experimental confirmation of the Standard
Model (SM) prediction of spontaneous symmetry breaking in the Higgs sector.

At the LHC, the SM predicts that gluon-fusion is the dominant mechanism by which Higgs boson pairs
are produced. The process is described at leading order by the two Feynman diagrams shown in Figure 1.
Figure 1(a) contains a Higgs boson self-coupling vertex, �HHH , and interferes destructively with Fig-
ure 1(b) which has no dependence on �HHH . The small cross-section of � (pp! HH) = 39.5+2.9

�3.2 fb atp
s = 14 TeV [2] necessitates the analysis of the large HL-LHC dataset for observation of Higgs boson

pair production and motivates the use of the dominant H ! bb̄ decay mode to search for Higgs boson
pair production in the bb̄bb̄ final state.
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Figure 1: Feynman diagrams describing Higgs boson pair production at leading order.

The HH ! bb̄bb̄ channel was the most sensitive channel to Higgs boson pair production in ATLAS
during Run-1 [3] and so far in Run-2 [4, 5]. No evidence for a signal was obtained, but these analyses
consistently obtained the world’s best exclusion limits: in Run-1, a signal strength of µ = �/�SM � 57
was excluded at 95% confidence level (C.L.) [3] and in 13.3 fb�1 of Run-2 data, a signal strength upper
limit of µ = 29 was obtained [5].

The projections presented in this note are extrapolations of the recent results obtained by ATLAS using
the Run-2 dataset [5]. In making these extrapolations, the assumption is made that the planned upgrades
to the ATLAS detector [6, 7] and improvements to reconstruction algorithms will mitigate the e↵ects of
higher instantaneous luminosity and detector aging, leading to performance matching the present day’s
in jet reconstruction and b-quark jet identification (b-tagging). Jet transverse momentum (pT) thresholds,
determined by the trigger requirement, will likely increase for HL-LHC running. The e↵ect of raising
jet thresholds is studied below. Furthermore, the assumption is made that the analysis will be unchanged
in terms of selection and statistical analysis technique – a rather pessimistic assumption given that the
analysis will be improved to use new techniques and optimised to make best use of larger datasets.

2 ATLAS Detector

The projected sensitivities presented in this paper are calculated by extrapolating results obtained with
data collected with the present ATLAS detector. The present detector is described followed by a summary
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2.5 Physics Signatures with Jets

(a) VBF H ! tt acceptance using tt triggers
where both ts decay hadronically. The acceptance
at the target is 30% and the acceptance in the no-
upgrade scenario is 8%

(b) HH ! ttbb acceptance using tt triggers
where both ts decay hadronically. The acceptance
at the target is 32% and the acceptance in the no-
upgrade scenario is 13%

Figure 2.8: Acceptance for VBF H ! tt and HH ! ttbb for dihadronic tau (tt) triggers where
both ts decay hadronically.

pT selections. As shown in Fig. 2.6, the two methods are complementary; photon-triggered
ISR events are sensitive at low Z0 masses, while jet-triggered ISR events are more sensitive
at higher Z0 masses.

For the HH non-resonant process, a dedicated study [2.7] of the sensitivity as a function of
the offline jets pT threshold has been performed. The results are shown in Fig. 2.9 assuming
that systematics are not a strong limitation on the result. This shows that the loss due
to the trigger requirements below 50 � 60 GeV moderate (but non-neglible), and above
⇡ 65 GeV the sensitivity in this important analysis degrades rapidly. The current estimated
achievable threshold for the upgraded system is 65 GeV. A no-upgrade scenario would
require a threshold of approximately 100 GeV, leading to a loss approximately a factor of
two on the s(HH ! 4b)/s(HH ! 4b)SM limit. Results with more pessimistic systematics
assumptions show similar trigger impacts. For a more detailed discussion of the analysis
and the impact of the system design on it, see Section 6.13. The Standard Model HH ! 4b
non-resonant process cannot be observed with this channel alone, but the analysis would
be sensitive to an enhanced cross-section due to anomalous Higgs self-couplings.

Di-jet resonance searches can be motivated by a variety of physics models. In particular,
resonances with relatively small couplings to visible matter have been motivated by re-
cent dark matter models [2.4][2.8]. Figure 2.6 shows a summary of the ATLAS bounds on
the coupling gq as a function of the Z0 resonance mass. At high mass, above ⇠ 1.5 TeV
(dark blue line), the single jet trigger is used. For di-jet resonances with masses below ⇠

1 TeV, triggers are designed to select an ISR jet (purple line) or photon (red line, see also
Section 2.3) present in the process rather than the decay products of the resonance. The jet
pT threshold affects the lower bound of the di-jet+ISR search with ISR jet. This is because
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PHASE-II TDAQ 
ARCHITECTURE

Three TDAQ Systems: 
• Level-0 Trigger  
• Data Acquisition 
• Event Filter
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Figure 1.3: Design of the TDAQ Phase-II upgrade architecture, highlighting the organisation of the
Upgrade Project in three main systems: Level-0 Trigger, DAQ (Readout and Dataflow subsystems), and
Event Filter. Direct connections between each Level-0 trigger component and the Readout system are
suppressed for simplicity.

14 1 An Introduction to the TDAQ Phase-II Programme
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PHASE-II TDAQ DESIGN CONSIDERATIONS
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➤ Increased Level-0 trigger rate from  
100 kHz to 1 MHz; hardware-
based Level-0 trigger system 
designed for a maximum latency of 
10μs (2.5μs in Run 3) 

➤ Data acquisition system provides 
common readout interface and can 
handle input readout bandwidth of 
5.2 TB/s 

➤ Event filter includes commodity 
processing farm plus regional & 
full-scan hardware-based tracking; 
max output event rate: 10 kHz
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Figure 5.1: Overall baseline design of the TDAQ system in Phase-II. The black dotted arrows indicate
the Level-0 dataflow from the detector systems to the Level-0 trigger system (composed of the L0Calo,
L0Muon, MUCTPI, Global Trigger, and CTP) at 40 MHz, which must identify physics objects and
calculate event-level physics quantities within 10µs. The result of the Level-0 trigger decision (L0A)
is transmitted to the detectors as indicated by the red dashed arrows. The resulting trigger data and
detector data are transmitted through the DAQ system (made up of FELIX, the Data Handlers, and
the Dataflow subsystem) at 1 MHz, as shown by the black solid arrows. Direct connections between
each Level-0 trigger component and the Readout system are suppressed for simplicity. The EF system
is composed of a processing farm and a hardware-tracking subsystem (HTT) that must reduce the event
rate to 10 kHz. Events that are selected by the EF trigger decision are transferred for permanent storage.

5.1 Functional overview 75

S. Majewski, ICHEP 2018
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Figure 5.2: Diagram of the Level-0 Trigger architecture. The arrows indicate the type of object that
is transmitted between each component of the system. Super cell energies are sent to the eFEX, while
coarser granularity, based on sums of super cells energies, are sent to the jFEX and gFEX, respectively,
as is done in the Phase-I system. Information from calorimeter cells with |⌘| >2.5, without an energy
threshold, is sent to the fFEX. Tile calorimeter information from the outermost layer is used in coin-
cidence with muon trigger primitives from the RPC and TGC in the Barrel and Endcap Sector Logic
components, respectively. Hit information from the NSW and MDT are sent to their corresponding
Trigger Processors. The MDT Trigger Processor refines the momentum measurement for muon can-
didates determined by the Sector Logic components; the resulting muon candidates are transmitted to
the MUCTPI for overlap removal and multiplicity determination. Elementary calorimeter cells above a
transverse energy threshold of |ET| > 2� are sent to the Global Trigger for use in topological clustering
and other refined algorithms. Trigger OBjects (TOBs) are formed by each of the FEXs, as well as the
MUCTPI, which are refined by the Global Trigger. The CTP combines information from the Global Trig-
ger and MUCTPI, consisting of trigger algorithm flags and multiplicities of selected objects, to make the
final Level-0 trigger decision.

to offline) are sent to FPGA-based Feature Extractors (FEXs), which find electron, photon, and1829

tau lepton candidates (eFEX), tau leptons, jets and E
miss
T (jFEX), and large-R jets and E
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(gFEX). The LAr Calorimeter inputs to the system are maximally ten super cells per region of1831
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Calorimeter inputs to the system are 0.1 ⇥ 0.1 in ⌘ ⇥ �, summed in depth. The output of the1833
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sent to the Global Trigger. The fFEX will handle full granularity LAr in the region 2.5 < |⌘| <
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Figure 5.2: Diagram of the Level-0 Trigger architecture. The arrows indicate the type of object that
is transmitted between each component of the system. Super cell energies are sent to the eFEX, while
coarser granularity, based on sums of super cells energies, are sent to the jFEX and gFEX, respectively,
as is done in the Phase-I system. Information from calorimeter cells with |⌘| >2.5, without an energy
threshold, is sent to the fFEX. Tile calorimeter information from the outermost layer is used in coin-
cidence with muon trigger primitives from the RPC and TGC in the Barrel and Endcap Sector Logic
components, respectively. Hit information from the NSW and MDT are sent to their corresponding
Trigger Processors. The MDT Trigger Processor refines the momentum measurement for muon can-
didates determined by the Sector Logic components; the resulting muon candidates are transmitted to
the MUCTPI for overlap removal and multiplicity determination. Elementary calorimeter cells above a
transverse energy threshold of |ET| > 2� are sent to the Global Trigger for use in topological clustering
and other refined algorithms. Trigger OBjects (TOBs) are formed by each of the FEXs, as well as the
MUCTPI, which are refined by the Global Trigger. The CTP combines information from the Global Trig-
ger and MUCTPI, consisting of trigger algorithm flags and multiplicities of selected objects, to make the
final Level-0 trigger decision.
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legacy hardware; 
electron feature 
extractor seeds tau 
candidates

full granularity

topological cluster 
formation,  

tau ID algorithm
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Target Level-0 di-τ rate: 
200 kHz



6.5 Tau Leptons
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Figure 6.7: Rate as a function of leading and sub-leading online (uncalibrated) t pT for a di-t
trigger implemented in the eFEX and the corresponding efficiency per tau candidate (referred to as
an “RoI” in the plot) with respect to offline for a set of online t pT thresholds as a function of the
offline t pT.

6.5 Tau Leptons

Level-0 The Level-0 tau lepton trigger can use the eFEX to define the initial candidate
region and then makes use of the fine granularity calorimeter data reconstructed with the
topocluster capability of the Global Trigger. The offline tau selection uses tracking and
calorimeter information combined using a Boosted Decision Tree (BDT). Two preliminary
strategies are under development for tau identification. The cut-based trigger uses the me-
dium granularity super-cell variables that are available in the eFEX. The second uses a
recurrent neural network to select tau candidates in the Global Trigger. At the current early
level of optimisation, both give comparable results, but it is expected that with further de-
velopment a combined system can give better performance with moderate resource usage
in the Global Trigger. Both algorithms approximately support a physics goal of reaching
⇡ 80 � 90% of the efficiency plateau for offline pT for leading t pT > 40 GeV and a sub-
leading t pT > 30 GeV, which is motivated by the key H ! tt and HH ! bbtt analyses.
This goal is not yet met by a small factor by either algorithm, but they are expected with
further development.

The cut-based results use the energy in a narrow core, information on the depth profile of
the energy deposition, and isolation requirements. The resulting rates and efficiencies are
shown in Fig. 6.7. A 200 kHz rate corresponds to online t thresholds of pT > 20 GeV and
pT > 15 GeV for the leading and subleading t candidates, respectively. These thresholds
correspond to ⇡ 85% efficiency for offline t candidates with pT thresholds of 45 GeV and
35 GeV for the leading and subleading t candidates, respectively.

The recurrent neural network combines the information from up to six topoclusters. For
each cluster, the input variables are cluster energy, the energy in the four layers of the
electromagnetic calorimeter, the DR distance from the seed jet axis, three moments of the
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Figure 6.8: Rate as a function of leading and sub-leading online (uncalibrated) t pT for a di-t
trigger implemented in the Global Trigger using an recursive neural-network (left) and the corres-
ponding efficiency per tau candidate with respect to offline for a set of online t pT thresholds as a
function of the offline t pT (right).

cluster shape, the depth of the cluster in the calorimeter, the fraction of energy contained
in the highest energy cell, and the probability that the cluster is an electromagnetic shower
based on energy distribution in the cluster. Figure 6.8 shows preliminary results for the di-t
rates as a function of the leading and sub-leading t ET and the corresponding efficiencies
for a range of online t ET thresholds that correspond to a 200 kHz trigger rate. Such a
selection reaches ⇡ 85% efficiency for offline t candidate thresholds of pT > 45 GeV and
pT > 45 GeV for leading and subleading t candidates, respectively.

Regional Tracking Rejection Regional tracking can be used to further reduce the back-
ground rate early in the Event Filter processing. Figure 6.9a shows the rejection versus
efficiency for requiring one to five tracks in a cone of DR < 0.2 around the candidate tau as
function of the track pT requirement. A modified version of this requirement, also shown,
only raises the pT requirement of the leading track while keeping requirement on additional
tracks at pT > 2 GeV and requiring that those tracks are consistent with coming from the
same vertex in z; this algorithm gives better performance. For di-t triggers, two t candid-
ates can additionally be required to be consistent with coming from the same vertex using
a Dz0 cut. This is shown in Fig. 6.9b. The rate can be reduced by a factor of approximately
3.5 with a efficiency loss of ⇡ 4%.

Event Filter Output After the regional tracking rejection, the Event Filter adds tracking
down to 1 GeV for t candidates using gHTT. The tracks are used in the BDT and for track-
based isolation. Table 6.3 shows rates after the Event Filter selection. The rate of an inclusive
isolated di-t trigger is too large to record from the Event Filter. Additional requirements
such as a DR < 3 selection on the t candidates to veto back-to-back dijets, additional jet and
b-jet requirements, and Emiss

T requirements will likely be part of the menu. These additional

133

EXPECTED LEVEL-0 DI-TAU TRIGGER PERFORMANCE (1)
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➤ Cut-based trigger exploiting: 
➤ energy in a narrow core,  
➤ depth profile of the energy 

deposition,  
➤ isolation requirements

➤ Recurrent neural network: 
➤ energy, depth moments of 

up to 6 topoclusters around 
seed axis  

➤ probability that each cluster 
is an EM shower

expected background rate, cut-based trigger

expected background rate, neural network-based trigger
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Figure 6.8: Rate as a function of leading and sub-leading online (uncalibrated) t pT for a di-t
trigger implemented in the Global Trigger using an recursive neural-network (left) and the corres-
ponding efficiency per tau candidate with respect to offline for a set of online t pT thresholds as a
function of the offline t pT (right).

cluster shape, the depth of the cluster in the calorimeter, the fraction of energy contained
in the highest energy cell, and the probability that the cluster is an electromagnetic shower
based on energy distribution in the cluster. Figure 6.8 shows preliminary results for the di-t
rates as a function of the leading and sub-leading t ET and the corresponding efficiencies
for a range of online t ET thresholds that correspond to a 200 kHz trigger rate. Such a
selection reaches ⇡ 85% efficiency for offline t candidate thresholds of pT > 45 GeV and
pT > 45 GeV for leading and subleading t candidates, respectively.

Regional Tracking Rejection Regional tracking can be used to further reduce the back-
ground rate early in the Event Filter processing. Figure 6.9a shows the rejection versus
efficiency for requiring one to five tracks in a cone of DR < 0.2 around the candidate tau as
function of the track pT requirement. A modified version of this requirement, also shown,
only raises the pT requirement of the leading track while keeping requirement on additional
tracks at pT > 2 GeV and requiring that those tracks are consistent with coming from the
same vertex in z; this algorithm gives better performance. For di-t triggers, two t candid-
ates can additionally be required to be consistent with coming from the same vertex using
a Dz0 cut. This is shown in Fig. 6.9b. The rate can be reduced by a factor of approximately
3.5 with a efficiency loss of ⇡ 4%.

Event Filter Output After the regional tracking rejection, the Event Filter adds tracking
down to 1 GeV for t candidates using gHTT. The tracks are used in the BDT and for track-
based isolation. Table 6.3 shows rates after the Event Filter selection. The rate of an inclusive
isolated di-t trigger is too large to record from the Event Filter. Additional requirements
such as a DR < 3 selection on the t candidates to veto back-to-back dijets, additional jet and
b-jet requirements, and Emiss

T requirements will likely be part of the menu. These additional
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➤ Cut-based trigger exploiting: 
➤ energy in a narrow core,  
➤ depth profile of the energy 

deposition,  
➤ isolation requirements

➤ Recurrent neural network: 
➤ energy, depth moments of 

up to 6 topoclusters around 
seed axis  

➤ probability that each cluster 
is an EM shower

6.5 Tau Leptons
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Figure 6.7: Rate as a function of leading and sub-leading online (uncalibrated) t pT for a di-t
trigger implemented in the eFEX and the corresponding efficiency per tau candidate (referred to as
an “RoI” in the plot) with respect to offline for a set of online t pT thresholds as a function of the
offline t pT.

6.5 Tau Leptons

Level-0 The Level-0 tau lepton trigger can use the eFEX to define the initial candidate
region and then makes use of the fine granularity calorimeter data reconstructed with the
topocluster capability of the Global Trigger. The offline tau selection uses tracking and
calorimeter information combined using a Boosted Decision Tree (BDT). Two preliminary
strategies are under development for tau identification. The cut-based trigger uses the me-
dium granularity super-cell variables that are available in the eFEX. The second uses a
recurrent neural network to select tau candidates in the Global Trigger. At the current early
level of optimisation, both give comparable results, but it is expected that with further de-
velopment a combined system can give better performance with moderate resource usage
in the Global Trigger. Both algorithms approximately support a physics goal of reaching
⇡ 80 � 90% of the efficiency plateau for offline pT for leading t pT > 40 GeV and a sub-
leading t pT > 30 GeV, which is motivated by the key H ! tt and HH ! bbtt analyses.
This goal is not yet met by a small factor by either algorithm, but they are expected with
further development.

The cut-based results use the energy in a narrow core, information on the depth profile of
the energy deposition, and isolation requirements. The resulting rates and efficiencies are
shown in Fig. 6.7. A 200 kHz rate corresponds to online t thresholds of pT > 20 GeV and
pT > 15 GeV for the leading and subleading t candidates, respectively. These thresholds
correspond to ⇡ 85% efficiency for offline t candidates with pT thresholds of 45 GeV and
35 GeV for the leading and subleading t candidates, respectively.

The recurrent neural network combines the information from up to six topoclusters. For
each cluster, the input variables are cluster energy, the energy in the four layers of the
electromagnetic calorimeter, the DR distance from the seed jet axis, three moments of the
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6.5 Tau Leptons
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Figure 6.9: Tau performance using regional tracking (rHTT) in the EventFilter. The efficiencies
indicated for the cut-based eFEX Level-0 algorithm with additional tracking requirements. The
right most point on each curve is the Level-0 efficiency with no tracking requirements.

requirements will place significant demands on the Event Filter tracking after the regional-
tracking-based cuts.

Table 6.3: Event Filter rates for representative t triggers

Trigger Offline Threshold [GeV] Rate
Level-0 Single Tau 150 3 kHz
No regional tracking cuts - -
Event Filter Isolated Single Tau 150 0.35 kHz
Level-0 Di-t 40,30 200 kHz
After regional tracking cuts 40,30 40 kHz
Event Filter Isolated Di-t 30,40 1.6 kHz
Event Filter Isolated Di-t with 0.3 < DR < 3 30,40 0.500 kHz
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Regional tracking: 1-5 tracks with pT > 2 GeV within ΔR < 0.2

Full-scan tracking: tracks down to 1 GeV used for 
identification and isolation

Additional requirements needed: 
e.g., ΔR(τ,τ) < 3 vetoes back-to-back dijet events
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ware trigger.
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Figure 14.4: Diagram of the evolved TDAQ System in Phase-II with a two-level hardware trigger
(b), compared to the single-level hardware trigger configuration (a). The additional components
in the evolved system are shown in light blue: the RoIE within the Global Trigger, L1Track, and
L1CTP. For the ITk strip detector, the regional data will be produced by FE electronics then sent
out via FELIX, while for the ITk pixel detector outer layers (Layers 2-4) and the forward rings,
the regional data will be extracted from the full Level-0 data stream in FELIX, then sent out. The
remaining full detector data is sent after a L1A. Direct connections between each Level-0/Level-1
trigger component and the Readout system are suppressed for simplicity.
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from 30% to 55% for the VBF H ! tt channel and 32% to 54% for the HH ! bbtt channel.
The four-jet trigger would improve the limit on HH ! 4b from 1.85 s/sSM to 1.65 s/sSM.
Finally, the inclusive VBF Higgs acceptance would increase from 6.6% to 10%. These are the
acceptance gains that would be available at the Event Filter, but the corresponding events
could not be recorded in the planned 10 kHz Event Filter output limit. Instead, analysis-
specific selections would need to be applied. For example, a requirement of a soft lepton in
addition to Emiss

T would be appropriate for the SUSY models, and the exotic Higgs searches
could require additional soft jets in addition to a Emiss

T requirement. These are possible in
the Event Filter but not in the Level-0 trigger because of the low thresholds of these ob-
jects.

Table 14.12: Prospective additional triggers for an evolved system. The gains for example physics
channels are described in the last column.

EF before
analysis

Single-
Level
Scheme

Dual-
Level
Scheme

Level-0 Level-1 specific

Signature Threshold Threshold (kHz) (kHz) cuts (kHz) Gain

Emiss
T 210 GeV 160 GeV 800 80 3 2⇥ acceptance for com-

pressed SUSY model and
2.4⇥ for ZH ! nnbb

di-t 40, 30 GeV 30, 20 GeV 800 80 2.2 increased acceptance from
30% to 55% for VBF H !

tt and 32% to 54% for
HH ! bbtt

4 jet w/
2-btags

65 GeV 55 GeV 800 100 0.4 improved limit in HH !

4b from 1.85 to 1.65 s/sSM

VBF
Higgs

75 GeV +
topolo-
gical

60 GeV +
topolo-
gical

280 40 40 increased acceptance from
6.6% to 10% for inclusive
VBF Higgs production

Total 2680 300 -

The example evolved system menu in Table 14.12 allows 3 MHz more events to be passed
from Level-0 to Level-1, but that rate must then be reduced to 600 kHz using regional track-
ing and algorithms similar to those described in Section 6. The data fraction of an event
needed is similar to the fractions shown in Table 6.5. The increased rate into the Event Fil-
ter leads to an increased need for precision tracking with gHTT for use in b-tagging and
track-based pile-up corrections and calibrations. In order to mitigate this increased need,
the HTT co-processor can be used in a regional or a global capacity. Because of the length of
the beam spot, a large amount of detector data is required to reconstruct charged particles
arising from a given vertex. However, in the evolved system charged particles have already
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➤ The ATLAS Phase-II TDAQ Architecture enables triggering on 
hadronic taus to support the physics program at the HL-LHC  
 
 
 
 
 
 

➤ Additional H → ττ and HH → bb ττ signal acceptance can be 
achieved with the potential evolution to a split-level architecture  

➤ Details available in the TDAQ Phase-II Technical Design Report: 
CERN-LHCC-2017-020; ATLAS-TDR-029
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(a) The rejection versus efficiency for tau candidates
as a function of the track pT (small text next to the
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Candidates are required to have one to five tracks.
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(b) The rejection versus efficiency for di-tau can-
didates as a function of the tracking requirement.
All three lines have the same Level-0 requirement of
pT > 20 GeV on the leading t candidate and pT >
12 GeV on the sub-leading t candidate. The green
line requires just one to five tracks above the track pT
shown in the text next to the points. Light blue line
then requires the leading pT track in each candidates
to be consistent with the same vertex (suppressing
pile-up). Finally the dark blue line allows the loosens
the pT requirement on the subleading tracks to 2 GeV
and requires them to be consistent with the leading
track z0.

Figure 6.9: Tau performance using regional tracking (rHTT) in the EventFilter. The efficiencies
indicated for the cut-based eFEX Level-0 algorithm with additional tracking requirements. The
right most point on each curve is the Level-0 efficiency with no tracking requirements.

requirements will place significant demands on the Event Filter tracking after the regional-
tracking-based cuts.

Table 6.3: Event Filter rates for representative t triggers

Trigger Offline Threshold [GeV] Rate
Level-0 Single Tau 150 3 kHz
No regional tracking cuts - -
Event Filter Isolated Single Tau 150 0.35 kHz
Level-0 Di-t 40,30 200 kHz
After regional tracking cuts 40,30 40 kHz
Event Filter Isolated Di-t 40,30 1.6 kHz
Event Filter Isolated Di-t with 0.3 < DR < 3 40,30 0.5 kHz
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1 Introduction235

This Technical Design Report describes the upgrade of the TDAQ for operation at the HL-LHC.236

In this document, the scientific motivation for and technical implementation of the upgrade are237

detailed. The overall goal of the ATLAS TDAQ Phase-II Upgrade Project is to design, build,238

and install new trigger and data acquisition hardware during the third long shutdown (LS3) of
the LHC in 2024.239

The upgrade plan for the HL-LHC is shown in Fig. 1.1, detailing the planned shutdowns
to upgrade the accelerator and experiments. The peak HL-LHC luminosity of L = 7.5 ⇥240

10
34
cm

�2
s
�1 will be achieved by installing cutting-edge 11-12 Tesla superconducting mag-241

nets, compact superconducting cavities for beam rotation with ultra-precise phase control, new242

technology for beam collimation and high-power superconducting links with negligible energy
dissipation [1.1].243

Figure 1.1: The plan for the upgrades of the LHC and HL-LHC. This document describes the plan for the
ATLAS TDAQ Phase-II Upgrade, which will be installed during LS3 and facilitate ATLAS data-taking
in Run 4 and beyond.

The Phase-II upgrade of the ATLAS TDAQ system must facilitate the broad ATLAS physics
program and discovery reach planned for the decade-long HL-LHC, while coping with peak244

instantaneous luminosities that are factors of five to seven times above the original LHC de-245

sign and approximately 200 inelastic proton-proton collisions per beam crossing. During this246

period, ATLAS aims to collect a total dataset of 3000 fb�1 , allowing for a detailed exploration247

of the mechanism of electroweak symmetry breaking through the properties of the Higgs bo-248

son, searches for new physics through the study of rare Standard Model processes, searches for
new heavy states, and measurements of the properties of any newly discovered particles.249

This upgrade design takes advantage of and surpasses the Phase-I upgrade of the ATLAS
TDAQ system, which will be installed during the second long shutdown (LS2) of the LHC250

in 2019. The Phase-I TDAQ upgrade was designed to efficiently select and record events of251

interest at instantaneous luminosities that are up to twice that of the nominal LHC design lu-252

minosity with approximately 80 proton-proton collisions per beam crossing, while maintaining
trigger thresholds close to those used in the initial run of the LHC.253

In order to accomplish an extensive physics program amidst the challenging HL-LHC en-
vironment, the upgraded trigger system will take advantage of increased granularity provided254

3

HL-LHC: SCHEDULE

�15

➤ LHC reached its design luminosity in 2016: 1 x 1034 cm-2 s-1  

Run 2 peak luminosity: >2 x 1034 cm-2 s-1, over 60 interactions/crossing 

➤ Goals for HL-LHC: √s = 14 TeV, 
ultimate luminosity: 7.5 x 1034 cm-2 s-1, 200 interactions/crossing,

S. Majewski, ICHEP 2018
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5.3 Data Acquisition System2036

With the increased Level-0 rate and the larger event-size, the data throughput in Run 4 is ex-2037

pected to increase and the DAQ capabilities need to be enhanced accordingly. Moreover, the2038

upgraded DAQ needs to accomplish the requirements coming from the planned changes in the2039

subdetectors, like the new ITk tracker, the modified calorimeter and the new muon-detector2040

readouts, together with other potential new systems. The DAQ system includes Detector Read-2041

out subsystem, Dataflow subsystem, the network connection and the common online software2042

framework. Figure 5.4 shows these main functional blocks as part of the Phase-II DAQ system.

Figure 5.4: The main functional blocks of the TDAQ architecture for Phase-II, with focus on the DAQ
aspects. Shown in green are the Readout components and yellow the Dataflow components, with inter-
faces to other systems indicated by white for Software dependence, DCS System in blue, Event Filter in
Red and Permanent Storage in gray.

2043

5.3.1 Readout2044

The detector Readout subsystem receives event data from detector FE links and facilitates2045

detector-specific processing, such as formatting and monitoring, before final transfer to the2046

dataflow system. It also relays TTC signals and Control and Configuration information to on-2047

detector electronics and relays DCS information between the on-detector electronics and the
DCS. It is comprised of the FELIX and the Data Handler.2048

FELIX FELIX is the component of the Readout subsystem that will implement the interfaces2049

to the detector-specific electronics via custom, point-to-point serial-links, e.g. the Versatile2050

link9, and acts as an interface to the Data Handler and DCS via a commodity multi-gigabit2051

network. TTC information will be received from a PON and relayed to the detector FE elec-
tronics as well as to the Data Handler.2052

9Versatile Link Plus for HL-LHC: https://espace.cern.ch/project-Versatile-Link-Plus/SitePages/Home.aspx
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Table 11.1: Overall Phase-II Readout System Size. The precise number of FELIX systems will vary
depending on the partitioning model which detector groups choose for their Readout slices. The number
of links will increase due to the fact that fibres are usually handled in bundles of 12. The ratio between
FELIX servers and Data Handler servers will be optimised for I/O and CPU load balancing.

Component Total Number
Total links from detectors 17093
FELIX I/O card 545
FELIX servers 279
Data Handler PCs 545

The first devices compatible with PCIe 4 started appearing in the market in 2017. Based on this5045

model of implementation, and assuming the choice of a bus at least as performant as PCIe 45046

x16, the size of the Phase-II FELIX system is summarised in Table 11.1. A full breakdown of the5047

expected number of links per subdetector is presented in Table 11.2 In places where the use of5048

10 Gb/s lpGBT with high-link utilisation (> 50%) is expected, 24 links from the front-end have5049

been assumed for each board. In the case of lower link speeds (< 5 Gb/s or low utilisation),5050

and less FPGA resource intensive link protocols, such as for the ITk Pixel detector, 48 links per
board are envisaged.5051

11.4.2 Data Handler5052

The Data Handlers will receive data from FELIX via a commodity multi-gigabit network. The5053

system will be implemented as a series of applications running on commodity servers which5054

facilitate detector-specific processing, e.g. formatting and/or monitoring, within a common5055

DAQ infrastructure. After completion of detector-specific actions all data will then be passed5056

to the Dataflow system for further processing by the Event Filter (see Section 11.5). To meet the5057

requirements of detector-specific trigger-aware monitoring, automated recoveries and book
keeping, the Data Handler will also receive Level-0 trigger information via FELIX.5058

Figure 11.3: Main components of the Data Handler infrastructure.

The detector-specific data processing in the Data Handler, shown in Figure 11.3, as well
as the configuration/calibration, control, and monitoring functions shown in Figure 11.2, will5059

be implemented using common software tools. Raw data processing, which up to this point5060

has been implemented in firmware on-board the Readout Driver (ROD) hardware, will now5061

be implemented within customisable Data Handler software applications. On average, it is5062

244 11 Data Acquisition

➤ Storage capacity: 36 PB

S. Majewski, ICHEP 2018
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Figure 5.8: Diagram showing the interaction between the Event Filter processing unit (EFPU), Dataflow
system and the hardware tracking (HTT). After receiving the event data from the Dataflow system, the
EFPU decides, based on the Level-0 decision, if regional hardware tracking is needed for this event. If
so, requests are sent to the relevant HTT units along with the necessary ITk data. After receiving the
HTT result the EFPU continues with the event processing including a possible second request for global
hardware tracking based on the Level-0 decision or additional EF-based selections.

10% of events, then the full ITk data is read and sent to the gHTT. During HTT requests, EF2254

waits the short time (compared to EF event processing) for the tracks to be returned. Since the2255

EF processing is multi-threaded, other events are processed during this time so there are no idle2256

CPU cycles. Further software reconstruction and selection steps will take place until finally at
a rate of 10 kHz, events are accepted.2257

The EF farm and software applications will be controlled by the Online Software system.
The software will also provide physics and operational monitoring services. The EF processing2258

is expected to occur promptly, i.e. with a minimum delay after the Level-0 accept decision.2259

The large buffer in the Storage Handler will allow processing timeout settings to be less strict2260

than are needed in the Run 2 and Run 3 system. It is in principle possible for the Storage2261

Handler to buffer the data for longer, to allow processing to continue beyond the end a the2262

data-taking run, thus utilising the inter-fill periods as well. This delayed processing introduces2263

considerable operational complexity that outweighs the benefits unless there is a strong use2264

case. The option of an EF calibration loop (similar to the prompt calibration loop deployed at2265

Tier-0) that would derive certain calibrations before the EF processing starts has been studied.2266

While there is no clear use-case for calorimeter or muons, a full ITk alignment could be derived2267

within one hour of data-taking. However, assuming the new ITk detector is at least as stable as2268

our current detector it is not clear that this would result in significant improvements for the EF
selection.2269
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Figure 5.1: Overall baseline design of the TDAQ system in Phase-II. The black dotted arrows indicate
the Level-0 dataflow from the detector systems to the Level-0 trigger system (composed of the L0Calo,
L0Muon, MUCTPI, Global Trigger, and CTP) at 40 MHz, which must identify physics objects and
calculate event-level physics quantities within 10µs. The result of the Level-0 trigger decision (L0A)
is transmitted to the detectors as indicated by the red dashed arrows. The resulting trigger data and
detector data are transmitted through the DAQ system (made up of FELIX, the Data Handlers, and
the Dataflow subsystem) at 1 MHz, as shown by the black solid arrows. Direct connections between
each Level-0 trigger component and the Readout system are suppressed for simplicity. The EF system
is composed of a processing farm and a hardware-tracking subsystem (HTT) that must reduce the event
rate to 10 kHz. Events that are selected by the EF trigger decision are transferred for permanent storage.
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5.4.3 Event Filter Farm Hardware2270

The most cost-effective computing platform for the EF software, the commodity PC server,2271

shows a trend towards systems hosting multi-core CPUs with an increasing core-count and2272

heterogeneous hardware architectures, incorporating General Purpose Graphical Processors2273

(GPGPUs) or FPGAs. Therefore, the upgraded EF software should allow for both parallel al-2274

gorithm execution as well as exploitation of internal parallelism for those which are the most2275

costly in CPU terms. The optimal degree of parallelism (multiple events, intra-event i.e. con-2276

current Region of Interest (RoI) processing, or intra-algorithm) will be found by balancing the
potential benefits in throughput and the effort needed to modify and maintain code.2277

Current estimates of the evolution of event processing times indicate the need for 4.5
+2.7
�0.7

million HEP-SPEC0611 (MHS06) to handle a Level-0 rate of 1 MHz, of which an initial reduc-2278

tion to 400 kHz will be achieved entirely by using information from Level-0 and rHTT as shown2279

in Table 6.4. The CPU estimate is based on an extrapolation of current (Run 2) CPU usage, tak-2280

ing into account scaling with pile-up, CPU time reduction due to the use of hardware tracking,2281

and other software improvements. Figure 5.9 shows the expected CPU requirements versus2282

pile-up and more details on the model used for this estimation are given in Section 12.4. The2283

largest uncertainties in this estimate are due to the expected number of RoIs, the possible im-2284

provements in the reconstruction software and the reduction in CPU requirements due to the
use of hardware tracks where possible.2285
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Figure 5.9: EF CPU extrapolation versus pile-up in million HEP-SPEC06 for the different components
of the EF reconstruction software.

All the commodity compute power must be accommodated within a fixed rack-space lo-
cated in the surface computing infrastructure. This rack-space is shared with other compo-2286

nents of the data-acquisition system, such as storage and networking. An extrapolation based2287

on the evolution of compute-power in the ATLAS TDAQ farm over the past ten years results2288

in an estimated compute capacity of 1.5 kHS06 per dual-socket server or approximately 3000
motherboards on the time-scale of Phase-II. The scale of the system is summarised in Table 5.7.2289

11http://w3.hepix.org/benchmarking.html

5.4 Event Filter System 97

N
ot

re
vi

ew
ed

,f
or

in
te

rn
al

ci
rc

ul
at

io
n

on
ly

ATLAS Phase-II Upgrade
Trigger and Data Acquisition

Technical Design Report
Draft 1.0, 15th December 2017 16:52

Table 5.7: Summary of Event Filter farm size estimates, based on projections of compute capacity re-
quirements and compute power of servers from current data, as described in the text.

Compute capacity required 4.5 MHS06
Equivalent dual-socket servers 3000
Racks 38

GPGPUs are a potential commodity hardware accelerator to which suitable compute-inten-
sive processing tasks can be offloaded from the main CPU. This has been studied for Phase-I:2290

the findings are summarised in Section 12.3 where further references are provided. In that2291

study it was estimated that using contemporary hardware it would cost approximately the2292

same, and have similar heating, cooling and space requirements, to increase the farm through-2293

put by adding either GPGPU or CPU. The relative cost-effectiveness of these technologies for2294

the Phase-II EF depends on the relative evolution of CPU and GPGPU in terms of price, per-
formance and packaging.2295

The decision on the commodity compute hardware for the EF farm will be taken nearer
the time of purchase following an evaluation of hardware accelerators. The above work on2296

GPGPUs should be taken as an indication that the software can be successfully adapted to
other architectures for a full cost/benefit evaluation.2297

It is envisaged that the Event Filter farm could be a rather heterogeneous system, possibly
containing different classes of hardware such as GPGPU and commodity servers. Due to the2298

rolling replacement strategy, it will host different hardware families within the same class.2299

Since the technology decisions shaping the Event Filter infrastructure will be taken as late as2300

possible, it is important to establish interfaces that will allow for operation in all of the above
scenarios.2301

5.4.4 Event Filter Software2302

The selection software upgrades fall into two parts: further evolution of the framework and
development of the selection algorithms to meet Phase-II requirements.2303

The present software framework is undergoing a major upgrade to provide the new func-
tionality needed for the start of Run 3. The new framework, AthenaMT [5.6][5.7], is being2304

implemented as a common trigger and offline computing framework. Key features are built-in2305

multi-threading support, provision for seamless integration of offline algorithms and infras-2306

tructure to support external accelerators. The AthenaMT framework will be able to run existing2307

EF and offline algorithms with limited changes, but additional changes will be needed to fully2308

exploit the potential of the new framework. Most of the changes in the selection software are2309

expected to be done in time for Run 3. Further changes for Run 4 will be needed to adapt the2310

system to the evolved DAQ architecture, i.e. with regards to the Storage Handler and Hard-2311

ware Tracking interfaces. In addition, new trigger hardware (e.g. Global Trigger) will have to2312

be included into the trigger configuration database. In case GPGPU accelerators will be used2313

the necessary framework services to offload the compute load to these devices will have to be
developed.2314

Significant effort will be required to upgrade the selection software to provide the required
rejection in the EF within CPU resource constraints. It is expected that an initial reduction2315

from the Level-0 rate of 1 MHz to 400 kHz can be achieved by the use of hardware tracks and2316

information from Global Trigger. After this initial ’fast’ rejection, the remaining required EF2317

rejection power will be achieved by importing techniques currently used offline to provide2318
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pT > 1 GeV
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➤ Several technologies considered for tracking 

i. hardware-based tracking (HTT) based on FPGAs and custom-
designed Associative Memory ASICs [baseline] 

ii. commodity CPU-based servers 
[13.4 MHS06 (regional) + 27 MHS06 (full-scan) computing 
power would be needed] 

iii. systems based on accelerators (e.g., general purpose GPUs) 
[currently under study] 

iv. future architectures based on devices integrating machine 
learning capabilities 

➤ Decision point to confirm or change baseline:  
system-wide Preliminary Design Review (April 2019)

S. Majewski, ICHEP 2018
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Table 3.1: The main design parameters of the Run 3 TDAQ system, assuming a peak luminosity of
L = 3⇥ 10

34
cm

�2
s
�1 and 80 interactions per bunch crossing. Specialised calibration data is not taken

into account.

Parameter Run 3 Value
Level-1 trigger latency ' 1.9µs
Maximum Level-1 readout latency 2.5µs
Level-1 trigger rate 100 kHz
Detector system readout deadtime (1.9µs latency) < 2%
Number of detector readout data sources ⇠ 100
Bandwidth of detector ROLs 1.28-9.6 Gb/s
Average readout event size at peak luminosity ' 2.9 MB
ROLs bandwidth at peak luminosity ⇠ 290 GB/s
Maximum readout fraction of the ROS 50%
Average data collection bandwidth at peak luminosity ' 25 GB/s
Average output rate at peak luminosity 1.5 kHz
Number of data loggers ⇠ 10
Average output event size (raw) at peak luminosity ' 3.5 MB
Average output bandwidth at peak luminosity ' 3.2 GB/s

ATLAS

Figure 3.2: The complex deadtime fraction as a function of the Level-1 output rate for the LAr calorimeter
(left) and Semiconductor Tracker (SCT) (right). The different curves, created with simulation and cross-
checked with data, show variations of the “Leaky Bucket” (“Sliding Window") algorithm parameters
implemented for LAr (SCT). A very steep increase in deadtime can be observed when the Level-1 output
rate increases above 100 kHz.

cope with HL-LHC conditions.1066

The planned Phase-II upgrades to the detector electronics allow the design of the Phase-II
TDAQ system to overcome the remaining limitations from the Phase-I system. These include1067

the limited granularity from the calorimeters, the muon trigger acceptance in the barrel region,
and the low background rejection of the muon trigger in the endcap regions.1068

3.2.1 Level-1 Calorimeter Trigger Limitations1069

The Phase-I FEXs are designed to match the Phase-I calorimeter trigger granularity and, thus,1070

they do not have the available input fibres to handle finer granularity calorimeter information.1071

They are therefore limiting the redefinition of the calorimeter-based trigger object selection1072

3.2 Features and Limitations of the Run 3 Level-1 Trigger System 39
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Figure 3.17: Block diagram of the FEB architecture, depicting the data flow for four of the 128 readout
channels per FEB. The shaped signals are sampled at the LHC bunch crossing frequency of 40 MHz by
Switched Capacitor Array (SCA) analog pipeline chips, which store the signals in analog form during
the Level-1 trigger latency. The limitation on the maximum latency is coming from the SCA.

is in addition to the simple deadtime where a minimum time interval between successive L1As1352

signals is required. The goal foreseen up to Run 3 was to achieve less than 2% deadtime on1353

each detector readout system. Several Level-1 Trigger complex deadtime algorithms have been1354

investigated as a protective measure for shaping the Level-1 deadtime; the two most successful
algorithms implemented to date are:1355

“Leaky Bucket” algorithm This algorithm is driven by the data integrity versus latency. Even
varying the algorithm parameters, the deadtime depends steeply on the trigger rate. This1356

algorithm is best suited for detectors, like LAr, where constraints are based on whole
event buffers (fixed-size event fragments).1357

“Sliding window” algorithm This algorithm is more suited for detectors, like Pixels, where
the event fragment size distribution matters, with very rare large event fragments.1358

Deadtime estimations and measurements from Run 2 are shown for LAr and Pixel detectors
in Fig. 3.2, where the effectiveness of the protection with different parameter settings is shown.1359

A very steep increase in deadtime can be observed when the Level-1 output rate increases1360

over 100 kHz. This is a hard limitation due to design issues which are explained in the next
subsection, which may be overcome only by re-designing the detector readout systems.1361

Readout Bandwidth Saturation Figure 3.18 shows the number of minimum bias interactions1362

per crossing at which the occupancy of the readout link of each detector will exceed a 90%1363

threshold during the 2017 Run 2 data as function of pile-up. Notice that already during the1364

Run 2 operations, the Transition Radiation Tracker (TRT) will start saturating the bandwidth1365

available, and most of the inner detector will start saturating the readout during the Run 3 data1366

taking. The hard limitation is due to the bandwidth limit (S-Link @ 1 Gbps by design) of the1367

readout link between the ROD and the ROS systems used by the detectors. Furthermore, the1368

ROD/ROS technology is not viable for the readout system of all the detectors at the HL-LHC.
A different approach based on modern technologies is needed.1369

Beyond the ROL occupancy limitation, the ROS is currently limited to a maximum readout
fraction of ⇠50%. In order to achieve a higher readout fraction, the firmware of the Peripheral1370

Component Interconnect Express (PCIe) card would need to be rewritten. The next bottleneck1371

to be solved would be the CPU processing speed, and the networking would ultimately limit
the readout bandwidth.1372

56 3 Challenges and Limitations of the Run 3 TDAQ system at the HL-LHC

Example: LAr Calorimeter front-end electronics

Switched Capacitor Array limit: 144/40MHz = 3.6μs
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Figure 3.18: Number of interactions per crossing (“pile-up") at which 90% of the ROL occupancy for
each ATLAS detector system is reached. The density scale indicates the maximum Level-1 trigger rate.

3.3.2 Dataflow, Storage and Networking1373

The estimated event size for each detector system during the Run 3 operations after the Phase-I1374

upgrades is estimated by a linear regression of the Run 2 data as shown in Fig. 3.19. This esti-1375

mate is summarised in the second column in Table 3.5 while the third column shows the event1376

size as estimated by each detector at the ultimate luminosity during the HL-LHC operations.1377

The large increase of the Pixel event size in Phase-II with respect to Phase-I is due to the higher1378

detector occupancy and the significant increase of detector readout channels. A total event1379

size of 5.2 MB is estimated in Run 4. Note that there is ⇠0.1 MB included in the TDAQ size1380

for both Run 3 and Run 4, to accommodate the data from LAr trigger electronics, since super1381

cell information from LAr is needed for the validation of the L1Calo FEX trigger logic. Further-1382

more selected ADC data further allows confirmation of energy assignment to individual bunch
crossings.1383

For the Run 3 system, the network and storage resources have been determined using the
trigger/readout parameters described in Table 3.1. There are no intrinsic limitations in the1384

network and storage systems, which fully scale linearly with the parameters of the trigger and1385

readout architecture of Table 3.1 and with the average event size. Therefore, the size of the1386

system would have to be increased by a factor of approximately ⇥ 2.5 just to account for the1387

increase in event size expected in Run 3 compared to Run 4. This is without considering the
increase in rate in addition.1388

3.4 Limitations of the Run 3 HLT System1389

The Run 3 HLT system will not be able to cope with the increased event input rate and the1390

rise in algorithm execution times resulting from the increased level of pile-up at the HL-LHC.1391

3.4 Limitations of the Run 3 HLT System 57

inner detector

Transition Radiation Tracker 
saturates readout bandwidth

SCT & Pixel Detectors 
saturate readout bandwidth

S. Majewski, ICHEP 2018
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Figure 3.11: Product of geometrical acceptance and efficiency as a function of pT as measured in an
offline analysis for the present Level-1 and HLT single-muon trigger, for the barrel (left) and the endcap
(right) regions. “L1 MU20" labels the Level-1 muon trigger with a pT > 20 GeV threshold. The blue
points show the fractions of muons that were reconstructed by the HLT as isolated muons with pT >
26 GeV or as non-isolated muons with pT > 50 GeV. The red points show the fraction of Level-1 triggers
that pass the HLT trigger requirements.

Level-1 Muon Triggers in the Endcap Region The Phase-I Level-1 muon trigger in the end-1230

cap region (1.05 < |⌘| < 2.4) combines TGC muon trigger information with that from the NSW,1231

which is composed of small-strip TGC (sTGC) and Micromega (MM) chambers. A schematic1232

representation of the algorithm is shown in Fig. 3.12. The TGC muon segment is primarily1233

seeded on track segments in the TGC chambers of the middle muon station, located after the1234

endcap toroid magnet. The endcap muon trigger object is formed by matching the track posi-1235

tions of the TGC and NSW muon candidates; this correlation substantially suppresses the rate1236

of fake triggers due to background particles emerging from the endcap toroids and calorime-1237

ters. The muon trigger object pT is determined by the angle of the segments with respect to a
straight line pointing to the nominal interaction point.1238

The strategy for separating trigger and precision-measurement muon detectors has been
very successful, but carries a limited momentum measurement resolution of muon candidates1239

passing the pT nominal threshold. Consequently, the Phase-I system has a low rejection of1240

muons below threshold. The limitation primarily arises from the short latency in the Phase-I1241

system; a longer latency would allow for inclusion of the MDT trigger information, thus im-
proving the momentum resolution and reducing the muon rate.1242

The detector layout in the transition region between the barrel and the endcap regions of
the muon spectrometer, at 1.0 < |⌘| < 1.3, has a complicated structure due to the presence1243

of the barrel toroid magnets. About 70% of the transition region in azimuth is covered by1244

the EIL4 TGC doublets and the EIL4 MDT chambers, corresponding to the large sectors of1245

the spectrometer in-between barrel toroid coils. In small sectors, integrated chambers (BIS78),1246

with RPC and Small-diameter Monitored Drift Tube (sMDT) detectors for trigger and tracking1247

respectively, are installed as part of the ATLAS Phase-I upgrade programme. The trigger logic1248

is different between the systems based on the BIS78 RPC and the EIL4 TGC chambers. In the1249

case of the BIS78 RPC triplet chambers, a majority logic of 2-out-of-3 layers can be applied. In1250

the case of the EIL4 TGC doublets, the only possible choice is a logical OR of the two layers.1251

In either cases the trigger information is combined with the endcap TGC information and with
the information of the outer layer of the Tile Calorimeter to form an additional coincidence.1252

48 3 Challenges and Limitations of the Run 3 TDAQ system at the HL-LHC
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Figure 3.11: Product of geometrical acceptance and efficiency as a function of pT as measured in an
offline analysis for the present Level-1 and HLT single-muon trigger, for the barrel (left) and the endcap
(right) regions. “L1 MU20" labels the Level-1 muon trigger with a pT > 20 GeV threshold. The blue
points show the fractions of muons that were reconstructed by the HLT as isolated muons with pT >
26 GeV or as non-isolated muons with pT > 50 GeV. The red points show the fraction of Level-1 triggers
that pass the HLT trigger requirements.

Level-1 Muon Triggers in the Endcap Region The Phase-I Level-1 muon trigger in the end-1230

cap region (1.05 < |⌘| < 2.4) combines TGC muon trigger information with that from the NSW,1231

which is composed of small-strip TGC (sTGC) and Micromega (MM) chambers. A schematic1232

representation of the algorithm is shown in Fig. 3.12. The TGC muon segment is primarily1233

seeded on track segments in the TGC chambers of the middle muon station, located after the1234

endcap toroid magnet. The endcap muon trigger object is formed by matching the track posi-1235

tions of the TGC and NSW muon candidates; this correlation substantially suppresses the rate1236

of fake triggers due to background particles emerging from the endcap toroids and calorime-1237

ters. The muon trigger object pT is determined by the angle of the segments with respect to a
straight line pointing to the nominal interaction point.1238

The strategy for separating trigger and precision-measurement muon detectors has been
very successful, but carries a limited momentum measurement resolution of muon candidates1239

passing the pT nominal threshold. Consequently, the Phase-I system has a low rejection of1240

muons below threshold. The limitation primarily arises from the short latency in the Phase-I1241

system; a longer latency would allow for inclusion of the MDT trigger information, thus im-
proving the momentum resolution and reducing the muon rate.1242

The detector layout in the transition region between the barrel and the endcap regions of
the muon spectrometer, at 1.0 < |⌘| < 1.3, has a complicated structure due to the presence1243

of the barrel toroid magnets. About 70% of the transition region in azimuth is covered by1244

the EIL4 TGC doublets and the EIL4 MDT chambers, corresponding to the large sectors of1245

the spectrometer in-between barrel toroid coils. In small sectors, integrated chambers (BIS78),1246

with RPC and Small-diameter Monitored Drift Tube (sMDT) detectors for trigger and tracking1247

respectively, are installed as part of the ATLAS Phase-I upgrade programme. The trigger logic1248

is different between the systems based on the BIS78 RPC and the EIL4 TGC chambers. In the1249

case of the BIS78 RPC triplet chambers, a majority logic of 2-out-of-3 layers can be applied. In1250

the case of the EIL4 TGC doublets, the only possible choice is a logical OR of the two layers.1251

In either cases the trigger information is combined with the endcap TGC information and with
the information of the outer layer of the Tile Calorimeter to form an additional coincidence.1252
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➤ HL-LHC pileup conditions (<μ>=200) indicate x10 increase in 
trigger rate compared to Run 3 

➤ Maximum Level-1 trigger rate: 100 kHz,  
Maximum latency: 2.5 μs 

➤ Readout bandwidth limited by detector front-end electronics and 
available radiation-hard technology at construction  

➤ Readout & dataflow cannot cope with >20x increase in 
bandwidth (due to event size & higher rates) 

➤ Muon trigger system has limited muon acceptance due to chamber 
integrated charge limits (barrel) & high background rates (endcap) 

➤ Hardware-based tracking cannot maintain high efficiency
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Figure 3.20: The trigger track reconstruction time for the beamspot trigger for simulated 14 TeV tt

events with 46, 69 and 138 interactions per bunch crossing with the Run 2 detector simulation, measured
on a 2.4 GHz Intel Xeon CPU. The software version used corresponds to the 2016 online trigger system.
Statistical uncertainties are shown. A second-order polynomial is fitted to the points.

Table 3.7: Maximum Level-1 processing rate of the FTK system and reconstruction efficiency for tracks
with pT above 1 GeV during the Phase-I and HL-LHC data-taking conditions. To recover 100 kHz pro-
cessing rate during the HL-LHC the reconstruction efficiency required for tracks needs to be loosen to
60%.

Parameter µ = 80 µ = 200
Max. Processing Rate [kHz] 100 5 100
Efficiency (for tracks with pT > 1 GeV) ⇠90% ⇠90% ⇠60%

Silicon Vertex Trigger [3.11][3.12] and much of it is VME-based.1414

The expected Run 4 conditions will lead to higher occupancy in the ITk, which would result
in an increase in the dataflow (considering the event size and the rate increase) by more than a1415

factor of 20 into the FTK. Furthermore, the event complexity due to pile-up would significantly1416

increase the processing power requirements for the pattern-matching stage in the Associative1417

Memory (AM) chips and on the processing FPGAs that fit the track candidates. Processing1418

events with µ '140-200 would lead to long tails in the event processing time distribution,1419

which intrinsically limit the maximum operating rate of FTK well below the 100 kHz L1A rate.1420

To compensate for this, the processing time could be reduced, and the tail in the distribution1421

suppressed, by relaxing the requirements on the reconstruction efficiency for tracks with pT

above 1 GeV.1422

Table 3.7 summarises the FTK performance in the configuration optimised for Phase-I data
taking and a crude estimation when the same configuration is used in a HL-LHC-like envi-1423

ronment at 100 kHz Level-1 trigger rate. To maintain an efficiency of ⇠90% on tracks with pT1424

above 1 GeV, the FTK would need to operate on only 5% of the events (equivalent to 5 kHz1425

trigger rate in this case). Alternatively, the reconstruction efficiency would need to be relaxed1426

to 60% to be able to run FTK on all the 100 kHz Level-1 triggered events. In order to get a
reasonable efficiency, the track pT requirement would need to be raised to ⇠10 GeV.1427

60 3 Challenges and Limitations of the Run 3 TDAQ system at the HL-LHC

Expected Fast TracKer (FTK) performance

S. Majewski, ICHEP 2018
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Table 5.3: The size of the Phase-II hardware trigger system. The first column lists the subsystem and
the second column lists the hardware component of that subsystem. Different components using the
same common module type are indicated in the third column, and the fourth column indicates which
modules are commissioned in Phase-I. The fifth, sixth, and seventh columns list the number of ATCA
boards, the number of input Multi-Gigabit Transceiver (MGT) links per board, and the number of output
MGT links per board, respectively. The LTI output links use PON technology while all other links are
point-to-point high speed links.

Subsystem Component Module Phase-I Number of Input links Output links
deliverable Boards per board per board

L0Calo eFEX - Yes 24 144 48
jFEX - Yes 6 240 48
gFEX - Yes 1 312 108
fFEX - - 2 240 48

L0Muon NSW - - 16 148 28
Endcap SL SL - 48 96 60
Barrel SL SL - 32 60 60
MDT - - 64 72 72

Global Trigger MUX GCM - 23 156 108
GEP GCM - 24 108 36
CTP Interface GCM - 1 60 24

MUCTPI - - Yes 2 208 65
CTP CTPMI - - 1 - -

CTPIN - - 1-2 24 12
CTPCORE - - 1 24 60
LTI - - 36 1 8

dose rate radiation environment and therefore avoids the challenges of ASIC designs needed
elsewhere in ATLAS.2000

The biggest challenge of the Level-0 system resides in the initial design stage in understand-
ing of the resource needs for the implementation of the algorithms within a latency budget
envelope.2001

In some cases, like in the L0Muon system, the muon selection algorithms are well estab-
lished but the processing strategy will change. The current system is distributed between loca-2002

tions in the cavern and in USA15; however, the Phase-II system design dictates an ATCA-based2003

solution that will be completely housed in USA15. The processing done in one �⌘ ⇥ �� =2004

1.0⇥ 0.4 current Level-1 Muon Barrel trigger sector is currently distributed across ' 100 ASICs2005

(' 20mm
2 area, 180 nm process) and 9 FPGAs (2002 technology). The additional resource2006

needs, required by the new inner RPC layer, will increase this figure. A single FPGA will2007

accommodate the processing equivalent of 150-200 of these ASICs. A preliminary study aimed2008

to establish the processing power of the current biggest FPGAs, has evaluated that with a con-2009

servative 50% resource usage, the logic of about 50 ASICs will fit in the largest FPGA available2010

at the time of writing this document, a Xilinx Ultrascale+ device. The challenge in this case is2011

to gain a factor of two by optimising the existing algorithm and another factor of two based on
the availability of a new generation of FPGAs.2012

In other cases, like in the Global Trigger system, the resources needed to implement offline-
like algorithms is the main technical challenge, while the time-multiplexed architecture has
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HARDWARE-BASED TRACKING FOR THE TRIGGER (HTT)
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Figure 5.10: Overview diagram of the HTT system showing interconnections within HTT units and
with the HTTIF.

Table 5.8: Summary of characteristics and size of the HTT system.

HTT
rHTT minimum track pT 2 GeV

rHTT Input rate 1 MHz @ 10%

gHTT minimum track pT 1 GeV

gHTT Input rate 100 kHz
Number of HTTIF 48 (to be revisited)
Number of ATCA shelves for AMTPs 48
Total number of AMTPs 576
Total number of AM chips 18432
Number of ATCA shelves for SSTPs 8
Total number of SSTPs 96
Power estimate per TP 300 W
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