
Performance of an MDT-based First-Level Muon
Trigger for the ATLAS Detector at the HL-LHC

Philipp Gadow

Max-Planck-Institut für Physik, Technische Universität München

35th IMPRS EPP Workshop - June 28, 2016



HL-LHC Optimisation of the ATLAS Muon Trigger Fast Segment Reconstruction Rate Reduction Summary

High Luminosity upgrade of the LHC

I Plan to increase the LHC luminosity by an order of magnitude.
I Ultimate instantaneous luminosity: 7.5× 1034 cm−2 s−1.
I 10× increased background of n and γ rays in Muon Spectrometer.

I Reach of searches for new physics, and accuracy of measurements
significantly increased.
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HL-LHC Optimisation of the ATLAS Muon Trigger Fast Segment Reconstruction Rate Reduction Summary

High Luminosity upgrade of the LHC

The intended physics programme for the HL-LHC requires

⇒ to maintain present trigger thresholds for physics at the electroweak
scale (. 20 GeV).

⇒ new highly selective triggers, in particular also a new first-level muon
trigger.
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HL-LHC Optimisation of the ATLAS Muon Trigger Fast Segment Reconstruction Rate Reduction Summary

The ATLAS Muon Spectrometer at the HL-LHC

Fast trigger chambers, O(1 ns) time precision:
I Resistive Plate Chambers (RPC),
I Thin Gap Chambers (TGC)

Precision tracking detectors, O(35 µm) spatial resolution:
I Monitored Drift Tube Chambers (MDT),

consist of 6-8 layers of 30 mm diameter drift tubes.

Momentum measurement from track sagitta (curvature) in three layers of muon chambers.

η = − ln
[
tan
(
θ
2

)]
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HL-LHC Optimisation of the ATLAS Muon Trigger Fast Segment Reconstruction Rate Reduction Summary

Contributions to the first-level muon trigger rate

Low p   muonsT

L1 10 GeV muon trigger

matched to reconstructed muon

T
matched to p  >10 GeV muon

Fakes

I Trigger rate is dominated by fake tracks in end-caps, and by high rate
of low energy muons.

I Improved momentum resolution of the first-level trigger required for
sufficient reduction of the trigger rate due to low energy muons.
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HL-LHC Optimisation of the ATLAS Muon Trigger Fast Segment Reconstruction Rate Reduction Summary

Present single muon trigger threshold

present Level-1 trigger

goal for MDT-based trigger
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HL-LHC Optimisation of the ATLAS Muon Trigger Fast Segment Reconstruction Rate Reduction Summary

The ATLAS first-level muon trigger at the HL-LHC

RPCs TGCs MDTs

Readout Readout Readout
buffer

MUX MUX MUX

Trigger Logic

DAQ DAQ

RoI

Schematic diagram of present
Level-1 muon trigger

I MDT chambers provide required
momentum resolution for
Level-1 trigger, comparable to
present High Level Trigger, to
reduce single muon trigger rate
to < 20 kHz (with high efficiency
and low fake rate).

I Due to the increased latency of
6 µs after the Phase-II upgrade,
it becomes possible to include
MDT chambers in the first-level
trigger decision.
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HL-LHC Optimisation of the ATLAS Muon Trigger Fast Segment Reconstruction Rate Reduction Summary

The ATLAS first-level muon trigger at the HL-LHC

RPCs TGCs MDTs

Readout Readout Readout

MUX MUX MUX

Trigger Logic DAQ

Schematic diagram of new
MDT trigger

I MDT chambers provide required
momentum resolution for
Level-1 trigger, comparable to
present High Level Trigger, to
reduce single muon trigger rate
to < 20 kHz (with high efficiency
and low fake rate).

I Due to the increased latency of
6 µs after the Phase-II upgrade,
it becomes possible to include
MDT chambers in the first-level
trigger decision.

developed at MPP
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The ATLAS first-level muon trigger at the HL-LHC

Two topics are addressed in this talk:

1. Development and test of fast track segment reconstruction algorithms
with custom Monte Carlo study, including background rates as expected
for HL-LHC.

2. Investigation of trigger rate reduction with inclusion of MDT chambers
using Run 1 data at

√
s = 8 TeV, 25 ns.

Track segment reconstruction:
I Pattern Reconstruction
I Track segments from straight

line χ2 fit (y = mz + b) to
selected hits

I Choose candidate with:
1. largest number of hits nhits,
2. smallest χ2

Three pattern recognition al-
gorithms were studied:

I 1-D Hough transform
I 2-D Hough transform
I (new) Combinatorial

Track Finder
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HL-LHC Optimisation of the ATLAS Muon Trigger Fast Segment Reconstruction Rate Reduction Summary

1-D Hough transform

1. Use RPC/TGC track
segment angle α as seed.

2. Fill projection

d = z cosα+ y sinα± rdrift

of MDT hits onto seed track
direction in histogram.

3. Use hits in maximum bin for
straight line χ2 fit.
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Expected background rates at HL-LHC

highest back-
ground rates
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Track segment reconstruction performance

EML1

1-D Hough transform performance
depends on seed track angular
resolution:

I good in end-caps
(σθ ≈ 5 mrad)

I lower in barrel
(σθ & 15 mrad)

nhits ≥ nmin nhits < nmin∣∣mrec −mgen
∣∣ < 3σMDT,θ well reconstructed track

segments (ε)
track segments rejected∣∣mrec −mgen

∣∣ > 3σMDT,θ wrongly reconstructed
track segments (nfake)

track segments rejected

Philipp Gadow (MPP) MDT-based Muon Trigger for the ATLAS Detector at the HL-HLC IMPRS EPP 10
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Track segment reconstruction performance
1-D Hough transform

ε well reconstructed
nfake wrongly reconstructed

95% 5%

95% 5%

96% 4%

94% 6%

91% 9%

95% 5%

93% 7%

96% 4%

96% 4%

94% 6%

91% 9%
21% 59% 13% 79% 11% 82%

59% 41% 55% 45% 52% 48%

63% 37% 44% 56%

Philipp Gadow (MPP) MDT-based Muon Trigger for the ATLAS Detector at the HL-HLC IMPRS EPP 11



HL-LHC Optimisation of the ATLAS Muon Trigger Fast Segment Reconstruction Rate Reduction Summary

2-D Hough transform

. . . α−1 α0 α1 . . .

I Multiple 1-D Hough transforms for different bins
αi around seed track segment angle α0

⇔ scan 2-D parameter space in α and d .
I For each bin αi

I fill a histogram with

di = z cosαi + y sinαi ± rdrift,

I perform straight line χ2 fits to hits in maximum
bins (as before).
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HL-LHC Optimisation of the ATLAS Muon Trigger Fast Segment Reconstruction Rate Reduction Summary

Track segment reconstruction performance
2-D Hough transform

ε well reconstructed
nfake wrongly reconstructed

99% 1%

99% 1%

99% 1%

98% 2%

99% 1%

99% 1%

99% 1%

99% 1%

99% 1%

99% 1%

98% 2%
68% 31% 66% 34% 71% 28%

97% 3% 97% 3% 99% 1%

98% 2% 99% 1%
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Combinatorial Track Finder

1. For every combination of two
drift circles in the same
multi-layer: calculate the four
possible common tangents.

2. Select tangents compatible with
RPC/TGC seed track.

3. Calculate the average of the
compatible tangents.

4. Find hits closest to the straight
line.

5. Perform straight line χ2 fit to
these hits (as before).

new
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HL-LHC Optimisation of the ATLAS Muon Trigger Fast Segment Reconstruction Rate Reduction Summary

Track segment reconstruction performance
Combinatorial Track Finder

ε well reconstructed
nfake wrongly reconstructed

98% 1%

99% 1%

99% 1%

98% 2%

99% 1%

99% 1%

98% 2%

99% 1%

99% 1%

99% 1%

98% 2%
94% 2% 93% 3% 97% 2%

95% 3% 92% 3% 96% 2%

96% 2% 96% 2%
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HL-LHC Optimisation of the ATLAS Muon Trigger Fast Segment Reconstruction Rate Reduction Summary

Rate reduction of the first-level single muon trigger

I Studied with ATLAS Run 1 data

2012 Data√
s = 8 TeV, 25 ns
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HL-LHC Optimisation of the ATLAS Muon Trigger Fast Segment Reconstruction Rate Reduction Summary

Rate reduction of the first-level single muon trigger

2012 Data
√

s = 8 TeV, 25 ns

Rate reduction by 70%, therefore first-level muon trigger rate reduced
to < 20 kHz for pT = 20 GeV trigger threshold.

included in
ATLAS Phase-II
upgrade IDR
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HL-LHC Optimisation of the ATLAS Muon Trigger Fast Segment Reconstruction Rate Reduction Summary

Hardware implementation

I Assembler code implemented at MPP on a ’System on a Chip’
(XC7Z045 FFG900 -2 AP), FPGA + 833 MHz CPU.

I All events can be processed in < 5 µs, close to intended processing
time of 3 µs.

I Further optimisation possible with faster processors (1 GHz) and
enhanced implementation.
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HL-LHC Optimisation of the ATLAS Muon Trigger Fast Segment Reconstruction Rate Reduction Summary

Summary

I Highly selective triggers are required to maintain trigger thresholds for
physics at the electroweak scale at the HL-LHC.

I To reduce the single muon trigger rate to < 20 kHz it is required to
include the MDT chambers in the first-level trigger decision.

I Fast muon track reconstruction algorithms have been developed,
which can be performed within 6 µs latency.

I The new method developed, the Combinatorial Track Finder, based
on all possible tangents to drift circles, gives high track segment
efficiency ε ≈ 95% in all regions of the ATLAS Muon Spectrometer
and is insensitive to the seed precision.
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HL-LHC Optimisation of the ATLAS Muon Trigger Fast Segment Reconstruction Rate Reduction Summary

Additional Slides
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HL-LHC Optimisation of the ATLAS Muon Trigger Fast Segment Reconstruction Rate Reduction Summary

Physics Motivation

Significant improvements in the
I precision measurement of

Higgs couplings and
detection of possible
deviations from SM values,

I searches for
supersymmetric particles,

I searches for Dark Matter
particles, e.g. in invisible
Higgs boson decays.
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⇒ Maintain present trigger thresholds for physics at the electroweak
scale (. 20 GeV).
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HL-LHC Optimisation of the ATLAS Muon Trigger Fast Segment Reconstruction Rate Reduction Summary

Physics Motivation

Significant improvements in the
I precision measurement of

Higgs couplings and
detection of possible
deviations from SM values,

I searches for
supersymmetric particles,

I searches for Dark Matter
particles, e.g. in invisible
Higgs boson decays.

⇒ Maintain present trigger thresholds for physics at the electroweak
scale (. 20 GeV).

Philipp Gadow (MPP) MDT-based Muon Trigger for the ATLAS Detector at the HL-HLC IMPRS EPP 21



HL-LHC Optimisation of the ATLAS Muon Trigger Fast Segment Reconstruction Rate Reduction Summary

Physics Motivation

Significant improvements in the
I precision measurement of

Higgs couplings and
detection of possible
deviations from SM values,

I searches for
supersymmetric particles,

I searches for Dark Matter
particles, e.g. in invisible
Higgs boson decays.

9 CONCLUSIONS 15
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Figure 7: ATLAS upper limit at 95% CL on the WIMP-nucleon scattering cross section in a Higgs portal
model as a function of the mass of the dark matter particle, shown separately for a scalar, Majorana
fermion, or vector boson WIMP. The hashed bands indicate the uncertainty resulting from the form
factor fN . Excluded and allowed regions from direct detection experiments at the confidence levels
indicated are also shown [66–72]. These are spin-independent results obtained directly from searches
for nuclei recoils from elastic scattering of WIMPs, rather than being inferred indirectly through Higgs
boson exchange in the Higgs portal model.

⇒ Maintain present trigger thresholds for physics at the electroweak
scale (. 20 GeV).
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Physics Motivation

Significant improvements in the
I precision measurement of

Higgs couplings and
detection of possible
deviations from SM values,

I searches for
supersymmetric particles,

I searches for Dark Matter
particles, e.g. in invisible
Higgs boson decays.
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⇒ Maintain present trigger thresholds for physics at the electroweak
scale (. 20 GeV).
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HL-LHC Optimisation of the ATLAS Muon Trigger Fast Segment Reconstruction Rate Reduction Summary

Avoidable background in end-caps

Low p   muonsT

L1 10 GeV muon trigger

matched to reconstructed muon

T
matched to p  >10 GeV muon

Fakes
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wheel

Fake high−p

muon trigger
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Measure of momentum

µ

p

wheel

Small

I Hadronic punch-through from the calorimeters gives rise to fake
high-pT muon triggers

I New Small Wheel (Phase-I upgrade) and Big Wheel coincidence will
sort out fakes
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Sagitta measurement
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HL-LHC Optimisation of the ATLAS Muon Trigger Fast Segment Reconstruction Rate Reduction Summary

Parametrisation of pon
T in terms of s, φ, η

The inhomogeneous field integral in the spectrometer requires local
corrections dependent on η and φ.

pT =
eL2 · B(φ, η)

8s
≈ S1(1/s) + P2(φ) + E2(η),

with
I S1 = (1/s − a0)/a1

I P2(φ) =
∑2

i=0 pi · φi

I E2(η) =
∑2

i=0 ei · ηi

The parameters ai , pj , ej are
determined in an iterative fitting
procedure. |η|
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Iterative fitting procedure
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Momentum resolution of sagitta measurement
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Momentum resolution in ATLAS Muon Spectrometer
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Figure 4: Contributions to the momentum resolution for muons reconstructed in the Muon Spec-
trometer as a function of transverse momentum for |h | < 1.5. The alignment curve is for an
uncertainty of 30 µm in the chamber positions.

and muon spectrometer may be combined to give precision better than either alone. The inner detector
dominates below this range, and the spectrometer above it.

3 Overview of reconstruction and identification algorithms

ATLAS employs a variety of strategies for identifying and reconstructing muons. The direct approach is
to reconstruct standalone muons by finding tracks in the muon spectrometer and then extrapolating these
to the beam line. Combined muons are found by matching standalone muons to nearby inner detector
tracks and then combining the measurements from the two systems. Tagged muons are found by ex-
trapolating inner detector tracks to the spectrometer detectors and searching for nearby hits. Calorimeter
tagging algorithms are also being developed to tag inner detector tracks using the presence of a mini-
mum ionizing signal in calorimeter cells. These were not used in the data reconstruction reported here
and their performance is documented elsewhere [2].

The current ATLAS baseline reconstruction includes two algorithms for each strategy. Here we
briefly describe these algorithms. Later sections describe their performance.

The algorithms are grouped into two families such that each family includes one algorithm for each
strategy. The output data intended for use in physics analysis includes two collections of muons—one
for each family—in each processed event. We refer to the collections (and families) by the names of the
corresponding combined algorithms: Staco [3] and Muid [4]. The Staco collection is the current default
for physics analysis.

3.1 Standalone muons

The standalone algorithms first build track segments in each of the three muon stations and then link the
segments to form tracks. The Staco-family algorithm that finds the spectrometer tracks and extrapolates

MUONS – MUON RECONSTRUCTION AND IDENTIFICATION: STUDIES WITH SIMULATED . . .

165
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Expected Rate Reduction

I 70% of all trigger candidates have 3 or more
track segments and are suitable for sagitta
measurement with rate reduction by 70%.

I Remaining 20% of all trigger candidates is
suitable deflection angle measurement with
rate reduction of 50%.

I Remainder (10%) is accepted by MDT
trigger.

⇒ Combined rate reduction by 60% from 50 kHz (after Phase-I upgrade) to 20 kHz.
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Sagitta measurement
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I Sagitta measurement only possible for trigger candidates with ≥ 3
track segments.

I Detector upgrades will provide higher track segment efficiency for
|η| > 2.0
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Event selection for rate study

Data sample: Run 1 ATLAS data at
√

s = 8 TeV, 25 ns bunch spacing
(Period M), consisting of runs 216399, 216416, and 216432

Step in event selection Number of events

Expected Phase-I trigger events 122 701
Matched to off-line muon 109 950

pCB
T < 100 and pSA

T < 100 102 292
Sagitta method applicable 76 270
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Assumptions for Monte-Carlo Performance Study

Predicted occupancy for HL-LHC [6] RPC/TGC resolution
Chamber σseed m

BI1) 0.020
BM 0.015

BO1) 0.080
EM2) 0.005
EO3) 0.005

1) MDT segments
with σRPC

2) TGC segments [7]
3) EM extrapolated

I Segment parameters for each chamber determined with Run-1 data
I No EO TGCs: slope extrapolation EM→ EO with σEO - EM = 0.0018
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Hough transform

Hough transform:
I Isomorphic map between points in coordinate

space and sinusoidal curves in parameter
space

I Maximum in parameter space defines straight
line segment

I Implementation: fill histogram with

di = x cosαi + y sinαi ± rdrift
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