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Events with muons in the final state are an important signature for many physics topics at the

Large Hadron Collider. An efficient trigger on muons and a detailed understanding of its perfor-

mance are required. In 2012, the last year of Run 1, the instantaneous luminosity of the LHC

reached 7.7×1033 cm−2s−1 and the average number of events that occur in a same bunch cross-

ing was 25. The ATLAS Muon trigger has successfully adapted to this changing environment by

making use of isolation requirements, combined trigger signatures with electron and jet trigger

objects, and by using so-called full-scan triggers, which make use of the full event information

to search for di-lepton signatures, seeded by single leptonobjects. A stable and highly efficient

muon trigger was vital in the discovery of Higgs boson in 2012and for many searches for new

physics. The performance of muon triggers during the LHC Run1 data-taking campaigns is

presented, together with an overview and preliminary results of the new muon strategy and al-

gorithms, designed to face the demanding and challenging environment, which will be adopted

during Run 2.
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1. Introduction

The Large Hadron Collider (LHC) is a proton-proton collider for elementary particle physics
research at the world highest energies, located at the European Organization for Nuclear Research
(CERN) in Switzerland. The center-of-mass energy of the collisions was 7and 8 TeV during 2011
and 2012 respectively (Run 1). The accelerator went through an upgrade since, and Run 2 started
in 2015. The center-of-mass energy has been increased to 13 TeV.

The collision rate of the LHC was 20 MHz in Run 1 and at the beginning of Run 2. It was
raised to the design value of 40 MHz in 2015 when bunch space was changed to 25 ns from 50
ns. The size of data from the ATLAS detector [1] at a collision point of the LHC is about 1.5 MB
for each collision, amounting to a data rate of 60 TB/s. It is not realistic to record all data taken
during collisions on permanent storage. Therefore the ATLAS experiment has a trigger system in
place to select the most interesting events so that the event rate being written totape data storage
is reduced to about 1 kHz. Maintaining adequate performance of the trigger system is essential,
yet challenging for the success of the physics programs of the experiment, and the high energy
collisions of the LHC at the high rate makes such effort very challenging.

Events containing muons in the final state offer clean datasets to study interesting physics and
triggering on muons is especially important in high energy collider experiments.For example,
the discovery of the Higgs boson in 2012 [2] was significantly driven by the search forH → ZZ∗

decays at the ATLAS experiment, where half of the analysis sample was triggered with muons. In
this note, we briefly summarize the performance of the muon trigger in the ATLASexperiment in
Run 1, implemented to confront the challenges of the LHC environment in Run 2.

2. Trigger and data acquisition systems and the muon spectrometer

The ATLAS trigger system was a three-tiered system in Run 1 and is shown inFigure 1. Level
1 (L1) was a hardware based trigger, selecting interesting events using track and energy information
constructed in dedicated fast trigger systems. The L1 trigger had a maximum accept rate of 70 kHz
within a latency of 2.5µs, and defines Regions-of-Interest (RoI) [3] as the geographicallocation
of muon candidate. Then, the objects were reconstructed at the Level 2 (L2) combining more
detailed information only available in the RoI. Thus, the output rate at L2 was 6.5 kHz, the average
processing time 40 ms. Finally, the trigger objects are reconstructed using full event information
at the Event Filter (EF), where precise offline-like algorithms are applied.The EF has an output
rate of 1 kHz and an average processing time of 4 s.

The L2 and EF selections were executed on two separate computer farms in Run 1. In Run
2, they have been merged into a single High-Level Trigger (HLT) farm. The logic of the HLT
underlying the trigger decision is similar to the case of Run 1.
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Figure 1: Outline of the trigger and the data acquisition systems in Run 1. The three levels of
trigger decisions is shown on the left side, and the flow of data in the data acquisition is on the right
side. The design values and the 2012 peak values for the event and datarates are shown in black
and red respectively. The Level 2 and EF are merged into one system (HLT) in Run 2.

Figure 2: A schematic view showing a
quarter-section of the muon spectrometer
in a plane containing the beam axis. Taken
from Ref. [4].

The muon spectrometer is composed of three
large air-core superconducting toroidal magnet sys-
tems, one in the central region and two in the end-
cap and four kinds of detectors, which cover a large
solid angle around collision point. Each toroidal
magnet system is constructed from eight separate
superconducting coils. A schematic view of the
muon system is shown in Figure 2.

The Resistive Plate Chamber(RPC) and the
Thin Gap Chamber(TGC) have fast response
(nanoseconds), which generate the L1 muon trigger
by checking the spatial and temporal coincidence of
hit information. In the barrel region (|η1| < 1.05),
the L1 trigger generated by RPCs requires a coincidence of hits in the threelayers. In the end-cap
region (1.05 < |η | < 2.4), the L1 trigger generated by TGCs hits information checks a coincidence

1ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of
the detector and thez-axis along the beam pipe. Thex-axis points from the IP to the centre of the LHC ring, and the
y-axis points upward. Cylindrical coordinates(r,φ) are used in the transverse plane,φ being the azimuthal angle around
the beam pipe. The pseudorapidity is defined in terms of the polar angleθ asη = − ln tan(θ/2).
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of the three layers.
Precision tracking is achieved by theMonitored Dri f t Tube(MDT) in the region |η | < 2.7

and by theCathode Strip Chamber(CSC) in the region 2 < |η | < 2.7.

3. Muon trigger performance in Run 1

The tag-and-probe method is used to measure the trigger efficiency using di-muon events. If
one of the muons passed the trigger to record the event ("tag"), then the other muon ("probe") is
used to estimate the efficiency by examining the probability for it to also pass the trigger. Events
with a pair of muons fromZ or J/ψ decays reconstructed in the offline analysis are used. The tag-
and-probe method requires that the invariant mass of the muon pair is consistent with aZ-boson or
J/ψ meson. TheZ-boson events covers a wide range of muonpT, 10 GeV≤ pT ≤ 100 GeV, and
theJ/ψ meson events cover a lower muonpT region,pT ≤ 10 GeV.

Figure 3 shows the efficiency to pass either the mu24i or the mu36 triggers which served as
the main single-muon trigger in many physics analyses in Run 1 [4]. Here the numbers 24 and 36
denote the transverse momentum threshold, where the isolation requirement isdenoted as "i", e.g.
in mu24i. The data agree very well with the events from Monte Carlo (MC) simulation. Figure 4
shows the efficiency to pass either the mu24i or mu36 trigger as measured individually at each
trigger level (L1, L2 and EF). The efficiency curves turn on sharply,the higher the threshold the
steeper the turn on curve.

(a) (b)

Figure 3: Efficiency of passing either mu24i or mu36 triggers as function of the probe muon trans-
verse momentumpT in (a) the barrel region and (b) the endcap region. Efficiencies measured in
the data and MC simulation are shown in open circles and in bands, respectively. The ratios of the
data divided by MC are shown in the bottom. The error bars include both statistical and systematic
uncertainties. Taken from Ref. [4]

4. Challenges for Run 2 muon triggering

With the increase of the center-of-mass energy from 8 to 13 GeV, and the change in the bunch
spacing from 50 to 25 ns in Run 2, the single lepton trigger rate is expected to increase by a factor
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(a) (b)

Figure 4: Efficiency of passing either mu24i or mu36 triggers as function of the probe muon trans-
verse momentumpT measured at the three trigger levels (L1, L2 and EF) in (a) the barrel region and
(b) the endcap region. The error bars show the statistical uncertainties only. Taken from Ref. [4]

of 4 compared to Run 1. Therefore, the trigger system had to undergo various upgrades which will
be described in the following.

4.1 L1 muon trigger upgrade for Run 2

Figure 5: Distributions of L1 muon trigger
rates (pT ≥ 15 GeV) as function ofη . The
yellow hatched histogram shows all muon ob-
jects, whereas cyan histogram shows the ob-
jects that are identified as muons in the offline
reconstruction. Taken from Ref. [4]

The L1 muon trigger rate was suffering
from a high fake rate in Run 1. Figure 5 shows
the trigger rate of L1 muons withpT ≥ 15 GeV
as a function of muonη . Most of the fake
muons are found in highη regions where the
fakes are secondary particles produced in the
end-cap material. Such fake triggers can be re-
duced by introducing the coincidence between
the inner TGC (or tile calorimeter signal timing)
and outer TGC. Figure 6 shows a schematic view
of these detectors ("Tile calo" refers to hadron
calorimeter). Figure 7 shows the muon detec-
tion efficiency and the L1 trigger rate reduction
as a function of tile calorimeter cell energy sum
threshold [5]. In the calculation of the energy
sum, energies of calorimeter cells (D5 and D6)
were smeared by 200 MeV (1σ ) in order to em-
ulate the energy resolution measured at L1. For
a tile calorimeter energy threshold of 500 MeV,
the muon detection efficiency is kept as high as
97% whereas the L1 rate is reduced by 82%.
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Figure 6: Schematics of the TGCs and tile calo
locations within the ATLAS detector. The gen-
uine muons pass through inner detectors, inner
TGC or Tile calo, and outer TGC, while fakes
are generated around the end-cap material.

Figure 7: Muon detection efficiency (red) and
L1 muon trigger rate reduction (blue) as func-
tion of the hadron calorimeter cell energy sum
threshold. Taken from Ref. [5]

5. Conclusion

The ATLAS muon trigger has been stable and highly efficient in the Run 1 datataking period.
The upgrade of the LHC for Run 2 made it necessary to upgrade the trigger system to keep the trig-
ger rate at a sustainable level while still efficiently select events of interest.In Run 1, a significant
fake muon rate above |η | of 1.05 was observed. The endcap region has been incorporated intothe
endcap muon trigger of the HLT. Studies show that this additional coincidence will reduce the fake
rate by 80% while maintaining a muon efficiency of almost 100%.
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