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Events with muons in the final state are an important sigedir many physics topics at the
Large Hadron Collider. An efficient trigger on muons and adetl understanding of its perfor-
mance are required. In 2012, the last year of Run 1, the itastaous luminosity of the LHC
reached 7.%210° cm2s ™1 and the average number of events that occur in a same burss cro
ing was 25. The ATLAS Muon trigger has successfully adaptetiis changing environment by
making use of isolation requirements, combined triggenaigres with electron and jet trigger
objects, and by using so-called full-scan triggers, whicdkenuse of the full event information
to search for di-lepton signatures, seeded by single lepitgects. A stable and highly efficient
muon trigger was vital in the discovery of Higgs boson in 2@h2l for many searches for new
physics. The performance of muon triggers during the LHC Rutata-taking campaigns is
presented, together with an overview and preliminary tesafl the new muon strategy and al-
gorithms, designed to face the demanding and challengivigoement, which will be adopted
during Run 2.
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1. Introduction

The Large Hadron Collider (LHC) is a proton-proton collider for elemenperticle physics
research at the world highest energies, located at the Europeanif2iti@n for Nuclear Research
(CERN) in Switzerland. The center-of-mass energy of the collisions veas B TeV during 2011
and 2012 respectively (Run 1). The accelerator went through amd@gince, 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 Rult @as
raised to the design value of 40 MHz in 2015 when bunch space wasetham@5 ns from 50
ns. The size of data from the ATLAS detector [1] at a collision point of thilis about 15 MB
for each collision, amounting to a data rate of 60/8BlIt is not realistic to record all data taken
during collisions on permanent storage. Therefore the ATLAS expetilvena trigger system in
place to select the most interesting events so that the event rate being writhge tata storage
is reduced to about 1 kHz. Maintaining adequate performance of thetisgggieem is essential,
yet challenging for the success of the physics programs of the expéyiam@hthe 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 timig Esysics and
triggering on muons is especially important in high energy collider experimdfas.example,
the discovery of the Higgs boson in 2012 [2] was significantly driven leysiarch foH — ZZ*
decays at the ATLAS experiment, where half of the analysis sample wasregvith muons. In
this note, we briefly summarize the performance of the muon trigger in the ATd8riment 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 shdwgure 1. Level
1 (L1) was a hardware based trigger, selecting interesting events wsitkgird energy information
constructed in dedicated fast trigger systems. The L1 trigger had a maxiooeptaiate of 70 kHz
within a latency of 2.5us, and defines Regions-of-Interest (Rol) [3] as the geograploication
of muon candidate. Then, the objects were reconstructed at the Let@) Zgmbining more
detailed information only available in the Rol. Thus, the output rate at L2 vialsHz, the average
processing time 40 ms. Finally, the trigger objects are reconstructed udliegdnt information
at the Event Filter (EF), where precise offline-like algorithms are applléd 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 farras ih B”n Run
2, they have been merged into a single High-Level Trigger (HLT) farme Bigic 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. Tée larels of
trigger decisions is shown on the left side, and the flow of data in the datigsémm is on the right
side. The design values and the 2012 peak values for the event an@tgatare shown in black
and red respectively. The Level 2 and EF are merged into one system ifHRun 2.
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muon system is shown in Figure 2. Figure 2: A schematic view showing a

. uarter-section of the muon spectrometer
The Resistive Plate ChambdRPC and the q . P .
in a plane containing the beam axis. Taken

Thin Gap Chamber(T GC) have fast response from Ref. [4].
(nanoseconds), which generate the L1 muon trigger
by checking the spatial and temporal coincidence of

hit information. In the barrel regionr(}| < 1.05),

the L1 trigger generated by RPCs requires a coincidence of hits in thelalyess. In the end-cap
region (1.05 <1j| < 2.4), the L1 trigger generated by TGCs hits information checks a coimmzde

LATLAS uses a right-handed coordinate system with its origin at the nomitebiction point (IP) in the centre of
the detector and theaxis along the beam pipe. Theaxis points from the IP to the centre of the LHC ring, and the
y-axis points upward. Cylindrical coordinat@sg) are used in the transverse plapdeing the azimuthal angle around
the beam pipe. The pseudorapidity is defined in terms of the polar fragg = —Intan(6/2).
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of the three layers.
Precision tracking is achieved by tivonitored Drift Tube(MDT) in the regionf| < 2.7
and by theCathode Strip ChambdCSQ in the region 2 <nj| < 2.7.

3. Muon trigger performancein Run 1

The tag-and-probe method is used to measure the trigger efficiency usimgpd events. If
one of the muons passed the trigger to record the event ("tag"), themhtvenouon ("probe") is
used to estimate the efficiency by examining the probability for it to also passdggertr Events
with a pair of muons fronZ or J/{ decays reconstructed in the offline analysis are used. The tag-
and-probe method requires that the invariant mass of the muon pair isteongigh aZ-boson or
J/Y meson. TheZ-boson events covers a wide range of mpen10 GeV< pr < 100 GeV, and
theJ/( meson events cover a lower muppregion,pr < 10 GeV.

Figure 3 shows the efficiency to pass either the mu24i or the mu36 triggéch sdrved as
the main single-muon trigger in many physics analyses in Run 1 [4]. Here thbars 24 and 36
denote the transverse momentum threshold, where the isolation requirerdentisd as "i", e.g.
in mu24i. The data agree very well with the events from Monte Carlo (MC) stioalaFigure 4
shows the efficiency to pass either the mu24i or mu36 trigger as measuieiduatly at each
trigger level (L1, L2 and EF). The efficiency curves turn on sharpig, higher the threshold the
steeper the turn on curve.
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Figure 3: Efficiency of passing either mu24i or mu36 triggers as funcfitimeoprobe muon trans-
verse momentunpr in (a) the barrel region and (b) the endcap region. Efficiencies medsur
the data and MC simulation are shown in open circles and in bands, regecTiwe ratios of the
data divided by MC are shown in the bottom. The error bars include bothtistitend systematic
uncertainties. Taken from Ref. [4]

4. Challengesfor Run 2 muon triggering

With the increase of the center-of-mass energy from 8 to 13 GeV, andhémge in the bunch
spacing from 50 to 25 ns in Run 2, the single lepton trigger rate is expectecréage by a factor
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Figure 4: Efficiency of passing either mu24i or mu36 triggers as funcfitimeoprobe muon trans-
verse momentumr measured at the three trigger levels (L1, L2 and EF) in (a) the bariehragd
(b) the endcap region. The error bars show the statistical uncertaintiesTaken from Ref. [4]

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

4.1 L1 muon trigger upgrade for Run 2

The L1 muon trigger rate was suffering

from a high fake rate in Run 1. Figure 5 shows §ng U amas T
the trigger rate of L1 muons withr > 15 GeV %400 Rata 2012, e 8 TeV E
as a function of muom. Most of the fake F o E
muons are found in higlp regions where the ‘“é 300 Wigger sbjects ]
fakes are secondary particles produced in the 39 250 Matched to offiine
end-cap material. Such fake triggers can be re- 120

duced by introducing the coincidence between
the inner TGC (or tile calorimeter signal timing)

and outer TGC. Figure 6 shows a schematic view 504 L L JH‘ L.i ‘L]Ihg
of these detectors ("Tile calo" refers to hadron 852-15-1-050 05 1 1.5 2 25
calorimeter). Figure 7 shows the muon detec- n,

tion efficiency and the L1 trigger rate reduction

as a function of tile calorimeter cell energy sum Figure 5: Distributions of L1 muon trigger
threshold [5]. In the calculation of the energy rates pr > 15 GeV) as function of). The
sum, energies of calorimeter cells (D5 and D6) yellow hatched histogram shows all muon ob-
were smeared by 200 MeV @) in order to em-  jects, whereas cyan histogram shows the ob-
ulate the energy resolution measured at L1. Fotjects that are identified as muons in the offline
a tile calorimeter energy threshold of 500 MeV, reconstruction. Taken from Ref. [4]

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 cal

locations within the ATLAS detector. The gen-

uine muons pass through inner detectors, innEPgure 7: Muon detection efficiency (red) and

TGC or Tile calo, and outer TGC, while fakes"1 muon trigger rate reduction (blue) as func-

are generated around the end-cap material. 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 ltalkitag period.
The upgrade of the LHC for Run 2 made it necessary to upgrade thertsigstem to keep the trig-
ger rate at a sustainable level while still efficiently select events of intdreRun 1, a significant
fake muon rate aboveg| of 1.05 was observed. The endcap region has been incorporatéldénto
endcap muon trigger of the HLT. Studies show that this additional coincgdeiicreduce the fake
rate by 80% while maintaining a muon efficiency of almost 100%.
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