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ATLAS is a multi-purpose detector - \
running at the Large Hadron Collider
(LHC) for high-precision Standard
Model (SM) measurements and
beyond SM searches.
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* Tracking system in |n|< 2.5 with ¥)
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* Muon spectrometer (MS) for identifying muons with Ap;/p;<10% up to 1 TeV.

* Two magnet systems (toroidal and solenoidal).

n=-Intan(6/2)
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Triggering on muons with ATLAS
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TriggerOperationPublicResults#Trigger_rates_and_bandwidth
https://www.sciencedirect.com/science/article/pii/S0370269320307838
https://link.springer.com/article/10.1007/JHEP04(2021)174
https://iopscience.iop.org/article/10.1088/1748-0221/15/09/P09015
https://arxiv.org/abs/2111.06712

The ATLAS Muon Spectrometer in Run 3

MS based on four different sub-detectors since the beginning of ATLAS:

Resistive Plate Chambers (RPC), Thin Gap Chambers (TGC) for trigger based on fast readout;
Monitored Drift Tubes (MDT), Cathode Strip Chambers (CSC) for high resolution tracking.

A =1.0
Several upgrades to the MS completed for =~ = EOL

Run 3 to handle higher luminosities: 0 | N=1.3 %
sMDT chambers and thin-gap RPCs in 5ok S
region 1.0< [n| < 1.3. o real §
Innermost muon chamber layers . | ‘ ~_ fake )
replaced with higher-granularity STGCs  [Tile Calorimeter fmSueta <=
and MicroMegas in New Small Wheels 4 : ’ n=2.4
(NSW) in1.3<|n| <2.7. : . ——

New sector logic implemented in TGC Big P BE s
Wheel (TGC-BW). "% 7 [NowSmallWhee] " [ToCBigWheel] * |

Side view of a quarter of MS
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https://arxiv.org/abs/1806.09234

The ATLAS Trigger system

= 40 MHz of proton-proton collisions are reduced to up to 100 kHz by the Level-1 (L1).
= Rate reduced by the High-Level Trigger (HLT) down to ~1 kHz.

Calorimeter detectors
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https://twiki.cern.ch/twiki/pub/AtlasPublic/ApprovedPlotsDAQ/tdaq-run3-schematic-withoutFTK.pdf

The Muon Trigger system

Muon Level-1 Trigger

Fast and coarse, hardware-based trigger, producing transverse momentum (p;) estimates of
muons as degree of deviation from the hit pattern of infinite-p; tracks with hits in RPCs and TGCs.

= Regions of Interest (Rols) identified and passed to HLT.

“ For Run 3, up to fifteen L1 p; thresholds implemented. T Y
Level-1 Calo 1 Level-1 Muon g:atg?(t)th
Muon High-Level Trigger Preprocessor socrr e | ssour ook =
. . . . l l v > — —>| FELIX
Software-based trigger using information from ceenn || GeLE) | oy J
MS and inner tracking detector (ID). [ < DataFiow
3 LHopo E a 8 stem (R
HLT event selection performed in two stages: | e |2 —
= fast reconstruction inside muon Rols, o
Level-1

" precise measurements of track parameters
using full reconstruction tools.

For Run 3, HLT fully migrated to multi-threaded
technology to reduce CPU memory usage.

High Level Trigger

(HLT) Data Storage

¥
| Tier-0

Accept
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RPC 2 (pivot)

i . | MDT |
RPCs arranged in the MS central detector region RPC1/ /;j
(“barrel”): Im| < 1.05, in three concentric doublet <10Gev > 106eV
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/L1MuonTriggerPublicResults
https://iopscience.iop.org/article/10.1088/1748-0221/15/09/P09015

L1 Muon Endcap

TGCs produce triggers in the forward MS regions

Tile-Cal

Tile Extended-Barrel

(“endcap”): 1.05< |n| < 2.4. Mi=1.9
Main background due to low p; protons from IP.
To reject such fake triggers, a coincidence was
implemented during Run 2 between TGC BW and TGC EILATFI TGC BW
Forward Inner (TGC Fl) chambers or Endcap Inner (El) 3
chambers (EI/FI coincidence); fzsgﬂingg ey womeno 3 jgxgm-i iy |, |2
~20% reduction of fake tracks ° o3 s ety frmieses 605 Lomzowtnou i comcdars -
achieved for muon p;> 20 GeV; vor I A S
further ~6% rate reduction 132 =
obtained by an additional i =
coincidence with the extended s
barrel region of the Tile Calorimeter. v

LI ol
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https://iopscience.iop.org/article/10.1088/1748-0221/15/09/P09015

L1 Muon Endcap:
Run 3 improvements

Usage of position and angle matching helps to reject fake ) |

muons (low p; charged particles not originating at the IP). NS mall

Beam spot size in z-direction (O(10 cm))
considered, together with effects due to multiple coarser gramuartty 117
scattering with the detector materials (especially oW /
the calorimeters).
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https://arxiv.org/abs/1806.09234

Muon trigger efficiencies measured by means of the
«Tag-and-Probe method», based on di-muon events
(such as Z—up and J/Y—pup), using the two muons as:

= Tag leg: select unbiased events;

= Probe leg: study trigger efficiency.

Muon L1 plateau

efficiencies:

o barrel: ~70%

o endcap: ~90%.

Performance vs. p;
stable over the
entire Run 2.
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https://iopscience.iop.org/article/10.1088/1748-0221/15/09/P09015

Muon HLT design and rates

Start from Rol Muon [Run 2 (L=1.7x10% cm?s!) Run 3 (L=2.0x10% cm?s!) .E
Rol from L1 _ trigger | AT Pr | L1 | HLT [ HiTp, | L1 | ALT |5
defined at L1 threshold| rate | rate |threshold| rate | rate e}
1 category | [GeV] | [kHz] | [HZz] [GeV] [kHz] | [Hz] |
- : 5
MS-only Fast reconstruction of tracks ~ lisolated p 26 15 180 Lo | 220 |5
reconstruction 6«\6 in MS Only, Py Mmeasurement 1 9 50 15 60 50 16 40 g
. < with look-up tables 2 14,14 1.8 26 14,14 22 25 K
bined fit of Rates of un-prescaled muon triggers in Run 2 (measured) and Run 3 (expected)
ar MS*'P tra.cks Combined it o Threshold of lowest isolated single muon decreased by 2 GeV.
= < combination \0“\ AMS and ID tracks

* High resolution reconstruction (using offline software)

* outside-in: MS — ID:

* inside-out: recovers low-p; inefficiencies;

* full-scan: runs over the whole detector (with heavy CPU usage),
/ for one leg of multi-muon triggers, to recover L1 inefficiencies.

Precision
reconstructlon*

;LG o?>\\

Isolation (optional)
* Allows to lower muon p; thresholds, keeping reasonable rate.

Record
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https://cds.cern.ch/record/2625986

ATLAS & Data 2016

Muon HLT efficiencies - Run 2 o= maiirih e, oo
E_’ 0.9;—

Excellent Muon HLT performance:
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= Stable performance versus pile-up conditions
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https://iopscience.iop.org/article/10.1088/1748-0221/15/09/P09015

Expected performance in Run 3
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/L1MuonTriggerPublicResults

Summary and outlook

o The ATLAS Muon Trigger system has shown an excellent performance

during LHC Run 2 (2015-18), successfully fulfilling all physics program
requirements.

o Stable performance and high efficiencies achieved both at Muon L1
and at Muon HLT.

o Various Phase 1 upgrades toward Run 3 (2022-24) to handle higher
luminosity, while ensuring no efficiency losses with respect to Run 2.
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LHC & HL-LHC plan

HL-LHC

| (-
I

n, BB 138 ToV 181814 Toy
e

energy
Diodes Consolidation
splice consolidation cryolimit LIU Installation HL-LH
7 TeV 8 TeV button collimators interaction : inner triplet _ i C
S— R2E project reg|ons Civil Eng. P1-P5 pilot beam radiation limit installation

2011 2013 2014 2015 2016 2018 2019 2020 2022 2023 2024 2025 2026 2027 2028 2029 Illllllw
5 to 7.5 x nominal Lumi
ATLAS - CMS
experiment upgrade phase 1 ATLAS - CMS

S 2 x nominal Lumi ALICE - LHCb : 2 x nominal Lumi EE SR
J——— |

nominal Lumi

75% nominal Lumi | |/— upgrade
m IE::'I:" integrated JEAUVRT
m luminosity EEOIOR

HL-LHC TECHNICAL EQUIPMENT:

309/04d-2Y|-|Y/3Ua3U0D/Yd°UJad " gam-ay|iwin|iy//:sdiy

DESIGN STUDY S PROTOTYPES / CONSTRUCTION | INSTALLATION & COMM. |||| PHYSICS

 Muon system receives major upgrades in forward small wheel region
« TDAQ system is upgraded to allow for a 1 MHz hardware trigger rate
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https://hilumilhc.web.cern.ch/content/hl-lhc-project

Muon Spectrometer upgrades

Upgrade of several types of muon - : P
chambers s | T
e B| RPC+sMDT |

e EIL TGC ™ tacs

¢ NSW sTGC dl

Upgrade of readout electronics

Upgrade of power systems  ®o=——————r/ T % |

Important progress despite the

technological challenges and COVID-19

Most of the projects in prototyping
phase
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Muon trigger resolution studies

Resolution with respect to offline
reconstruction of the inverse-p; residual as
a function of offline muon p; .

Stand-alone muon trigger reconstruction
better than 10% resolution in endcap
region, as good as 3% in the barrel.

Combined muon trigger reconstruction
with resolution below 1% for p; < 20 GeV,
moving to few percent at higher p; .

T

Resolution of 1/p_ residual
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https://iopscience.iop.org/article/10.1088/1748-0221/15/09/P09015

Muon charge identification

Information on charge is fundamental, e.g. in processes
with opposite-sign muons (such as B — p*u-).

Charge is identified from muon bending direction in the
magnetic field by AR and A¢.

Instead of using the sign of AR only, a look-up table is
implemented to use the full AR and A¢ information.

Performance of charge identification is evaluated
through a simulation study based on Phase-|
upgrade.

Accuracy of muon charge identification at p; < 30
GeV is found to be larger than 98%.

Efficiency
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/L1MuonTriggerPublicResults

Abstract

Events with muons in the final state are fundamental for detecting a large
variety of physics processes in the ATLAS Experiment, including both high
precision Standard Model measurements and new physics searches. For
this purpose, the ATLAS Muon Trigger has been designed and developed
into two levels: a hardware based system (Level-1) and a software based
reconstruction (High Level Trigger). They have been optimized to keep the
trigger rate as low as possible while maintaining a high efficiency, despite
the increased particle rates and pile-up conditions at the LHC. An overview
of the muon triggering strategies will be provided, showing the
performance in Run 2 data of both Level 1 and High Level Trigger. The
most recent improvements implemented for Run 3 will also be presented.
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