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Abstract The ATLAS experiment has developed extensive

4.2.2 FastsimulatioATLFAST3 . . .. ... ..

software and distributed computing systems for Run 3 of 4.3 Digitisation . . . ... ... ...........

the LHC. These systems are described in detail, including
software infrastructure and workflows, distributed data and
workload management, database infrastructure, and valida- 4.4 Reconstruction
tion. The use of these systems to prepare the data for physics
analysis and assess its quality are described, along with the
software tools used for data analysis itself. An outlook for

the development of these projects towards Run 4 is also pro-

vided.
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1 Introduction

ATLAS [1,2], one of the general-purpose experiments at the
Large Hadron Collider (LHC), has recently begun its third
collision data taking campaign (Run 3) with proton—proton
and heavy-ion collisions. The data collected since its opera-
tional start in 2010 are used for a broad physics programme,
from precision measurements of the Standard Model, includ-
ing the discovery of the Higgs boso8,§], to searches for
various manifestations of new physics. This paper describes
the Software and Computing infrastructure of the ATLAS
experiment, in its current state in the midst of Run 3, along
with some of the major upgrades that were done in prepara-
tion for Run 3.

An overview of the ATLAS detector, the operation of the
experiment, and the software and computing resources neces-
sary to supportit, is given in Se@.The experiment relies on
resources provided by the Worldwide LHC Computing Grid
(WLCQG) [5,6], and has developed an extensive set of tools
to capture additional resources. The scale of these resources
is laid out in Sect2.1, along with a brief overview of the
ATLAS operational data-taking processes and timescales. A
description of the ATLAS experiment’s detector is given in
Sect.2.2 From the moment the data leave the detector, they
undergo a series of processing steps, calibrations, and re-
calibrations. An overview of the software chain necessary
to support the processing of both real and simulated parti-
cle collision data is presented in Se2t3. Following this
processing the data are transferred around the world, their
quality is examined carefully, and they are processed into
many derived data formats in preparation for physics analy-

8.1.5 End-stage analysis and statistical interpretatiosis. This process, including the chain of custody, is described

8.1.6 Preparation of results, preservation and
reinterpretations . . . .. ... .. .. ..
8.1.7 Analysis infrastructure . . . . ... ...
8.2 Eventdisplays . . . . ... .. .. ... ....
8.2.1 Software design principles. . . . . . ..
822VPl . ... ... ..
82.3ATLANTIS . . . . . . . . v i i it e
8.2.4 PHOENIXATLAS . . .. ... .. ... ..
825NIVEXML . . . ... ..o
8.2.6 Online eventdisplays. . . . ... .. ..
8.3 Tutorials and education . . . . ... ... ...
8.3.1 Historical software tutorials. . . . . . . .
8.3.2 Tutorials during COVID-19. . . . .. ..
8.3.3 Run 3trainingformat. . . ... ... ..
8.3.4 Retention rates and offsite events. . . .
8.3.5 Other available instructional resources .
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in Sect.2.4.

A detailed discussion of the ATLAS software that supports
data production, processing, and simulation is undertaken in
Sect.3. The ATLAS software has evolved considerably since
collision data were first recorded in 2009, growing to match
the complexity of the data analysis programme. The software
infrastructure, described in Se&.1, has undergone major
changes during this period, most recently to support multi-
threading. The software also includes a revised configuration
layer, detailed in SecB.2, and infrastructure for the han-
dling of detector conditions information, which is described
in Sect.3.3 The Event Data Model (EDM), described fur-
ther in Sect.3.4, has also evolved to better support down-
stream data analysis. The modelling of the data requires a
detailed detector description, which is described in S6t.
Many modern data analyses and portions of the upstream
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data processing software rely on machine learning tools; the Provisions for downstream data analysis are discussed in

integration of and support for these in ATLAS is describedSect.8. After being processed into derivations, physics data

in Sect.3.6. are manipulated using a large suite of data analysis tools.
An extensive Monte Carlo (MC) simulation and data pro-An overview of these tools is given in Se8t1l Data visu-

cessing chain was developed to support the experiment, andafisation techniques are used with both simulated and real

described in Sectl. This chain includes ‘event generation’, data to validate the performance of the detector simulation,

i.e. the modelling of the initial proton—proton, proton—ion, check for unusual detector conditions or reconstruction fea-

or ion—ion collision (described in Seet.1), detector simu- tures, study interesting events, and educate the public about

lation (described in Sec4.2), and ‘digitisation’ (modelling the physics programme of ATLAS. Images that show physics

of the detector electronics, described in Sdc3). Both the  events and processes within the ATLAS detector, calleat

real detector data and MC simulation are passed throughdisplays, are prepared for these purposes. The use of event

common reconstruction process (hereafter referred theas displays and the software developed to produce them are

reconstruction, described in Sectl.4) and first stage of pro- introduced in Sect8.2 Instruction and support for ATLAS

cessing for analysis known as ‘derivation making’ (describednembers making use of all of these tools is provided through

in Sect.4.5. The forward systems are treated with specialdocumentation and regular tutorials, which are discussed in

workflows through many of these steps, which are sumSect.8.3.

marised in Sect4.6. Section4.7 describes the support of  While the approaches developed to date are sufficient for

all of this software for future configurations of the detector,the challenges of Run 3, plans for significant upgrades to pre-

which must be maintained to provide accurate projections gbare for the High-Luminosity LHC (HL-LHC), scheduled to

physics analyses and prepare for future data-taking runs. begin operations in 2029, are already underway. Significant
The data and MC simulation are extensively vetted andevisions to the software and computing itself are also in

validated before being declared good for analysis, and befoqgreparation. Some of these are described in Sgalong

the start of any new production campaign, as discussewith the outlook for the future of software and computing in

in Sect.5. The assessment of data quality is describedhe experiment.

in Sect.5.1 The preparation for both new campaigns of

MC simulation production at the beginning of a data-taking

period, and the large-scale reprocessing of data at the edOverview and resources

of a data-taking period, are complex processes that involve

many different steps and require significant time. The softThis section provides an introduction to the ATLAS experi-

ware validation process for these campaigns is explained ifhent, including operational data-taking and resource require-

Sect5.2, and the computing performance of the various stepsnents, and an overview of the detector itself. An executive

of the Run 3 software chain is detailed in S&8 The steps  summary of the software chain needed to process data col-

required to begin a new MC simulation or data reprocessingscted by the detector (or generated by MC simulations) to a

campaign are laid out in Se&.4. point where they are in a format appropriate for downstream
Section6 presents the significant technical infrastructurephysics analysis is also presented, along with a high-level

required for the experiment to efficiently develop and deployescription of how data are collected from LHC particle col-

software and operate at scale. The infrastructure for develisions.

opment, building, and deployment of the complex software

stack is described in Sed.1 The database infrastructure, 2 1 Resource scope

handling calibrations and evolving conditions information,

is described in Sec6.2 There are several systems for han-The ATLAS experiment comprises almost 6000 members,
dling of metadata at various stages of processing; these agout 3000 of whom are authors of ATLAS scientific papers.
described in Sect.3 . ~ This section provides a brief overview of the data-taking

~ The ATLAS distributed computing systems are describenyironment for ATLAS. The scope of the computing and
in Sect.7. The management of the MC simulation and realsftware resources required to support its operation, and the
detector data, as well as all subsequent data forms and fQiaeds of the collaboration at large, is introduced.

mats, is described in Seci.2 Section7.3 describes the About 140 full-time equivalents (FTE) of effort, divided
workflow management System that was deve|0ped to Orcheamong about450 peop'e’ is Spent on ‘central’ software devel-

trate the running of ATLAS software around the world, 5pment and distributed computing suppband a further
including the use of resources beyond those provided by

the WLCG. These are all subject to extensive monitoring— .~ .
In addition to central software development and computing support,

to ensure their ?ﬁiCi_em use; the monitoring and analyticy ther efforts are needed to maintain and develop detector-sub-system-
applied are detailed in Sedt.4.
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150 FTEs of effort is spent on maintaining the around 10(ile-up collisions in a BCID is denoted ky). Of these 30

WLCG computing centres constituting the distributed com-million events per second, about 3500 complete events are

puting infrastructure supporting ATLAS. A small fraction of written outin fullby ATLAS, selected by a multi-stage trigger

that effort, around 10—-20 FTEs, includes real-tshiét work ~ system [L8]. Small parts of many more events are recorded as

for monitoring resources, tests, and software updates. well for calibration purposes and specialised data analyses.

During Run 2, ATLAS recorded about 18 billion complete

2.1.1 ATLASoperational overview events. Generally, 2-3 times more simulated events are pro-
duced than real detector events are recorded. This volume of

In 2022, the LHC began a third prolonged period of dataMC simulation is required to keep statistical uncertainties in

taking, called Run 3, following on from Run 1 (2009- predictions small, and to provide capacity for simulation of

2012) and Run 2 (2015—-2018). The terms Run 1/2/3 refer taew physics signals.

the multi-year operational data collection campaigns of the

ATLAS experiment. EacliRun is followed by aLong Shut- 21,2 Computing resources

down (LS) during which significant upgrades and repairs to

the detector can be made; the most recent of these was LOPg|AS distributed computing resources comprise about one
Shutdown 2 (LS2, 2019-2021). Each Run is divided intomjllion cores of computing, 350 PB of disk, and almost

years, which are further subdivided into data-takpegods, 450 PB of tape storage. The computing is distributed over
wherein detector and collider conditions are generally stag variety of sites:

ble. The upgrades of the detector are referred tphamses,

where Phase-0 indicates the upgrade during LS1, Phase-I the i L )

upgrade during LSZ-10], and Phase-Il the upgrade during 1. The CERNTier-0 site, where thg |n|t!al data processing

the upcoming LS311-17]. This last upgrade will be signifi- (known asprompt data prpcessmg) is done, ahd where

cant, in preparation for the high-luminosity LHC (HL-LHC) software 'release's are built and tested every ”'ght-

era wherein the instantaneous luminosity of the accelerato?' WLCG sites, which _mclud_e 11 ATLA.S '_I'|er_-1 sites and

will be increased roughly 3-fold. around 7_0 ATLAS Tler_-2 sites. The distinction between
A period during which beams are circulating in the LHC the wo is described in Ref1f]; generally speaking,

ring uninterrupted is called fl, and ATLAS will typically T|er—1_ snesf?]r_erllargefr and include archlval tape storage.
record collision data continuously during an LHC fill in an 3. Avariety of high-performance computing centres, some

ATLAS run.2 A run is divided into individualluminosity of which are provided via the standard WLCG pledge

blocks, or lumi blocks, which are roughly one minute long mechanism (i.e. they are accounted for as a part of the

and represent the smallest unit of stable conditions for data T|er-1 and Tier-2 resources), and some of which come
analysis. independent of the WLCG (see Sett3.2.

During proton—proton collision data taking, protons col- 4. The high-level trigger processing farm, located near the

lide in ATLAS about two billion times per second. The pro- detector to minimize data tra_nsfer latency, WhiCh_ can b_e
tonsinthe beams are grouped into bunches, and the collisions used for offline data processing when the experiment is

occur duringbunch crossings, which happen about 30 million not taking data (see Sedt.B.fa. | _
times per second. Each bunch crossing results in a physic@' BO”,\‘C [20-22] resources from volunteer computing
provided by ATLAS@Home (see Se@t3.2.

event, and each crossing is labelled with a uniduech 6. C 1 cloud i qi h
crossing identifier (BCID). A single proton—proton collision " ommgrma clou resources,.lntegrate Into t. € exper-
iment like standard WLCG sites where possible (see

from a given bunch crossing is chosen as the collision of

interest. Other proton—proton interactions from within the Sect.7.2.9.
same bunch crossing, and from neighbouring bunch cross-
ings, can presenti@ackground to the chosen collision. These  These distributed computing resources are used to process
other proton—proton interactions are collectively referred tall of the real and simulated data produced by the ATLAS
aspile-up, and the treatment of pile-up in the processing ofexperiment. The resources pledged by the WLCG sites are
data and MC is discussed in SettThe average number of tracked in the Computing Resource Information Catalogue

(CRIC) [23]. Generally speaking, all of the disk and tape

Footnote 1 continued used for long-term storage is provided as pledge, and about
specific software, or software to support dedicated physics analysiga|f of the CPU used by the experiment is provided as a
areas. part of pledge. Because a significant portion of the CPU is

2 This overlap of terminology is unfortunate but ubiquitous at the LHC. o
Throughout this paper, Run 1/2/3 refers to the multi-year running timeunpledged’ there are large variations30Ck/ — 100k cores

and ‘run’ refers to a single, several-hour data taking period when beandfom the average) in the amount of CPU available at any
are continuously circulating in the LHC. given time.

@ Springer
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2.1.3 Software resources tons R8], muons P9, z-leptons BQ], and jets B1], as well
as for identification of jets containing b-hadrorg2], and

An extensive software suit@4] is used in the reconstruction for event-level quantities that use charged-particle tracks as
and analysis of real and simulated data, in detector oper@put. The high-granularity silicon pixel detector covers the
tions, and in the trigger and data acquisition systems of thimteraction region and typically provides four measurements
experimen The termsonline andoffline are often used to  (often called ‘hits’) per track, the first hit normally being in
distinguish between software and services that are run durirthe insertable B-layer (IBL) installed before Run33[34].
real-time data-taking for the trigger and data acquisition sysk is followed by the silicon microstrip tracker (SCT), which
tems pnline software), and those that are used for subsequentisually provides eight measurements per track. These sili-
data processingoffline software). con detectors are complemented by the transition radiation

The overall offline software framework, Athen2, is  tracker (TRT), which enables radially extended track recon-
described in Sect3.1 The collaboration’s software is all struction up tojn| = 2.0. The TRT also provides electron
open source, published in a publicly accessible GitLab reposdentification information based on the fraction of hits (typ-
itory [26€]. It is available under th&PACHE 2.0 License27], ically 30 in total) above a higher energy-deposit threshold
with Copyright held by CERN on behalf of the collaboration. corresponding to transition radiation, which is absorbed by
Every ATLAS Collaboration member can contribute to thethe gas mixture filling the TRT straws. During Run 1, several
software throughmerge requests to the active branches of leaks in TRT active-gas exhaust pipes developed. With the
the software repository. These merge requests are reviewedimber of leaks expected to increase with higher luminos-
by a team of review shifters and experts, to ensure that onliy operation, continuing operation with the baseline xenon-
high-quality code that conforms with ATLAS conventions based gas mixture in the TRT became unaffordable. Leaking
and passes a comprehensive spectrum of Continuous Integraedules were updated to operate with an argon-based gas
tion (CI) tests enters the repository. More detail on ATLASmixture for Run 2, and for Run 3 the new argon-based gas
software development and release processes can be founchixture is used for the entire barrel and parts of the end-

Sect.6.1 caps. While particle identification performance is largely pre-
served in the endcap regions, itis significantly reduced in the
2 2 ATLAS detector barrel region due to poor absorption of transition radiation

photons by the argon gas.

The ATLAS detector], 2] atthe LHC covers nearly theentire ~ 1he calorimeter system covers the pseudorapidity range
solid angle around the collision poifitt is located at Point 1 71 < 4.9 W'th'f‘ the regionfn| < 3.2, electromag'-
of the LHC; ‘Point 1’ therefore appears in the name of sevN€tic calorimetry is provided by barrel and endcap high-
eral software projects. The ATLAS detector consists of afgranularity lead/liquid-argon (LAr) calorimeters, with an
inner tracking detector surrounded by a thin superconduc@dditional thin LAr presampler covering| < 1.8 to cor-
ing solenoid, electromagnetic and hadron calorimeters, and&Ct for energy loss in material upstream of the calorimeters.
muon spectrometer incorporating three large superconduc‘fladron'c calorimetry is provided by the steel/scintillator-
ing air-core toroidal magnets. tile calorimeter, segmented into three barrel structures within
The inner-detector system (ID) is immersed in a 2 T axial?l = 1.7, and two copper/LAr hadron endcap calorimeters.
magnetic field and provides charged-particle tracking within € Solid angle coverage is completed with forward cop-
In| = 2.5. This system provides essential information for thePer/LArand tungsten/LAr calorimeter modules optimised for

reconstruction ophysics objects such as electrons and pho- electromagnetic and hadronic energy measurements respec-
tively. The calorimeters play an important role in the recon-
struction of physics objects such as photons, electrons,

3 Reference24] and the references therein also describe some of th‘Feptons and jets, as well as event-level quantities such as

firmware that is used in the ATLAS data acquisition system; that soft- . . t t ith itude d ted b
ware is not described further here. missing transverse momentum (with magnitude denoted by

mis
4 ATLAS uses a right-handed coordinate system with its origin at theET ) [35]. . .
nominal interaction point (IP) in the centre of the detector and-#eis The muon spectrometer (MS) comprises separate trigger
along the beam pipe. Theaxis points from the IP to the centre of the and high-precision tracking chambers measuring the deflec-
LHC ring, and they-axis points upwards. Cylindrical coordinates$) tjon of muons in a magnetic field generated by the supercon-

are used in the transverse plagdeing the azimuthal angle around the . - : - .
z-axis. The pseudorapidity is defined in terms of the polar afgie ducting air-core toroidal magnets. The field integral of the

1 = —Intan®/2) and is equal to the rapidity = 3 In (Etgz) i ;tjormds ranrg];es E)etweer:c 2.0 z_ir_1d G.gT rr;) across hmost qf t_he
the relativistic limit. Angular distance is measured in unitsAdR = etector. Three gyers 0 PreCISIOn chambers, eac ConS_IStmg
/(An)2 + (Ag)2 for geometric quantities, and in units afR, = of layers of monitored drift tubes (MDTSs), cover the region
/(AY)2 + (Ad)2, wherey is the rapidity, for physical quantities like 17| < 2.7,exceptin the m_nermost layer of the endcap regloh,
momenta. where the background is highest and layers of small-strip

@ Springer
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thin-gap chambers and Micromegas chambers both provide The first stage of MC simulation production is calkent
precision tracking in the region3 < || < 2.7. The muon  generation. Here, an event generator configuration is run to
trigger system coverpg)| < 2.4 with resistive-plate cham- create HepMC outpu8[/]. This is written to an output EVNT
bers (RPCs) in the barrel, and thin-gap chambers (TGCSs) ifile, containing the particles output by the event generator
the endcap regions, and small-strip thin-gap chambers aridgether with metadata expressing the configuration of the
Micromegas chambers in the innermost layer of the endgenerator job. The process of event generation is described
cap. During Run 2 the innermost endcap stations, coverinm Sect.4.1

1.3 < |n| < 1.8, were cathode-strip chambers (CSCs). These Following event generation, the resulting particles are
were replaced by new small wheels (NSW) fluring LS2, passed through a detectemulation [38-42]. The output

to improve tracking efficiency and resolution in the high ratefrom this processing step is stored as a HITS Fil€he
environment of Run 3. The ATLAS software supports theHITS output contains records of energy deposits from each
simulation and reconstruction of data from both Run 2 andgarticle, with associated timing information, for each sub-
Run 3, and therefore both the detector technologies are avagystemjtruth information about the simulated behaviour of
able. particles during the event, appended to the generator particle

Four forward detector systems are installed around thescord; and additional metadata concerning the configuration
interaction point. The luminosity is measured mainly by theof the simulation job. The process of detector simulation is
LUCID-2 detector that records Cherenkov light produceddescribed in Sect.2
in the quartz windows of photomultipliers located close to The simulated energy deposits are then run throwdjbia
the beampipe. The Zero-Degree Calorimeter (ZDC), locatetisation step, in which the detector electronics are modelled,
about 140 m from the interaction point, measures neutral paresulting in RDO (Raw Data Object) output, which is con-
ticles. Itis used primarily during heavy ion data taking, bothceptually similar to the raw data collected from the detec-
in the trigger and offline event selection. The ATLAS For- tor. During this stage, pile-up is modelled by the addition of
ward Proton (AFP) detector, located 210 m from the interbackground events, using one of several technical options:
action point, is used primarily to study diffractive physicsthe overlay of many simulated events, a single pre-digitised
at low instantaneous luminosity. The Absolute Luminositycollection of simulated events, or a specially recorded data
For ATLAS (ALFA) forward proton spectrometer comprises event. The RDO output files also pass along the truth records
Roman pot detectors placed about 240 m from the interadrom the simulation and include further records of the corre-
tion point on both the sides of the detector. It is used botlspondence between true particles and detector signals, as well
for luminosity information and to measure the total proton—-as additional metadata. This digitisation process is detailed
proton scattering cross section. in Sect.4.3.

Events are selected by the first-level trigger system imple- The RDO file is then passed throughriagger simulation
mented in custom hardware, followed by selections made bgtage, where menu of triggers specific to the MC simulation
algorithms implemented in software in the high-level triggerprocess is simulated and decisions and key trigger object col-
(HLT) [18,36]. The hardware trigger accepts events from thdections are added to the output. Both the hardware and high-
40MHz bunch crossings at a rate below 100kHz, which théevel triggers are reproduced. This step may be performed
high-level trigger further reduces to record complete eventssing an older software release to appropriately simulate a
to disk at an average rate of about 3kHz. trigger that was run online some years ago and is no longer

The Run 3 detector configuration benefits from severatupported in the newest releases. The output of this step is
upgrades compared with that of Run 2 to maintain high deteaaritten to anRDO Trigger file, which is an RDO with trig-
tor performance at the higher pile-up levels of Run 3. Theger information and metadata added to the file. The trigger
improvements from the NSW provide higher redundancy ands described in significantly more detail in Ret§].

a large reduction in fake muon triggers. The trigger system The data coming from the detector, called RAW, are writ-
also benefits from new LAr digital electronics with signifi- ten in a custom bytestream form&{.[These data are most
cantlyincreased granularity. Other updates and further detaitsften processed directly. They can also be filtered to create

are provided in Ref.]. derived RAW (DRAW) datasets for processing with special
settings (e.g. lower momentum thresholds or modified recon-
2.3 Software workflow struction configurations for special analyses).

The software workflows for the MC simulation production
and the main stages of the data processing are depicted . _ - )
Fig. 1. The workflow for data involves other steps that are " (NS PaperHIT will refer to an energy deposition during detector

. . . oo simulation, which is written to a HITS file, whilait will refer to a posi-
discussed in Sec2.4. A detailed description of the data and tion measurement along a charged particle trajectory or other physical
MC simulation production chain is then given in Sett. detector measurement.
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Fig. 1 The standard software
workflow of the ATLAS [ Event Generation j
experiment. Processing steps are !
represented by blue ovals, with
output formats represented as EVNT
red boxes. The various steps and 7
data formats are described in the ] ]
text. The background entering [ Simulation j
digitisation may be additional 1
simulated HITS files,
pre-digitised RDO files, or HITS
specially processed RAW 7
detector data
( Digitisation j<— Background
v
RDO

l
[ Trigger j [ Tri:ger j
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!
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!
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From this point on, the workflows for data and MC simu- tion format might serve one or several analyses, or might be
lation are the same, with the next step beiecpnstruction.  used for calibration purposes. Derivations are discussed in
The detector signals are converted into physics objects (ele&ect.4.5.
tron candidates, muon candidates, and so on). The output is Depending on the number of events in the output files and
written to an AOD (Analysis Object Data) file; in special to provide large, uniform files better suited to large storage
cases, a larger ESD (Event Summary Data) file or other cusystems, aergestep is run after some processing steps. This
tom format might be written. The reconstruction process isnerging is typically optimised within the production system
described in Secd.4. to provide the desired number of events per output file.

The next stage after this main reconstruction step is the Generally speaking, these steps are all performed centrally
derivation production. This is primarily a data-reduction using WLCG resources, calléde Grid, and any subsequent
operation, but it also includes the reconstruction of some sesteps of an analysis are under the control of the individual
ondary physics objects for which only the inputs were reconanalyser or data analysis team. Teams might choose to create
structed and stored in the AOD. For example, jets are builturther-reduced data formats on the Grid, or to transfer their
during derivation-making from particle flow objects stored inderivations to a local processing centre for reduction and
the AOD; similarly, heavy flavour tagging is performed basedurther analysis. These later steps are described in &ect.
on these jets and tracks stored in the AOD (see 3etfor
more about these reconstruction steps and objects). The stgp, Data flow
also achieves data reduction by the calculation of variables
that consolidate or summarise several inputs. Many differenthe flow of data from the ATLAS detector for prompt recon-
derivations might be written out; these all share a commoRtryction, and the procedures employed to ensure these are
file format and are called DAODs, but they differ in event gata of sufficient quality for physics analysis, are described
selection and amount of information written for each physicsn the context of Run 2 in Ref.4B]. The ATLAS data
object. Derivations can also be made directly fromthe EVNTfjow in Run 3 is similar. Most data selected by the trigger
files if generator output is being analysed. A single derivagre promptly reconstructed at the ATLAS Tier-0 computing
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facility, before being distributed to the Grid for production ing, making use of the entire promptly processed data. Gen-

of derivations (as described in Sedt5) and further anal- erally, high precision data analyses operate exclusively on

ysis. Data reprocessing, which involves repeating the dateprocessed data, while some preliminary or lower-precision

reconstruction process completely (for reasons discussed @analyses might use data immediately after the first process-

Sect.5.4.2, normally takes place directly on the Grid rathering.

than at the Tier-0 site to take advantage of the larger pool of

available resources.

The data are organised instreams, each stream being a 3 Core software components

set of defined trigger selections and prescales (fractions of

events to accept for a given trigger) that contain all event3he ATLAS software framework supports data production

recorded to disk after satisfying the selections. and processing, MC generation and simulation, and down-
stream analysis of the ATLAS detector data. The codebase

is divided into approximately 2000 packages, within which

e Physicsstreams contain data that are potentially interest- . . . .
. . . groups place code with a common functionality or aim. These
ing for physics analysis;

e Calibration streams exist for particular calibration pur- packages are _gathered into several partl_ally-overlapplng Sub-
poses; sets calledProjects, which can be compiled together. The

. . . broadest selection form the basis for Athena, the general-
e the Express stream is a special stream that contains a

. : ) purpose offline software project. Other projects contain more
representative subset of the physics streams; L o
o Delaved streams are a special class of phvsics Streamllsmlted sets of packages and support specific use-cases such
Y P phy as Simulation, as discussed further in SécL.1 ATLAS

that contain data that may be processed at a later time :
i software has external software dependencies on roughly 200
(e.g. at the end of the year), rather than promptly;

e the Debug stream includes a small fraction (typically of high-energy physics, data science, and general Linux soft

order 10 7) of events that are flagged for further investi- " o' packages. In addition, the offline software depends on

gation, for example because the trigger processing faile pproximately 200 packages from th.e ATLAS online detec-
or timed out- and or software system (TDAQ common; see Séct..J).

. . . The Athena code, consisting of over 50,000 unique files,
e TLA (Trigger-Level Analysis) streams include events for. ' ; : .
. is mostly C++, configured usinBYTHON and built using
which only a small subset of the event data (e.g. only
S o . . ; CMAKE [44] (see Sect.1.]). The full breakdown of the code
the jets identified by the trigger) is preserved. This tech-base by lanauade from a snapshot in time of the repositor
nigue allows events to be written at a high rate without ylanguag P P y

ConsSUMIng sianificant resources (which is continuously evolving) is shown in Tahleg45].
gsig ' Most of the custom configuration code listed in the table is

for data quality monitoring. The XML files hold a mixture of

Before processing, all these data are stored in the RAWonfiguration information (e.g. for the trigger system), data
format. To provide a backup, each run’s RAW data are store€e.g. for the muon geometry), and configuration for dictio-
at the Tier-0 site and at one Tier-1 site. naries (class descriptions for I/O) ROOT [46,47].

The nominal flow of data from through the reconstruc- The core infrastructure of the software is presented in
tion chain is illustrated in Fig2. Before the relatively large Sect.3.1, and the configuration infrastructure is described in
physics streams are processedsaiibration loop (which  Sect.3.2 During execution, the software often needs access
typically lasts for 48 hours) begins. During this time theto conditions data (e.g. alignments and calibrations), which
express stream and several calibration streams are processgdiscussed in Sec3.3. The data processed by this software
at the Tier-0 site. The data from this rapid processing arenust be represented in a way that ensures common access
used to update calibration constants and detector conditiomsterfaces, internal consistency and long-term maintainabil-
in the conditions database (see Sé&cP.2 for items such ity. The ATLAS event data model was developed for this
as the alignment of the ATLAS ID system, the measuregurpose, and is presented in S&# To ensure an accurate
LHC beam spot position at ATLAS, and channel calibration,description of the ATLAS detector is available, a detector
electronic noise, data corruption or disabled modules withirdescription system was developed, as described in $é&ct.
detector sub-system components. These data are additionaMachine learning tools are increasingly being used at vari-
used for operational data quality monitoring, as discussedus stages of the data processing chain. A summary of those
in Sect.5.1 The processes applied in the calibration loopmost commonly in use within the ATLAS Collaboration is
are detailed in Ref43]. Once the calibration loop is com- given in Sect3.6.
pleted, this improved conditions information is then applied
in the prompt processing of the physics streams. Further con-
ditions updates can be made following the bulk data process-
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3rd update

Conditions

- d
Database 2nt update

Physics & other prompt streams
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Calibration Loop: Conditions, Bulk Data
Calibrations, Data Quality Processing
I I I WW > Time
~minutes ~48 hours ~1 week (As needed)

Fig. 2 Schematic diagram illustrating the nominal flow of ATLAS data from initial reconstruction of a subset of streams during the calibration
loop and the bulk processing of promptly reconstructed streams at the Tier-0 site, to future bulk reprocessing of data at Tier-1 Grid sites

Table 1 Number of files,

: . . Language Files Comment Code
comment lines, and code lines in
the Athena software repository, C++ 17.273 457.373 2 608.231
divided by programming ' ' T
language. This represents a PYTHON 9478 211,655 1,009,088
specific snapshot of the C/C++ Header 20,475 469,490 843,679
rep?,s'towv :Nh'ChI'S, Custom Configuration 307 0 368,828
confinuously evolving XML 954 12,800 204,169
Shell 1243 12,283 48,782
CMAKE / make 2070 11,021 35,751
Fortran 166 7674 24,024
Web (HTML, CSS, PHP) 44 289 7085
CUDA 28 648 5445
Other 171 3235 24,027
Total 52,191 1,186,288 5,178,472
3.1 Core software Algorithm except via the event store (exceptions are mostly

special-purpose algorithms that have not been fully migrated
Athena is based on the Gaudi projedg]. Gaudi itself is to multithreading). Services are objects used by multiple
developed jointly with LHCb and other experiments. Another components; examples include the event store itself,
Athena application consists of dynamically-loadabten-  error logging, and random number generation. Tools serve as
ponents, which implement the concepts of Algorithms, Ser- helpers for other components. They may be uniquely owned
vices, and Tools; see Fi§. Algorithms process data which by Algorithms, Services, or other Tools. All three compo-
reside in a shareglent store; they read objects (identified by nent types may declariéroperties to be initialized during
type and a string key) from the store and write new objectgob configuration in a uniform manner (see also S8@).
back to the store. Ideally, an Algorithm itself does not con- The framework may run in one of four modes:
tain any event data and does not communicate with any other
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Fig. 3 General structure of an -
Athena application. The dotted i Event

line indicates the application 19.- Store
control flow. The solid lines on < i
7 *1 Algorithm

the right indicate data flow; on
the left they indicate ownership.

A AD
Dashed lines indicate a Tool -
non-owning reference between : =
components H
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Tool [“— Tool = Algorithm = @

v

e A serial mode (Athena), in which one event is processeaf a dependency graph for Algorithms during the initializa-
at a time and the order in which Algorithms run is fixed tion of the application. In addition to this ‘data flow’ infor-
during job configuration; mation, ‘control flow’ rules may be used to explicitly state

e A multi-process mode (AthenaMP), in which severalthe sequence in which some collection of Algorithms must
worker jobs are forked after initialization is completed, run. This can be used to implement filtering, allowing event
and memory is shared among the workers as long as firocessing to stop early if some condition is not satisfied.
is not modified, significantly reducing the total memory The ‘Avalanche’ schedulebfl, 52] looks for Algorithms that
footprint of the job while achieving throughput very sim- have all their inputs available and control flow rules satis-
ilar to multiple serial jobs49; fied and queues them for execution, using the task facility of

e A multithreaded mode (AthenaMT), in which multiple the Intel Threading Building Blocks (TBBH] library. The
events may be processed concurrently and Algorithmscheduler is designed to have a low latency and to scale well
may be executed in parallel in separate threads. In thieo many threads.
latter mode, there is a separate instance of the event The data dependencies of Algorithms and Tools are
store ordot for each event that may be processed condeclared via their access mechanism to the da#h [To
currently. Parallelism may be bothtra-event, in which  read or write an object of typ& from the event store, an
Algorithms processing data from the same event run irAlgorithm declares a Property of one of the special types
parallel, andinter-event, in which Algorithms process SG : ReadHandl eKey<T>orSG : Wi t eHandl eKey
data from different events in parallel. This significantly <T>. The value of the Property is the name of the data object
reduces memory requirements beyond what is possiblie the event store. During execution of an Algorithm, these
with AthenaMP, while providing comparable throughput key objects may be combined with d&vent Cont ext
for computationally-intensive workloadS(]; or object (see below) to form smart pointers that are used to

e A hybrid multi-process/multithreaded mode, which isaccess the data objects. These declarations then form the
used in the HLT in particular to maximize throughput for input that the scheduler uses to build the data flow graph.
the memory capacity of the HLT farm configuratid8].  Tools may declare such dependencies as well as Algorithms;
The choice of the number of threads per worker procesthe Tool dependencies are then propagated up to the owning
is configurable. Algorithm.

To ease the adoption of multithreading, a given Algorithm

For context, over a recent six-month period, about 18%nstance by default cannot be scheduled simultaneously in
of the CPU on the Grid was consumed by serial (single/more than one thread. When an Algorithm is migrated to run
core) jobs, of which 40% was user jobs and 50% was everultithreaded, itis preferably declanesntrant. Inthat case,
generation. About 12% of CPU was consumed by multithe Algorithm instance may execute concurrently in multiple
process jobs, and the remaining 70% was consumed by mulfiireads; accordingly, most Algorithm execute methods are
threaded jobs. On the Grid during the same period, about 60%gclaredconst to reduce the likelihood of multithreading-
of job slots were 8-core, 13% were 64-core, 18% were singletelated issues. In a typical reconstruction job, only a few
core, and the remainder were of various other breadths; tHeercent of the roughly 1000 scheduled algorithms are not
number of cores per slot is largely determined by the sitéeentrant. Some of the Algorithms that cannot be made reen-
administrators. trant are declared atonable. In this case, multiple instances

Each Algorithm declares the set of data objects it read8f the Algorithm can be made, and distinct instances may
from and writes to the event store, allowing the construction
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be scheduled in multiple threads. Most Algorithms that argobs to navigate to upstream data or data augmentations on
declared clonable are related to detector simulation. demand® The software framework itself does not require
A specific eventamong the ones currently being processealerall event data organization in the transient store, but per-
is identified via an instance of tHevent Cont ext class. sistifies a lists of data objects managed [jed aHeader .
This contains the identifying numbers of the event (a ‘run’This software also controls the placement of data objects
and ‘event’ number), the number of the event slot used byn ROOT TTr ees andTBr anches and setting properties
this event, and a direct reference to the event store implesuch as compression, managed by the ATLAS I/O frame-
menting that slot. When the scheduler starts execution ofork.
an Algorithm, it passes to it thEvent Cont ext for the In multithreaded operation, some special considerations
event to be processed. Tiwent Cont ext is then used applytothe I/O component§§]. Unlike other Athena Algo-
to access the event store. While it is preferred to pass théthms and Services, which independently process data for a
Event Cont ext explicitly to functions that need it, the cur- single event, the I/O and storage infrastructure handles com-
rentEvent Cont ext is also stored in a thread-local global pressed buffers containing data for many events (10—1000)
variable to ease the integration of older code. at a time. This limits concurrency when reading and writ-
Once an object is recorded in the event store, it should nahg event data as locking is required to assure a particular
be modified; besides the possibility of data races, this can led¢O buffer is accessed by a single thread only, even as many
to circular dependencies in the data flow graph that the schedvents may be processed simultaneously. There is one Ser-
uler cannotresolve. However, itis common to need to remakeice for reading event data, one for reading conditions data
an object already existing in an input file from other data in(see Sect3.3), and one for writing event data. When writ-
the file (e.g. if a bug is discovered in a reconstructed physiceg multiple streams/files, separate output services are used
object that can be re-computed using other information irto gain concurrency. In addition, the column-wise storage of
the input file). To allow for this, any objects in the input file ATLAS data inROOT [46] (see Sect3.4) allows separate
with names that match any declar@dli t eHandl eKeys branches to be processed by separate input services concur-
will be ignored, rather than read. One may also need to makently. All these services are each individually serialized but
a revision to an object existing in an input file, for examplemay run concurrently with each other.
to correct a problem from an earlier version of the software. As a result, I/O is not a bottleneck for most applications;
To support this, objects being read may be renamed. Fdypically I/O is below 5% of the total job time including
example, an object calledtl ect r ons’ may be renamed compression and decompression. Read-ahead and caching
to ‘El ect rons_i n’ oninput. An Algorithm can then read of event data is provided by tHROOT TTr eeCache. To
‘El ectrons_i n’, make a copy while applying a correc- prevent I/O thrashing when multiple events are being pro-
tion and save the copy akl‘'ect r ons’. Later algorithms  cessed simultaneously, the maximum virtidl ee size is
that use El ect r ons’ will then retrieve the correct version increased to hold trailing I/O buffers. Additional parallelism
without having to be modified. on writing is gained by using the implicit multithreading
Besides eventdata, reconstruction Algorithms may dependode of ROOT.
onconditionsdata p9], like calibrations, alignment, ormaps  Gaudi supportincidents, a form of structured callback; a
of problematic detector readout channels. These data oftaomponent can at any time raise an incident of some type.
require some special handling, as described in Segt. These incidents are handled by the Gaudi IncidentSvc that
Persistency of data objects within the ATLAS offline soft- in turn makes callbacks to components that have registered
ware [b6] usesROOT I/O and was built on top of the LCG theirinterest in that particular type of incident. Incident types
POOL [57] framework.POOL provided high performance include starting and ending events, files, and runs. Incidents
and highly scalable object serialization to self-describingare problematic for multithreading because they could in
schema-evolvable, random-access files. However, the inteprinciple be asynchronous relative to event processing, and
tion of serving multiple experiments and use-cases with difdo not respect event boundaries. However, as used in Athena,
ferent software stacks caused the project to grow and be leatmostallincidents are raised by the eventloop due to discrete
efficientthan desired. After the other experiments abandonestate changes. Therefore, rather than having the IncidentSvc
POOL, the software was streamlined and incorporated intmake callbacks directly, they are instead made from special
the ATLAS repository. This software layer enables ATLAS Algorithms that run at the beginning and end of event pro-
I/O to support persistent navigation, by providing tokens thatessing. Incidents are now only sent to Services, not Algo-
contain the storage address of data objects. Given a token fathms; these Services may retain data separately for each
a particular data object, the infrastructure is able to directly
access that object, read it and restore its state in the transient
store. This mechanism works independent of file boundaries | practice, the complexities of navigation to another file that might
and even storage technologies, in principle allowing ATLASbe at a different site have limited the application of this ability.
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active event context. Algorithms may observe the effects o&long with a single writer, which can be serialized with a

incidents by calling the Services that handle them. lock. This is usually much simpler than the general lock-
Random number generation can be problematic in a multiless case while still providing good performance for read-

threaded environment. Requiring locking or access to threadnostly workloads. ATLAS uses several data structures devel-

local storage for every random number call can add a comped using these principle&(] to improve the scalability of

siderable performance overhead, but the generator state musire components of the framework. These include a variable-

somehow be protected against concurrent access. Further,lémgth bitmap, a hash table, and a specialized container that

have reproducible results, the sequence of random numbemsaps from intervals of validity to conditions data objects (see

must be independent of the order in which events are prasect.3.3), as well as helpers to manage lazy initialization of

cessed or in which Algorithms are scheduled. In Athena, difmutable class members without requiring locking.

ferent streams of random numbers, with separate seeds and

generators, are distinguished by the name of the Algorithng 1.1 Updates for multithreading

that uses them. For each type, Athena maintains an array of

generator states, one for each event slot. Because no Algghe adoption of a fully multithreaded framework, deployed

rithm can be executing on the same event slot in more thafyr Run 3, required numerous changes to the code base. For
one thread, the generator state retrieved from this array catkample:

be used without further synchronization. Forimproved repro-

ducibility, the generator states are reseeded for each event, " _
based on the event and run numbers. e Event and conditions data have to be accessed via han-

In addition to the offline reconstruction, the online soft- dles; non-thread-safe data caching and back-channels for

ware running inthe ATLAS HLT uses the same multithreaded commgmcaﬂon had o be removed. .
framework B9]. However, a key additional requirement for ® Condltlons Alggrlthms mu§t be “S?d rather than caching
the HLT is the ability to limit reconstruction to within a set derived conditions data in Algorithms or Tools (see
of geometriaegions of interest (Rol) in the detector. This is Sect.3.3). . ) o
implemented via aBventView. It provides the same interface  * Algorithms that modified d_ata objects existing in the
as the event store, but provides only a subset of the detector event store had to be redesigned. .
data, corresponding to the Rol. In this way, Algorithms that ® Thread-unfriendly constructs_, Su?h as st Stat'(.:
access event data can be transparently restricted to the sub- data_and:onst -correct.ntlasswolanons, hadtobe avoided.
set of event data provided by an EventView. EventViews are® S€Tvices must be explicitly thread-safe.

created by specialized Algorithms that fill them with region- ® Reentrant algorithms must avoid the use of mutable
specific data and request the scheduler to execute a sequence'nSt"’mCe data: o

of Algorithms in the context of each EventView. At the com- ® Qses of Gaudi incidents needed to be adapted to the mul-
pletion of processing, the results from all EventViews are tithreaded scheme.

merged and saved to the primary event data store. In addition? Norm_al (private’) Ga'“'d'_ Tools are owned by another
Algorithm, Tool, or Service. However, Gaudi also sup-

the raw detector data are managed by a special thread-safe oublic tools th inal Asth |
container such that data for different regions of the detec- ports ‘pu e toolst qt actgs sing etpns. s these mostly
overlap with the functionality of Services, almost all pub-

tor can be simultaneously unpacked in different threads as is lic Tools in Ath h 4t eith vate Tool
required by the trigger Algorithms. :; Sc;(r)v?clgs thena were changed to either private Tools

Although Algorithms execute independently of each other
based on their data dependencies and thus can usually pro-
ceed without explicit synchronization, some special data To assistin finding thread-unfriendly code, ATLAS uses a
structures used by the framework and event data model castatic code checke6[l], implemented as a GC®Gg] plugin.
be shared between threads and thus require some form A GCC is the primary compiler used by ATLAS, the plugin
synchronization. This can be done using locks, but this magan be enabled for both the central software builds as well as
result in bottlenecks when many threads are used; lockinfpr individual developers. The plugin can check for problems
may also involve significant overheads even in the absencuch asthe use of n@mnst static datagonst -correctness
of contention. In some cases, there kekless methods for  violations (including the use of mutable members), casting
doing synchronization without explicit locking, but these canawayconst , returning noneonst pointer members from
be quite complicated and involve their own significant over-aconst member function, and calling naenst methods
heads. However, many of the structures of interest in theia a pointer member from@nst member function. Diag-
framework areread-mostly; that is, reads are frequent and nostic messages about such violations may be suppressed on
are important for performance, while modifications are infre-a case-by-case basis by the use of macros that expand to cus-
guent. In this case, one can allow multiple lockless readerom C++ attributes. Code authors can tag specific packages
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or source files to be checked; in addition, a configuration fillAccunul at or objects. The Configuration Flags describe
may also be used to request checking of all files in a particglobal properties, like whether the input is simulated data
ular source subtree. The checker also enforces several othar detector data, or if cosmics or collisions are to be pro-
ATLAS coding rules, such as naming conventions (see alsoessed. Generally, flags are used to ensure the configuration
Sect.6.1.9. of individual components is done consistently for a particular
As failures in multithreaded programs can be rare and arsituation. This approach allows the saR¥rHoN program
often not consistently reproducible, it is essential to haveg'RecoSteering’) to process inputs from proton—proton or
good diagnostics in case of application crash&}.[On a  heavy-ion collisions, simulation, cosmic rays, and so forth.
crash, the currently-executing Algorithm(s) for each slot are The flags have auto-configuration capabilities: they can set
printed, andROOT is used to generate a stack backtrace fothemselves automatically based on information found in the
each thread. This procedure can, however, fail if the promnputfile. For this purpose, the (first) input file is opened and
gram state is corrupt. Therefore, the handler for fatal signalsispected at the configuration stage. For data reconstruction
first executes a ‘fast’ stack trace in the thread in which thgobs, the run number and time stamp of the first event are used
error was detected. This starts by dumping the contents of thte query the conditions database to determine the appropriate
machine registers, which is often invaluable in understandindata-taking conditions and configure the reconstruction job
the details of the crash. This is followed by a stack backtracaccordingly.
thatis carefully written to avoid any dynamic memory alloca- For each piece of a job (e.g. calorimeter clustering in
tion. Addresses in this backtrace are written both in absoluteeconstruction), there isRyTHON function taking configura-
form and as an offset in the containing shared library, allowtion flags and producing @nponent Accumnul at or.
ing for easy location of the code in a disassembly of the shared/ith minimal additions, these small units are standalone-
library. For builds with gcc on x86_64 Linux systems, the sys+unnable as long as their inputs (in the case of calorimeter
tem stack unwinder is also modified to allow it in many caselustering, the calorimeter cells) are in the input file. This
to proceed past corrupt stack frames (as could be causedksign allows unit-testing of individual components or rela-
for example, by calling a virtual function on a deleted C++tively small sets of components.
object). A preallocated alternate stack is also declared for the The Conponent Accunul at or objects created by
signal handler. These measures ensure that a usable backtréoeconfiguration functions can be merged together to assem-
can be produced most of the time, even in the event of hedgle more complex jobs. In this merging process, duplicate
or stack corruption. Techniques used for diagnosing some afomponents are reconciled into one instance, with an error
the more difficult threading-related failures included modify-reported if they are configured inconsistently. The process
ing the memory allocatorr¢MALLOC [64]) to include extra is recursive, so that each component can call functions to
checking and a custoMALGRIND [65] checker to watch for add any of its dependencies, add the component being con-
particular memory access patterns associated with a cradigured, merge them all together, and return the complete
(e.g. identifying all cases where a specific value was writterConponent Accumnul at or object. This process allows

to memory, irrespective of the addre§§)]). the configuration of the full job (e.g. reconstruction or simula-
tion) to be built in a modular way. TH&THON program pro-
3.2 Athena configuration ducing the configuration of the full reconstruction calls func-

tions configuring subsets (for example jet-finding), passing
A typical reconstruction job consists of hundreds of Algo-the configuration flags as a function parameter and merges
rithms, Services, and Tools, all of which must be properly andhe resultingConmponent  Accurul at or objects.
consistently configured in order for the job to run. As there Once the final configuration is built, it can be used directly
can be complex dependencies between the various compim-create the C++ components for the job and run the appli-

nents, this is done usiryTHON 3. cation. Alternatively, it can be saved td®aTHON pickle file
For each component to be configured, a correspondinfpr later use.
PYTHON object is created (&Conf i gur abl e’) containing ThisConponent Accunul at or -based approach was

the values of the Properties for that component. FieHON  developed during LS2 and put into production for the 2023
Conf i gur abl e classes are automatically generated durdata-taking year. The configuration system used up to 2022
ing the software build based on the components and thewas alsoPyTHON-based but was not as modular, leading
Properties declared in the C++ code. Sets of components difficulties in maintenance, extension, simplification, and
representing a consistent configuration are collected in adebugging. The old system relied on fragment®wiHON
object called &onponent Accunul at or [66]. code, calledob options, which could be stitched together to
PYTHON functions set Properties of components anddrive the configuration of an Athena job. This type of con-
arrange their dependencies as needed. These functiofiguration persists in event generation (see Skd}, where
take Configuration Flags as input and retur@onponent hundreds of thousands of individual generator configurations
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are defined in sho®YTHON shippets that are executed as aare kept in a separate transieanditions store analogous
part of the configuration of a job. Many of these snippetgo the event store; however, objects recorded in this store are
are programmatically generated. Each snippet correspondsntainers (i.eConditionsContainers) that can hold multiple
to a separate physics process; these are described furthersions of a conditions object of the same type. Elements
in Sect.4.1 The migration of the myriad configurations of in each Conditions Container are indexed by their loV. loVs
event generators to use tenponent Accunul at or within a single Conditions Container are non-overlapping,
is ongoing. and hence one can uniquely identify an object within the
For standard workflows like detector simulation or recon-container by providing an input time or (luminosity block,
struction, rather than writing aConponent Accum  run number) pair.
ul at or -basedPYTHON script for each jobJob Transforms Condition Objects are inserted into Condition Contain-
are used to provide a convenient command-line configuraers by Conditions Algorithms, which are a specialised set
tion. The input type and output type must be specified on thef Athena Algorithms that operate on conditions data. All
command line, and almost all other settings are optional. ThREOOL folders needed for a given Athena job are registered
job transform then determines what software steps are to ks the configuration stage with a special Conditions Algo-
run based on a graph from input to output file type and conrithm calledCondl nput Loader . This algorithm is exe-
figures the job by passing command-line parameters to theuted at the start of processing an event. It loops over all
appropriaté&Conponent Accunul at or functions.Inthe COOL folders registered to it and for each of them checks
production system (see Sett3), alljobs are runviathese job that the corresponding Condition Container has a conditions
transforms, so that only the command-line settings need to kebject that is valid for the given event. If this is not the case
stored to fully reproduce the configuration of the job. Thesdor some containers, then new raw conditions objects are
production configurations are stored in the AMI metadataetrieved from thé OvDbSvc (which means either fetching
system (see Sed.3). The job transform also includes some new data from the Conditions Database or retrieving it from
convenience features, including running a monitoring prothel OvDbFol der cache) and inserted into the container.
gram that records memory and I/O usage of the job, runningfter that, the framework schedules the execution of those
input and output file validation, automatic log file parsing Conditions Algorithms that are responsible for creating the
(e.g. to search for indications of errors), and producing a jolderived conditions objects that depend on the newly con-
summary report that can be easily parsed in the productiostructed raw objects, using the same data flow mechanism as

system. in regular Algorithms.
Algorithms, both regular and conditions, and the Tools
3.3 Conditions data handling they use access objects in the conditions store in a sim-

ilar manner to that for event data. A Property of the

Conditions data are valid over some range of events or time&G. : ReadCondHand| eKey<T> declares a dependency
called aninterval of Validity (IoV). Conditions data are on the conditions object, and may be used to initialize a
presented to Athena algorithms in the form@dnditions  smart pointer that can use the event identification infor-
Objects. In Athena, two types of Conditions Objects are dis-mation in the Event Cont ext to look up the proper
tinguished:Raw and Derived. Raw objects are constructed version of the Conditions Object in the store. Similarly,
using the data retrieved from the ATLAS COOB767] SG : Wit eCondHandl eKey<T> is used to record new
Conditions Database by a specialized Athena service calleabjects in the conditions store that are created by a Con-
| OVDbSvc. Each of these objects corresponds to one COOlditions Algorithm. This provides the framework with the
Folder in the Conditions Database. Often it is necessary t@ependency information needed to ensure that Conditions
apply some transformations to conditions data. The objectalgorithms execute before any downstream Algorithms that
that are created by such transformations are called Derivegquire the data that they produce.
Conditions Objects. Derived objects are constructed by tak- Since Conditions Algorithms can only insertnew elements
ing one or several other conditions objects — either raw omnto Conditions Containers, the size of the conditions store
derived — as input. Athena supports conditions objects ofrows as the job progresses, and this may result in a sig-
arbitrary type, although in most cases conditions objects aneificant increase in the job’s memory footprint over time.
represented as a collection of key-value pairs where the key$owever, not all container elements are required at any one
are strings and the values are simple C++ types or vectors time, only the ones that are valid for the events that are cur-
them. rently being processed. To optimise the memory usage by the

Since the multithreaded framework may be concurrentlyconditions store, a garbage collection mechanism removes
processing multiple events, it must be able to manage havingpjects from conditions containers when they are no longer
potentially several versions of a conditions object active aheeded $5]. This mechanism takes into consideration the
any one time. To satisfy this requirement, conditions datdact that events are not necessarily guaranteed to be processed
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in the same order that they were taken, and tries to avoid the elements of ®at aVect or . These data are stored as con-
need for multiple instantiation of the same conditions object tiguous blocks of memory (resulting in improved locality
during the job. of reference) and are accessed via an abstract interface
of a separatauxiliary store object.
3.4 Event data model
The design of the auxiliary data is summarised in Big.
The structure of ATLAS data is defined at various stage#\ Dat aVect or object contains pointers to its elements,
along the processing chain, which is discussed in detail ieach of which contains a pointer back to the container and
Sect.4. The scale of the ATLAS experiment, the collabo- its index within the container. Aat aVect or also has
ration, and the data it collects and produces, is such that pointer to an object implementing the abstract interface
common data objects and interfaces are crucial to ensuteAux St or e. This auxiliary store object manages the vari-
maintainability and internal consistency. The ATLAS EDM ables, which are internally identified by small integers and
is a collection of interfaces, classes and types that combinghich must be stored in a contiguous block of memory (such
to provide a representation of an ATLAS event. It provides aasast d: : vect or ). When an auxiliary variable is accessed
commonality across detector sub-systems, allowing commoior a given element of the container, tizat aVect or
tools to be factored out and shared. It also permits the use oétrieves the vector for that variable from the store, saving it
common software between online and offline data processinig a cache indexed by the variable’s identifier. The element’s
environments. index is then used to find the proper entry in the variable
The object stores used by Athena, such as the event stovector.
and the conditions store, are implemented by instances of For objects that are intended to form the input to analysis,
the ServiceSt or eGat eSvc, which provides a type-safe almost all the object data are stored as auxiliary data rather
mapping of string-based identifiers to arbitrary C++ objectsthan as class members. These are sometimes referred to as
For event data, containers of objects are usually representedalysis data objects, or xAOD objects. Other object types,
by the typeDat aVect or <T> [68], which is much like which usually representintermediate or more detailed results
st d: : vect or <T* >, but with several additions: of the reconstruction, generally do not use auxiliary data.
For a given xAOD object type, for example
Optional ownership A Dat aVect or may own the ele- XxAQD: : El ect r on, the typeDat aVect or < xACD
ments to which it points, which are then deleted whern : El ect r on> is aliased tocAQOD: : El ect r on
they are erased from the vector. An optional argument t@€ont ai ner . An additional clasg AQD: :
theDat aVect or constructor is used to control whether El ect r onAuxCont ai ner  then implements the
or not a givenDat aVect or owns its elements. A | AuxSt ore interface and contains the ‘static’ data
Dat aVect or that does not own its elements is some-always associated with anACD: : El ect r on. Its mem-
times called aiiew vector, as it may be used to create a bers arest d: : vect or instances, one for each variable.
‘view’ of elements from othebPat aVect or instances. An AuxCont ai ner class can forward requests for vari-
Container covarianceln these declarations, ables that it does not contain to anothleAuxSt or e
instance. In this case, this is usually an object of type
| AuxSt or el nt er nal , which manages a dynamic map
of variables. Thus, an XAOD object has a certain set of vari-
ables that it should always contain, but additional variables,

1 |class FourVector {};
> |class Particle : public

: Four Vector {}; calleddecorations, may be added dynamically. This design
N DATAVECT(R_BASE is shown in Fig5. Like the objects themselves, the scheduler
5 (Particle, FourVector);

knows about decorations read and written by Algorithms

and can take that into account in scheduling decisions. The
the use of theDATAVECTOR_BASE macro causes auxiliary store object is saved separately in the event store:
the classDat aVect or <Parti cl e> to derive from  for an object nameél ect r ons, the auxiliary store object
Dat aVect or <Four Vect or >. This makes it possi- s namedEl ect r onsAux. The four-momenta are stored
ble to write, for example, a generic algorithm oper-in the objects, while information about identification and
ating on a container offour Vect or objects. The classification is included in the auxiliary store. This design
event store is also aware of this, so that objects of typallows flexibility in the data that is provided to analyses,
Dat aVect or <Par ti cl e> may be retrieved as type |etting users select exactly those variables they require,
Dat aVect or <Four Vect or >. thereby reducing disk space and confusion at the cost of

Auxiliary data Named data of arbitrary type can be attachedsome modest CPU overhead. The software workflow steps
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DataVector<Foo>

AuxEIementO/ \ |AUXStOI"e
Foo /

vector<int> vector<float>
"anint" "aFloat"

AuxElement 1

Foo /

dENRENK | cache

Fig. 4 A Dat aVect or <Foo> contains pointers to individudéoo each available variable, hewil nt *and ‘aFl oat '. These are usually
objects, which derive fromduxEl ement . EachFoo object contains  managed usingt d: : vect or but this is not required by the design.

a pointer back to th®at aVect or and its index within the vector. For efficiency, theDat aVect or maintains a cache array of pointers
The auxiliary data are stored in a separate object that derives froro the start of the block for each variable; this array is indexed by the
| AuxSt or e; the Dat aVect or has a pointer to this auxiliary store integer identifiers for the variables

object. The auxiliary store contains contiguous blocks of memory for

preceding the analysis stage are much more standard andTo represent references between objects in the event
programmatic, and this flexibility is not normally needed. store, special link classes are usBdt aLi nk<Cbj > rep-

A key feature of this design is that the data in the auxil-resents a link to an object of tygeébj in the event store
iary store is accessed via an abstract interface. This featufe.g. a charged particle track might link to its component
allows using different implementations of the auxiliary storehits). The object is identified by an integer hash of the
without having to make changes to that aVect or class. object name and type; this integer is what is written when
For example: a Dat aLi nk is saved. The mapping between hashes and

(name, type) pairs is saved in the file metadata. Similarly,

El enent Li nk< Dat aVect or <T> > represents a refer-

o Rather th_an having separate static and dynamic s_tores, HMcetoa particular element inCat aVect or . It consists
XAO.D object can transpare_ntly u_se_only a dynamic SIOr€4¢ 2 hash as fobat aLi nk identifying the container, along
making all variables dynamic. This is useful when xAOD with the index of the desired element in the vector.

data are used as the input for analysis. When a container is being written to persistent storage,

* Dataobject.? produceddurllng data-.taklr;]g b,y the HI_‘-I_I,Ca is possible to select specific elements to be written. This
use an auxiliary store implementation that is specialised ... ic callethinning’ (see also Sect.5.1). For each

I/(\)/rhstorage T RAV\lg d'ata ﬂle;. their d . iabl container that is to be thinned, there should be an Algorithm
¢ en objects are being read, their dynamic varlables arg, o+ \yrites to the event store a special object containing a bit

managed by an_auxmary store |mp_le_rn_entat|on thatde_fer%ap of the entries in the container that should be written. The
the actual reading of the data until it is used for the fIrStname of this object encodes both the name of the container
tm1_e. . . . to be written and the output file to which it is to be written.

¢ Th'?’ mechanlsm Is also used to lmplemmallow- When a container is written, the I/O code will test for the
COPIES, which allow data to be shared betwegn mUItIplepresence of this thinning object and implement thinning if
objects. A shallow copy of @at aVect o.r. will pro- it exists. The transient version of the container in the event
duce a nevbat avect or that has an auxiliary store of store is not itself modified by thinning. It is also possible to

typeSha;I Itr? WAL.IX'OOII’I t tal ne\; ’\_NT)'ICh r:;}altntalns a'trtef- write only a select subset of decorations, which is a process
erence to the original store. Variables that are written of -\ - asslimming.

modified are managedby tBeal | owAuxCont ai ner The 1/0 process works differently for xAOD and non-

using a copy-on-write mechanism, while attempts to reaq(AOD objects. For anon-xAOD transient object of tyfig ,

variables not in th&hal | owAuxCont ai ner are for- . . . .
there is a correspondirmgrsistent class of typedb 1.In
warded to the original store. This is useful for cases where P ypELI_p

one wants to make a copy of an object and change a feiiWhile thinning can in principle be applied to any container, in prac-

variables, allowing storage to be shared for the unchangege it has to date only been needed for and applieBatpaVect or
variables. containers.
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DataVector<Electron> |AuxStore |IAuxStore

ElectronAuxContainer AuxStorelnternal
Ilptll Iletall

/
I I "extra"

@ TBranches : ElesAuxDyn
es extra

Fig. 5 lllustration of static and dynamic stores used for xAOD objects.ing ROOT TBr anch into which theEl ect r onAuxCont ai ner

In this figure, an object representing a container of electrons of typebject is saved. The static auxiliary store can also own a reference to
Dat aVect or <El ect r on>is stored inthe event data store with name a dynamic auxiliary store, here of tygeix St or el nt er nal , also

‘El es’, which is also the name used for tlROOT TBr anch when deriving from | AuxSt or e. The dynamic store holds vectors repre-
these objects are saved R®OOT. This container references a static senting additional variables that are attached to the container. In this
auxiliary store object of typ&l ect r onAuxCont ai ner (deriving example, there is an additional variable (a decoration) namedr'a’.

from the abstract interfadeAux St or e). This object has membeps , When written taROOT, this appears as an additiod@r anch named

et a, and soforththatare usually d: : vect or instances holdingthe ‘El esAuxDyn. extr a’. Solid lines with open arrows indicate inheri-
actual data. This static auxiliary store is also saved in the event data stot@nce relationships. Solid lines show references between objects. Dotted
with name El esAux. ', which is again the name of the correspond- lines indicate the mapping between names and objects in the event store

the case that the contents of the class change beyond what aanst recent one aliased a80D: : Cbj AuxCont ai ner .

be handled byROOT’s automatic schema evolution, addi- This objectis saved separately to R@OT eventTTr ee as
tional version©bj _p2,Cbj _p3,and soonmay be defined. a single object. Dynamic variables are then saved to separate
Classes that rely on polymorphism use a more complicateROOT TBr anch objects, one branch per object. Although
scheme. When an object is to be written, a specialised cothere is ho separate persistent form for xAOD objects, copies
verter class copies datafromt@ej instancetoth@oj _pN  are still made of the objects before giving thenRIOOT to
instance (where N is the latest version). During this copybe written. This design allows the implementation of thin-
thinning requests are applied. @j is a container that is ning, as well as transformations such as making all variables
being thinned, the requested elements are omitted, @i if  dynamic. On input, if an older version of the auxiliary store
containsEl enent Li nks to a container being thinned, then object is found in the input file, a converter class is used to
the indices of those links are adjusted to preserve the retonvert the data to an instance of the current version of the
erences. The resulting persistent object is then written asstore.

branchin ROOT TTr ee representing the event data. When

an obj_ect is reagl, the version of the persistent class preseflty ~otactor description

in the input file is used to select the proper converter class

to copy data back from the persistent object to the transienlthe ATLAS detector is described in Se2t2. The software
object. This approach aIIovys _any _verS|on of Athena to re"’“?jescription of the detector underlies much of ATLAS soft-
many old data formats, while it writes only the Iatest.. ware and the workflows that depend on it. In simulation,

. Fo.r XAOD ob.Je.cts, theDat avect or <xAQD: : OOJ, > anaccurate description is required to model the interactions
|t§elf is saved asif it werest d:,: vector <XACD: - DI > peteen particles and detector components, both active (i.e.
with a cu§tomROOT collection proxy. Since for most instrumented for readout) and inactive. In both the simula-
XA_‘OD objects the elem_ents _themselves do not €OM%ion and reconstruction, the detector description is used to
tain any data, th'_s effectively just regords the length Ofy o ngjate detector hits into various relevant coordinate Sys-
fche vector. As dlscug_sed above, quect data are StOretgms. Since this translation depends upon the time-dependent
m the separate_ auxiliary store objects. These e_lre Veﬁlignmentofdetectorelements,such as silicon sensors, muon
spned: for an object of t.ypBat a\_/ect or <xACD: : Cbj > chambers and the like, the software description of the detec-
.(z_ahased t0 xAQD: - Cbj Cont al ner) therg aré aux- yor needs to follow conditions data, in addition to static data
lliary storg cIassesxACD: + Gbj AuxCont ai ner._vl, describing the default position of such elements. The imple-
XAQD: : Qbj AuxCont ai ner _v2, and so on, with the o piation of the detector description for Runs 1-3 is pre-
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sented in SecB8.5.1, and new tools developed to support theprocessing of multiple events that may have different align-

detector description in Run 4 are presented in Sebt2 ments.
Primary numbers for the description of the ATLAS
3.5.1 Detector descriptionin Runs 1, 2, and 3 detector are stored as tabular data in a relational database

(ORACLE®). This database consists of more than 1000
For about two decades the software description of the ATLASlatabase tables to describe all geometric layouts used over
detector has relied on the GeoModel class libr&§].[In  thelifetime of the experiment, including both tables of geom-
brief, this library uses a scene-graph approach, building §try information populated by experts using a variety of tools
hierarchical tree representing the geometry that permits @nd scripts and tables used for versioning of the geometries.
compact in-memory description of the detector geometry® Small fraction of these tables are typically updated when a
Users construct a directed acyclic graph consisting of: new layout is constructed. Specific ranges in the data tables
are assigned alphanumeric tags and the tags are finally col-
] ) ] lected into one overall tag for the whole detector config-
Physical Volumes (volumes with a size and shape),  ration. These tags may be developed, locked and placed
Tran;formanons (translations and rotations to place the, production, and eventually obsoleted by indicating the
physical volumes), . _ last Athena release that supports tHeffhe contents of the
Name tags (which assign character strings to physicgaanase can be easily consulted through a dedicated web-

volumes), and o _ based browser, and is replicated in a lightweight SQIAG |
Identifier tags (which associate integers to physical voly;e with a size of around 75 MB.

umes),

The same database holds tables corresponding to mate-
rials for all of the detector elements. A precise elemental
and special graph nodes that are built to allow repeate¢omposition of some elements is quite important for the sim-
systematic placement of multiple volumes following a set ofulation of radiation in the detector. For example, including
rules: layers of boronated polyethylene is critical to understanding
low-energy neutron flux. The understanding of the detector
. _ s sufficiently precise that even element densities are impor-
e Serial Transformers (to programmatically translate an(i For exambple. the evaporative cooling svstem in the inner
rotate a series of volumes), dant. pie, the evap gsy .
. . . etector produces visibly different numbers of hadronic inter-
o Serial Denominators (to programmatically name VOI'actions in different detector regions, owing to the transition
umgs), and_ , . . . from denser liquid-coolant to less-dense gas. In some cases,
o Serial IQentlflers (to programmatically identify volumes, the material of the detector changes over the course of data
€.g. by index number). taking; thisis the case for the gas in some modules of the TRT.
Which modules contain which gas is therefore encoded in the
The GeoModel class library relies on polymorphism forconditions database.
flexibility and extensibility: other geometrical objects or The detector geometry system must not only provide
properties thereof can be added according to need. a best-knowledge geometry for each year of data taking,
Serial Transformers allow the embedding of almost-but must also support several alternative configurations and
arbitrary recipes for generating transformations to be encodegeometries that are important to the collaboration. For exam-
within the tree. Serial Denominators and Serial Identifierple, to support cosmic-ray data taking and MC simulation,
specify policies for naming and identifying physical vol- layouts of the detector that include the concrete cavern, steel
umes. Ful | Physi cal Vol unes are specializations of gangways and other infrastructure around the detector, and
Physical Volumes used for active detector elements; thegven the bedrock above the detector are supported. Several
cache the position of the detector element in the world cooref the forward detector systems can be described using Geo-
dinate system, after computing it from the sequence of casviodel, but they are not normally included when building
cading local transformations. Alignable Transformations are layout of the detector for simulation, for example. During
specializations of Transformations that can be adjusted arommissioning of the detector, some detector elements might
tweaked according to evolving alignment conditions. be significantly displaced from their nominal positions (e.g.
During its first two decades of use, very few modificationsthe calorimeter endcap might be displaced to allow access to
to the GeoModel were required. The most intricate changiéhe inner detector). These layouts have also been simulated
was the adaptation of the Alignable Transforms to the mul-
,tlthr?admg environment of toda){’s offline software, V\_/hICh chsoletion mechanism allows the removal of obsolete code and
implies that detector elements simultaneously cawhki- 5 clear sign of what detector layouts and geometries must be supported
ple global-to-local transformations, to enable the concurrenby all systems.
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to provide early understanding of cosmic-ray data for detecrance of the ATLAS detector model on the one hand, and its
tor groups. Elements of the ATLAS detector have also beeincorporation into offline workflows on the other. The ‘Geo-
placed in many different test beams, some of which are supgviodel Toolkit’ [71] constitutes an integrated development
ported by the standard detector description system. Thesmvironment for detector modelling. It consists of:

have proven useful to th6eaNT4 Collaboration 88-40]

towards the understanding of the tuning of physics models,s The same GeoModel class library as used today in
and have therefore been exported in XML format for their ~ AT|AS:

use outside of ATLAS. e Mechanisms to save and restore detector geometries to
This detector description provides the reference geometry  gata files:

for the detector. However, for several applications it must be 4 A mechanism for dynamically loading plugins that build
translated into a different format. For the detector simulation  geometry;

(see Sectl.?), the geometryisloadedin@EANT4 duringthe o GMEX, the ‘geometry explorer’ for fast visual debugging
job initialization. This also means that the alignment of the  of geometry;

detector during a simulation job does notchange. For charged, gmcar, atool for assembling geometry files from plugins

particle tracking (see Sect.4.2 and fast track simulation or file input;

(see Sect4.2.9, a simplifiedtracking geometry is created o GmsTaTISTICS, for performance benchmarking;

that maps the geometry into Slmpllfled concentric Cylindrical e GMCLASH, GEANT4-based detection of geometry over-

shells for much faster navigation and transportation. laps (clashes) which cause unpredictable behaviour dur-
Because of its importance to the work of the experi-  jng simulation;

ment, constant efforts are underway to improve the geometry, GymGEANTINO, @ command line tool for generation of
description of the detector. Some of these, like efforts around  Geantind maps;

radiation simulation (see Re®]), require better understand- ¢ Tools for gdml-to-geomodel conversion (and vice versa);
ing of materials and details like the heavy metals inside on- gnd

detector electronics. In other cases, this includes going baclky ryrLsimMLIGHT, a lightweight GEANT4-based simulator
to design drawings, discussing with engineers, or examining  andrsL, its graphical user interface.

pictures taken during installation to build CAD representa-

tions of the detector that can then be compared with the exist- The introduction of these tools is the result of lessons

ing geometry, 'or'to simply idgnti'fy miss"‘g material i.n.the learned in Runs 1, 2 and 3, as well as the availability of newer
detector description and add it directly. This is both d'ﬁ'CUIttechnologies. The main implication for the detector descrip-

and importgnt insome r_egions ofthe d_etector like cable UaYSion workflow is that the geometry description can be imple-
where re_allty of_tgn deviates from design. ... mented in alightweight, portable, and modular environment,
One flna!, c_rmcal eleme_nt qf the d_etec'For descrlpt_lc_)n IStaking primary numbers from XML files in a git-managed
the magnetic field map. A link is p.rowded in .the Cond't'onsdatabase, following which an SQLite file is created and fed
database to select the external field map file to be Ioade[g) ATLAS simulation, reconstruction, and other offline tasks.

dur_mg an Athena job. The map |tself_ 1S bw!t froma Combl'Atrans;ition to these new tools, and the new workflow, is now
nation of probe measurements and simulation of the curren derway,

in the solenoid and toroidal magnets, including the distortion Already during LHC Run 3, the GeoModel toolkit is built

effects from material in the cavern. Th'ese maps are geneé-nd compiled outside of ATLAS and linked as an external
ated for several standard magnet configurations (e.g. nomﬂ)’ackage in Athena-based workflows (see SatJ). It does

nal field,_solenoid off, and toroidal magnets off). Th_e ﬁeIOInot depend on ATLAS and is available for use in other exper-
strength is scaled based on the currents recorded during OP&lants as well

ation. The field value is based on interpolation between val-

ues at points provided within the map; a thread-local cachg 6 Machine learning and software infrastructure
holds the values at the eight map points closest to the posi-

tion being queried, such that a re-evaluation of the field Valu‘lavlachine learning (ML) is used in a wide range of applica-
nearby (as occurs frequently during detector simulation) i?ions in the ATLAS Collaboration, including physics analy-

fast. sis, simulation and physics object identification in the recon-
struction and trigger system. Models trained for classifica-

3.5.2 Detector description in Run 4 tion and regression, as well as generative models, are core

The GeoModel class library will continue to be usedin Run 43 A Geantino is a fictitious particle implemented@eaNT4 that has

However., new tools were developed since about 2919 tRansportation processes but no physics properties. It is often used to
greatly simplify the workflow of development and mainte- integrate the material traversed by a particle traveling in a detector.
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components of the software and analysis chain. This section The first general purpose inference framework integrated
describes the infrastructure and tools for ML used within thento the ATLAS software environment wasVTNN [111],
collaboration. which uses thaoosrT library [112 as a JSON parser and
Classification models are the most commonly employedeiGEN [113 for tensor operations. Users can convert their
For physics analyses, these models are used to categorisained NN models into JSON format, defining the weights
events into signal-like or background-like samples, effi-and layer operations. This is then handled by a lightweight
ciently distinguishing events of interest. Often multivariateclass for running inference on single events. For the infer-
event classifiers based on boosted decision trees (BDTshce of BDTs, a custom wrapper was written that converts
are used 72-85]. BDTs have also been used for regres-models trained with TMVALIGHTGBM or XGBOOST into
sion [86]. Other analyses have explored the use of neurah commonROOT TTr ee format for inference at runtime.
networks (NNs) for classification, for example in top-quarkHowever, as BDTs are mostly used in physics analyses,
physics analyse8[-94] to separate signal and background other libraries are compiled in standalone ntuple process-
processes. Classification models are also used extensivehg frameworks to provide inference. Due to the rise of more
to accurately identify physics objects, with applications incomplex models, which use layers and operations that are
the identification of hadronically-decayingleptons P9, not supported byLWTNN, the ONNX RUNTIME (ORT)
boosted jets96] and heavy-flavour jets3p]. More recently, library [114] was chosen as a general inference library. Most
recurrent neural networks (RNNsY7 are exploited for modern ML libraries can save models in@RT format, or
their ability to harness sequential characteristics to takare supported with conversion tools. These include, but are
into account correlations between track impact parametergot limited to, PYTORCH, TENSORFLOW, LIGHTGBM and
thereby improving physics performance for jet flavour tag-XGBooST. Using only a single inference library to support
ging [98] and z-lepton reconstructiorfp] (see Sect4.4). many models trained in different frameworks significantly
Artificial neural networks have also been used for lower+educes the maintenance 10&RT is observed to provide
level reconstruction tasks. For example, to identify mergedaster inference than previous implementations and support
clusters in the pixel detector, which are created by multipldor batched inference. Although deep NNs are reliant on
charged particles traversing the silicon, a clustering algoGPUs for training, inference is performed almost exclusively
rithm is implemented to identify and split the clusters andon CPUs. In addition to supporting inference of modern ML
provide improved position estimates for the individual clus-models, training infrastructure is available through WLCG
ter pieces 10Q. with support for job submissions usiRgNDA [115], includ-
Generative models have predominantly been explored fdng accessto many GPUs (see Séd). However, most mod-
use in simulation tasks. Originally developed for image genels used by the collaboration are trained on private resources
eration, generative adversarial networks (GAN$)]] have  due to the modest resource requirements and satisfactory
shown particular promise for calorimeter simulatid®?,  availability of institutional GPU resources.
103, where energy depositions from particles interacting
with a calorimeter can be represented as images. GANs
have recently been integrated into the ATLAS fast simulatiot Data and Monte Carlo production and processing
chain (see Sectl.2.2and Ref. 2]), where they are used to
approximate the calorimeter response to pions. There are several steps in the standard ATLAS software
In the past, most simple models used in the collaboraworkflow, as described in Se@.3. This section goes into
tion were trained with and supported by the TMROOT  detail about each step of the workflow, including improve-
library [104. With the rise of more modern and complex ments that were made for Run 3. Here the focus is on those
ML methods, in particular with the advent of deep learn-steps of the workflow that are run centrally, while steps that
ing, the use of other libraries to train models has becomare normally run by individual users are described in Sct.
more prevalent. The most popular libraries for training mod-The forward detector systems are dealt with somewhat sep-
els areTENSORFLOW [105), using theKERAS [106] frontend,  arately, often outside of the normal workflows, because they
and PYTORCH [107]. However, XGBOOST [10§], LIGHT- are often used for specific, special purposes. Their treat-
GBM [109 and other frameworks are still commonly used mentis described in Sed.6. The support within the current
for the training of BDTs. Many neural networks used in Run 3 software for future hardware upgrades to the detector
physics analysis rely on th§SEUROBAYES package 11(0. is described in Sect.7.
Support for inference from many modern ML frameworks
is provided in the ATLAS software environment. To avoid 4.1 Event generation
maintaining and supporting multiple competing ML toolkits
for inference, the ATLAS Collaboration has moved to usingSimulated detector events play a critical role in numerous
general inference frameworks. areas of the ATLAS experiment, from understanding the
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detector response to serving as the signal and background A cavern-background generator, used for re-simulation
estimates for the large range of measurements and searches of low-momentum neutrons and photons that permeate

performed by ATLAS. MC event generators are at the core

the cavern during operation.

of these simulated datasets and are the first step needed @ A cosmic-ray generator based on Ref24,125, used
produce simulated datasets. All MC sample sets used in data for the simulation of cosmic rays, including their propa-
analysis are centrally produced and managed in ATLAS. The gation through the bedrock above the detector.

first step of MC sample production is the generation of the e

event record from a theoretical framework implemented in

an event generator program. Events produced at this level are

written into files called EVNT files. While many of the MC

samples are passed through the full detector simulation, digi-e

tisation, and reconstruction steps (described in the following

sections), some samples with alternative configurations, sucte
as samples with systematic variations of one or more theo-

retical or phenomenological parameters, are often not.

The ATLAS Collaboration makes use of a wide range
of MC event generator programBOWHEG [116], MAD-
GRAPH5_AMC@NLO [117 (MADGRAPH), SHERPA [11§],
PYTHIA [119, andHERWIG [12(] are used for a wide variety
of processes. Some generators, incluBAGRPA, PYTHIA,
andHERWIG, can produce complete events alone, including
a calculation of the relevant process (a/g:boson produc-

EPOS [126], a generator of perturbative QCD events that
is most often used to model minimum bias interactions.
HUING [127,128], a generator specifically used for the
modelling of heavy-ion collisions.

Hto4L [129130, a generator for events with the Stan-
dard Model Higgs boson decaying into four leptons.
HyYDJET [131]], an alternative generator for heavy-ion col-
lisions.

A PYTHON-based particle gun, useful for single-particle
event generation and various tests of detector perfor-
mance.

PROFECY4F [132, a generator for events with a Standard
Model Higgs boson decaying into four fermions.
Protos [133), a leading-order event generator for some
new physics models involving the top quark.

PyTHIA8B, a modified version oPYTHIA that re-decays

tion), parton showering, hadronisation, and particle decays. heavy-flavour hadrons to produce samples enriched in
Several generators, particularly those thatimplement higher-  specific hadrons and decays.
order calculations, only produce final states with a few par- ¢ QGSJET [134], a generator used for alternative modelling
tons (often referred to as hard-scatter or matrix-element of minimum bias interactions.
events) and require other programs to produce realistic events STARLIGHT[135], an event generator for ultra-peripheral
with stable particles. The physics details of such further pro- heavy-ion collisions.
cessing can be quite involved (relating to resummation ore SUPERCHIC [136], an event generator for exclusive and
avoidance of double-counting), but essentially they must all  photon-induced processes.
be interfaced to another program, sucResHIA or HERWIG,
for the parton shower, hadronisation, and particle decays. A
few generators run as secondary Athena algorithms after the The reading of events in Les Houches Event Format
main generator code, to refine specific aspects of the eve(itHEF) [137] is also supported as a means to aid the usage
generation. The main such generators, often referred to ag additional generators likeG2VV [13§, DYNNLO [139],
afterburners, are PHoTOS++ [121]] for refinement of QED and CHARYBDIS [14(. Many new physics models are
final state radiation (FSREAUOLA++ [122 for preciset-  generated using Universal FeynRules Output (UFO) mod-
lepton decay modelling, anBvTGEeN [123 for refinement els [L41]], in particular through integration witlfADGRAPH.
of heavy-flavour hadron decays, in particular Biphysics  This plethora of event generators and their capabilities is
and flavour tagging purposes. shown schematically in Tabl2 along with the output for-
The generators providing the most events and samples mats for each step.
ATLAS are SHERPA, POWHEG, andMADGRAPH, with show- Although the generation for the newest (Run 3) campaigns
ering performed usinBYTHIA or HERWIG. However, a wide is ongoing, for illustrative purposes the approximate num-
variety of bespoke, limited-use, or customised generators atgers of events and datasets (unique configurations) generated
used for special samples, including: with various event generators thus far in Run 2 is shown in
Table 3. Additionally, the number of simulated events with
the standard Run 2 configuration is included in the table.
In many cases, the number of events per generator includes
multiple generator versions that were produced throughout
e A beam-halo generator that reads files provided by thé¢he entire Run 2 period as improved theoretical predictions
LHC machine group detailing the expected result of thebecame available. Among the largest datasets are the single
showering of LHC beams through upstream collimatorsyector boson samples produced using SmERPA, MAD-
useful for background estimations. GRAPH and POWHEG event generators. These samples are
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Table 3 Number of datasets (with unique configurations) and eventsising on-the-fly weights, the weights are saved; for other
(in billions) generated with various generators thus far during the MGyariations dedicated samples need to be prepared.
simulation campaign of Run 2 Most of the MC event generators are provided by dedi-

Event generator Datasets Generated Simulated  cated teams outside ATLAS. This software is built using the
events ¢10°)  events ¢10°) | ayered-Srack that is used in GENSER (GENerator SER-
SHERPA 3887 89.7 27.6 vice) installations (see also Se6tl.1). One of the features
POWHEG 6747 55.7 15.9 of the layered stack is that there cannot be multiple genera-
MADGRAPH 251,023 502 125 tor versions in one LCG release. Whenever a new version of

a generator appears that will be used in ATLAS (an almost

PYTHIA 6240 13.8 7.5 . . .
PYTHIA 8B 422 51 20 weekly occurrgnce), a new layer is requested, in which thg
generator version is updated but all other externals remain
HERWIG 813 4.3 2.4 . . .
fixed. This significantly reduces the overhead and build times
Others 9851 35 0.5 L . )
for providing new generator versions to the collaboration.
Total 280,935 224.4 68.4

GENSER provides a new layer for all the platforms sup-
ported by a given LCG configuration. After installation and
validation by GENSER the layer is included into a nightly
build and validated by ATLAS. For a few generators, like
used throughout ATLAS, all the way from detector calibra-POWHEG, builds are maintained by ATLAS directly.
tions to measurements and searches, and as such, large samRegular validation of event generation is performed as
ples are needed across a wide phase-space. As can be saquart of the ATLAS Release Testing (see SécL.3. In
from Table3, most generated events are not passed througthese tests, small samples of events are generated for select
the detector simulation. These events are primarily used gshysics processes. The output of each test is compared auto-
inputs for low filter efficiency final states, including final matically to the reference output from the previous test. Inthe
states with extra heavy flavour jets or high missing transease of a generator version change, a more thorough physics
verse momentum, which are selected from the inclusivelyalidation based orRIVET [144] analyses is performed
generated phase-space. The generator with the most datadé45. The procedure of layer creation and validation usu-
is MADGRAPH, because it is typically used for searches forally takes a week. However, for very urgent installations, it
new physics scanning a model parameter space. While thean be shortened to one or two days.
results in many datasets, the contribution to the total num- The steering of the MC event generators is passed from the
ber of events is small compared with the high-rate StandarAthenaframework to the event generators. The generators are
Model processes described above. instantiated and configured in job options (see Se2). The
Many event generators can provide estimates of systenjeb options contain relevant information about the physics
atic uncertainties arising from variations of the renormali-process and define the generator type and its configurations.
sation and factorisation scales, and variations in the Partodajor generator packages contain single job fragments to
Distribution Function (PDF) sets, via modified event weights.configure common aspects of the job to ensure consistency
Moreover, some generators suchSasRrpA are now capa- across different sample sets. The event generation is invoked
ble of providing cross-sections calculated at next-to-leadindpy Athena as part of the standard algorithm event loop,
order (NLO) in the electroweak coupling constant, allowingand the generated events that are created are converted into
analysesto assess the impact of NLO electroweak correctiotepMC format. In Run 3, the HepMC event record used
in their phase-space by modifying an event weight]. is HepMC3 [L46]. An attractive feature that motivated the
While these extran-the-fly weights incur extra CPU time migration from HepMC2 to HepMC3 is to enable event num-
during event generation, it is small — typically around 10%bers with up to 64-bit precision. In HepMC2, event numbers
additional CPU for more than 100 event weightgl —  were limited in size to 32 bits, requiring careful workaround
particularly when compared with generating each variatiorsolutions for the largest of samples the collaboration needed
standalone. Additionally, the generation of systematic varito produce.
ations as event weights within the nominal sample allows After generation, standardised filter algorithms can be
these variations to be available in the simulated and reconrserted into the Athena algorithm sequence. These are used
structed datasets with no additional CPU cost. They alsto select only events that meet certain criteria, e.g. charged
significantly reduce statistical fluctuations when evaluatindeptons, photons or jets with certain transverse momentum
systematic uncertainties, because the kinematics of the nortpt) andn properties, certain flavours @¥-boson,Z-boson
inal and varied events are identical. For standard sampleey top-quark decays or other event shape variables. A combi-
around 200-300 systematic weights are stored per event. Foation of several filters is also possible. Significant validation
systematic variations that can theoretically be estimated bgf the generated events is run during the Athena job, check-
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ing for un-decayed partons, stable particles not known teection, thaGEANT4 setups and optimisation used for Run 3
GEANT4, highly-displaced particle decays (elg‘t) decays), are described.

energy imbalance, and other features that might indicate

incorrect physics output or create problems in downstrear? EANT#4 version The MC16 and MC20 campaigns (see
software. Sect.2.1.3 of Run 2 used an ATLAS-patched version of
Beyond the nominal workflow described above, eventJEANT4, namely10. 1. pat ch03. For MC21 and MC23,
can also be filtered in a two-step approach if an inclusivéVhich are the current MC campaigns in Run 3, the more
sample must be split up, for example by the flavour of jets of€C€Nt GEANT4 10. 6. pat ch03 is used. This version
number of leptons. In this workflow, first an inclusive datasetncludes an improved hadronic physics model and several

is generated and saved to disk. Then, a dedicated filteringPdates to the electromagnetic “%M) model. The gammagen-
job is run that takes as input the inclusive dataset, and aff@! Process (described under ‘G4GammaGeneralProcess
output datasetwith events that satisfy the eventfilter are savétf!OW) feature is enabled in this version. A custom stepper

to disk. Finally, the output dataset is then passed througfflescribed in Ref.41]) with a configuration optimised for
detector simulation and subsequent steps. ATLAS is also enabled, but this was used already since Run 2.

A retuning of Birk’s law and a recalculation of the sampling

. O . -
4.2 Detector simulation fractions®were completed for this updat€:ANT4 version.

. . _ _ . Birks’ law tuning Birks’ Law [147] describes the relation
The A_TLAS simulation beg|r_13 from events in EVNT files between the energy deposited by particles and the signal of
and simulates the propagation ”“0“9“ the material of thfhe calorimeters. A retuning of the parameters if this formal-
ATLAS _detgctor C,)f all generated par.'ucles that escape thf‘s:m became necessary after the updates of the physics models
beam pipe, including any decays and interactions with deteqh GEANT4 10.6. The initial parameters of Birks’ Law used in

tor material that may occur. All energy deposits in sensitive[he LAr and tile calorimeters were taken fra@BANT3 [148
volumes of the ATLAS sub-detectors, along with additional ; ;. point when ATLAS switched to usi@gEANT4. These
truth information about particles created or destroyed during, .o« \wvere obtained from experimental data assuming no
simulation, are wrltte_n tq afile format called HITS. delta-ray emissions. While correct fGEANT3, this is incon-
There‘are tW_O main snrnul_atmn appr_oaches employed bisient withGeanT4 simulation, where delta-ray emissions
ATLAS_: FuII_ Slfnglanon ' d_|scussed in Sect.2.1, and do occur above reasonable production thresholds. More pre-
[Fast Simulation’ discussed in Seét2.2 About 50% of all cisely, it leads to the quenching effect being underestimated,

,MC simulations n Run 3 are fast smu!auonsz S.ecﬁph.l which implies an artificially higher energy response in the
includes some discussions of the variation optimisations usegmulation

t‘? Spee‘_’ up ‘Full Simylation'. Sectioh2.2includes a bnef The parameters were therefore re-tuned such that the ratio
discussion of further improvements to the ATLAS fast sim-

’ _of the EM and hadronic response in data and MC simulation
ulation that were developed for Run 3. Some of the bas'?natched. This tuning was undertaken for the Tile calorimeter

concepts applied .in the ATLAS s_imulation are described_irby comparing MC simulation to test beam data using the pre-
Ref. [41]; this section focuses on improvements, and part'c'viously published analysisLfg. For the EM calorimeters,

ularly those improvemgn_ts de_ployed for Run 3. the value ofE/ p for charged pions measured in low pile-up
Simulated dataare divided inC Campaigns, numbered _collision data collected in 2017 was us&d] The hadronic

based on the.year in V,V,hiCh the production bggan, and VY'tBndcap calorimeter response was found to be unaffected by
each supporting conditions that match specific data—takm_gming Birks' Coefficient. No tuning was done for the for-

periods. The MC16 campgign supported Run 2 analyses Ward calorimeter due to the lack of available test beam data.
the older Release 21 version of the ATLAS software, MCZOThe values for Birks' Coefficient used in Run 2 and Run 3

supports analysis of reprocessed Run 2 data in Release 75?n~n
MC21 was the initial Run 3-like MC simulation campaign

for testing and early validation, and MC23 supports detailedsimulationimprovementsSeveral improvements were made
analysis of Run 3 data. Letters are used to distinguish thg the configuration of the simulation for Run 3 that improve
modelling of different data-taking years: MC20a correspondshe physics performance (i.e. the agreement with data) of
to 2015 and 2016 data, MC20d corresponds to 2017 data, afite MC simulation. While many small improvements were
MC20e corresponds to 2018 data, for example. implemented, the two most significant global improvements

are described here.

ulation are shown in Tabke

4.2.1 Full ssimulation

. . ) 10 The sampling fraction is the ratio of the total energy deposit in a cell
ATLAS uses th&GEANT4 toolkit [38-40] to simulate indetail g the energy depositin the active material. It depends on the calorimeter

the interactions of particles with the ATLAS detector. In this specifics and therefore varies between layers.
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Table 4 Values ofkB used in the Birks' law relatiordS/dr =  particles are a separate category from long-lived exotic par-
(A x dE/dr)/(1+ kB x dE/dr) for the sensitive volumes of ATLAS ' tjcles, which are not decayed by the generator, but which
calorimeters in Run 2 and Run 3 simulation require extensions to th8EANT4 physics list to be propa-
Calorimeter  Run 2[MeV/(g x cn?)] Run3 [MeV/(gx cn?)]  gated and decayed withiBEANT4.

LAr EM barrel 0.0486 0.05832 Full simulation optimisations The performance optimisa-
and endcap tion of the GEaANT4-based simulation has been a continu-
Tile 0.0130 0.02002 ous task since before the start of data takiag§l]. The

GEANT4 Optimisation Task Force was established in Septem-

ber 2020 and is responsible for optimising the performance
Beam spot modellingThe longitudinal beam spot size varies of the ATLAS GEANT4 simulation software with the man-
over the course of a run as the LHC attemptdai@l the date of achieving> 30% CPU performance speedup for
instantaneous luminosity during the run as the beams afdun 3 relative to the Run 2 simulation. Several optimisa-
depleted. In Run 3, the beam spot size within ATLAS shrinkgions were implemented, validated and put in production and
from 43 mm to 34 mm during the first part of each run becausare described in what follows.
of this Iuminpsity Igvelling. This effect was included i_n the EM range cuts Several physics processes have very high
F\’.un.3 MC S|muIaF|0n. Rather than m'odeII|'ng a Con,tmuouscross sections at low energies (e.g. bremsstrahlung, ionisa-
distribution, four discrete beam spot sizes (inzférection) tjon, and electron—positron pair production by muons) and it
are used: 43?’ 40, 37and 34 mm. The_seyaIL_Jes are chosen_toi Sherefore necessary to implement a production cut so that
rep_resentatlve of the continuous variation in beam _spot sizeg, particles below the cut are not generat@. GEANT4
during the 2022—-2023 Run 3 proton—proton collision data-Offers a solution with theange cuts, where it is possible

taking period. The first three values represent the Iuminosi% specify a minimum propagation distance (range) for sec-

levelling regime. Levelling i.s stoppeq for the last part Ofondary particles. This distance is converted to an energy
the run and the beam spot is approximately constant as triﬁreshold in each material internally BJEANT4. Below this

instantaneous luminosity falls. The fourth value representgnergy threshold secondary particles are not created and their

the beam spot sizg QUring this final period. In signal procesgnergy is immediately deposited at the end of the produc-
simulation jobs, distinct lumi block ranges are used to marlﬁon step. Further, it is possible to specify range cuts for

off groups of events with different beam spot widths and,_ ;. .\ ~+erial-volume pair separately for photons, electrons,

thereb_ygener_ate the corre_ct fraction 0f_ever_1ts with each lj?eafﬂjsitrons, and protons. Inthe Run 2 simulation, the range cuts
spotsize. During the merging of HI.TS files in _the prOdUCt'onwere off by default for Compton scattering, conversion and
system, even_ts are sorted according t(.) luminosity bloc_k Sthe photoelectric effect, and turning them on with the value
that events with the same beam spot size are grouped in “2)‘13’ 0.1mm already used for electron processes results in a

merged HITS file. significant decrease in the number of secondaries, as shown
Quasi-stable particle simulationIn the MC16 campaign, in Fig. 6[153. This decrease in the number of secondaries
and before, all particles decayed by the generator werked to an 8% decrease in simulation time.

ignored byGEANT4, even those that propagated outside thq\leutron and photon Russian rouletteNeutrons and pho-

beam-pipe. If such particles propagate past sensitive deteﬁins take the most CPU time in the simulation of the electro-

tor layers before degaymg, then there !S th? potential fanagnetic calorimeters, which are usually the most resource
missed energy deposits and hence tracking differences COMstensive systems to simulate. This is illustrated in Fig.

pared with data. This has implications for flavour taggingWhiCh shows the number of steps in various volumes for

andz-lepton reconstruction in parFicuIar "?‘t highy. For the several particle specie§33. The idea of the Neutron and
MC20, MCZl_ an;jblMCZS_ (I:ampa|gns th|s| was (_:r;]a?]g_ed ®hoton Russian Roulette (NRR/PRR) method is to randomly
pass suchjuasi-stable particles toGEANT4 along with their discard particles below an energy threshold and increase

predefined decay chain;. l\_/liss_ing particle definitions Wer%he energy deposits of remaining particles accordingly. This
added tCGEAI\,IM and the lonisation process was addeq to aIIstrongly reduces the number of secondary particles gener-
char_ged particles. This means that all cha_rged quasrstab(lﬁed in the showers that are simulatedd®sanT4. The final
particles can undergo energy loss, deposit energy, and k?Sning used in productionin Run 3 is a 2 MeV threshold with

affected by the magnetic field. This improves the agree- a weight of 10 for neutrons and a50MeV threshold with a

ment with data and allows better. tning of fIavogr t""gg'mgweight of 10 for photons. These settings result in a speed-up
and t-lepton reconstruction algorithm45Q. Quasi-stable of about 10% fotf MC events

11 Geant4 lacks hadronic interaction models for many of these parti-G4Gamma_GeneralPro_ce‘SS The Q4Gama§ener al
cles, but once they are available, they would naturally be added. Pr ocess, introduced inGEANT4 version 10.6, is a super-
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P fcul"”' - . - : : shared between threads. Once validated and included in the
B A e = Baliudl [MGRE produetions - 5 production configuration, a speed up of 3% was observed for
1] L remis Ta', i 1] easenis =& EM Fange Cuts N _
B 0 copmid: olacrona anky £ ] tt MC events.
|8 > 1| | ¥ 1
00~ 3 - Woodcock tracking Woodcock Tracking 154 is a track-
= 3 . S . . . )
P ing optimisation technique suited to be applied to highly
‘m[' segmented detectors where the geometry boundaries rather
u.m;:— than the physical interactions limit the simulation steps. It
b J:;:_ is applied on top of th&AGamraGener al Pr ocess, and
: it S : the idea is to track particles in a simplified geometry made
% =l of the densest material (i.e. without boundaries).
1.5 |
; os | Woodcock Tracking introduces an additional, fictitious or
. s-interaction, which does not alter the initial state, with a

by | initial kirerlis energy of alecirans [Meh] ) macroscopic cross sectiof that can be expressed as

Fig. 6 Distribution of the initial kinetic energy of electrons in the iy .
ATLAS GEANT4 simulation. The black curve shows the distribution os(E, materia) = const — oy (E, materia), @)
for the Run 2 setup (MC16 production) and the red curve shows the dis-

tribution after the addition of range cuts for electromagnétiaNT4 where o,= Zp o‘)P(E, materia) is the total macroscopic

processes (‘conv', ‘phot’, and ‘compt). Vertical grey dashed lines indi- o s saction, summing up the cross sections for all possi-
cate range cut values for several key materials and the rlght-mostdashg . ) . o p .

line indicates an area with multiple range cuts in close proximity forP!€ Interactionsp ‘_3f a photon in mate”aﬂf 2 which itself
various metals. Figure from RefL$3 is already simplified to one process within tld Garma

Gener al Process. Using this fictitious interaction, the
macroscopic cross sectier{E) is now constant and can be

process that hides all the physics processes involving phdVritten as

tons (e.g. Rayleigh scattering, the photoelectric effect, the

Compton effect, conversion to electron—positron pairs, and (E) = o, (E, materia) + os(E, materia) = const,  (2)
photo-nuclear scattering), providing a single access point to

theASt eppi ngManager that sees only one physics pro- which is constant also and especially if the material changes
cess. As a consequence, only one mean free path must alng a step. Using (E) to sample the step leng®(E)
calculated for a photon, and therefore the number of instruadntil the next (realy or aé) interaction eliminates the need
tionsisreduced atthe price of introducing extra physics tablet® stop at volume or material boundaries. Therefore, volume

; : - . 1 = —— —————————
E ::ITI:C:lT“1 u::".r:':? o !m.: -} & 1155ATLAS Simulation X MC16 production
- & EM Ranga Culy — J— i T 110ps=13 TeV, 100 tt events ¢ ®NRR E
Eo 1 S ENRR weight = 10 ¢ @ EM range cuts B
i i o 105 E
g E E
o 100F L
£ = E
= 95 * —
o E E
R e 2 S E
i (e
=:I 1 { r — T |—| 1 80; —————————————————————————————————————————————————————————————————— —f
= DBF L ] 1 E + ]
o i 75; =
2 =% § E E o2 @ %0 -] B v vy e

E 55?5?”52?5””5}%;? 070 2 4 6 g 10

2 = c 2 = O i 3 &
52 l:L:I: :EE- H 5 g NRR Energy threshold [MeV]
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(a)

Fig. 7 a Average number ofGEANT4 steps per event as a function average Run 2 MC16 value (black dot) with or without the EM range
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or material boundaries can be ignored and the probability dEMEC geometry optimisation The EM endcap calorimeter

a real interactiorP, can be calculated as: (EMEC) is built in a complicated ‘Spanish Fan’ geometry,
which could not be efficiently described with the geometric
P, (E, materia) = o, (E, materia)/ Z(E). (3) primitives available in early versions GEANT4. The geome-

try was therefore described with custom solids implementing
By applying this technique, the number of cross sectiorthe geometry algebraically. In Run 3, the code describing the
evaluations as well the number of steps caused by the crosSMEC detector was optimised and two new variants were
ing of a geometric boundary is drastically reduced, with-introduced, besides the nominal one called the Wheel vari-
out compromising the physics results. Woodcock Trackingnt:
was implemented and tested to be used in the EM endcap
calorimeter and benchmarks have shown a speedup of 17.5%

for tf MC events. e Cones: thisversionreduces the us&dPol ycones by
. o theintroduction of animproved shag&shi f t edCone).
VecGeomVECGEOM [155 is a geometry modelling library In this configuration, the outer wheel is divided into two

with hit-detection features designed to support CPU opti-  ~gpical sections.

misations such as data-level parallelism. It provides opti- 4 gjices: this variant reduces the time needed for geometry

mised and fast geometry primitives and navigation algo-  nayigation calls by dividing the inner (outer) wheel into
rithms that perform well especially for complex geometric 14 (21) thick slices along theaxis.

shapes. The detector geometry usedbynT4 is built from

classes inheriting fron®4Sol i d, each representing a dif-

ferent shape (or set of shapes). It is possible to replace spe- The Slices variant was found to be the best performing,
cificASol i d classes withtheiVEcGEoM equivalents. The  bringing a speedup of about 5%—-6% f6MMC events.

optimal set for the ATLAS geometry was found to be cones,

tubes, and polycones. The useVEcGEOM for these shapes Magnetic field tailored switch-off The solenoid field in the

gives a speed-up that varies depending on the CPU mod#ner detector returns through the iron yoke supporting the
from 2%—7% forti MC events. tile calorimeter, resulting in a very small residual magnetic

field within the bulk of the calorimeter volume. It is therefore
GEANT4 static linking Saticlinking [156] is a purely tech-  hossible to switch off the magnetic field in the LAr calorime-
nical optimisation that targets the waiganT4 is linked and (e for all particles except muons without significantly affect-
used within Athena. By default, Athena builds many smalliyg the shower shapes. In addition to the small field value,
shared libraries, one per package of code, which are dynamyye effect of the magnetic field on the electron trajectories
cally loaded atruntime (see Se6tl.]). Differentbuildtypes s gwarfed by the effect of multiple scattering. However, the
were compared and tested for performance: dynamic (thgycylation of the showering electron and positron trajecto-
default multi-library configuration used in Athena during ries in the magnetic field still requires significant CPU time.
Run 2), single dynamic library, and static linkit§Tests  This filter on the detector region and particle type was imple-
with the single dynamic library resulted in a slowdown in jented and integrated to be used in production for Run 3.
the execution time, which can be ascribed to the tramporests with 20ai-production events have shown a speedup

line/lookup table mechanism of dynamic linking. Each callof apout 30 fortf MC events. The same concept could be
to afunction in a dynamic library takes advantage of a tramsyther exploited for other parts of the detector.

poline that reads the memory address of the called method

from a lookup table and passes it to the calling function. ThisThe frozen showers methodThe frozen showers method
results in an increased number of calls and jumps, whicil58 speeds up the simulation of showers in the calorime-
slows down the simulation execution. The static linking hagers by replacing low energy electrons, photons and neu-
proven to be the best performing build type. To enable it introns with pre-simulated showers. This mostly affects secon-
Athena, all the packages that link @eANT4 were reorgan- daries that are produced in huge numbers in high-energetic
ised into one large library that then can be linked staticallyshowers. The showers are simulated véibaNT4 until the
with GEANT4. During execution, although the remainder of energy of the particles produced in the shower falls below the
Athena continues to use dynamic libraries, function calleenergy threshold, at which point HITs are generated from the
internal to this static library benefit from using the known shower library. This approach was already used for the for-
function code locations within a statically linked library and ward calorimeter inthe Run 2 MC simulation production. The
avoid the overhead from lookups. Benchmarks have showenergy thresholds are 1 GeV for electrons, 10 MeV for pho-

a gain of about 5%—7% fdt MC events. tons, and 100 MeV kinetic energy for neutrons; below these
values, showers from libraries are used. The pre-simulated
12 More information about shared libraries is available in RE57. showers are stored iROOT libraries, binned in » | and
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Fig. 8 Distributions of ATLAS » 80 - T T T T T -
GEANT4 detector simulation Qo - . . .
HS23 sec per event using the ;% 70 ATLAS Slml_Jlatlon — mgi? fZ;;gg:: i;;i;; =
nominal and the optimised o) 1000 jobs, 100 tt events each, {s=13-13.6 TeV EE MC20 (u=3.2k, 0=261) m
versions of the software by the o = :
GEANT4 Optimisation Task o 60 = B
Force for the MC20, MC21 and g C ]
MC23 campaigns, Z 50 =
corresponding to a - .
centre-of-mass energy of 40— —]
13-13.6 TeV. The benchmarks r ]
comprise 1000 jobs simulating 30 -
100t{ events each at the - -
Brookhaven National Lab Tier-1 20 = =
cluster. The mean valugf and r ]
standard deviatior() of the C ]
distributions are also indicated 10 = B

D00 1500 2000 2500 3000 3500 4000 4500
HS23 sec / event

distance from the closest rbticentre; different libraries are 4.2.2 Fast simulation ATLFAST3
also used for the first and second hadronic compartments of
the forward calorimeter. The library is derived fromtfa  Overview Even after the optimisations discussed in the pre-
production event sample simulated with #ieant4-based vious section, the full simulation of the detector requires
full simulation. considerable CPU resources. For this reason, ATLAS has
In the first Run 3 MC campaign (MC21) the frozen show-developed tools to replace the calorimeter shower simu-
ers library was derived by scaling the energy of the showerktion, which is the most CPU intensive step, with faster
inthe Run 2 library to reproduce the energy scale observed isimulation methods. InATLFAST3 [42], the simulation
a Run 3GEANT4-based full simulation sample. The energy of hadrons, photons and electrons in the calorimeters is
thresholds and the bins were kept the same as in Run 2. Bandled by a combination of two fast simulations tools;
new Run 3 library was developed in 2022, with revised binsFast Cal 0Si nvV2, which uses a parametric approach, and
providing a more accurate modelling of theanT4-based Fast Cal 0GAN, which uses generative adversarial net-
full simulation without the need for energy scale tuning. Theworks (GANSs). Fast Cal 0GAN is among the first tools
improved library is used in MC23. In all campaigns, the usebased on generative models used for production in a large
of frozen showers reduces the CPU required to simulate highHHEP experimenttast Cal o GAN was developed later than
energy (several hundred GeV) electrons and photons in theast Cal 0Si m which struggled to reproduce lateral cor-
forward calorimeter by a factor of three, and reduces the overelations in hadronic showers, and overcame that challenge
all simulation time fortt-production events by about 25%. using ML methods. Each tool is applied in the kinematic
region in which it provides the best performand@][ after

Summary of full simulation optimisations The MC21 sim- . S : .
. L L . detailed validation and comparisons of physics observables.
ulation campaign included the optimisations described abov. . . .
hese tools replace the slow propagation and interactions

in this section. The MC23 simulation campaign added theof incident particles with the direct generation of ener
Woodcock Tracking optimisation. The CPU required to sim- P 9 9y

ulated onett-production event was reduced by 48% (36%)252 uOIS;':isor;ne:/Zent(ﬂ ig:;ige: Eﬁ;:hoenlavggz;fifﬁ‘:ééspg C
relative to Run 2 in the MC23 (MC21) campaign, as shown a y

in Fig. 8. This reduction allows the simulation of 9296 (5506) *' (€ full simulation, where most time is spent on the sim
. ulation of the inner detector witGEANT4.
more events with the same CPU resources for MC23 (MC21). . i
ATLFAST3 (as deployed in Run 2) was initially tuned

Each of these changes to the simulation is put through f'j(l) reproduce the output of the full simulation for Run 2

rigorous validation of physics performance (see Se@). . .
Only those changes that were found to not alter the physic%s closely as possible. The update of Ger4 version

sed in Run 3 simulation implies that the shape of EM and
performance, and therefore to not affect the agreemen . : - .
. . . . hadronic showers is sufficiently different between Run 2 and
between data and MC simulation, are put into production.

Run 3 full simulation samples that the parameterisation used
by Fast Cal 0Si nV2 and the training of the neural net-

13 The forward calorimeter can be thought of as a large, solid tube

with many holes in it. These holes are filled with small rods, and theworkS used bFast Cal oGANneededtobe updated accord-

gaps between the rods and the tube are filled with liquid argon. Itis théngly. For the Run 3 version oATLFAST3, several qualita-
distance to these rods that is of relevance for the frozen showers.
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Fig. 9 The configuration of tools that together forATLFAST3. The GEANT4, which depends on the particle typgslice and kinetic energy
tools (GEANT4, Fast Cal 0oSi nV2 andFast Cal 0GANV2) are com-  (Eiin) range. The inner detector and muon spectrometer are simulated
bined in a way that the physics performanceAaf.FAsT3 is closestto  using onlyGEANT4

tive improvements have also been developed, in particular High-energy hadrons may interact late — or even not at all
for Fast Cal 0GAN, resulting in an upgraded version of the — in the calorimeter. The resulting spray of hadrons into the
tool now called~ast Cal 0GANV2. These improvements are muon spectrometer is knownaanch-through. The particles
listed below. produced in these showers are now modelled with a new tool
The training of the GANs and the parameterisation usethased on deep neural networks (DNN). This tool can predict
for Fast Cal 0Si miv2 are based on single particles that arethe probability of a punch through occurring better than was
simulated withGEANT4. This training is performed sepa- possible in the Run 2 version @fTLFAST3.
rately for various particle types and in fine bins;pbecause For most distributions of properties of objects used in
the detector geometry and material changes stronglysith physics analyse®TLFAST3 andGEANT4 agree within a few
The parameterisation is separately performed for 17 differemercent. The agreementis much better than that achieved with
energy values; the GANs iRast Cal 0GANV2 are trained the previous generation of fast simulatioxtLFAST2 [41],
for two energy ranges. The inputs for the lateral shower shapsith key improvements in the modelling of the forward
modelling areHITs (point-like localized energy deposits) for calorimeters and a better fluctuation model that enables in
Fast Cal 0Si nV2 andvoxels (small, regularly-sized vol- particular the simulation of substructure within je@&2].
umes in which energy deposits are integrated) for the GANSComparisons of energy distributions obtained with the Run 3
The granularity of voxels was optimised and is finer than thatersion of ATLFAST3 to those of GEANT4 are presented
of the calorimeter cells, which improves the modelling. in Fig. 10 for single pions. Further comparisons for recon-
For each particle type and energy, the tool that reproducestructed single photons and pions are shown in ElgThe
theGEANT4 simulation output with the best accuracy is used.comparisons for single pions display shower moments as
The combination of the two tools was reoptimised in Run 3defined in Ref. 159, wherea is the energy-weighted dis-
and is illustrated in Fig9. GEANT4 is still used for the simu- tance of a cell from the shower centre along the shower
lation of all particles in the inner detector, for muons and veryaxis, and is the energy-weighted distance of a cell from the
low energy hadrons in the calorimeters, and in the muon speshower centre perpendicular to the shower axis. Figdee
trometerFast Cal 0GANV2 is used for simulating baryons in particular shows an example of a distribution with sig-
(except at very low energies), low-energy photons and eleaiificantly better modelling ifFast Cal 0 GANV2 compared
trons, and higher-energy pioriBast Cal 0Si nv2 is used with Fast Cal 0Si nVvV2; these distributions were among
for pions with lower-energy and higher-energy electrons andhose that motivated the choice of the scheme shown i®Fig.
photons.
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Fig. 10 The performance oFast Cal 0GANV2 for single pions in arjn| range of 0.2—0.25. The energy distributions fréipaNT4 are well
reproduced for all energy values. The single pion truth energy value is indicated in each figure

Fast Cal 0GANV2 improvements for Run 3Severalimprove-  resolving a discrepancy in the reconstructed electron and

ments were made tBast Cal 0GAN that are incorporated

into the upgraded version call&@st Cal 0 GANV2, which
is used in the Run 3 version &TLFAST3:

e The number of volumes in whicltGEANT4 energy
deposits are grouped (voxels) was optimised, reducing.

extrapolation in voxel-to-cell energy assignment.

e The bias in the energy of HITS generated with a small
simulation step, described in Refiq], was corrected,

@ Springer

photon total energy.

e A similar correction is applied to the hadrons but the
energy at which the shower is rescaled is derived from
the cell energies rather than tGeanT4 HITs.

e The ¢-modulation correction42] related to the accor-

dion structure of the EM calorimeter is now corrected

before training.

The architecture of the networks and the hyperparame-

ters were optimised for each particle, energy range, and

detector region.
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e Separate trainings are done for low- and high-energye In the ATLFAST3 infrastructure, the fast simulation
electron and photon showers, and the minimum energy will be integrated more tightly wittGEANT4 using the
was lowered from 256 MeV to 64 MeV, matching the ~ (AVFast Si nul ati onModel class. The reduction of
value used irFast Cal 0Si nV2. custom code is expected to make the fast simulation code

e The training strategy was updated to use the full setof ini-  less brittle and easier to develop and maintain.
tial particle energy ranges from the first iteration, rather
than starting from a single range and slowly adding more |, aqdition, an even faster simulation will be deliv-
energies, as was done previously. ered by the FastChairl§( project, which includes two

e The HIT-to-cell assignment was improved by correctingresearch activities that are still planned for deployment in
for the average lateral energy distribution within eachryn 3. FATRAS (Fast Tracker Simulation)lp1,167 aims
voxel. More energy is deposited closer to the centre ofq replace the propagation of particles in the inner detector
the shower as occurs GEANT4. using GEANT4 with a simplified treatment of particle inter-

o Aminimum energy of 10 MeV is used for HITs in elec- 4ctions with the simpler detector description model used in
tron and photon showers as ffast Cal 0Si V2. No  track reconstruction (see Sedt5); preliminary results show
changes were introduced for pions, i.e. the total energyhat the CPU time needed to simulafeproduction events
assigned to a voxel is split between the HITs without anyean pe reduced by a factor of 30 over that ASfLFAST3.
minimum energy criteria. Another speedup as a part of FastChain is the treatment of

e The GANs also benefit from a new correction for the yjje_up simulation, using a technique called Track Overlay,
longitudinal position of the HITs within a layer. This is gescribed in Sectt.3.2

implemented using a DNN extrapolation method trained
on the energy deposited in each layer. 4.3 Digitisation

In addition to these improvements, 100 new GANs werd (el simulation using théGEANT4 toolkit or ATLFAST3,
trained using protons to parameterise their energy respon&d €Nergy deposits in ATLAS sub-detectors sensitive vol-

in the calorimeter; these GANs are then used to simulatla!mes are stored in a file format callei TS. The digitisa-

baryons. This method replaces the previous approach fion code readsll TS'* and emulates the detector response,

which only the total energy was corrected and thus enable%"OdUCing an outputd{gits) that cpnceptually mirror; the
consideration of the different shape of the showers betwegifa! data detector response (typically voltages or times on
pions and baryons. This new feature significantly improve®'€-amplifier outputs), with the addition of some truth and
the simulation of low energy< 10 GeV) baryons. Kaons metadata information that is then altogether stored in RDO

are still simulated based on pions, since they have similautPut files. In addition, the inputs for the hardware trig-
shower shapes. ger are produced during the digitisation step. This operation

is strongly specific to the different sub-system technologies
Outlook Several further improvements to therLFast3  used in ATLAS. Sectiod.3.1describes the sub-system spe-
tools are being developed. These include: cific code, with an emphasis on the new features introduced
in Run 3.
) ) _ o In digitisation, the treatment of the proton—proton colli-

e For fast calorimeter simulation, the use of variationalgjon of interest, often referred to as the signal or hard-scatter
autoencoders and other methods such as flow ordiffusiogb"isiom is typically separate from the treatment of the
models are investigated and the performance comparegygitional proton—proton background collisions (pile-up). In
with the GANs. Sect.4.3.2the treatment of pile-up during the LHC fill in

e Anew voxelisation is being investigated with the aim to g, 3 collisions and various techniques to merge it with the
improve the description of showers in the highly granulary, 5rq-scatter information are also described.
regions of the EM calorimeter where the relatively course

voxelization is expected to play a more significant role. 4 5 1 Sub-system digitisation code
e Alow-energy parameterisation is planned to address the

simulation of pions with kin.etic_ energy below 200 MeV, piyq gigitisation The pixel digitisation takes the energy
currently done withGEANT4; this will further speed up  yenqsits from charged particles in the silicon wafers (as simu-

the simulation. _ _ _ lated byGEANT4) and converts them into time-over-threshold
e The memory footprint ofFast Cal 0Si nv2 will be

Op,tlmlsed’ an_d the memory of the GAN_S will be reduceds Time information is also included i TSfiles. For all sub detectors,

using ONNX instead of LWTNN for the inference of the he time of flight at the speed of light from the interaction point is

models. subtracted from th&EanT4 HITS' time during digitisation.
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(ToT) values on pixel sensor electrodes. The first step of the § 2 v v ]
pixel digitisation process is to divide the ionisation energy L 09k viké 7
deposit from eaclGEANT4 HIT into a maximum of twenty b . v . ]
ionisation energy deposits using the Bichsel modéH] to IS 0'85_ ". ]
correct for possible straggling in thin silicon. g 0.7 ATLAS ° a

As the integrated luminosity delivered by LHC sincethe 3 | Vs=13 TeV 3
installation of the pixel detector increases, the effects of radi- @ 06F 6L pranar ]

. . .- = C R D Vv ]
ation damage in the silicon bulk on the detector response 8 05 . oo 1oy :
become increasingly important. The pixel detector digitisa- 3 ' ®m Run2Data350V 3
. . . . . . m 0.4 ® Run 2 Data 400V ]
tion for Run 3 includes for the first time in production the = © "7 Run 2 MC Rad. Damage 80-400 ]
effects of radiation damage in the silicon sens@&. This 0.3F ] Run3MC Rad. Damage 450-1000 V 5

E A | I

represents a valuable tool to understand and predict radia-
tion damage effects and their relation to the performance of
physics object reconstruction.

The radiation damage digitiser computes the signal§ig. 12 Charge collection efficiency as a function of integrated lumi-
induced by the Charge carriers produced by ionising particie@OSity for IBL planar sensors for Run 2 data and the ATLAS radia-

- - : P tion damage simulation for Run 2 and Run 3. The points represent the
in GEANT4 [38] by using precise electric field, Lorentz angle data and the bands the simulation predictions. The parametric uncer-

and vyeighting .pOt?miaI maps, taking in.to ‘ticcou_nt .Ca”fiertainty in the simulation defining the width of the bands includes varia-
trapping and diffusion effects. The electric field distributiontions in the radiation damage model parameters and the uncertainty in

for a given applied bias voltage after irradiation at a giverthe luminosity-to-fluence conversion. Horizontal error bars on the data

fluence are taken from detailed TCAD (Technolo Com_points due to the luminosity uncertainty are smaller than the size of the
. . . . . gy_ . cinarkers. Figure from Reflp5

puter Aided Design) simulations. The predicted electric fiel

is used to calculate the expected time spent by charge carri-

ers to reach the collecting electrode, via the carrier-mobilitygc1 digitisation The SCT digitisation process begins with
relation. The induced charge on the pixels is calculated fronghe conversion of the energy deposited on the silicon wafer
the initial and trapped positions using the weighting potentiaby each particle into a charge on the readout electrodes.
map and including charge sharing effects. The total inducegt,g energy deposited in eadBEANT4 tracking step is
charge is converted into a time-over-threshold value used fQ{jyiged uniformly into 5um sub-steps and converted into
clustering in the reconstruction. an electron—hole pair for each 3.63 eV of deposited energy.
The IBL charge collection efficiency variation as a func-The charges are drifted towards the electrodes taking into
tion of the integrated luminosity measured in data and thalccount the diffusion and the Lorentz angle, which are cal-
predicted by the radiation damage simulation from the starg;jated assuming a uniform electric field in the sensor.
of Run 2 is presented in Fig2[169. For Run 3, the track e final stage of digitisation is the simulation of the
reconstruction algorithms were re-tuned to at least partiallyesponse of the readout electronics. The amplified signal of a
mitigate the performance degradation caused by the radiatiQtharge arriving at a readout strip is calculated for three differ-
damage 1695 entreadouttime intervals, corresponding to three consecutive
The charge calibration of the reconstruction involves reynch crossings. The cross-talk between neighbouring strips
calculating the charge from the ToT values. While ample datgs 150 taken into account and estimated from the shape of the
are available to calibrate this procedure at moderate ToT vajy,5in output pulse of the strips. Electronic readout noise is
ues, for very large and very small ToT values an extrapolatiogenerated independently in each time interval from a Gaus-
or fit function must be used. For Run 3, the pixel charge calgjan distribution based on the data measurements and added
ibration procedure for the IBL was modified to avoid the fit- {5 the strips. The nominal readout threshold, above which the
ting step of the charge and ToT values that may cause biasggjnal is recorded on a single strip, is set to 1 fC according
atlow and high charge values. The new IBL calibration pro+q the data acquisition configuration. To reproduce the noise
cedure implements look-up tables that use the average gfcupancy observed in the data, random strips are added to

the injected charge values on the pixels of a front end chighe readout list from among those with no deposited charge.
corresponding to each ToT calibration point. These look-up-

tables are stored in the calibration database and applied TRT digitisation The TRT digitisation softwarelfsg con-
detector data. In simulation, the ToT is extracted by lineawverts HITs produced by th&EAaNT4 simulation into dig-
interpolation of the input charges and rounded to an integets that correspond to the detector readout signal for each
value. straw. Each digit consists of a timed bit-pattern spanning
2.5 bunch crossings. This bit-pattern contains 20 low-level
threshold bits (3.125 ns/bit) that are set if the signal exceeds

10 10°
Int. Luminosity [fo™]
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alow threshold in the corresponding time interval. One highiarge dynamic range of the signals of interest. The output
threshold bit is set if the high threshold is exceeded at anis then sampled at the LHC clock frequency and converted
time during the 25 to 50 ns time interval corresponding tato ADC (Analog to Digital Converter) counts. The digitisa-
the bunch crossing of interest. tion [169 170 emulates the detector readout, converting the
The signals in each straw are simulated in detail. Fodeposited energy for each bunch crossing to ADC counts,
charged patrticle tracks, energy clusters are created and placedting into account the ADC gain, the LAr sampling frac-
randomly along the path of the track in the active gas voltion and the energy calibration of each cell. The ADC con-
ume. The number of clusters is calculated by sampling &ersion also considers the time of each event relative to the
Poisson distribution with the most probable value set to théaard scatter collision timeélI-timing). During MC overlay
mean free path of the particle. For photons from transitior(see Sect4.3.2, the ADC counts in the presampled RDOs
radiation and bremsstrahlung, a single energy cluster is crare converted back in raw energy, which is then added to
ated. The number of drift electrons in a cluster is determinethe energy from the hard scatter, for each time sample and
from the energy of the cluster. Some electrons can be recapell. The combined energy is then converted back into ADC
tured stochastically as they drift towards the anode, whereounts and the electronics noise is added. Optimal filtering
the number of surviving electrons is determined by samplingoefficients (OFCs)][71] are then used in the reconstruction
a Binomial distribution with a survival probability of 0.4. to compute the energy per cell, as described in R&7][
The time taken for each surviving electron to arrive at the To save disk space, the identifiers of the channels are not
anode wire is determined from the electron drift length andstored; instead, a vector with a length equal to the number
includes a detailed mapping of the magnetic field that causesf readout channels is created, and for each channel two bits
the electron trajectories to bend. Each electron that arrives ate used to store whether that channel has a signal and, if
the anode wire cascades and induces a signal whose amp, what readout gain was us€tAnother vector stores the
tude is simulated as a random sample of an exponential di&¢{DC values of the channels with a signal. The number of
tribution. The propagation time for the signal to arrive atsamples is assumed to be the same for all readout channels
the front-end electronics and the attenuation in the wire arand so it is only stored once.
determined taking into account that half of the signal travels As part of the activities of the Phase-I (Run 3) trigger
directly to the front-end while the other half travels in theupgrade, it was suggested in Ref7p] that the hardware
opposite direction and reflects. trigger system for the calorimeter (L1Calo) could profit from
The signal from each drift electron is superimposed andntroducingSuper Cells[173. Super Cells have higher gran-
convolved with signal shaping functions (separately for lowularity than trigger towers] (which aresn x §¢ = 0.1x 0.1
and high threshold and for xenon and argon gas mixturesjn the detector central region) used during Runs 1 and 2, with
Electronic noise is added and the signals are then discrindimensions further optimised to describe electron and photon
inated against low and high thresholds in appropriate timshowers. In the digitisation step of the electronics simulation,
slices and encoded into the output signal that is saved in thbese are emulated by grouping together the HITs (energy—
RDOs. time pairs) that are related to all cells that form each of the
In earlier LHC operations where detector occupancy wasuper Cells. Mapping tools allow such grouping based on
relatively low, digits were written to storage in (digit, straw the identifiers of the cells. The information is used to simu-
identifier) pairs only for hit straws. To reduce the size oflate pulses in all bunch crossings still prone to produce some
the TRT RDO at higher LHC luminosity where most TRT signal in the event of interest (i.e. the present evehta0),
straws are hit, this scheme was changed to sequentially writgiven the length of the liquid argon ionisation pulse in the
out digits for all straws omitting the straw identifier and usedetector. The normalised expected pulse shape as recorded in
a detector map to assign the straw identifier in the recorthe conditions database is multiplied by the estimated ampli-
struction step. To further reduce RDO size, and CPU timetude of the pulse, which is directly related to the energy con-
the simulation of noise in straws with no hits is removed. Tatent of the Super Cell and shifted by the HIT time, producing
account for inaccuracies in high threshold probability due t@stimated samples. Samples from multiple HITs composing
the overlay procedure, corrections are applied during ovethe same Super Cell are simply added together, forming the
lay by randomly adding high-threshold bits with a probability pile-up plus hard-scattering digits. Electronics noise, esti-
that increases with occupancy. mates of which are also saved in the conditions database, is
added at this step. This way, digits with regular 25 ns sam-
LAr digitisation The energy deposited in the liquid-argon
gaps of the LAr calorimeterd p7] induces an electrical cur-

rent that is proportional to the deposited energy. The Sigrs The detector readout uses three different gain settings to more pre-

nal is then amplified and shaped in the front-end readoWisely read out a wide range of energies. The appropriate gain is chosen
electronics 16§ using three different gains to cover the per cell, based on the energy in that cell.
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ples of the signal are formed and recorded as part of the RD®luon system digitisationThe digitisation of the muon spec-
content. trometer sub-systems installed for Run 1 (MDT, RPC, TGC
and CS&5) was documented in Refl}7]. The RPC digiti-
Tile digitisation For the tile calorimeter (TileCal), HITs sation code has not changed substantially since then, while
contain energy deposits in scintillator tiles. Since all nor-some noticeable improvements were made to the TGC digi-
mal TileCal cells are read out by two photomultiplier tubestisation code: a new timing calculation is used in the bunch
(PMTSs), every energy deposit s splitinto two parts accordingrossing identification, considering the position dependence
tothe optical model and stored in two independEériteHi t of the signal propagation to the front end; the bunch identifi-
objects that correspond to the two PMTs. All energy depositsation is done for a 4-bunch readout from the previous to the
areaccumulatedin 0.5 nstime bins, and eviéryeHi t con-  next-to-next bunch crossing; the channel cross-talk calcula-
tains a vector of time values that corresponds to non-emption was improved; and numbers previously read from text
time bins and a vector of total energy deposits in every timdiles were migrated to the conditions database.
bin. The MDT digitisation code process&&ANT4 MDTSi m
The first step in TileCal digitisation is the simulation of Hi t s to make MDT digits that are a simulation of MDT raw
photo-statistics effectslff4. According to measurements data. ThevDTSi nHi t data has an identifier that identifies
from beam tests, at nominal PMT gain 70 photo-electronshe specific MDT tube hit, the global time, and the impact
per 1 GeV of deposited energy are created in a PMT. Energgarameter of the track relative to the wire in the MDT tube.
stored indli | eHi t is smeared according to a Poisson dis-The digitised HITs consist of an offline identifier indicating
tribution with an average value equal to the number of photothe specific MDT tube hit, the drift time emulating the out-
electrons created in a given PMT in a given event. put of the Time-To-Digital Converter (TDC) and pulse height
After that, every energy deposit is converted independata emulating that calculated with an ADC. The MDT digi-
dently to a pulse using pulse shapes measured at the bedisation code includes a simulation of ionisation clusters in
tests in 0.5 ns time stepdy. Every channel is readout the MDT tube that are propagated to the MDT wire using a
by two 10-bit ADCs, called low gain (LG) and high gain time-to-space function. An amplifier response function sim-
(HG), with a gain ratio of 1 64 between them. Two pulses ulates the signal generated at the wire from drift electrons.
are created with amplitudes proportional to the value of thé he first drift electron which creates a signal over threshold
energy deposit, converted from MeV to ADC counts, takingdetermines the drift time. The TDC signal is calculated by
into account the ADC gain and TileCal sampling fraction.combining the drift time, time-of-flight from the interaction
The position of the pulse maximum is shifted according topoint to the MDT, propagation time of the signal along the
the time value from the deposit. All individual pulses areMDT wire, and the simulated ATLAS beam clock time. The
summed up to construct final LG and HG pulses in everyADC value is calculated using a simulation of the Wilkinson
PMT, and these pulses are ‘digitised’ at seven fixed timesADC [178 used in the MDT electronics. The TDCs have
0, £25,+50, andt75 ns, and two vectors of seven samplesa programmable dead time that is set to the maximum dead
are created. After all the signals are summed up, a constatine of the tube 179; this is accounted for in the digitisa-
pedestal value of about 40-60 ADC counts (depending otion when the HIT with the earliest time sets the beginning
the cell) is added to the resulting pulse. of the dead time window, during which additional signals are
To simulate electronics noise, Gaussian-distributed noisdiscarded.
of about 1.5 (0.7) ADC counts is added to the HG (LG) sam- The New Small Wheels (NSW) are composed of
ples. After the two final pulses are constructed, the LG ADQMicromegas (MM) and small-strip Thin Gas Chambers
is dropped if the maximal amplitude in the HG ADC remains(sTGC). Similar to the other subsystems, the digitisation con-
below 1023 ADC counts (which roughly corresponds to 10-sists of two parts, the first one modelling the response of the
12 GeV). If the HG ADC saturates, the LG ADC is selected.detector to the passage of any ionising particle and the second
So, at the end of the digitisation step a singid eDi gi t one simulating the response of the readout electronics.
object with seven samples is created for every readout chan- The MM chambers contain micro-mesh gaseous detectors,
nel. ThisTi | eDi gi t object represents the data that arewith a gas gap of a few mm where charges are created and
sent from the on-detector electronics (located in the suppodrifted, and an amplification region of 120-13é between
drawers for the TileCal) to the off-detector electronics. the metallic mesh and the readout electrode. The signal is
The next step is to simulate the behaviour of off-detectoread from the strips of the readout electrodes, with a 425—
electronics, which, similarly to the case of the LAr calorime-450um pitch. For each strip, if the collected charge exceeds
ter, reconstructs cell energies using OFCs. The results of theeset threshold, the charge and the time are recorded. Since
OFC application are stored ifi | eRawChannel objects
and theTi | eRawChannel Cont ai ner with all 12,228 15 a5 explained in Sec.2, the CSC chambers were removed at the
readout channels is written to the output RDO fil& €. end of Run 2.
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a detailed simulation of the charge creation, transport, andf tunable width as a function of the polar angle of the incom-
avalanche for billions of events would be extremely expening particle. The pad, wire and strip timing spectrum, as well
sive in terms of CPU usage, the MM digitisation insteadas the strip hit multiplicity, were tuned on data collected dur-
relies on distributions obtained by simulating the passagang test-beam campaign§4,185. The sTGC digitisation
of a smaller number of muons through a Micromegas detegarameterised model offers an accurate timing performance,
tor using GARFIELD++ [18(, software specialised for the an adequate simulation of the charge sharing among adjacent
simulation of gaseous detectors. These distributions, e.g. feeadout strips, and a good representation of the overall spatial
the diffusion or the number of ionizations per distance, are@esolution. The final time and charge of the hits associated
sampled in the digitisation, leading to good modelling of thewith a global BCID are obtained using a VMM calibration
detector response. Sampling the distributions also allows turcurve that converts a time in nanoseconds and a charge in pic-
ing of the simulated detector response towards the responseoulombs into &ime Detector Output and aPeak Detector
of the real detector based on the parameters of the distrib@utput object, respectively.
tions.

The second part of the Micromegas digitisation is per4.3.2 Treatment of pile-up and beam size effects
forming the simulation of the electronics response, in partic-
ular the response of the charge amplification and digitisatioMC overlay In MC23, as in MC20, the technique of MC
process carried out in a custom integrated circuit called th®verlay [L70 is used to add the effect of additional minimum
VMM 181]. The actual transfer function of the VMM is used bias collisions to simulated events. In this approach, digitisa-
to get the response of the shaping amplifier. Afterward, théion is carried out separately for the hard-scatter part. Digi-
peak height and time measurement are performed in the sartised hard-scatter events are then combined with pre-digitised
way as implemented in the VMM. For the modelling of the pile-up events. The libraries of these presampled RDO events
charge threshold, alinear dependence between the noise leaeé campaign-specific and each amount to about 500 million
and the strip length is implemented using noise data gatheresents per year, corresponding to a size of 1 PB. This method
during the detector commissioning to determine the noise dfias reduced CPU, memory and I/O requirements relative to
the shortest and longest strips. Other features of the VMMhe pile-up digitisation technique used in previous campaigns
are also implemented in the digitisation, including the ability(see, for example, Ref4[]). The technique is similar to the
to read the signal of a strip below the threshold if its neighpremixing technique used in CM3§6|.
bour has a signal above threshold (tteeghbour logic), and Pile-up digitisation is still used to create the presampled
theaddressin real time signal, providing the information of pile-up RDO datasets, but this is only done once per MC sim-
the first VMM channel (out of 64 channels per VMM chip) ulation sub-campaign (e.g. MC20a). This step takes as input
above the threshold, which is used for the trigger. two equally large datasets of minimum bias events in HITS

The sTGC consists of a multi-wire proportional cham-format: a highpr sample containing at least one jet wiih
ber with three independent and complimentary readout techiarger than 35 GeV, photon withr larger than 8 GeV, or b-
nologies: wires, strips, and pads. When a particle crossdsadron that hagr larger than 5 GeV that decays to a lepton
the sTGC gaseous gap, an avalanche forms along the iowith pr larger than 4 GeV, and a lowr sample with the
ising track towards the nearest wire. If the induced chargeemaining events. The two datasets are sampled according
on the strips and pads exceeds set thresholds, the charge aadheir relative cross sections, but avoiding the duplication
time are recorded. A detailed timing spectrum and avalanchef the highpt minimum bias events that might cause visible
process on the sTGC anode wires operated at 2.9 kV is sinfeatures during analysi4 70). The presampled RDO events
ulated using theéSARFIELD++ [180 and MAGBOLTZ [182  can then be re-used for multiple hard-scatter samples with-
packages. The induced signals on the strips and pads folloaut causing any issues in physics analysis. Each presampled
the response of the resistive layer as described in R88.] RDO event has a unique hash that can be used to tag whether
The detailed simulation of the sTGC is then parameterised presampled RDO event is selected multiple times within
for fast HIT digitisation in Athena. The energy lost by parti- an analysis. This can be used to adjust the presampled RDO
clestraversing the STGC gaseous gap is providaaiywTt4d  dataset size and hence the level of re-use for future MC simu-
in ATLAS. This energy is converted into an effective ioniza- lation campaigns. The lumi block-ordered hard-scatter HITS
tion charge in the gap. The time of arrival of the first electronand presampled pile-up RDO files are both merged into files
cluster onto the wire is parameterised as a function of thevith 10,000 events each. Having the same number of events
distance of closest approach of the particle. The effects ah the two file types has the advantage that when the MC
ionization, noise, electronics threshold and avalanche gai@verlay job reads the Nth event from each file and combines
fluctuations are modelled with a Polya distribution. The padhem, the hard scatter and pile-up events have the same beam
and strips closest to the wire with the avalanche fire. Thapot size. The MC Overlay code contains a sanity check that
charge on the strips is modelled by a Gaussian distributiowill abort the job if this is not the case.
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In addition to the overlay algorithms described for theapplied in the recent MC23 campaigns, but its deployment
Run 2 detector sub-systems in Ref7{], for Run 3 new is still planned for Run 3.
overlay algorithms were prepared for the STGC and MM  Tracks in the core of (often) higpr jets are affected by
sub-systems. One further new overlay algorithm was implethe presence of pile-up hits, meaning the individual recon-
mented for LAr Super Cells used as input to the Phase4truction of pile-up and hard-scatter tracks leads to differ-
Trigger. ences relative to the merged reconstruction. Track overlay is

For the presampled pile-up, the signals in the sTGC (MMherefor not suitable for all events. To remedy that, a neural
strips) from the hard-scatter and pile-up events are combinetetwork is used to decide for individual hard-scatter events
as follows. In a given channel, if a signal is only present inwhether it is appropriate to use track overlay or MC overlay.
either the hard-scatter event or the pile-up event, that signdlhis is calledhybrid overlay. This neural network is trained
is copied to the output RDO. If a signal is in both, the out-on the tracks using truth features and variables relating to the
put RDO depends on the timing of the signals and the sSTG@ack density, as well as pile-up conditions, with the aim to
VMM pulse shaping time (MM VMM integration time). If classify tracks into those that can be used for track overlay
the hard-scatter and pile-up signals are separated in time oy not. The per-event ratio of these track populations is then
more than the set shaping time (integration time), the earliestsed as a score, to decide whether the event is sent to track
signal is copied to the output RDO. If the signals are sepaer MC overlay.
rated by less than the shaping time (integration time, about In Fig. 13, the efficiency of track reconstruction is shown
200 ns), the two signals are combined by adding the charges a function of the distance between the reconstructed jet
and taking the earliest signal time. axis and truth particles, for a sample with low or high-

As with standard LAr Overlay, LAr Super Cell Overlay jets. The reconstructed jets are particle flow jets with a radius
is done at the digit level. Hard-scatter HITS are digitised inparameter of 0.4 (see also Set#.9. In Fig. 14, the track
the standard way, except that no noise is added (as this hesconstruction efficiency for higlpr jets is presented as a
already been applied to the background LAr Super Cell digfunction of the jetpr. Track overlay reproduces the efficiency
its). LAr Di gi t s contain several time-samples of the signalof the MC overlay well for jets with moderate transverse
in each channel. The algorithm loops over the Super Cellsnomentum, while close to the centre of very highjets the
Any hard-scatter contribution is added to the pile-up backefficiency is overestimated. The hybrid case results in a very
ground contribution, if available, and otherwise it is added tagyood agreement with pure MC overlay even at hjgth4n the
the standard pedestal for that channel. If any of the samplestudies presented, the ML score cut is 0.742, corresponding
are below zero or above the maximum ADC value, then theyo a fraction of events used for track overlay of 93.5% for
are constrained to lie in this range. The results are writtefow- pr dijets and 35.3% for higlpr dijets.
into the outputLAr Di gi t container. The creation of LAr
Super Cells from the combinddAr Di gi t s then proceeds Data overlay Particularly for heavy ion data analysis, data
in the standard way. overlay is used rather than MC overlay. In heavy ion col-

Beam size effects are also taken into account in the minlisions, rather than additional collisions, the ‘background’
imum bias simulation. Separate minimum bias backgrounds primarily the enormous underlying event from the colli-
datasets are simulated with each beam spot size (43, 40, 3ibn itself. This background is extremely difficult to correctly
and 34 mm, see also Seét2.]). During the pile-up presam- model, owing to the complex particle correlations that arise
pling step L70 minbias files with all four beam spot sizes from the dynamics of the collisions. For that reason, it is
are used as input. Separate Athena jobs are run for each beantracted directly from data events and overlaid onto ‘sig-
spot size with the appropriatg) distribution and number of nal’ events.
events per job for that part of the run. The RDO files created The data are selected using special triggers based on the
are then merged into lumiblock-ordered presampled RDQotal energy in the event. Several different triggers are com-
files. bined to produce a complete spectrum of total energy (which

is strongly correlated with centrality in the heavy ion colli-

Track overlay Track overlay is an evolution of the concept sions). The events are then mixed together into batches that
of MC overlay. In MC overlay, simulated and digitised pile- represent the entire heavy ion data-taking period, and the
up data (or digitised real detector pile-up data) is overlayed/IC simulation is reweighted to reproduce the spectrum of
onto the simulated hard-scatter event. In track overlay, theotal energy observed in the data. To ensure accuracy in the
inner detector tracks of simulated pile-up data are first recomverlay step, the data must be read out without the normal
structed, and then these events are overlayed onto the hasltppression of calorimeter cells that are below threshold.
scatter event. Repeated ID reconstruction for the same events Simple proton—proton collision events are then generated
is thus avoided, and CPU can be saved (up to 50% basddr a variety of interesting processes. For each generated
on preliminary performance tests). Track overlay is not yeproton—proton signal event, a background heavy ion colli-
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Fig. 13 The hard-scatter event track reconstruction efficiency forare reconstructed with MC overlay (empty circles), pure track overlay
tracks in jets as a function of the distance between the jet axis anfilled circles) or the hybrid (filled triangles). For the hybrid case, the
truth particles. Dijet events at 13.6 TeV containing a leading jet withfraction of events that is sent to track overlay is 93.5% (35.3%) for the
a 60 GeV < pi® < 160 GeV andb 1.8 TeV < pi¥® < 25 TeV  low-pr (high-pr) sample
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Because the data conditions are used, the heavy ion

data overlay procedure perfectly emulates certain detectdiig. 14 The hard-scatter event track reconstruction efficiency for

features, including noise, disabled detector channels arjepcks in jets as a function of the jet transverse momentum. Dijet events

non IIi, ion backar nd' However. b the sim I, tioRl 13.6 TeV containing a leading jet with8ITeV < pive < 2.5 TeV
on-collisio ac grounds. However, because .es_ ula Ogre reconstructed with MC overlay (empty circles), pure track overlay

must use conditions from the real detector, misalignmentsgilied circles) or the hybrid (filled triangles). For the hybrid case, the

can induce overlaps in the volumes simulated wiittanT4  fraction of events that is sent to track overlay is 35.3%

— there is no requirement in the alignment that volumes not

overlap. While for precision proton—proton collision mea-
surements these overlaps are sufficientlyconcerningthatt_h(-*éymulated and real particle collision data is reconstruction.
have prevented the up-take of data oyerlay, for heavy '0B5th the simulated and real data pass through the same set
gvents Whgre the.events are much busier and most analy_%?algorithms, except algorithms specifically treating truth
is done usm.g rg‘uos of quantities to cancel out systematif,¢qrmation (e.g. event generator records). The reconstruc-
effects, the risk is much reduced. tion process provides analysis object data (AOD) outputs,
representing a summary of the reconstructed event. These
4.4 Reconstruction outputs are produced in an XAOD format (see S8d4),
which is readable by both Athena aR@OT, easing manip-
Following the digitisation step, simulated events are passedlation for subsequent user analysis. In practice, xAODs
through a trigger simulatioril]. The next step for both the are further processed to createived-xAODs (DAODS), or
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derivations, before being used as input to physics analysisbytestream data written by the ATLAS data-acquisition sys-

as described in Sect.5. tem contains energies for each of the 191,720 calorimeter
The ATLAS reconstruction software was updated for thechannels. For channels of the LAr calorimeter above a pre-
migration to a multithreaded framewdrkfor Run 3. set threshold, the cell-timing, a quality factdiOf] and the

Thisrequired numerous changes, asoutlinedinSectl. ~ raw ADC samples are also written out. The energy for these
The ATLAS experiment has two main categories of detecchannels is then recalculated offline, allowing for update of
tor sub-systems: calibration constants during offline processing.
Calibration constants required to derive the energy from
e Tracking detectors (the inner detector and muon spedhe ADC samples include tpedestal,'8 OFCs and an ADC-
trometer), which measure charged particle momenturrfo-MeV conversion factot? In total, about 68 MB of cali-

and bration constants are used to calculate the energy deposit in
e Calorimeters (LArand Tile calorimeters), which measureMeV for all 182,468 LAr cells, each of which has four associ-
energy deposited by traversing particles. ated ADC values, one from each of the four samples readout

from sampling the cell’s ionisation pulse.

Information from these systems are used to reconstruct The next step of the reconstruction chain involves build-
physics objects such as charged particle trat&3[ primary ing aCal oCel | container. This is a container of all cells
vertices [L88), calorimeter energy cluster4§d, electrons, in both the LAr and Tile calorimeters, ordered by a geomet-
photons, muonst-leptons, jets, and event-level quantities ric identifier such that the same physical cell is always in
such asE™sS. These objects and their associated quantitie§® same container position. During the cell-building pro-
(for example the objects’ energy) are often referred to a§ess, several higher-level corrections are applied. The most
objectcollections. A single object collection will contain a important of these is the correction of fluctuations (trips)
set of consistently defined objects of a given type. For exanrf the high-voltage (HV). The actual voltage of each of the
ple, track objects are reconstructed using inputs from the 13837 HV lines is measured by the Detector Control Sys-
with various thresholds and selection criteria applied. While &m (DCS) [91] and stored in a database. The offline soft-
standard track collection is sufficient for many physics analware calculates energy-correction factors based on these volt-
yses, searches for long-lived particles may require a tracRges. The correction factors change every time the voltage
collection containing large-radius tracks (see Séet.2). changes, which can happen multiple times in a single lumi-

The reconstruction of physics objects and event-levenosity block?® In serial reconstruction (as used in Run 2),
quantities during proton—proton physics data-taking is descri¥dcallbacks trigger the recalculation of correction factors
in Sects4.4.1-4.4.9 The LHC also delivers heavy-ion col- atevent boundaries. In multithreaded reconstruction (used in
lisions to ATLAS during dedicated data-taking periods. TheRun 3), multiple sets of sets of HV-correction factors have to
reconstruction process during these periods differs fronpe kept in memory simultaneously, because events belong-
‘standard’ proton—proton collision reconstruction, and ising to different HV-periods are processed concurrently (see
described in Sect.4.10 Special configurations of the muon Sect.3.3).
and inner detector track reconstruction can also be used dur- Each LAr cellis supplied by atleasttwo HV lines, so there
ing the collection of cosmic ray data, particularly when nois redundancy in the case of a trip of one of the HV lines.
beams are circulating in the collider. If one line trips, the energy deposit is estimated by using
an appropriate correction factor. The expected noise is then
re-scaled accordingly, to account for the higher correction
factor. When updating to run multithreaded reconstruction,
The calorimeter energy clustering runs firstin the reconstrude re-scaling of noise proved to be challenging owing to
tion of an event, as it can be used to ‘seed’ track reconstrudh® dependence on both the conditions data and high voltage
tion, in particular for back-tracking to recover photon con-information. input conditions data are indexed by run and
versions (see Seat.4.9). Calorimeter reconstruction begins UmMinosity block number, while the voltage is recorded by
from individual cells, and is described in Ref6[7]. The digi- ~ the DCS and indexed by time-stamp.
tisation process for simulated calorimeter data is described i e seine sianal level of each LAY channel and the noise ch
Sect 3 Foreldata, thoenergydeposteineachcalonne, 11T 30 e e o v
ter cell is calculated by the online system through the appliis measured in dedicateedestal runs.
cation of OFCs to the time-sampled ionization pulse. Thas The ADC-to-MeV conversion factor includes the amplification of

the readout electronics, which is regularly re-measured in pulser runs

17 The first piece of ATLAS software to work in a multithreaded envi- for each channel.
ronment was the calorimeter energy clustering, which was used & The high frequency of HV changes is partly due to imperfect smooth-
demonstrator to showcase the feasibility of the transition. ing by the Detector Control System.

4.4.1 Calorimeter energy clusters
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Fig. 15 Thereconstructed signal time distribution for calorimeter cells /p [193. These are defined relative to a reference point, the perigee
in the second layer of the LAr EM barrel calorimeter. Both the inclusived/ P 1193- . point, perigee,
or point of closest approach to the beam line

cell time spectrum (green empty squares and solid crosses) and the one

for seed candidates with signal-over-noise ratio greater than four (empty

circles and solid triangles) are shown, separately for cells with positive

and negative reconstructed energy. The vertical lines represent the cély several coincident particles. During reconstruction, tracks

time rejection limits of£12.5 ns. Figure from Ref.192] are constructed as a set of hits identified as being consistent
with coming from the same single charged particle, and then
fit to determine the corresponding particle trajectory.

OnF:e built, Cal o.CeI I's are gathereq Into glusters that Particle trajectories are described by five parametéys (
contain the shower induced by a traversing particle. ForRun;O #, 0, q/p) defined relative to a reference point (the

the topological clustering algorithri89 is most commonly perigee). These parameters are depicted in Fig[193.
used to complete this task. Input cells are classified accordinlqere do and zo are the transverse and longitudinal impact
to their signal-over-npise ratio, which depends on the highfoarametersqb ando are the azimuthal and polar angle, and
voltage-corrected noise for each cell. q/p is the charge divided by the momentum. The default
A reconstruction time requirement is applied to cells tOeference is the beam line centred at the beam 488 [
rre]_d uce the effect.of c;]ut—of-.ume. pile-up9. Tr?e (.affecé-of Improvements were made to the ATLAS track reconstruc-
t S rgquwemen_t_ls shown in Fg5[192. In the t|me_ IS* " tion software ahead of Run 3 to prepare for proton colli-
tribution of positive energy cells, secondary contrlbutlonsSions with an average pile-up of about 3®4]. Such a busy
afrg visible at:l:h25 ns, one bu;lgh cro§|5|ng from t,rl')e (;0II|S|cr)]n environment demands highly performant software capable of
ofinterest. T ?eh ari OUt'?] -tlmle piie-up contri ut;ons t ,a%fficiently exploiting available computing resources to pro-
are suppressed thanks to the calorimeter energy cluster tig, prompt reconstruction of particle collision events. The

requirement. ) ) main changes to the ATLAS track reconstruction software in
Th_e topological clusters, diopoClusters, output by this preparation for Run 3 are documented in R&84.

a_Igonthm serve ag seeds _for electro_n and_ photon FECONSIIUC- Tg track reconstruction strategy followed by the ATLAS

tion, and are provided as inputs for jet-building. experiment pivots on a singi@side-out track reconstruc-
tion sequence requiring eight hits to form tracks with >

4.4.2 Inner detector tracks 500 MeV. Additional inside-out and outside-in beack-
tracking sequences targeting specific signatures such as long-

Precise measurements of charged-particle trajectories alieed particles (LLP) and photon conversions complementthe

vital to a successful physics programme. Charged particlemain sequence.

passing through the ID deposit energy through processes suchAn inside-out sequence begins witkegding process that

as ionisation and radiative loss, and their trajectories can bierms triplets from the individual silicon detectors. Then, a

reconstructed to form tracks. Energy deposits in neighbourcombinatorial Kalman Filter]95 extends the seeds along

ing detector channels are clustered to form three-dimensionakarch roads through the detector elements creating multiple

space points referred to his. Neural networks are used to track candidates to maximise reconstruction efficiency. Lim-

refine the estimates of where the particles pass through activs on hit usage and sharing, which adapt to local conditions

material, and to splitindividual clusters if they were producedusing a set of neural network&§7], are enforced through
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I Heavy ion collisions warrant a specialised configuration as
S [ ATLAS Simulation (s=13TeV ]
S [ 2hhoaasbbbb + Large Radius Tracking | well (see Sec#.4.10. S
© I m, =55 GeV, ct, = 100 mm & Primary Tracking ] The main inside-out track reconstruction iteration recon-
.é 0.8 F. + Combined B structs primary tracks with an isolated track efficiency of
> T 1 approximately 70 to 85% depending on the trgek and
% 06 . PR ] n [19§. Following high-quality selection criteria, the rate
o L - T ] of reconstructed tracks remains extremely linear up to high
5 04 - f ] (u), s_,uggesting the rate of spuriously reconstrugted tracks
= [ ~ B remains at a sub-percent level on average for typical operat-
0.2 — 7 ing conditions. Within a jet wittpr of 1 TeV, where very high
0 e ‘ “‘7‘%‘7} measurement densities make track reconstruction challeng-
0 50 100 150 200 250 300 ing, reconstruction efficiencies are maintained at approxi-

R‘,I,“JE [mm] mately 90% of that for isolated tracks. Photon-conversion
reconstruction efficiency is around 70% over a broad range

Fig. 17 The primary, LRT, and combined track reconstruction efficien- : . -
cies for displaced charged particles produced by the decay of a LLP in%‘c Er, with some degradation as a function @f) [199.

Higgs portal signal model. Efficiencies are shown as a function of trud-OW Pile-up re_ConStrUCtion is discussed in RQO{] Th? _
decay position (which is the charged particle production position) intrack-based alignment of the detector sensors is described in

Rotad = VX2 + y2. Truth particles are required to hape > 1.2 GeV  Ref. [201].
and|n| < 2.5. Figure from Ref.197]
4.4.3 Primary vertices
the ambiguity-solving stage to maintain a low rate of false
positive track assignments (a low ‘fake rate’). Next, surviv-Primary vertices (PV) represent the reconstructed position
ing track candidates are passed to the gloifainethod for  of an individual particle collision. For a given bunch cross-
a high-precision track parameter estimate. Finally, tracks aneg the PV with the largest sum of traq:b% is labelled the
extended when possible, with TRT measurements improvingard-scatter vertex. This identifies the location of what is
momentum resolution and particle identification. considered to be the primary event and the interaction of
Subsequent inside-out and back-tracking sequences argerest for the given bunch crossing. The location of the
tuned to particular signatures and do not consider hits alreadyard-scatter vertex also serves as a reference point for down-
associated with reconstructed tracks. For example, largetream reconstruction algorithms.
radius tracking (LRT) considerably improves the efficiency PVs start as candidate vertex locations estimated by using
for reconstructing the decays of LLPs displaced by more than Gaussian-distributed resolution model for the track impact
5 mm transversely from the interaction point by increasingoarameters. During the track fit, candidate vertices compete
the allowed range for the track candidate impact paramefor tracks to reduce the chance of nearby proton—proton inter-
ters [L9€. Stricter selection criteria combat the increasedactions being reconstructed as a single merged vertex. For
combinatorics to ensure a fast processing time per evenlRun 3, the primary offline vertex reconstruction in ATLAS is
while a back-tracking sequence maintains the secondagone using the open-source, experiment-independent ACTS
track and photon conversion efficiency. The back-trackingoolkit [202203. The higher instantaneous luminosity in
is seeded from TRT and SCT segments built in a narroviRun 3 means that primary vertex reconstruction is more chal-
geometric cone (aegion of interest) around a calorimeter lenging than ever before. To prepare for this, two new tools
energy cluster. During Run 2, LRT was only applied to awere developed to preserve primary vertex reconstruction
subset of events, but the performance improvements in botfficiency R04. A Gaussian track density seed finder (GS)
the standard and large-radius track reconstruction in prepand adaptive multi-vertex finder (AMVF) replace the iter-
ration for Run 3 have resulted in the ability to run LRT on ative vertex finder (IVF) 188 used during Run 2. For the
all events, thanks to computational speed-ups of a factor dfeam spot determination IVF is still used, and once the beam
40-60, depending ofu) [197]. This development provides spot is known AMVF is used.
a potential boost in accessible phase-space for LLP searches,PV reconstruction performance depends on the event
and increases the efficiency of LLP reconstruction and anatopology and is described in Re148§]. In Standard Modetf
ysis workflows. The improvement in efficiency is shown for events, the reconstruction efficiency for the vertex including
the case of a Higgs portal signal model in which long-livedthetf production is close to 100% in Run 3 conditions. For
pseudo-scalar bosona)(from the Higgs boson decay into the softer pile-up vertices, the reconstruction acceptance is
charged patrticles is shown in Figj7 [197]. around 70%, and the reconstruction efficiency is around 80%
Specific sequence configurations target particles withat () = 60. The identification efficiency itt events (i.e.
pr < 500 MeV separately in low and high pile-up events.efficiency for correctly identifying th& production collision
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as the hard scatter) is around 95%(aj = 60 [204. The focusing on long-lived particles, an electron collection built
vertex position resolution along the beam line is estimated tosing large-radius tracks was introduced for Run 3.

be 18um in tt events and is somewhat degraded for lower

multiplicity processes. 4.4.5 Muons

4.4.4 Electrons and photons During LS2, the muon small wheel was replaced by the NSW.
The NSW deploys two detector technologies, Micromegas
The process by which electrons and photons are recommnd sTGCs, as noted in Se2t2. Both the technologies pro-
structed at ATLAS is described in RefLl99. Electron and  vide excellent trigger and tracking performance in high-rate
photon reconstruction begins from calorimeter TopoClustersenvironmentsT].
In order for a TopoCluster to be considered, at least 50% of Muon reconstruction in Run 3 starts from inside the muon
the total TopoCluster energy must be from cells in the EMspectrometer, as described in R&0§. MS tracks are cre-
calorimeter. The track parameter estimates for electron camted, extrapolated to the hard-scatter vertex, and refitted with
didates are improved by a Gaussian Sum Filter (G869][ a loose interaction point constraint taking into account the
which accounts for significant electron energy loss due t@nergy loss in the calorimeter.
bremsstrahlung interactions with the detector material. The The first step of muonreconstructionis segmentfinding. A
inner detector tracks with the GSF applied are also used tsingle physical muon chamber might comprise several layers
build photon-conversion vertices. Both the conversion verof one or more detector technologies, physically attached
tices and the refitted tracks are then matched to the selecténl one another. Rather than directly reconstructing muons
TopoClusters. from the hits from all of these detectors, first the hits within

Following this track—cluster matching process, electroreach chamber are gathered into segments. In standard muon
and photonsuperclusters are built. The electron and pho- reconstruction, these segments serve as a first cleaning of
ton superclustering algorithm&99 206 replace previously electronic noise and cavern background. In standard proton—
used sliding-window algorithms2p7] (which resulted in  proton collision reconstruction, they are required to roughly
fixed-size clusters) in favour of the creation of dynamiccorrespond to a feasible muon trajectory.
superclusters of variable size. This improves the ability to Alignment effects are implemented using an event data
account for radiation loss in the ID due to bremsstrahlungnodel object known as alignment Effect on Track
by enabling the recovery of low-energy photons, which ard AEOT) [209. This object holds the list of hits it affects
then paired with their associated electron or converted phand the standard deviations on the constraints (angular or
ton via the supercluster. First, seed clusters for electron arghgitta-based) to apply to those hits. A refitting algorithm
photon supercluster building are identified, and following(the MuonRef i t Tool ) constructs the appropriate AEOTs
this satellite cluster candidates are identified from nearbyor the hits used in the track, based on misalignment infor-
clusters. Positional corrections are applied to the resultinghation stored in the conditions database and processed by a
superclusters, and ID tracks are matched to electron supespecialized tool (thé\l i gnrent Er r or Tool ), and adds
clusters, while conversion vertices are matched to photothem to the vector of measurements that defines the track.
superclusters. Track-matched superclusters form electron&fter a muon is identified, a track refit is then done, with
superclusters matched to conversion vertices form convertetle AEOTSs included in the derivative matrix that enters the
photons, and superclusters with no conversion vertex or traasomputation of the fig 2, so that their effect is directly incor-
match form unconverted photons. porated into the minimization process.

In addition to the improvements brought by switching to  Several different algorithms are used to identify and recon-
use dynamic clustering for electron and photon reconstrucstruct muons, with separate muon collections being available
tion, optimisations and simplifications to reconstruction softin xAOD files. Combined (CB) muon reconstruction relies
ware in preparation for Run 3 resulted in significant per-on the successful combination of an MS track with an ID
formance gains. For example, the use of a dedicated tradkack [29]. Inner detector tracks are sought in a cone around
extrapolation vastly reduced the CPU consumption of one athe extrapolated MS track. This strategy follows an outside-
the mostdemanding algorithmsin the electron reconstructioim approach where the information from the MS is used to
chain. The algorithm time was reduced by more than an ordeseed the muon reconstruction, looking for confirmation in
of magnitude, and the overall electron and photon reconstrughe ID detector. Thénside-out algorithm P1Q starts from
tion time was reduced by more than 25%. The GSF was alstwacks reconstructed in the inner detector and extrapolates
improved and sped up by about a factor of two. Optimisathem to the MS. In this strategy, information from the 1D
tion and tuning of conversion identification was necessarys used to seed the muon reconstruction, with confirmation
for Run 3 to address the new gas configuration of the TRTiater being sought in the MS detector. The ID tracks with
as discussed in Se@.2 To improve support for analyses pr > 2 GeV are extrapolated outwards, with MS hits found
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Fig. 18 Efficiency for having at least four out of eight layers of either the NSW on the C side during proton—proton collision data taking on
a sTGC stripsh Micromegas strips andsTGC or Micromegas strips  May 14th 2023. Regions of low efficiency correspond to detector or
associated with a combined (with the inner detector) or standaloneeadout issues during data taking. Figures from R&f1]

(muon spectrometer only) track withr > 15 GeV passing through

along the extrapolated trajectory being associated with thifom an event generator (for simulated samples) or any other
given track. For Run 3, the inside-out algorithm was signifi-object representable as a momentum four-vector. The clus-
cantly sped-up by removing ID tracks from consideration iftering algorithms themselves use thesTIET [214] imple-
they had already successfully created a CB muon. Lgwer- mentation, meaning the constituents must be translated from
muons that do not have enough energy to traverse the entild LAS data types intaFASTIET PseudoJet objects for
MS may be reconstructed assegment-Tagged (ST) muon, interfacing.
which does not require a fully reconstructed muon track, but The particle flow procedure was updated ahead of Run 3.
only muon segments associated with an ID track. FinallyTo exploit the fact that particle flow objects are built from
Calo-Tagged (CT) muons are identified selecting ID tracks the same calorimeter TopoClusters and inner detector tracks
matched with a calorimeter energy deposition compatiblas other objects, links —known as global particle flow (GPF)
with a minimally ionizing particle. A new addition to the links — between the particle flow objects and electron, pho-
software with the start of Run 3 is théal oMuonScore  ton, muon and-lepton objects were introduced. By default,
algorithm. This extrapolates particle tracks from the ID toparticle flow uses all tracks, satisfying some basic quality
the MS, forms three-dimensional representations of energgriteria andpt requirement, and TopoClusters. The tracks
deposits in the calorimeter, and runs a convolutional neurah this context are assumed to be pions, and the energy in
network on these energy deposit patterns to assign a likelifopoClusters corresponding to extrapolated charged parti-
hood score corresponding to whether or not the particle is ale tracks is subtracted from the particle flow objects on that
muon. basis. The introduction of GPF links allows users to revisit
The NSW s still being commissioned. Itis fully integrated this decision, since the list of TopoClusters matched to each
into the offline reconstruction, and standard data analysisack (along with their subtracted energies) is available from
using Run 3 data now includes muons with NSW hits. Thethe charged particle flow objects.
efficiency for having a NSW segment (at least four of eight The first step of jet reconstruction is to prepare the jet
layers with either technology) associated with a combinedonstituents, which may entail procedures such as calibra-
(with the inner detector) or standalone (muon spectrometeion or filtering, e.g. to suppress the impact of pile-up. This is
only) track with pr > 15 GeV is shown for a 2023 data executed by det Const i t uent ModSequence, which
taking run in Fig.18[211]. runs a configurable series of Tools that modify the col-
lections of constituents. These Tools each implement the
| Jet Consti t uent Modi fi er interface.
4.4.6 Particle flow and jets Next, a collection ofPseudoJet objects is constructed
from the constituents, such thatthey can be inputinsxJET
The reconstruction of jets, collimated groups of hadrongor clustering. This is done byRBseudoJet Al gori t hm
emerging from the proton—proton collision, makes use of iterwhich reads in the constituent collection, creates a corre-
ative clustering algorithms, taking various detector signalsponding collection oPseudoJet s, and records them to
as inputs. The most commonly used algorithm is the antithe event store. Any constituent type that implements the
ki [212 algorithm. The jet-finding inputs, or constituents,
may be TopoClusters, particle flow objec#lf, particles
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I Parti cl e interface (i.e. has a momentum four-vector) ing the input constituents are available. This might be done
can be used. for analyses that do some jet reclustering, for example. The
The interfacing t&'ASTIET and translation of the resulting Algorithms and Tools used for jet reconstruction are suffi-
jetsintothe xAODJ et typeishandledbydet C ust erer. ciently flexible to allow this.
This is a Tool that reads in the collection B§eudoJet s,
runs the actual clustering algorithm, and builded Cont a  4.4.7 Missing transverse momentum
i ner from the output. Thdet Cl ust er er does not nec-
essarily record these jets to the event store, as further motdissing transverse momenturE’{“SS) is a valuable observ-
ifications to the collection may be desired first. Such modi-able that is used widely in particle physics analyses. This
fications (e.g. calibration, filtering, and calculation of addi-observable serves to approximate the transverse momentum
tional variables beyond the four-momentum) are carried outarried by particles that remain undetected as they traverse
by tools thatimplementtheJet Modi f i er interface. Usu- the detector. It is essentially the negative vector sum of the
ally, these modifications must be done before the jet coltransverse momenta of all objects in an event, but the cal-
lection is recorded to the event store to preserve constulation is sensitive to the definitions and calibrations of
correctness for thread safety. Adet Mbdi fi er thatonly these objects, and the treatment of overlaps between them.
adds new variables to jets as decorations (as opposed to modiis makes the reconstruction Er“‘ss [217] particularly
fying existing quantities) implementsthédet Decor at or complex. Object definitions can vary considerably, depend-
interface, which is derived frorhJet Modi fi er butguar- ing on how individual analyses optimise and prioritise their
antees that the jets are treated as const. This permits safalject selections. For example, a set of tracks matched to
runningl Jet Decor at or s on the jet collection after it is calorimeter TopoClusters may be considered as an electron
recorded to the event store, which is useful for downstrearin one analysis, but as part of a jet in another analysis,
operations such as flavour tagging or analysis-specific jeheaning different calibrations would be applied in the two
variable calculations. cases. To accommodate the wide spectrum of analysis needs,
Jet grooming is a technique that involves selectively modmissing transverse momentum is only computed during the
ifying the constituents of a jet, and can include proceduresata analysis, according to its own event description. At the
such as trimming 415 and pruning 216]. Jet grooming reconstruction step, therefore, the aim is to ensure that the
requires a more specialized treatment compared with othebjects required to permit this calculation during the anal-
jet modifications, as it generally requires that the clusteringsis are provided with the necessary information. To make
procedure is repeated, with further interfacing witksT- this possible, a compact representation of all possible over-
JET. A dedicatedJet G ooner class is provided to help laps between objects in the event is required to avoid double-
this. This is a Tool that takes as input the ungroomed jetounting inthaE?"sscalculation. This is implemented in the
collection and its inpufPseudoJet collection, and out- M ssi ngETAssoci at i onMap [218, which provides all
puts aPseudoJet collection representing the groomed jets information needed to compute th‘é“ssusing any arbitrary
(which are then translated into a nelet Cont ai ner).  object selection. Jets are used as the basis objects for this rep-
Because many different grooming techniques exist, a differresentation: the map consists oMassi ngETAssoci a
ent class derived frondet G ooner is provided for each ti on object for each jet in the event, plus one ‘miscel-
one that implements the specifics of that method. laneous’ association to capture detector signals not associ-
To simplify the jet reconstruction procedure for the userated with any jet. EacM ssi ngETAssoci at i on object
and streamline configuration, an Algorithidheft RecAl g)  contains information about which other objects share which
is provided that wraps some of the previous steps. Itletector signals with that jet, and with each other. The recon-
has three steps: first, creating a jet collection using astruction ofETmissis therefore divided into two steps: the con-
I Jet Provi der; second, running an arbitrary sequencestruction of the association map, and the usage of this asso-
of I Jet Mbdi fi ers on it; and third, recording the final ciation map to compute the finE’Tniss based on the object
collection to the event stord.Jet Provi der is a uni- selection definitions of the given analysis.
fied interface for all Tools that create a jet collection. This Constructing the association map amounts to calculating
includesJet Cl ust erer andJet Groonmer as well as the overlaps between all objects that could potentially go
Jet Copi er,aTool that provides a jet collection by copying into the final event description. This is done for each type of
an existing one. reconstructed object sequentially usiMBTAssoci at or
The same jet reconstruction code runs as part of the recofools. Each type of object (jets, electrons, muons, photons,
struction and derivation-making (see Setb). In practice, t-leptons, and ‘soft’ detector signals — signals that too low-
the jets that are used for data analysis are built during thenergy to be associated with a reconstructed object) has a
derivation step. Jet-building can also be done even furtherlass derived fronMETAssoci at or that extracts the cor-
down the processing chain as a part of an analysis, assumesponding detector signals and computes the appropriate
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overlaps. These overlaps are recorded in the association map,Flavour tagging relies on simulated samples to enable the
and the map is recorded in the event store. training of the tagging algorithms, @avour taggers. In sim-

The second step of computing the final missing transverselated samples, jet flavoliabels are assigned according to
momentum is carried out using thd&=TMaker Tool. This  the presence of a hadron from the event generator within
takes as input the association map and reconstructed objeaiRy (hadron jet) = 0.3 of the jet four-momentum. If &-
with analysis-specific selections applied. First, a ‘term’ ofhadronis found, the jetis labelledget. Without ab-hadron,
the overall vector sum is constructed for each type of reconf a c-hadron is found, the jet is calledajet. If no b- or
structed object by sequentially providing the corresponding-hadrons are found, but &lepton is found in the jet, it
reconstructed object collections. The order in which these aris labelled ar-jet. Otherwise the jet is labelledlgght-jet.
provided defines a priority ordering for overlap removal, andThis information is used for training the flavour taggers to
only objects satisfying this overlap removal are included irefficiently identify b-jets and sufficiently reject background
the EfM'SSsum. Keeping track of the overlaps during this pro-jets.
cess is done usingl ssi ngETAssoci at i onHel per The first step of the flavour tagging process is to asso-
object, which implements a transient thread-local cacheiate tracks to the jets in an exclusive way. This is done
recording this information. Updates to ensure that this is &y setting a maximum angular separatianRy, between
thread-safe process were made ahead of Run 3. Lastly, tliee jet and track four-momenta. Given thmhadrons with
METMaker adds each individual overlap-removed term toa higher pr will decay to form more collimated jets than
compute the final result. those with lowerpr, the maximum allowed angular sepa-

This second step is applied by each analysis, downration between the tracks and the jets decreases as a func-
stream of the standard reconstruction, in order to accouriion of jet pr. The precise relation used isRy < 0.239+
for analysis-specific selections. Analyses are thereby able &xp(—1.22 — 0.0164/GeV x pr), with ARy, ~ 0.45 for
determine whether some object should be considered an elgets with pr > 20 GeV andARy ~ 0.25 for jets with
tron, photon, or jet, for example, or whether a muon is suffi-pr > 200 GeV. If a track is within the allowed distance
ciently well reconstructed to be included, and to use exactljrom more than one jet, it is assigned to the jet with a smaller
those objects with their corresponding calibrations in theA Ry(track, jet).

E%"iss definition. The analysis tools described in S&ct..4 After track-jet association, flavour tagging is done on
help ensure that uncertainties on these objects are correctdach jet independently. It is possible to use multiple tag-
propagated into thE?“SS, and theE’TniSS tools provide an gers without the need to create separate containers for the
additional calibration and uncertainty on the soft detectoresults of each. Associated tracks are used to reconstruct sec-

signals described above. ondary vertices, using two algorithmdet Fi tt er [219
and SV1 [22(. The parameters describing the secondary
4.4.8 Flavour tagging vertices from heavy flavour decays, together with the hit con-

tent and impact parameters of the associated tracks relative
Flavour tagging 9§ is the process of distinguishing jets that to the primary vertex, are used by higher-level algorithms to
containb- andc-hadrons from those that do not. This pro- compute the final flavour-tagging discriminant. These higher-
cedure is applied in two stages. In the first stage, low-levelevel algorithms include binned-likelihood estimatbfx D,
algorithms are used to reconstruct the features of jets resukind several neural networks that are trained usiPg@ioN
ing from heavy-flavour decays. These features are then ussdftware stack that runs outside of Athe@a] and is based
as inputs to multivariate classifiers, which constitute the segbrimarily on NumMPY [222], HDF5 [223, KERrAS [106] /
of higher-level algorithms used in the second stage of th&@ENSORFLOW [105, PYTORCH [107], PYTORCH LIGHT-
flavour-tagging process. During the flavour-tagging processyING [224], and DEEP GRAPH LIBRARY [225. HDF5
multiple jet collections can be tagged simultaneously eithedatasets to quantify systematic uncertainties and for train-
during reconstruction or derivation-making (see Sddf). ing are written directly from DAODs, using Athena (or one
The primary purpose of flavour tagging, when applied dur-of the lighter projects described in Se@tl.1), and are used
ing reconstruction, is to enable the monitoring of flavour-as input to th@yTHON-based training software. Trained net-
tagging outputs for data quality monitoring purposé8][ works are then loaded using th&NX RUNTIME library or
(see Sects.1). Flavour tagging is applied to jets built from LWTNN for inference within Athena.
both particle flow objects and calorimeter TopoClusters dur-
ing reconstruction, but the results of this process are not.4.9 t-leptons
saved to the output XxAOD file. The flavour tagging process
is then applied to particle flow and variable-radius jets dur-The z-lepton reconstruction algorithms focus on hadronic
ing derivation-making, where outputs are saved in the output-lepton decays and the associated visible decay products,
DAQD file. which form atpag.viscandidate. Several improvements were
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made tot-lepton identification, classification and back- impact parameters and calorimeter energy cluster properties
ground rejection algorithms for Run 3, largely driven by for t-lepton tracks, nearby conversion trackS,candidates
the development of neural-network based approaches. Theaadphoton shots (local energy maximain the first layer of the
approaches are discussed in R@€8][ alongside a detailed electromagnetic calorimeter, associated with photons from
description of hadronie-lepton reconstruction, identifica- the candidate decay of).
tion and calibration for Run 3.

Hadronicz-lepton decays display characteristic displace- )
ment, multiplicity and kinematic properties, with a branching4-4-10 Heavy ions
ratio of approximately 65%. To reconstrugtyg-vis Objects ) )
corresponding to the visible decay products of a hadronitieavy ion collision reconstruction differs from the standard
cally decaying -lepton,mad.viscandidates are seeded by jets,proton—proton reconstruction due to the large number of
reconstructed from calorimeter TopoClusters, using the ant¥nderlying event (UE) particles produced in the ion colli-
ki algorithm with a radius paramet& = 0.4. A t-lepton sions. The standard calorimeter energy clustering in heavy
will travel away from the interaction point before decaying. o reconstruction begins from 0<k; ‘towers’ assembled
To identify the production vertex for eaghag.viscandidate, from geometric combinations of cells, rather than from the
a dedicated -vertex association algorithm is use3s]. The cells themselves2B(. The same algorithms as described
identified vertex serves as the basis of the coordinate sy@P0ve are used to reconstruct tracks in heavy ion events,
tem in whichz-lepton identification variables are calculated. Put often different, somewhat more restrictive requirements
The track parameters of tracks associated withtagvis &€ applied during physics analyses to reduce fake rates. For
candidate are recalculated relative to théepton produc- heavy ion data-taking the jet, electron and photon reconstruc-
tion vertex. tion sequences are run only after the UE is ‘removed’ from

The tracks associated with @ag.vis candidate are pro- the calorimeter. During this process the energy deposition
cessed by a track classifier, and then categorised as eitH&p™M the UE is subtracted from the energy of reconstructed
t tracks (i.e. corresponding to chargedlepton decay calorimeter energy clusters, and containers for these sub-
products), conversion tracks (from electrons and positrongaCted clusters are created. The UE subtraction process and
from photon conversions), isolation tracks (likely originat- subsequent heavy ion jet reconstruction procedure is detailed
ing from quark- or gluon-initiated jets) or fake tracks (mis- In Refs. 30.231].
reconstructed tracks or pile-up tracks). While a BDT-based ' Ne average energy density associated with the UE is cal-
method forz-lepton track classification was used duringculated as a function af using all calorimeter layers for

Run 2, for Run 3 a novel method that uses a recurrent neurigts and per-layer for electrons and photons. It is modulated
network (RNN) was develope®)]. in ¢ to account for anisotropic flow present in heavy ion

A separater-lepton identification algorithm was devel- collisions and corrected for detector non-uniformities. This
oped during Run 2 to distinguish trugag.vis from mis- calculation excludeseed jets from the average, where these
identifiedrhag-visoriginating from quark- and gluon-initiated S€€d jets are jets reconstructed using the langilgorithm
jets, resulting in significant improvement in the rejection ofWith energy above a given threshold. From this calculation
mis-identifiedrhag-vis The algorithm uses an RNN architec- the UE is subtracted from the seed jets. The energy calcu-
ture that is the same as that described in R lation, exclusion and subtraction procedure is applied itera-

Electrons can be mis-identified agag.vis Objects, espe- tively using different jet definitions. Each of these iterations
cially in the case of 1-pronghad.viscandidates. A new elec- Proceeds according to the following steps:
tron veto algorithm 99| for 1-prong and 3-pronghad-vis
also based on an RNN, was developed for Run 3. This new
algorithm improves electron rejection by approximately al. Identification of seed jets.
factor of three for a givennad.vis efficiency compared with 2. Computation of UE parameterad(Q.
the BDT-based veto used during Run227). 3. Application of the UE subtraction to the towers in each

A DeepSet neural network (DeepSet NRPH algorithm jet, and recalculation of the jet four-momenta.
was developed for Run 3 to both classify the decay modes and. Application of the energy scale calibration procedure.
calculate the visible four-momenta of reconstruatddpton
candidatesq9]. This algorithm can significantly improve the
energy calibration of the reconstructegdy.viscandidates rel- The resulting jets are UE-subtracted and fully calibrated,
ative to the BDT-based algorithm used during Rur229, permitting their use in the construction of seed jets in the next
improving the resolution by almost 50%. The algorithmiteration. Three iterations are done in total for jet, electron
exploits the reconstruction of individual charged and neutrahnd photon reconstruction. The criteria for seed jets built with
hadrons of the-lepton decays using decay kinematics, trackantik; radius parameteR at each iteration are as follows:
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1. Seed jets are built using = 0.2 and must have a maxi- e Skimming is the removal of whole events, based on some
mum towerEt > 3 GeV and a ratio of maximum tower criteria related to the features of the event;
Et to mean toweET greater than 4 (all without UE sub- e Thinning is the removal of individual objects within an
traction applied). event, based on some criteria related to the features of the
2. Seedjetsare built usirgy= 0.2 and must have calibrated object;
pr > 25 GeV after subtracting the UE, as determined e Simmingis the removal of variables within a given object

during the first iteration. Track jets withr > 7 GeV type, uniformly across all objects of that type and all

can also be included. events (unlike the other operations, slimming does not
3. For the final iteration, seed jets are built usRg= 0.4 depend on any event/object properties because the same

and must have calibratger > 25 GeV after subtracting variables are removed for every event and object);

the UE, as determined during the second iteration. e Augmentation involves adding information in the form

of new variablesdecorations) or new objects, which in
some way summarise aspects of the reconstructed data,

4.5 Derivations allowing much larger volumes of data to be dropped.

4.5.1 Definition and role of derived data
At the start of Run 2, ATLAS introduced centrally pro-
A feature common to many high energy physics analyses iduced intermediate data files written in the xAOD format
the use of intermediate-sized data types at some stage of tfgee Sect3.4), formally called Derived AODs (DAODs) but
analysis procedure. Typically, these files are derived from thwidely known across the collaborationd@esivations. These
output of the reconstruction (AOD in ATLAS) and may have were defined and managed by the physics and combined per-
the following features: formance groups and were usually tailored to specific anal-
yses. In almost all cases the events were skimmed, with the
skim rate varying depending on the physics analysis and
mil of the input data; Whgther the input events were real or simulated. At timgs
2. They usually contain all of the information necessary fordUring Run 2 there were more than 100 such formats in active
smearing, scaling, selection, calibration and other ope/!S€- These overlapped heavily for simulated events, leading
ations on reconstructed objects (collectively known int© €xcessive disk space use, and managing such alarge profu-

ATLAS as combined performance operations), and tosion of formats became increasingly difficult. Consequently,
' ATLAS has revised the model for Run 3, and this is described

in the following sections.

1. Their size is usually around a few percent to a few pe

determine the systematic uncertainties related to the
operations;

3. They are used privately by physicists or groups of physiynskimmed derived data The main innovation in the
cists to produce custom data files (usu@®®OT ntu-  Ryn 3 analysis model is the introduction of two new
ples); unskimmed data types written in the xAOD format known

4. They are typically modified and reproduced more tha’hsDAGD_PHYS andDAOD_PHYSLI TE. These are concep-
once for a given version of the input, and may be readya|ly similar to the MiniAOD and NanoAOD of CMSB2.
several or many times by the analysis teams as they pro- paop PHYS contains all of the object types and variables
duce different private ntuples; required by the combined performance tools to apply rec-

5. They may be aimed at one analysis or perhaps a groftnmendations and calibrations (tt@mmon slimming con-
of related analyses (for example sharing the same fingbnt) and consequently is very similar to the existing DAODs,
state). except that it is unskimmed and therefore can be used by a

wide range of analyses. Despite containing all of the essen-
The second point above is particularly important sincetial analysis variables, it is smaller than 500) kB/event

an optimal understanding of the reconstruction, which feedfor simulated (data) events, which is less than 10% of the

into the combined performance recommendations and caROD size (see Secb6.3.5. Most of the size reduction is

ibrations, tends only to be achieved after many months o&chieved by removing all tracks witly below 10 GeV that
study of the data and MC simulation. Moreover, differentare not associated with leptons or jets. Further reductions are
domains of the reconstruction update their recommendatiorabtained by dropping most of the MC truth record in favour
at different times, so it is usual practice to store all the infor-of summary information for the substantive truth particles
mation needed to allow the application of these recommendetectable leptons, gauge bosons, hypothetical new particles

dations during user analysis. andb-hadrons), and also by removing trigger objects, leaving
ATLAS defines four standard operations for building behind only the trigger decision and information indicating
derived data files (see also Sett): which offline objects were responsible for firing each trigger.
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Tracks 8.0%  MET 6.5%

Truth 11.7% Jets 6.2%

Eventinfo 5.7%
Muons 3.7%

MET 3.0%
EGamma 2.7%
Taus 1.7%
FTAG 1.6%

Trigger 10.2% Taus 5.9%

FTAG 5.8%

Costen

Tracks 18.4%
Muons 3.7%

Truth 11.0% Eventinfo 2.3%

AnalysisElectrons 0.9%
AnalysisMuons 1.1%
AnalysisPhotons 1.3%
AnalysisTauJets 1.4%
AnalysisLargeRJets 1.5%
AnalysisJets 12.3%

ATLAS Simulation ATLAS Simulation
(@) (b)

Jets 26.0% Trigger 26.7%

EGamma 20.6%

Fig. 19 The composition of a Run® sample ina DAOD_PHYS and the trigger information. The containers that hold the calibrated analysis
b DACD_PHYSLI TE format. The disk size frorDAOD_PHYSisdom-  objects inDAOD_PHYSLI TE are depicted in red with an offset
inated by the jet collections, whil2AOD_PHYSLI TE is dominated by

Essentially any analysis that does not require lewtrack- ~ Skimmed derived data and event sample augmentation
ing information can us®AOD_PHYS, which only excludes Many ATLAS activities require more information than is
B-physics and long-lived particle searches. Consequently, @vailable inDAOD_PHYS( LI TE) . These include combined
is expected that 80% of the research output of ATLAS willperformance analyses, where the recommendations and cal-
be able to use the format. ibrations referred to in the previous section are derived.
DAOD_PHYSLI TEis smaller still, with much of the com- Physics analyses requiring lopi tracks, such as B-physics
mon slimming content also dropped. Instead, the tools foand some long-lived particle searches, are also unable to use
applying recommendations and calibrations are run as thiie two new data types due to the aggressive thinning of inner
format is built, and the calibrated objects are written directlydetector tracks. Such analyses will consequently continue to
into the format in place of the uncalibrated objects producedise the Run 2 analysis model; that s, they will define DAODs
by the reconstruction. The calibrations are subject to instrueontaining all of the variables and objects needed for their
mental systematic uncertainties, so the central values atasks, and will compensate for the bigger per-event size by
recorded, and the variables required to estimate the uncertairemoving events that are not relevant to their analyses. It is
ties are retained for use by analydbd\CD PHYSLI TE is  unlikely that the combined performance groups will need to
around 1%10) kB/event for simulated (data) events. Assum-process all of the data and MC simulation to determine the
ing that all of the calibrations are available during its pro-calibrations and recommendations. Due to these size reduc-
duction, DAOD_PHYSLI TE has the same functionality as tion measures, and the far fewer DAOD formats, itis expected
DAOD_PHYS, the only added value of the larger format beingthat production of these residual skimmed formats will be
the ability to re-apply recommendations and calibrations asustainable even during the HL-LHC era.
analysis level, which would be relevant in the event of acom- An inefficiency arises in this model when there is sig-
bined performance updatBAOD _PHYSLI TE can also be nificant overlap between the additional derivations and the
produced fromrDAOD_PHYS, and this workflow, which isat commonDACOD_PHYS content, combined with a large skim
least six times faster than the usual workflow from AOD duefraction. To address this issue and reduce data duplication,
to the smaller size of the input and the absence of the jet anilTLAS has developed a feature call&stent Sample Aug-
t-lepton reconstruction (done &AOD PHYS is built), is  mentation [233. This feature enables the extension of a base
expected to be highly significant in Run 4. format (e.gDAOD_PHYS) with supplementary data obtained
Figure 19 shows the composition dbACD_PHYS and  from a secondary skimmed format, but only for the subset of
DAOD_PHYSLI TE for a Run 3tt MC simulation sample, events that meet the skimming criteria. In the Event Sample
which includes pile-up with, on average, 45 interactions Augmentation configuration, the secondary format is incor-
DAOD_PHYSLI TE is not a fixed format; it will change over porated as ROOT friend tree into the base format and stored
the course of Run 3, with the aim to make it as useful as poswithin the same file (storage in a separate file is also possible).
sible for analysers. There are also ongoing efforts to reduc€his design allows seamless access to the supplemental data
the size ofDACD_PHYSLI TE further. during downstream data processing, eliminating the need for
redundant information to be stored to disk. Moreover, since
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the augmentations are stored in separate trees, they do reyinchronized. This means that when Biear edW i t er
compromise /O performance for clients who only requirereceived data from a worker, it needed to modify the data
the baseline DAOD content. somewhat (e.g. to account for the number of events already
In one benchmark scenario, a long-lived particle analywritten to the output file) before recording them. Similarly,
sis required the inclusion of extra containers on top of théecause in Run 2 the container entry number was used as
baselineDACD _PHYS content, leading to an average eventexternal reference, objects were not relocatable, for example
size increase of approximately 40%. In the Run 2 model, thify fast merging techniques. Since it eliminated the merging
situation would cause a significant 56% rise in disk spacstep (which had to be run serially), ttf@har edWi t er
usage due to significant redundant data. However, with thapproach significantly sped up derivation production. But
implementation of Event Sample Augmentation, incorporatas the singleShar edW it er has to compress all data,
ing the additional data for just 40% of the events results irthe scalability with output data volume and the number of
a mere 16% increase in overall disk usage. This approachorkers could become limiting. Therefore, a new version of
proves notably more efficient than either the Run 2 model othe Shar edW i t er was developed for Run 3 to support
the inclusion of the extra content DAOD_PHYS directly.  unskimmed formats (i.e. a larger data volume) and poten-
The Event Sample Augmentation thus provides an effectivéially higher core counts. The neBhar edW i t er relies
solution that enables analyses to use customized data whibeé a change to the ATLAS persistence navigational infras-

mitigating resource impacts. tructure: For Run 3, the persistent references were changed
so that rather than relying on the container entry number
4.5.2 Derivation framework software they use a unique identifier that is stored within the container

itself. This infrastructure allows fast merging without inval-

The software used to produce derived data products (theating existing references. In this new design, the workers
derivation framework) is built on the software used in Run 2. write their data to 00T memory file that is sent to a sin-
Itisimplemented withinthe Athena framework, and so sharegle Shar edW i t er . Thus, the worker processes can com-
many similarities with reconstruction. In fact, to save diskpress data in parallel, and for a moderate increase in memory
space in the AOD, some parts of reconstruction are noreonsumption (due to compression buffers) a very significant
mally run during derivation building. In particular, jet recon- speed up and much better scalability is achie@34][ The
struction (see Sect.4.6 and the reconstruction of objects performance improvement is also shown in SB@3.4
that depend on jets (flavour tagging"sS, andz-leptons;
see Sectsh.4.74.4.9 are normally included in derivation- 4.6 Forward detectors
making. This ensures that any specialisation (e.g. for partic-
ular grooming techniques to be applied to large-radius jets)he four forward systems are treated specially throughout the
can be provided to an analysis without the need to save adloftware workflow, from simulation through to data analysis.
possible combinations directly in the AOD. The derivationThese generally have stand-aldieanTt4-based simulation
framework consists of an Athena Algorithm calletteanel  configurations for comparisons to test beam results and the
that drives the event loop. Each derived data product impledanderstanding of detector calibrations.
ments such an Algorithm, and passes it a series of Tools for LUCID-2 is used primarily for luminosity measure-
skimming, thinning and augmentation, which it calls in turnments R35. Although the detector can be simulated and the
to produce the new data type. Multiple data products can bsignals digitised and reconstructed as a part of the standard
produced in the same job from the same inpi6 produc-  software workflow, this is not done for most MC simulation
tion), even with different skimming selections. samples. The analysis for luminosity proceeds from bespoke

Alongside the other data production activities, the configudata formats, as individual photomultiplier tube signals are
ration layer of the derivation framework was recently updatednalysed. The simulation of LUCID-2 has been used most
to use the new Component Accumulator (see S2). The  for studies of the impact of changes to the detector geome-
derivation framework can only be run as serial or multi-try (e.g. changes to the beampipe) on the ATLAS luminosity
process (AthenaMP, see Se&tl) jobs; multithreading sup- measurements.
port (AthenaMT) is in development to be deployed before Far-forward particles are normally not simulated to save
Run 4. CPU time. The far-forward detector systems (ZDC, AFP,

To avoid having to merge separate output files from forkecand ALFA) also require simulating material and beam
workers or processes of a derivation job, ATLAS developed pipe regions not normally included in the ATLAS detector
Shar edW i t er process that collects data objects from alldescription, including some regions under the responsibility
workers and writes them to a single output file. In Run 2, onlyof the LHC machine group. For ALFA and AFP, forward-
the Shar edW i t er itself would interact withROOT for  pointing particles are propagated through a simple simula-
file writing, ensuring that the container entry numbers werdion of the LHC optics before being injected into specialised
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simulations of the forward detectors. For analysis purposes,gossible to compare the current state-of-the-art data recon-
simple fast simulation is often used to approximately modesktruction performance and the future expected detector per-
the response of these detectors directly from the forwardbrmance. Estimates had to rely on old algorithms no longer
particle momenta. For events entering these analyses, beamuse by ATLAS analysers at the end of Run 2. The infras-
divergence and crossing angles are included in the simuldructure updates that took place after the upgrade release was
tion. defined also created difficulties, as the upgrade and main
The Zero-Degree Calorimeter (ZDC) is primarily used forreleases used different version control systems, build sys-
triggering and analysis of heavy ion collisions. A detailedtems, for example. After the approval of all ATLAS Phase-Il
GEANT4-based simulation is used to model the response of DRs, the urgent need to provide simulated results ceased
the detector to single neutrons and neutral pions. These sirand significant effort could be put into integrating upgrade
ulations can be computationally intensive, because the pasoftware into the main development branch again. The main
ticles incident on the ZDC are often several TeV. The simu+telease now supports both the present and upgrade detectors,
lation software (including digitisation) is being reviewed to providing a solid ground for future developments working
reduce its resource needs. Nevertheless, for some events toevards Run 4 data-taking, while keeping up-to-date with
same forward-transport mechanisms as with AFP and ALFAadvancements made during Run 3.
will be used, particularly in the analysis of data from the new During the conceptual design process of the Phase-ll
Reaction Plane Detecta236| (a part of the ZDC that is new detectors, the layouts rapidly changed, which meant the need

in Run 3). to implement new or modified geometries quickly in simula-
tion. The framework for building the ATLAS geometry (Geo-
4.7 Phase-ll upgrade support Model, see SecB.5) is robust but somewhat cumbersome,

and not designed for quick iterations. A new tool to easily

The planned Phase-Il upgrade of the ATLAS experiment fobuild the geometries via an XML format, called GeoMod-
the HL-LHC requires robust, performant software severakIXML, was developed for building the ITk Strip geometry.
years before data-taking to study the impact of changes to thehis tool proved useful and easier to work with, and was
detector design, and to understand and estimate the physiadopted by a large fraction of the sub-detectors of ATLAS to
performance of the new detector. The necessary developrepare for the HL-LHC.
ments, described in this section, were integrated into the Another major challenge was to incorporate into the soft-
existing Run 3 software; some major software developmentware the new HGTD, which will replace the Minimum Bias
are still planned before Run 4, and these are described ifrigger Scintillators (MBTS) during Run 4. In the simulated
Sect. 9. Required features include the ability to simulategeometry, the MBTS is situated and built within the calorime-
the Phase-Il detector geometry, digitise the simulated HITder envelope/volume. Initially, the HGTD was added in the
and reconstruct physics objects, all including the new andame place as the MBTS in the simulation framework. This
improved detector systems. Once the concepts are proveame with few issues that were discovered during develop-
and approved, the software must also support new developaent. For instance, the calorimeter volume is treated differ-
ments and features targeting the HL-LHC to be ready foently in regards to treating the truth particle record: a signif-
data-taking in Run 4. This is also important for the HL-LHC icant fraction of information is not stored by default. This
road map (see Se®), where support for the Phase-Il detec- created issues for digitising the HGTD HITs and for perfor-
tor is fundamental to achieve the milestones defined on thmance studies. Moreover, there was no support in the EDM
set timescales. for the timing information to be propagated from the hits to

There are several major changes foreseen as a part thfe track particles. The time distribution of pile-up proton—
the Phase-Il upgraded§]. The entire inner tracker will be proton collisions must also be modelled. Proper solutions to
replaced with a new system, ITk, with significantly expandedhese problems are now in place in the main development
coverage inn|. A new timing detector, the High-Granularity release.
Timing Detector (HGTD), will be installed in the forward  Digitisation for the Phase-Il tracking detectors is heav-
region. Significant improvements are planned for readouly based on the software utilised for the present pixel and
systems and trigger systems throughout the detector. SCT detectors, with adaptations to the new granularity and

Historically, ATLAS chose to provide a dedicated ‘upgradeexpected operation conditions in terms of low and high volt-
release’, branched from the main release that was used fage, and charge thresholds. This software was developed for
Run 2 data-taking in early 2016. This release was decoupldtie original detectors more than 10 years ago and was not
from the main development branch, mainly to simplify con-optimised for the high pile-up conditions expected at HL-
ceptual testing and R&D projects without worrying aboutLHC, which brings with them several complications. The
possible interference with on-going data-taking. Inevitablyresource usage in terms of CPU, but especially in memory, is
the two releases diverged to the extent that it was no longdar from sustainable in the long-term. For example, the radia-
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tion damage modelling used in the pixel detector digitisation DQ checks begin in real time, on-site in the ATLAS Con-
(see Sect4.3.)) is satisfactory for current radiation levels, trol Room (ACR). Here dedicatesthiftersare on duty around
but for the radiation levels expected during the HL-LHC is farthe clock to monitor the status of the detector and the data
too resource-intensive. Efforts are ramping up to revamp thieself at various points in the data flow. Once a run has com-
code and several milestones were defined in the HL-LH®leted and the RAW data have been recorded, a two-stage
roadmap to make pile-up digitisation fully multithreading offline data quality process begingj. The first stage takes
compatible and to reduce the overall memory usage. place during the calibration loop, and the second stage makes
Similarly, as with digitisation, the upgrade reconstructionuse of the results from the prompt bulk reconstruction (which
software is derived from the existing ATLAS algorithms for includes all promptly processed streams), as indicated in
all physics object domains, although it was adapted to th&ect.2.4. The end product of the data quality assessment is a
largern-coverage of the ITk. However, track reconstructiongood runslist (GRL): a list containing, run-by-run, all lumi-
was studied in detail during several years and is the mostosity blocks certified for physics analysis (see Sédt.3.
advanced among the domains. A prototyp87 already  Depending on their precise needs, different GRLs might be
meets the HL-LHC CPU resource requirements. used by different analyses of the same data-taking period.
Time-dependent information about, for example, detec-
tor and trigger status or run configuration are stored in the
5 Software integration, evaluation, and validation ATLAS conditions database (see Seé&R.2. DQ issues are
flagged by the storing afefectsin the defect databas23g],
Before any real or simulated data is used within physics anah subcomponent of the conditions database. Defects are set
yses, the quality of the software and configuration used mugor a given run according to the outcome of the data quality
be thoroughly vetted. The validation proceeds through sevassessment, though they are sometimes uploaded automati-
eral steps, only some of which are shared between data awdlly based on feedback from other supporting infrastructure.
MC simulation. An extensive suite of data quality tools islf a defect ispresent for a given luminosity block, and that
applied to check the real data; these are described inSséct. defect is severe enough to prevent the inclusion of those data
The same tools are often used both online (i.e. in real timé physics analysis, the corresponding luminosity block is
as the data are taken) and offline (later, after the data hawbsent in the resulting GRL.
been recorded) to look for issues with the detector or the data During data-taking several applications are used to mon-
itself, as well as reconstruction and conditions (e.g. calibraitor the status of conditions and to record those in the con-
tion, noise masking, or alignment) problems that might ariseditions database. The Detector Control System (DQS)][
A separate procedure, with separate tools, is used to validatecords the operational status of detector hardware compo-
configurations of the MC simulation chain; this procedurenents, including e.g. componenttemperatures. Another appli-
is described in Seck.2 The computing performance of the cation, GNAM [23924(0, monitors the detector status at
software, for example in terms of CPU time, memory con-several stages of the data flow and generates monitoring his-
sumption, and output file size, is constantly monitored. Theograms. Events passing through the hardware trigger are
performance is described in Se6t3. When a new MC sim- monitored via the trigger system. This includes monitor-
ulation or data (re)processing campaign is to be undertakemg events not recorded to disk, thereby ensuring interest-
all of these tools are used to carefully validate the softwaréng events are not unexpectedly discarded. Histograms are
and configuration to be used. The steps required for theggroduced at the high-level trigger computing farm to mon-

campaigns to be launched are laid out in SBat. itor HLT operation. A subset of collision events are also
passed through the full reconstruction chain at this stage,
5.1 Data quality monitoring of collision data to produce histograms that can be used to monitor high-level

information and the quality of reconstructed physics objects.

A detailed description of the ATLAS data quality operation The Data Quality Monitoring Framework (DQMF241]
and performance for Run 2 can be found in RéB][ This  provides algorithms to do automated checks on the his-
section focuses on the software and computing support fdogram outputs. A key requirement of the DQMF is that it is
data quality. lightweight enough to comply with strict time constraints for

During data-taking the quality of recorded data may occaéata processing. The DQMF is used in both the online and
sionally be compromised due to, for example, hardware failoffline DQ chains, which means it must be compatible with
ures, noisy detector elements, or configuration problems. Tboth the online and offline software environments.
ensure only high-quality data are selected for use in down- The Information Service (IS) retrieves monitoring data
stream analysis, an extensive suite of data quality (DQ) morfrom the Trigger and Data Acquisition (TDAQR242 sys-
itoring and assessment tools are applied to each ATLA%ms for temporary storage so that they can be shared
physics run. between various applications. The IS can also temporarily
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host histograms generated by GNAM and DQMF resultsvalidators for each physics object being studied: tracking,
Histograms stored in the IS can be retrieved and renelectrons, photons, muons;leptons, TopoClusters, parti-
dered by dedicated display tools. The two main displaycle flow, jets, flavour tagging, arE’T“iSS. Experts from each
tools used in the ACR are the Data Quality Monitoringcombined performance group also often take part in these
Display (DQMD) [243 and Online Histogram Presenter validation efforts, with?(100) validation tasks being carried
(OHP) [244, with DQMD providing a global view of data out each year. Validation itself therefore requires substantial
and detector status in a structured hierarchy, and OHP allowePU and human assets.
ing the display of any published histogram. Event displays Validation tasks are defined starting with a request to vali-
(see Sect.2) are also used for online DQ monitoring in the date a certain feature (e.g. a simulation code change). Nightly
ACR, as discussed in Se&2.6 testing helps safeguard against changes from simple coding
A common framework is used to filland manage DQ mon-bugs or unintended consequences (see 84c®; validation
itoring histograms in both the online software trigger andtasks are normally created for more significant, intentional
the offline reconstruction code. This framework provides archanges. AIrRA [246 ticket (see Secb.1) is created with a
interface to users in which client code only provides the valbrief description of the task, from which the PVG conveners
ues to plot, deferring the detailed specification of the hiswork with the relevant experts/conveners to define the pro-
tograms themselves to the Athena runtime configuration. lduction configurations that will evaluate these changes. A
this way, histograms can be added and modified easily withreference is defined from a known and stable code base from
out changing any compiled code. The user code is completelyhich the changes can be validated. The test is then defined
insulated from the representation of the histograms or fillstarting from the reference and changing the specific feature
ing, rebinning, and other operations on them. This layer othat is under investigation. It is common for multiple refer-
abstraction also allows the entire system to be safely multiences and tests to be defined within a single validation task,
threaded in acontrolled manner as all access and changes pto-ensure that all aspects of the relevant changes are inves-
ceed through tightly controlled APIs. This architecture will tigated (e.g. reconstruction might be tested both with and
also permit straightforward migration should the histogramwithout pile-up). While normally the test are done in a sta-
ming backend be changed in the future. Several optimisatiortde, numbered release, occasionally physics validations are
are provided by this cod@f5, such as the ability to ‘vec- done using nightly releases (see Séct.2 for the test con-
torise’ filling operations by providing many data points atfiguration. For very special cases, nightlies can also be used
once in a single library call, and providing several variabledor the reference configuration, for example when a release
at the same time to trigger the filling of multiple histograms.with a validated feature has not been built yet. This is par-
ticularly useful when development is proceeding rapidly, or
5.2 Validation a significant change must be deployed and then backed-out
until it is fully validated.
The Physics Validation Group (PVG) is tasked with investi-  Once the references and tests are defined, production con-
gating changes to the core code base, be it at the level of eveligurations are created and the PVG conveners launch jobs
generation, simulation or reconstruction. Since new MC oto produce a set of physics validation samplganfple-A).
data reprocessing campaigns (described in Seftrequire  Sample-A is a list of about a dozen relevant MC simula-
significant resources (in terms of both computing and persotion samples that effectively populate and test the different
power), validation is a crucial step. New derivation formats omobjects used to complete the validation task, including both
major updates to the existing derivation formats also requireomplete physics events and single particles. For example,
extensive validations, but these are carried out by a differerthe jet validation usually uses bothte.sample and, sepa-
group within ATLAS, the Analysis Model group. rately, a highpr dijet sample. Similarly, flavour tagging will
Specifically, PVG is tasked with understanding whetherlso use thét sample, and additionally 2" — qg sample
such changes affect the accuracy of the physics modellingith a Z' mass of 4 TeV to test flavour tagging at high-
in MC simulation and detector data events. Validation ofThe electron (photon) validation includes samples of single
detector data (as opposed to simulated data) is done ongfectrons (photons). Each sample is produced with 100,000
occasionally, for example to compare setups for reprocesgvents to avoid large statistical uncertainties that would make
ings after changes to reconstruction algorithms or conditionsmall changes hard to observe consistently.
If changes to any physics observables are seen, PVG deter- Once the samples are ready, each group of physics valida-
mines whether these changes are expected and acceptabldolf runs specialised analysis code over the relevant samples
the changes are unexpected then the group tracks down the produce a standard set ©¢§(100) histograms of quanti-
causes of these issues and works with experts to understatiels relevant to their respective physics object. These plots
and resolve the issue to restore a sensible physics descrigre uploaded to a webpage for easy viewing, where physics
tion. The group consists of two conveners, and one or twealidators scrutinise the reference in comparison to the test,
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together with the respective object experts. Interesting or dissampaign, which can help catching problems at a low level
crepantresults are presented in aweekly PVG meeting, wheesnd will reduce the number of validation iterations. Extensive
the conveners together with most validators and experts cdow-level automated checks should be done to better track
collectively scrutinise and discuss the results. release-by-release issues that arise in production. It should
Ultimately, physics validators mark the task as either greeralso be ensured that production campaigns precisely match
(all good), yellow (discrepancies, but may be understood othe configurations used for a detailed physics validation. Suf-
need further study), or red (clear issues). If all objects repofficient input from experts, who can disentangle smaller issues
the task to be green, then PVG signs off the task and theithin large overall expected changes, will ensure nothing
ticket is closed. If the task is marked by any object as yellowsubtle is missed.
or red, then further follow-up is done with experts, and either
the results are ultimately understood or a new reference argl3 Software performance
test are defined and the physics validation cycle repeats to
look into these differences further. 5.3.1 Introduction and configuration
To get an even broader view, every 6—-12 months a round
of Physics Analysis Validation (PAV) is done, in which anal- This section describes the computing performance of the
ysis teams from the Higgs, Exotics, HDBS, Standard ModelRun 3 software. In all cases, tests are run on a bare-metal
SUSY and Top physics groups run their analysis code ovemachine with two AMD EPYCGM 7302 16-core processors
a standard set of MC simulation and detector data samplespnfigured to be in thBerformance mode with Simultaneous
comparing a well-known reference to a recent test versioMulti-Threading (SMT) disabled. To disentangle its effects,
which has the integrated changes from numerous validatioclock frequency boosting is disabled and the clock frequency
tasks. This effort is vital as it brings even more scrutiny, cru-is capped at the base frequency of 3.0 GHz. The machine has
cially in numerous corners of kinematic and physics usag@52 GB of available memory. In all results, memory is mea-
phase-space, using standard analysis tools. While standasdred by the proportional set size, and time by the wall clock
physics validation covers common ATLAS data formats, PAVprocessing time unless stated otherwise.
also ensures that validation is done for the entire workflow Insofar asitis possible, the job configurations mirror what
down to final analysis outputs. is used in the production system by ATLAS. The number
Leading up to Run 3, there was a large and in-depth validaef events to be processed concurrently is set to the num-
tion effort, starting from the Run 2 code base and sequentialliger of available threads. The computing performance results
checking both optimisations and changes due to the Phasddr each step of the MC simulation processing workflow are
upgrade. This validation effort started in October 2021 withprovided in their respective subsections below. The MC sim-
the validation of the first Run 3 geometry tag and continuedilation workloads usét-production events. In all cases, a
right up to July 2022 when the MC21a production campaigrconstant number of events per thread or worker is processed
was launched on a large scale (see S&e). The major (i.e. these are tests of weak scaling).
milestones along the way were the validation of the various
conditions updates that involved most of the sub-detector$.3.2 Monte Carlo processing chain
GEANT4 updates in terms of version and speed optimisation,
MC Overlay against the standard pile-up, and the variabl®C simulation As described in Sec#.2, during LS2 the
beam spot (see Sedt2). Some of these tasks required mul- GEANT4 Optimisation Task Force was launched with the
tiple validation rounds as their outcomes were not initiallyaim of reducing th&EanT4 simulation CPU time in Run 3
in-line with expectations. by more than 30% without making any compromise on the
Some of the main issues and causes of delay that wephysics accuracy. In this section, the simulation is bench-
experienced during this validation effort were unexpectednarked for the three latest ATLAS MC simulation cam-
changes between software releases and incorrect settings tpaigns: MC20 (the last ATLAS MC campaign for Run 2),
led to crashes and unphysical behaviours (e.g. unreasonatNC21 (the first ATLAS MC Campaign for Run 3) and MC23
large changes in performance) or other kinds of inaccuraciegthe latest ATLAS MC Campaign for Run 3).
In the case of the former a careful validation of the single Figure20a shows the memory usage, which scales well
releases was sometimes needed to find the specific changesh the number of threads and similarly across the three
that altered the validation chain, to restore the expected agreeampaigns. Inthese jobs, Athenarelease 22.0.92 is used, with
ment. 100 events per thread. The increase in the memory footprint
Given the experience from the Run 3 validation effort,is expected. It is explained partly by the different centre-
some improvements are explored for future large-scale valief-mass energy of the input events in Run 2 (13 TeV) and
dation efforts. Those include robust checks of any individuaRun 3 (13.6 TeV), some changes in the geometry and beam
changes before validating them combinedly in a validatiorconditions and, most significantly, by the introduction of a
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technical optimisation that concerns the way Athena code i5.3.3 Reconstruction of collision data
linked with GEANT4 [156] (see Sect4.2.], this optimisation
reduces CPU in turn). Figure 22a shows the memory usage as a function of the
Figure 20b shows the event throughput scaling of thesenumber of threads, using input proton—proton collision data
simulation configurations in the same benchmark jobs. Theollected in 2023. Athena release 23.0.53 is used for these
scaling is almost ideal; an extrapolation of the single-threadests, with 150 events per thread. The corresponding average
performance is provided for reference. In fact, ideal perfornumbers of interactions per bunch crossifgy, = 65. As
mance is not expected to be linear on modern processoexpected, the memory usage grows linearly with the num-
because, for example, the core frequency is automaticallger of worker threads. However, it is always well below the
changed to optimise instruction throughput against powestandard 2 GB per core available on the Grid for 8-core con-
(see, for example, Ref5()]). The CPU hyper-threading is figurations, meaning that data reconstruction jobs can suc-
also expected to result in somewhat lower throughput. Oveeessfully be executed on any Grid node. The memory is sig-
all, the three workflows scale in a similar way. The through-nificantly larger than that for the reconstruction of MC (see
put increased from MC20 to MC21 by 27%—32%, and fromFig.21a) because data reconstruction includes additional data
MC21 to MC23 by 45%—-47%. These improvements are theguality monitoring tools that involves the creation of many
results from the CPU optimisations in MC21 and MC23 with histograms.
the GEANT4 optimisations that are detailed in Seét2 a Figure 22b shows the event throughput as a function of
CPU speed-up of 33%—-38% is observed in MC21 relative téthe number of threads in the same jobs. For the production
the MC20 setup and the speed-up increases to 50% in MC28onfiguration with eight threads, the data throughput is mea-
sured to be 0.5 events per second. The scaling is close to
ideal, with small deviations in the region with many threads,
but the throughput continuously improves until all available
Overlay, trigger simulation and reconstruction for MC cores on the node are utilised. Although there is room for
Figure 21a shows the memory usage of several workloadsmprovement, the reconstruction job is no longer memory-
normally run together in MC simulation production. The bound in production configurations, a notorious problem in
MC23 production configuration is used with Athena releaserevious versions of the Athena software.
23.0.53. The specific MC campaign of this performance
study is MC23c, which corresponds to an average pile-up.3.4 Derivation production
of 56 interactions. The first step is MC Overlay, where the
effects of pile-up are simulated by overlaying hard-scatterindrigure 23a shows the memory usage as a function of the
events with pre-mixed RDOs to model the desitefprofile = number of worker processes in three different multi-process
and other effects (see Sett3.29. Theresult of this stepisfed derivation production configurations. These performance
into the second step, offline trigger simulation, labelled RDO+ests are all done with Athena release 24.0.12, mirroring pro-
toRDOTrigger. The resulting file is then passed through th@uction configurations as closely as possible. The data run
reconstruction, labelled RAWtoALL, where physics objectswas mostly in the range of 62 (1) < 67. Derivation pro-
are created (see Seétd) and stored inan AOD. The memory duction based on simulated-production events is shown
usage increases by 200-400 MB per additional thread, anglith serial compression (see Sedt5.2 and the Run 3-
each 8-thread configuration stays well below the standarstandard parallel compression. As expected from the addi-
2 GB per core available on the Grid. tional compression buffers, the memory requirement for par-
Figure 21b shows the event throughput scaling of theseallel compression is higher. The memory usage for derivation
MC simulation production workloads in the same benchmarkproduction using 2023 detector data as input is also shown.
job. Standard production configurations use eight thread§,he memory usage is slightly lower for low numbers of work-
and thus optimisation efforts were focused on this regimeers because fewer algorithms run on data (e.g. those operating
Indeed, up to eight threads the scaling is relatively lineaon generator records run only on MC simulation); the scaling
in all of the three steps. At this point, MC Overlay reacheswith the number of workers is slightly worse owing to sub-
its Amdahl’s law p47] plateau and the improvement due to tle differences in the configuration of the forking (i.e. which
additional threads is significantly reduced. This is a subjecnemory pages are fully shared between processes).
for future improvement. The same happens for offline trigger Figure23b shows the event throughput as a function of the
simulation above 24 threads, whereas reconstruction showsimber of worker processes in the same jobs. 1000 events
almostideal improvement throughout (within the caveats disper worker are included for MC simulation, and 700 events
cussed above). Nevertheless, the production setup is welber worker are included for detector data. Here the advantage
optimised for the most-used hardware configurations on stamf parallel compression is clearly visible: there is dramati-
dard Grid production queues that offer eight cores per job. cally better scaling for high numbers of workers when par-
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workloads usét-production events. Also shown is derivation produc-

Table5 Average size of an MC simulatidbevent, for various MC pro- 2023 with an updated software release and conditions matching those
duction campaigns. The data taking year represented by each campaigfthe data taking (rather than a prediction). The HITS files are the out-
and the average number of proton—proton interactiprisare reported.  put of theGEANT4-based orATLFAST3 simulation of the hard-scatter

All the MC20 sub-campaigns use the same simulation configuration gtrocess; the RDO files are the output of digitisation and MC Overlay,
/S = 13 TeV; the MC23 sub-campaign simulation configurations dif- and store the contribution of pile-up; and the AOD files are the output of
fer only by the beamspot, which has a negligible effect on the outputeconstruction of objects needed for physics analysis. ‘N.A.’ indicates
file size. Both MC21 and MC23a represent the 2022 data conditions atombinations that were not validated for physics analysis use. The Full
/s = 13.6 TeV, but the former refers to production performed beforeand Fast Simulation HITS file sizes listed for the MC20d subcampaign
and during data taking, while the latter represents production done iare also applicable to the MC20a and MC20e sub-campaigns

Campaign MC20a MC20d MC20e MC21 MC23a MC23c
Representing data taken in 2015-2016 2017 2018 2022 2022 2023
() 23.9 37.8 36.1 44.3 42.8 55.6

Full Simulation HITS (kB/event) 906 711 620

Fast Simulation HITS (kB/event) 801 N.A. 591

RDO (kB/event) 1648 1897 1878 2073 2052 2240
AOD (kB/event) 271 364 354 375 348 430

allel compression is enabled. The derivation production fotion to all EM processes and the neutron and photon Russian
detector data runs slightly faster than that of MC simulatiorRoulette reduce the number of steps taken in the simulation,
owing again to the lack of algorithms and tools running onand particularly the number of steps taken at large times. This
generator records. With parallel compression in MC simulahas a significantimpact on the calorimeter output, reducing it
tion, the scaling is very close to ideal beyond 16 workers. by almost a factor of two. From MC21 to MC23 the compres-
sion algorithm was changed from ZLIB to LZMA, resulting

in a 10%—15% reduction in file size after compression. Both
these changes affected both the Full and Fast Simulation out-
uts. The RDO and AOD sizes increased over time due to the
rger amount of pile-up. The composition of a background

5.3.5 Disk sizes of formats and containers

The average disk sizes of the standard formats for MC sin{-)
ulation datasets under several representative sets of pile- . . . .
conditions are listed in Tablg. From MC20 to MC21, the DO (which stores pile-up information only, to be later over-
‘standard'tt-production sample was changed; however, th|§ayed on hard-scatter events) is displayed in 4. and
has only a minor impact on the file size (at the 5%-level). the compositions of &f-production FullSim HITS file and
The dominant part of the change in HIT file size betwee oD f|Ie. are shown | n Fig2s. The RDO f|Ie.|s dominated
MC20 and MC21 is due to the full simulation optimisations y cglor!meter and nher detector .|nformat|on. The Iargest
described in Sec#.2. Changes like the range cut applica- fraction in the HIT file is that of Silicon HITs (recorded in

@ Springer



Eur. Phys. J. C (2025) 85:234 Page 57 of 117 234

the pixel and SCT detectors). The AOD is later reduced to
a DAOD (derived AOD, see Sect.5), which is the format  LArCalo 38.6%
used for most physics analyses. The AOD does not contail
any reconstructed jet collections, because jets are built onl
at the derivation step using the low-level inputs stored in the
AOD. This approach helps to reduce the file size of the AOD.

TileCalo 15.4%

JMuon Detector 2.4%
Eventinfo+Meta 0.4%
= Truth 0.3%

Trigger 0.1%

RDO Bkg

5.4 Preparation for new campaigns
IDTRT 23%

. . . . ID Si 19.8%
Major campaigns for improvements to reconstruction (of

either data or MC simulation) or detector simulation require ATLAS Simulation
significant resources and are only undertaken after careful

. 4o . . Fig. 24 The composition of a simulated Run 3 background RDO file
preparation and validation. The data and MC SImu"fjltlori:hatstores pile-up information, which is later overlayed on hard-scatter

must be kept consistent to minimise analysis corrections, angents. The pile-up correspondste) = 43, which approximates the
therefore often the reprocessing of one mandates the repram conditions of data taking in 2022. Here ‘ID Si’ includes both the

cessing of the other. Typically, two major data (re)processingilicon pixels and strips

and MC simulation campaigns accompany each LHC Run:

one that is undertaken continuously as the data taking pro-

ceeds, and one at the end of the Run, gathering the bege.g. in the TRT the gas mixture may change during the run

known geometry and conditions and final optimisation ofandistherefore recorded as a part of the conditions rather than
the reconstruction. The time required for these campaigns &s a part of the geometry) enter the simulation; other condi-

dominated by preparation time; the time for the processingons like detailed maps of disabled channels only enter in the

itself is typically dominated by fixing rare crashes and sim-reconstruction and therefore can be finalized later on. Small

ilar issues that affect a few events, to ensure that every datmprovements to the geometry might arrive close to the time

event is reprocessed and provided to analysis. of production, but most physics validation (see SB@) is
done with a close-to-final geometry.
5.4.1 Monte Carlo simulation campaign preparations With the geometry and@GEANT4 versions in place, the

calorimeter sampling fractions can be checked, which cal-

The preparation for a new MC simulation campaign involvesbrate the electromagnetic-scale response of the calorime-
many inter-dependent steps that must be performed artdrs. These are normally calculated using bespoke single-
checked before large-scale production is undertaken. The futlarticle samples, where the particles are simulated starting
sequency of changes described here is required for updatEem within the uniform sampling region of the calorimeter.
of the detector simulation and its reconstruction; some newhe sampling fractions are dependent on @ENT4 ver-
MC simulation campaigns involve only changes to the reconsion, owing primarily to the details of the treatment of range
struction of the simulated events, and the first of these stefuts in various processes (see Sé@). Although these are
can be skipped. in principle purely geometric quantities, they have also been

First among these is the preparation of the simulatiorobserved to have dependence on particle incident angle in
software, including the choice @G#EANT4 version. Because some detector geometries.
changes to th&EANT4 version often result in changes to  The next step towards production is the preparation of
physics observables (even with the same configuration), th@FCs for the calorimeter (see Sedt3). The calorimeter
version must be fixed for the duration of an MC simula-OFCs are based on noise pedestals that are pile-up depen-
tion campaign. Normally, some large (e.g. 10 million event)dent, and therefore gu) value must be selected for their
sample oftt events is simulated to detect any remaining,calculation. This() value need not match the anticipated
rare potential bugs, and several other samples are run witile-up conditions as discrepancies can be re-calibrated and
modest numbers of events to check for computing perforhigh values result in the suppression of some physics signal,
mance issues (speed, memory consumption, and so orjut generally a close, round value is used (é.9. = 40).
Small patches are normally allowed after this stage, built a¥he OFCs (and sampling fractions) are calculated assuming
part of an ATLAS-specifiéGEANT4 release, but the official perfect calorimeter detector conditions (e.g. without disabled
GEANT4 patch version is fixed. channels and with nominal high-voltage conditions).

In parallel with the fixing of th&GEANT4 version, the ini- With these steps complete, frozen showers (see&2ci)
tial geometry and detector conditions must be prepared. Onlyan be prepared for the MC simulation campaign. Calibra-
coarse (large-scale) detector alignments, the beam spot poibns also begin at this stage with the preparation of some
tion and distribution, and the gas mixtures used in detector§opoCluster calibrations, calculated based on single particle
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Fig. 25 The composition of a Run @HITS file andb AOD file. The pile-up. The pile-up corresponds ¢a) = 43, which approximates the
process simulated in both casediwith a single lepton from®/-boson  run conditions of data taking in 2022
decay. The AOD includes hard-scatter information and also simulated

simulation. These each depend only weakly on final detectgeroduction begins can samples be produced for the training
conditions and non-calorimeter geometry. of the various types of fast simulation, which then requires
At this stage, the geometry and those detector conditioniss own update and validation process.
important to the simulation can be finalized, and physics vali- The production itself often begins from samples required
dation of the simulation itself can begin. Often the first valida-for the derivation of calibrations and systematic uncertain-
tions are done using the reconstruction from the previous Mdies. These must be available before data analysis can begin.
simulation campaign, since it is well-understood. This pro-Sometimes,transfer uncertainties are used, wherein the
cedure allows the isolation of simulation changes, althoughincertainty prescription from a previous MC simulation cam-
changes that require new calibrations (e.g. changes in thmaign is applied, along with extra systematic uncertainties
hadronic energy scale in the calorimeter) must be inspecteglated to the known or expected changes between the two
with care by experts. campaigns. These temporary uncertainties allow faster data
With the simulation validated, the digitisation is the nextanalysis uptake in new software releases.
workload to finalize. This includes updates to digitisation Depending on the number and scale of changes expected,
algorithms (e.g. forimproved noise models or response treathis entire procedure from start to end may take more than
ments) and conditions that must be applied during digitisaa year. This was the case in the lead-up to Run 3, where the
tion (e.g. abnormal high-voltage in the calorimeter). Theseéhread-safety of the software was being regularly checked
changes are normally validated with and without pile-up, anan increasingly large-scale samples, new detector elements
both the direct digitisation of hard-scatter and pile-up as welfrom the Phase-I upgrades had to be introduced and the cor-
as the MC Overlay workflow must be validated. Normally responding reconstruction software developed and commis-
these validations proceed with a preliminary version of thesioned, and significant uncertainty around the accelerator
reconstruction to be used in the MC simulation campaign¢onditions remained until significant data were recorded. For
because often in production MC Overlay and reconstructiotthis reason, often the initial MC simulation campaigninaRun
are run in a single job on the Grid. is used as a prototype for preparatory work, validation, early
Finally, the geometry, conditions and configuration to bedata tests, and very early analysis. A subsequent campaign
used for reconstruction must be finalised and validated. Agcludes a more realistic picture of the data taking and is used
a part of the Sample-A production run during physics val-for most data analyses. This was the case, for example, for
idation (see Secb.2), computing performance issues canMC15 and MC16 (the latter has run for seven years), and
also be checked on the Grid. The final validation and promore recently for MC21 and MC23. For the same reason, a
duction normally begins once the last updates to the detectemall sub-campaign is often undertaken based on estimates
and accelerator conditions are included; this can include, foof the coming year's data-taking conditions, and a longer
example, afinal update to tkye) distribution used inthe sam- campaign follows the data-taking with conditions that are
ple, which then requires an updated RDO production for MCknown to be representative of the year. This was the case, for
Overlay before the reconstruction configuration is finalisedexample, for MC16c (before 2017 data-taking and meant to
Often, only once the full chain is validated and the samplée representative of the 2017 data) and MC16d (after 2017).
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5.4.2 Data reprocessing preparations Only after all of these checks are completed is the reprocess-
ing of the remainder of the data undertaken. Afterwards there

To begin a campaign to reprocess data, it is necessary first toay be updates to the Good Runs List to include additional

identify what improvements will be made and then to vali-data that could be declared ‘good’ thanks to improvements

date each of the improvements via the process discussedimthe conditions or reconstruction.

Sectsh.1and5.2 The improvements broadly fall into three

categories: updates to the detector conditions data, updates

to the detector geometry, and updates to reconstruction algé- Infrastructure and databases

rithms.

Conditions data updateg48§ incorporate improvements This section describes the significant central infrastructure
in the knowledge of the time-dependent status of theequired to support the services, systems, and developers
detector during periods of operation. Typical examplef the collaboration. Sectiof.1 introduces the infrastruc-
include improved knowledge of detector alignment, detecture maintained to support the software development cycle.
tor noise and instantaneous luminosity delivered by th@he database systems used throughout the experiment are
LHC. This information is stored in the ATLAS conditions described in Sec6.2 Finally, the development and use of
databaseq7], an ORACLE® database hosting a COOL tech- metadata, much of which relies on these systems, is described
nology schemad7] (see Sect6.2.2. Each detector system in Sect.6.3.
may provide updated conditions in advance of areprocessing.

Only coarse (large-scale) alignment is applied in the deteds.1 Software engineering process and infrastructure

tor simulation; small alignment corrections, common in the

inner detector and muon spectrometer, can be updated witfthe software developed for event simulation, reconstruc-
out modifying the simulated geometry. Similarly, updates tation and analysis, as well as for detector calibration and
disabled or noisy channel maps do not require an update alignment, has to run on the computing facilities that are
the MC simulation. available to the collaboration members; these facilities are

Detector geometry updates incorporate improvements inot necessarily uniform in their hardware architecture, nor
knowledge of the detector geometry over along period of stetheir operating systems and environments. To ensure that
bility. Typical examples are updates to mapdedd material, =~ ATLAS software is robust and portable, it is necessary to
the inactive parts of the detector that are not read-out, sugbrovide a common process and infrastructure to integrate
as supporting material of subdetectors or the cryostat wallall new code with the existing code base, and then build
The updates may also include corrections to the positioningnd test changes. A central ticket and workflow system is
orinternal geometry of sub-detectors assumed in eventrecoprovided usingirA [246], which provides functionality for
struction. Significant updates to the geometry may require bug reports, improvements, and tasks; for the preparation of
new simulation campaign to maintain good agreement wittMC simulation requests before they enter the production sys-
the data. tem; for tracking physics validation (see Sexf); and for

Algorithm updates incorporate improvements to the algothe tracking of long-term development. GitLab integration is
rithms used to reconstruct the events. New tracking and veused to ensure code updates and tickets are cross-linked.
texing algorithms, as well as updates to lepton identification
and algorithms are typical examples. The updates may alshl.1 Software structure and compilation system
include fixes to deal with crashes or floating point exceptions
observed in events that were previously problematic to recorFhe ATLAS software, shown in Fig6, is organized into a
struct. Many of these updates require corresponding changesoject for general use (Athena) and several projects for spe-
to the reconstruction of the MC simulation; some, howevercific purposes like event generation (AthGeneration), detec-
might involve improvements to the rejection of backgroundgor simulation (AthSimulation), and data analysis (the Ath-
that only occur in real detector data, in which case only théAnalysis and AnalysisBase projects). These rely on sev-
detector data must be updated. eral projects like ‘TDAQ Common’ (common trigger and

The validation of these changes uses the Data Quality tooldata acquisition software) and several external packages (e.g.
described in Secb.1 Most often, a small sub-set of data event generatorROOT, or GEANT4). Each project is further
are first processed to test for technical issues. Later, a largsub-divided into packages with much more specific purposes
sub-set of the data are processed and passed through a D@ay. pixel detector digitisation, or muon momentum calibra-
Quality validation process to check for issues with variougion); there are about 2000 packages in the ATLAS software.
updates and ensure that the changes are as expected. ParticUATLAS uses th&CMAKE build system44] for building all
larly because conditions are period-specific, this larger sulsfits own code, in conjunction with most of the HEP software
set includes runs from several different conditions periodsprojects that the experiment us€MAKE is a very flexible
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( )\

Athena Sect4.1). There are usually two or three major LCG software

releases per year and development builds are available every
( DetCommon ) night. The major LCG versions are normally released with

P — [ anew major stable release RDOT [46]. Minor LCG ver-
sion updates are done every few weeks and usually contain
updates of MC event generators or bug-fixes of other external
f packages. The LCG software stack is built for x86_64 and
AthAnalysis AnalysisBase aarch64 architectures and several recent versions of the GCC
L L ) and Clang compilers and C++ standards. As of autumn 2023,
( TDAQ Common ) LCG version 104b witROOT 6.28/08 is used in Athena,
compiled using GCC 13 with the C++20 language standard.
AthenaExternals @nalysisBaseExt%na@ External software, software used by the ATLAS software
\ J that is maintained separately from the experimental software
[ LCG Externals ] and is not provided by an LCG package, is built uSINAKE

as part of an ATLAS external project. As shown in F2g,
Fig. 26 Schematic overview of the ATLAS software projects and every ATLAS offline software project (Athena, AthSimula-
external dependencies. The overlaps between project areas indicg{gn, etc.) has a corresponding external project (AthenaEx-

overlaps in code included in the projects. The widths of AnalysisBase; . . C .
Externals and AthenaExternals are wider to indicate their support fol;emals’ AthSimulationExternals, etc.), upon whichiitis built.

the entirety of the AnalysisBase and AthAnalysis projects, respectivelyl Nis includes packages likéaupi [48], and allows a more
rapid update of external packages that receive rather frequent

version updates or are not sufficiently common to be included
system supporting Linux, MacOS and Windows hosts, x86n the LCG stack directly. This separation is not present
and ARM CPU (aarch64) architecturédNU MAKE, and in the TDAQ projects: TDAQ Common builds a combina-
NINJA and additional low-level build systems, with a rich tion of external and ATLAS packages as part of the same
high-level language allowing support for the complex soft-project. Some parts of this TDAQ software are also required
ware building steps required for the ATLAS reconstruction,in the ATLAS offline data processing, for example to read
simulation, trigger, and analysis code. the ATLAS RAW data.

Thanks to the flexibility ofCMAKE and to harmonise how Any software build that useEMAKE is separated into
different parts of the code are built, ATLAS-specific func- configuration, build, installation and packaging steps. Con-
tions and macros are used throughout the build configurdiguring the build of small projects like analysis projects, or
tion of the offline and trigger software for setting up the the WorkDir project used for developing code in the Athena
building of libraries and executables, and for dealing withrepository, takes just a few seconds, while configuring the
the installation of scripts and data files. For the offline soft-build of the largest project, Athena, takes a few minutes.
ware, that basi€MAKE infrastructure is maintained in the  Each package is typically built into one or more small
At | asClvake package249. dynamic libraries that are loaded on-demand at runtime. This

One fundamental requirement for the build system is tdelps ensure a minimal memory footprint from library load-
allow the users to build small parts of the software against ing despite the wide variety of jobs that can be run within
pre-built full software release f@se project), as describedin  Athena. It also allows the user to override specific libraries
Sect6.1.5 Thisis achieved with imported targetSiMAKE.  provided in the release or by the system, for example by pre-
Using At | asCMake’s facilities the user is able to build loading a different memory allocation library or math library.
packages and libraries as part of a project that are alreadyhere is a small CPU overhead associated with dynamic
part of the base project. This is achieved by only importindibrary loading, discussed further in Se4t2.1
the targets of the base project into the build of the current The packaging and distribution of the ATLAS software
project that are not present in the current project already. is achieved using RPM packages built using@®ack tool

The HEP_OSLIBS meta package2b( provides the soft-  within CMAKE [252]. The RPMs are configured to depend on
ware package dependencies for the Athena build and rumach other such that the installation of a full Athena release
time environment for the two currently-used operating sys€an be done by requesting the installation of just the top-most
tems (CentOS 7 and Alma Linux 9; see Se&tl.2. The Athena RPM package. This top-most package in turn ensures
LCG software stackZ51], maintained by the CERN EP- that all dependent RPMs, including those provided by LCG
SFT group in collaboration with several large LHC experi-and packages providing various data files (e.g(BANT4)
ments like ATLAS, provides several hundred external packare installed in the correct place automatically.
ages thatinclude recent versions of commonly used packages
as well as HEP-specific tools and MC event generators (see
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6.1.2 Build system, Cl, nightly and stable releases and thereby makes them globally accessible to developers.
CVMFS is the service by which ATLAS distributes all of its
The ATLAS Nightly and Continuous Integration (ClI) Sys- developmentand production software, and auxiliary datasets.
tems provide a modern software development workflow for The installation software2Bb(] is executed locally on a
developers, feature fast development cycles and assure cquiblishing node (officially, a Release Manager) that com-
fidence in new software deployments. Both the systems amunicates with a backend Gateway node. Having multiple
Jenkins-base®p3 and have a long evolution historg$4.  publisher nodes allows concurrent transactions, increasing
Interconnected with the ATLAS GitLab code reposita?g],  the overall publication rate of the repository and improving
the CI system performs up to 100 multi-project softwarethe speed at which nightly builds become available.
builds daily, probing code changes proposed in GitLab merge Currently the total size of the atlas-nightlies repository is
requests. A comprehensive test suite of unit and short intet0 TB, with approximately 4 TB in use. In 2020, the repos-
gration tests runs for each Cl job. The Nightly System (sepiory data was migrated t@EpH-based S3 object storage,
arate from CI) performs daily builds of all ATLAS soft- resulting in a performance enhancement over the previous
ware projects from the code repository (called ‘nightlies’Aurs system (advanced multi-layered unification system).
because the largest projects are built overnight), often oAll nightly releases (currently about 35) built in ATLAS and
several platforms. It maintains a multi-stream, parallel develusing different architectures (binaries, operating systems and
opment environment with many simultaneous branches. Theompilers) are deployed on CVMFS in the form of RPMs.
Nightly System probes how the changes from accepted merdehe installation time ranges from 3 to 60 minutes, depending
requests work together. In addition, it helps to support migraen the number of external packages needed and the format of
tions to new platforms and compilers and verify patches tdhe build (e.g. whether debugging symbols are included) and
external tools. type of release (e.g. DetCommon/AnalysisBase compared
The CI and Nightly jobs run on the 1400-core build farm, with full Athena). The installations are kept for 30 days by
including both real hardware and virtual nodes. Variopss-  default, with the possibility of extensions for developers to
ational intelligencetechniques such as incremental compila-test newer code against older nightlies or if a physics valida-
tions, selective testing, operations parallelization, and dimertion is performed with a nightly release (see S&cd).
sionality reduction result in efficient resource use and faster The nightly releases are rigorously tested in the ATLAS
delivery of results. The ClI and Nightly monitoring system Release Tester (ART) Grid-based framew@&]] described
provides dynamic information about build and test resultsn Sect6.1.3 Whenthe setdevelopmentgoals are achieved, a
and installation status. It is based on the Nightlies Databassuccessful nightly release is transformed into a stable release
residing in the ATLAS database production cluster dedicatedly the team of ATLAS offline release shifters. Stable releases
to offline analysis (ATLR, see Seé.2.1) [255. The ATLAS  have unique numeric identifiers and indefinite lifetime. The
Nightlies Database is the source of dynamic content for theumbering of stable releases follows the pattern A.B.C(.D),
nightlies dashboards hosted on the BigPanDA web applicavhere A is the major release version that changes at most
tion [256] (see Sect7.4.2. once a year, B generally indicates the purpose of the release
The systems build software releases from the GitLab maife.g. 2 for analysis, or 6 for generation; these numbers are
branch and from dedicated branches for the online high-levedften historical), C indicates the minor release version and
trigger, reconstruction and simulation of Run 3 data, ands typically increased about once a week for a new stable
legacy branches for Run 2 reconstruction, simulation andelease, and D is an optional patch version in case a stable
analysis. Regular ‘sweeps’ are used to copy changes madelease must be patched. Patching is most often used so that
in various branches to the main branch. Special develop stable release, for example one to be used for trigger sim-
ment nightlies are available that use development versiondation, which must therefore match the release used during
of ROOT, LCG builds, or other externals. These ensure thatlata taking, must be patched to fix a rare bug, add a feature
when preparing for significant changes (e.g. a new operafter MC simulation, or read a new file version.
ing system, GCC version, or C++ language standard), the All production releases until fall 2023 were built on the
changes can be thoroughly vetted without putting at risk th€entOS 7 Linux operating systen242] on the x86_64
main development stream. and aarch64 architectures using WiBIAKE build system
When the compilation and test steps of the nightly builddescribed above. A migration to Alma Linux 243 of all
are successfully completedPAck [257 is used to produce infrastructure was completed by the end of 2023, though sev-
RPMs, which are then uploaded to EQ5T]. This actsasa eral legacy releases continue to be based on CentOS 7.
staging area for the subsequent installation step that fetches The default compiler for all Run 3 releases is at present
them and, usingayuM [258, an ATLAS-specific wrapper GCC version 11.2.0264] with the BINUTILS 2.37 265 and
aroundyuM, installs the nightly releases in the atlas-nightliesthe C++17 standard. In parallel there is a nightly release build
repository on the CernVM FileSystem (CVMFS299, from the GitLab main branch using the Clang 16.0.3 com-
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piler [266 on the x86_64 architecture. Maintaining builds familiar, while acknowledging that with thousands of devel-
with at least two compilers has helped identify a variety ofopers working over tens of years, not all style issues must
minor issues in the software and led to increased robustnedse rigorously enforced (e.g. spacing and bracket placement
For the releases built on Alma Linux 9, the recent stable veris not enforced). The standard is divided into requirements,
sion of GCC, version 13.1, with the C++20 language standard/hich are checked using a static code checker implemented
andBINUTILS 2.40 are used. Nightly builds on the aarch64as a GCC plugingl], and recommendations that are taught
architecture exist both on the CentOS 7 and Alma Linuxbut not enforced.

9 operating systems with the GCC 11.2 and 13.1 compiler A wide variety of static code-checking tools are used,
versions respectively. Since summer 2023, the main brandhcluding CoveriTy [27(, CPPCHECK [271], and LIZARD
releases are built for the microarchitecture x86-64-v2 an@272 for C++, andrLAKES [273 for PYTHON. Both FLAKES
newer P67], which brings support among other things for andCppCHECK (when available) are integrated into the build
vector instructions up to Streaming SIMD Extensions 4.2ystem so that compilation warnings are raised if code prob-
(SSE4.2). Newer microarchitecture levels are not yet supems are identified.

ported by a sufficiently large fraction of machines available The primary mechanism used to enforce code quality and

on the WLCG Grid to make adoption beneficial. consistency is via multi-level reviews of merge requests.
Because of the size of the code base, ‘tidying’ the entirety
6.1.3 Releasetesting of ATLAS code would be impractical. Instead, when touch-

ing a particular piece of code, developers are encouraged to

The ART systemZ261] is designed to run test jobs on the Grid gently improve the code around their changes, help iden-
after an ATLAS nightly release is built. The choice was maddify and improve missing documentation or code weakness,
to exploit the Grid as a back-end as it offers a huge resourcand only introduce new code that is of high quality. For
pool, suitable for a deep set of integration tests, and runningiost merge requests, a first-level reviewer looks over the
the tests could be delegated to the highly scalable ATLA®hanges to ensure that they are sensible and well explained
production systemPANDA, see Sect7.3). The challenge inthe merge request, and that all of the automated tests have
of enabling the Grid as a test environment is met with thesucceeded. If the merge request is particularly complex, a
CVMFS file system for the software and input data files.second-level (expert) reviewer might be asked to examine
Test jobs are submitted to the Grid by the GitLab-ClI systemthe code further. Some domain-specific review is often per-
which itself is triggered at the end of a release build. Jobsormed, as the Cl system automatically alerts some expertsto
can be adorned with special headers that direct how to ruchanges to code within their domain. Finally, a release coor-
the specific test, allowing many options to be customiseddinator is responsible for a last check before the changes are
These options might include which releases are to be testedherged into the central repository.
input- and output-file specifications, and the number of cores
to be used for multi-process or multithreaded running, fo16.1.5 Development and run environment
example. The GitLab-Cl waits for the exit status, and output
files are copied back from the Grid to an EOS area accessibles described in Sect6.1.2 the current default runtime
by the users. All GitLab-ClI jobs run in ART virtual machines environment is the CentOS 7 Linux operating system. The
using DOCKER images 26§ for their ATLAS setup. ART  AFS [274 and EOS p57] file systems are used during the
jobs can be tracked by using tReNDA monitoring system. software nightly builds to access larger calibration files that

ART can also be used to run short test jobs locally. Theyare then integrated into the respective software releases.
use the same ART command-line interface, where the back- Although primarily designed for clusters of Linux pro-
end is replaced to access a local machine for job submissiaressors with open external connectivity that allows the soft-
rather than the Grid. This feature allows developers to ensurgare to be imported through CVMFS and the conditions data
their tests work correctly before adding them to the system. liaccessed througfRONTIER (See Sect6.2.2, ATLAS soft-
both the Grid and local machine options, running and resulivare must be able to run on different hardware architectures

copying are completely parallelised. and different operating system versions. A notable example
is High-Performance Computers (HPCs), which may have
6.1.4 Software quality large numbers of processors but may lack external connec-

tivity. In that case the software and conditions data need to
To assistinthe development of high-quality code, ATLAS hase packaged into a container that is then uploaded through
maintained a Coding Standa@f9. The goal ofthe standard a gateway to the HPC; input and output data files also go
is to ensure some consistency in code style (e.g. naming cothirough the same gateway.
ventions for variables andfiles) so that developers can quickly The ATLASLOCALROOTBASE (ALRB) [279 suite of
understand a piece of ATLAS code with which they are notshell scripts, whether accessed from CVMFS or locally
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installed on a laptop or HPC site, provides a uniform lookDi gi ti zat i on) is added to the existing sparse check-
and feel to configure many tools with their dependenciesut. This configuration enables local partial builds against
in the correct order by encapsulating the details. It is alséhe nightlies, significantly speeding up development cycles.
a wrapper to start containers with the necessary envirorsince it aimed to minimise the disruption to (non-core) fea-
ments and mount points for runtimMi@oCKER [26§, SIN- ture developers, thelT-ATLAS command was very useful to
GULARITY [276], APPTAINER [277] and SHIFTER [27§]. It many developers during the transition from SVN to GIT, as
provides mechanisms to test tools and validate containersdid not expose the complex commands required for sparse
before deployment. Diagnostics are also available in ALRBcheckouts to the end users.
for user support and for tutorials. It works f®ensH/zsH
shells, x86_64 and aarch64 architectures, and RHEL-derivegi1.6 Central services
operating systems with versions 5-9; itPisTHON 3 ready
and supports containers on other Linux flavours and MacOS he Central Services Operations (CSops) team is central to
The ATLASSETUP (or simply ASETUP) script [275 pro-  all ATLAS activities. Its role is to support a wide-ranging
vides users a convenient and fast way (a few seconds) &et of projects given the great variety of services needed by
locate the required release and configure its environment faXTLAS computing. The team is responsible for the config-
stable and nightly releases. For the latest nightly releasearation, deployment, and operation of different services on
ASETUP checks the release completeness because a nighttye CERN IT infrastructure. They also act as the interface
release is built in a few steps with a time gap of about arbetween CERN IT and the service managers of different
hour. It only requires users to specify a few short tags, likeprojects and ensure that security and good computing prac-
the project (e.g. Athena or AthGeneration) and stable versiotices are maintained.
number or day of the month for a nightly release. There are CSops is responsible for the management of over 630
a few layers of configuration fokSETUP, and ASETUP can  machines with more than 4700 CPU cores, spread across 60
print out the origin of a given configuration parameter. Theprojectsincludind®ANDA [115] (see SecZ.3.1),Rucio[28(
original shell environment is saved before the fiusETur  (see Sectr.2.]), the services described Segtl.2 and oth-
run, so thataASETUP can configure another release environ-ers. These machines are hosted in the CERNBFEN-
ment in the same session, even in subshells. The details of teeack [28]] infrastructure and the configurations are man-
required release are saved into the working directory, suchged byPuppeT [287], which allows a significant reduction of
that the same release under that working directory can beomplicated central operation tasks, while ensuring the high
restored easily and quickly the next time. availability and scalability of all ATLAS central services.
The ASETUP script works for BASH/ZSH shells, with These machines can be split up into three main groups:
PYTHON 2 (including oldPYTHON 2 in SLC5) andPYTHON  those for ADC, those for ATLAS nightly software build-
3, and in bothSINGULARITY/APPTAINER and DOCKER con-  ing, and the miscellaneous nodes. The last group contains
tainers. It supports releases in architectures of i686, x86_6rhachines from many different detector and operations groups
and aarch64 for RHEL-derived operating systems from SLGn ATLAS and include critical web services, logbooks, mon-
5 to Alma Linux 9. In the case of a conflict between theitoring and other services that are used by both the offline
setup release environment and system commasgigup  and online teams in ATLAS.
helps provide a solution via wrappers and aliases. A suite of More than half of the machines deployeddRENSTACK
regression tests comes WKRETUP to validate new versions, are maintained witfPupPET manifests. This helps to ensure
asASETUP can run in different RHEL-derived Linux operat- that security and configurations are reproducible on a large
ing systems througBINGULARITY/ APPTAINER andDOCKER  scale. All machines that are controlled withpPET can gen-
containers from CVMFS. The regression tests include morerally be destroyed and recreated within 45 minutes. There
than 100 tests for the CentOS 7 platform. are 139 different configuration manifests in place that are
Most contributors to the ATLAS software only need to used to define the major configurations. Specific changes to
work on a subset of packages (usually one or two packeach configuration can be made with YAMRHJ files that
ages) and do not require checking out the whole Athenare used by thBurpPET Database to fine tune individual hosts.
GitLab repository. A wrapper commandiT-ATLAS [279,  All of these manifests and configurations are stored in CERN
handles the consistent checking out of the packages th@itLab repositories to aid with rapid deployment and keep
developer needs using the sparse checkout functionality, &iack of changes to configurations over time.
well as an interface to the developer’s fork, which is nec- Togetherwith ADC and the ATLAS TDAQ system admin-
essary for submitting merge requests. A user needs only ietrators, CSops also helps to maintain the Simulation at
specify the package name (eRj.xel Di gi ti zation), Pointl(Sim@P1, see Sett3.2 project, which is an oppor-
and the code from the relevant package area (in thitunistic cloud that makes use of the ATLAS TDAQ HLT com-
case| nner Det ector/I nDet Di gi ti zat i on/Pi xel puting farm for offline grid workflows. The Sim@P1 project
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is able to spawn over 2000 virtual machines using in excess dfased at CC-IN2P3, to CERN by the end of 2021. Although
111,000 CPU coresthat can be deployed in under 15 minutethe independent infrastructure had offered some advantages
however, this is usually done over an hour for maintainabilityin terms of resilience, the advantages of the tighter integra-
and to avoid unnecessary pressure on critical systems.  tion, central support, and centralised authentication mecha-
nisms available at CERN made the migration beneficial. The

6.2 Databases migration of the conditions data in the offline schemas into
ATONR is now complete as well; to preserve isolation of
6.2.1 Database infrastructure Point 1 during data taking a special proxy server was devel-

oped to permit updates of conditions in the offine COOL

ATLAS relies on several services for the management o§chemas. Additional nodes were added into the ATONR clus-
non-event data; for example data derived from the run corter to accommodate additional workflows originating from
figuration, detector calibration and alignment, slow controfthe General Purpose Network, which were previously uti-
system of the experiment, metadata associated with eventizing ATLR. This expansion ensures the preservation of
raw data files or data and workload management systemthe existing resources for data-taking workflows at Point 1.
Most of these services profit from a database infrastructur®n the ADCR cluster, new more powerful hardware was
thatis maintained by the CERN IT departmentand is based otleployed to support the heavy workflows coming from the
ORACLE® technology. Other applications include analyticsdata management system. The most delicate parts of this
clusters utilising theHapoop [284 file system andELAS- migration had to be performed during pauses in data taking
TICSEARCH [285. The same infrastructure supports other(either short technical stops or end of year shutdowns), but
database applications like those for ATLAS publications andhe migration could be done during Run 3.
membership informatior?286|.

Some conditions data, including information about the6.2.2 Conditions data distribution
detector state (e.g. temperature, enabled and disabled mod-
ules, and the trigger configuration) are recorded in real tim&@he conditions data are distributed using several technolo-
and automatically inserted into the conditions database. Igies. The main service in place for access to conditions
some cases these data may undergo pre-processing to rediss@RONTIER [288, a web application that redirects SQL
their volume and simplify subsequent use. Significant addirequests tORACLE® databases and provides a caching layer
tional conditions data are inserted into the database by expeiitaplemented using Squid proxies. The system is in use since
and calibration tools that process the detector data later onRun 1, and the main difference in Run 3 is its deployment

The original (Run 2) relational database infrastructure, aarchitecture as mentioned in the previous sectionERueN-
shown in Fig.27, consisted of three productiddRACLE®  TIER launchpads are deployed only at CERN and provide
clusters deployed and maintained by CERN IT: ATONRaccess viathe ATONR_ADG cluster. The network access to
for Point 1 (P1) usage, ATLR as a general purpose clustaronditions via FroNTier may not be possible, especially for
and ADCR for data and workload management systems likeertain HPCs lacking outbound network connectivity (see
Rucio and PANDA (see Sect7). In this configuration, for Sect.7.3.2). In such cases, an alternative approach is avail-
data-processing purposes a subset of the ATLR data (whidchble; data can be extracted frabRACLE® and distributed
is limited to conditions, geometry and some trigger informa-through simple SQLite files. In this case there is the possi-
tion) is regularly replicated to two Tier-1 sites, TRIUMF and bility to extract data fromORACLE® and distribute them via
CC-IN2P3. ATONR was and still is within the firewall at P1, simple SQLite files. The tools for the easy generation of an
protecting it from accidental external use. SQLite file with a selection of a subset of conditions data are

During the long shutdown between Run 2 and Run 3, th@athered in a GitLab repositor289. The SQLite files can
relational database infrastructure was consolidated in view dhen be distributed in a file system or vi®acKER container
changes to th®RACLE® licensing model at CERN. ATLAS provided their volume are reasonable.
therefore progressively migrated to a new infrastructure, now
in place and illustrated in Fi@8, completing the migration 6.3 Metadata handling
in early 2024. The cost and the complexity of the system
was reduced by eliminatif@QRACLE® instances atthe Tier-1 The ATLAS experiment has developed three systems that
sites, and to consolidate the CERN resources of the P1 clubuild upon information from other ATLAS systems to pro-
ter ATONR and its standbyxCTIVE DATA GUARD (ADG)  vide unique metadata services to the experiment at the three
instance that are accessible from outside of the P1 netwofkkndamental levels of granularity of ATLAS data: services at
in a read-only mode. An important step towards consolidathe event, run, and dataset levels are provided by the Eventin-
tion was the migration of the ATLAS Metadata Interface dex, COMA, and AMI, respectively. Each of these systems
(AMI) database287) (see Sect6.3), which was historically has evolved considerably since Run 1 in mutual cooperation
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with many systems and services throughout ATLAS (havingtory was expanded2Pg to collect metadata about condi-
connections to aid data collection and service optimisation}ions data structure, payloads and related metrics, providing
Furthermore, they each have evolved into related areas teports to help experts understand conditions database organ-
provide additional services as described in this section.  isation, content, and usage. COMA systems have undergone
The Eventindex 29Q is the metadata catalogue of all continuous refinements in data collection and client utilities
ATLAS events. For each real or simulated event in the priinto Run 3.
mary processing formats (e.g. RAW and AOD), it stores the The ATLAS Metadata Interface (AMI)287] is a soft-
main event identification parameters (run and event numbeware ecosystem dedicated to scientific metadata that pro-
trigger stream, luminosity block), the trigger record and thevides two critical services; management of metadata for all
provenance information, i.e. the Globally Unique Identifiersdatasets produced by the experiment and bookkeeping of all
(GUIDs) of the files that contain it. This information is used the parameters defining the data processing workflows. The
to check the completeness and correctness of the procedsMI task server aggregates metadata information from sev-
ing campaigns, as the number of output events must mataral sources (e.®Ructo andPANDA) via specific tasks and
the number of input events and each event must be founstores them in the AMI database. Metadata sets are recorded
once and only once in the output streams, and to monitor thi®r each processing step a dataset undergoes and the filiation
overlaps between trigger chains or between offline selectiolinks’ (provenance information) between processing steps of
streams. The provenance information is used to extract orthe same datasets are saved.
or several events that are selected during any analysis and In parallel with ongoing operations, the AMI environment
produce event displays (see Sef), to study details of is constantly evolving: an internal rewrite of both the core
the calibration, alignment and reconstruction algorithms, oserver and Web interfaces were done for Run 3 to provide
for special analysis workflows. In this last instance, physicsmproved stability, scalability and flexibility when address-
analyses that need specific reconstruction algorithms to bag the metadata needs of the users. A new administration
applied on specific event samples (up to one million eventsinterface for the AMI task server was written to easily iso-
can use Eventindex provenance information and the Evetate, monitor and manage tasks. In addition, the interface to
Picking Service 29]] to extract those events from the bulk make super containers (a set of datasets for a given data taking
of the RAW data and process them separately. The Eventliperiod or year, or any other logically-grouped set of datasets)
dex metadata are collected by Grid jobs that scan all newlywas rewritten. A prototype was developed and tested for the
produced data files. These metadata are then sent to a centrvision of the AMI-tags that define all the parameters of a
storage system at CERN, implemented ugingpoop [284],  processing workflow; it will be finalised in coordination with
HBASE [292], and PHOENIX [293, an interface layer on top the Tier-0 and database teams.
of HBASE that allows SQL access. For Run 3, the systemwas Users most often access AMI via Web applications to
extensively revised and re-implement@84]. The Eventin- manage and display metadata. These are also available via
dex stores several hundred billion real and simulated everommand-line interfaces for easy use in scripts or data anal-
records and grows linearly with data production rates. yses. AMI also recently developed a whiteboard system that
The COMA system (Conditions/Configuration Metadataallows users to set arbitrary tags onto a dataset to be able to
for ATLAS) [299 collects run-level conditions and configu- retrieve them in a more efficient manner. These tags are used
ration metadata mainly from the Conditions database, as wetb identify samples that are standard samples to be used in
as essential run-related information from other systems: theéata analysis; they can also be used to identify all datasets in
HLT farm, Tier-0 site, Trigger, AMI, and Eventindex data use by a single analysis, for example.
repositories and file systems such as good runs list (GRL) In addition to these external metadata systems, ATLAS
XML files (see Sects.1). Earlyin Run 1, COMA became the employsin-file metadata to transfer information from one
main repository to store the ATLAS Data Periods, which argrocessing step to the next. These data include information
official sets of run numbers during physics data-taking withabout the configuration of the job that produced the data (e.g.
common detector or machine conditions. These ATLAS Perithe parton distribution function used during event generation,
ods form the basis to group sets of runs for many purposes the geometry used during simulation). They can be used
for ATLAS data processing and reprocessing as well as dat@r automatic configuration of subsequent workflow steps.
analysis. COMA provides both web-based and command linEor example, the reconstruction automatically initializes the
interfaces featuring collected data and unique related derivezbrrect geometry based on information in the input file. This
quantities, as well as aggregated information across margutomatic configuration can be overridden, or the informa-
runs (e.g. runs in specific projects, periods and GRLs) suction can be explicitly provided if it is not present. The in-file
as event counts (by stream and trigger), data volumes, luminetadata can also be used for consistency checks, for exam-
nosity and LHC beam-related quantities. To ease the managple by checking that files to be combined in MC Overlay (see
ment of the ATLAS Conditions database, the COMA repos-Sect.4.3.2 were created with a consistent geometry. For real

@ Springer



Eur. Phys. J. C (2025) 85:234 Page 67 of 117 234

data, the in-file metadata includes information about whictHowever, it uses different workflow management software
luminosity blocks were processed, to help ensure that thifom most Grid sites for the prompt processing of data.
entire set of events from each luminosity block is correctly
processed in an analysis. During derivation production (se@.1.1 Tier-0 resources
Sect.4.5.]), some of the in-file metadata are converted into
a simpleROOT-readable format. These can then be used he Tier-0 site consists of about 40,000 cores in the CERN
in analyses, for example for the configuration of calibrationHTCoNDOR-managed batch system. The cluster is shared
and uncertainty tools. Including this in-file metadata helpsvith Grid processing, which takes over the resources if they
reduce the necessity of database connections in analysis jolxe not needed for Tier-0 operations (see also Se81t2).
and enhances the ability to run analysis with only simpleThe Tier-0 site has about 2 PB of EOS disk space available
ROOT or similar software. to temporarily store intermediate datasets, and about 100 GB
of shared AFS disk space to store all other (non-dataset) files
needed for operation.

In addition, a single-core virtual machine is used to run the
software that drives Tier-0 site operations. Another single-

ATLAS Distributed Computing (ADC) comprises the hard- core virtual m_achlne is used to host the web service allowing
bé)th the monitoring and operation of the system.

ware, software and operations needed to support distribute
processing, simulation and analysis of ATLAS data and t i
support the evolving needs of the experiment. This can boé'l'z Tier-0 software

broken down into two closely related areas, which operat i . .
. e he Tier-0 software is designed to depend on as few exter-
side by side: Distributed Data Management (DDM), cover- . . . S
al services as possible. This not only minimises the chance

ing all aspects of storage, transfer, and access to the (coq—

lision and simulated) data, and the Workflow Managemen?f service interruptions caused by them, but also the effort

System (WFMS), which handles request, task and job de _eqmr_ed to follow their evolution over time. The services
- . the Tier-0 software does depend on tend to be stable and
inition, and manages the various workloads performed o).

the ATLAS data, for both large scale production tasks an pighly reliable. qu the.software, there is a Slm”?r strategy
) . . . o depend on as little third-party software as possible, for the
user analysis. The first site through which all data move

the Tier-0 site, uses special configurations and software duseame reasons.
’ P 9 The Tier-0 software system is a modular, self-contained

to the stringent operational requirements of the site. This L
L : : L o System comprising a workload management system (com-
site is described in Sect.1 The remaining Grid sites use arable to ProdSysPANDA, as described in Sect.3), a
common software for both the data and workflow managel-o Y ’ c
ment. The DDM model emploved by ATLAS is presented indata management system (comparabRatoio, as described
: ployed by P in Sect.7.2), a monitoring system (probes, data collectors,
Sect.7.2 followed by a description of the many aspects of . . :
the WEMS in Sect7.3 The data monitoring and analytics alarms, etc.), and a comprehensive web interface for moni-

systems described in Se€t4 naturally cover both of these toring aqd operations. .
areas The Tier-0 workload management system consists of two

entities: one operating on the dataset/task level (the Tier-0

Manager, or TOM), and one operating on the file/job level
7.1 The Tier O site (the Supervisor). Both follow a component-oriented software

paradigm; each entity is composed of approximately ten com-
The ATLAS Tier-0 site comprises the hardware, software anghonents that collaborate to provide the desired functionality.
operations needed to support th@mpt processing of the This approach not only allows different implementations of
data produced by the ATLAS detector. This prompt processthe same component (e.g. interfacing to different batch sys-
ing mainly consists of the first-pass reconstruction workflontem flavours, or to different database backend flavours), but
and many calibration workflows (see Sez#). The Tier-0  also allows the sharing of components between the two enti-
site also provides support for ad-hoc reprocessing, and is fréies (e.g. the logging component). In addition, some com-
quently used for various commissioning tasks. Reprocessingpnents provide a plug-in mechanism that allows loading of
and commissioning tasks may include the recall of data fronalternative implementations for particular key algorithms.
tape storage if necessary. This combined component-oriented and plug-in approach

The Tier-0 site uses the same conceptual models dfas notonly facilitated a smooth evolution of the system over

datasets (i.e. collections of files) being processed tagks  the last 15 years, but also allowed another CERN experiment
(i.e. collections of jobs executed on some external batch se(NA62) to use the ATLAS Tier-0 software system with min-
vice) as DDM (see Secf.2) and WFMS (see Sec?.3).  imal effort [297).

7 Distributed computing
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Tier-0 manager Each Tier-0 Manager (TOM) instance/ by national universities and laboratories, provide disk stor-
process runs a set of configured plug-in tasks, catbed  age that is used for data processing and user analysis. Sev-
processes, at regular intervals in an infinite loop. Each TOM eral additional computing centres complement the storage
is single-threaded, ensuring strict serialisation. The main tasknd computing available to ATLAS, including opportunis-
of the TOMs is to implement the Tier-0 reconstruction andtic sites (see Sect.3.2 and sites dedicated to data analysis
calibration workflows. The paradigm followed here is that of(see Sect8.1.7). As shown in Fig.29, as of 2023 ATLAS
a dataset blackboard: files created on EOS and published ias more than 800 PB of resident data. The total volume is
a handshake catalogue by the online system are organised §plit roughly equally between tape and disk. All these data
a tomprocess into RAW datasets and put on a virtual blackare organised, managed, transferred, accessed, and accounted
board. Other tomprocesses regularly scan the blackboard fégr via theRuclio distributed data management system (see
new datasets fulfilling certain criteria and, if triggered, auto-Sect.7.2.7).
matically define tasks that process these datasets into one or
more new output datasets. For Run 3, about 100 such datasgt2.1 Rucio
processing tomprocesses are defined, each configured with
about 20 parameters. Rucio [28( is a flexible and modular software framework to
Taking advantage of the generic architecture of the TOMuild data management federations. It allows seamless inte-
system, most other Tier-0 activities are also run as tompragration of scientific and commercial storage, and their net-
cesses. Examples include the registration of permanent ouirork systems. The data are stored in a single global names-
put datasets and their files wifRuci o, the management pace and can contain any payload. Facilities hosting the stor-
of the temporary EOS disk space containing the transierdge can be distributed at multiple locations, and belong to
datasets, and the management of the temporary AFS diglifferent administrative domainucio was designed with
space. more than a decade of operational experience in very large-
0§cale data management, building from the work of its prede-

Supervisor As the name suggests, the task of a Supervis
P o P [gssor DQ2304.

process isto supervise the execution of the jobs defined by t

TO Manager(s). Each supervisor process is single-threade ?S ahtetchnologyRUCI(t) IS Iocatllor;-aware dand .r'nanagef, it
and multiple processes can be configured and deploye ain heterogeneous storage solutions and environments.

simultaneously. The standard configuration for Run 3 howallows the creation, location, transfer, deletion, annotation,

ever, only needs to deploy a single instance, which mar@nd access of and to the data. The major, standout feature

ages the about 10,000 jobs running simultaneously on thg the orchestration of dgtaf_lows. These inCIl_Jde both .hi.gh-
HTCONDOR batch system. level dataflows, such as institutional or_e_xperlment policies,
and low-level dataflows, such as specific user requests. Its
Web control interface The Tier-0 web interface, callan-  main users are thBANDA and ProdSys2 workflow man-
TZole, is a classicallAVASCRIPT/DJANGO/APACHE single-  agement systems, including tReNDA Pilot job processing
page web application. It allows comprehensive monitoringramework, as described in Se@3. Individual users have
of the state of the Tier-0 system, with both live and historicalcommand-line interface and web-based access through dedi-
information. Subject to authentication and authorisation, itated clients, both for access to data and for the manipulation
also allows the Tier-0 operators to dynamically change thef rules for data movement and storage.

Tier-0 configuration, and third-party users to request ad-hoc At ATLAS mid-2022 scale, the interaction rate of oper-

processing of selected datasets. ations with theRucio system is typically beyond 200 Hz
and often reaches 500 Hz, from distributed clients across the
7.2 Distributed data management world interacting with the singl®ucio instance at CERN.

This includes diverse operations such as registering new
ATLAS data are distributed over a worldwide network of files, searching for data, downloading files for processing
data centres, also called sites, under the umbrella of thebs, scheduling files for deletictt,or modifying metadata.
WLCG [298. These sites are categorised into Tiersin a semiRucrto handles on average 1.5 million file transfers per day,
rigid hierarchy with various capacities, duties, and responwith a peak rate of three million files per day. On aver-
sibilities. CERN is the origin of detector data and thus theage around 8 PB of data is moved per day from job and
single Tier-0 centre. There are 11 ATLAS Tier-1 sites thatuser upload/download, peaking at 12 PB per day. Transfers
are connected via dedicated national research and educatibstween data centres accounts for 2 PB per day on average,
networks (NRENSs) with typically 10 to 100 GBit optical pri- peaking at 4 PB per day. The high-availability deployment
vate networks299. These Tier-1 sites provide disk and tape
storage and are charged with the perpetual archival of deteer see sect7.2.3for the reason behind scheduling files for deletion,
tor data. Around 70 ATLAS Tier-2 sites, typically hosted rather than deleting them immediately.

@ Springer



Eur. Phys. J. C (2025) 85:234

Page 69 of 117 234

ey, 19 Ol a1
= Bytan: §23 683 555 841 ms-:mJ-

Fig. 29 The evolution of the ATLAS
ATLAS total data volume over E 1000 FH
the last 15 years, since before
Run 1 2
l::
2 rs0PR
B
Pn-
00 PE
50 PE
]
M

of Rucio is done viaKuBERNETES [301]] in the CERN data
centre and is built atop free, open-source technologies. Addi-
tionally, extensive monitoring solutions were built and are the
cornerstone of daily operations.

Ructo was principally developed by and for the needs of
the ATLAS experiment, with a view to eventually making it

community open source software. It has since matured int.

the de-facto general solution for scientific data management.

2012

I I I 1
2d 208 2inia 220 ez

software that was used for each production step in the
creation of the dataset, separated by underscores. Each
step is represented by a letter, followed by the numerical
index of the configuration, stored in the AMI database
(e.g. ‘1234’ for an event generation configuratien32
characters in total); and

Optionally, a production task index and sub-task index.

Now, it is developed, used, and supported by a multitude\n example of an MC simulation dataset name is

of different communities from diverse scientific fields, from ‘mc15_13TeV.300402.Pythia8B_A14 CTEQ6L1 Bs
neutrino experiments and dark matter searches, to astronomimu3p5mu3p5.recon.AOD.e4397_s2608_r6869'. In this
cal observatories. As software, itis both free and open sourcease, ‘mc15_13TeV’ is the project; 300402 is the dataset
provided under thé\PACHE 2.0 License 27]. identifier; the production step is ‘recon’ (reconstruction); the
data type is ‘AOD’; and the configuration tags are ‘e4397’,
‘s2608’, and ‘r6869’ for event generation (e), simulation
(s), and reconstruction (r). The description means that the
ATLAS datasets follow strict nomenclature rules to ease findsample was generated with tiReTHIASB event generator
ability and ensure that dataset contents can be quickly ident{see Sect4.1) using the A14 tune of underlying event and
fied. The names can be generated algorithmically, are uniqueadronisation parametersiyTHiA and the CTEQG6L1 par-
and are case-insensitive, although the original case is présn distribution function set. The sample contaBfs— 1
served throughout the system. decays, where both the muons are required to hgve-

The dataset name is a series of fields separated with a ‘3.5 GeV. Although not trivial to decode, with some experi-
For MC simulation, the fields are: ence these labels are enough to understand the contents of
the sample.

For detector data, the fields are:

7.2.2 Dataset nomenclature

1. The project, a short indicator of the MC simulation cam-
paign and, when relevant, centre-of-mass enefgyL %

characters); 1.
A numerical dataset identifiex(8 characters);
3. Ashortdescription of the physics described by the datase®.
(< 50 characters);
4. The production step that generated the dataset (e.@.
‘simul’ for simulation or ‘evgen’ for event generation;
< 15 characters); 4.
5. The data type (e.g. ‘EVNT’, ‘HITS’, or ‘AOD’;< 15
characters); 5.
6. A series of processing tags, called AMI tags (see6.
Sects.6.3 and 3.2), indicating the configuration of the

N

The project, indicating the year and, when relevant, the
centre-of-mass energy for collision data;

The unigue run number for the dataset, established by the
data acquisition software;

The name of the data stream (e.g. ‘physics_Main’ for the
most commonly analysed data stre&kf]];

The production step that generated the data, similar to
MC simulation;

The data type, similar to MC simulation;

A series of processing tags, similar to MC simulation;
and
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7. Optionally, a production task index and sub-task indexWhen non-user-analysis data are produced by Grid jobs they
similar to MC simulation. are copied to their final location and pinned there as persis-
tent data. These data cannot be deleted except through one

One example is ‘datal5 13TeV.00284484.physics Main‘?f the mechanisms described later in this section. Data that
merge.AOD.f644 m1518'. In this case, ‘datal5 13TeV’ isare movgd arqund b_y the production sysfcem to be used as
the project; 284484 is the run number: the data are fron1Put for jobs (including data that are replicated from tape)

the physics main stream; the data are merged (following th@re pinned on disk .for_a limited time and are thus Iab.eIIed
reconstruction, in this case); the data format is ‘AOD’; angtémporary. Once this time runs out, the data are considered

the production tags are ‘644’ and ‘m1518’ for prompt recon-caChed and are eligible for deletion. The total volume of data
struction at the Tier-0 site (f) and merging (m). stored on disk by ATLAS and the distribution within these

User- or group-defined datasets are required to follow &lifferent categories is shown in Fig0.
less-strict set of rules; they must begin with ‘user.’ followed ~Each sité hosting ATLAS data defines a quota of space

by the user name, or ‘group.’ followed by the group name. availaple for use by ATLAS, and publishes frequentl_y the
Ructo, used to organize the data, requires each dataset fapacity, use_d and free_spamjc_lo sets a watermark just

be defined within a scope. For MC simulation and detectope_IOW the defined capaqty and aims to keep the used space at

data, the scope is identical to the project in the dataset namiis watermark. If the site report.s used space over the water-

For group and user data, the scope is ‘group.’ followed by thénark,RUCIo deletes cache datain order of least recent access

group name, or ‘user.’ followed by the user name. Dataset's‘m" the watermark is reached. In this way, ATLAS uses as

can also be grouped into containers (groups of like dataset8)uch disk space as is possible, unpopular data are automati-
within Rucio; containers follow the same naming conven-Cally €xpunged from disk and popular data are likely to stay
tions where possibl& and be reused. _ _ _

These conventions were established before the start of A Sit€ can be assigned aacleus when it can reliably
data collection and were only carefully updated since. Thi@99regate output bsatellite sites. The nucleus designation

ensures that any ATLAS dataset in the entire storage systelh made.manually by operators in the Computer Re;ource
can be quickly and easily identified by any users familiarNformation Catalogue, CRIB], and can change .over-'ume.
with the naming conventions. Job output data are transferred from the satellite sites and

aggregated at the nucleus for the full task. The output is kept
o ) at the nucleus for archival or further processing. Brokering
7.2.3 Data policiesand life cycle ensures that jobs are spread across satellites, while taking the

o - available free storage space of the nuclei into account.
One key feature of ATLAS data is immutability. Datasets paia on tape are managed in a much less dynamic way.

are locked once production is complete, and no additionals the medium is not designed for rapid turnover. Obsolete
files can be added, nor removed except in rare cases of dfgta on tape are marked as cached, but they are only deleted
loss. Changes are not allowed; if a fix must be applied, af, organised deletion campaigns coordinated with the sites,
additional processing step is undertaken and the pre- anghch take place at most once per year. This is because space
post-fix data can be retained in the system independentleeq from deleted data is usually only reclaimed when tape

if necessary. This ensures that all data produced centrally; sseites anepacked (i.e. the remaining data on each cas-
(whether MC simulation datasets or real detector data, at anyatie gre packed into a new one).

stage of processing) can be reproduced at any time, and the the policies for data replication and lifetime are designed
full chain of provenance is known. o _ to optimise the availability and redundancy of data for pro-
Data on disk and tape are managed in slightly differentegsing and analysis, whilst ensuring that the limited storage
ways. Disk-resident data are divided into three categories: capacity is effectively used. The data replication factor and
lifetime of the data are heavily dependent on how actively
o Persistent data are pinned on disk for an indefinite periodthe data are used and their reproducibility in the case of loss.

of time, The policies defining whether to store data on disk or tape
e Temporary data are pinned for a limited period of time, also depend on the access patterns and expected lifetime of

and the data. Raw data from the detector, for example, are always
e Cached data are not pinned. copied both to tape storage at CERN and one Tier-1 centre,

because they are read infrequently and to ensure a negligi-
- _ _ ble risk of data loss (only one raw data file was lost since
22 For example, a container of multiple data runs follows the SaM&p o start of ATLAS operations). On the other hand, DAOD
general scheme, but does not specify a unique run number if it containé ’ ! .
many runs. It may instead specify a Period (see S8.based on  datasets used for analyses have at least two copies on disk

which the runs are grouped. so those data are always available, but are not replicated to
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Fig. 30 The distribution among persistent, temporary, and cached of ATLAS data stored on disk in 2022-2023

tape because new versions are frequently produced and herfolowing the examples above, raw data have an infinite life-
each version has a limited lifetime. time and DAOD data have a lifetime of six months. The life-
The replication of new data to match the policies is handledime may be extended in two ways. When data are accessed
by Ruclo subscriptions, which automatically create copies of(i.e. used as input to BANDA job or manually downloaded
dataintherequired places. Archiving to tape of data producedsing Rucio), their lifetime is extended (usually by six or
on the Grid (HITS and AOD, and reprocessed data AOD) igwelve months). Alternatively, an analysis team may ask for
done through a separate asynchronous process that delaysextension at the point when data become eligible for dele-
the archival until one month after the data are produced, ttion, for example if the team is midway through a publication
avoid bad data being written to tape that are then immediatelgrocedure and the data may be needed to recreate results. The
deleted. lifetime model has worked well to control the disk and tape
An important shift in the ATLAS data model in recent space used by ATLAS, allowing obsolete data to be easily
years is from viewing tape as a pure archive or backup toemoved to free up space for more copies of actively used
be used in limited cases to a more active use of tape atata. However, with the length of individual ATLAS analy-
the main data store, and disk as a cache to which data asés efforts often stretching to many years, the amount of data
staged from tape temporarily and then deleted. This changéat is not active but was requested to be kept ‘just in case’
required detailed investigation into how sites’ tape storagés steadily growing and is now roughly 10 PB. Recent stud-
was organised and developments in ATLAS services for optiies have shown that only a fraction of these data are accessed
mally reading data back from tape. This work was carriedafter a lifetime extension request. Therefore, work is ongoing
out under the auspices of the Data Carousel projg@#][ and will continue throughout Run 3 to identify alternatives to
(see Sect7.3.3, which was successfully implemented dur- keeping such data pinned on disk, such as moving to ‘cold’
ing LS2. The amount of data staged from tape increased frostorage or streamlining procedures to allow recreation of data
20 PBin 2018 to 130 PBin 2021, without disrupting writing on demand.
to tape (which increased from 47 PB in 2018 to 75 PB in This lifecycle is applied to data on general ATLAS
2021). resources; some resources exist outside of these rules. Anal-
Another important handle in controlling what data areysis groups (e.g. the Standard Model or Higgs group) have
cached on disk is the automatic deletion of unused data fromedicatedgroup disk pools where data supporting ongoing
disk when there is an archival copy on tape. This mechanisranalyses can be stored without regard to the lifetime model.
can be tuned to be more or less aggressive according to hddimilarly, institutes have local group disk areas where data
much cache space is available globally, which processingupporting the local data analysis can be stored. Users or
campaigns are planned and so on. group space managers are responsible for creating rules to
The life cycle of data is controlled by thdetime model,  transfer data to these disk areas and for deleting data from
through which data are deleted from all centrally-managedhem.
storage a certain period of time after they are produced. The
lifetime depends on the type of data and their expected use;
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7.2.4 WLCG data challenges nologies. A token-based AAl was implemented in ATLAS
using theInpIGO Identity and Access Management ser-

In anticipation of HL-LHC datarates, the WLCG has decidedvice [305, fully compliant with OIDCIOAUTH2.0 and capa-

to run increasingly challenging stress tests of the data infradble of identity federations among scientific and academic

tructure, including disk, network, and the tape systems. Thalentity providers. The deployment of this new AAI infras-

plan is to run these tests every two years until 100% of théructure across services is ongoing.

expected HL-LHC data rate is reached by 2027. Two tar- Until 2023, all WLCG experiments utilised thdEP-

get rates are defined: thainimal target, which is the rate SpEC06 [306] benchmark for accounting and pledges. How-

expected with a rigid hierarchical computing model, and theever, this 32-bit benchmark is no longer a reliable indicator

flexible target, which is the rate expected with flexible com-of HEP workloads, whilst the underlying SPEC-CPU 2006

puting models allowing transfers across and between all Tiedsenchmark 307] is no longer supported since 2018. More-

dynamically. The latter model is similar to the current com-over, there is a coming need for a benchmark that caters to

puting model. non-x86 architectures such as ARM processors and GPUs.

In October 2021, the first disk and network challenge tookTo address these issues, a task force was established by
place with the aim of achieving a sustained overall transthe WLCG in November 2020, to identify a new bench-
fer throughput of 10% of the expected HL-LHC data rate,mark based on the current workloads of the LHC experi-
with the minimal target corresponding to the expected Run 3nents and a transition plan. A new benchmatkPSCORE,
rate B03. Consequently, this data challenge also served awhich includes both x86 and ARM processors, was devel-
a commissioning test for Run 3. The results are shown imped B08 and deployed in April 2023. The experiments now
Fig. 31, showing that the minimal target was easily metuse this new benchmark for resource requests, and sites are
throughout the duration of the challenge and at peak ratexpected to score new hardware purchases using this bench-
the ‘flexible’ target was achieved. mark instead oHEPSPEC06. The benchmark is made up of

Dedicated tape challenges focused on the capability of the variety of workloads309 from all four LHC experiments
Tier-0 and Tier-1 tape systems to handle the expected rate ahd Belle II; the initial version i$IEPSCORE23. The tran-

Run 3 RAW data export, which is up to 8 GB/s from all sition to HEPSCORE23 will enable more accurate account-
physics streams combined. These tape challenges were siing and pledges, providing a more realistic representation of
cessful, and these rates were met and even exceeded with¢EP workloads. FurthermorHEPSCORE23 was normalised

any operational incidents during Run 3 data taking. Differ-to the oldHEPSPEC06 benchmark, so that sites do not have
ent streams are distributed across different sites, but all data re-benchmark existing systems, and only use it to measure
within each stream are sent to a single site for a single rumewly purchased hardware.

The largest stream is produced at a typical rate of 3.5 GB/s,

and the final tape challenge in March 2022 showed that alf.2.6 DDM R&D projects

Tier-1 sites were capable of handling this data rate.

In mid-2022, the planning for the follow-up data challengeln addition to the ongoing development work and data chal-
has started, with a projected date in early 2024. The majdenges, which come with their own research and development
features to be tested are the new token authentication mecbemmunities, several distributed data management-specific
anisms (see Sec®.2.5, software-defined networks, and R&D projects were started: most importantly, integration
much-improved monitoring. Potential new dataflows intro-with commercial clouds, dynamic data handling, and dis-
duced by HPC centres (see S&c8.2 and dedicated analysis tributed caching.
facilities (see SecB.1.7) will be folded into the plan once The first of these R&D projects, underway in Run 3, is the
their usage is more clearly articulated within the communityintegration ofRucio with commercial clouds, specifically

Google Cloud 310, Amazon Web Services[L]], and Seal
7.2.5 Further WLCG infrastructure changes during Run 3 Storage Technologie817. The integration of such cloud

services is reaching a stage where these types of storage
A virtual organisation-based (VO-based) security architecean be included in the distributed data management system
ture, using X.509 certificates, has been a reliable solutiobeyond simple demonstrators. The main benefit is that fund-
for authentication and authorisation in ATLAS, but has alsang agencies and institutes can achieve more flexible storage
showed usability issues and required ad-hoc services andstallations (including, potentially, the purchase of cloud-
libraries in the Grid middleware. The need to move beyondased resources), whiRucio takes care of abstracting the
the VO-based scheme was recognised as an important objgeeculiarities from the scientists.
tive in WLCG Authentication and Authorisation Infrastruc- A second R&D projectis revamping the policies that drive
ture (AAI) [304], to overcome the usability issues of the ATLAS dataflows, mostly given by experiment data agree-
current AAl and embrace recent advancements in web techments, processing requirements, and MoUs, as well as oper-
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Fig. 31 Inpurple, additional ‘Data Challenge’ traffic injected to reach target rates during the October 2021 Data Challenge, along with the standard
operational traffic from the four LHC experiments

ational and infrastructural needs. To address this, a workinfpr details). This is in addition to data analysis conducted
group was formed to address dynamic data handling in By physics groups and individual users. Fig@2shows the
coherent and consistent way. The working group will studynumber of running ATLAS jobs since the beginning of 2022,
and tune ATLAS dataflows, most importantly placement offor each of the different activities.
new data, rebalancing between data centres, deletion of obso-To fulfil this workload demand, the ATLAS experiment
lete and unused data, and data replication both for productiamses more than 250 computer centres worldwide, primarily
and analysis. The eventual goal is to reduce workload exenade up of the WLCG Grid sites described in the previ-
cution time, reduce data access time and make better useaifis section, but also including HPC centres and national,
available storage through improved placement, movemengcademic, and commercial cloud computing resources. Fig-
addition, and deletion of replicas of ATLAS data, under theure33again shows the number of running ATLAS jobs since
hard constraint of limited storage space. the beginning of 2022, but this time grouped by resource
Finally, athird R&D project deals with distributed caching type. It can be seen that although the contribution from
to reduce wide-area-network (WAN, site-to-site) traffic,the Grid dominates, as expected, there are many running
reduce latency to the analysis software, and eventually tmbs on opportunistic resources such as HPCs and cloud,
increase CPU efficiency. This is an integratiomRafciowith  the latter contribution mainly coming from Sim@#see
the XCcACHE system B13 to assign processing jobs not only Sect.7.3.2. Further contributions are present from assign-
with the common ‘job to data’ paradigm, but to allow a moreing dedicated production tasks to both HPCs (‘hpc_special’)
flexible approach that includes significant staging of data t@nd clouds (‘cloud_special’), where the latter is mainly made
sites with extra computing capacity. During LS2 a prototypeup of BOINC [21,22] job submissions and jobs running on
deployment was put in place. First observations have alreadye Tier-0 site. These additional resources are described in
provided insights, including increased cache use and reduc&kct.7.3.2
WAN traffic. During Run 3 this mechanism will be exercised
with real analysis use cases and, if proven successful, willb& 3 1 A universal workflow management system for ATLAS
integrated intdRucio.
The processing, simulation and analysis of data from mod-
7.3 Workflow management ern HEP experiments requires the orchestration of mul-
tiple diverse computing facilities. This section describes
A large variety of workflows are required by the ATLAS
experiment, Includ!ng de,ua prqcessmg (and repro_cessm ¢ Because originally Sim@P1 was managed using OpenStack, it was
MC event generation, simulation and reconstruction, an@ccounted for as part of the cloud resources. Although this is no longer
derivation data production for physics groups (see Skct. the case, for historical consistency it remains in this accounting category.
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Fig. 32 Running ATLAS jobs since the beginning of 2022, grouped by activity
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Fig. 33 Running ATLAS jobs since the beginning of 2022 grouped by resource type

the methods developed and the approaches taken to arripemary role of such a system is the management of the var-
at a universal workflow management system for ATLAS,ious production and analysis workloads, as well as defin-
ProdSys2PaNDA [115314], which has been used since ing how the resources are to be used and the application of
the beginning of 2014. New elements such as iDB$Y  appropriate fair-share policies. The system should also work
and Harvesterd16] have since been developed and broughtregardless of the type of infrastructure and level of hetero-
into production before the beginning of LHC Run 3 to geneity and be dynamic enough for possible changes in the
address the heterogeneity of resources and the introduavailable resources. The various resources used and the asso-
tion of new data processing scenarios such as the Dataated access protocols, are described using CR¥C [ser
Carousel 307 (Sect.7.3.3. identification and security considerations are handled via the
use of X.509 certificates, which are to be replaced by tokens

Design concepWhen designing a suitable workflow man- during Run 3 as described in Se€2.5 _
agement system for a distributed and heterogeneous comput-After analysing the various classes of workflows, which
ing infrastructure, there are many aspects to consider. TH® described in Sectd.and5, the essential components
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of the production system were identified and a logical data The Web-Ul is also used to monitor the progress of run-
model built. The following entities are defined: ning tasks and adjust them as required. Active bookkeeping
is provided, metadata is stored, including user-defined tags,
. _ . and the aggregation of task statistics is done, which may be

o A request is the upper level of abstraction, and is madeused for the fine-tuning of running and historical task analy-

of tasks of one ]Ey%ed At t]z/plcal e>t<a_mple .WSUId be IThesis. Advanced error handling and reporting is included to help
(_re)processmg 0 "." aa} or.a certain period ora co ,ec'quickly understand the root of any problem and to fix it by
tion of MC simulations with common parameters, which

redefining and resubmitting the task. The chaining together
are to be used together to compare to a given period o(ﬁ ning LbmIting ning 1og

: . slices in separate requests is also possible and success-
data. Arequest may comprise multiple steps, where eveqt lly used, for example when connecting MC event genera-
generation is one step, for example. Each step on eactﬁ) ’

: , n, simulation and reconstruction together with derivation
input dataset is represented as a separate task.

A . . . d:)roduction.

e A taskis an entity for passing parameters to the payloa
submission system, and is composed of jobs. The resuREfT The Database Engine for Tasks (DEfT) is a top-level
of the task is a set (or several sets) of files, organised i§Ub-system and is the engine beneath the Web-Ul. DEfT
datasets, typically with one dataset per task per outplRCCEPts task requests via a dedicated user interface or from
file type. prepared lists (e.g. a text file, or Google or Excel document).

e Ajobis a single executable workload, where each taslPEfT processes requests and is responsible for the formation
consists of one or many jobs (up to ten thousand). A jotPf processing steps, tasks, and input data and parameters.
is executed on a single Grid computing element, oppor- ProdSys2 sets default parameters via DEfT, for example

tunistic CPU or worker node. A job may have input datamemory and CPU limits, which are often not defined by
and writes the result of the work to an output file or files.the user. ATLAS has many default parameters for complex

workflows, which may be viewed and changed via a spe-
cial ProdSys2 interface. After parameters are set, the system
The system architecture is designed to ensure continuoighecks for their consistency and compatibility. For example,
and optimal access of the scientific community to computingt s verified that the input dataset has enough events or that
resources, whichis achieved with an extensible layered archjhe parameters defined in the task are valid for the ATLAS
tecture. Figur84ShOWS the diﬁerent IeVeIS Of the WOfkflOW software release to be used. A further check is performed
management system, where the relationship between the rgl see if similar tasks were defined and successfully exe-
evant entities is schematically described on the rig].  cuted, to avoid event duplication. During task definition, if
The implementation of these levels as part of the actual sy$erodSys2 detects that some of the events in an input dataset
tem, shown in the left of F|@4, isdescribed inthe fOIIOWing. were a|ready used for a given Configuration, DEfT sets an off-
. set (in files when input datasets are used, or in event numbers
ProdSys2 web user interfaceThe ProdSys2J14 Web 5.4 random number seeds for steps without input data like

User Interface (Web-Ul) is used by the ATLAS produc- yent generation) and the new task uses only unique events.
tion managers to interact with the task management sys- ) o

tem. A production manager represents a group activity in thd 20! The Job Execution and Definition Interface, or JEDI,
ATLAS experiment and defines workflows for their group: IS a m@dle-level sub-system that ref:elves forma.llsed job
Data (re)processing, MC production (eventgeneration,simijes‘C”pt'on,S from DEfT. JEDI dyngmmally dgtermlnes the
lation and reconstruction), and Derivation (DAOD) produc-_number of jobs .for ('a'ac.h.task gnd 1S respons!ple fgr launch-
tion. Each activity has its own workflow and specific taskid @nd executing individual jobs. JEDI verifies informa-
requirements.

tion about the data viRucio and about the job queues via
The heart of awork process with the Web-Ul is the requestCRIC- A common database is used by JEDI BasDA (see
The production manager creates a request using the Web-

uect.7.3.]) to store information about the status of jobs and
and defines its parameters and input datasets. For each inﬁﬁ

gks.
dataset, a sequential set of steps to be executed is definddhNDA PANDA [115 is the engine of the underlying system
which is translated by the system into a sequence of tasks tmd the most complex layer. It determines which resources
be executed. A single step might correspond to event gerare used when for each of the jobs, receives information from
eration alone, with detector simulation as a second step foPRilot jobs (see below) and the CRIC information system, and
lowing it. The data model features the logical division of themanages the progress of jobs. The variBausDA compo-
request into horizontalices defining all the steps beginning nents are described below.
from a single input dataset. Each slice may comprise several A database of jobs and tasks is used system-wide, stor-
sequential steps in one production workflow, each executeitig comprehensive static and dynamic information and meta
as a task, which itself is divided into jobs. information about all jobs and tasks defined, running, and
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Fig. 34 The several levels of the ATLAS workflow management system. Figure from &Ref|. [

completed in the system, including the history of their exe- PANDA also includes functionality to automatically retry
cution and errors that have occurred in the process. or re-broker jobs. Sometimes, site failures can be identified
Pilot jobs are used to collect information about the stateand jobs can be re-directed to an alternative site that has a
of computing resources and requirements of a task. Jobs atepy of the input data. Additionally, a catalogue of known
submitted to successfully activated and verified Pilots by arrors is kept, defining rules for the number of retry attempts
PANDA server based onresource selection criteria. Late bindhat should be made when a specific error is encountered.
ing of jobs to the execution location prevents delays and failwith this functionality, jobs that are suffering from system
ures and maximises the flexibility of resource allocation foror site failures can be retried and moved around the Grid,
ajob, based on the dynamic state of processing resources antlile jobs with clear failures that will not converge can be
job priorities. A Pilot is the main ‘isolating layer’ for WFMS, stopped before significant resources are consumed.
encapsulating complex heterogeneous environments and theThe concept ofjlobal sharesis used to set the amount of
Grid interfaces and tools with which the WFMS interacts.resources available instantaneously for a certain activity, for
Pilot jobs also serve to identify the resource requirementexample MC simulation, as a fraction of the total amount of
of a task and adjust subsequent job definitions, for exampleesources available to ATLAS. Global shares have recently
to request additional memory. In the case of failures, pilotbeen updated to be measured in the new benchriiiR;
ensure that only a small fraction of the task runs, and the taskcOrRE23 (see Sect7.2.9; previously, they were measured
is marked as failed before wasting significant resources. in HEPSPEC06, the previous standard unit for core-power
The Intelligent Data Delivery Service (iDDS) [315 is  benchmarking used in HEP community. A nested structure
an additional layer developed to orchestrate workflow manef global shares is used, where siblings have the preference
agement and distributed data management systems to opti> occupy unused shares, before the unused share is taken by
mise resource usage in various workflows. The input dataigher levels. For example, 75% of the resources might be
to a task are dynamically transformed, so that the data pressigned to Production (Level 1 share); of those, 25% might
processing, delivery, and main processing in each workflowe assigned to Simulation (Level 2 share); and of those, 20%
are decoupled, which allows them to run asynchronouslymight be assigned to the MC16 simulation campaign (Level 3
iDDS was introduced in 2020 to address inefficiencies in thehare). If MC16 does not fully occupy its fraction of the
Data Carousel (see Se@t.3.3, which previously required resources, idle resources would be preferentially reallocated
many input events due to constraints in the workflow, creatindjirst to run other simulation tasks, then to run other produc-
delays in bulk reprocessing campaigns. iDDS propagates thimn tasks, and then to run any available tasks. Within a share,
detailed information about the input data status flRutio  jobs and tasks are assigned priorities, allowing urgent tasks
to JEDI, allowing the incremental release of tasks so thato run quickly, ahead of large, low-priority tasks. Tasks and
processing can begin even if input data are only partialljobs are assigned a global share at creation time, and jobs are
staged-in. iDDS is now also used in new workflows suchsorted by priority and creation time within a particular global
as some Al/ML workflows 318319, and supports several share.
workflow definition languages. The BigPanDA monitoring system 356 is a DIANGO-
Harvester [316 mediates the control and information flow based 320 web application consisting of a set of standard
betweenPANDA and the resources to enable more intel-monitoring pages and separate modules that can be plugged
ligent workload management and dynamic resource provin or removed on demand. Data are collected from a vari-
sioning based on detailed knowledge of resource capabilitiesty of different sources including tHaNDA database, the
and their real-time state. Harvester was designed aroundGRIC information system, payload logs of jobs fr®ucio,
modular structure to separate core functions and resourcBANDA/JEDI logs from thé&ELASTICSEARCH cluster, and the
specific plugins, simplifying the operation with heteroge-MONIT GRAFANA instance where accounting data are avail-
neous resources and providing a uniform monitoring view. able (see Sect.4.1). The data flow of these sources is illus-
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Fig. 35 Data flows in the BigPanDA monitoring system

trated in Fig.35. More information about monitoring is pro- such as those running volunteer computing initiatives like

vided in Sect7.4. ‘ATLAS@Home’ [321,327.
Such resources may not be dedicated specifically to
7.3.2 Opportunistic resources ATLAS and therefore miss critical component infrastructure,

are often constrained in their use in that they are optimal only

One of the challenges of the ATLAS production system fronfOr Some workflows, and may not be permanently available,

the beginning has been the integration of a wide variety of€Pending on the allocated hours or budget. A measure of
computing resources whilst at the same time hiding the hethe success of the integration of these special resources is the

erogeneity from the users. The initial computing model wadreduction system’s ability to effectively broker jobs to them,
based on the Gric5|, developed for the LHC experiments dispatching the appropriate job type, and to detect changes

and realised via homogeneous resources situated in the colpresource availability in real time. These various additional
puting centres distributed worldwide. This homogenisatiorf€Sources are described in the following.

was based on a list of software and hardware requirements {ge of high performance computing resourceATLAS has
be met by the centres, where any remaining differences wetgiong history of exploiting the potential of High Performance
absorbed by the associated Grid middleware. Computing (HPC) centres to provide additional computing
More recently, new and often more exotic types Ofcqres for ATLAS workloads. Employing HPCs presents sig-
resources have become available to ATLAS, requiring adapsiicant challenges, not least that access to such systems is
tation and evolution of the production system to integratg,sya|ly strictly limited, so that connections to the nodes them-
them. Among these resources are the Tier-0 site when n@g|yes are heavily restricted and installation of local software
in use for operations (see Seetl), HPCs, various cloud s ightly controlled. Furthermore, the CPU architecture may
resource providers and othepportunistic resources® ot he suitable for ATLAS software, the expected job struc-
ture and number may be atypical of an ATLAS workflow,
24 The name ‘opportunistic’ is meant to distinguish these resource@nd network issues may arise due to geographic location.
from those upon which the experiment relies to deliver its primary  Nevertheless, ATLAS has successfully used a series of

physics programme. The WLCG Grid sites pledge resources annualijpCs for more than a decade, many of which appeared or
to the experiment to satisfy that physics programme. Recently, because

of the scale of these opportunistic resources and their consistentavail-

ability, some amount of these resources were accounted for in the cotmpledged, to be distinguished frorpledged resources at WLCG Grid
resource needs, to more fairly request the necessary resources from gites anceyond-pledge resources that Grid sites deliver in addition to
Grid sites. Another term for these resources that is in use, therefore, their pledged resources.
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continue to appear near the top of the Top500 list of superfor other workflows, such as MC reconstruction, whenever
computers 323. These included Corid24] at the National necessary, albeit with lower efficiency.
Energy Research Scientific Computing Center (NERSC), Current studies 335 show that thanks to improve-
Titan [325 at Oak Ridge National Laboratory, both in the ments in the new ATLAS fast simulatio®MTLFAST3 (see
USA, SuperMUC-NG 324 at the Leibniz Supercomputing Sect.4.2.2), and optimisation of the job submission config-
Centre in Germany, and Toubk&Z7] at the African Super- uration, ATLAS is able to process many simulated events
computing Centre in Morocco. Typically, these machines ramwithin one hour. This speed allows SIm@P1 to process sim-
dedicated ATLAS Full Simulation tasks, delivered to the siteulation events between LHC Run 3 fills when the inter-fill
with all required inputs and database information, allowingbreak lasts longer than one hour. Furthermore, with the move
them to run in an isolated way via the use of edge services aff the project toKUBERNETES, it may be possible to run
each machine. In the case of Titan, this was mainly used iSim@P1 in parallel to the trigger whenever part of the com-
back-filling mode, where ATLAS exploited spare cores notpute resources are not needed by the ATLAS online system.
used by existing tasks to run ATLAS Fast Simulation jobs. ]

More recently, PerlmutteBRg at NERSC, Karolina32g ~ Volunteer computing: ATLAS@Home ATLAS@Home
at the IT4Innovations National Supercomputing Center if321322is & volunteer computing project based on BOINC
Czechia and in particular Vega3(d at the Institute of Infor-  [21,22] for utilising the free CPU cycles of volunteer com-
mation Science in Slovenia have provided significant addiPuters around the world for MC simulation of the ATLAS
tional computing resources to ATLAS. Karolina and Vega aréeXPeriment. ATLAS@Home was one of the first volunteer
part of the EuroHPC projecBB1]. The more widespread use COMPuting initiatives in HEP. . . .
and acceptance of native CVMFS and the adoption of con- This resource is fully integrated .|nto the Grid computing
tainerised workflows by ATLAS has enabled a more generidlfrastructure of the ATLAS experiment througtaNDA.
use model of HPCs for ATLAS. All production workflows Det_ector 3|mula_\t|on tasks assigned to this resource are
now run on most HPCs, allowing such machines to be fully2SSigned to a singlBANDA queue that covers all the vol-
integrated as additional resources, essentially no different tg1t€€r resources. The jobs from the tasks are pulled by an
astandard Grid site. This has meant reduced operational log@RC €ontrol Tower 3@, and then the control tower sub-
more flexibility and periods where the number of availableMits the jobs to an ARC compute element, which forwards
CPU cores available to ATLAS has more doubled relative tgn€ jobs to the BOINC server. The ARC Control Tower and
the WLCG pledged resources. Some HPC centres are sf°mpute Element handle all interactions withnDA and
ficiently well integrated that they can run as part of stanCrid services and hence no credentlal's are required on the
dard WLCG sites, like MareNostrur837 at the Barcelona volunteer hosts. BOINC clients request jobs frpm the BOINC
Supercomputing Centerin Spain. The large-scale use of theSETVer and process them whenever they have idle CPU cycles.

resources is expected to continue throughout Run 3 and 'Nadditionto members of the public, ATLAS@Home was
beyond. used in a back-filling mode at several Grid sites to make full

use of CPU not normally used due to job or scheduling ineffi-

ciencies B37]. BOINC has become a very reliable computing
Opportunistic use of the HLT farm: Sim@P1 The ATLAS ~ 'esource for t.he ATITAS experiment; major simulatiop tasks
Trigger and Data Acquisition (TDAQ) high-level trigger &€ run, and it gontrlbptes about 1% of the CPU available to
(HLT) computing farm 833 is a critical part of online data ATLAS computing daily.
taking for the ATLAS experiment. It facilitates the final selec-
tion of events to be stored for further physics analysis based 3.3 The data carousel
on full event reconstructiorif]. It consists of 145,000 com-
puting cores spread amongst three different flavours of hypeirhe evolution of the computing facilities and the way storage
visors with RAM between 0.9 and 1.1 GB/core. The nodess organised and consolidated will play a key role in how
are located within the private network of the ATLAS experi- the LHC experiments will address the possible shortage of
ment, which is separated from the internet and are accessihlesources in the HL-LHC era. In particular, to reduce storage
to ATLAS Distributed Computing via a VLAN on a data costs to the experiments at a time when the data volume is
link layer through two 100 Gbps connections. Networkingexpected to significantly increase, it is anticipated that the
and RAM per core are the two limiting factors that define theuse of tape may be expanded. To address this data handling
type of workflows that can be run efficiently on this resource challenge, the Data Carousel proje80f] was established

Since 2013, ATLAS has been running MC full simulation to study the feasibility of directly receiving input data from

in longer periods of inactivity of the LHC within th@mula-  tape for various ATLAS workflows.
tionat Point One (Sim@P1) project on these resourcg34. The Data Carousel is the result of a successful orchestra-
Recently it was shown that they can also successfully be usain between the workflow management system ProdSys2-
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PANDA, the distributed data management systRotio, by WLCG pledged resources. This includes both GPUs and
and the tape services at the Tier-1 sites. It enables a bulkRM architectures, which are expected to be more prevalent
production campaign, with input data resident on tape, tan the future (see Sects.2.5and9).
be executed by staging and promptly processing a sliding Related to the dynamic data handling R&D project
window of a fraction of the input onto buffer disk such that described in Sect.2.6 the future creation, storage and life-
only a percentage of the data is pinned on disk at any onéme of DAODs is under investigation. The benefits and con-
time. The production system follows site-specific preferredcsequences of the adoption of a model where DAODs are
staging profiles, provided by the Tier-0 and each Tier-1 siterecreated on demand will be evaluated.
which define the upper and lower limits of concurrent stag-
ing requests that can be handled. The typical staging patteifi4 Data monitoring and analytics
over a two-week period can be seen in RB§, where the
peak data staging performance reaches over 15 GB/s and tiike distributed computing systems produce a wealth of data
colours represent different Tier-1 sites. that can be used to monitor the health of the many servers and
Staging inputs from tape rather than having them residergervices, and at the same time investigate the ways collabo-
on (more expensive) disk allows the dedication of significantation members use these services and find ways to optimise
disk space for more popular data such as DAODs. Withthe overall resource usage.
out Data Carousel, a large fraction of HITS or AODs would
need to be kept permanently on disk to run regular proces§-4.1 ADC monitoring
ing campaigns. In the case of data reprocessing campaigns,
this would require complete (and large) RAW datasets ta'he monitoring infrastructure collects information from the
be pre-staged onto disk before they could begin. The Dataorkflow management systeRANDA [115 and the data
Carousel model therefore brings significant disk space savwwanagement systeRucio [28(, complements it with static
ings for ATLAS, where, for example, less than half of theinformation about site configurations, aggregates it into time
AODs are on disk at any one time. bins and stores it in appropriate data storage systems.
To promptly process the staged data and to improve Figure37 shows a schema of the data flow through the
turnaround time, IDDS (see Secl.3.1), was developed main monitoring system based &mrkA [34(0, using the
and integrated with the existing system. The collaborationnfrastructure provided by the CERN IMonNIT team 341,
between the Data Carousel and iDDS R&D projects is ar347. Several data sources are queried or send periodi-
excellent example of early HL-LHC R&D delivery and com- cally information to the central monitoring system; here

missioning for LHC Run 3. the information is processed and aggregated UAIPYCHE
SPARK [343 jobs, and finally the records are storedimas-
7.3.4 WFMSR&D projects TICSEARCH [285], INFLUXDB [344] or HDFS [345 systems

(depending on their type). These data stores can be used
In addition to the distributed data management research ara$ sources of data for visualisation GRAFANA [346 or
development projects described in S&cR.§ several areas KIBANA [347] dashboards, or treated interactively using the
related to ATLAS workflow management are being investi-CERN SWAN suite 34§.
gated in further R&D initiatives.

The integration of additional HPC resources is a prior-7.4.2 Dashboards
ity for ATLAS, so that the experiment can benefit from new
machines in the US, in Europe via the EuroHPC project, o he same data may be used to feed dashboards that have sev-
anywhere they become available. Whilst an easier integraral purposes. For example, information about successful and
tion than a decade ago is possible thanks to the evolutiofailed jobs grouped in time bins of 10 minutes and displayed
described in Sec.3.2 each new machine still presents aover a few hours can be useful to detect faults in software
different challenge. Discussions are continuously underwagr site operations, or grouped in bins of one week and dis-
to identify possible new HPCs of interest, whether in pro-played over several years can be used to prepare accounting
duction or in planning, to understand if they might providereports. Several dashboard®1f] were developed to cover
significant resources to the experiment. the main needs, from short-term operation monitoring to
An evaluation of commercial cloud resources compledong-term accounting, for the main ATLAS systerRaNDA

ments the HPC effort, and includes the commissioning ondRuclo, as well as for the operation of WLCG sites that
an ATLAS site at Google338, together with a Total Cost of support ATLAS and data transfers between them. Auxiliary
Ownership analysis3B9. Both HPC and commercial cloud dashboards cover specific needs and other smaller systems.
resources provide an opportunity to investigate and integratgll dashboards can be customised in real time, changing the
non-x86 resources before such technologies are providdame range, the time binning, the quantities to be displayed
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Fig. 36 The data-staging pattern over a two-week period corresponding to the Data Challenge (sé& Seatross many Tier-1 sites by the
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Fig. 37 The information flow through the monitoring infrastructure provided by the CERM®NIT team. Figure from Ref347

and the data grouping. Figu8 shows, as an example, a of thePANDA system, commissioned in the middle of 2014,
screenshot of the top part of the job accounting dashboaraind is now the primary source of information for ATLAS
for a period of one month, in 1-hour bins, grouped by ATLAS users about the state of their computations and a key source of
activity; the pull-down menus at the top of the page allow fil-information for shifters, site operators and production man-
tering the data and customising the displays, and many othagers.
charts are displayed in the lower parts of the page.

The BigPanDA monitoring suite2b is a web applica- 7.43 ADC analytics
tion that provides various processing capabilities and repre-

sentf?lt?ons of th@ANDA 'system' §tate. Analysing hundrgds An ADC Analytics coordination activity was started to better
of millions of computation entities, such as tasks or jobSyin the diverse efforts in ADC, raise awareness of the exist-
BigPanDA monitoring builds reports with several scales anqing projects, and share experience with tools and available

levels of abstraction in real time. The reports allow users tQ5:a |n addition. the effort aims to improve the link between

understand specific failures or observe the broad picture by o (e.g. physicists doing data analysis) and developers of

tracking the computation performance or the progress of g5y ics solutions. Current activities cover a wide range of
whole production campaign. BigPanDA is a core componenltopicsy including optimising the use BRONTIER, anomaly
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Fig. 38 An example of a customisable dashboard showing the number of jobs and CPU resources used during a set time period

detection in networks, data popularity, studies of access papotential to speed up data access by tuning the configura-
terns at the file and tree level, prediction of the time to comiion of TTr eeCache in real time, based on the profile of
pletion of tasks, development toward alerts for managers dfimilar jobs. To keep Squid monitoring data (see S&&.2
operations, anomaly detection in data management, and tiwéth high precision for a longer time period and allow ana-
composition of dashboards that allow effective analysis ofytics tasks to combine the data with other datasets, the mon-

operational incidents and issues. itoring data is now sent ViROGSTASH t0 ELASTICSEARCH.
To discover unused files in disk storage, access information
7.4.4 ELASTICSEARCH clusters for analytics was exported fronnCACHE [351] metadata databases to the

ELASTICSEARCH infrastructure. Two sites are currently part

TheELASTICSEARCH infrastructures at CERN and at the Uni- Of the firstimplementation of this project.

versity of Chicago (UC) form the backbone of many moni-

toring and analytics activities in ADC. At CERN, the clus-

ter is a 20-core two-nOdOPENSTACK KUBERNETES cluster 8 Analysis tools, event displays, and tutorials

that collects WFMS data and ships it to tieASTICSEARCH

infrastructure at UC. The 29-node cluster at UC serves as tHeerforming physics analysis is the final step of the data and

infrastructure for the ‘ATLAS Alarm and Alert System’ and MC processing chain, with the aim to publish groundbreak-

provides resources to the new ADC analytics platfa8s(].  ing results using stringent scientific methods. A variety of

This platform will offer a common front-end to different ML tools are available that assist physicists with their analyses.

solutions in analytics and monitoring and serve as a registrpmong these, event displays are special tools for visualizing

for analytics projects. recorded or simulated events and the detector for analysis
New data sources were addedBEDASTICSEARCH over  purposes, and they can also be useful for visual inspection

the years. For example, XxAOD data-access monitoring datand troubleshooting. This section describes these tools and

enables the study of access patterns in great detail, with theso the efforts to train physicists to use them.
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8.1 Analysis tools Combined Performance (CP) studies: Specialized formats
are used to complete detailed studies of object performance

Analysis tools enable the data processing steps from cemnd to design new reconstruction and identification algo-
trally provided derivation formats for analysis to final resultsrithms. These formats are developed by the CP groups whose
for publication and public dissemination. Many analyses ar¢ask is to deliver the recommendations for the different anal-
carried out in ATLAS, with several hundred ongoing at anyysis objects. These specialized derivation formats typically
one time, which cover a broad range of topics and focus onontain detailed information relevant to the object(s) in ques-
a wide range of signatures. As a result, analysis tools antion and are produced for a few key samples. The recommen-
workflows are necessarily diverse, flexible, and focused odations are then propagated to the central recommendations
analysis-specific needs. This section covers commonly useahd included irDAOD_PHYS or other formats for analysis.
tools and methods and highlights examples of how som
analysis-specific needs are accommodated.

Analysis workflows in ATLAS often entail the following
steps, described in more detail below:

%nalyses using non-standard objects or methods: Analyses

with specialized processing needs, such as searches for long-
lived particles, often use dedicated derivation formats that
include the relevant information required for the analysis.

1. Processing from central derivations, which may includeThese derivation formats typically are subjected to heavy

: : . : S skimming, reducing the fraction of events to the level of a
applying corrections to analysis objects (calibrations)

. . . .__few percent to reduce the storage needs. As these methods
steps towards data reduction, and systematic variations, P 9

. . . . advance, the goal is to integrate these skimmed events into
2. Analysis design and development, which may includ S
. . . . he central format to minimize both the number of formats
the creation of additional intermediate data formats an

processing steps and the number of analyses relying on special formats (see

3. Statistical analysisto quantify the correspondence betwese%cm's'])' Having this two-stage setup allows for flexibility

experimental observations and theoretical predictions. I pursuing new developments for analysis.

4. Creation of data products (e.g. figures, tables, likelihoodIC event generator information: Derivation formats con-
functions) for publications and other publicly available taining more detailed information about the MC event gen-
material, analysis preservation, and reinterpretation.  eration process, calleBRUTH formats, are used for special-

ized tasks including the validation of event generator config-
Carrying out an analysis typically relies on a combina-urations and MC simulation samples, detailed classification
tion of centrally provided code, community supported tools based on object origin, and the calculation of the acceptance
and analysis-specific software. In addition, several computfor a selection. Standard analysis formats I&OD PHYS

ing and storage resources are available for processing of anatclude significant truth information as well, including links

ysis data, ranging from the Grid to local machines and perbetween reconstructed objects and the truth particles to which

sonal computers. they most closely correspond, as well as classification of the
truth particles in terms of their origin (e.g. lepton from a
8.1.1 Analysis data formats and wor kflows hadron decay or from Z boson; truth particle jet containing

a B-hadron or not).
The starting point for an analysis workflow is the cen- All derivation formats are typically further skimmed and
tral derivation formats for analysis, described in S&cb.  slimmed by analysers using a set of analysis tools that com-
The model for Run 3 is characterised by the introductiorprise an analysis framework. In the case of formats for anal-
of a new common central derivation format for analysis,ysis workflows, objects are generally calibrated, after which
DAOD_PHYS, whose goal is to support most analyses incommon object selections are applied using a set of tools
Run 3 B52. This format contains information for all physics provided by the CP groups, referred to as ‘CP Tools’. Deriva-
objects (muons, electrons, photons, hadronically-decayintjon formats also retain additional in-file metadata (see also
t-leptons, jets including identification and flavour tagging,Sect.6.3), describing, for example, the number of events
and missing transverse momentum), which makes it possbefore skimming is applied, to allow the correct normalisa-
ble to do calibrations and study systematic variations. Thision of an MC simulation sample and to check for dataset
information allows significant flexibility in object definitions, completeness.
such that analysts can optimise the choice of objects for their Another new development for Run 3 is the introduc-
specific analysis needs. The format also has content relatéidn of a smaller derivation formatDACD PHYSLI TE
to tracking and vertexing, the trigger, and information from(see Sect4.5.1), which contains calibrated physics objects,

the event generator record for simulated samples. obtained after applying the CP Tools. Itis intended to support
As was already done during Run 2, additional derivatiormost analyses in the future (i.e. for Run 4 and beyond). This
formats are produced for a few specific needs: format is already being deployed for development and early

@ Springer



Eur. Phys. J. C (2025) 85:234 Page 83 0f 117 234

adoption in Run 3, and was used for published data analypased orROOT [47], which is used for I/O and provides
ses B53. The DAOD_PHYSLI TE format is intended to be many other capabilities.

produced fronDAOD_PHYS and can be centrally produced  To improve the sharing of code and harmonize user anal-
with frequent updates, typically every few weeks or monthg/ses, common ‘CP Algorithms’ are increasingly being used

as needed. in analysis frameworks in ATLAS. These CP Algorithms
provide a wrapper around the CP Tools that configures and
8.1.2 Object calibrations and systematic uncertainties schedules them in such a way that analysts do not need to

write additional code to use them, but rather can incorporate
ATLAS provides software releases that are dedicated fothem into the rest of the analysis code. The common CP Algo-
analysis and include all the relevant tools, including the toolsithms are used to produce thA0OD_PHYSLI TEformatand
from CP groups. These are the AnalysisBase releases aatke also a common layer in several analysis frameworks.
AthAnalysis. Conceptually, AthAnalysis was designed to In addition, several analysis frameworks are designed to
provide an algorithm scheduling framework as close to thaaccount for the computational infrastructure available and
of Athena as possible, while reducing the amount of codeid parallel processing, for example relyingT®el ect or
that must be distributed. AnalysisBase was designed to bia thePROOF environment355. There is also an increasing
a light project external to Athena, containing only the bareuse ofPYTHON for analysis, particularly for the user interface
bones necessary to run an analysis (e.g. the CP Tools asdch aswittPYROOT [356 andDAsK [357] for parallel pro-
Algorithms themselves). Significant effort was invested tocessing. There have also been several recent developments
ensure that Tools adual-use, meaning that they can be run in functional and distributed approaches to data analysis in
either within Athena and AthAnalysis or within Analysis- ROOT [358 and an increasing interest in using tools and
Base releases; this avoids risks of code duplication betweeanethods from data science (see for example R&%®, B60).
the two projects. The AnalysisBase software stack is some-
what simpler (e.g. it does not rely on LCG releases an® 1.3 Event selection and data reduction
instead explicitly tracks all its external dependencies), but
several components musttherefore be re-implemented withipedicated, common analysis tools are used to select the data

it (e.g. Algorithms, Tools, and messaging base-classes afgr analysis, account for trigger selections and modelling,
all re-written in AnalysisBase compared with those in Ath-model the pile-up and so on.

Analysis). One of the key advantages of all these software
releases is the wide availability of the software, which isDataquality checks: Soon after data-taking, each luminosity
available on all Grid computing sites and user machines viglock (see Secg.1.1) of datais certified for physics analysis.
CVMFS [354. The inputs required for CP Tools, such as The quality of the data in each luminosity block is encoded
conditions information for object calibration, are also storedVith data quality flags that are set in the data quality mon-
on CVMFS. Software images of AthAnalysis and Analysis- itoring and stored in a database. Depending on the specific
Base releases are additionally available to download to loc&€€ds of each analysis, the data in luminosity blocks with
machines on a GitLab registrg. undesired or bad quality need to be filtered out. A good runs
Analysis frameworks are used to run on derivations andist (GRL) is an XML file that lists the ranges of good lumi-
can read xAOD objects and apply CP tools that are used tgosity blocks in each run. A tool is provided for analyses to
calibrate, correct simulation to match the expected perforcheck if events are contained in a luminosity block within a
mance in data, and select the physics objects used for modgsired range. Data quality processes at ATLAS are detailed
physics analyses. These tools also provide estimates of tigRef. [43] and in Sect5.1

systematic uncgr.tainties in the pgrformance of the ObjeCtEvent cleaning: A few events are also not recommended for
(such as -the efficiency and .resolu-'uon). There are a few Cer}:inalysis due to specific detector, readout, or software issues,
trally available frameworks, including some that are ATLAS—as described in Ref4B]. These problematic events, which
specific. Most often, analyses running using AnaIyS|sBas§nay be corrupted or incomplete, are flagged in the analysis

rely on theEvent Loop framework, a framework widely data formats for removal. In addition, common tools were

us_:ed in ATLAS that Processes single ev<_en_ts at a time, helqﬁnplemented for the removal of non-collision backgrounds
with parallel processing of events by providing a job configu- e.g. beam-halo passing through the detec@8)J;
ration that is sent out to worker nodes either in a batch or Gri(g e '

system, and handles the merging of outputs after processinguminosity: Another ingredient needed for an analysis is
Analyses running in AthAnalysis most often directly use thethe integrated luminosity. A tool is available to calculate the
Athena framework and corresponding base-classes. Sevehamminosity corresponding to a specific analysis depending on
physics groups have developed specific frameworks, oftetwo inputs: the luminosity blocks processed from the GRL,
based orEvent Loop. Analysis frameworks are typically and the trigger(s) to be applied in the analysis. The trigger
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is then used to calculate the fraction of the luminosity thaimight wish to associate a reconstructed object to one that
ATLAS recorded, which is called the triggére-time, and  resulted in the trigger decision (often calletgger match-

the prescale of the trigger used to select events. Prescaledng, see for example Ref3pJ), and this information is also
triggers are those that do not accept all events (e.g. a triggewailable.

with a prescale of 50 only accepts one in 50 events) and the ) ) )
value of the prescale often changes with changing luminosit§’Ver!ap removal: Several algorithms are used to identify

conditions. Prescales can only change along luminosity blocRPIECtS Of a particular type, and a single object in the detector
boundaries, and the prescale of each trigger in each lumino§&n Pe identified as multiple types of objects (e.g., hadronic
ity block is available in a database. Most analyses rely of2US O electrons may also be identified as jets). To carry out
triggers without a prescale applied (unprescaled triggersiin @nalysis, a choice must be made between the types of
but the luminosity tool checks and calculates the luminosityPPRIECtS to interpret the content of the event. This choice is
by adding all the selected luminosity blocks and scaling thé‘lot universal: some analyses may wish to favour leptons over

luminosity each according to the prescale of the trigger of€tS: Others may wish to favour jets over leptons, for example.
interest p35. The removal of the duplication of an object is caltar|ap

removal. Several schemes for overlap removal are supported
Pile-up modelling: Simulated samples are produced with ancentrally in ATLAS (see for example Ref3$3) and the
estimate for the pile-up in the corresponding data. It is dif'implementation for analysis is available in a tool.
ficult to predict the exact conditions of the LHC, including

how quh Iummosllty 'S dellvergd for _each p.|le-up v.alu_e;8.1.4 Smulation modelling and uncertainties
some trigger selections induce biases in the pile-up distribu-

tion (i.e. there is not a single pile-up distribution for all anaI—MOSt analyses rely on MC simulation, which is often used

yses); and systematic uncertainties in the luminosity caIibrat-o verify the understanding of the detector performance, to

tion and other sources lead to uncertain modelling of pile-up . .
. ) : > .~ 'model the process of interest (signal) and several background
that require the evaluation of systematic uncertainties in the

S o : grocesses, to validate data-driven methods, and to quantify
distribution. Therefore, a reweighting procedure is used tS stematic uncertainties bv chanaing the settinas used in
match the distribution of pile-up in MC simulation to that of Y y ging 9

. : . ... the simulations or using alternative methods. As described
data. Atoolis used to derive event weights that correct differ- _~ ~ oo : .
reviously, calibration and uncertainty recommendations are

ences between MC simulation and data for the d'Str'bUt'or?mplementedin common tools in AnalysisBase and AthAnal-

of instantaneous luminosity and trigger prescale conditions. .

. . : sis software releases that are used by almost all analyses to
The modelling of pile-up affects several key variables suc . . .
as the reconstruction efficiency and isolation of objects. improve the modelling of objects and .event_propertles (see

for example Ref.218). The use of MC simulation for analy-

Trigger modelling: The data for analysis is collected with sis also heavily relies on metadata (see also $&®)t.which
a suite of triggers. The trigger information in a sample isincludes information such as a unique integer Métaset
packed to save space; therefore, tools are provided to identifdentifier that can be used to identify a sample (i.e. a specific
events that satisfied trigger selections based on the humaevent generator configuration) and the number of events pro-
readable trigger names, and to describe the conditions undeessed in a file, which is needed to normalise the samples to
which the event satisfied the trigger selection. To match théhe expected cross section and luminosity. Theoretical uncer-
MC simulation and the data, each analysis requires that botiainties from the knowledge of the parton distribution func-
satisfy the requirements of the trigger logic for one or mul-tions, scale variations, alternative generators, parton showers,
tiple triggers. While the MC simulation tries to describe thetunes, etc., are available either through alternative samples
expected behaviour of the triggers, there might be differor stored as event weights in the samples. Insofar as is pos-
ences between the logic implemented in the MC simulatiorsible, recommendations are made for specific sample com-
and the one used for the actual data-taking. Sometimes,kanations, most precise available cross-section calculations
trigger used online might not be available in the MC simula-for normalisation, and weights to apply for the best possi-
tion, and a proxy must be used. Corrections to the efficienchle estimate of a Standard Model process and its uncertain-
for the trigger selection are derived as event weights thaies. However, each event generator suffers from some (often
may depend on several inputs such as the kinematics of theique) set of modelling inaccuracies, and some analyses
reconstructed objects (e.g. where in the detector the objeare uniquely sensitive to the modelling of particular observ-
falls; see for example Ref3p2). A tool is provided to deter-  ables; therefore, sometimes alternative prescriptions must be
mine the appropriate scaling factors that an analyst shoulidentified.
apply to the MC simulation to reproduce the efficiency in  Inaddition, many analyses rely on multivariate classifiers,
data. The choice of trigger is typically associated with sevsuch as boosted decision trees or neural networks, to com-
eral event selection requirements for an analysis. Analyserdete tasks such as discriminating between signal and back-
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ground. These classifiers or methods typically rely on MCbecome available to help with the reuse and preservation
simulation for the training and performance validation (seef analyses. Examples that have widespread use in ATLAS,

also Sect3.6). particularly for searches, includmMPLE ANALYSIS [378],
RECAST [379, andREANA [38(. Another example, exten-
8.1.5 End-stage analysis and statistical interpretation sively used for measurements, is Ri@ET framework [L44],

which is used by theorists and experimentalists for a range

Several tools are used for end-stage analysis to do addif studies including understanding and improving the mod-
tional data reduction steps, derive selections for analyelling of event generators.
sis regions; compute derived variables, including multi-
variate discriminants; produce histograms; compare dat&1.7 Analysisinfrastructure
and expected backgrounds; and prepare inputs for statis-
tical tools. In addition to the many capabilities available The specific resources used for analysis depend on the size of
in ROOT [46], there are several projects withBTIKIT- the derivation used, the specific workflow, and sometimes the
HEP [364] that provide similar functionality: file-handling analysis needs for example for a final event selection. Some
tools likeuPROOT(+COFFEA) [369], histogramming tools like analyses that are very selective can run on local computing
BOOST- HISTOGRAM [366] andHIST [367], data manipulation  clusters or even laptops. However, the most common anal-
tools like AWKWARD ARRAY [368], and tools for statistical ysis workflows involve running on derivations on the Grid
analysis likeimiNuIT [369. or sometimes on a local computing cluster. The final selec-

Several tools are available to implement the most commotions, analysis optimisations, and the statistical interpretation
statistical tests used at the LHC experiments. Experimentare often done on a local cluster or sometimes on a personal
results are formulated in a statistical language, so a mea@omputer. The final stages of analyses, such as preparing final
surement is a parameter estimate, a discovery is a hypothesigures, are often done on local resources such as a personal
test, and for a physics model parameterised by theoreticabmputer or interactive linux system like Ixplus available at
parameters (such as hypothetical masses and couplings TBERN. Itis relatively straightforward to run the ATLAS soft-
new particles), excluded and allowed regions are defined agare using"VMFS. There are several options for data access
confidence intervals. For most analyses, once the goal arftbm several sites (see Se€t2.3, typically with standard
statistical model are defined, the statistical procedures aROOT I/O [46], with or withoutXCACHE [313, or theRucIio
encoded in th®O0OSTATS project 370, which is based on redirector P80, both over the LAN and the WAN.
theRoOFIT modelling language371]. Several of the statis- More recently, there is a renewed interest in develop-
tical analysis frameworks that are widely used in ATLAS areing dedicated infrastructure for analysis (often referred to
based oMISTFACTORY, a tool to build parameterised proba- asanalysis facilities), particularly when considering future
bility density functions in th® ooFIT/RoOSTATS framework  needs at the HL-LHC. There is also an interest in explor-
from ROOT histograms 372, such asHISTFITTER [373  ing the potential of technologies such as the cloud and part-
and TREXFITTER [374. These frameworks provide a user- nerships with industry, for example with Google and Ama-
friendly interface and help with common tasks, such as prozon, that enable rapid and large scaling-up and specialised
filing of nuisance parameters used to encode uncertaintieggsources for analysis. Already, existing national analysis
carry out validation checks, and provide an interpretation ofacilities are being expanded with additional resources and

the results. A more modern implementation IfsSTFAC- capabilities (e.gluPYTER [381]] support and GPU resources)
TORY in PYTHON using tensors and automatic differentiationto support modern data analysis techniques and tools. Local
is available inrYHF [3795. computing clusters at individual institutes already represent
significant computing resources; according to a recent esti-
8.1.6 Preparation of results, preservation and mate, together they are comparable to or larger than the
reinterpretations largest Grid site$® The availability and harmonisation of

these resources is important not just for the optimisation of
The final key steps in an analysis are to prepare the results faomputing resources towards the HL-LHC, but also for the
publication and sharing with the broader scientific commu-equity of the collaboration and its institutes.
nity. In addition to providing the figures and tables in public
pages, many ATLAS results are available in HEPD8#6], 8.2 Event displays
which is an open-source, publicly available repository for
high-energy physics results. In addition to providing thelnteractive data visualisation is a key component in HEP
results in figures and tables in digitised format, some ATLASexperiments, where itis used at each step of the data pipeline
analyses have recently also provided the likelihood func-
tion in HEPdata 377). Several other tools have recently 2> These resources are not included among those discussed ii7.Sect.
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(simulation, reconstruction, analysis, and so forth) to inspedhe detector description information from Athena directly, it
and explore different types of data interactively: event datahows precisely the same detector geometry thatis used inthe
(such as tracks, hits, or energy deposits), detector geometsymulation and reconstruction, and is able to show any geom-
(such as passive and sensitive volumes), magnetic field (e.gtry configuration of the detector. FurthermoreVdd is a
direction and magnitude) or conditions data. These visualmodule that can be runtogether with all other Athena applica-
ization tools are often used offline (for example in physicgions, it can make use of all oth&f gTool s in Athena (see
analysis), and can also be used online for the detector opeBect4), and can also be used to visualise transient data, such
ation. They can be utilised to prepare high-quality images tas inner detector tracks or jets, while they are reconstructed
show the experimental signature of particular physics proby the dedicated algorithms.
cesses (used for example for outreach purposes) or to inspectVP1 is developed on top of th€oiN [39( 3D graph-
the detector’s response under given experimental conditiongs C++ framework and uses tigg [391] framework as the
such as beam splash&8p]. These images are collectively graphical user interface (GUI) layer, with tis®QTt [392
calledEvent Displays, and all public ATLAS event displays library as the glue package between the 3D and GUI layers.
can be found at the ATLAS Event Display Public ResultsOne of the main tasks in preparation for Run 3 was the inte-
webpage 383. gration of VP1 in the ATLAS Control Room and th@nline

The ATLAS Collaboration has developed several toolsEvent Displays machinery, as described in Se8t2.6 Fig-
to visualise events3B4], each of them addressing different ure 39 shows theVP1 user interface.
needs and targeting different use cases and end users. For
the Run 3 data-taking period, three visualisation tools wer8.2.3 ATLANTIS
updated and are actively developed and maintaifei:
(Virtual Point 1) B85, ATLANTIS [386,387] and PHOENIX- ATLANTIS [386,387] is a stand-alone JAVA event display
ATLAS [388389, as well as thdiveEXML data exporter for the ATLAS experiment. It provides a collection of spe-
tool and the Online Event Displays machinery, all of whichcialised, data-oriented projections in two or three dimensions
are briefly described below. A further tool was developed forto visualise physics processes and monitor the performance
Run 3, the GeoModel Explorer @amex, which is derived of all ATLAS sub-detectors. These projections and modifica-
from VP1 and specialises in the visualisation of the detectotions to the projections (e.g. fish-eye or regional zoom) allow

geometry, as described in Segb. users to explore the data in away that a strictly physical repre-
sentation of the detector might not allow. For example, a fish-
8.2.1 Software design principles eye view allows hits in both the tracker and the calorimeter

to be simultaneously visible. Figud® shows the user inter-
When developing visualisation tools, there are two mairface of theATLANTIS event displayATLANTIS runs indepen-
paradigms that applications can follow: full integration of dent of Athena, making it easier to install on different plat-
the visualisation tools into the main experiment’s softwardorms. It uses a simplified geometry of the ATLAS detector
framework or standalone operation outside of the frameworkn XML [ 393 format, and the event data are also read from
The tools that follow the former paradigm can access alXML files. Both the geometry XML and event data XML
experimental data in a native way, directly from the experi-are produced by a dedicated algorithirvEXML, which is
ment’s software framework, but are limited by the technologydetailed in Sec8.2.5 Customized versions GTLANTIS are
and platform boundaries imposed by the framework itselfused in the MINERVA 894 and HYPATIA [395 projects as
The applications following the standalone paradigm are freeducational tools in master-classes for high school students.
to choose any technology or tool that suit best their need,
but have to design intermediate data exchange formats ai@8R.4 PHOENIXATLAS
develop and maintain tools to export data from the experi-

ment’s software framework. PHOENIXATLAS is the ATLAS web-based event display
intended to easily visualise ATLAS events using a web
8.2.2 VP1 browser. It is al'YPESCRIPT [396] application and uses the

PHOENIX [397] event display library to read and process
VP1 [385 is the visualisation tool integrated into the ATLAS the events, with a dedicatddvEXML converter providing
experiment’s framework, Athena. As such, it can directlyaccess to the ATLAS XML data format. An Athena Algo-
access experiment data, without the need for intermediatithm to dump ATLAS event data BHOENIX's native JSON
data formats, and can re-use the same tools as are useddiata format is also availablBHOENIXATLAS can show all
reconstruction and simulation workflowéP1 provides C++ the main reconstructed analysis objects and provides an intu-
based interactive 3D graphics, and can be extended wititive interface to add cuts, slice away geometry and change
custom plugins to visualise ATLAS data. As it also readsthe colours and various properties of what is displayed. Addi-

@ Springer



Eur. Phys. J.C (2025) 85:234 Page 87 of 117 234

Wrkuiml Paked & fremd 1055, wved BLARRITN, bigmeTppe: Groah, lemel 2053 L5 0 CAA1E] |

E Wi N M W Tl
Pl m oJidien
ECHE R TEC CE e
e ol '

Fma= Fra

i s Papssd by chisd v
i ik Corgrect 5 ol ep
b mpip pETEaL

= [rarsw L5540, svmra i aig K LT L | [ cl Rl Th ek ST T L P T SO LN N e il B
il b ki LW ] - OFF ks — |

-

Fig. 39 The VP1 event display. The image shows the main window event in real data: the tracks reconstructed in the inner detector (orange
and one of the many widgets that let users change settings, set cuts, dimes), as well as the four muons (red) and their associated muon cham-
customize the visualisation. In this example, the main window show®ers (blue and green boxes). The widget shows the settings to customize
some of the physics objects from a candidate Higgs boson productiotie visualisation of the detector geometry

tionally, there is support for virtual reality and augmenteddetector geometry to produce a geometry XML file that is

reality on appropriate display technology. Figddeshows a  then used bATLANTIS to display a simplified ATLAS detec-

screenshot OPHOENIXATLAS. tor. JI'VEXML can also act as an XML-RPC server to send
Preparation for Run 3 has involved several tasks: addinfjles directly toATLANTIS.

the ability to show different geometries for different runs,

validating PHOENIXATLAS output by ensuring it matches

that of VP1 and ATLANTIS, improved cut (requirements like

minimum pr or 5 restrictions) functionality and support for

more analysis object types. Another recent and significarﬁ_\éem_d'Sﬁ)lf""ysdgre lijsedhdunng A_TLAS data tal;]'n% to pro—'
project was preparinBHOENIXATLAS to show live events vide visualfeedback to the operations team on the detectors

and adding links to these on the ATLAS live page. pgrformance. Figurd2 shows a chart.of the onllr_le evenF
display workflow. The core of the online event displays is

hosted in arEvent Displays partition [399], which controls a
8.2.5 JIvEXML set of applications as a group that can function independently

during data taking. Several Athena event-processor appli-
JIvEXML is a C++ event converter interface between thecations run the online reconstruction on a subset of events
ATLAS event displays and the ATLAS reconstruction data.recorded by ATLAS in real time, producing XML and ESD
It consists of a series of retriever algorithms, running infiles and writing them to disk. AIvEXML server applica-
Athena and converting fully reconstructed events to XMLtion runs in the partition to serve the reconstructed events
format. The event data XML files can be viewed in bothin XML format to several instances oATLANTIS, includ-
ATLANTIS and PHOENIXATLAS. JIVEXML can extract the ing two instances OATLANTIS running as image producer

8.2.6 Online event displays
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Fig. 40 The ATLANTIS event display. The maiATLANTIS canvas on  cally into a muon (the light blue track) and the othelepton decaying
the left allows multiple projections to be displayed simultaneously. Inhadronically, shown as a jet (the white cone). i.ANTIS GUI on
this example, & — tt candidate event in real data is displayed in the right provides a tabbed panel of menus for display manipulation
they—x, ¢—n andp—z projections, with one-lepton decaying leptoni-

applications in the partition that render a subset of events t8.3 Tutorials and education
share with the CERN Control Centre and the general pub-
lic, and several instances &TLANTIS running outside the 8.3.1 Historical software tutorials
partition in the control room: the one running on the Data
Quality shifter’s desk allowing the shift crew to assess theThe ATLAS Collaboration has offered specialized training
data online, and one projected on the control room’s wall fofor various aspects of the available software and workflows
quick feedback. These event displays have proven useful f@ince 2004. Beginning in 2008, ATLAS began holding regu-
quickly identifying issues like dysfunctional regions of the lar centralized tutorial events that comprehensively cover the
detector, even when low-level monitoring does not indicatenecessary tools for offline physics analysis. The target audi-
a serious problem. The ESD files on disk can be read bgnce for the tutorials is early PhD students and other, more
instances ofVP1 to produce interactive 3D event displays senior individuals who are new to the collaboration or who
on the shifters’ desks and the control room’s wall. would benefit from learning the details of software analysis.
The XML and ESD files on disk are also transferred toTutorial events are held three to four times per year, on aver-
EOS, where different event displays can access the eveage. Initially, the event consisted of 2.5 days of material, and
data and render them on offline servers. The ATLAS Liveit has since expanded to have four to five days of material.
web page 399 displays the images rendered AYLANTIS  Since its inception, the curriculum evolved to be increas-
with the corresponding XML files for downloading, as well ingly pedagogical with a focus on practical applications for
as providing links to the same events onBR®ENIXATLAS  physics analysis. These general tutorials, along with several
web page, to allow a wider range of interested physicists tsubject-specific tutorials, are publicly available onlidé(.
study these events. The educational material was designed to showcase the
latest available software using examples of usage in data
analysis. Until 2020, tutorial events were held in-person at
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Fig. 41 The PHOENIXATLAS event display. The image shows the image, several physics objects (such as jets, tracks, and hits) are shown
main user interface, with the buttons and the drop-down menus thain top of a view of the barrel toroid magnet (blue/purple bars)
let users change the settings and customize the visualisation. In the

EOS

XML/ESD to VP1 server

EventDisplays partition

XML XML

Athena event processors
(online reconstruction)

ATLAS Phoenix
Live server
server

Subset of events
from ATLAS

XML/PNG
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Atlantis on shifter VP1 on shifter ATLAS Live PhoenixATLAS
desks or projector desks or projector webpage webpage

Fig. 42 The online event display workflow
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CERN without a remote connection, consisting of lectureghe live lectures or watch the recorded lectures from the
and hands-on sessions providing examples of the tools arahline version of the tutorial and could interact with tutors
methods introduced in the lectures. Starting in 2017, the sofen the Discord server. It was found that those attending in-
ware tutorial was coupled to Induction Day, a day-long evenperson had a high level of engagement, while those attending
that introduces new members of ATLAS to critical aspectgemotely, either synchronously or asynchronously, had a sig-
of the collaboration, its organization, and work in experi-nificantly lower level of engagement. This is possibly due
mental high-energy physics. The Induction Day is held into subconscious bias of the organizers, lecturers and tutors
person at CERN with a video connection for remote partowards focusing primarily on in-person participants. It is
ticipants. Following the Induction Day sessions, experts aralso noteworthy that many individuals participated remotely.
made available to assist participants in setting up their CERNhis experience with a hybrid format was crucial for making
and ATLAS computing accounts. The process of setting ufuture tutorials as widely accessible as possible. In 2023, the
the necessary accounts is complex and often requires tlllaboration transitioned to offering separate in-person and
intervention of expert advice, beyond what is available fronremote options, offset by a few weeks, to try to improve the
the tutorial organizers and tutors. This centralized help segutorial experience for both the groups.

sion makes the account setup process relatively simple for

the participants. In a typical event, the Induction Day and.3.3 Run 3 training format

account setup session are held on a Monday and the software

training session is held during the remainder of the weekSince Fall 2023, the software training was revamped to ped-
Holding the events in a single week makes it easier for paragogically demonstrate the use of ATLAS software in the

ticipants who travel to CERN. major steps of a physics analysis workflow. The format
closely follows the full Run 2 same-flavour dilepton scalar
8.3.2 Tutorials during COVID-19 leptoquark (LQ) analysis4D1], from MC simulation pro-

duction to statistical analysis and setting limits. To allow
Duetothe COVID-19 global pandemic and subsequent safefyarticipants to experience the numerous steps in the analysis
measures, the ATLAS software training transitioned to arin a condensed period of four days, the procedure is sig-
asynchronous, remote format. The in-person lectures wemgficantly simplified and time-consuming computing steps
replaced by pre-recorded lectures that participants couldre bypassed such that complete output files are provided to
watch at their convenience. The recorded lectures were optstudents after each step. Additionally, analysis optimisation
mised for a remote audience with the lecturer speaking tprocedures, background estimation methods, and systematic
the camera with slides. Closed captioning was professiorincertainty evaluation steps are minimized to provide exam-
ally provided for the videos to improve accessibility. An ples of each without being as rigorous and time consuming
approximately hour-long live question-and-answer sessions they would be for a published analysis. The tutorial is
was scheduled each day during which participants couldesigned assuming familiarity of participants with C++ and
interact with experts for a discussion of any questions thaPYTHON.
arose while watching the recorded lectures. The question- The tutorial begins with MC simulation (see also Séct).
and-answer session was scheduled to maximize accessibiliarticipants generate LQ MC simulation samples using
for registered participants around the world. Throughout eacteading-ordeMADGRAPH [117] with PYTHIA [119 shower-
day, tutors were available on a Discord server to provide ining with inclusive decays. Generator filters are implemented
time assistance for the hands-on exercises. It was found thet focus on the same-flavour dilepton final state and analy-
Discord provides an optimal experience allowing group dissis code is provided to validate the simulated kinematics and
cussions as well as text- and voice-based breakout rooms fdecay modes. To minimize computation time, participants
one-on-one help. This format was highly successful in makproduce only a few hundred events. Next, participants are
ing the training resources (material, exercises, and accessdioven information about the procedure to request centrally
experts) available to participants around the world. produced MC simulation samples and how to search for and

In 2022 as COVID-19 safety measures were loosened, iraccess available samples.

person events at CERN were once again allowed. In June The next step in the tutorial focuses on producing sim-
2022, Induction Day and software tutorials were held in gole ROOT ntuples from derivations (see Sedt5.]). Sig-
hybrid format to provide the benefits of in-person attendanceal samples witl{0(10,000) events are provided in a DAOD
at CERN and remote asynchronous accessibility for particformat. First, the infrastructure to read DAODs and write
ipants not at CERN. For the software training, in-personinformation to ntuples is presented, with the option of using
participants were provided with live lectures (typically in- eitherEvent Loop or Athena/AthAnalysis. Next, CP Algo-
person, with some being remote) and access to in-persaithms are introduced with the example of using the good
tutors. Remote participants could either remotely listen tauns list (see Secb.1) and pile-up reweighting. CP algo-
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rithms are then used to access, calibrate, and store physicsA feedback survey is provided to the participants before
objects (e.g. electrons, jets, and missing transverse energyle final session in the tutorial event. The participants are
for event reconstruction and analysis. Finally, CP algorithmsequested to submit their responses before the end of the
are used to access trigger decision information and to seleséssion. This results in a much higher response rate than
events satisfying a set of single lepton triggers. Participantsirculating a survey to the participants after the event has
are then introduced to using batch systems and the Grid tended. The results of the surveys are taken into account when
process the ntuple production jobs. modifying the material and format for future events.

At this point, participants are provided with a complete
set of ntuples for analysis. The ntuples contain significantly
more variables than those produced in the previous part of
the tutorial and consist of numerous signal MC sirrjulatior‘g:‘,,_4 Retention rates and offsite events
samples, a complete set of background MC simulation sam-

Ples, and detector data. The first exercise using the ntUpleSI{ﬁost of the tutorial events are held at CERN for reasons of

to p:ft d||he_p:]0_n ma(sjses n data_ tohsee ih@b(l)_son_ andfﬂ: cost and simple logistics. However, due to the nature of the
pea Zg" 'ﬁ IS uss ftor;otr:stramt ednorma 'Sfatr']qn 0 tTE,eStHaily routine at CERN, these sessions often have a low reten-
mated background from-boson production with jets. ThIS ;" ra4e Participants generally have various meetings and

is done uSiNQIUMPY, UPROOT, AWKWARD ARRAY, COFFEA, other obligations while on site, and therefore do not attend
andM_ATPLOTLIB [402,409 through aJUPYT_ER [381 note- all sessions. The new format in which one step follows from
b.o ok |nt§rf§ce: Ngxt, the same |qterface Is used to compalfie next to form a complete analysis was found to strongly
klnematu? dlStI’It')utI.O'nS betwgen signal apq backgrouqd SarT]a'ncourage participants to attend all sessions, resulting in an
Ples. A signal significance figure of merit is used to find animproved retention rate. Throughout the years, several train-

optimal threshold f_or_a si_ngle kinematic yariable. Folloyving ing events were held at other sites, often with financial assis-
this cut-based optimisation, an alternative approach is al nce for participants. This isolation from the daily life at
presented, using Boosted Decision Trees (BDTs) to discrimc—:ERN results in nearly perfect retention

inate signal from background. The BDT material is also pre-

sented through a Jupyter notebook interface. While the work

done is not sufficient for a published analysis, it is designed

to give participants some experience with common analysis

steps and available software. Although the tutorial focuse8-3-5 Other availableinstructional resources

heavily onPyTHON-based tools (targetting mostly, but not

exclusively, younger colleagues), ROOT is still widely used!n addition to the analysis software tutorial events, ATLAS

in practice for analysis in the collaboration. offers a variety of other training materials and events. Self-
Following the analysis design and optimisation sectionguided tutorials are provided f@1TLAB, the Grid, Athena

systematic uncertainties are introduced. Participants return #gvelopment, specific tools suchdsuaL STubiO CODE

the ntuple production step and make use of the CP Algorithmand DOCKER, and various specific aspects of ATLAS soft-

to evaluate and save systematic variations of the physicdare such as tracking and flavour-tagging tools. This mate-

objects. From a technical perspective, this section would bgal is provided via internallwiki pages, AtlasSoftware-

better suited before the analysis optimisation step. HowevePocs B0d, and dedicated websites such as Ref04.

in a typical analysis development, systematic uncertaintie§he AtlasSoftwareDocs pages also host numerous other

are neglected or greatly simplified until the analysis strategyesources, including training guides and instruction man-

is mature and the optimisations are well-advanced. Therdlals for code review and building releases. Furthermore,

fore, this section ordering is chosen to reflect actual analysiUmerous mailing lists are available that allow individuals to

workflows. quickly contact experts for technical support. In addition to
Finally, participants complete a statistical analysis and sefiese resources for asynchronous training, ATLAS also orga-

limits on the LQ signal TREXFITTER [374] is used for the nizes a variety of other tutorial events, in-person at CERN,

fit, first using Asimov data and then with detector data. Thedt offsite locations, or remotely. These cover topics ranging

fit is done with the reconstructed LQ mass and the BDT disfrom Athena development to machine learning and intro-

criminant. Some background normalisations are allowed tfluctions to newly adopted collaboration-wide tools such as

float in the fit and a few systematic uncertainties are included31TLAB.

Finally, expected and observed upper limits on the cross sec- Several other training initiatives not specific to ATLAS

tion times branching ratio are set for a range of signal masRut useful for high-energy physicists were developed world-
points. wide [405. An attempt is made to avoid duplication when

good learning modules are already available for specific tools
(e.g. C++ an®®YTHON).
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9 Outlook highlights public after a period of embargo: 25% of the data will be
released five years after each Run, 50% will be released 10

The ATLAS experiment is preparing for a major upgradeyears after each run, and all the data will be released by
during the next long shutdown, LS3, when the acceleratothe end of the lifetime of the collaboration. These public
complex at CERN will also be upgraded. The outcome ofeleases of data will be in thBAOD_PHYSLI TE format
these upgrades together are known as the high-luminosityescribed in Sec#4.5, and will be accompanied by a set
LHC (HL-LHC). The HL-LHC will deliver 3—4 times more of MC simulation datasets sufficient to complete real data
proton—proton collisions to ATLAS per second, reachinganalysis. Other, smaller datasets will be regularly released
(n) = 140 in Run 4 andu) = 200 in Run 5. The detector for specific purposes. Several were already released on the
will have several parts completely replaced and some ne®ERN Open Data PortadLZ for use in educational settings
components added to deal with this higher rate, and the readnd for exploration of machine learning techniques.
out system will be upgraded to record about 10,000 events per An effort is now underway to understand how the col-
second, with an event size about three times larger than thigthboration should treat the Runs 1, 2, and 3 data during the
of today, resulting in overall data processing requirementsiL-LHC internally, from relying on the open datasets and
that are about 10 times greater than todegy.[ published data artifacts as the only connection to earlier Runs,

To prepare for the HL-LHC, ATLAS Software and Com- to retaining the ability to fully reconstruct the older data in
puting have developed a Conceptual Design Regojland  modern releases. The latter path presents significant chal-
a Roadmap407] detailing the challenges towards the HL- lenges: not only must the software be able to reproduce older
LHC and the milestones and deliverables required to meaefeometries and configurations, but conditions data must be
those challenges. Major development is expected througlprought forward into new database infrastructure, calibra-
out the software and computing systems, improving contions must be provided for old runs, the issue of how to run
currency, adopting modern approaches to certain simula static piece of trigger software (that which was run dur-
tion and reconstruction challenges, integrating new tools foing the corresponding data-taking period) on top of new MC
event generators, machine learning, and data analysis, asuomulation must be addressed, and so on. The development
re-working some parts of the processing and data handlinig a major undertaking, almost equivalent to supporting two
systems to cope with an order of magnitude more data (seexperiments simultaneously.
also Sect4.7).

These upgrade research and development projects include
the incorporation of accelerators (GPUs, FPGAs, and othert0 Summary
types) into several different parts of the software. The online
trigger system is investigating the use of hardware acceffhe ATLAS experiment is supported by a complex software
erators for a variety of purposes, and offline developmentand computing system that provides extensive functionality,
are significantly advanced in event generation, simulationflexibility, and performance in support of about 100 pub-
reconstruction, and data analysis. The Athena infrastructunigshed data analyses every year. Many of these systems were
itself already supports the use of accelerators, and limitege-developed in recent years, following 25 years of experi-
applications including fast calorimeter simulatigidf and  ence in the experiment and a variety of advances in mod-
topological clustering of energy in the calorimetdOfl  ern computing, including multithreading, database systems,
were already validated, with significant development arounéind open-source software solutions. This paper describes the
charged particle tracking ongoing10,411]. The outstand- modern production software at the beginning of Run 3 of the
ing question is whether the savings in time and electrical HC.
power will be sufficient to merit the investment to deploy  The computing infrastructure of the experiment is broad,
hardware accelerators on worldwide Grid sites. A firm deciflexible, and highly distributed, with a hub at CERN where
sion about the use of accelerators both online and offline ithe real detector data are first processed and examined. The
expected around 2025-2026. simulated and real data proceed through a series of well-

One key question is what will happen to the existing datalefined transformation steps, where the simulation closely
from Runs 1, 2, and 3 during the HL-LHC era. The ATLAS mirrors the behaviour of the detector, and all processing
Collaboration has committed to saving all the RAW data fromis built on the same core infrastructure. The core software
the experiment and to releasing some of the @fata the  of the experiment has evolved considerably over the years,

now supporting multithreading and sporting an entirely new,

TR —— ) o _ __more standard and more maintainable configuration system.
The Run 1 data will not be released in this way without significant

additional effort and attention. These data have not beenreprocessedin

almost 10 years, despite a significant effort at the beginning of Run Zsupport the different geometry, conditions, and configuration of the

The challenge of ensuring that all of the Run 2 software was able t&Run 1 detector proved too onerous a task.
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Robust support for machine learning techniques was builhave changed significantly. With sustainable, robust, perfor-

into the system, and the data model allows extreme flexibilmant, and adaptable infrastructure, the experiment will be

ity in outputs. able to continue to deliver high-quality physics analyses for
The simulated and detector data processing steps integrdtee decades to come.

gold-standard tools for event generation and detailed detec-
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