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Abstract

The liquid argon calorimeter is a key component of the ATLAS detector installed at the CERN
Large Hadron Collider. The primary purpose of this calorimeter is the measurement of electrons and
photons. It also provides a crucial input for measuring jets and missing transverse momentum. An
advanced data monitoring procedure was designed to quickly identify issues that would affect detector
performance and ensure that only the best quality data are used for physics analysis. This article
presents the validation procedure developed during the 2011 and 2012 LHC data-taking periods, in
which more than 98% of the proton—proton luminosity recorded by ATLAS at a centre-of-mass energy
of 7-8 TeV had calorimeter data quality suitable for physics analysis.
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ABSTRACT. The liquid argon calorimeter is a key component of the ATLAS detector indtalie
the CERN Large Hadron Collider. The primary purpose of this calorimeteeis#asurement of
electrons and photons. It also provides a crucial input for measuris@e missing transverse
momentum. An advanced data monitoring procedure was designed to quiakiifyidesues that
would affect detector performance and ensure that only the best gdatdyare used for physics
analysis. This article presents the validation procedure developed dhergpll and 2012 LHC
data-taking periods, in which more than 98% of the proton—proton luminosityded by ATLAS
at a centre-of-mass energy of 7—8 TeV had calorimeter data quality suibalpleysics analysis.
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1. Introduction

The ATLAS liquid argon calorimeter (LAr calorimeter) was designed to meaaacurately elec-
tron and photon properties in a wide pseudorapidity egion} || < 2.5. It also significantly
contributes to the performance of jet and missing transverse momentum sreasts E{"‘SS) in
the extended pseudorapidity range < 4.9. This detector played a key role in the discovery of
the Higgs boson [1].

Figure 1(a) shows the LAr calorimeter, which consists of four distinct $amgalorime-
ters [2, 3], all using liquid argon as the active medium. The electromagnetiel §gEMB) and
endcaps (EMEC) use lead as the passive material, arranged in adianopeometry. This de-
tector geometry allows a fast and azimuthally uniform response as well ageaage without
instrumentation gap. The electromagnetic calorimeters cover the pseudtyreggibn || < 3.2
and are segmented into layers (three in the range: 2.5, two elsewhere) to observe the longitu-
dinal development of the shower and determine its direction. Furthermdies negion/n| < 1.8
the electromagnetic calorimeters are complemented by a presampler, an insdédiargon layer
that provides information on the energy lost in front of the electromagnatizimeters. For the
hadronic endcaps (HEC) covering the pseudorapidity rare 11| < 3.2, copper was chosen as
the passive material and a parallel plate geometry was adopted. Fontledaalorimeter (FCal),
located at small polar angles where the patrticle flux is much higher and tia¢isacdamage can
be significant, a geometry based on cylindrical electrodes with thin liquichaygps was adopted.
Copper and tungsten are used as passive material. The hadronigwactfoalorimeters are also
segmented in depth into four and three layers respectively. The fowtdet@are housed inside
three cryostats (one barrel and two endcaps) filled with liquid argon epddt a temperature of
approximately 88 K. Each detector part is referred to gmmition named EMB, EMEC, HEC
and FCal with an additional letter, C or A, to distinguish the negative and y@giseudorapidity
regions respectivel.Hence, there are eight different partitions.

Although each detector has its own characteristics in terms of passive raberigeometry,
a special effort was made to design uniform readout, calibration and miagigystems across the
eight partitions. The 182468 calorimeter channels are read out by fid#4eind boards (FEBS) [4,
5] hosted in electronics crates located on the three cryostats. TheseskhEps the signal and

IATLAS uses a right-handed coordinate system with its origin at the nomitekiction point (IP) in the centre of
the detector and theaxis along the beam pipe. Theaxis points from the IP to the centre of the LHC ring, and the
y-axis points upward. Cylindrical coordinat@sg) are used in the transverse plapeyeing the azimuthal angle around
the beam pipe. The pseudorapidity is defined in terms of the polar 8ragg = —Intan(8/2).

2The barrel is made of two halves housed in the same cryostat.
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Figure 1: (a) Cut-away view of the liquid argon calorimeter. (b) Signapshes produced in the
electromagnetic barrel (triangle), and after shaping (curve with dots).dbts represent the time
and amplitude of the digitized samples.

send the digitized samples via optical links to 192 processing boards (n&fdas® for read-out
drivers) [6] that compute the deposited energies before passing thtemdentral data-acquisition
system. The signal shapes before and after the FEB shaping are ishieigare 1(b).

This article describes the data quality assessment procedure appliedre@pismal calorime-
ter performance together with low data rejection, emphasizing the perfoenaahieved in 2012,
when 21.3 fb'! of proton—proton collisions were recorded by the ATLAS experiment. ifitee
grated luminosity is derived, following the same methodology as that detailedeirenee [7],
from a preliminary calibration of the luminosity scale derived from beam+séijpa scans per-
formed in November 2012. This dataset is divided into ten time periods withinwveata-taking
conditions were approximately uniform: the characteristics of these paredsummarized in ta-
ble 1. The dataset is also divided imtmsthat correspond to a period of a few hours of data taking
(up to 24 hours depending on the LHC beam lifetime and the ATLAS data-tgarfgrmance).
Each run is divided into one-minute blocks (periods known as luminosity bjock

The article is organized as follows: the ATLAS data processing organizatid data quality
assessment infrastructure are described in section 2. Sections 3i-théetpecific LAr calorime-
ter procedures developed to assess the data quality in all aspects: detaclitions (section 3),
data integrity (section 4), synchronization (section 5), large-scalerenheoise (section 6) and
isolated pathological cells (section 7). For each aspect of the data qussdgsanent, the amount
of rejected data is presented chronologically as a function of data-takimgdp For illustration
purposes, the ATLAS run 205071 from June 2012 is often used. Wihpp2! accumulated in
18 hours of the LHC collisions period (“fill") number 2736, it is the ATLASwwith the highest
integrated luminosity. Finally, section 8 recaps the data quality performahévad in 2011 and
2012, and provides a projection towards the higher energy and luminositiitions scheduled for
the LHC restart in 2015.



Table 1: Characteristics of the ten data-taking periods defined in 2012 F#md K periods not
considered in this article correspond to data taking without LHC collisiond,aa@ hence not
relevant for data quality assessment.

2012 data-taking periodsA B C D E G H I J L
Start date (day/month) | 4/4 | 1/5 | 1/7 | 24/7 | 23/8 | 26/9 | 13/10 26/10 2/11 | 30/11]
Integrated luminosity | 0.84 | 5.30 | 1.54 | 3.37 | 2.70 | 1.30 | 1.56 | 1.06 | 2.72 | 0.89
recorded (fb'1)
Peak luminosity 55 |67 |62 |73 |76 |73 |75 |73 |74 |75
(10%3cm2s71)

Mean instantaneous Iy
minosity (183%cm2s™1)

20 |36 |29 |38 |42 |40 |43 |44 |42 |43

2. Data quality assessment operations and infrastructure

The ATLAS data are monitored at several stages of the acquisition andgsiag chain to detect
as early as possible any problem that could compromise their quality. Mdkeahonitoring
infrastructure is common to both the online and offline environments, but tkéslef details in
the monitoring procedure evolve with the refinement of the analysis (frdmeoto offline).

2.1 Online monitoring

During data taking, a first and very crude quality assessment is perdarmneal time on a limited
data sample by detector personnel cadtersin the ATLAS control room. The shifters focus
on problems that would compromise the data quality without any hope of impravatgr, such
as serious data corruption or a significant desynchronization. Duste tdking, tracking the
calorimeter noise is not considered a priority as long as the trigger ratesnremder control.
The trigger rates are checked by a dedicated trigger shifter who céteddécneeded, to take
appropriate action. This may consist of either simply ignoring the informatamn & noisy region
of typical sizeAgp x An = 0.1 x 0.1 or setting an appropriate prescale factor for the trigger item
saturating the bandwidth (see next section for more details of the triggensys

To assess the data quality of the ongoing run, the ATLAS control roonteshifun simple
algorithms to check the content of selected histograms, and the results@egeisusing appro-
priate tools [8]. Even though the running conditions are constantly loggedéulicated electronic
logbook [9], no firm data quality information is logged at this point by the stsfte

2.2 Relevant aspects of LHC and ATLAS trigger operations

The LHC is designed to contain trains of proton bunches separated bg PBh The corre-
sponding 25 ns time window, centred at the passage time of the centre obtba punch at the
interaction point, defines a bunch crossing. The nominal LHC configarddioproton—proton
collisions contains 3564 bunch crossings per revolution, each of whigives a unique bunch
crossing identifier (BCID). However, not all BCIDs correspond tadhes filled with protons. The



filling is done in bunch trains, containing a number of equally spaced ban8wtween the trains,
short gaps are left for the injection kicker and a longer gap occuthéoabort kicker. A configu-
ration frequently used in 2012 consists of a mixture of 72- and 144-hwaicts (typically a dozen)
with a bunch spacing of 50 ns for a total of 1368 bunches. Each traieftiwerlasts 3.6—7.2s,
and two trains are spaced in time by between 600 ns arsl The BCIDs are classified into bunch
groups by the ATLAS data-acquisition system [11]. The bunch gro@jrsterest for this article
are

o filled bunch groupa bunch in both LHC beams;
e empty bunch groumo proton bunch.

In the configuration widely used in 2012, the empty bunch group consis@aDBCIDs, roughly
three times less than the filled bunch group (1368 BCIDs). As the avelegeoa drift time in the
liquid argon (of the order of several hundreds nanoseconds) igtdhgn the time between two
filled bunches, the calorimeter response is sensitive to collision activity ichberossings before
and after the BCID of interest. These unwanted effects are knowntas-time pile-up. To limit
its impact, the BCIDs near a filled BCID (within six BCIDs) are excluded from éimpty bunch
group.

The ATLAS trigger system consists of three successive levels of dediks-14]. Atrigger
chain describes the three successive trigger items which trigger the writing ofeart en disk
storage. The ATLAS data are organizedsireams defined by a trigger menu that is a collection
of trigger chains. The streams are divided into two categories: calibratieanss and physics
streams. The calibration streams are designed to provide detailed informadiatrtiae run condi-
tions (luminosity, pile-up, electronics noise, vertex position, etc.) and aveuaksd to monitor all
the detector components while the physics streams contain events that aréappteiteresting
for physics analysis.

In the case of the LAr calorimeter, four main calibration streams are coesider the data
quality assessment.

e TheExpressstream contains a fraction of the data (around 2—3% of the total in 204£&-re
sentative of the most common trigger chains used during collision runs; aftthodtthese
trigger chains are confined to the filled bunch group.

e TheCosmicCalcstream contains events triggered in the empty bunch group, where no colli-
sions are expected.

e TheLArCellsstream contains partially built collision events [15], where only a fraction of
the LAr data are stored (the cells belonging to a high-energy deposit asfietk by the
second level of the trigger system). The reduced event size allows loiggger conditions
and significantly more events in the data sample.

e The LArCellsEmptystream benefits from the same “partial event building” facility as the
LArCells stream, and the trigger is restricted to the empty bunch group.

The CosmicCalo, LArCellsEmpty and LArCells streams mainly contain trigger shiaguesting
a large energy deposit in the calorimeters.

Several physics streams are also mentioned in this articleJatiauEtmisstream is defined



to contain collision events with jets of large transverse momentutepton candidates or large
missing transverse momentum. TE&ammastream is defined to contain collision events with
electron or photon candidates.

The LAr calorimeter data quality assessment procedure is meant to identifiaksources
of potential problems and to address solutions. The calibration streamingogizollision events
(Express and LArCells streams) are used to identify data corruptiorsistiuéng misalignments
and large coherent noise. The CosmicCalo and LArCellsEmpty streamswiitleevents triggered
in the empty bunch group, are used to identify isolated noisy cells.

The LAr calorimeter data quality assessment procedure is not meant to mugier-level
objects (such as electron/photonp Xandidates, etc.) and their characteristics (uniformity, cali-
bration, mass, etc.): this task is performed in a different context and @ndethe scope of this
article.

2.3 Practical implementation of the data quality assessment

A graphical view of the ATLAS data processing organization is shown iaréid2. Since the
information provided by the calibration streams is necessary to reconsieiphysics data, the
calibration streams are promptly processed duringipeess processinghich is launched shortly
after the beginning of a run. The data are processed with the ATLAS Atkefiware on the
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Figure 2: ATLAS data processing and monitoring organization and calibrégap scheme (with
focus on the LAr calorimeter case).



CERN computing farms [16], either the Grid Tier O farm or the Calibration aligh/ent Facility
(CAF) farm [17]. The monitoring histograms are produced at the same timénwite Athena
monitoring framework and then post-processed with dedicated algorithmgréxtedata quality
information. The data quality results are available through a central ATLAIS site [18] for all
the ATLAS subdetectors. A first data quality assessment is performeis atdlge. The conditions
databases [19] which store the complete picture of the detector status aradilingtion constants
as a function of time are also updated. These tasks are completed within 43afteu the end of
the run, before the start of the physics stream reconstruction. Theu8period for this primary
data quality review is called thealibration loop

Given the complexity of the checks to be completed over the 182468 calorioediera ded-
icated web infrastructure was designed. It enables quick extractiosuantharization of mean-
ingful information and optimization of data quality actions such as the automabeigiion of
database updates. Despite the high level of automation of the LAr calorinsgéequdality proce-
dure, additional supervision by trained people remains mandatory. th&9d2012, people were
assigned during daytime hours, seven days per week, to assess Yhaaelef the automatically
proposed actions. These one or two people are referred to agttwdf team

Once the database conditions are up-to-date and the 48-hour periotbtesnihe processing
of all the physics streams (also calldte bull is launched. Typically, the complete dataset is
available after a couple of days, and a final data quality assessmenfaspeat to check if the
problems first observed during the calibration loop were properly fiygtddoconditions updates. If
the result of the bulk processing is found to be imperfect, further dagaljaates may be needed.
However, such new conditions data are not taken into account until titeda&a reprocessing,
which may happen several months later. The final data quality assessm#rd bulk processing
is done using exactly the same web infrastructure as for the primary ddity @saessment with
the express processing.

2.4 Data quality logging

At each stage, any problem affecting the data quality is logged in a dedidataldase. The most
convenient and flexible way to document the data losses consists of ingsadefect[20] to

a luminosity block. Approximately 150 types of defects were defined to calvéhe problems
observed in the LAr calorimeter during the 2011 and 2012 data takingeTdefscts can be either
global (i.e. affecting the whole calorimeter) or limited to one of the eight partitidndefect can
either bentolerable implying a systematic rejection of the affected luminosity blockpterable
and mainly set for bookkeeping while the data are still suitable for physulysis.

The defects are used to produce a list of luminosity blocks and runs thdeéealared as “good”
for further analysis. This infrastructure is powerful, as it permits peedsscription and easy
monitoring of the sources of data loss; it is also flexible, since a new listad goninosity blocks
and runs can be produced immediately after a defect is changed. Hopsiege the smallest time
granularity available to reject a sequence of data is the luminosity block, tfastinfcture is not
optimized to deal with problems much shorter than the average luminosity blodk Iérey one
minute).

To reduce the data losses due to problems lasting much less than a minute, avoemigig
method that stores a status word in each event's header block allowshgvement data rejection.



In order not to bias the luminosity computation, small time periods are rejectext thn isolated
events. Thigime-window vetgrocedure allows the vetoed interval to be treated like another
source of data loss: the corresponding luminosity loss can be accurstiehaeed and accounted
for in physics analyses. The time periods to be vetoed are defined in atalilLAS database
before the start of the bulk processing. The database information isbeedduring the Tier

0 processing, and the status word is filled for all events falling inside tHey fame window.
Since this information must be embedded in all the derived analysis files, thigada conditions
required to fill this status word must be defined prior to the start of bulknstaaction, i.e. during

the calibration loop. In that sense, the status word is less flexible than thet dgproach, but it
can reject very small periods of data.

3. Detector conditions

Stable operation in terms of detector safety, powering and readout isties$er ensuring high
quality of data. Information about the detector conditions is provided bythetATLAS Detector
Control System (DCS) [21] and the Tier O processing output.

3.1 Detector control system infrastructure

The ATLAS DCS system provides stateand astatusword per partition: the state reflects the
present conditions of a partition (“Ready”, “Not_Ready”, “UnknowfDead”), while the status
is used to flag errors (“OK”, “Warning”, “Error”, “Fatal”). The std&tatus words are stored in a
database and used by the ATLAS DCS data quality calculator [22] to demiwwverall DCS data
quality flag that is specific to the LAr calorimeter for each luminosity block andpsasented by
a colour. The condition assigned to each luminosity block is based on theprobtem affecting
the data during the corresponding time interval, even if the problem lastedvery short time.
Table 2 summarises the policy used to derive the LAr calorimeter DCS data diladjty The
colour hierarchy is the following with increasing severity: green — ambeey-gred.

The DCS system allows the masking of known problems to avoid continuousstdais er-
rors, as this would prevent the shifter from spotting new problems dusteytdking. Therefore,
a greenflag does not always mean that the LAr calorimeter is in an optimal state. A fexe
ensures that the detector conditions from the DCS point of view remainramédaring a run, since
no new problem masking is expected during data taking.

Table 2: Assignment policy for LAr calorimeter DCS data quality flag.

State Status DCS flag | Possible source of problem

Ready OK Green -

Unknown Dead Warning Error Amber Loss of communication

Not_Ready Warning Error Fatal Red Power supply trip

Anything else Anything else Grey Corrupted/missing data in DCS database




There is no defect automatically derived from the DCS flag. Howeversitjeoff team is
expected to understand any DCS flag differing from green and ctessk with other sources, such
as the monitoring algorithm and operation reports. For the period 2010;-8#@ main source of
abnormal DCS flags was high-voltage power supply trips.

3.2 Monitoring of high-voltage conditions

The high voltage (HV) — applied for charge collection on the active liquid rmrgaps of the
calorimeter — is distributed among 3520 sectors of typical Aizex A@ = 0.2 x 0.2 (in the three
layers of the electromagnetic calorimeters) [3]. Each sector is supplieddogrtfeur independent
HV lines in a redundant scheme. Because the HV conditions impact the aofaigmal collected
by the electrodes, and therefore are a crucial input for the energpuation, they are constantly
monitored online, and stored in a dedicated conditions database. The Hsakiwritten every
minute or every time a sizeable variation (greater than 5 V) is observed.

The most common issue encountered during data taking is a trip of one HV line siuelden
drop of voltage due to a current spike. When a current spike oater$]V module automatically
reduces the voltage in that sector. The HV line is usually ramped up automaticaltyly after-
wards. If the automatic ramp-up procedure fails (or before automatic rgnnae used, e.g. early
2011), the HV line can either be ramped up manually or left at zero voltatijethm end of the
run; in the latter case, thanks to the redundant HV supply, the affea@heeremain functional
although with a worse signal/noise ratio. During data acquisition, the calibfatitors associated
with the HV settings are stored in registers of the ROD boards [6] and téendhanged without
a run stop; therefore they remain constant during a run, even if thetieéfddV value changes. As
reduced HV settings induce a reduced electron drift speed, the ecemgyuted online is under-
estimated and impacts the trigger efficiency near the trigger threshold. Gisdimited size of a
sector and the rare occurrence of such a configuration, this hadigilblegmpact. As previously
described, the HV trips are recorded by the DCS data quality flag, butlieaded HV database
including all the trip characteristics is also filled daily by an automated proeedur

During the offline Tier O reconstruction, a correction factor is automaticaplied by the
reconstruction software based on the HV reading. A variation of HV itiend also requires an
update of the expected noise per cell, which has to be corrected in the samesvhe energy
in order not to bias the clustering mechanism. Due to the data reconstructia, rinisl update
cannot be automated and requires human intervention within the 48-houatalidoop delay.

The data quality assessment makes use of the three different souricésrofation (DCS
flags, HV database and offline HV correction monitoring) to get a consipieture of the HV
conditions during a run. During a trip, the HV, and therefore the energlg svary too quickly to be
accurately assessed. In addition, the luminosity block in which the trip hagpeasually affected
by a large burst of coherent noise (see section 6) and is henceblmémaphysics. Therefore, the
luminosity blocks where a HV drop occurred are systematically rejected bimgean intolerable
defect. The policy regarding luminosity blocks with HV ramp-up has evolwed time. Initially
rejected, these periods are now corrected offline with the proper H\ésand marked with a
tolerable defect, after a careful check of the noise behaviour. Thigeestperformed on data with
HV ramping are detailed in section 3.3.
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Figure 3: Example of a typical trip of a HV line supplying one HEC sectorR@jorded voltage,
current and status evolution. The luminosity block numbers shown in boldsitedicred DCS flag.
(b) Number of readout cells with a HV correction greater than 5% (witheetsjo the start of run)
as a function of the luminosity block number.

The DCS information about a typical trip of a HV line supplying one hadroalorimeter
sector is shown in figure 3(a). A voltage drop of 500 V (from 1600 V ddw 1100 V) is ob-
served in luminosity block 667. The high-voltage was then automatically ramped a rate of
2 VIs, lasting approximately four minutes. The nominal HV value was recdwirgng luminosity
block 671. The DCS flag is red for five luminosity blocks 667-671, whicloisscstent with the
error status bit also displayed in figure 3(a) for this interval. Figure &byvs the corresponding
offline monitoring plot for the same HV trip, displaying how many calorimeter cetiela HV cor-
rection factor greater than 5% at the beginning of the luminosity block. Onljummosity blocks
are identified: 668 and 669Based on this consistent information, the luminosity block 667 was
marked with an intolerable defect. The luminosity block range 668—671 wiearathping voltage
occurred was marked with a tolerable defect.

3.3 Validation of data taken during the ramp-up procedure

As already mentioned, the offline software takes into account the etfddiiv/settings to correct
the energy. The electronics noise correction is estimated at the beginniing @&mp-up period,
and considered constant until the voltage is stable again. As the noisetemmrfactor is maximal
at the start of the ramp-up period, this means that during this short time, ttteoaies noise is
slightly overestimated, inducing a negligible bias in the clustering algorithm. Tdwmséruction
software therefore appears to cope well with HV channel variationsveMer, before declaring
the ramping HV data as good for physics, a further check is performeetéathny non-Gaussian
noise behaviour that could be induced by the ramping operations. Thik alaes especially mo-

3The correction factors depend nonlinearly on the voltage and in this rasenaller than the relative voltage change.

—10 -



tivated by the observation of a dramatic noise increase when a large noiridgrchannels are
simultaneously ramped up.

All the 2011 collision data containing luminosity blocks affected by a HV trip oamp-
up were considered for this study. A search for a potential noise exeas performed on the
JetTauEtmiss stream data by considering the missing transverse momentuntaissibomputed
in luminosity blocks with different HV conditions (trip, ramping up, stable). fufie 4(a), a clear
noise excess is seen in the luminosity blocks when a trip occurred. The lutyiblmeks with a
ramping HV line exhibit behaviour very similar to that of the regular luminosity kéo&igure 4(b)
shows the same distributions after applying the “loose jet-cleaning prageayplied routinely to
ATLAS physics analyses [11, 23]. This cleaning procedure is barem set of variables related
to hadronic shower shapes, characteristics of ionization pulse skpeand is meant to remove
fake jets due to calorimeter noise and out-of-time pile-up. The noise olosemnike luminosity
blocks (systematically rejected) where a trip occurred is largely redudeeteas the other types
of luminosity blocks still exhibit very similar behaviours.
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Figure 4: Distributions of missing transverse moment iss measured in 2011 collision data
in JetTauEtmiss stream for luminosity blocks with stable HV conditions (dashed &irtéV trip
(dotted line) and a HV line ramping up (full line). Distributions are shown (d@hout any jet-
cleaning and (b) with a loose jet-cleaning procedure applied.

A complementary cross-check was performed by considering the rageafstructed jets in
the same three types of luminosity blocks in the CosmicCalo stream where no aalisipected.
Before any jet-cleaning procedure, it appears that the rate of jets inrttiedsity blocks where a
trip occurred is 1.6 times larger than in regular luminosity blocks. In the casenifiosity blocks
with a ramping HV line, no difference from the regular luminosity blocks is olesk within a
statistical error of 10% on the ratio of the number of jets.

Hence, these studies confirm that the luminosity blocks with a ramping HV lineafaty be
kept for analysis. Those luminosity blocks are, however, marked with eatdéedefect, in order
to keep track of this hardware feature and ease the extraction of tlesponding data for detailed
studies.
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3.4 Monitoring of coverage

The LAr calorimeter design nominally provides full hermeticity in azimuth and lodgital cov-
erage up tan| = 4.9. However, when hardware failures (though rare) occur, thisregeemay be
degraded. The inefficiencies can, for example, be due to a faulty Hdrsghere all HV lines are
down. In this case, the resulting dead area is of typical Aigex Ap = 0.2 x 0.2, and usually af-
fects several calorimeter layers at the same time. Since such degraéeaigeomight significantly
affect the physics performance, the corresponding data are systaligagf=cted by marking them
with an intolerable coverage defect.

The detector coverage can also be degraded by a readout sysean tiehe inactive region is
limited to a single isolated FEB, the impact is usually restricted to a single layer in,Hapththe
data are not systematically rejected. An intolerable defect is set only whemf more FEBs are
simultaneously affected. If an important readout problem cannot be imtagdiixed and must
remain present during a long data-taking period, the intolerable deféicy [ not acceptable,
since ATLAS cannot afford to reject all the data taken for an exten@eidgh Instead, for such
incidents the inactive region is included in the Monte Carlo simulation of the detesponse to
automatically account for the acceptance loss in physics analysis. Siigittee happened once in
2011: six FEBs remained inactive for several months due to a hardwabkem that prevented the
distribution of trigger and clock signals. The problem was traced to a blagm ih the controller
board housed in the same front-end crate as the affected FEBs. Giempthssibility of swapping
out boards while the ATLAS detector is closed, the problem was remedlgdaioring the 2011—
2012 technical stop. However, a spare clock and trigger distributiordlvess installed in summer
2011, allowing the recovery of four FEBs out of six for the last month&0df1 data taking. Also,
three FEBs had to be switched off for approximately two weeks in 2012 dai@toblem with the
cooling circuit.

3.5 Associated data rejection in 2012

Figure 5(a) shows the time evolution of the data rejection level due to HV tripf1i&.2In this
figure and in all the similar plots of the following sections, the varying bin widdfiect the vary-
ing integrated luminosities of the ten 2012 data-taking periods (see sectiorh&)remarkable
reduction of the losses over the year is mainly due to two effects.

First, and for reasons not completely understood, the HV trips seemeduo mainly when
the LHC instantaneous luminosity was increasing significantly (typically doutniedpled) over
a few-day period. After a couple of days with stable peak luminosity, tharoeece of trips sig-
nificantly decreased and then remained very low. When the collisions stopjifatie luminosity
was very low for several weeks (machine development, long techniqag,sttc.), this transient
“training” period would recur briefly before a stable HV system was veoed.

Second, the rate of trips was reduced by installing new power supply nsodufgril 2012.
These new power supplies are able to temporarily switch to a “current mddi@/ering a user-
programmed maximum current resulting in a brief voltage dip instead of a trip [@#ly the
most sensitive sectors of the electromagnetic endcap localized at larglopegidities (e.g. small

4Due to cabling reasons, this statement does not apply to the hadronicnetos.

—12 —



= 25 = 25
S [ ] = [ —— ]
= i ATLAS 2012 1 £ i ATLAS 2012 1
.g Lo HV Trips i .g C Coverage problem ]
E L 2012 loss: 99 pb™ (0.46 %) ] E - 2012 loss: 60 pb™ (0.28 %) ]
% 15 w 15
o r ] o r ]
- N _ - N _
¥ — 1 ¥ 1
0.5[ e ] 0.5[ ]
r - ] r ]
[ —_— ] [ — ]
= —— —_— [ 4
0 0 o
A B C D E G H 1 J L A B (o D E G H | J L
Data-taking period Data-taking period

@ (b)

Figure 5: Lost luminosity due to (a) HV trips and (b) inefficient areas impgatitector coverage
as a function of the data-taking period in 2012.

radius) were equipped with these special power supplies. Additional nwodlilthis type are
planned to be installed in 2014 before the LHC restarts.

Figure 5(b) shows the time evolution of the 2012 data rejection level due tgaileefficient
area of detector coverage. The highest inefficiency, observéapdoeriod C, comes from special
collision runs with the toroidal magnet off, dedicated to the improvement ofetlaéive alignment
of the muon spectrometer. During this two-day period, expected to be mjectny physics
analysis, large regions of the HV system were intentionally switched off &siigate the source
of noise bursts (see section 6). The two other sources of data lossddgpArand D are due to two
faulty low-voltage power supplies in a front-end readout crate, etgnvéo more than 25 missing
FEBs or a coverage loss greater than 1%. These two problems wereandigetit, lasting less than
a couple of hours, the time needed to replace the power supply.

4. Data integrity and online processing

Each one of the 1524 FEBs amplifies, shapes and digitizes the signals ofL@p thannels [5].
In order to achieve the required dynamic range, the amplification and ghapnperformed in
parallel with three different gains (of roughly 1, 9.9, and 93). Whemant passes the first level
of trigger, the signal is digitized. Only the signal with the optimal gain is digitizedh iy2-bit
analog to digital converter (ADC) at a sampling frequency of 40 MHz. Ahés treatment, five
digitized samplesare sent for each cell to the ROD system [6] via optical links. The RODdsoa
can either transparently transmit the digitized samples to the data-acquisitiemgransparent
mode), or compute the energy of the cell and transmit only one nhumber hedgcing the data
size and the offline processing timegultsmode). During calibration runs, the ROD can also work
in a special mode, where several events are averaged to limit the datadiaptanize processing
time; however, this is not further considered in this article.

5In debugging/commissioning mode, up to 32 samples can be readout.
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In results mode, the cell enerdy, directly proportional to the pulse shape ampliti&les
computed with a Digital Signal Processing (DSP) chip mounted on the RORQItioasing an
optimal filtering technigue [25] and transmitted to the central data-acquisitsterasy When the
energy is above a given threshdlg;, the peak timer and a quality factoQ are also computed.
These quantities can be expressed as:

5 5
E=Jals—ped  Ext=3b(s-ped Q= Zl — ped—A(gi — 1))

wheres are the five digitized samplepedis the electronics baseline value, agdandg; are re-
spectively the normalized ionization pulse shape and its derivative with timeeoftimal filtering
weights,a andb;, are evaluated while minimizing the dispersiorE@ndE x t arising from elec-
tronics and pile-up noise, taking into account the noise auto-correlatioixpthe pulse shape at
the input of the digitizer and the calibration factors.

The quality factor that reflects how much the pulse shape looks like an angiaation pulse
shape, is lower than 4000 in more than 99% of argon ionization pulsesugeti@e quality factor
is computed by the DSP chip in a 16-bit word, it is limited {6 2 1 = 65535; the probability that
this saturated value corresponds to a real energy deposit in the calorisnetmated negligible.

For cell energies above a second energy threshgighies(in absolute value), the five digitized
samples are also transmitted to the central data-acquisition system. The tgyyp thnesholdS o,
andTsamples@re tuned such that approximately 1-2% of the cells are involved. Thisspamds to
an energy threshold of around 50 MeV-10 GeV depending on the laygtigm.

4.1 Basic data integrity

Since the FEB output is the basic detector information building block, cadefalintegrity moni-
toring at the earliest stages of the processing chain is mandatory. Thé&PR@A chip on the ROD
board performs basic online checks of the FEB data: most importantly ikslecany error word
sent by the different chips on each FEB and checks consistencyta{B&ID, event identifier,
etc.) defined for each channel which are expected to be uniform bytropagated individually
to the data-acquisition system. Beyond these online consistency cheokisyare algorithm run-
ning both online and offline performs additional checks which requiresqace of all data blocks,
unchanged data block length from the FEBs to the central data acquisistangyuniform data
type and number of digitized samples among the 1524 FEBs. The most saasmisfadata cor-
ruption was observed in 2010 and consisted of a spurious loss ofreynizdtion between the FEB
clock and the central clock. The origin of this problem was identified in €0l as interference
between the two redundant clock links available in each FEB: when onlywareupplied with a
signal, the inactive link could induce a desynchronization. The problesiiwed by permanently
sending a fixed logic level to the inactive clock circuit.

An FEB integrity error indicates a fatal and irrecoverable data corruplioensure as uniform
a readout coverage as possible within a run, any event containinguptaat block is discarded.
This event rejection is performed offline by applying the time-window vetogulare described in
section 2.4. To limit the offline rejection when a permanent corruption eratyserved during data
taking, the run must be paused (or stopped and restarted) as prompilysitdg to reconfigure the
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problematic FEBs. However, if the data corruption is limited to less than foursF&ER ATLAS
run coordinator may consider this loss as sustainable and keep the rgrig@aiaximize the data-
taking efficiency. In this case, the problematic FEBs are masked offlinedétaeintegrity issue
translates into a coverage inefficiency), and the data are not rejedtedhbked with a tolerable
defect. This unwanted case happened only twice during 2012.

When the digitized samples are available, the yield of events with a null or satisample
(i.e. an ADC value equal to 0 or 4095) is monitored. Several problems culiide a large yield of
saturated or null samples: a malfunctioning ADC or gain selector, largefdime channel/FEB
signal, data fragment loss, etc. The proportions of affected eventepdor the run 205071 are
presented in figures 6(a) and 6(b). In the electromagnetic barrel anlatiironic endcaps, the
proportions are close to zero. In the electromagnetic endcaps anddacalarimeter, the yield is
slightly higher but still very low: around 0.01% of EMEC channels exhibatasated (null) sample
in more than 10° (0.8-10~°) of events. Moreover, this observation is not due to a defect in the
readout chain but simply to the out-of-time pile-up. For these events, thal gigak of the cell is
shifted, and the gain selection based on the in-time signal is not approfitietendcaps are most
affected because of a higher patrticle flux at large pseudorapidity, Hbigever, less pronounced
in the FCal than in EMEC due to the decision to allow only the medium and low gaingin th
FCal readout chain specifically for this reason. With a pile-up noisersyieally greater than the
medium gain electronics noise, this setting does not affect the overatirpenfice. Neither does
the very low occurrence of null/saturated samples measured in other par{EbtB, EMEC and
HEC).
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Figure 6: (a) Percentage of cells that exhibit a saturated sample in a gaxpiortion of events.
(b) Percentage of cells that exhibit a null sample in a certain proportioreot® In both plots, the
x-axis shows the lower threshold on the error rate per cell. The resukbana for the run 205071.

4.2 Online computation accuracy

In results mode, but only for cells where the digitized samples are availablengrgy can be
recomputed offline with the same optimal filter and compared to the online valug th¢d3SP
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computation reliability. Due to the intrinsic hardware limitations of the DSP chip, theigion of
the energy computation varies from 1 MeV to 512 MeV, depending on thggnenge [4].

Figure 7(a) shows the distribution of the difference between the onlinefdlimé energy com-
putations. A satisfactory agreement between the two calculations is foutitkeféour partitions.
Here again, the tails of the distributions are slightly more pronounced in EMEC-&al due to
larger out-of-time pile-up. The DSP computation, whose accuracy is eimstr by the limited
number of bits, is indeed optimized to deal with in-time signals. This explains thdlglirbader
distributions observed in EMEC and FCal. This explanation is supportedybgefi7(b), which
shows an increase in the computation-disagreement yield (normalized byrttenof events and
the number of channels in each partition) as a function of the instantaneoum®aity.

A similar analysis was also performed to check the correctness of the timeuatity dactor
computed online, and similar accuracies were observed. Since the fistthHisions, the DSP
computation has proved to be fully accurate and never induced any dsita los
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Figure 7: DSP energy computation accuracy in run 205071. (a) Distribofighe difference
between the energy computed offline for the four different partitionglaménergy computed on-
line by the DSP. (b) Proportion of computation disagreements (i.e. when line/oiffline energy
difference lies outside the expected DSP accuracy range) per parstefuaction of the instan-
taneous luminosity. The barrel proportion is not displayed, as only oggesilisagreement (one
channel in one event) is observed.

4.3 Missing condition data

To limit the effect of out-of-time pile-up, the FEB shaping stage is bipolar {ggee 1(b)), al-
lowing a global compensation between the signal due to the following collisiotighe signal
due to the previous ones. However, this remains inefficient for the collésients produced in the
first (last) bunches of a train: the electronic baselines are then posifivedyatively) biased. To
correct this bias, the average energy shift is subtracted offline loasi position of the colliding
bunches in the train. The pile-up correction makes use of the instantanewinssity per bunch
provided by the ATLAS luminosity detectors. Due to hardware or softwaiterés, the database
information about the instantaneous luminosity may be missing. In that casescthwstruction
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of the LAr calorimeter energy is considered non-optimal, and the data jecte® by assigning
a dedicated intolerable defect associated with the luminosity detectors. Bbendfigin of this
feature is not related to the LAr calorimeters, an additional intolerable da$sociated with the
LAr calorimeter is also assigned to keep track of the non-optimal recotisimuc

4.4 Associated data rejection in 2012

Figure 8 shows the time evolution of data corruption in 2012 in terms of lost lumynd@$e rejec-
tion rate is computed from two complementary sources: (a) the time-window Vedn the data
corruption does not affect the whole luminosity block, and (b) the list édate corresponding to
a totally corrupted luminosity block. In both cases, the rejection rate remain$ove throughout
the year and below 0.02% on average.

Figure 9 shows the data rejection due to missing conditions data. It remainsoweand
affects mainly isolated luminosity blocks with corrupted instantaneous luminosityupeh cross-

ing.
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Figure 8: Lost luminosity due to data corruption as a function of the datagadériod in 2012.
(a) Loss due to the time-window veto procedure. (b) Loss due to defeigranent.
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5. Calorimeter synchronization

A precise measurement of the time of the signal peak, derived from the dpliera is a valu-
able input to searches for exotic particles with a long lifetime or for very masstable particles.
Proper synchronization also contributes to improving the energy resaltforrihese reasons, it is
important to constantly monitor the calorimeter synchronization, both on a géohbd and with
finer granularity.

5.1 Global synchronization

A mean time is derived for each endcap by considering all cells of FCaEENner wheél)
above 1.2 GeV (250 MeV) and by averaging their signal peak time. Atteastnergetic cells are
requested to limit the impact of noisy cells. When both are available, the avtnag of the two
endcaps is derived to monitor the global synchronization, while the time efifferallows a check
of the beam spot’s longitudinal position and the presence of beam halme ®i&two endcaps are
electrically decoupled, the presence of simultaneous signals in both endcegry likely to be
due to real energy deposits and not due to noise. The high particle fhexwaa at the considered
pseudorapidities allows refined monitoring as a function of time (luminosity block)

Figure 10(a) shows the average value of the two endcaps’ times for th20%071. The
distribution is centred around zero, indicating that the calorimeter (at lea$t@al and EMEC
inner wheel) is properly synchronized with the LHC clock, as is also shiowaction 5.2.
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Figure 10: (a) Average and (b) difference of the two endcap mean tasa@gfined in the text. The
results are shown for the run 205071.

Figure 10(b) shows the time difference between the two endcaps. Thibutisin is also
centred around zero, indicating that the recorded events are mostly ¢cdlisigl centred along
the beam axis: the particles travel from the centre of the detector, andbdtaps send a signal
synchronously. Some secondary peaks may arise due to beam hale, pantcles cross the
detector along the-axis, from one endcap towards the other. Given the 9 m distance bethee
endcaps, and assuming that the particles travel at the speed of light, férerdie between the

6The EMEC inner wheel covers®< |n| < 3.2.
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signal arrival times from the two endcaps should peak at 30 ns for bedmm These peaks were
observed mainly in 2010; just a tiny bump is observed in the negative tail irefifd(b). The small
continuous tails are due to out-of-time pile-up that may bias the average timenélaap’s signal.

5.2 Synchronization at front-end board level

The procedure detailed in section 5.1 is mainly meant to monitor online the glotirenization
of the LAr calorimeter and its evolution throughout the luminosity blocks of a rAnrefined
analysis is also performed offline to monitor the time synchronization of eachdndl FEB and
optimize the phase of the clock delivered to each FEB (adjustable in stepg @slvia hardware
settings [5]). With loose trigger thresholds, the LArCells stream allows doigenough signals
to monitor the individual FEB synchronization in every single run with at 1686t pb 1. After
rejecting the events affected by a noise burst (see section 6) and ma#kimg channels flagged
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Figure 11: Distributions of the average FEB times in the four subdetece)r&MB, (b) EMEC, (c)
HEC, and (d) FCal. Distributions before and after spring 2012 timing aligharersuperimposed,
as described in the legend.
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as problematic (see section 7), all cells above a certain energy thresbddlected. The energy
thresholds vary between 1 GeV and 3.5 GeV (10 GeV in FCal) dependitigediayer/partition
and were optimized to lie well above the electronics noise without reducingathpls size too
much. An energy-weighted distribution of the time of all cells of each FEB is bliiie average
time of each FEB is then derived from a two-step iterative procedure asfagussian fit of the
distribution. In the rare cases of too few events or non-convergehnite ditting procedure, the
median value of the distribution is used instead.

The average times of the 1524 FEBs were very accurately measured wiihstHe6 fb*
of data accumulated in 2012 (period A and first runs of period B). Theltsare presented in
figure 11. dispersions up to 240 ps were observed with some outliers. isAtirtie, the clock
delivery to each FEB was tuned individually, making use of the 104 pstakums facility provided
by the timing system. The improvement associated with this alignment procedupeisnsposed
in figure 11. The dispersions, originally in the range 120-240 ps, wgngfisantly reduced in
each subdetector, and no outlier in the FEB average time distribution wavetsdove 1.5 ns.

With the large data sample accumulated during 2012, it was possible to routineijomo
the FEB synchronization during the year. An automated processing frarkevaes set up on the
CAF computing farm [17] to provide fast feedback to the signoff team. &iwdution throughout
2012 of the average FEB time per subdetector is shown in figure 12. Tdwt ef the first 2012
timing alignment previously mentioned is clearly visible at the beginning of the y8aortly
after this alignment, a system that automatically adjusts the ATLAS central cladigtowith the
LHC clock was commissioned. Originally tuned by hand, this adjustement caafsanfor the
length variation of the optical fibres delivering the LHC clock to the ATLASenment due to
temperature changes. With the level of synchronization achieved aftéiE&RBesynchronization,
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Figure 12: Average FEB time per subdetector as a function of the LHC fitlbsu, during 2012
data taking. To improve readability, the period from October through Deee®l2, showing
similar stability, is omitted.
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this automatic procedure became crucial. An illustration of this importance is givéhe 200 ps
bump observed in summer, when the automated compensation proceduceigastally switched
off (around LHC fill number 3050). Finally, another feature obsemedng summer 2012 was a
~300 ps time shift in the FCal FEBs around LHC fill number 2816. The origthisfproblem was
identified as the installation of two faulty HV modules that delivered a voltagerltvem expected,
hence impacting the electron drift time. As soon as the cause was identifidfduttyemodules
were replaced to recover the optimal synchronization. Beside this symizhtion problem, these
faulty modules also impacted the energy response. However, an offlirection was applied to
recover an appropriate calibration. Except for these two minor incidertish had negligible
impact on data quality, figure 12 shows impressive global stability within 10fupsg the 2012
data taking.

A more refined synchronization at the cell level was implemented during aejatacessing
campaign. This should allow further improvement of the calorimeter timing acgurat was
measured in 2011 to around 190 ps for electrons and photons [26].

6. Treatment of large-scale coherent noise

When the instantaneous luminosity reache® bin 2s~1 and above, the LAr calorimeter is af-
fected by large bursts of coherent noise, mainly located in the endcap® t8e occurrence rate
increases with instantaneous luminosity, a specific treatment had to be dmlelgqummer 2011

to limit the data loss.

6.1 Description of the pathology

Between its installation inside the cavern in 2005 and the first collisions in 200QAr calorime-
ter was extensively commissioned, and many detailed performance stugeguveued, with a
special emphasis on the Gaussian coherent noise of the front-erdsbdais Gaussian coherent
noise was measured to be at a level lower than 10% of the total electromsespeo channel [4].

On a larger detector scale, the coherent noise can be estimated by dogsile variable
Yss for each partition, defined as the fraction of channels with a signal gréete three times
the Gaussian electronics noiseAssuming a perfect, uncorrelated Gaussian noise behaviour in
the entire calorimeter, thé, variable is expected to peak around 0.13%. In the early days of
commissioning, thé&3, variable exhibited sizeable tails above 1% in randomly triggered events,
characteristic of large coherent noise. Its source was identified as a wegtness of the high-
voltage filter box supplying the presampler, which was fixed in 2007. Afeefishminor tails were
still observed in thé&/, variable distribution, but only within calorimeter self-triggered events (i.e.
events triggered by a large signal in the LAr calorimeter).

Further studies were carried out before closing the detector in 2008h\gd to the conclu-
sion that the remaining coherent noise was likely to be introduced again thsidietector via the
HV system: when all the HV power supplies were turned off, no noise wasrged. Although
some areas of the detector were obviously more affected than other$iegéf only the specific
HV lines powering the noisiest regions did not cure the problem. This indi¢htt the noise was

"The electronics noise is measured in calibration runs, using simple crweated trigger.
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most likely radiated by unshielded HV cables inside the cryostat, rather treantlyginjected. Im-
perfections or peculiarities of the cable routing inside the cryostat mayiexply some regions
are more affected than others, but given the limited range of the probléthamwlifficult access to
the hardware components, no further action was taken at that time.

During autumn 2010, the instantaneous luminosity reach&ichd2s~1. At this time, patho-
logical events with a very large signal (equivalent to several Te\&céifig a whole partition were
observed in the empty bunches (CosmicCalo stream), when the LHC was iiooflisde. The
electromagnetic endcaps were especially affected. In the worst cases,noise could be also
observed in the hadronic endcap and the forward calorimeter at the samastiimehe electro-
magnetic endcap. Figure 13 shows a typical event in the transversegjldreeelectromagnetic
endcap (A side) recorded at an instantaneous luminosity>ofl &3 cm—2s~1: the total energy
peaks around 2 TeV, and thg, variable reaches 25%. Although the topologies and occurrence
rates differ slightly, both endcaps are affected. They are treated irathe way and merged into
the same distributions in all the following studies. The barrel distributionslsoa@erged.
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Figure 13: Example of a typical coherent noise event observed in the@\partition in run
205071 — CosmicCalo stream. The energies of the 3—4 layers were summegadixed value of
pseudorapidity and partially along the azimuthal angle.

Figure 14(a) shows thé;; distribution, computed for the barrel and endcap partitions over a
period of roughly 135 hours of data taking; during this period, 1.7 tf data were accumulated,
with an instantaneous luminosity greater thar B0*3 cm~?s~1. The distribution appears as ex-
pected in the barrel, with a sharp peak around 0.13% and negligible tailsn Big endcaps, the
distribution exhibits very large tails, typical of coherent noise, with a vegeléraction (up to 70%
— not visible on this figure) of channels fluctuating coherently within a partition

The noise burst topology shown in figure 13 is very similar to the one obdelwring the com-
missioning phase, but its amplitude is significantly larger. The very similar tojgsl@g different
times excluded the possibility that this pathology could be due to beam backbpoparasitic col-
lisions. The HV lines were again suspected, the increased rates and aegpbridg explained by
the larger drawn currents. This hypothesis was favoured becausedbaps are the most involved
and their behaviour is almost Gaussian outside the LHC collision mode.
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Figure 14: (a)Yss distributions for the four electromagnetic partitions (positive and negasieap
dorapidities merged in a single distribution). (b) Effect of Standardflag veto on the electro-
magnetic endcaysg distribution. The event sample was acquired in the CosmicCalo stream during
135 hours corresponding to an integrated luminosity of 1-%.fo

6.2 Use of the quality factor for noise identification

In collision streams, th&3, variable is positively biased by the presence of energy deposits in
the calorimeter due to collisions (typically peaking around 1-2% at high lumincsity cannot

be used to identify coherent noise. It is therefore crucial to definenalige ways to study this
coherent noise in the presence of collisions. New Boolean variablesaftex namedlags had to

be introduced.

e The Standardflag requires strictly more than five FEBs containing more than 30 channels
each with a quality factor greater than 4000.

e TheSaturatedlag requires more than 20 channels with an energy greater than 1 Ge/ and
saturated quality factor (i.e. equal to 65535).

The flag definitions are based on the observation of poor quality factaheinoisy events,
indicative of abnormal pulse shapes and very unlikely to be due to argdzatmn. The Stan-
dard flag is sensitive to phenomena largely spread over a partition. Theatea flag, with a
much higher constraint on the quality factor, is triggered in very atypicahpmena but possibly
confined to a very reduced area. With this criterion, limited in terms of geomletritent, the
Saturated flag is less reliable than the Standard flag. However, it is dieefpdrticular cases, de-
scribed in the following. Figure 14(b) illustrates the Standard flag effigiemceducing the tails
of theYss endcaps distribution. When vetoing on this flag, only 11% of eventsYyittabove 1%
remain and no event remains witk, above 10%.

6.3 Time duration of the pathology

To measure the time extent of the coherent noise, eventsriyithreater than 1% and separated by
less than one second are clustered, assuming that they belong to the sainud baise. By this
method, the time extent (defined as the difference between the first amtlkststed events), was
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measured to be around a few hundreds nanoseconds. However, tindslnsdimited, since it relies

on empty bunches: the empty bunch group is composed of a group of BE€I&syth 600-1000 ns
between two trains of populated bunches of approximately 3.6p3.8see section 2.2). This
method is therefore potentially biased by the empty bunch group’s timelengi deimparable to

the measured time extent.

To overcome this limitation, the same event clustering method can be appliedlagimgp
the criterion for theYss variable by a criterion for the Standard flag. To be conservative tgven
flagged by the Saturated method are also clustered with events flagged Statitard method
if they are separated by less than one second. Since the Saturated meshiodinghto be less
reliable, requesting the event to be close to an event flagged by the &tdladplimits the risk
of considering fake noisy events. With this clustering definition indepenafethe Y3, variable,
it is possible to consider both the CosmicCalo and Express streams, areldrapty and filled
bunches. The result is shown in figure 15. Virtually all pathologies anaddo be shorter than
0.5 s (see figure 15(a)), and more than 90% of them are shorter then(See figure 15(b)).
Due to the short duration of the phenomenon, the pathologies are teferasnoise bursts The
very limited duration of the bursts, much shorter than the luminosity block lenigih saggested
the development of a dedicated offline treatment with a time-window veto puoeed limit the
amount of data rejected.
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Figure 15: Distributions of the noise burst duration. Figure (b) zooms ithershortest times of
figure (a).

6.4 Time-window veto procedure

The scanning of a sample of noise bursts showed that most of them aafresigtak ohard events
surrounded by peripheraloft events: the hard events are characterized by a Mggend are
properly identified by the Standard flag, whereas the soft ones aractéigzed by &3, variable
around 2-3% (if recorded in empty bunches) and are not identified b$tdnedard flag. It was
therefore proposed to apply a time-window veto procedure around thédemstified hard events
to remove the soft ones.
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Technically, the noise burst cleaning is achieved by storing a status witivel @vent header as
explained in section 2.4. This requires the extraction of the noise burstistpeestamp with the
express processing of the CosmicCalo and Express streams: a cluptedegdure is performed
on the same events as detailed in the previous section. The timestamps of tredfiesit flagged
events are used to define a unique time interval. To veto the peripher#d eféme noise burst, the
time interval is extended by dt/2, wheredt is a parameter to be optimized. The computed time
window is then stored in a dedicated conditions database during the calilcatmrand read back
for the bulk reconstruction to fill the status word of all events falling insiddithe-window veto.

Finally, it is important to emphasize that a noise burst candidate with a singigeflaayent
in the peak is not vetoed. This is done deliberately, to avoid discardinguahaesents where
the decays of exotic particles deposit energy in the calorimeter at much latethtiméhe bunch
crossing (a delayed signal is very likely to have a poor quality factor)reByesting at least two
events flagged within a short time, the risk of throwing away unexpectedphggics events is
considered negligible.

The improvement to th&ss distribution resulting from applying the time-window veto is
shown in figure 16. The quantitative performance of the proceduredssatmmarized in table 3.
In the two most sensitive partitions (the two electromagnetic endcaps), the fimlewwveto pro-
cedure reduces by a factor of four the number of events witly @reater than 1% remaining after
having applied the Standard flagging method or by a factor of 35 when comgpaith the un-
cleaned data sample. Several valuedtoivere tried, between 100 ms and 2 s, leading to the same
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Figure 16: Effect of the time-window veto on the electromagnetic endgamlistribution for a
value ofdt = 200 ms. Same dataset as in figure 14.

efficiency as the one quoted in the table for a value of 200 ms. Comparedrtetsired time ex-
tent of the noise bursts, these numbers are very conservative, fasnashby the stable efficiency.
There is probably some room left for tuning this parameter, but givenghelow associated data
loss (see section 6.6), a conservative value of 200 ms (1 s) was applieel 2012 (2011) data
processing.

The number of affected events per hodi,(>1%) was originally around 108. With the time-
window veto method, it decreased to only three events per hour.
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Table 3: Number of events with¥a, greater than 1% after applying the simple Standard flagging
and the time-window veto procedure. The efficien@esf each cleaning procedure are given in
parentheses. Same dataset as in figure 14.

Partitions No cleaning| After applying the Stan: After applying the time-window
procedure dard flag method veto proceduredt = 200 ms)

EM barrel 9 3 (£ = 66.6%) 1 (¢ =88.9%)

EM endcaps | 14664 1644 € = 88.8%) 417 (€ = 97.2%)
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Figure 17: (a) Noise burst occurrence frequency per luminosity tdmck(b) luminosity depen-
dence of the mean duration of the noise bursts as a function of instantdnsoissity.

In 2012, around 15% (40%) of the luminosity blocks contained a nois¢ibube CosmicCalo
(JetTauEtmiss) streams. Figure 17(a) illustrates the number of noise beirdtsrnosity block
as a function of the instantaneous luminosity (in any stream). A steady dapend observed.
Parabolic extrapolations from this plot indicate that each luminosity block wiltaio around five
noise bursts at the peak luminosity expected after 20151834 cm~2s~1). However, even if the
rate evolves as a function of the instantaneous luminosity, the noise bursiis’dagation remains
stable, as shown in figure 17(b). As the current choice ofdthparameter is very conservative
with respect to the noise burst time extent, its reduction can be envisagdty tooimpensate for
the future increased occurrence yield.

6.6 Associated data rejection in 2012

The data loss associated with the time-window veto procedure as a functtbe dhta-taking
period is presented in figure 18(a). It amounts to 0.2%. The observiadion is explained by the
differences in the instantaneous luminosity profiles impacting the noise btest as explained in
the previous section.
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The efficiency of the time-window veto procedure is cross-checked idefi@uEtmiss stream,
by searching for remaining events flagged as noise bursts by the Stamé#inod outside the
defined time veto periods. Their treatment depends on whether such axeigelated in time or
close to another one.

e If such an eventis isolated in time, no action is taken, as it might be due to a&dealagay of
exotic particles. In 2012, only 192 such events remain in the dataset eoedifibr physics
analysis. Furthermore, a complementary cleaning at the jet level is alsodeaifdine, to
make sure that any remaining noise bursts do not bias physics analysis [11

o If two or more events close in time remain, they are very likely to belong to a sirgse n
burst not observed in the express processing streams. The only sadutioreject them by
assigning an intolerable defect to the whole luminosity block. This induces & ratger
data loss, not recoverable until the next full data reprocessing vthergme-window veto
procedure can be applied again using updated database information.

Consequently, the efficiency of the time-window veto procedure heavigsren the ability to
select the noise burst peak events in the Express and CosmicCalo stremoerito compute the
veto interval periods before the start of the bulk processing. To aelins, four dedicated trigger
chains were designed to ensure efficient streaming. The trigger chieiseeded at the first-level
trigger step from standard jet EEF"SS triggers, and make use of quality fact@)(information to
design a pseudo-Standard-flag algorithm given as input to the highgertiigvels (second level
and high level trigger).

Figure 18(b) summarises the 2012 data rejection due to noise bursts thatavétentified in
the express processing, hence not available for the definition of a timevirdow. The overall
inefficiency is found to be very low but for different reasons dejraman the data-taking period.
The low inefficiency observed in the data-taking periods A-G is due to firecessing campaign
of autumn 2012 : the time windows for the veto were refined based on theairitk processing
output. The periods H-L did not benefit from this second update, ardwiHevel of data rejection
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Loss due to the time-window veto procedure. (b) Loss due to defechassid.
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comes only from the noise burst identification in the calibration streams, sh@aveatisfactory
trigger efficiency.

7. Treatment of per-channel noise

The regular calibration procedure [4] is the main input to identify problematarieneter channels.
However, a specific source of non-Gaussian noise was found to oclyin the presence of LHC
collisions. A reliable procedure to extract these channels had to be ddgigtreat them within
the calibration loop.

7.1 Regular calibration procedure

The extraction of the electronic calibration constants requires three tfpeftvation runs: pedes-
tal, ramp and delay. Pedestal runs allow the measurement of the basellrmntweise properties
of the readout electronics, ramp runs allow the measurement of the tegalopand delay runs
allow the measurement of the pulse shape as a function of time. These sjadibicdtion runs

are acquired between LHC fills, in absence of collisions, requiring onlylsiipck-generated
triggers. Pedestal and ramp runs are taken several times a week, whiliglhstability of the

calibration constants observed during the calorimeter commissioning [4] tedittzat delay runs
are needed only once a week. These calibration runs are also the pivpatyto identify and

classify problematic channels in a dedicated database. The differenlqeads imply different

offline treatments. Three main treatments that are applied are listed below.

e When a cell is not operational (deteriorated signal routing in cryostat] ceadout channel,
large noise, etc.), it isnconditionally maskedffline. Its energy is then estimated from the
average energy of the eight neighbouring channels in the same calordayetein this case,
the peak time and quality factor are not available.

e A cell may be operational, but affected by large noise with very diffecdtracteristics
compared to a real physics signal. The cell quality factor can be usededotaligle the
signal due to a real energy deposit from the noise on an event-by-basis. When the
quality factor is lower than a fixed value (4000), the cell is considereghasational and no
treatment is applied; when the quality factor is large, the cell energy is estirfinatedhe
eight neighbours of the same layer, as for an unconditionally masked cehislcase, the
cell is said to beonditionally masked

e When a cell cannot be calibrated due to a faulty calibration line, its electratiloration
constants are estimated from those of similar cells in the same layer and at thezsannthal
position. In this case, the cell patched

At the beginning of 2012, less than 0.9% of the calorimeter channels whegpldue to a faulty
calibration line. The impact of this patching being almost negligitités not discussed further in
the following. Table 4 summarises the proportion of cells unconditionally oditionally masked
at the beginning of 2012 that remained masked during the whole year. thamed9.9% of the
channels were fully functional. The 119 pathological channels beingspidad across all the

8The inaccuracy on the calibration was estimated about 3%.
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calorimeter regions, no large inefficient area emerges, hence the impalse gerformance is
considered negligible. These pathological channels remain maskedti@oalty or uncondition-
ally) during the whole data-taking period, but in addition, some other clserbibited transient
pathologies to be treated on a per-run basis, as is explained in the following.

Table 4: Total number of channels unconditionally or conditionally maskeldeabeginning of
2012 in different partitions.

Electromagnetic Hadronic | Forward Global
calorimeter endcap calorimeter,
Total number of channels 173312 5632 3524 182468
Channels unconditionally maskedr6 (0.04%) 22 (0.39%)| 8 (0.23%) | 106 (0.06%)
Channels conditionally masked | 8 (5x10°3%) | 5(0.09%) | O 13 (7x 10 3%)

7.2 Monitoring of Gaussian noise during collision runs

Individual channel behaviour is also constantly monitored during colligios. This monitoring
largely relies on data streams with empty bunches (CosmicCalo and LArCellsEtneams),
where no energy deposit is expected in the LAr calorimeter. The collisi@aras (Express,
EGamma and JetTauEtmiss streams) are mainly used for data quality assessheergdonstruc-
tion of higher-level objects (such as electron/phototy, cindidates, etc.) beyond the scope of this
article. However, these streams are especially useful in confirming peratonal or misbehaving
channels spotted in calibration runs.

The Gaussian noise and electronics baseline, accurately charactiurmagl the calibration
runs, are cross-checked by looking at three distributions:

e mean energy and noise per cell;
¢ fraction of cells with energy aboves3 whereo is the measured electronics noise.

If pathologies are observed in these distributions, the team responsiliteefoalibration is
informed and they either inquire further and/or trigger urgently a new edidir procedure. No
immediate systematic action is required by the signoff team. The 2012 expeskowed that
the Gaussian part of the electronics noise was very stable in the prefarudisions. But beside
this reassuring statement, a sizeable non-Gaussian behaviour serauplicated the data quality
procedure.

7.3 Monitoring of non-Gaussian noise during collision runs

The non-Gaussian behaviours were identified in the CosmicCalo streamre whédarge energy
deposit is expected, from distributions showing the number of events withengy far exceeding
the expected electronics noise (typically 20630At the express processing level, these distribu-
tions cannot be directly used, as they are polluted by noise bursts (the timdewweto cleaning
procedure described in section 6 is applied only at the bulk processiyg) s@uch pollution can
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be seenin figure 19(a): the large signal observed in the azimuthal ring:dt4 is typical of noise
bursts and can be also recognized in figure 13 (outer ring of the endcap

To remove this pollution, the primary (temporary) Tier 0 monitoring outputs per logitiyn
block are merged, excluding the luminosity blocks affected by noise blisisprocedure reduces
the monitoring dataset by 15%, as explained in section 6.5, but is cruciaibraasking channels
that would look perfectly normal after the time-window veto is applied. An examfthis custom
merging procedure is shown in figure 19.
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Figure 19: ,¢) distributions of the number of events per cell with cell energy greater &3an
MeV in the first layer of EMECA (a) before and (b) after removal of lunsiityp blocks affected by
a noise burst. The results are shown for the run 205071 (only Cosmis@aéom).

Beside the noise burst pollution, the CosmicCalo stream distributions weréoalso to be
polluted by the LHC beam-induced background. This background — hab@am-gas events —
mainly originates far away from the interaction point (at more than 150 n) ] the trajectories
are therefore almost parallel to the beam line. An example of such pollutidreis ig figure 20(a),
where energy deposits above 800 MeV are observed in severalwamnsigells at the same azimu-
tal position. As the radial coverage of the LAr calorimeters is very similar tcCthode Strip
Chamber (CSC) coverage of the muon spectrometer [27], it is possiblestthescoincidence
of signals registered in the CSC detectors to identify this background. Thewvsmpent due to
this tagging method can be visualized by comparing figures 20(a) and 20(tile remainder of
this section, the CSC tagging method is applied to all the monitoring distributiondlyfgigen
the trigger conditions (thresholds and prescales) and the typical edepggit of the cosmic-ray
muons [28], these distributions are not biased by the cosmic rays redbRibhér calorimeter.

Despite the obvious improvement observed in figure 20(b) after vetoir@3aetagged events
in figure 20(a), a large accumulation of noisy cells remains, especially irsthedprapidity region
—0.3 < n < 0. This residual noise is mainly visible in the presampler, and is interpreted as a
non-Gaussian noise source, originating from inside the cryostat. [Fsttidies were carried on to
characterize this noise.

e This noise is not visible in clock-generated triggered events.
e Itis not constant over time, only appearing for a few to several minutieséodisappearing.
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Figure 20: §,@) distributions of number of events per cell with cell energy greater thamadv in
the barrel presampler (a) before and (b) after the beam backgreomalal with the CSC tagging
method. The results are shown for the run 205071 (only CosmicCalo stream)

e The measured signal can reach up to 100 GeV in a single cell.
¢ This noise does not always affect the same cells from one run to another

e Some regions are more affected than others, like+Be8 < n < 0 region quoted above
with no obvious correlation between the affected regions and any caloricogtgponents or
integration conditions (electrode batches or vendors, assembly condétons

e Lowering the HV settings in specific sectors reduces the noise amplitude egbewrs.
o No coherent behaviour is observed between the affected channels.

This phenomenon is very different from the noise bursts consideregttion 6. the typical time
scale is much longer and no coherent fluctuation is observed. The longdateensakes treatment
with the time-window veto procedure impractical, as it would reject too much tatas therefore
decided to correct this noise by masking the affected channels. Givarothpermanent nature
of this noise (usually namegporadiq and the large variations from one run to another, the list of
affected channels has to be extracted per run and uploaded to thepooéeng database during
the calibration loop. As already explained in section 7.1, the masking choioaditional or
unconditional — depend on the noise shape, i.e. depend on the ability to diskifgetween noise
and real physics signal with the cell quality factor.

Figure 21 shows the fraction of high-energy events with a cell quality fgceater than 4000,
i.e. the fraction of events where masking cells conditionally would be efficiems distribution,
convolved with the distribution shown in figure 20(b), provides the numbhrgh-energy events
per channel surviving a conditional masking. A conservative uppeslhiold of 80 events per cell
per run was arbitrarily chosen to decide whether or not a channdlshegonditionally masked. If
more than 80 noisy events survive for a given channel, an unconditi@sking has to be applied,
more severely impacting the calorimeter performance.

The masking efficiency is double-checked on the same data streams afiatkipeocessing,
where the database updates are included in the reconstruction. Figajet@de compared with
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Figure 21: Fraction of events in which cells with cell energy greater th&nN8éV also have
quality factor greater than 4000 in the barrel presampler. The resulshaven for run 205071
(only CosmicCalo stream).

the original map in figure 20(b), illustrates the effect of masking the noikly. ¢&large reduction
of events with an energy above 800 MeV is observed. A final crosskcis performed by looking
at the(n, ) map of the clusters, the primary objects used in the electron/photon reatiustru
with a transverse energy greater than 10 GeV. This particular threshsldiwesen as it corresponds
to the minimal energy cut applied in most of the ATLAS analyses. The very limiletber of clus-
ters visible in figure 22(b) validates the satisfactory efficiency of the mblamasking procedure.
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Figure 22: ,¢) distributions produced after database updates with the same datasetiaagly
(run 205071 — CosmicCalo stream). (a) Number of events per cell withemgyegreater than 800
MeV in the barrel presampler. (b) Number of clusters with a transveesgggreater than 10 GeV.

However, the masking procedure may sometimes fail. This happens in theneryunate
cases where a cell is noisy only in luminosity blocks affected by a noisé @tre noisy luminos-
ity blocks are excluded from the express processing output due to shencunerging procedure
detailed in section 7.2, and the noisy cells are missed by the signoff team doeirglibration
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loop. During the bulk processing, the noise bursts are removed fromrthiedaity blocks with the
time-window veto. The missing luminosity blocks are thus automatically re-includdteifier
0 monitoring output of the bulk processing, and the sporadic noise emeggese it is too late
to correct the data after the bulk processing, the offending luminosity lasko be discarded
by assigning an intolerable defect. Still, the database is updated to includeditiersad noisy
channels so that the masking can be applied during any future dataesgiragto recover the lost
luminosity.

Given the large number of affected channels and their fluctuating nétereshole procedure
for the cell identification, masking proposal optimization, cluster matching, esut@matically
performed within the dedicated LAr calorimeter data quality web infrastructesertbed in sec-
tion 2.2.

7.4 Proportion of masked cells

Figure 23 shows the proportion of masked presampler channels astoifuatthe data-taking
period in 2012; as a small dependence on integrated luminosity is observshoit runs, only
the 95 runs with an integrated luminosity greater than 100'pbcorded were considered. The
proportion of unconditionally masked presampler cells remained below 0.28%%davhole LHC
running period, while the proportion of conditionally masked presampleria was greater than
7% during the first weeks of data taking. During the periods B—E, the kinge of the most prob-
lematic lines were reduced from the original 1.6 kV to limit the sporadic noiseyialipreduction
of the proportion of cells conditionally masked. Then, in September 2012 lenadgperiod G),
it was decided to reduce globally the HV settings to 1.2 kV. This reduction ggueportion of
cells conditionally masked below 1%. The gain in electron and photon enesgiution due to the
presampler is preserved despite a 10% increase in electronics noise.
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Figure 23: Proportion of presampler cells conditionally or unconditionallykeas a function of
time, during the 2012 data-taking periods

Figure 24 shows the proportion of channels masked in the same high-luminasstyor all
partitions except the presampler. The proportion of unconditionally magiathels remains very
low in all the partitions: it is negligible in the electromagnetic calorimeter, and lovaer €h4%
(0.2%) in the HEC (FCal) in 95% of the runs. The proportion of conditionallgked channels
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is slightly larger, but the impact on performance is also negligible since onlgubset of events

with a high quality factor is effectively masked.
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Figure 24: (a) Proportion of runs for which a proportion of uncondaiynmasked cells is above
a given threshold. (b) Proportion of runs for which a proportion afditionally masked cells is

above a given threshold.

7.5 Associated data rejection in 2012

The data loss associated with a non-optimal treatment of the noisy chanithla (e calibration
loop) is shown in figure 25. This loss remains very low over the whole wearit even goes to zero
for the last 2012 data-taking periods, indicating that the latest versior afiignostic algorithms
was properly tuned and able to catch all the problematic channels within theatialibloop.
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Figure 25: Lost luminosity due to noisy channels as a function of the daitagtpkriod in 2012.

8. Achieved performance and outlook

8.1 Performance in proton—proton collision run (2011-2012)

Table 5 summarises the data rejection by defect assignment in the 2011%hda8sets, corre-
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sponding respectively to integrated recorded luminositiesf* and 213 fb~1 [7]. The 2011
performance is systematically worse than the 2012 performance desitribetiil in this article,
and several reasons can be listed to explain this observation.

e The 2011 larger rejection due to HV trips is explained by luminosity conditiorisvikee
less stable in 2011 than in 2012 and by the replacement of several HV poply modules
with more sophisticated ones in 2012.

e The 2012 reduction of missed noise bursts is related to the implementation afatdddrig-
ger chain in early 2012, which added more coherent noise events inlibetan streams
and hence allowed a more efficient time-window veto procedure.

e The reduced data loss observed in 2012 for the other defects is dueitopieved soft-
ware robustness and automation in both the daily calorimeter operation anatahguelity
assessment.

Table 6 summarises the data rejection due to the time-window veto in 2011 and2@l2jection
levels are very similar despite the much higher instantaneous luminositieseddnr2012, which
induced an enhanced yield of noise bursts. The higher noise bur#t 2242 is counterbalanced
by the choice of a narrower time window extension compared to 2601+ 200 ms in 2012 vs
ot =1sin 2011).

Table 5: Summary of data rejection by defect assignment for the 2011 CGirid @#oton—proton
collision datasets.

Year | Total Data Missing con-| HV trips | Coverage Noise | Noisy
corruption | dition data bursts | channels

2011 | 3.20% 0.04% 0.11% 0.96% 0.70% 1.24% | 0.15%

2012 | 0.88% || 0.01% 0.02% 0.46% 0.28% | 0.06% | 0.05%

Table 6: Summary of data rejection by the time-window veto procedure forQh#& and 2012

proton—proton collision datasets.

Year Total Data corrup-| Noise bursts
tion

2011 0.28% || 0.09% 0.20%

2012 0.22% || 0.02% 0.20%

In 2011, as in 2012, the dataset was split into periods with similar data-tagndjtons. The
time evolution of the data rejection by defect assignment and time-window vetdisplayed in
figures 26 and 27 respectively using the datasets for proton—prolesicsts collected in 2011 and
2012.
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8.2 Performance in lead—lead and lead—proton collision run (2011-2013

For completeness, the LAr calorimeter performance in the lead—lead aneptesmh collision

runs is summarized in table 7. Given the much lower peak luminosity delivergthdhese runs,
the impact of the phenomena correlated with the instantaneous luminosity (oosss édnd HV

trips) was limited. The data rejection by the time-window veto procedure — motrshere — is

also negligible. In 2013 a large data rejection was observed due to a simgégipg problem

encountered in the hadronic endcap that lasted 90 minutes. Due to theeskatrihe data taking
period in 2013, this caused a data loss of 1.18%.

8.3 Outlook

The LHC is expected to restart in 2015 and to deliver collisions at the cegemted energy and
instantaneous luminosity of 13-14 TeV and ¥12%4 cm~?s ! respectively.
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Table 7: Summary of data rejection by defect assignment for the 2011 CGitr8il@ad—lead and
lead—proton collision datasets.

Year Total || Data cor-| Missing con-| HV trips | Coverage Noise | Noisy
ruption | dition data bursts | channels

2011 (Pb—Pb) 0.19% || 0.16% - 0.03% - - -

2013 (Pbp) | 1.50%| 0.05% | - 0.22% 1.18% | 0.04% | -

As stated in section 3.5, the occurrence of HV trips, currently the main sairdata loss,
does not depend on the absolute instantaneous luminosity, but only on lili@vaver a long
timescale. When the LHC running conditions are stable, the data loss remd&saamtrol. In
addition, many more of the upgraded power supplies are expected to diedstathe detector
before the LHC restart to further reduce this loss.

The second largest source of data loss comes from large inefficiesd.aHowever, out of
the 0.28% yield observed in 2012, 0.15% were due to special runs théd Wwave been rejected
anyway. The remaining 0.13% originating from the LAr calorimeter arose fwo defects of the
low-voltage power supply system.

Considering the full data rejection by both defect assignment and the tinuswineto, the
loss due to noise bursts reaches 0.26% (0.20%+0.06%) in 2012. As expiaisection 6.5, this
yield should remain under control despite the regular increase in theefmegwof noise bursts
as a function of instantaneous luminosity. A parabolic extrapolation of thendigmce curve of
figure 17(a) indicates that a reduced time window of 20 ms would preseve®aejection at a
per-mil level.

The remaining sources of data losses measured in 2012 contribute le8sltfarand there is
no indication of any luminosity dependence that could worsen the situation.

Therefore, the increased instantaneous luminosity of the LHC in 2015 expetted to seri-
ously degrade the data quality performance. However, two unknowmaime First, the evolution
of the sporadic noise with the instantaneous luminosity is still poorly known as r@bustness of
the adopted solution (HV settings tuning). Second, it cannot be excludeththalmost doubled
centre-of-mass energy may induce new problems or affect the magnitule already known
ones. If these two risks are properly addressed, a similar efficienondi98—99% can be consid-
ered as a realistic objective for the LHC restart in 2015.
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