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1 Introduction

In this paper, analyses of beam induced backgrounds (BI&) sethe ATLAS detector during
the 2011 proton-proton run are presented. At every paréictlerator, including the LHCL],
particles are lost from the beam by various processes. PutC high-luminosity running, the
loss of beam intensity to proton-proton collisions at theeziments has a non-negligible impact on
the beam lifetime. Beam cleaning, i.e. removing off-morentind off-orbit particles is another
important factor that reduces the beam intensity. Most@ftthaning losses are localised in special
insertions far from the experiments, but a small fractiothef proton halo ends up on collimators
close to the high-luminosity experiments. This distrilobutdeaning on one hand mitigates halo
losses in the immediate vicinity of the experiments, but fitgricepting some of the halo these
collimators themselves constitute a source of backgroutetiag the detector areas.

Another important source of BIB is beam-gas scattering,ctviiakes place all around the
accelerator. Beam-gas events in the vicinity of the expemis inevitably lead to background in
the detectors.

In ATLAS most of these backgrounds are mitigated by heavgldinig hermetically plugging
the entrances of the LHC tunnel. However, in two areas of #teador, BIB can be a concern for
operation and physics analyses:

e Background close to the beam-line can pass through theuapédett for the beam and cause
large longitudinal clusters of energy deposition, esplgcia pixel detectors close to the
interaction point (IP), increasing the detector occupaamng in extreme cases affecting the
track reconstruction by introducing spurious clusters.

e High-energy muons are rather unaffected by the shieldingma$ but have the potential to
leave large energy deposits via radiative energy lossd®indlorimeters, where the energy
gets reconstructed as a jet. These fake' jated to be identified and removed in physics
analyses which rely on the measurement of missing trares\emergy E}“isﬂ and on jet
identification. This paper presents techniques capablaggfing events with fake jets due
to BIB.

An increase in occupancy due to BIB, especially when aswmtiwith large local charge
deposition, can increase the dead-time of front-end eleics and lead to a degradation of data-
taking efficiency. In addition the triggers, especiallysaalepending oE?iSS, can suffer from rate
increases due to BIB.

1in this paper jet candidates originating from proton-protmllision events are called “collision jets” while jet
candidates caused by BIB or other sources of non-collisemkdprounds are referred to as “fake jets”.



This paper first presents an overview of the LHC beam stractoeam cleaning and inter-
action region layout, to the extent that is necessary to nsteted the background formation. A
concise description of the ATLAS detector, with emphasighensub-detectors most relevant for
background studies is given. This is followed by an in-degistussion of BIB characteristics,
presenting also some generic simulation results, whioktiiate the main features expected in the
data. The next sections present background monitoringtvigier rates, which reveal interesting
correlations with beam structure and vacuum conditionss iBtfollowed by background observa-
tions with the Pixel detector, which are compared with deidid simulation results. The rest of the
paper is devoted to fake-jet rates in the calorimeters aridusjet cleaning techniques, which are
effective with respect to BIB, but also other non-collissobackgrounds, like instrumental noise
and cosmic muon induced showers.

2 LHC and the ATLAS interaction region

During the proton-proton run in 2011, the LHC operated atribminal energy of 3.5TeV for
both beams. The Radio-Frequency (RF) cavities, providiegacceleration at the LHC, operate
at a frequency of 400 MHz. This corresponds to buckets evéim< of which nominally every
tenth can contain a proton bunch. To reflect this sparsediltinoups of ten buckets, of which one
can contain a proton bunch, are assigned the same BunchirgyéBentifier (BCID), of which
there are 3564 in total. The nominal bunch spacing in the Z0tfon run was 50ns, i.e. every
second BCID was filled. Due to limitations of the injectionaain the bunches are collected in
trains, each containing up to 36 bunches. Typically fouingrdorm one injected batch. The
normal gap between trains within a batch is about 200 nsgwhé gap between batches is around
900 ns. These train lengths and gaps are dictated by theédntain and the injection process. In
addition a 3us long gap is left, corresponding to the rise-time of the &iakagnets of the beam
abort system. The first BCID after the abort gap is by definiiambered as 1.

A general layout of the LHC, indicating the interaction i@gs with the experiments as well
as the beam cleaning insertions, is shown in figure

The beams are injected from the Super Proton Synchrotro8)(®Rh an energy of 450 GeV
in several batches and captured by the RF of the LHC. Whemjibetion is complete the beams are
accelerated to full energy. When the maximum energy is eshtiie next phase is tiesqueezé,
during which the optics at the interaction points are chdrfgem an injection value o8* =11m
to a lower value, i.e. smaller beam size, at the IP. Finaley lbams are brought into collision,
after which stable beams are declared and physics datagtakin commence. The phases prior to
collisions, but at full energy, are relevant for backgrommeiasurements because they allow the rates
to be monitored in the absence of the overwhelming signelfratn the proton-proton interactions.

The number of injected bunches varied from about 200 in eyl to 1380 during the final
phases of the 2011 proton-proton run. Typically, 95% of theches were colliding in ATLAS.
The pattern also included empty bunches and a small fraofionn-colliding, unpaired, bunches.
Nominally the empty bunches correspond to no protons pgdbimugh ATLAS, and are useful
for monitoring of detector noise. The unpaired bunchesrapmoitant for background monitoring

2The B-function determines the variation of the beam enveloparaddhe ring and depends on the focusing proper-
ties of the magnet lattice — for details se@. [
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Figure 1. The general layout of the LHC?2]. The dispersion suppressors (DSL and DSR) are sections
between the straight section and the regular arc. In thiemptqey are considered to be part of the arc,
for simplicity. LSS denotes the Long Straight section — rlalyd>00 m long parts of the ring without net
bending. Allinsertions (experiments, cleaning, dump, &f€)located in the middle of these sections. Beams
are injected through transfer lines TI2 and TI8.

in ATLAS. It should be noted that these bunches were colijidmsome other LHC experiments.
They were introduced by shifting some of the trains with ee$pjo each other, such that unpaired
bunches appeared in front of a train in one beam and at theretigkiother. In some fill pat-
terns some of these shifts overlapped such that interlebuadhes with only 25ns separation
were introduced.

The average intensities of bunches in normal physics dparatolved over the year from
~ 1.0x 10" p/bunch to~ 1.4x 10 p/bunch. The beam current at the end of the year was about
300 mA and the peak luminosity in ATLAS was5 10%3cm—2s 1,

Due to the close bunch spacing, steering the beams headdd wreate parasitic collisions
outside of the IP. Therefore a small crossing angle is useglQi1 the full angle was 24@rad in
the vertical plane. In the high-luminosity interactionimts the number of collisions is maximised
by the B-squeeze. In 2011 the value Bf was 1.5 m initially and was reduced to 1.0 m in mid-
September 2011.
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Figure 2. Detailed layout of the ATLAS interaction regionl][ The inner triplet consists of quadrupole

magnets Q1, Q2 and Q3. The tertiary collimator (TCT) is naivah but is located between the neutral
absorber (TAN) and the D2 magnet.

A detailed layout of the ATLAS interaction region (IR1) isostn in figure2. Inside the inner
triplet and up to the neutral absorber (TAN), both beamshissame beam pipe. In the arc, beams
travel in separate pipes with a horizontal separation offi8¥ The separation and recombination
of the beams happens in dipole magnets D1 and D2 with distaodbe IP of 59—-83 m and 153—
162 m, respectively. The D1 magnets are rather exceptiongié LHC, since they operate at room
temperature in order to sustain the heat load due to delons fine interaction points. The TAS
absorber, at 19 m from the IP, is a crucial element to protexiriner triplet against the heat load
due to collision products from the proton-proton interaics. It is a 1.8 m long copper block with a
17 mm radius aperture for the beam. It is surrounded by massdel shielding to reduce radiation
levels in the experimental caverd][ The outer radius of this shielding extends far enough t@rco
the tunnel mouth entirely, thereby shielding ATLAS from lemergy components of BIB.

The large stored beam energy of the LHC, in combination withieat sensitivity of the su-
perconducting magnets, requires highly efficient beannahga This is achieved by two separate
cleaning insertionsg8]: betatron cleaning at LHC point 7 and momentum cleaningpatt8. In
these insertions a two-stage collimation takes place|wsdriited in figure8. Primary collimators
(TCP) intercept particles that have left the beam core. Safitteese particles are scattered and re-
main in the LHC acceptance, constituting the secondary, hdich hits the secondary collimators.
Tungsten absorbers are used to intercept any leakage femoolimators. Although the combined
local efficiency of the the system is better than 99.9 8, [some halo — called tertiary halo —
escapes and is lost elsewhere in the machine. The inneatsripl the high-luminosity experiments
represent limiting apertures where losses of tertiary adald be most likely. In order to pro-
tect the quadrupoles, dedicated tertiary collimators (f@ére introduced at 145-148 m from the
high-luminosity IP’s on the incoming beam side. The tunggésvs of the TCT were set in 2011
to 11.80, while the primary and secondary collimators at point 7rcgeted the halo at 57
and 8.50, respectivelyt Typical loss rates at the primary collimators were betwe@h-1° p/s
during the 2011 high luminosity operation. These rates angparable to about $Qroton-proton
events/s in both ATLAS and CMS, which indicates that the béigetime was influenced about
equally by halo losses and proton-proton collisions. Tiaédge fraction reaching the TCT was

SHere the local efficiencys(,c) is defined such that on no element of the machine is the lossctdn larger than
1— ggc of the total.

4Hereo is the transverse betatronic beam standard deviationésga normalised emittance of 38n. In 2011
the LHC operated at smaller than nominal emittance, thuatheal physical apertures were larger in termg of
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Figure 3. Schematic illustration of the LHC cleaning system. Primand secondary collimators and
absorbers in the cleaning insertions remove most of the Isdme tertiary halo escapes and is intercepted
close to the experiments by the TCB].[

measured to be in the range 8102 [8, 9], resulting in a loss rate on the order of°Is on
the TCT.

The dynamic residual pressure, i.e. in the presence of anabrhbeam, in the LHC beam
pipe is typically of the order of 1@ mbar No-equivalent in the cold regions. In warm sections
cryo-pumping, i.e. condensation on the cold pipe walls,asavailable and pressures would be
higher. Therefore most room-temperature sections of theura chambers are coated with a spe-
cial Non-Evaporative Getter (NEG) layet(], which maintains a good vacuum and significantly
reduces secondary electron yield. There are, however, sogmted warm sections in the vicin-
ity of the experiments. In 2010 and 2011 electron-cloud fiom [L1, 12] in these regions led
to an increase of the residual pressure when the bunch gpaein decreased. As an emergency
measure, in late 2010, small solenoids were placed aroutidise where electron-cloud formation
was observed (58 m from the IP). These solenoids curled upihenergy electrons within the
vacuum, suppressing the multiplication and thereby pravgrelectron-cloud build-up. During a
campaign of dedicated “scrubbing” runs with high-intepsitiection-energy beams, the surfaces
were conditioned and the vacuum improved. After this sdngdpltypical residual pressures in the
warm sections remained below fmbar N-equivalent in IR1 and were practically negligible in
NEG coated sections — as predicted by early simulati@f [

3 The ATLAS detector

The ATLAS detector 14] at the LHC covers nearly the entire solid angle around ther&ction
point with calorimeters extending up to a pseudorapifity= 4.9. Heren = —In(tan(8/2)), with
6 being the polar angle with respect to the nominal LHC beara-li

5The most abundant gases arg BO, CQ and CH,. For simplicity a common practice is to describe these with a
N»-equivalent, where the equivalence is calculated on this b&she inelastic cross section at beam energy.



In the right-handed ATLAS coordinate system, with its amigi the nominal IP, the azimuthal
angle @ is measured with respect to theaxis, which points towards the centre of the LHC ring.
Side A of ATLAS is defined as the side of the incoming clockwistC beam-1, while the side of
the incoming beam-2 is labelled C. Thaxis in the ATLAS coordinate system points from C to
A, i.e. along the beam-2 direction.

ATLAS consists of an inner tracking detector (ID) in thg < 2.5 region inside a 2 T super-
conducting solenoid, which is surrounded by electromagrastd hadronic calorimeters, and an
external muon spectrometer with three large supercormdpétiroid magnets. Each of these mag-
nets consists of eight coils arranged radially and symadlyi around the beam axis. The high-
edge of the endcap toroids is at a radius of 0.83 m and thepextea radius of 5.4 m. The barrel
toroid is at a radial distance beyond 4.3 m and is thus notaatdor studies in this paper.

The ID is responsible for the high-resolution measureménedex positions and momenta
of charged patrticles. It comprises a Pixel detector, aasilitacker (SCT) and a Transition Radi-
ation Tracker (TRT). The Pixel detector consists of threedbdayers at mean radii of 50.5 mm,
88.5mm and 122.5 mm each with a half-length of 400.5 mm. Tkerege in the forward region
is provided by three Pixel disks per sidezadistances of 495 mm, 580 mm and 650 mm from the
IP and covering a radial range between 88.8-149.6 mm. Thed &xsors are 250m thick and
have a nominal pixel size afp x z= 50 x 400um?. At the edge of the front-end chip there are
linked pairs of “ganged” pixels which share a read-out clehnfihese ganged pixels are typically
excluded in the analyses presented in this paper.

The ATLAS solenoid is surrounded by a high-granularity idgargon (LAr) electromagnetic
calorimeter with lead as absorber material. The LAr barogkcs the radial range between 1.5m
and 2m and has a half-length of 3.2 m. The hadronic calorimethe regionn| < 1.7 is provided
by a scintillator-tile calorimeter (TileCal), while hadric endcap calorimeters (HEC) based on
LAr technology are used in the regiorbk |n| < 3.2. The absorber materials are iron and copper,
respectively. The barrel TileCal extends fram=2.3m tor = 4.3 m and has a total length of
8.4m. The endcap calorimeters cover uprip= 3.2, beyond which the coverage is extended by
the Forward Calorimeter (FCAL) up t@| = 4.9. The highrn edge of the FCAL is at a radius
of ~ 70 mm and the absorber materials are copper (electromagueat) and tungsten (hadronic
part). Thus the FCAL is likely to provide some shielding fr@&iB for the ID. All calorimeters
provide nanosecond timing resolution.

The muon spectrometer surrounds the calorimeters and isased of a Monitored Drift Tube
(MDT) system, covering the region ¢f | < 2.7 except for the innermost endcap layer where the
coverage is limited ttn | < 2. Inthe|n| > 2 region of the innermost layer, Cathode-Strip Chambers
(CSC) are used. The CSCs cover the radial range 1-2 m andcatedoatz| = 8 m from the IP.
The timing resolution of the muon system i$8s for the MDT and 7ns for the CSC. The first-
level muon trigger is provided by Resistive Plate ChambRRQ) up to|n| = 1.05 and Thin Gap
Chambers (TGC) for.05< |n| < 2.4.

Another ATLAS sub-detector extensively used in beam-eeladtudies is the Beam Condi-
tions Monitor (BCM) [L5]. Its primary purpose is to monitor beam conditions and ctea@oma-
lous beam-losses which could result in detector damagedeXsbm this protective function it is
also used to monitor luminosity and BIB levels. It considt$wmo detector stations (forward and
backward) with four modules each. A module consists of twlyggstalline chemical-vapour-



deposition (pCVD) diamond sensors, glued together badlatdk and read out in parallel. The
modules are positioned at= +184 cm, corresponding t'c = 6.13 ns distance to the interaction
point. The modules are at a radius of 55 mm, i.e. atrgrof about 4.2 and arranged as a cross
— two modules on the vertical axis and two on the horizontdie &ctive area of each sensor is
8 x 8mn?. They provide a time resolution in the sub-ns range, andrarewell suited to identify
BIB by timing measurements.

In addition to these main detectors, ATLAS has dedicatedatiets for forward physics and
luminosity measurement (ALFA, LUCID, ZDC), of which only LQID was operated throughout
the 2011 proton run. Despite the fact that LUCID is very cluséhe beam-line, it is not partic-
ularly useful for background studies, mainly because siolii activity entirely masks the small
background signals.

An ATLAS data-taking session (run) ideally covers an ensirgble beam period, which can
last several hours. During this time beam intensities anarasity, and thereby the event rate,
change significantly. To optimise the data-taking efficierioe trigger rates are adjusted several
times during a run by changing the trigger prescales. To edgethese changes and those in
detector conditions, a run is subdivided into luminositydis (LB). The typical length of a LB in
the 2011 proton-proton run was 60 seconds. The definitiotagmnthe intrinsic assumption that
during a LB the luminosity changes by a negligible amountarigfes to trigger prescales and any
other settings affecting the data-taking are always atigmi¢h LB boundaries.

In order to assure good quality of the analysed data, listsiné and LBs with good beam
conditions and detector performance are used. Furtherrtiaee are quality criteria for various
reconstructed physics objects in the events that help tmgigssh between particle response and
noise. In the context of this paper, it is important to memtioe quality criteria related to jets re-
constructed in the calorimeters. The jet candidates useddne reconstructed using the aqtjet
clustering algorithm 16] with a radius parametd® = 0.4, and topologically connected clusters of
calorimeter cells17] are used as input objects. Energy deposits arising frotiches showering
in the calorimeters produce a characteristic pulse in thé-mit of the calorimeter cells that can be
used to distinguish ionisation signals from noise. The meskpulse is compared with the expec-
tation from simulation of the electronics response, andgiledratic differenc&.e between the
actual and expected pulse shape is used to discriminate friois real energy depositsSeveral
jet-level quantities can be derived from the following dellel variables:

e fygc. Fraction of the jet energy in the HEC calorimeter.

e (Q). The average jet quality is defined as the energy-squareghteei average of the pulse
quality of the calorimeter cells.en) in the jet. This quantity is normalised such that0

(Q) < 1.

Gch” is computed online using the measured samples of the pudge shtime as

N
Quell = 3 (5 —AP™S? (3.1)

=1

whereA is the measured amplitude of the signt]} s;j is the amplitude of each Samp]eandg?hysis the normalised
predicted ionisation shape.



° fCL?Af. Fraction of the energy in LAr calorimeter cells with poagrsal shape qualityQ@eey >
4000).

° f(S'EC. Fraction of the energy in the HEC calorimeter cells with psignal shape quality
(Qcenl > 4000).

e Eneg Energy of the jet originating from cells with negative egethat can arise from elec-
tronic noise or early out-of-time pile-up.

4 Characteristics of BIB

At the LHC, BIB in the experimental regions are due mainlyhieee different processe$4-21]:

e Tertiary halo: . protons that escape the cleaning insertions and are |dishibimg apertures,
typically the TCT situated dz| ~ 150m from the IP.

e Elastic beam-gas:elastic beam-gas scattering, as well as single diffractoagtering, can
result in small-angle deflections of the protons. These ealodt on the next limiting aper-
ture before reaching the cleaning insertions. These adtkttoss rate on the TCTs.

¢ Inelastic beam-gas:inelastic beam-gas scattering results in showers of secgparticles.
Most of these have only fairly local effects, but high-eryenguons produced in such events
can travel large distances and reach the detectors evertlibHC arcs.

By design, the TCT is the main source of BIB resulting frontiéey halo losses. Since it is in
the straight section with only the D1 dipole and inner trigleparating it from the IP, it is expected
that the secondary particles produced in the TCT arrive therasmall radii at the experiment.
The losses on the TCT depend on the leakage from the primdlignators, but also on other
bottlenecks in the LHC ring. Since the betatron cleaning ISHC point 7, halo of the clockwise
beam-1 has to pass two LHC octants to reach ATLAS, while b2dmalo has six octants to cover,
with the other lowp experiment, CMS, on the way. Due to this asymmetry, BIB dulesses on
the TCT cannot be assumed to be symmetric for both beams.

There is no well-defined distinction between halo and eldstiam-gas scattering because
scattering at very small angles feeds the halo, the formaifovhich is a multi-turn process as
protons slowly drift out of the beam core until they hit thenpary collimators in the cleaning
insertions at IP3 and IP7. Some scattering events, howkaat, to enough deflection that the
protons are lost on other limiting apertures before theghdhe cleaning insertions. The most
likely elements at which those protons can be lost closed@#periments are the TCTs. The rate
of such losses is in addition to the regular tertiary haloisTomponent is not yet included in the
simulations, but earlier studies based on 7 TeV beam enegpest that it is of similar magnitude
as the tertiary halo0]. The same 7 TeV simulations also indicate that the partdid&gibutions at
the experiment are very similar to those due to tertiary hadees.

The inelastic beam-gas rate is a linear function of the beaemsity and of the residual pres-
sure in the vacuum chamber. The composition of the resicamldgpends on the surface charac-
teristics of the vacuum chamber and is different in warm agdgenic sections and in those with

7Out-of-time pile-up refers to proton-proton collisionscaering in BCIDs before or after the triggered colli-
sion event.
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NEG coating. Although several pressure gauges are presammichthe LHC, detailed pressure
maps can be obtained only from simulation similar to thosedeed in P2]. The gauges can then
be used to cross-check the simulation results at seleciatspdhe maps allow the expected rate
of beam-gas events to be determined. Such an interactitmbdi®n, calculated for the condi-
tions of LHC fill 2028, is shown in figurd. The cryogenic regions, e.g. inner triplet (23-59m),
the magnets D2 & Q4, Q5 and Q6 at170 m,~ 200 m and~ 220 m, respectively, and the arc
(>269 m), are clearly visible as regions with a higher rate,levtiie NEG coating of warm sec-
tions efficiently suppresses beam-gas interactions. ThE B€ing a warm element without NEG
coating, produces a prominent spike~al50 m. In the simulations it is assumed that the rate and
distribution of beam-gas events are the same for both beams.

4.1 BIB simulation methods

The simulation of BIB follows the methods first outlined ih9], in particular the concept of a
two-phase approach with the machine and experiment siiongabeing separate steps. In the first
phase the various sources of BIB are simulated for the LH@ngdy [9, 21]. These simulations
produce a file of particles crossing an interface plane-at22.6 m from the IP. From this plane



onwards, dedicated detector simulations are used to patp#ee particles through the experimen-
tal area and the detector. Contrary to earlier studi®s 20, 23], more powerful CPUs available
today allow the machine simulations to be performed withmasing® This has the advantage of
preserving all correlations within a single event and tHiese event-by-event studies of detector
response. The beam halo formation and cleaning are sirdukéth SixTrack p4], which com-
bines optical tracking and Monte Carlo simulation of paetiniteractions in the collimators. The
inelastic interactions, either in the TCT based on the impaordinates from SixTrack, or with
residual gas, are simulated with Bk A [25]. The further transport of secondary particles up to the
interface plane is also done with. BKA .

High-energy muons are the most likely particles to cause fak signals in the calorime-
ters. At sufficiently large muon energies, typically abo@® GeV, radiative energy losses start to
dominate and these can result in local depositions of afgignt fraction of the muon energy via
electromagnetic and, rarely, hadronic casca@éf [

The TCTs are designed to intercept the tertiary halo. Theg thpresent intense — viewed
from the IP, almost point-like — sources of high-energy seleoy particles. The TCTs are in the
straight section and the high-energy particles have agttonentz boost along. Although they
have to traverse the D1 magnet and the focusing quadrupefesetreaching the interface plane,
most of the muons above 100 GeV remain at radii below 2 m.

The muons from inelastic beam-gas events, however, caimatégeither from the straight
section or from the arc. In the latter case they emerge taiadjgrto the ring or pass through
several bending dipoles, depending on energy and chargen effects cause these muons to be
spread out in the horizontal plane so that their radialiigtion at the experiment shows long tails,
especially towards the outside of the ring.

In the following, some simulation results are shown, bagsethe distribution of muons with
momentum greater than 100 GeV at the interface plane. Tlsome® restrict the discussion to
muons is twofold:

1. The region between the interface plane and the IP is cowsréeavy shielding and detector
material. All hadrons and EM-patrticles, except those witthie 17 mm TAS aperture or
at radii outside the shielding, undergo scattering andltréswa widely spread shower of
secondary particles. Therefore the distributions of thggséicles at the interface plane do
not directly reflect what can be seen in the detector data.

2. High-energy muons are very penetrating and rather urtafldoy material, but they are also
the cause of beam-related calorimeter background. Ther#fe distribution of high-energy
muons is expected to reflect the fake jet distribution seesata. The muon component is
less significant for the ID, but its distribution can stilveal interesting effects.

Figure5 shows the simulategdistribution of inelastic beam-gas events resulting inghh
energy muon at the interface plane. In order to reach laeghrthe muons have to originate from

8There are several biasing techniques available in MontlGanulations. All of these aim at increasing statistics
in some regions of phase space at the cost of others by mieglifiie physical probabilities and compensating this by
assigning non-unity statistical weights to the particlas.an example the life-time of charged pions can be decreased
in order to increase muon statistics. The statistical wed§leach produced muon is then smaller than one so that on
average the sum of muon weights corresponds to the truegathysbduction rate.
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Figure 5. Simulated distribution of the-coordinates of inelastic beam-gas events from which a muitm
more than 100 GeV has reached the interface plane at 22.6etwbhcurves correspond to muons at radii
below and above 1 m at the interface plane.

more distant events. Since the barrel calorimetevhich detect the possible fake jets, cover radii
above 1 m, the fake jet rate is not expected to be sensitiviose-ty beam-gas interactions and
therefore not to the pressure in the inner triplet. Thissedssed later in the context of correlations
between background rates and pressures seen by the vacugesgdz| = 22 m and|zl = 58 m.

Figure6 shows the simulated radial distributions of high-energyonsufrom inelastic beam-
gas events taking place at various distances from the IRré&#ysuggests that the regions with
highest interaction rate are the inner triplet, the TCTargthe cold sections in the LSS beyond
the TCT, and the arc. In NEG-coated warm regions the expéeamh-gas rate is negligible, which
allows the interesting sections to be grouped into four wiglgons, as indicated at the bottom
of figure 4. It is evident from figureb that at very small radii beam-gas interactions in the inner
triplet dominate, but these do not give any contributionsaali beyond 1 m. The radial range
between 1-4 m, covered by the calorimeters, gets conwisitirom all three distant regions, but
the correlation between distance and radius is very strodgrathe TileCal { = 2—4 m) muons
from the arc dominate by a large factor. Beyond a radius of iy the arc contributes to the
high-energy muon rate.

9Fake jets can be produced also in the endcap and forwardraters, but due to higher rapidity are less likely to
fake a highpr jet.
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Figure 6. Simulated radial distribution at the interface plane ofomsifrom inelastic beam-gas collisions
and from the beam-2 TCT. The four solid curves corresponduorna originating from beam-gas events in
different regions of the LSS and the adjacent LHC arc. Théedsurve shows the distribution of muons
from the beam-2 TCT, normalised to%1f/s lost on the TCT. The letters refer to the regions indicated
figure 4.

The dashed curve in figushows the radial distribution of high-energy muons froneiat-
tions in the TCT, which represents a practically point-Kceirce situated at slightly less than 150 m
from the IP. It can be seen that the radial distribution isegoonsistent with that of beam-gas colli-
sions in thez=59-153 m region. The TCT losses lead to a fairly broad maxirbalowr = 1 m,
followed by a rapid drop, such that there are very few higbrgy muons from the TCT at> 3 m.
The absolute level, normalised to the average loss rateqi/4®n the TCT, is comparable to that
expected from beam-gas collisions.

Figure 7 shows the simulated-distribution of the high-energy muons for different rddia
ranges and regions of origin of the muons. At radii below 1 erttuons from the inner triplet show
a structure with four spikes, created by the quadrupoledieidhe focusing magnets. Muons from
more distant locations are deflected in the horizontal planéhe separation and recombination
dipoles creating a structure with two prominent spikes. fitpere shows both charges together,
but actually D1 separates, according to charge, the mudgisating from within 59-153 m. Since
D2 has the same bending power but in the opposite directiolonsfrom farther away are again
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Figure 7. Simulated azimuthal distribution of beam-gas muons airttezface plane in four different radial
ranges. The regions of origin considered are the same asurefyy The values have not been normalised
to unit area, but represent the rate over the entire surfacghieh is different in each plot. The letters
refer to the regions indicated in figur¢ The contribution from nearby regions drops quickly witidices.
Histograms with negligible contribution have been supgeds

mixed. The same two-spiked structure is also seen at laagér Beyondr = 2 m a slight up-down
asymmetry is observed, which can be attributed to a non-stniorposition of the beam-line with
respect to the tunnel floor and ceiling — depending on theoregihe beam-line is about 1 m
above the floor and about 2 m below the ceiling. This causedfexatit free drift for upward-
and downward-going pions and kaons to decay into muons défieeracting in material. Since
the floor is closer than the roof, fewer high-energy muonsapected in the lower hemisphere. A
similar up-down asymmetry was already observed in caldrimenergy deposition when 450 GeV
low-intensity proton bunches were dumped on the TCT durirClbeam commissioning2[],
although in this case high-energy muons probably were d saratribution to the total calorimeter
energy. Finally, at radii beyond 4 m, only muons from the amtdbute. The peak dtp| = mis
clearly dominant, and is due to the muons being emitted taradly to the outside of the ring.
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Trigger item Description Usage in background studies
L1 BCM_AC_CA BGRPO BCM background-like coincidence BIB level monitoring
L1_BCM_AC_CA_Unpairediso | BCM background-like coincidence BIB level monitoring
L1_BCM_Wide_Unpairediso BCM collision-like coincidence Ghost collisions

L1 BCM_Wide_UnpairedNonlso| BCM collision-like coincidence Ghost collisions
L1_J1QUnpairediso Jet withpr >10GeV at L1 Fake jets & ghost collisions
L1 J1QUnpairedNonlso Jet withpr > 10GeV at L1 Fake jets & ghost collisions

Table 1. ATLAS trigger items used during the 2011 proton runs forkgaound studies and monitoring.

5 BIB monitoring with Level-1 trigger rates

The system that provides the Level-1 (L1) trigger decistbe, ATLAS Central Trigger Processor
(CTP) [28], organises the BCIDs into Bunch Groups (BG) to accountliervery different char-
acteristics, trigger rates, and use-cases of collidingairad, and empty bunches. The BGs are
adapted to the pattern of each LHC fill and their purpose igdotogether BCIDs with similar
characteristics as far as trigger rates are concerned. rlicydar, the same trigger item can have
different prescales in different BGs.

The BGs of interest for background studies are:

e BGRPO, all BCIDs, except a few at the end of the abort gap

Paired, a bunch in both LHC beams in the same BCID

Unpaired isolated (Unpairedlso), a bunch in only one LHC beam with no bunch éndther
beam within+ 3 BCIDs.

Unpaired non-isolated (UnpairedNonlso), a bunch in only one LHC beam with a nearby
bunch (within three BCIDs) in the other beam.

e Empty, a BCID containing no bunch and separated from any bunch least five BCIDs.

The L1 trigger items which were primarily used for backgrdumonitoring in the 2011 proton
run are summarised in tableand explained in the following.

The LLBCM_AC_CA trigger is defined to select particles travelling patdtehe beam, from
side A to side C or vice-versa. It requires a background-tikacidence of two hits, defined as
one (early) hit in a time window-6.25+ 2.73 ns before the nominal collision time and the other
(in-time) hit in a time window+6.25+ 2.73 ns after the nominal collision time.

Tablel lists two types of BCM background-like triggers — one in BGRRANd the other in
the Unpairediso BG. The motivation to move from_BCM_AC_CA_BGRPO, used in 201®p],
to unpaired bunches was that a study of 2010 data revealegphificeint luminosity-related con-
tamination due to accidental background-like coincidsringhe trigger on all bunches (BGRPO).
Although the time window of the trigger is narrow enough teadiminate collision products from
the actually passing bunch, each proton-proton event igwetd by afterglow 80], i.e. delayed
tails of the particle cascades produced in the detectorrimhteThe afterglow in the BCM is
exponentially falling and the tail extends t010us after the collision. With 50 ns bunch spac-
ing this afterglow piles up and becomes intense enough te hawn-negligible probability for
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causing an upstream hit in a later BCID that is in backgrolikedcoincidence with a true back-
ground hit in the downstream detector arm. In the rest of ghjger, unless otherwise stated, the
L1_BCM_AC_CA_Unpairediso rate before prescaling is referred to as BCMdpacind rate.

A small fraction of the protons injected into the LHC escalpeirtnominal bunches. If this
happens in the injectors, the bunches usually end up in beigmg RF buckets. If the bunches
are within the same 25 ns BCID as the main bunch, they arereeffi¢o as satellites. If de- and re-
bunching happens during RF capture in the LHC, the protoreaspover a wide range of buckets
and if they fall outside filled BCIDs, they are referred to &esf charge.

The L1 BCM_Wide triggers require a collision-like coincidence, iretime hits on both sides
of the IP. The time window to accept hits extends from 0.398.19 ns after the nominal colli-
sion time.

The L1.J10 triggers fire on an energy deposition above 10GeV, abappately electromag-
netic scale, in the transverse plane imafp region with a width of about.@ x 0.8 anywhere within
In| < 3.0 and, with reduced efficiency, up tp = 3.2. Like the LLBCM_Wide triggers, the two
L1_J10 triggers given in tablkeare active in Unpairedlso or UnpairedNonlso bunches, wimakes
them suitable for studies of ghost collisions rates in thesecategories of unpaired bunches.

The original motivation for introducing the Unpairediso B@s to stay clear of this ghost
charge, while the UnpairedNonlso BG was intended to be usesbtimate the amount of this
component. However, as will be shown, an isolationd5 BCID is not always sufficient, and
some of the Unpairediso bunches still have signs of cofligiotivity. Therefore tablé lists the
Unpairedlso BG as suitable for ghost charge studies.

5.1 BCM background rates vs residual pressure

In order to understand the origin of the background seen &BEM, the evolution of the rates
and residual pressure in various parts of the beam pipe atianing of an LHC fill are studied.
The vacuum gauges providing data for this study are locat&8 m, 22 m and 18 m from the IP.
The pressures from these are referred to as P58, P22 andeBpé&c¢tively. Figur® shows a char-
acteristic evolution of pressures and BCM background rdtenithe beams are injected, ramped
and brought into collision. P58 starts to increase as sodreas, is injected into the LHC. The
pressure, however, does not reflect itself in the backgreeed by the BCM. Only when the beams
are ramped from 450 GeV to 3.5 TeV, does P22 increase, prédyichze to increased synchrotron
radiation from the inner triplet. The observed BCM backgubincrease is disproportionate to the
pressure increase. This is explained by the increasing legemyy, which causes the produced
secondary particles, besides being more numerous, to hghertprobability for inducing pene-
trating showers in the TAS, which is between the 22 m point taiedBCM. The pressure of the
third gauge, located at 18 m in a NEG-coated section of theuragipe, is not shown in figui@
The NEG-coating reduces the pressure by almost two ordarsaghitude, such that the residual
gas within+ 19 m does not contribute significantly to the background. ratzording to figured,
the pressure measured by the 22 m gauge is constant throeigmtine inner triplet® This and
the correlation with P22 suggest that the background se¢hebBCM is due mostly to beam-gas
events in the inner triplet region.

10The pressure simulation is based, among other aspectseadtisthibution and intensity of synchrotron radiation,
which is assumed to be constant within the triplet.
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This conclusion is further supported by fig@®here the BCM background rate versus P22 is
shown. In the plot each point represents one LB, i.e. abogeé06nds of data-taking. Since beam
intensities decay during a fill, the pressures and backgroate also decrease so that individual
LHC fills are seen in the plot as continuous lines of dots. Alalthough not perfect, correlation
can be observed. There are a few outliers with low pressutegeatively high rate. All of these
are associated with fills where P58 was abnormally high.

The relative influence of P22 and P58 on the BCM backgroundsivatied in a special test,
where the small solenoids around the beam pipe at 58 m, itketadsuppress electron-cloud for-
mation, were gradually turned off and back on again. Fidifeshows the results of this study.
The solenoids were turned off in three steps and due to thet ofi€lectron-cloud formation the
pressure at 58 m increased by a factor of about 50. At the sameehe pressure at 22 m showed
only the gradual decrease due to intensity lifetime. Witk $blenoids turned off, P58 was about
nine times larger than P22. At the same time the BCM backgtaate increased by only 30%,
while it showed perfect proportionality to P22 when the solds were on and P58 suppressed.
This allows quantifying the relative effect of P58 on the B®&tkground to be about 3-4% of that
of P22. If these 3-4% were taken into account in fig8réhe outliers described above would be
almost entirely brought into the main distribution.

In summary, the BCM background trigger can be considerect ta iery good measurement
of beam-gas rate produced close to the experiment, whilasitibw efficiency to monitor beam
losses far away from the detector.
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5.2 BCM background rates during 2011

Figurell shows the BCM background rate for the 2011 proton runs tegetith the P22 average
residual pressure. These rates are based on tHAM_AC_CA _Unpairedlso trigger rates, which
became available after the May technical stop of the LHC.iiauthe period covered by the plot,
the number of unpaired bunches and their location in the dittgpn changed considerably. No
obvious correlation between the scatter of the data andk tbleanges could be identified. No
particular time structure or long-term trend can be obgkimehe 2011 data. The average value of
the intensity-normalised rate remains just below 1 Hz thhmut the year.

Except for a few outliers, due to abnormally high P58, the BBAdkground rate correlates
well with the average P22 residual pressure, in agreemetht figure 9 and the discussion in
section5.1

5.3 Observation of ghost charge

The BCM allows studies of the amount of ghost charge in noltyirempty BCIDs. The
background-like trigger can be used to select beam-gagseesated by ghost charge. Since,
for a given pressure, the beam-gas event rate is a functidourath intensity only, this trigger
yields directly the relative intensity of the ghost chargéhwespect to a nominal bunch, in princi-
ple. The rate, however, is small and almost entirely absbilbackgrounds, mainly the accidental
afterglow coincidences discussed at the beginning of #aian. Another problem is that due to
the width of the background trigger time window, only the rgjeain two or three RF buckets is
seen, depending on how accurately the window is centrechdrihie nominal collision time.
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A more sensitive method is to look at the collisions of a ghmstch with nominal bunches.
Provided the emittance of the ghost bunches is the sametasf th@minal ones, the luminosity of
these collisions, relative to normal per-bunch luminogityes directly the fraction of ghost charge
in the bucket with respect to a nominal bunch. The collisiprabe the ghost charge only in the
nominal RF bucket, which is the only one colliding with thepaired bunch. The charge in the
other nine RF buckets of the BCID is not seen. Data from thegitadinal Density Monitors
of the LHC indicate that the ghost charge is quite uniformistributed in all RF buckets of a
non-colliding BCID B1, 32].

Figure 12 shows a summary of BCM collision-like and background-likigger rates for a
particularly interesting BCID range of a bunch pattern wi17 colliding bunches. For this plot,
several ATLAS runs with the same bunch-pattern and comfmialiial beam intensities have
been averaged. The first train of a batch is shown with pati@&econd train. The symbols show
the trigger rates with both beams at 3.5 TeV but before theybavught into collision, while the
histograms show the rates for the firsi5 minutes of stable beam collisions. This restriction to th
start of collisions is necessary since the rates are notals®a by intensity, and a longer period
would have biased the histograms due to intensity decaygidws of six unpaired bunches each
in front of the beam-2 trains (around BCID 1700 and 1780, &etyely) and after the beam-1 train
(around BCID 1770) can be clearly seen. These show the sackgroand trigger rate before and
during collisions. As soon as the beams collide, the collisiate in paired BCIDs rises, but the
background rate also increases by about an order of magniAglexplained before, this increase
is due to accidental background-like coincidences frorargibw. The gradual build-up of this
excess is typical of afterglow build-up within the traB0].

The uppermost plot in figurg2, showing the collision rate, reveals two interesting festu

e Collision activity can be clearly seen in front of the traim,BCIDs 1701, 1703 and 1705.
This correlates with slightly increased background seethémiddle plot for the same
BCIDs. This slight excess seen both before and during @mtlisis indicative of ghost charge
and since there are nominal unpaired bunches in beam-2 mdkehing BCIDs, this results
in genuine collisions. It is worth noting that a similar egsedoes not appear in front of
the second train of the batch, seen on the very right in ths plthis is consistent with no
beam-1 ghost charge being visible in the middle plot arouG¢CB1780.

e Another interesting feature is seen around BCID 1775, whesenall peak is seen in the
collision rate. This peak correlates with a BCID range whHagam-1 bunches are in odd
BCIDs and beam-2 in even BCIDs. Thus the bunches are intedeaith only 25 ns spac-
ing. Therefore this peak is almost certainly due to ghostgghin the neighbouring BCID,
colliding with the nominal bunch in the other beam.

The two features described above are not restricted toesingIC fills, but appear rather
consistently in all fills with the same bunch pattern. Thuseiéms reasonable to assume that this
ghost charge distribution is systematically produced aitijectors or RF capture in the LHC.

Figure 12 suggests that the definition of an isolated bunch, used byA&In 2011, is not
sufficient to suppress all collision activity. Instead ofju&ing nothing in the other beam within
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Figure 13. L1_J10 trigger rate in different classes of unpaired bunclatgm as a function of the luminosity
of colliding bunches after subtraction of the luminosigpéndent pedestal, determined from the empty
bunches.

+ 3BCIDs, a better definition would be to require an isolatigntb7 BCIDs. In the rest of this
paper, bunches with such stronger isolation are callgubr-isolated Superlso):t

5.4 Jettrigger rates in unpaired bunches

The L1.J1QUnpairedlso trigger listed in tablkis in principle a suitable trigger to monitor fake-jet
rates due to BIB muons. Unfortunately the 110 trigger rate has a large noise component due to
a limited number of calorimeter channels which may be adigdty a large source of instrumental
noise for a short period of time, on the order of seconds outas While these noisy channels are
relatively easy to deal with offline by considering the pudbape of the signal, this is not possible
at trigger level. In this study, done on the trigger ratesaldhe fluctuations caused by these noise
bursts are reduced by rejecting LBs where the intensityaatised rate is more than 50% higher
than the 5-minute average.

Another feature of the J10 trigger is that the rates show a@m#gnce on the total lumi-
nosity even in the empty bunches, i.e. there is a luminaigjyendent constant pedestal in all
BCIDs. While this level is insignificant with respect to trege in colliding BCIDs, it is a non-
negligible fraction of the rates in the unpaired bunchestefoove this effect the rate in the empty
BCIDs is averaged in each LB separately and this pedestalbisasted from the rates in the
unpaired bunches.

LFor the start of 2012 data-taking the Unpairediso BG wasfireet: to match this definition of Superlso.
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Figure 14. Correlation of L1J10 and BCM collision trigger rates in different classes opaired bunch
isolation.

Figure 13 shows these pedestal-subtracted 1D trigger rates in unpaired bunches, plotted
against the luminosity of colliding bunches. Provided titemsity of ghost bunches is proportional
to the nominal ones, their emittance is the same as that ofialdounches and if all the rate is
due to proton-proton collisions, a good correlation is exp@. Indeed, the UnpairedNonlso rates
correlate rather well with the luminosity, indicating tlzelarge fraction of the rate is due to bunch-
ghost encounters. Even the Unpairedlso rates show soneatmn, especially at low luminosity.
This suggests that even these isolated bunches are paitedsome charge in the other beam
which is consistent with figur&2. In superlso bunches, i.e. applying an even tighter ismiathe
correlation mostly disappears and the rate is largely iaddpnt of luminosity.

If the rates shown in figur&3 are dominated by collisions, then this should be reflected as
a good correlation between the J10 and BCM collision-likgger rates. Figurd4 shows that
this is, indeed, the case. While the correlation is ratheakafer the superlso bunches, it becomes
increasingly stronger with reduced isolation criteria.

6 Studies of BIB with the ATLAS Pixel detector

6.1 Introduction

Like the BCM, the ATLAS Pixel detector is very close to the lene, so it is sensitive to similar
background events. However, while the BCM consists of omjjteactive elements, the Pixel
detector has over 80 million read-out channels, each quoresng to at least one pixel. This fine
granularity enables a much more detailed study of the ctexisiics of the BIB events.

As shown in sectiorb, the BCM background rate is dominated by beam-gas eventhierr
close proximity to ATLAS. Energetic secondary particlesnfrbeam-gas events are likely to im-
pinge on the TAS and initiate showers. The particles emgrfiom the TAS towards the Pixel
detector are essentially parallel to the beam-line andether typically hit only individual pixels
in each endcap layer, but potentially leave long continumagks in Pixel barrel sensors. If a beam-
gas event takes place very close to the TAS, it is geomdtripabksible for secondary particles to
pass through the aperture and still hit the inner Pixel layer

In studies using 2010 dat&9] the characteristic features of high cluster multipliciyd the
presence of long clusters in tlzedirection in the barrel, were found to be a good indicator of
background contamination in collision events.
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ATLAS Pixels

Figure 15. A high-multiplicity BIB event in the Pixel detector, shavg the typically long pixel clusters
deposited in the barrel region. On the left is the layout efflixel detector barrel viewed along the beam-
line and the right shows the event display in a zoomed region.

The study in ref. 29] was done by considering paired and unpaired BCIDs separ&tem-
paring the hit multiplicity distributions for these two splhas allows the differences between BIB
and collision events to be characterised. An independetitadeo identify BIB events is to use the
early arrival time on the upstream side of the detector. &vhié time difference expected from the
half length of the Pixel detector is too short to apply thidmoe with the pixel timing alone, corre-
lations with events selected by other, larger, ATLAS sutec®rs with nanosecond-level time res-
olution are observed. For example, BIB events identified bigaificant time difference between
the BCM stations on either side of ATLAS, are also found toileixltarge cluster multiplicity in
the Pixel detectorZ9].

The characterisation of BIB-like events by comparing dbsitions for paired and unpaired
bunches, coupled with the event timing in other sub-detectdlows parameters to be determined
for the efficient identification of BIB in the Pixel detectoFhe most striking feature in the Pixel
barrel of BIB-like events, compared to collision produdésshe shallow angle of incidence, which
causes Pixel clusters to be elongated alpnghere a cluster is defined as a group of neighbouring
pixels in which charge is deposited. Since the pixels havength of 40Qum, or larger, in the
z-direction, the charge per pixel tends to be larger than foaréicle with normal incidence on the
250um thick sensor. More significantly however, a horizontatkrés likely to hit many pixels
causing the total cluster charge to be much larger than fcay “collision” clusters.

In the following, the different properties of pixel clustegenerated by collisions and BIB
events are examined to help develop a background idenitiincatgorithm, which relies only on
the cluster properties. The BIB tagging efficiency is qu@tdiand the tools are applied to study
2011 data.

6.2 Pixel cluster properties

An example of a high-multiplicity BIB event is shown in figut®, in which the elongated clusters
in the barrel region can be observed.

The differences in average cluster properties for colidike and BIB-like events are shown
in figure 16. For each barrel layer and endcap, the pixel cluster columdthvin then direction
is averaged over all clusters and plotted against the psapidity of the cluster position. Ganged
pixels are excluded and no requirement for the clusters esbeciated with a track is applied.
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Figure 16. Pixel cluster width (inn direction) versus pseudorapidity for (a, c) collision abdd) back-
ground data and Monte Carlo simulation.

For collisions, shown on the left of figus, the cluster width is a function af simply for
geometrical reasons and the agreement between data and Marid simulation33] is good.

The distribution for BIB-like events is shown on the righdlesiof figurel6. The upper plot
shows data in super-isolated unpaired bunches for eveaitsath selected using the background
identification tool, which is described in sectiéB. The distribution is independent gf as ex-
pected for BIB tracks. A detailed simulatio®]] described in sectiod, was interfaced to the
ATLAS detector simulation to check the cluster propertied&am-gas events. Based on the as-
sumption that BIB in the detector is dominated by showerninipé TAS, a 20 GeV energy transport
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cut was used in the beam-gas simulations. This high cut atlowaximisation of the statistics by
discarding patrticles that would not have enough energy tefpate the 1.8 m of copper of the
TAS. Here it is assumed that particles passing through th® dgerture, which might have low
energy, do not change the average cluster properties simiify — an assumption that remains
to be verified by further, more detailed, simulations. Tha&rdutions are found to match very
well the distributions observed in data. It can also be seam figure16 that the clusters in the
endcaps are small and of comparable size for both collisients and BIB. This is expected from
the geometry, because at thevalues covered by the endcap disks, the collision prochate a
very small angle with respect to the beam-line. In the Balegler O clusters are systematically
larger than layer 1 and layer 2 for smal] due to the beam spot spread along the beam-line.

In the Pixel detector, the charge deposited in each pixeldasured from the time that the
signal is above the discriminator threshold. After appiatprcalibration, the charge is determined
and summed over all pixels in the cluster. Figieshows the charge versus the cluster column
width for the outer barrel layer for the same data and MontéoGamples that are used for fig-
ure 16. As expected, the majority of clusters are small both in teafspatial extent and amount
of charge.

However, differences between BIB and collision sampleoimecapparent when clusters of
larger size or charge are considered. In the BIB eventspagstrorrelation is observed between
cluster width and deposited charge, because the elonghtsigrs tend to align along the beam
direction. Large clusters in collision events, howeveryragse either from secondary particles
such asd-rays or low-momentum loopers, or from particles stoppimghie sensor (Bragg-peak).
Thus the clusters with large charges are not necessargpeli with the beam direction. These
features, seen in data, are qualitatively well reprodugetth® Monte Carlo simulations.

6.3 Pixel cluster compatibility method

The cluster characteristics of BIB particles have beenaitqul to develop a BIB identification
algorithm, based on a check of the compatibility of the potakter shape with BIB.

Only the cluster widthsAn and Ag, are necessary for an efficient selection of BIB. The
algorithm processes all clusters in the event, indepenafamhether the cluster is associated with
a track after reconstruction. Therefore, in addition toimdflanalysis, the algorithm is also suited
for rapid online monitoring of the background.

For each pixel cluster in the event, the algorithm computesbnditional probability to obtain
the measured cluster widtly = An (or Ag), (in units of pixels), given the cluster position in
pseudorapidity,n, and the barrel layer. Only pixel clusters in the barrel tayare considered,
as these provide the best discriminating power. The camditiprobability associated with each
possible source of the clustd? for collisions orP® for BIB, is retrieved from look-up tabled,S
for collisions orTp for BIB:

T (n,layen
SN TwP(n, layen

whereT\,ﬁ’b(n,Iayer) is the number of clusters with width for a givenn bin and barrel layer.
The values foi,;° were obtained using a data-driven method based on studiedlidfng and
unpaired bunches. The study was performed using LHC fill @2 2010, in which the bunch

PSP (w|n,layer) =

(6.1)
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Figure 17. Pixel cluster deposited charge versus cluster width (direction), for Pixel barrel clusters.

configuration had only one pair of colliding bunches in BCHDL and one unpaired bunch per
beam, in BCID 892 and 1786. In this sparse pattern, the ueghdiunches satisfied the definition
of being super-isolated.

The conditional probability distribution for pixel clusgein the innermost barrel layer is plot-
ted in figurel8, for different cluster widths and for collidind?® (left), and unpairedP® (right),
bunches. The probability distributions are shown for thestdr width in then direction only.
The other barrel layers have similar distributions, witdueed pseudorapidity coverage. As de-
scribed by eq. €.1), the pixel cluster width distributions are normalised lie total number of
pixel clusters in each pseudorapidity bin, so that the isdanultiplicity of all cluster widths can
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Figure 18. Conditional probability distributiong¢ andP®, for clusters in the innermost pixel barrel for (a)
colliding and (b) unpaired bunches respectively. The lgwet (c) shows the calculated BIB compatibility.

be compared. It is seen that the fraction of clusters withraicewidth depends strongly an for
colliding bunches, whereas the probability to generatertaicewidth of cluster is independent of
n for clusters from BIB.

The conditional probability distributions are used to d¢amst the compatibility of the cluster
with BIB rather than with collisions. The BIB compatibili6?, is defined as the ratio of conditional
probabilities, and is calculated independently for thetedow = An andw = Ag dimensions:

PP(w|n,layer)

b _
C°(w|n,layer) = Pe(w{n layen -

(6.2)
The resulting BIB compatibility is plotted in figurg&8(c) and has the expected distribution; the
longest pixel clusters in the central barrel region are st indicators of BIB. Similar plots are
obtained for the cluster widths in the orthogong| direction, and both directions are exploited to
calculate the background compatibility of the cluster.
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Figure 19. The average pixel cluster compatibility distributions fa) simulated collisions, (b) simulated
beam-gas, and (c) background data. The intensity scalegepts the number of events normalised by the
maximum bin.

After the compatibility is computed for each cluster in tem, the algorithm uses two meth-
ods to identify events containing BIB:

e Simple counting method. In the first method, each pixel cluster is taken to be comjeatib
with BIB if the cluster compatibility in both dimensions eexs the quality cu8®(An|n,
layer) > 20 andCP®(Ag|n,layer) > 4. The entire event is tagged as a BIB candidate if it
contains more than five BIB compatible clusters. The qualitis are tuned in Monte Carlo
simulation to efficiently select BIB events, while rejectioollisions.
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e Cluster compatibility averaging. In the second method, the cluster compatibilitie\im
andAg are independently averaged over all clusters in the everttvoAdimensional com-
patibility distribution is obtained, shown in figurd®(a) 19(b) and 19(c) respectively, for
simulated collision events, simulated beam-gas eventad&@ll1 data run. It is seen from
the Monte Carlo samples that the collision and BIB distitmg are centred in different
regions of the compatibility parameter space. The two regi@main distinct in the back-
ground data sample, one corresponding to the unpaired leolliting with ghost charge,
as discussed in sectidnh3, and possibly afterglow, while the other region is domidabg
beam-background events. A two-dimensional cut is appbesktect BIB candidates.

The simple counting method essentially relies on a suffieciember ¢ 5) of large BIB clus-
ters in the central barrel regions to identify BIB eventse Thuster compatibility averaging method
takes into account all clusters in the event, so it is swetéb identifying events containing fewer
large BIB clusters together with many smaller BIB clust&rkich may not be tagged by the simple
counting method. If a BIB event is overlaid with multiple kisibns, the additional collision-like
clusters pull the average compatibility for a BIB event todvihe centre of the collision distribu-
tion. An increase in pile-up therefore reduces the effigidioc tagging a BIB event using only
the cluster compatibility averaging method. However, tgging efficiency of the simple count-
ing method is robust against pile-up, since an event cdntpia sufficient number of large BIB
compatible clusters is always tagged. At high pile-up theging of collision-like clusters into
bigger ones reduces the rejection power for collision esjdygcause merged collision clusters are
more likely to be mistaken as originating from BIB — and thergireg probability is a function of
cluster density, which increases with pile-up. Thereftiie,combination of both methods is used
in the final algorithm to ensure the best possible efficiemay r@jection power over a wide range
of conditions, including the number of BIB pixel clustergtlire event.

Figures20(a) and 20(b) show the tagging efficiency in simulated beam-gas eventsttzad
mis-tagging rate in simulated collision events, respetyiv It should be noted that figur20(b)
is based on an average pile-up of 21 interactions per burdsiag, which implies that the peak
near 3000 clusters corresponds to an average of about 1&@rslin a single event. Figug®(c)
shows the tagged and untagged events in recorded backgiatadvhich contain mostly BIB and
sometimes single ghost collisions. The latter are seeneapebk around 200 clusters per event
and remain correctly untagged. The tail extending to a largaber of clusters is consistent with
the beam-gas simulation and is efficiently tagged as BlBalBinfigure 20(d) shows that the BIB
tagging efficiency is above 95% if there gre500 BIB pixel clusters in the event.

6.4 BIB characteristics seen in 2011 data

The pixel BIB tagging algorithm, described above, is appt® 2011 data to investigate the distri-
bution of the BIB clusters in the Pixel detector and to astessate of BIB events as a function of
the vacuum pressure upstream of the ATLAS detector.

The clusterg distribution for each barrel layer is plotted in figuz# for events which are se-
lected by the algorithm as containing BIB. The distributismormalised by the number of clusters
in collision events, which are not selected by the algorjthanreduce the geometrical effects of
module overlaps and of the few pixel modules that were iretgerduring this data-taking period.

— 29 —



J

ATLAS Simulation
\s=7TeV
Pythia Min Bias

3
o O
o o
o D
=2 D

=<
I <o F

ponennese

C

200000
B/

Z
777
70,5 e
75555500000

77
Z
7
Z

RN

\\\\\\\\\\&&“\

0
Salljug _owm__.mE‘_OZ

10?

4
0 0
- —

Untagged

T
N
LN

ATLAS Simulation

C3dau
et

N

Egeam = 3.5 TeV
Beam Gas

10?

o
o
—

N

Sallug pasijewlio

n%.v e
A S i
N
i

[ e QNN O
N NN
N NN
N NN
N = N

N N e
AT,

nnney s
NNy
NN
N
\ NN
NN

77
7
7
7
7
7

DLRLOIMNN e
= U/////// SRR

s

O
RS ..WQX.W%

8000

Pixel clusters per event

1

|

|

I
Y
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
%
%

Pixel clusters per event

(b)

(@)

ATLAS Simulation
|

Aouaoiy3

: Untagged

Background Data
CJal
Tagged

Egeam = 3.5 TeV

LHC Fill 2025

S
S

10% @*

0000000000000

/////wmmmm

s

s xxxmxxxm&
AL

o
o
-

e
s

Salug pasiewloN

6000

4000
Pixel clusters per event

2000

o

Pixel clusters per event

(d)

(©

Figure 20. The pixel BIB tagging algorithm applied to: Monte Carlo gaes of (a) beam-gas events, (b)

minimume-bias collisions with pile-up of 21 events per burcbssing, and (c) 2011 background data. The

tagging efficiency as a function of the pixel cluster multify is shown in (d). The efficiency is evaluated

from the beam-

gas simulation (a).

1T, corresponding to a horizontal spread of the BIB,

0 andg
most likely due to bending in the recombination dipoles. Awndown asymmetry is a

A small excess is observed @t

Iso appar-

ent, which might be an artifact of the vertical crossing angflthe beams. Additional simulation

studies are required to verify this hypothesis or to idgrgdme other cause for the efféét.

125ince the Pixel detector is very close to the beam-line,ithedl floor causing a similar effect in figurgcannot be

the cause here.
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7 BIB muon rejection tools

The BIB muon rejection tools described in this section aselan timing and angular information
from the endcap muon detectors and the barrel calorimetedsare primarily designed to identify
fake jets due to BIB. The events to which the rejection toalgplied are typically selected by jet
or EMSStriggers.

7.1 General characteristics

At radial distances larger than those covered by the aaeeptaf the tracking detectors, BIB can
be studied with the calorimeters and the muon system. Theblafel has a radial coverage from
1.5 to 20m and is therefore entirely covered by the radial range ®fGhthode-Strip Chambers
(CSC). The TileCal covers the radial range o2 < r < 4.3m which fully overlaps with the
acceptance of the inner endcaps of the Monitored Drift TMET) system.

The left plot in figure22 compares thep distribution of the leading jets in data from un-
paired bunches and from collisions. Both samples have gkdata quality requirements applied.
Furthermore, the unpaired bunches are cleaned from ghtlisiats by removing events with a
reconstructed primary vertex. A striking difference is@bed between the azimuthal distribution
of leading jets from collisions and BIB. Whereas for cobiss there is no preferregl direction
of jets, the azimuthal distribution for fake jets from BIBshtavo peaks, app = 0 and@ = . The
region between the two peaks is somewhat more populateg¥dd than forgp < 0. These features
are also seen in figuréand are explained by the arrangement of the dipole magnétharshield-
ing effect of the tunnel floor, respectively. The right plotfigure 22 shows that the reconstructed
time of the fake jets from BIB is typically earlier than foitgerom collisions. Physics objects from
collisions have timé ~ 0Ons since all the time measurements are corrected for thedfrlight

from the interaction point
tToF = V/ r2+22/c (7.2)
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Figure 22. Leading jetp (left) and time (right) in unpaired bunches and collisioteda

where ¢, 2) is the position of the physics object ands the speed of light. Since the high-
energy components of BIB arrive simultaneously with thegmdunch, the BIB objects have time
t ~ £|z|/c with respect to the interaction time, where the sign dependse direction of the BIB
particle. As the reconstructed times are corrected forithe-bf-flight, the reconstructed time of
the BIB objects can be calculated as

tgig = —z/C—tror for the A—C direction (7.2)
tgig = +2/C—troF for the C—A direction 13 (7.3)

These equations explain the observed time distributionguwdi22 astgg is negative for thez-
position where the BIB particle enters the detector anceim®es towards 0ns on its way out of the
detector on the other side. The entriegi@at> Ons in the unpaired-bunch data are due to pile-up
from the neighbouring interleaved bunches that are segghiat only a 25ns bunch spacing.

The response of the muon chambers to energetic BIB muorgslifiom that to muons from
collisions, primarily due to their trajectories but alsedo the early arrival time of the BIB muons
with respect to the collision products. Figut8shows sketches of both of these characteristic fea-
tures of BIB compared to the collision particles. The BIBtjudes have direction nearly parallel to
the beam-pipe, therefoi@os — Bqir ~ Gpos, Wherebpos, B4ir denote the reconstructed polar position
and direction, respectively. The collision products pdaothe interaction point and hence have
Bpos— Bair ~ 0. The reconstructed time of the BIB particles follows frogse(7.2) and (7.3). For
the endcap chambers, the BIB particles can arrive eithémim or early and the expected time can
be formulated as

tin-time - ‘HZ‘/C_ tTOF7 (7-4)
tearly = —|2|/C— troF. (7.5)

Forz>> r, the time-of-flight correction in eq.7(1) simplifies totror ~ |2|/c. As the reconstructed
times are corrected for the time-of-flight, the time of th&Bhrticles is eithet ~ (+|2 —|z|) /c=0
ort ~ (—|z —|7])/c = —2|Z|/c, depending on where along the path of the BIB particle thindihe
detector the object is reconstructed. This approximasdhuistrated in figure3(b).

13Thez-axis in the ATLAS coordinate system points from C to A.
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Figure 23. (a) Polar position and direction and (b) reconstructee tohthe BIB objects compared to the
collision objects.
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Figure 24. Difference between the reconstructed polar posifigg and the reconstructed polar direction
Bqir for the muon segments in the CSC (left) and the inner MDT epdiéght). Data from cleaned unpaired
bunches (points) are compared to collisions (filled hisaogr.

Hits in each muon station are grouped into segments whiclwvatie reconstruction of the
direction of the particle causing the hits. At least thres are required in order to form a segment.
Figure24 shows the difference between the reconstructed polari@o#ji,s and the reconstructed
polar direction8y; of the muon segments in the CSC and the inner MDT endcaps amexde
unpaired bunches and collision data which, as can be seeguire #3(a) is expected to be- 0
in collisions. This is indeed seen in figuPd where the entries for collisions at non-zero values
are due to angular resolution and particles bending in tteédal magnetic field. For BIB, where
AB = |Bpos— Buir| ~ Bpos the expected values aré £ AB < 14° for the CSC and\@ > 14° for
the inner MDT endcaps. The data clearly support the hypisthiest BIB muons are traversing the
detector parallel to the beam-line at radii beyond 1 m.

Figure25 shows the transverse position of the muon segments thatliv@ation nearly paral-
lel to the beam-pipe in the CSC and the inner MDT endcaps. iShissured by requiring6 > 5°
for the CSC and\@ > 10 for the inner MDT endcaps. Only data from unpaired bunchesised
in this plot, and the requirement on the direction of the maegments helps to reject contribu-
tions coming from ghost collisions and noise. Such muon segsnare referred to as “BIB muon
segments” in the text below. It is seen that the charged Bigbes are mostly in the plane of
the LHC ring f/ = 0). Most of the muon segments are located at 1.8 m and the distribution
is steeply falling further away from the beam-pipe. The ahdependence ang-asymmetry are
gualitatively consistent with figure® and 7, respectively. However, for BIB to be seen in data,
the events have to be triggered. This is mostly done by ggérs, which require calorimeter ac-
tivity. The inner edge of the LAr barrel is at= 1.5m which explains why the rise of BIB rates
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Figure 25. Position of the muon segments in the CSC and the inner MDTapslwith a direction nearly
parallel to the beam-pipe in the cleaned unpaired bunchks. afrow indicates the direction towards the
centre of the LHC ring (positive-axis). Units correspond to the number of entries per bin.

towards smaller radii, seen in figuBeis not reflected in the data. The jet triggers predominantly
select highly energetic BIB muons that penetrate into thericaeters and leave significant energy
depositions above the triggef threshold. Therefore, the pronounced azimuthal asymnoéthe
muon segments observed in fig@®corresponds mainly to high-energy BIB and fully reflects the
jet asymmetry seen in figug2.

Figure 26 shows the reconstructed time of the BIB muon segments imettainpaired
bunches and collision data. As stated above, the collisiodyzts arrive at ~ 0ns. As expected,
the time distribution of the muon segments in the inner MDtcaps from collision data shows
only a peak centred around 0 ns. However, for the CSC muonesggrthere are two extra peaks
in the time distribution located at50ns. These peaks are related to the out-of-time pile-upgalue
the 50ns bunch spacing. No such peaks are visible for the Midi€aps since the reconstruction
algorithm for the MDT is written in such a way that the outtiofte objects are suppressed. Fur-
thermore, it can be seen that the whole time distributionifeiCSC is shifted by.85 ns to positive
values'# In unpaired bunches, muon segments are expected to beiaitirae { ~ 0ns) or early
(t ~ —50ns) depending on whether the muon segment is created exitileg or entering the de-
tector (see figur@3(b)). The expected time of —50ns corresponds to the time-of-flight between
the muon stations on both sides of the detector that areddefz| ~ 8 m, and also coincides with
the time of the early out-of-time pile-up.

As discussed in sectiob.4, in some of the 2011 LHC bunch patterns, interleaved ungaire
bunches were created by shifting the bunch trains to ovearitipeach other. In these cases bunches
in opposite directions were separated by only 25 ns. Thespaik25ns which are visible in the
unpaired bunches in figu6 correspond to muon segments reconstructed from the naighigo

14This is due to the fact that half of the CSC channels have &ri2shift that is not corrected. Therefore, depending
on which CSC channels are used for the time reconstructiermtion segment time is shifted by 025 or 125 ns. The
three distinct peaks are not visible in the distribution tlumsufficient time resolution.

—34-—



- r R R R A I S ST S o 03l T B O L M ma ey
% C . Unpaired Bunches (June 16-28, 2011) ] % E . Unpaired Bunches (June 16-28, 2011) 7
§ 0'12; [ coliision Data (single run, 47 pb) B § 0.25 [ coliision Data (single run, 47 pb) 4
o r o E B
2 o1 e E
h - ATLAS h E ATLAS
& [ g 02— E
< 0.08 1 2
£ B E 015 E
S 0.06F ] S E
3 C 3 0 1:
S 0.04F 3 5 O
& . = F

0.021- .4-"."-.. 4 0.05~ =

r o) ..

ogTTTT

20 40 60 80 100 D05"F0"60 40 20 0 20 40 60 80 100
t [ns], CSC t [ns], MDT

9% 80 60 -40 20 0

Figure 26. Reconstructed time of the CSC muon segments (left) anattes MDT endcap segments (right)
with a direction nearly parallel to the beam-pipe. Data fideaned unpaired bunches (points) are compared
to collisions (filled histogram).

interleaved unpaired bunch. The amount of data enterirgptheaks is about 10% of all unpaired-
bunch data.

A muon that radiates enough energy to create a fake jet lasignificant fraction of its energy,
which is associated with a non-negligible momentum tranféhe deflection, to which the endcap
toroid field might also contribute in the case of MDT segmeistiarge enough, the outgoing muon
would not create a muon segment wlfj, ~ 0 on the other side of the detector, or it might even
miss the CSC or the inner MDT endcap altogether. Therefaentimber of entries in the early
peak is expected to be larger than in the in-time peak. ThdHatfewer early muon segments are
seen is due to the muon segment reconstruction that is ggtihior in-time measurements. Some
of the early CSC segments are lost due to the fact that theaeiaime window is not wide enough
to detect all the early hits. As for the MDT segments, thedadttime objects are suppressed by the
reconstruction algorithm.

7.2 BIB identification methods

The characteristic signatures of BIB described above ratgtia set of BIB identification methods.
These either utilise only the basic information (positidinection, time) of the muon segments, or
they try to match the muon segments to the calorimeter activi

7.2.1 Segment method

The segment method requires the presence of a BIB muon sggwieare G4y ~ 0, in the CSC
or the inner MDT endcap. This method is very efficient for nieg the empty bunch-crossings
from BIB. Since the method is completely independent ofwadeter information, it is suitable for
creating background-free empty bunch samples neededntfideoisy calorimeter cells.

7.2.2 One-sided method

The one-sided method requires the BIB muon segments andhaater clusters, with energy larger
than 10GeV, to be matched in relative azimuthal and radisitipos. The matching i is mo-
tivated by the fact that BIB muons are not bent azimuthallyth®/magnetic fields of the ATLAS
detector. The matching inis introduced in order to reduce the mis-identification putality of
this method due to accidental matching. While the toroiddtfdoes bend the trajectory i it
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Figure 27. Cluster time plotted as a function of itgposition in the LAr (left) and TileCal (right) for the
cleaned unpaired bunches. Only the clusters matching a BlBnnsegment are shown. The two bands,
covering the radial extent of the detectors, show the ergetine for the BIB clusters in.fm<r <2m

for LAr and 2m< r < 4.25m for TileCal going in the A~C or C—A direction. Units correspond to the
number of entries per bin.

can be assumed that the radial deflection remains smalldbrdmergy incoming muons, or muons
at radii below the inner edge of the endcap toroid. Ignorhegylow-energy clusters also helps to
suppress accidental matching. Depending on whether tha segment is early or in time and on
its position, the direction of the BIB muon may be recondedc The early (in-time) muon seg-
ments are selected such that the difference between thesteacted time and the expected time
tearly (tin-ime), defined in eqgs. 4.4) and (7.9), is less than 25ns, where the value is conservatively
chosen as half of the time-of-flight difference between thewmchambers on side A and side C.
The position of the calorimeter cluster Zrandr can be used to estimate the expected time of the
calorimeter energy deposition according to edg2)(or (7.3). Since the time resolution of the
calorimeter measurements~slns one can precisely compare the reconstructed clustemith

the expected value. The difference is required to be less2fas in order to flag the cluster as a
BIB candidate.

Figure 27 shows the cluster time as a function of the clugt@osition in unpaired bunches
separately for the LAr and the TileCal. Expected clusteresinfor the radial acceptance of the
calorimeters based on eq4..2) and (7.3) are also indicated for both directions of BIB. The ma-
jority of data is seen to fall within the expectation band.wdwer, there are also other interesting
features in the plot: for the LAr calorimeter, there is ablisiset of clusters with= 0Ons at allz
positions. These come from the ghost collisions in the uegadbunches. In both plots, one can
see a set of clusters in a pattern similar to the expectatomd but shifted by 25ns in time
to positive values. These entries correspond to the clisgmonstructed from the neighbouring
interleaved bunches, discussed already in segtithin

It follows from egs. {.2) and (7.3) that the expected time for BIB calorimeter clusters iselos
to Ons for small and large/z| on the side where BIB leaves the detector. Therefore, thesinieel
method has large mis-identification probability in the fard region.

Figure28 shows the leading jet time as a function of its pseudorapidievents identified by
the one-sided method. It can be seen that the characteénisticy pattern of the BIB calorimeter
clusters shown in figur27 is reflected in the properties of the reconstructed jets dBB.

— 36 —



30—

tiee [NS]
T

20—

10—

-10+

-20+

-305———

Figure 28. Time of the leading jet as a function of itsin the cleaned unpaired bunches. Only the events
identified by the one-sided method are shown.

7.2.3 Two-sided method

The two-sided method requires a BIB muon segment on botls $adée matched i andr to
a single calorimeter cluster of energy above 10GeV. Hem ctaster time is not checked. A
corresponding time difference between the two segmeneqigined instead. The expected time
difference, due to the relativeposition of the muon chambers on both sides of the spectesme
is At = 50ns. Since the time resolution of the CSC is about 7ns (seef2$) a conservative cut
of At > 25ns is applied.

Such an event topology is unlikely to be mimicked by collisioroducts which makes this
method particularly robust against mis-identification.

7.2.4 Efficiency and mis-identification probability

The efficiency €) of the identification methods is evaluated from the whol@12Qnpaired-bunch
data. General data quality assessments are imposed onmtipdesand ghost collisions are sup-
pressed by vetoing events with one or more reconstructethpyivertices. Noisy events are further
reduced by requiring a leading jet with a large transversenaraum ofpt > 120GeV. Jets from
the inner part of the calorimeter endcaps, where there isvadap with any muon chamber, are
suppressed by rejecting events with the leadingrjét- 2.8. However, the number of events with
the leading jet outside the calorimeter barfgl, > 1.5, is negligible anyway.

The mis-identification probabilityR;s) is determined in a back-to-back dijet sample from
collision data. This sample also meets the general datéyjueduirements and the events with at
least two jets as well as leading jet transverse momermttm 120GeV andn| < 2 are selected.
Furthermore, the second leading jet in this sample is reduiy have a similar transverse momen-
tum to the first one! :p%l < 0.2) and the two jets are required to be back-to-back in thesuense
plane Ag_j > 2.8). An event is mis-tagged as BIB if any of the muon segmentsatorimeter
clusters satisfy the requirements of the tagging methagtidsed above.
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method | efficiency+(stat) | mis-identification probability
segment | 0.816+0.017 0.46
one-sided| 0.542+0.013 0.014
two-sided| 0.160+ 0.006 10°°

Table 2. Efficiency and mis-identification probability of the BIB ddtification methods. The mis-
identification probabilities are derived from high-stitis samples, therefore no statistical uncertainties
are given.

The resultinge and Py,s are listed in table2. The high efficiency of the segment method
(81.6%) makes it useful in preparing background-free samplderadata quality monitoring. In
physics analyses however, it is important to clean backgtouith a minimum loss of signal events.
Table2 shows that the two-sided method has high puRgys = 10~°, but has an efficiency of only
16.0%. The one-sided method has a better efficiency a2%4 but~ 1.4% of signal events are
mis-identified. However, the numbers given for the mis-tdimation probabilities also depend on
the final-state topology induced by the signal region cugsparticular physics analysis. Therefore,
the mis-identification probabilities given here serve cayan illustration where dijets are chosen
as an example. The combined efficiency of the one-sided antivitrsided methods yields 584
for the OR combination and 13% for theAND combination.

It was shown previously that the interleaved bunches mage&iB from one BCID to be
reconstructed in a neighbouring BCID with a reconstruciiee shifted accordingly by 25ns. This
introduces a systematic bias to the evaluated efficiendid®emne-sided and two-sided methods
since they select BIB predominantly from the current BClDeTraction of BIB, reconstructed
from the neighbouring interleaved bunches, in all unpabedch data is approximately 10% and
it is not certain to what extent there is double counting afhsavents in the sample. Therefore,
10% is also taken as a relative systematic uncertainty.

7.3 BIBratein 2011

The two-sided method is used to evaluate the rate of BIB inthele 2011 collision data set.
Figure 29(a) shows the time evolution of the BIB rate normalised to the imaibunch current
of 10" protons. The plot shows that the rate was high early in the ged then after the first
technical stop (TS1) rather rapidly decreased by a fact8y staying at a fairly constant level after
early June. The only exceptions are the first runs after teahstops 2 and 3, where higher rates
are observed.

In unpaired bunches, the rate is evaluated usingbecombination of the two-sided and one-
sided methods. The former one is chosen in order to mairftailotv mis-identification probability.
The latter one helps to remove the BIB reconstructed fronméighbouring interleaved bunch&s.
Figure29(b) shows the BIB rate in unpaired isolated and unpaired ndatst bunches. As in the
filled bunches, higher rates before May and just after thiertieal stops are also visible here. The
rates in filled and unpaired bunches cannot be compareditaimety since different triggers were
used and no trigger efficiency corrections are applied here.

15Removing the entries from the neighbouring interleaved:han is important in particular for evaluating rates for
beam-1 and beam-2 separately.
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(c) Ratio of the BIB rate in beam-1 and beam-2 in the unpairgtthes.

Figure 29. BIB rate in 2011 proton-proton runs. The rates in filled (a)l anpaired (b) bunches cannot be
compared quantitatively because of different trigger negments. One entry in the plot corresponds to one
LHC fill. Only the statistical uncertainties are shown. Tieicial stops are indicated in the plot.
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The data from unpaired isolated and unpaired non-isolatedhes are two statistically inde-
pendent samples and the corresponding rates should bedenagnt. The ratio of the measured
rates for all data after the first technical stop.8@1+0.018 where only the statistical uncertainties
are considered. Possible explanations for the relatiferdiice are dead time and different trig-
ger efficiency depending on the relative position of unghlveanches with respect to the colliding
bunch-trains.

The identification methods also enable the direction of BllBons to be reconstructed. This
allows the determination of whether the BIB muon originatebeam-1 or beam-2. Figu9(c)
shows the comparison of the BIB rate for beam-1 and beam-&aigy using the data from un-
paired bunches. Averaged over the entire year the rate im{de&s lower than in beam-2 by a
factor of 57+ 0.01, taking only the statistical uncertainty into accountt Bis also evident from
figure 29(c) that the ratio differs from fill to fill and the origin of the asynetry has not yet been
identified. As discussed in the context of LHC collimatiolmerte is no reason to believe that the
beam halo should be equal for both beams. Attempts were roamerelate the relative rates with
beam losses in the cleaning insertions, but no clear ctioetacould be found. Most likely other
BIB sources, such as variations in vacuum quality, which lwarifferent for the two beams to
some extent, also play a role.

8 Removal of non-collision background with jet observables

The term “non-collision backgrounds” refers to the soum@ielsackgrounds that are not related to
the proton-proton collision products. These comprise Bi&mic rays and noise. This section de-
scribes a method to remove non-collision background iniphyaalyses based on jet observables,
with a special emphasis on BIB. A set of jet cleaning cuts,ciwldire commonly used in ATLAS
analyses, is introduced first. It is then shown how non-giolfi backgrounds can be further reduced
and how to estimate their residual levels. Finally, an eXlaropthe monojet signatures sear@[
illustrates the performance of the standard cleaning igqoks.

8.1 Jetcleaning

The jet selection criteria should effectively reject jetedo background processes while keeping
high efficiency for jets produced in proton-proton collizso Since the level and composition of
the background depends on the event topology and the jenkities, several criteria are proposed,
corresponding to different levels of fake jet rejection gtdselection efficiency.

8.1.1 Eventsamples

The selection criteria, based on jet quality, are optimisedtudying event samples enriched in jets
from collisions or in fake jets. Events are classified malnyythe missing transverse momentum
significance, defined aETmiSS/\/T , whereE?“iss is the missing transverse momentug&b][and
>Er is the scalar sum of the transverse energies of all energysdspn the calorimeter.

e The collision jet sample requires two jets win%?t > 20 GeV that are back-to-back in the
transverse planeA@_; > 2.8) and have small missing transverse momentum significance
E?“SS/\/ZET < 2 GeVH/2, Events are selected by single-jet trigged8][where the threshold
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is chosen such that the trigger is fully efficient @9%) in the considereqb'ft-bin. The
selected sample is dominated by dijet events and is calltdpie enriched in collision jets”
in the following.

e Fake jets are selected from events with only one jet \plﬁh> 150 GeV, large missing trans-
verse momentunE?“SS> 150 GeV and large missing transverse momentum significance
EMiss/\/SET > 3 GeVW/2. The transverse component of the jet momentum is required to
be opposite to the missing transverse momentum direclii.«;@ss_j > 2.8). Events with

sub-leading jets wimi'?t > 40 GeV or with reconstructed leptons are discarded. Thetgven
are triggered by requiring the presence of a jet and misgemgstverse momentum. The
trigger thresholds are chosen to be fully efficient with ezdo the selection criteria de-
scribed above. This event sample is dominated by BIB, wittkegligible contamination
from calorimeter noise and physics processes Ziker vv+jets andW — (v+jets. In the
following, this event sample is called “sample enrichedakefjets”.

For both samples, requirements that ensure the quality afhb@onditions, detector perfor-
mance and data processing are imposed. After applicatidhesk criteria, the total integrated
luminosity is about 4.7 fb.

8.1.2 Criteria to remove non-collision background

Beam-induced background and cosmic rays. The distribution of energy deposits by the jet, the
shower shape and its direction, in particular the pointothe interaction point, can be employed
to discriminate collision jets from BIB-induced fake jeEsxamples of discriminating variables are
the electromagnetic energy fractiofi(y), defined as the energy deposited in the electromagnetic
calorimeter, divided by the total jet energy, arfgidy), the maximum energy fraction in any single
calorimeter layer.

The vast majority of collision jets contain charged hadriras are reconstructed by the track-
ing system. In the tracker acceptangg| < 2.5, the jet charged particle fractioricg) is defined
as the ratio of the scalar sum of tipg of the tracks associated with the jet divided ;ulg} This
is another powerful tool to discriminate collision jetsrrdake jets, which typically have no asso-
ciated tracks. Finally, BIB and cosmic rays induce jet cdatéis that are usually not in-time with
the collision products.

Noise in the calorimeters. Most of the noise is already identified and rejected by tha daality
inspection performed shortly after data-taking, basedtandardised quality criteria. A small
fraction of calorimeter noise remains undetected and naedle rejected by additional criteria,
because it can lead to reconstruction of energy depositassociated with particle interactions in
the calorimeter. As explained in sectiBnthe characteristic pulse shape of real energy deposits in
the calorimeter cells can be used to distinguish a true étiois signal from noise. This leads to
the definition of the quality variablefec, (Q), féAf and f(S'EC, described in sectio8.

Jet quality selections. Four sets of jet quality criteria — “Looser”, “Loose”, “Madin” and
“Tight” — are defined in order to reject fake jets in 2011 datehese correspond to different
background rejection factors and jet selection efficienciEhe selection criteria using jet quality

—41 -



to identify and reject fake jets are listed in taldle The Looser criteria are designed to provide
a signal efficiency above %% with a fake-jet rejection factor of about 50%, while theyfi
criteria are designed to provide a large fake-jet rejedimtor with a signal inefficiency not larger
than a few percent. The two other sets of cuts correspondteoniediate rejection factors and
selection efficiencies.

Figure30 shows jet distributions for the sample enriched in fakeljefere and after applying
the selection criteria listed in tabR Distributions from the sample enriched in collision jets a
also superimposed where applicable.

As shown before, the two peaksg@it= 0 andg = rmare characteristic of BIB and are effectively
removed only by the Tight selection criteria. The good agrest between the sample enriched in
fake jets after the Tight selection criteria and the samplicked in collision jets shows that the
fake-jet background contamination is very small once tlghifl$election criteria are applied. After
this cleaning, the sample enriched in fake jets is dominbyephysics processes likk— vv+jets
andW — /v+ijets.

An “out-of-time” sub-set of the sample enriched in fake jetsselected by requiring 5
ltet) <10ns. Since this time cut is not used in the fake-jet sampiecten, this sub-sample
provides a fake-jet sample that can be used to compute apdndent estimate of the fake-jet
rejection. The timing cut helps to reduce significantly tb#ision jet contamination in the sample
enriched in fake jets (see figuBf). The Looser criteria reject 37.8% (68.6%) of the out-aiéi
fake jets withpjTet>150 GeV (500 GeV), while the Tight criteria reject more th&93% of the jets
in the out-of-time sub-set of the sample enriched in fake j€he results are summarised in tadle
The validn ranges for all cuts are indicated in tatde Only overall efficiencies, integrated over
the wholen range, are given here, although variations depending bave to be expected. The
efficiency of thef., and fg selection criteria for fake jets is expected to be degradédincreas-
ing pile-up compared to the 2011 data studied here, bechassharacteristic peaks & = 0 and
fem = 0 and 1 become broader.

8.1.3 Evaluation of the jet quality selection efficiency

The efficiency of the jet selection criteria is measuredgiie “tag-and-probe” method. Collision
dijet events are selected as described in se@itrl The tagging jet p?f) is required to pass the
Tight selection criteria, and to be back-to-back with thebar jet @?r"be). The probe-jet sample
is used to measure the jet selection efficiency defined asdleédn of probe jets selected, as a
function ofn and p'Tet of the probe jets.

The efficiency for the selection of good jets using the Loagéeria is better than 99.8%
over all pjft and n bins while a slightly lower efficiency is measured for the keccriteria in
particular at Iowp"Tet and for 2.5< |n| <3.6. The Medium and Tight selection criteria have lower
jet selection efficiency due mainly to the cuts on the jet gbdrparticle fraction. For jets Witb’}3t
of about 25 GeV, the Medium and Tight criteria have inefficies of 4% and 15% respectively.
For pf' > 50 GeV, the Medium and Tight selection criteria have efficies better than 99% and
98%, respectively.

The event selection (usinfyy—; and E?“SS/\/Z—ET cuts) and the Tight selection of the tag jet
are varied to study the systematic uncertainties. For tloesé@and Looser criteria, the jet selection
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Looser

BIB and cosmic rays (fmax>0.99 and| n |< 2)

or (fem < 0.05 andfe, < 0.05 and| n |< 2)
or (fem < 0.05 and| n |> 2)

Calorimeter noise (fhec > 0.5 and| fQHEC |> 0.5 and(Q) > 0.8)
or | Eneg|> 60 GeV

or (fem > 0.95 andfs"" > 0.8 and(Q) > 0.8

and|n |<28)
Loose
BIB and cosmic rays Looser or
| tiet |> 25 ns
Calorimeter noise Looser or

(fuec > 0.5 and| fQHEC |>0.5)

or (fem > 0.95 andf5* > 0.8 and| n |< 2.8)
Medium

BIB and cosmic rays Loose or

| tiet |> 10 ns

or (fem < 0.05 andfcn < 0.1 and| n |< 2)
or (fem > 0.95 andfc, < 0.05 and| n |< 2)
Calorimeter noise Loose or

fuec > 1—| fQHEC\

or (fem > 0.9 and 5" > 0.8 and| n [< 2.8)
Tight

BIB and cosmic rays Medium or

(fem < 0.1 andfey < 0.2 and| n |< 2.5)

or (fem > 0.9 andfcn < 0.1 and| n |< 2.5)
or (fen < 0.01 and| n |< 2.5)

or (fem < 0.1 and| n |> 2.5)

Calorimeter noise Medium or

f5% >0.95

or (fem > 0.98 andf5*" > 0.05)

Table 3. Selection criteria used to identify fake jets. They areasiféed from the loosest to the tightest one:
Looser, Loose, Medium and Tight selection criteria.

Total Looser Loose Medium Tight
ri_ret>15OGeV 124890| 77675 (37.81%) 70226 (43.76%) 663 (99.46%)| 38 (99.99%)
ri?t >500GeV| 2140 671 (68.64%) | 652 (69.53%) | 10 (99.53%) | 0 (100%)

Table 4. Number of jet candidates in the out-of-time sub-set of e enriched in fake jets before and
after applying the jet selection criteria. Numbers in p#neses are the fraction of jets identified as fake jets.
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Figure 30. Distributions of jet kinematic and discriminating varieb for the sample enriched in fake jets
before and after applying the jet selection criteria. Disttions for the sample enriched in collision jets,
labelled as “good jets sample” in the figures, are also sogmsed where applicable. Distributions for jets
from collisions are re-weighted in a way to reproduce the-tivoensional jelp‘{3t versus jetn distribution
obtained from the sample enriched in fake jets after Tiglgicsien cuts.
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efficiency is almost unchanged (variations are smaller h@5%) when varying the selection cuts.
For the Medium (Tight) criteria the size of the variation isreost 0.1% (0.5%).

The jet selection efficiency is measured in multijet Montel€aamples and compared to
the data driven estimates. Very good agreement is obseoreithd Looser and Loose criteria.
For the Medium (Tight) selection criteria differences rager than 0.2% (1%) are observed for
p'Tet > 40 GeV. Differences at Iowep'Tet values are at most 1% (2%) for the Medium (Tight)
selection criteria.

8.2 Monojet analysis

Events with a single jet balanced by large missing trangverementum are often exploited to
search for signatures of new physics. The monojet analgsiscBes for new exotic phenomena
such as Supersymmetry, Large Extra Dimensions, an inyiditaying Higgs boson or Dark Mat-
ter candidates. The analysis is carried out on data fronopsptoton collisions at/s = 7TeV
taken in 2011, corresponding to an integrated luminosi#. Bfb. A detailed description of the
analysis can be found ir3§]]. Only the BIB rejection methods are discussed here.

The dominant Standard Model physics processes that fornreducible background in this
analysis ar& — vV + jets, where a jet from initial-state radiation is detectad the two neutrinos
create IargeE%“‘ss, andW — (v + jets, where the lepton is out of the acceptance of the detecto
or badly reconstructed. Other backgrounds in the analysidecreasing order of importance, are
top-quark decays, multijet production, non-collision kgrounds and diboson productiow WV,
WZ 22).

The events in the monojet analysis signal region are seléntE?“sstriggers and must have
a reconstructed primary vertex. Furthermore, events vattomstructed leptons are rejected. A
leading jet with p’ft > 120GeV, accompanied bgMsS > 120GeV, is required. Events with a
third jet with p’ft above 30GeV are vetoed. The veto on additional jets is lesgysnt than in
the previous ATLAS monojet searcB7] as it was shown that allowing a second jet in the event
reduces systematic uncertainties from initial- or finaketradiation and increases signal selection
efficiencies. If a second jet exists, the difference betwibenazimuthal angle of the second jet
and E?“SS is required to be larger than3¥ad. This cut suppresses back-to-back QCD dijet events
where one of the jets is mis-measured resultin@%ﬁ‘mSS pointing in its direction. This set of cuts is
referred to as the “monojet selection”.

The monojet selection and the selection for the sample leedtién fake jets, defined in sec-
tion 8.1.1, are remarkably similar. Indeed, it is shown below that thenajet selection tends to
select predominantly non-collision background eventsthedefore the analysis requires efficient
cleaning of BIB and cosmic rays.

While most ATLAS physics analyses require only the Loosérsgdection criteria intro-
duced in table3, the monojet analysis requires the Medium criteria. Thigliap to all jets with
p'ft > 20GeV in an event. An additional cut on the leading jet chéuggrticle fractionfc, > 0.02
and electromagnetic energy fractiday > 0.1 is imposed in order to obtain even higher rejec-
tion power.

Figure31lillustrates the importance of the cleaning cuts in the metnapalysis. The leading
jet @ distribution, before applying any cleaning cuts, clealpws the typical azimuthal signature
of BIB, as described in sectiodsand7.1. Here, the total number of selected events i§94000.
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selection total number of events non-collision background
monojet selection ~ 694000 ~ 557000

after Medium jet cleaning ~ 134000 ~ 7000

after fop and fgy cuts 124704 5754 60(statH57(sys)

Table 5. Number of events in the monojet signal region before anet dffie cleaning cuts. Non-collision
background levels are also indicated. The last row cormdpto the monojet analysis signal region where
the non-collision background is the BIB contamination deiaed using the two-sided method. In the other
two cases, the estimate is based on the jet selection imeffigievaluated in Monte Carlo simulations.

The Medium jet cleaning reduces the amount of BIB signifigaly removing~ 560000 events
from the sample, which is- 80% of the original sample size. However, as discussed in sec
tion 8.1.2 it identifies 995% of the fake jets, which means that a certain residual atmafuBIB
after the cleaning is still expected. Indeed, the contatiindrom BIB in the remaining~ 134000
events after this cleaning is visible as a slight excegs-atd andg = 1. Therefore, even stronger
cleaning is needed and the additional cuts on the leadinghpaged particle fraction and electro-
magnetic energy fraction are applied. The resultrdjstribution looks flat which demonstrates the
rejection power of these cleaning cuts. The flalistribution suggests that the sample is dominated
by physics processes as indicated in fig2®e The number of events in the monojet analysis sig-
nal region, i.e. after the monojet selection with all theadlieag cuts, is 124704 which corresponds
to ~ 18% of the size of the original sample without any cleaningliap. These selected events
correspond mainly to physics processes but there may stdl$mall fraction of BIB events left.

The dominant Standard Model backgrounds0dwW boson plus jet production) are estimated
in a data-driven way in dedicated control regions. Multijackgrounds are also estimated from
data, while the diboson and top-quark backgrounds arerwatdrom Monte Carlo simulations.
Since the monojet analysis searches for rare events (begtamtlard Model physics), even the
smallest backgrounds need to be estimated accurately én twdjuantify how many of the events
may be due to new phenomena. The two-sided method, desénlsttion7.2, is completely
independent of the jet cleaning criteria applied in the nj@insignal region selection, and is used
to quantify the residual number of BIB events present in 27D4 monojet signal region events.
As shown in tablé, the method estimates the BIB level to be 5760(statit-57(sys) events. This
residual background is also indicated in figl® As expected, the distribution of the leading
jet charged particle fraction shows that a majority of thergs tagged as BIB have leading jets
without tracks pointing to them.

A Monte Carlo study reveals that the Medium cleaning sedectiriteria applied to all jets
with p"Tet > 20 GeV removes- 7% of physics events passing the monojet selection. Intiadithe
additional cuts on the leading jét, and fgy reduces the number of physics events in the Monte
Carlo samples by an additional 2%. These estimates for the jet selection inefficiency can be
used to determine the number of non-collision backgroumhisvin the sample after the monojet
selection with and without the Medium cleaning selectidteda applied (see tablg).

The total number of non-collision background events in @ cample just after the monojet
selection is~ 557000, which corresponds to 80% of the sample size. Afigyay all the cleaning
cuts the number of BIB events in the sample is reduced to S¢fesgponding to a rejection power
of ~ 103 for this analysis.
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Figure 31. Azimuthal distribution (left) and the charged particladtion (right) of the leading jet in the
monojet analysis signal region before and after the clganiits. The monojet analysis signal region events
are emphasised by the red line. The residual level of BIBtawated by the two-sided method is also shown.
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Figure 32. Transverse momentum (left) and the charged particleifragtight) of the leading jet in the
monojet analysis signal region. The non-collision backgubis the BIB evaluated by the two-sided method.

Finally, figure 32 shows the leading jepr distribution and the leading jet charged particle
fraction distribution for the monojet signal events togetvith various sources of Standard Model
backgrounds. The residual BIB, which amounts to onBg0 of the signal region events, is also
illustrated in the figure. The other events in the monojehaigegion sample of 124704 events
are in agreement with the background estimates for Staridadkl processes. No evidence for
physics beyond the Standard Model is found in the 2011 ddtahéfake jets tagged by the two-
sided method in this analysis hatg < 0.2 and have g lower than 300GeV. These events are
typically BIB muons overlaid on top of a minimum bias proceAa example of such a BIB event
in the monojet analysis signal region is shown in figB8here a BIB muon travels in the-AC
direction leaving hits in the CSC detectors on both sides TEAS. A LAr calorimeter cluster
stretched along the-axis is seen in-between, leading to a fake jet \rp&ﬁﬁ ~ 270GeV with the
corresponding missing transverse momentum in the oppdséetion. No collision tracks point
towards this jet. The energy of BIB muons can be up to the Te¥lJand a few cases have been
seen in data where the energy deposition of such a BIB muobéd@sreconstructed as a jet with
Pt > 1Tev.
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