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Chapter 1

The ATLAS Experiment at the Large Hadron
Collider LHC

(L. Andricek, A. Barajas-Velez, A. Bangert, ware and computing facilities well-commissioned be-
T. Barillari, M. Beimforde, N.Ch. Benekos, S. Bethkdore collisions data arrived. Thanks to these efforts,
B. Bittner, J. Bronner, D. Capriotti, G. Cortiana, performance in tracking and calorimetry was close to
D. Dannheim, A. D’'Orazio, V. Danielyan, G. Dedes, the design values very early on. For instance, the mass
J. Dubbert, Th. Ehrich, J. Erdmann, A. Fischer, peaks of known particles accessible with initial lumi-
M. Fras, C. Delle Fratte, N. Ghodbane, P. Giovanniniosity are as expected. See section 1.1 for the final
T. Gottfert, M. Groh, W. Haberer, J. Habring, phases of detector installation, and for commissioning.
P. Haefner, M. Hrtig, R. Hartel, A. Hambarzumjan, Physics analyses with the luminosity collected by
Th. Haubold, S. Horvat, J. Huber, A. Jantsch, Mid 2010 have resulted in a first set of ATLAS physics
St. Kaiser, M. Kilgenstein, A. Kiryunin, S. Kluth, papers. Analyses of processes which require higher lu-

0. Kortner, S. Kotov, H. Kroha, S. Leber, F. Legger, minosity, as expected before end of 2010 and beyond,
M. Lippert, J. v. Loeben, A. Macchiolo, S. Menke, are well prepared. Fig. 1.1 gives an overview of signal

S. Mohrdieck-Mck, P. Mooshofer, H.-G. Moser, and background cross sections at LHC. See section 1.2
R. Nisius, H. Oberlack, S. Pataraia, G. Pospelov, for those parts of physics analyses in which MPP is
I. Potrap, E. Rauter, D. Rebuzzi, O. Reimann, firmly involved.

R. Richter, R.H. Richter, A. Rudert, D. Salihagic, The LHC future planning foresees a substantial in-

P. Schacht, J. Schieck, J. Schmaler, S. Schmidl, H. vaaase of luminosity beyond the design of the present
der Schmitt, Ph. Schwegler,P. Seidler, R. Sedimeyenmmachine, to further extend its physics reach. MPP par-
R. Seuster, M. Stadler, S. Stern, S. Stonjek, I. Thiel,ticipates in detector and electronics development with
G. Tratzl, Ch. Valderanis, M. Vanadia, P. Vanoni,  the aim of exploiting higher event rates with ATLAS.
B. Weber, P. Weigell, H. Wetteskind, A. Wimmer, See section 1.3 for the detector upgrade activities at
G. Winkinilller, J. Yuan, X. Zhuang, V. Zhuraviov, = MPP.
J. Zimmer) The detector is described in detail in the ATLAS De-
tector paper [2]. In the remainder of this introduction
The LHC experiments started to take data for higiye briefly recall the ATLAS components with MPP
energy proton-proton collisions in March 2010. Thigvolvement. Along the path of particles starting at
accelerator provides substantial luminosity at 7 TaMe interaction point, these are: inner detector (semi-
proton-proton centre-of-mass energy since, and eveshductor tracker, pixel detector upgrade); calorimeter
data corresponding to 0.3 pthave been recorded byhadronic endcap and its upgrade); muon spectrometer
ATLAS so far. The luminosity of LHC will continue (precision drift tubes and upgrade).
to improve rapidly in the 2nd half of the 2010 running
period, with the aim to collect 1 fb by the end of The Inner Detector

2011, when a shutdown is planned to go towards the .
design c.m.s. energy of 14 TeV. Tracking detectors at the LHC have to face three major

Since the last report to the Fachbeirat [1] (p.74-118)1allenges: high occupancy, severe radiation damage
the ATLAS group at MPP has made extensive use ¥fd & short bunch crossing interval. A typical hard
cosmics and single-beam data to have detector, sBieraction likett production creates several hundred

3
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Figure 1.2:Sketch of the ATLAS Inner Detector.

within the ID volume. To cope with this, depending on
the distance to the beam ling, the ID is segmented
into three parts, each using a different detector tech-
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Figure 1.1:Particle production cross-sections in proton—
proton collisions as a function of the centre-of-mass gnerg
/s and the corresponding number of events produced per
second at a luminosity of = 10**cm~2s! planned for

the LHC. The red dotted line marks the collision energy of
the LHC. The increase of cross-section is several orders of
magnitude compared to the Tevatron at Fermilab. ®

charged particles within a rapidity range|gf < 2.5
In ten years of operation a flux of up to B4 neg/cn?
(1 MeV neutron equivalent) particles cause substan-
tial radiation damage to the SemiConductor Tracker
(SCT). Furthermore the short bunch crossing interval
of 25 ns demands fast sensors with fast readout elec-
tronics. The layout for the silicon part of the ATLAS
Inner Detector (ID) is described in [3]. A sketch of e
the ID, Fig. 1.2, shows the separation of the ID into a
central (barrel) part and two endcaps.

The complete ID is operated in a 2T axial field.
Detailed descriptions and specifications of the ID,
its components and the expected performance can be
found in [2,4]. It is designed to provide a resolution
in transverse momentum, in the plane perpendicular to
the beam axis, obp, /pr = 0.00057/GeV & 0.01
and a transverse impact parameter resolution @ii0
for high momentum particles in the central detector re-
gion [2].

Occupancy and radiation damage vary stron

nology:

In the innermost region, 5cd R < 12cm a
high granularity silicon pixel detector with about
80 M readout channels is used. It offers an ex-
cellent space point resolution and low occupancy.
The high resolution of this detector is essential
for secondary vertex reconstruction, needed e.g.
for t-lepton and b-quark identification.

In the intermediate region, 30cla R < 51cm, a
silicon micro-strip detector, the SCT, is used. The
strips are oriented to measure with high precision
the track coordinates transverse to the beam. A
small stereo angle between two faces of a detec-
tor module allows measuring the orthogonal co-
ordinate, albeit with less precision. The detector
measures up to four space points per track. For
the SCT the total area of silicon is about 64.m

Finally, for 56 cm < R < 107 cm, the transi-
tion radiation tracker (TRT) uses straw tubes. The
large number of straws allows continuous track-
ing with on average 36 hits per track, which, de-
spite the moderate space resolution of single hits,
results in a high precision measurement at large
radii. In addition, the ability to detect transition
radiation improves the electron/pion separation.
The challenge for this detector is to cope with the
high occupancy.

The MPP made major contributions to the design of
gt@e pixel- and micro-strip silicon detectors, and at



MPP we have built about 30% of all SCT endcap mobteards (PSB) located at the perimeter of the wheels
ules. The actual performance of the ID after the fiaside the liquid argon. These PSB’s carry highly
nal installation including the cosmic ray data analysistegrated amplifier and summing chips in Gallium-
from the year 2008 is discussed in [5]. At the LHCArsenide (GaAs) technology.

the ID already served to measure the multiplicities and

spectra of charged particles in minimum bias intethe Muon Spectrometer

actions at a proton-proton center of mass energy o

f .
900 GeV [6], presenting the first ATLAS LHC physicé—he muon s_pectrom_eter [2,45] of the ATLAS experi-
result. ment is equipped with three layers of muon detectors

in a toroidal magnetic field of 3 6 Tm bending power
generated by a superconducting air-core magnet sys-
tem. The spectrometer is designed to provide muon
The ATLAS calorimeters consist of two different techmomentum resolution of better than 10% for trans-
nologies — liquid argon sampling calorimeters forerse momenta up to 1TeV over a pseudo-rapidity
the electromagnetic, hadronic endcap and forwamhge ofin| < 2.7. This requires a very accurate track
calorimeters with lead, copper and copper/tungsteagitta measurement with three layers of muon detec-
as respective absorber materials and a scintillatotors which have to be aligned relative to each other
iron tile sampling calorimeter for the hadronic barrevith an accuracy of up to 3m in the bending direc-
system. They are designed to measure and identifn in the magnetic field. Drift chambers with very
electrons and photons with high precisidi&/E ~ high spatial resolution of 4@m, the Monitored Drift
10%)/+/E up to pseudo-rapidities dfj| < 2.5 and to Tube (MDT) chambers, have been developed to cover
reconstruct jets WitlAE /E ~ 50%/+/E for |n| < 3 the active area of the spectrometer of 55G0with
and withAE/E ~ 100%/+/E in the forward region only 5% gaps mainly in the region of the detector feet.
3 < |n| < 5. High granularity and calorimetric cover- The cylindrical central part of the spectrometer (bar-
age up tgn| ~ 5 are also needed for the reconstrucel) contains eight race-track shaped magnet coils of
tion of missing transverse energy. 25m length and 5m radial width. The layout of the
There are two end-caps in the ATLAS calorimetenuon chambers follows the eightfold symmetry of the
system. The Hadronic Endcap Calorimeter (HEGQpagnet around the proton beam axis in eight small and
which covers the pseudo-rapidity rang® k |n| < eight large azimuthal sectors (see Figure 1.3). The bar-
3.2, consists of two independent mechanical unitsl part of the spectrometer is complemented by two
(‘wheels’) per end-cap: the front and the rear wheendcaps each consisting of eight superconducting coils
Each wheel has a diameter of 4m. The absorberhoused in a common cryostat fitting into the inner bore
structure of the two wheels consists of parallel coppefr the barrel toroid magnet and three wheel-shaped
plates of 25 mm (50 mm) for the front (rear) wheelfayers of muon detectors.
There is a gap of 8 mm of LAr between adjacent ab- The MDT chambers built in Munich consist of two
sorber plates. Three electrodes divide this gap irtiple layers of 30 mm diameter aluminium drift tubes
four separate LAr drift zones of.8mm width each. of 3.8 m length equipped with a central gold-plated
Each calorimeter wheel is divided into 32 individudalingsten-rhenium sense wire which are separated by
modules. A front (rear) module collects the signal imn aluminium space frame. The drift tubes are oper-
24 (16) LAr gaps. The signals of two adjacent gapged with Ar:CQ (93:7) gas mixture at a pressure of
are collected and transmitted to an amplifier chaBbar and a gas amplification of 20,000 (correspond-
nel in the ‘active pad’ electronics, which is locateihg to a operating voltage between tube wall and wire
in the cold LAr volume. Finally the signals correof 3080 V) and provide a position resolution of about
sponding to a tower pointing to the interaction poi& um . The sense wires are positioned within a cham-
are summed. There are four such longitudinal segmée+ with an accuracy of better than @@ in order to
tations for each end-cap tower. The signal processanhieve the required spatial resolution of the cham-
of the HEC employs the notion of ‘active pads’ whichers [46].
keeps the detector capacities at the input of the amin the years 2001 to 2006, 88 MDT chambers were
plifiers small and thereby achieves a fast rise time @fnstructed at the MPP [47] containing about 36000
the signal [138]. Short coaxial cables are used to seirift tubes. They cover about 15% of the active area of
the signals from the pads to preamplifier and summitige spectrometer.

The Hadronic End-cap Calorimeter
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Figure 1.3:The barrel part of the ATLAS muon spectrometer viewed fromlthC tunnel after completion of the muon
chamber installation in November 2006. The MDT chamberk uMunich are mounted on rails on the outside of the
eight superconducting magnet coils.

ATLAS Computing 1.1 Detector Commissioning and

The construction and operation of the computing sys- Computlng
tem for the ATLAS experiment is a major undertakin i
carried out by the ATLAS collaboration with suppo 1.1 The Semiconductor Tracker SCT
from the Worldwide LHC Computing Grid (WLCG)Because of the MPP experience with silicon micro-
collaboration. The MPP contributes its share to thi&ip sensors and the unique possibilities offered by
task with a large Linux cluster located at the Rechetine associated semiconductor laboratory (HLL = Halb-
zentrum Garching (RZG) of the MPG. This clustdreiterLabor), MPP participated in the design and con-
serves as a part of the Munich ATLAS Tier-2 centretruction of the SCT.
hosts the Munich calibration and alignment centre for Mechanically the SCT consists of three main units,
the ATLAS Muon system and provides our institutelsamely the barrel and two identical endcaps. The bar-
users with large computing and storage resources.réhcovers the region of central rapidity)| < 1, and
addition the MPP ATLAS group has several membetise detector modules, i.e. the smallest mechanically
working on central computing tasks for ATLAS. sensitive units of the SCT, are arranged on four cylin-
ders around the beam axis. The endcaps extend the
acceptance up tn| < 2.5. Here the modules are
arranged on nine disks per endcap, and are oriented
perpendicular to the beam axis.
Due to the radial arrangement the endcap modules
use wedge shaped sensors glued back to back in pairs.
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The sensor dimensions are abouté@n x 6.4cm and endcap modules, 4) the integration, as well as perfor-
the strip pitch of the 768 strips per sensor is varyimgance measurements with cosmic ray muons, of the
in the range (64-9Q@)m. Electrically, the two sensorscombined SCT and TRT detectors at the surface be-
of either pair are chained in series. One pair has a fare their installation into the ATLAS cavern, and 5)
dial strip orientation, while the second pair is rotatatie alignment of the silicon part of the ID with parti-
by 40 mrad in order to yield stereo information. Thele tracks. Detailed reports of the work performed by
binary readout electronics is located on a double sided
hybrid attached to the end of the module. In the b
nary mode the only information retained per chanri
is whether the observed signal was above or belov
discriminating threshold. To equalize the efficiency «
all channels for detecting a passing patrticle, the d
criminating thresholds can be set individually for eac
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age of the sensors and the readout electronics, calljig
for cold operation (-18C) of the silicon sensors. Theg
cold operation and the dissipation of the heat gen

leads to mechanical stress. To ensure stable positi
of the modules during operation needed for high qu
ity tracking, the system requires a very high geome
cal stability, i

Figure 1.5: First disc equipped with MPP short middle
modules.

the MPP group in the years 1997-2006 can be found
in [7] (p.63-67), [1] (p.77-85). The properties of the
sensors are described in [8], details of the endcap mod-
ules and their production process are given in [9]. The
Figure 1.4:View of a middle module constructed by MPHirst 40 short middle modul€'s produced by MPP, and

technicians. mounted onto one endcap disc at Liverpool, are shown
in Fig. 1.5.
In the years 2007-2010 for the present ATLAS de-
MPP Engagements in the ID tector the MPP group mainly worked on the SCT com-

In the years 1997—2006 the MPP engagement maifgsioning with emphasis on detector monitoring, and
concentrated on 1) the development of a cost-effecth3¢ alignment of the silicon part of the ID with particle
design for radiation-tolerant silicon strip sensors, JRCks.

the design work for the endcap modules concentrat- ‘The only difference between middle- and short middle mod-
ing on the mechanical and thermal performance, 3) ties is that the latter only carry one sensor per module side, i.e.

construction of 424 SCT endcap modules of the mi@_e second sensor is replaced by a glass plate that is insensitive to

. . ssing particles, but retains the mechanical stability of the mod-
0
dle type, Fig. 1.4, which amount to about 30% of aﬁﬁe Short middle modules are used at the largest rapidities.
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SCT Commissioning a module. For the module locations one expects larger
yncertainties. For the SCT endcap modules the ex-
pected precision from external measurements is about

The SCT read-out-system (ROS) is structured? (100)um transverse (parallel) to the beam direction,
ich is not precise enough to achieve the physics

various layers. The ROS monitoring is used to contilt-
uously control the detector operation, and thereby a%%als Of ATLAS.

gives valuable information on the LHC beam condj- From the above itis clear that in any case the ul-

tion that ATLAS is facing. It comprises error searchetgnate precision has to be obtained using the rajec-

at chip-, link-, or read-out-driver level, but also injgones of charged particles observed in real data. Us-

formation on the actual illumination of the SCT by'Y the external measurements as starting points, the

means of strip occupancies. The ROS monitoring Qowl_edge of the module locations 'S improved by
the alignment procedure based on particle tracks. The

mostly independent of the ATLAS trigger system, an PP strat iterati dure t rai
can give even faster feedback on much more data, than strategy uses an lierative procedure to constrain

whatis eventually written to tape. The MPP group pr(tJ_e six degrees of freedom for individual modules by

vides a ROS monitoring expert, whose task is to copeans OT & minimization of'the sum of unblase;d
ack residuals (see below) with respect to the align-

stantly maintain and extend the ROS monitorin soH— . .
y g ent parameters per module. This method is called

ware and its interface to the online monitoring of th localv? alaorithm. Fi 1.6 shows the local
ATLAS SCT as a whole. The fast feedback achiev&d® '0¢@X" aigorithm. Figure 1.6 shows the local co-

is a valuable input to the detector operation, and has

already led to a detailed understanding of some LHC

conditions that otherwise would have been difficult to 40 mradstereo angle
get.

The MPP is contributing to the SCT detector commi
sioning in the area of online monitoring.

r-_-side

Detector Alignment with Particle Tracks

Since 2004 the MPP group develops software for the readout strip
alignment of the SCT and pixel detector parts of the —~
ATLAS ID based on particle tracks. To achieve the stereo-side
best possible reconstruction of tracks the exact loca-
tion of all read-out channels needs to be known. In a =
first step this is achieved by a geometrical survey of the

detector, however, for the ultimate precision the use dfigure 1.6:Local coordinate system of an SCT module.
particle tracks is mandatory.

A crude estimate of the alignment precision aiméfdinate system of an SCT module. The six degrees
at can be obtained from the requirement that the det@tfreedom are the three coordinates along three axes
tor misalignment should lead to a degradation of afynning perpendicular to the strip, along the strip and
track parameter of at most 20% [3](p. 215). Using thgrpendicular to the module plane (x, y, z), and the
requirement, the misalignment for SCT modules in thgreée angles of rotation around these axes, namely
direction perpendicular to the strip orientation shouftiandy. For a given single strip that gave a signal
not exceed 1@m. Final physics aims of ATLAS areabove threshold and is associated to a fitted track, the
even more demanding. For improving on the determsinbiased residual is defined as the smallest distance in
nation of the mass of the W-Boson, i.e. for an accuraghace between the actual location of the strip and the
of better than 25 MeV, an alignment accuracy of abdijted trajectory obtained when excluding that hit from
1um transverse to the beam direction is needed [10‘jhe track fit. By means of iterations, this method incor-

As an example, for the SCT optical surveys are pdorates the correlation of the locations of the modules
formed for the location of the silicon sensors withiffaversed by a particle.
the modules (see above), and for the mounting pointst h€ algorithm has initially been implemented into
of the modules on the discs and barrel cylinders. THE ATLAS reconstruction software for the SCT de-
accuracy obtained with the external methods is b&gtor [11]. It was extended to also incorporate the

ter than 5um for the positions of the sensors withilixel detector [12] by treating the two precise pixel
measurements along the two dimensions of the pixel
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as two independent measurements in analogy to the data sets, due to their specific limitations, addi-
two hits recorded on the two sensors of an SCT mdtbnal features had to be implemented into the algo-
ule. Thereby the basic mathematical framework couithm to either make it properly converge, or to im-
be kept the same, facilitating the simultaneous aligorove on its performance. The separation of the align-
ment of pixel and SCT detectors. ment into three subsequent levels, L1 to L3, (EL

In the conventional alignment procedures the detegebal structures, i.e. barrel and endcaps=t8uper-
tor geometry is only updated after a large number sifuctures, i.e. barrel layers and endcap discs=L3
particle tracks has been analyzed, andyhbas been individual modules) has been performed and an en-
minimized with respect to the alignment parameterichment of overlap hits (pairs of neighboring mod-
As an alternative a KALMAN filter approach has beenles on superstructures slightly overlap, see Fig. 1.5)
implemented and studied [13]. Here the knowledgeas implemented into the algorithm for better conver-
gained by analyzing the tracks from one event is irgence [15].
mediately fed back resulting in a geometry update after
each event. The basic functionality of the KALMAN ~ [omentum resolution posiron wns with B field |
approach has been achieved. However, no striking ad- 3
vantage in convergence speed has been observed. In
addition, in contrast to e.g. the locgP algorithm,
the KALMAN filter algorithm cannot be parallelized.
Therefore, this possible advantage could always be
compensated by parallel computing, and consequently
this approach is no longer followed in ATLAS.

The localy? algorithm has been used in very differ-
ent environments like Monte Carlo simulated proton-
proton interaction events [14], data from an ID com- F
bined test beam (CTB) run [15, 16], simulated inter- ° % 40 80 80 oo 120 10 10
actions of protons with the rest gas in the beam pipe,  [Womentum resolution pion runs wih B field |
data recorded from cosmic ray muons taken at the sur-

Ol
1N
IS
a
!

o
S
T

0.5
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mentum. The initially wide distribution is greatly im-
Figure 1.7:Improvement of the momentum resolution bproved, and after the alignment the narrow distribution
the CTB alignment peaks at the correct value. In Fig. 1.8 [16] the perfor-

L i mance of the MPP algorithm is compared to other al-
In these studies it became evident that for each o? 9 P
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Figure 1.9:Flow of alignment parameters of the pixel layers and disegdwalignment iterations for cosmic ray data.

gorithms used in ATLAS, and also to the expectatidlow of the six alignment parameters of the pixel lay-
of the ATLAS Monte Carlo simulation based on thers (blue) and discs (green, red) with consecutive it-
perfect knowledge of the geometry. Here, the figuesations, using five iterations at L1 followed by thirty
of merit is the momentum resolution as a function derations at L2. A perfect convergence would man-
the known momentum. The algorithms perform simifest itself in horizontal lines, which is clearly better
lar, with the exception of the robust algorithm that, ddalfilled for the barrel layers than for the discs that,
to its simplistic but robust implementation, is slightlglue to the inclination angle of the cosmic ray muons,
worse. The other algorithms also closely match thee less well constrained. Nevertheless, as displayed in
expected resolution. Fig. 1.10, the residual distributions for pixel and SCT

For the cosmic ray muon analysis the limited illumodules in barrel and endcaps are greatly improved
mination of the detector in the ATLAS cavern posesadter L2 (blue) and the final (red) alignment. Again,
challenge. Due to the geometry, cosmic rays pass bahen comparing to the expectation for perfect knowl-
rel modules mostly perpendicular to the sensors, laage of the geometry (yellow), all distributions move
endcap modules almost parallel. This renders sothe right way, with the SCT barrel modules (lower left)
degrees of freedom only loosely constrained, most rgetting the closest. The alignment based on cosmic ray
tably for the SCT endcaps. To accommodate this, fulata will constitute the basis for the alignment to fol-
ther improved mixed levels of alignment were corlew with tracks coming from the interaction vertex in
structed, i.e. the level L32 (barrel L3 SCT alignmenproton-proton collisions at the LHC.
but endcaps only L2 SCT alignment) has been imple-The influence on the alignment caused by constrain-
mented, supplemented by additional soft constraintdng the tracks to a common vertex, as well as the im-
limit the parameter movements of badly constraingact of systematic detector mis-alignments on the per-
degrees of freedom by means of pseudo hits with dprmance of the ATLAS b-tagging algorithms, have
propriate uncertainties [18]. also been studied [14].

For the cosmic ray alignment Fig. 1.9 shows the Finally, the recovery of so called weak deformation
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Figure 1.10:1mprovements in the residual distributions for the aligningsing cosmic ray data.

modes of the detector, i.e. systematic deformatiopi®ying the novel concept of ‘active pads’ [138], to the
that either leave track parameters virtually unchangeead-out system of the calorimeter, and to the trigger
or lead to changed, but consistent parameters, wasimation for the HEC. The group has also taken over
thoroughly studied. The deformations were impléhe responsibility for the hadronic calibration of the
mented into the simulation [18], and their impact oATLAS calorimeter [35] and its application tb [39]
the track parameters, as well as on the measured invanid jet analyses [36, 37]. The lartfecross section
ant mass of the Z-Boson reconstructed fram- pu  provides even in the LHC start-up phase a reasonable
events, was investigated [19]. statistic oftt events. In the very first stage they will
The progress of the ATLAS ID alignment has begyield a powerful in-situ test of the hadronic calibration
constantly reported outside of ATLAS [20-22] byn ATLAS.
members of the MPP group. At present the align-

ment based on proton-proton collision data from ti@esent HEC Cold Electronics. The signal pro-
LHC is underway. It turned out that the SCT endtessing of the HEC employs the notion of ‘active pads’
cap alignment obtained from the cosmic ray analysifich keeps the detector capacities at the input of the
is easily improved by inclusion of this data. Howevegmplifiers small and thereby achieves a fast rise time
the SCT barrel alignment is already so precise that s¢g-the signal [138]. Short coaxial cables are used to
nificant improvements need further adaptations of thend the signals from the read-out pads to preamplifier
software like inclusion of constraints provided by inand summing boards (PSB) located at the perimeter of
variant masses from known resonances. the wheels inside the liquid argon. Figure 1.11 shows

a fully assembled HEC wheel in the horizontal posi-
1.1.2 The Hadronic End-cap Calorimeter tion on the assembly table with the PSB boards (see

HEC Fig. 1.12) at the outer circumference.

. . The lateral segmentation48) x A@ = 0.1 x 0.1 up
The ATLAS MPP calorimeter group has contrlbutet% N — 2.5 andAn x Ag — 0.2 x 0.2 for highern ,

h nstruction mbly, installation an m- N L
to the construction, assembly, installation and co d the longitudinal granularity is a fourfold read-out

missioning of the hadronic end-cap calorimeter (HEgggmentation. The detector capacitance varies from 40

system [25,42], to the cold electronics of the HEC % 400 pF giving a rise time variation from 5 to 25 ns.
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Figure 1.11: A HEC wheel fully assembled on the assembly table showingdtiee'gpad’ electronics. The
PSB boards with the GaAs IC’s are mounted at the periphery of the wheel.

=
o

amplitude ratio
o
©

HEC= PSB_\_2
8695 / BBIE
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0.7 || s Cd = 100 pF
] s Cdl = 220 pF
e e Cd = 330 pF

Ofolél 2 3 4 5 67 81014 2 3 4 567 81015

neutron fluence

Figure 1.13: The signal amplitude measured after val-
Figure 1.12: Picture of a Preamplifier and Summings of neutron fluence from3x 103 to 9x 10*n/cn?
Board PSB showing the 16 GaAs IC’s with the réfor 4 different detector capacities. Shown is the ratio
lated input connectors. The output connectors aretinthe signal amplitude before the irradiation.
the center of the board.

_ _ - nections made on the PSB (see Fig. 1.12) at the outer
These PSB’s carry highly integrated amplifier ang,cumference.

summing chips in Gallium-Arsenide (GaAs) technol- | the hadronic endcap calorimeter a neutron flu-
ogy. The signals from a set of preamplifiers from loRgce of 02 x 1014 n/cn? is expected after 10 years
gitudinally aligned pads (2, 4, 8, or 16 for differengs | HC operation at high luminosity. It is known that
regions of the calorimeter) are then actively SUmmeghas is a radiation resistant semiconductor. The ra-
forming one output signal, which is transmitted to th§iation hardness has been studied atiB@ — 2 re-
cryostat feed-through. actor in Dubna, Russia, with a set of pre-production
The GaAs TriQuint QED-A lm technology has chips. Various types of tests have been performed.
been selected for the front-end ASIC because it &ayven chips were exposed to a total fluence of fast
fers excellent high frequency performance, stable qRsytrons of(1.11+ 0.15) x 105 n/cn? and an inte-
eration at cryogenic temperatures and radiation ha&ﬂatedy dose of (3.5+ 0.3) kGy. A second set of
ness [138]. The front-end chip consists of 8 identicglchips was irradiated witly's up to a total dose of
preamplifiers and two drivers. The summing scheme('§5i 8) kGy accompanied by a fast neutron fluence
implemented with external components and interco(51[—(1.1jE 0.2) x 10% n/ci?. In these tests the ASICs
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were kept in a cryostat filled with liquid nitrogen. In the latest beam test the modules have been ex-
The standard set of characteristics like transfer furpesed to beams of electrons, pions and muons with
tion, rise time, linearity and equivalent noise curreenergies up to 200 GeV covering the transition region
of the preamplifiers was measured. The measuremehfs< |n| < 4.0 [31]. This is a particularly complex
show that the preamplifier characteristics start to degion of overlap of the three end-cap calorimeters.
grade when the neutron fluence exceeds approximatEfe electromagnetic endcap calorimeter (EMEC), the
3x 10 n/cn?. Fig. 1.13 shows the degradation of thelEC and the forward calorimeter (FCal) modules are
amplitude with neutron irradiation for four differenpositioned as in ATLAS, including all details of cryo-
values of input (detector) capacitance. Such a degstat walls and supports (dead material). One quarter of
dation will result in a non-uniform response, whicthe front and rear HEC wheels have been assembled,
is critical since between 2 and 16 read-out pads d& with small modules which cover in size only the
summed, and will ultimately impact the resolution rderwardn region. Similarly, one EMEC inner wheel
quired for physics measurements. module (1/8 of the EMEC wheel) and 1/4 of the FCall

Similar measurements witrirradiation show that and FCal2 have been assembled. Fig. 1.14 shows a
the characteristics stay unchanged up to a dose ofetematic of the set-up of the different calorimeter
least 50 kGy. Both boundary values are well aboweodules. The beam enters through the cryostat win-
the radiation levels expected in the final ATLAS envdow from the right at a nominal position gf= 0 cm.
ronment at LHC.

Another important practical aspect of the cold elecw5
tronics is the heating of the chips that can finally result . P—" ¢ |-=acspEM
in bubbling of the liquid argon. The bubbles Propa- oss ' = QGSP (DM)
gating to a LAr detector gap can cause high voltage, .t ~ BERT (EM)
discharges. Therefore the power consumption haEéJ to ~+- BERT (DM)

.85
be kept low. 8 -o- DATA (EM)
= 0.8
K 5 | DATA M)
0.75F -
Data Analyses from Beam Tests N
R 0-65; 50 700 750 200 250
E—— CETTTTTT Epeam [GEV]
RV
U LLLE ‘M\H\M\w‘“\:\“\\w\‘\u\\\\u\‘\ﬂ‘wwf\\
TC \\;\“1‘\“:\\:\\:‘\“:\\1‘\\‘\‘\‘\\1\\‘\“13\“1\“1\\;\“1& WL emec™ 1™ 200 = QGSP (EM)
R kel SR * acse om
[ ————— = -4 BERT (EM)
LN . 8 1er & BERT (DM)
HL 141 -o- DATA (EM)
Figure 1.14: Schematic view of the calorimeter & o DATA OW
up of the 2004 combined beam test. Shown ai 1ol
inner EMEC (front), the HEC, the FCall and F( o
modules (below the HEC modules). In addition 0 % 10 190 20 20

cold tail catcher (CTC, behind FCAL2) and the Weu . Erear [GEV]

tail catcher (WTC, outside of cryostat) are shown &$gure 1.15: Linearity (upper plot) and resolution
well. (lower plot) for charged pions in the EMEC/HEC re-

mgion (point D) of the 2004 combined test beam. Open

'The analysis of data from HEC only [25] and co s¥mbols are for uncalibrated (EM), filled symbols
bined beam tests of the calorimeters, which were pF -

sued in 2002 and 2004, [27-30] (see description .8{ local hadron calibrated clusters (DM). The data

. : i§ compared to Geant4 simulations with the Quark-
these beam tests in our previous report [1] (p.85—94§ruon Sptring Precompound (QGSP) model and a vari-
is continued and still provides valuable insights into

o ._ant of it adding Bertini intra-nuclear cascades (BERT).
the calibration of the detector response and the simu- g ( )

lation of hadronic showers. The validity of the local hadron calibration ap-
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proach (described in more detail further below) wades independent of the muon tracks. This approach
tested for the first time on real data in a diploma thbas been adopted for the pulses in figure 1.16. Only
sis [43] in 2008 utilizing as a first step the calibratiosmall deviations (3- 5%) of the prediction from the
constants derived for ATLAS. The results for linearitgiata in the peak region and the end of the negative un-
and resolution for charged pions in the EMEC/HEG@ershoot are observed.

region before and after calibration are depicted in fin-

w

ure 1.15 in comparison to the expectations for two d $ 10" T T T I T
feren_t ha_dronic showering models (so called hadroi % Fl o 02"%,3 by st a1
physics lists in Geant4 [41]). s [ 0;;:0:.__:: - i =]
The linearity is found to be restored within 1% be ¢ ATLAS ) o ot .
yond 60 GeV and within 3% below that energy. Bot £ 10°F o e
shower models are in good agreement with the d of Fean | 3

for the linearity before and after the calibration. Th
resolution is improved by the calibration although tr
constants are not optimized for the test beam set
Here both shower models predict better resolutio
compared to data but the same relative improvem
due to calibration is found for both simulations anu
:22 gﬁ;ﬁ;hriézseﬁ:ﬁ]ageraesﬂfs are used to further twﬂéaure 1.17: Electronic nois@feise) in randomly trig-

. . ered events at the EM scale in individual cells for
The currently ongoing analysis of the test beam data : .
. : ach layer of the LAr calorimeter as a function|f.
focuses on the performance with dedicated constanfs.
esults are averaged over
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Commissioning of the HEC Random triggers in the cosmic data are taken to

measure the electronics noise, and the stability of
008 COSMIC MUONS HEC LAYER 1 pedestal with time. Figure 1.17 shows the measured
ATLASH noise on cell level for each layer of the LAr calorime-
ter as a function ofn|. Here the noise is defined as the
measured width of the distribution of the reconstructed
energy per cell in events without any expected ion-

2

600 *.,
i e
400 = Prediction

® Data

v (Data-Prediction)/Max(Data)

&
200

o
O“““““““““
L[]
..
£ ]
L[]
&
L[]
L[]
L[]
L[]
‘\\\T\\\‘\\\‘\\\

"‘-, :§183 ization signal. Good agreement with predicted values
S SSOSIENE ¥ 1992 from simulations [2] is observed and the uniformity in
-200 ‘ ‘ ‘ ‘ ‘ ‘ ‘ @ and the symmetry im is within a few percent. The
100 200 300 400 500 600 700 800 . . .
Time [ns] stability of the pedestals in the HEC was monitored

_ _ ~over 6 months and showed variations of 2 MeV only —
Figure 1.16: Typical pulse shapes, recorded during {g|| below the numerical precision of the energy com-
cosmic ray campaign, for the first layer of the HEGutation which is 8 MeV.

The relative diﬁerence betwe?n data and prediCtion |S|'he transverse missing energy in random triggers is
indicated by triangles on the right scale. sensitive to correlated noise in the calorimeter and has
) . _ been used together with noise suppression methods to
Cosmic Muons. First tests reconstructing the realearch for unaccounted effects in the noise description.
particle response in ATLAS have been done Ugjgyre 1.18 showEMss computed for all cells above
ing muons from cosmic rays in the years 2007 a@@ioise and for cells inside topological clusters [34]
2008 [42,44]. For the HEC the incoming cosmic rgyhich are seeded by cells abovengise Both are con-
fluxis mostly parallel to the orientation of the absorbgfstent with the Gaussian model of electronics noise
plates and the LAr gaps. Nevertheless, using inclingghough the agreement in the stricter suppressing case
Fragk_s and reconstructing the effective track length {ing topological clusters is a bit worse due to the en-
individual read-out cells, a cross check of the calianced sensitivity to details in the noise description.
bration can be done. Alternatively the energy in thge apsence of large tails shows that the electronics
calorimeter cells alone can be used to select data sdflze is well under control and not perturbed by large



Arbitrary units

1.1. DETECTOR COMMISSIONING AND COMPUTING 15

RANDOMTRIGGER _____LAr CALORIMETER @ for the 85 beam splash events observed in 2008 al-

i Cells, [E[>20 ] lowed to identify all channels with reduced high volt-
107 L. ‘ ‘(’;‘ta A i age, where the decrease in signal is larger than 20%

E aussian noise model 3 . .

B Topoclusters 4/2/0 ] [44]. Figure 1.19 shows the average cell energies on
102k e o model both sides for a given bin im| as a function ofp. The -

] missing quadrant on the C-side (missing dots at high

10° , , @indices) was caused by a malfunctioning power sup-

B E ply which is meanwhile operational again. Currently
104 b K - about 1% of all channels in the LAr calorimeters are

B / ] not operational and a few percent require a correction
1054 N L for reduced high voltage.

0 2 4 6 8 10 12 14 16 2

0 The relative timing for the readout of the calorime-
ter systems was also tuned with the splash events.

Figure 1.18: Egliss distribution with LAr calorimeter Since at these large energies the time resolution is well

cells for 135,000 randomly triggered events in Juf&low 1ns the expected time differences due to time-

2009. The dots (squares) show the cell-based (clusdrflight and the trigger could be confirmed within

based) methods in the data, and the histograms shiogns [42].

the equivalent distributions for the Gaussian noise
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3
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model. Collisions. Finally late in 2009 the first collisions at
center-of-mass energies ¢fs = 900 GeV have been
correlated effects. recorded with the ATLAS detector. Comparisons to

simulations of QCD processes (minimum bias events)
allowed a first validation of the clustering and calibra-
tion scheme described in the next paragraph.

_ x10°
g e HECC layer 0 eta 1.5:16 Examples for these early validations with physics
‘%’ noF H “ ﬁ ‘ e HECAlayer Deta 1.5-15 events are show in figures 1.20 and 1.21.
o0
50++ ++ J J} + (S) 1_2:!!!!!!!HHHH‘HH‘HH‘HH‘HH‘HH‘H\L
40 + + P B ATLAS _Preliminary
< 1.15F ¥
30 +H ﬂ#ﬁ ﬂ# ++ ﬁ + + | m g : Data 2009 V5 =900 GeV ]
5 1.1- 1
20? +++++ ++++++ h ; +++ ++ﬁ++++ +++ iﬁ ‘ ; D5 g ]
10 gt Tty 1,05 :
R NN BN N Wt R -]
o 1?- +-o- +* e - -o -’-’-o- -o-.‘ *
Figure 1.19: The average cell energy vs. the phii 0.95 * -
dex on side A (C) the HEC in black (red) for 85 beai 0.9 ]
splash events from 2008. The periodic structure is @ F E >0.5 GeV ]
to the material in the endcap toroid magnets. 0.85} TRMSter .
g All Clusters ]
Beam Splash Events. The turn on of the LHC in 085£é£‘16i£éﬁ5
2008 and again in 2009 provided with so-called bea N
splash-events another set of commissioning de cluster

In beam splash events circulating single beams at

450 GeV are dumped on collimators some 140 m upigure 1.20: Ratio of average uncalibrated cluster en-
stream of the detector and cause a large particle srﬁégd'es to expectations from simulations for collisions
to pass the detector from one end-cap to the other ledln/s = 900 GeV.

ing huge amounts of energy (typical are 1000 TeV and

more) in the calorimeters. The comparison for eachBoth figures demonstrate that the systematic error
endcap of the average cell energy as function ahd for the clustering and the calibration are well under



16

calib uncalib O

DATA/MC
o0

Figu

CHAPTER 1. THE ATLAS EXPERIMENT AT THE LARGE HADRON COLLIDERHC

»‘ TTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTT \A
2.2¢ ATLAS Preliminary T
of E>0.5 GeV *  Data 2009 \5=900 GeV |
r MC minimum bias
1.8f = ol 7
1.4 * = B
1.2F © *
7\ L1l ‘ Ll ‘ L] ‘ L] ‘ L1l ‘ L] ‘ L] ‘ Ll ‘ L1l ‘ L]
04 T ‘ LU —.\-\ T ‘ T ‘ T ‘ T ‘ T ‘ T \-\.“-.\‘\ T ‘ T
02-0— -e- -.-.._ '0'-.-'.'—' hd -.-‘_ - -+
1™ = P T
98 -
96 I ‘ I ‘ I ‘ I ‘ I ‘ I ‘ I ‘ I ‘ I ‘ I
5 4-3-2-10 12 3 45
nc:luster
3.
re 1.21: Average calibrated cluster energies nor-

malized to uncalibrated energies (upper plot) and the

ratio

data to simulation (lower plot) for collisions at

/S =900 GeV. The simulation is shown in yellow in
the upper plot.

cont

rol and currently are on the level af5%.

Local Hadron Calibration

The

. Classification.

this step merging of clusters is not allowed and
border cells are shared among the clusters. The
resulting clusters have a close correspondence to
individual particles hitting the detector and thus
motivate the local hadron calibration approach.

Each cluster is compared by
means of cluster shape variables like depth and
energy density with a-priori probabilities for such
shapes derived from simulations of charged and
neutral pions. If the resulting probability of the
cluster to stem from a charged pion is above 50%
the cluster is classified as hadronic, those with
values below as electromagnetic. The probabil-
ity phad to be hadronic is stored as well for each
cluster.

Cell Weighting. Invisible hadronic energy de-
posits are recovered in this step by applying cell
weightswee) derived from charged pion simula-
tions to the cells in all clusters. The weights are
functions of cell position, cell energy density and
cluster energy as inspired by the H1 weighting
scheme [32, 33]. Since electromagnetic showers
do not lead to invisible energies (i.e. their weight
ought to be 1) the final weight per cell is given by

Phad X Weell + (1 — Phad) x 1.

4. Out-Of-Cluster Corrections. Both, electromag-

local hadronic calibration [35], which is devel-

oped in large parts in our group has been further re-
fined in the reporting period and validation efforts

start

ed with collisions data and with simulatéd

events [39, 44].

The aim of the method is to provide the energy
on the hadron level for each individual cluster in the
calorimeter which in turn serve as input to the recon-5.
struction of higher level objects like jets [36, 37] and
missing transverse energy [38]. The most important
steps in this procedure are:

1.

Topological Clustering. Clusters [34] are recon-
structed in the calorimeters around seed cells with
very significant energy|E| > 40neisd. Neigh-
boring cells in the same and in neighboring lay-
ers are added to the cluster regardless of their en-
ergy and expand the cluster further by their re-
spective neighbors in case they're found to haveb.
|E| > 20n0ise Clusters are merged in this step
if they share a cell WithE| > 20n5se The
so-found clusters are split and regrouped again
around local energy maxim& (> 500 MeV). In

netic and hadronic showers lose energies on the
edge of the shower due to the applied noise cuts.
Averaged corrections depending opy shower
depth and energy are derived for both and applied
with the same probabilities as in the weighting
step.

Dead-Material Corrections. Energy deposits

in non-instrumented material upstream of, in be-
tween, and beyond the calorimeter is recovered
in this step. The correlation of the losses with
energy deposits in calorimeter layers close to the
dead-material (like the pre-sampler for any ma-
terial upstream) is used here and parameterized
corrections are applied again with the probability
weighted sum of hadronic and electromagnetic
corrections.

Jet-Level Corrections. Finally some corrections

need to be applied to the jets made out of the cal-
ibrated clusters mainly due to particles not leav-
ing any signal in the calorimeter and thus not ac-
counted for in the correction steps above. The
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main reasons for missing signals are the nois&st simulations with this new labeling scheme are al-
threshold for seeding clusters, the magnetic fieldady available and refined calibration constants are
bending charged particles with log¢ outside the expected within the next few months.

jet acceptance and absorbed particles in the dead

material upstream of the calorimeters. 1.1.3 The Muon Drift Tube Chambers MDT

Figure 1.22 shows the comparison of the averagbe 88 Monitored Drift Tube chambers built at the
cluster energies normalized to the uncalibrated enefggx-Planck-Institut fir Physik were installed in the
as a function ofy after the individual cluster calibra-ATLAS experiment from February to June 2006, after
tion steps outlined above in the first collisions datheing integrated with their respective trigger chambers
For this inclusive plot low energetic clusters dominatd tested at CERN in 2005 [48-51] (see Figure 1.3).
and the largest corrections are applied in the out-dhe chambers were the first to be mounted on the rail
cluster and dead-material correction steps. As alreaygtem in the barrel part of the spectrometer and were
shown in figure 1.21 the agreement with simulationspesitioned with an accuracy of about 1 mm [50], well

better than 4% for all) regions. within the specifications. The barrel part and the mid-
dle wheels of endcaps of the muon spectrometer were
O 24— e installed in 2006, the missing inner and outer endcap
2 L ATLAS Preliminary 1 wheels followed in 2008, completing the muon spec-
e r E;>0.5 GeV 1 " . .
WP 220 Data 2000 vs=o00Gev | rometer. 10 of 62 additional chambers improving the
o —— Dead Material Weights ] acceptance in the barrel-endcap transition region have
W& o2F R e egs | beeninstalled in 2009, the rest will follow in 2012.
- r ] The Max-Planck-Institut ifr Physik has taken a
1.8 7 leading role in the commissioning of the ATLAS muon
- i spectrometer and, via a representative in the ATLAS
1-6_? ] o E Muon Steering Group, is responsible for the overall
- -+ 4w rsrn aw .~ 1  coordination of the operation and maintenance of all
1-4; - ey, é MDT chambers since beginning of 2008. In addition,
b T A our MDT group provides on-call gas system and de-
1.2:‘ “ .
T T tector experts, as well as the data quality expert, who
L1l ‘ I ‘ I ‘ \:\ ‘ I ‘ I ‘ \.\'\‘\ ‘ I ‘ I ‘ L1 \'\.: IS responSIbIe for the flnal Slgn-Oﬁ Of the MDT data-

s

-4 -3-2-10 1 2 3 4 5 TheMPP team is also involved in providing training
and documentation for the shifters operating the de-
tector in the ATLAS control room.

The commissioning of the MDT chambers should
Q o : :
%ve followed their installation closely, but it was de-
gyed due to the late installation of the final services in

the experiment—the routing of the low and high volt-

Current developments focus on the jet-level corre%gg ::sbles,_lres?:)utgltt;res, and gas ﬁlpes an? v?lvej—
tions, where the energy distribution of the constitueRf'd (€ avatiabiiity o the commercially manufacture

clusters in a jet is used to estimate the lost energy fraQVer supply boards. Thus, the commissioning phase

tion, and the validation of the local hadron calibratio Oége m%ﬁn s:oeitgo'\rzgtTer Epant?ed from tthe elnd of
with isolated hadrons in collision data g6 = 7 TeV —with only chambers operational on

and inclusive cluster samples extending the Stud;ggnporary serwpes—to September 2008, wheq the
shwon here fok/s — 900 GeV. irst beam was circulated in the Large Hadron Collider

Another focus concerns the work on refined simi-1¢)> and 98.8% of the 350000 channels of the 1088

lations for jets in ATLAS with the ability to tag each _DT chambers of the muon spectrometer were oper-
energy deposit with the originating hadron produc

cluster

Figure 1.22: Average cluster energies normalizedﬁ
the uncalibrated energy after various calibration steI
for collisions at,/s = 900 GeV.

ional.

by the generator. This technique allows to use the '£e notable exception to the general commissioning

simulations directly instead of single particle simula—trategy were the MPP MDT chambers: immediately

tions to derive the local hadron calibration constan f.ter the|r_|nstalla_t|on and in regular_mtervals after-
wards their gas tightness, HV stability and the sta-
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bility of the chamber geometry has been tested [50
As a result, these chambers exhibited less problen
than other types when finally put into operation. The
chambers were connected to the ATLAS gas system
2007 and to the power supplies and read-out chain |
2008 by a team of 3 technicians and 4 physicists fror
MPP. Due to their exposed position at the outside ¢
the ATLAS detector and the hostile environment with
cooling and cryogenic stations and electronics rack
on the surrounding structures nearby, the MPP chan
bers showed an increased noise pickup compared
the inner chambers. The situation was remedied L
designing additional low-pass filters for the high volt-
age lines which were mounted on all MPP chamber
in 2008 [52]. These filters are now also used on othe=
chambers in the muon spectrometer which suffer fror

high noise rates. _ . .
The commissioning of the ATLAS muon spectronf'gure 1.23:A cosmic muon traversing the ATLAS muon

eter encompasses the connection of services to A Ctr.ometer’ recorded in 2008. Only the MDT chambers
with hits close to the reconstructed track and part of the

chambers and the electronic racks in the EXPermeliyig magnet system is shown. The topmost MDT chamber
tal cavern. The MPP team supported this global Wofk s built at MPP.

with 1-2 technicians and 2—4 physicists during 2007
and 2008. About 50% of all barrel MDT chambers . . .
al valves and 18000 connections. Stringent require-

\gl;vrzrti dC(i)r?r;ﬁgter(ejat(?-/omeafﬁrgezzggseu dbseg:lj?;l¥ré?]:{€énts exist for the allowed leak rate which should not
. ceed 2 107 bar L/s per drift tube to avoid back

end electronics cards were exchanged and high vo.tf-f . - )
. . . iffusion of air into the system which would change
age failures due to a few broken anode wires in the

drift tubes or dirt in the Faraday cages—caused e space to drift relation and degrade the drift tube

the ongoing installation of other subdetectors—we?ﬁ'uency' The vast majority of all chambers and con-

. . . : nections fulfils the tightness requirements after several
fixed. The channel mapping of the optical fibres for tq]e .
read-out and the high and low voltage cabling of thémdreds of leaks were repaired. At the moment, the

tal leak rate of the system is about 30% higher than

o {
whole spectrometer was verified and corrected. Aﬁ- o .
the allowed limit, caused by several larger leaks which

he ch h i in th - . )
ter the ¢ a”?bers ad been mtegrated n the read v?/ﬁf be repaired during the next LHC shutdown when
of the experiment, data taken with cosmic ray muons

) . . . access is possible. No adverse effect of the larger leaks
is used to verify their proper operation and test theﬂgs been observed so far. The purging of all MDT

erformance [53, 54]. An event display of one of th ; i
]E [ . ] pay . &ambers, the leak search and repair, and the adjust-
irst recorded cosmic muons traversing the entire muon T .
nt of the distribution system took an estimated man-

spectrometer is shown in Figure 1.23; see Figure 1. . .
fc?r a comparison with the ins%alled detector. ’ power of 1.5 man years during 2007 and 2008. Peri-

A major part of the commissioning phase consistoglc leak tests are still performed to spot new leaks in

o . : . e system.
of taking into operation the recirculating MDT gas .
g P g gas As all other subdetectors of the ATLAS experiment,
system—-the largest gas system of any LHC experi- . L
. : the MDT system has entered routine operation in 2009
ment. This effort was coordinated and to a large part ) .
. an]d 2010. Annual failure rates of the active and pas-
executed by the MPP team. The system consists 0 ) .
S . o sive front-end electronics on the chambers, the high
15 distribution racks serving 226 individual gas mani- o
Holtage distribution, and the detector control system
folds, each connected to 4 to 32 MDT chambers. The .
. are all well below 1%, but the more than 50000 dif-
total gas volume of 2. 10° bar L is exchanged once . .
; ferent components nevertheless requires a continuous
every 24 hours, and about 10% of the gas is replaced.; .
" . . maintenance of the system to which the Max-Planck-
In addition to the 2.8 million O-ring seals of the on- "~ - . : .
L Institut fur Physik contributes a major share of man-
chamber gas distributions. The systems has 4500 man- .
power and expertise. The MDT system has been oper-
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ational with 99.7% of all channels taking high qualitirradiation Facility at CERN [59]. A model for mag-
data for the past two years. netic field corrections to the space drift-time relation-
ship has been derived from the measurements [60].

Muon Detector Commissioning with Cosmic Rays ~ The large sample of cosmic ray muons recorded by
the ATLAS detector in 2008 and 2009 allowed de-

The MPP group is contributing to all aspects %iled studies of the robustness of the calibration al-

the software (;jevelopn;ent forl tz_e ar;alys?_bof _t rithms. The-t calibration algorithm showed robust
ATLAS muon detector data, including the cal raltloBperation for all the chambers apart from the cham-

of the space dri;t—tirrI]_e relationsfhirrl) of the MDT CharTBers with muons at 30ncidence angles where all drift
bers ,[55_61]’ the alignment of the muon spectroml%dii are equal. The-t calibration method originally
ter with muon tracks [50, 52, 62-66], the evaluat'oébplied to straight track segments in triplelayers of the

and monitoring of the data quality of the muon OI‘?ﬁuon chambers had to be extended to curved track

tector [67, 68], optimisation of the muon reconStru%‘egments in the muon chambers to achieve the same

tion for the high background rates expected at fgq| ot ropystness for all muon chambers [72]. Fig-
LHC [64, 69], and the Monte Carlo simulation prog, o 1 54 shows the accuracy of the space drift-time
grams for the muon spectrometer [70, 71]. The firshiionahip provided by the improved calibration al-

two projects (;th? are of ce?t:]al ,L\T'Ezr;ance for thesrithm as a function of the number of collected muon
operation and performance of the MUON SP&fa ek segments in a chamber for simulation and cos-

trometer and in which the MPP group plays a leading: . ray data. The required accuracy of @@ is re-

role are discussed in more detail in the following. liably achieved with 3000 muons per chamber for all
chambers of the muon spectrometer. The predicted ac-
Drift Tube Calibration. ~ The pressurised drift-tubecyracy is confirmed by the studies with muons from
technology has been chosen for the ATLAS mu@iysmic rays.
tracking chambers because of the high spatial resoluThe dependence of the drift time on the mag-
tion of better than 8@m which can be achieved fometic field strength measured with cosmic rays in the
individual drift tubes by measuring the drift time ofxT| AS detector agrees well with the model based on
the ionisation electrons to the sense wires. In ordertf test beam measurements (see Figure 1.25).
reach the required spatial resolution of the chambersrhe MPP group is operating one of the three com-
of 40um not only the the sense wires have to be pogjgting centres dedicated to the calibration and the
tioned in a chamber with an accuracy ofiffi butalso gjignment of the ATLAS muon spectrometer [61] us-
the space drift-time relationship of the approximatejyq a special data stream of muon tracks reconstructed
400,000 drift tubes in ATLAS has to be known withhy the ATLAS second level trigger algorithms. The
the same precision. The drift properties of the elegommitment of the MPP group to calibrate roughly
trons depend on the temperature and pressure of gh@ third of the MDT chambers and to align the muon
drift gas as well as on the magnetic field and the rateqftectors with muon trajectories includes the develop-

background hits from neutrons and photons which caent of fully automated calibration and alignment pro-
be Very h|gh at the Large Hadron CO”ider (LHC) quedures and monitoring tools [73]

the regular calibration of the space drift-time relation-
ship, correlations between the positions measuremenis,, chamber Alignment with Tracks. To

of the drift tubes hit by a traversing muon can - _useéjchieve the required momentum resolution of the
; Wﬁ hdave deyelppedf f?]St and e:;fl(.:fler.lt algolmh%LAS muon spectrometer up to the highest muon en-
?]r_t € etermlnc?tl(;nho the §p|ace I” t_—tlme re a]:“(::é'rgies, the relative positions of the chambers have to be
ship [49, 5] and o _t e spatial resolution [S6] of t Sontinuously monitored and misalignment corrections
MDT chambers _Wh'Ch are now part of th_e A-I_I‘A%ave to be applied to the measured track sagitta with
data reconstruction software. The algorithms hagﬁ accuracy of 3am. The MPP group contributed
been exte_n s e')’ tegted with S'ml_“ated datat,) COSNYGnificantly to the development and test of the high-
ray commlssmnlng atja [54,55], in a muon dggm ecision optical alignment monitoring system for the
CERN [57, 58] and under LHC operating con ONgy on spectrometer [45]. The group also developed al-

in magnetic fields and at high background rates, li}%rithms for the alignment of the ATLAS muon spec-
ing test beam data taken by our group at the GamW&neterwith muon tracks [62—66]
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Figure 1.24: Accuracy of the calibration of the space drift-time relashbip of the drift tubes of the ATLAS MDT
chambers as a function of the number of cosmic muon traclkdperechamber. Left: Simulated data. Right: Cosmic ray
data confirming the predictadt accuracies.
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Figure 1.25:Magnetic field corrections to the drift tintein different regions of magnetic-field strength (0.47 T oa th
left, 0.54 T on the right) in MDT chambers in the middle layétte large sectors of the barrel muon spectrometer as a
function of the drift distance. The measured difference in the drift times with and withmagnetic fieldB agrees well
with the model expectation in red derived from test beam mneasents. The error bars of data points correspond to the
estimated-t accuracy of 2Qum. The drift time correction increases with the distancdéowvtire because of the deflection
of the drifting electrons in the magnetic field oriented ia threction of the tube axis.

In the barrel part of the spectrometer, only the larg@PP group is providing these alignment corrections
chamber sectors mounted in between the magnet casgg the muon calibration data at the Munich calibra-
can be fully aligned with optical sensor measurementien and alignment computing centre [61, 62].

The small chamber sectors mounted on the coils (se&traight muon tracks measured while the toroid
Figure 1.3) have to be aligned with respect to the largeagnets are turned off are needed for the precise deter-
sectors with muon tracks passing through the overlagination the initial chamber positions after installation
regions between the the small and large sectors. Hsea starting point for the monitoring of further cham-
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8 6 -4 2 0 2 6 8 10 Figure 1.28:Resolution of the sagitta measurement as a
sagitta [mm] function of the muon momentum as measured in ATLAS

cosmic ray data. The red line illustrated the fitted resotuti
Figure 1.26: Sagitta distributions of straight cosmic rayvhich is the quadratic sum of a term proportional to the
muon tracks before and after the alignment with tracks. Tiwerse momentum taking into account multiple scattering
mean value is on the order of a mm before the alignmeaitd a constant term (of 1@6n) reflecting the limitation of
procedure consistently with the mechanical installation &he resolution by the spatial resolution and the alignmeént o
curacy. The mean value of the distribution is shifted towarthe muon chambers.
0 and its width is reduced by the track alignment procedure.

ar—— sagitta distributions of the large sectors are shown as
Sector C05 a function of the position of the MDT chamber along
track-based | e the z-direction (parallel to the beam pipe). The accu-
SR SeclorA0] racy of the initial alignment is of the order of 36n
or better and close to the desired ultimate accuracy of
30 um. Improvements of the alignment accuracy are
O ! “ expected when chamber deformations will be taken
into account in the track reconstruction. The measure-
ment of the sagitta resolution of straight tracks in the
muon spectrometer as a function of the muon momen-
tum measured by the inner detector is presented in Fig-
ure 1.28. It improves with increasing momentum as
g A‘TLAS‘ o multiple scattering decreases with increasing momen-
1 2 3 4 5 6 tum and reaches a plateau value of about fi@Dat
station n-index high momenta reflecting the limited spatial resolution
and the residual misalignment of the muon chambers.

Figure 1.27: Mean value of the apparent track sagitt

distributions obtained using a track-based alignmengelar%he achieved resolution is about a factor 2 larger than

sectors). The station index describes the position of tmae target vaIL!e of Sw because the Cham'?ers are
MDT chamber along the z-direction (parallel to the beaflY aligned W't_h 50,1.m instead of 3Qum precision.
pipe). The achieved accuracy of the alignment is indepen-The method is being extended to the alignment of
dent of the sector and station index. the muon chambers with curved muon tracks in the
magnetic field during normal operation of the exper-
ber movements by the optical sensors mounted on iRt in order to verify the optical alignment correc-
chambers. An efficient algorithm has been developl@'S: This requires an independent measurement of
and successfully applied to cosmic ray commissiofile muon momentum which is insensitive to misalign-
ing data [63]. Figure 1.26 shows the mean value Bent of the MDT chambers along the muon track. The
the apparent sagitta of straight cosmic muon tradd®T chambers with their two triple or quadruple lay-
after the initial alignment with straight cosmic muof'S Of precisely positioned drift tubes measure not only

tracks. In Figure 1.27 the mean value of the apparérr?f‘:k coordinates with high accuracy but also the local
track direction. This feature can be utilised for inde-

o
o
o

mean sagitta [um]
3
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L ATLAS | Figure 1.30: Transverse momentum resolution of the
L 4 muon spectrometer evaluated by comparing the momen-
B 1 tum of cosmic ray muons measured in the top part of the
0.2~ Up hemisphere ~| spectrometer with the momentum in the bottom part of the
- Down hemisphere | spectrometer in the barrel region of the muon spectrome-
L | ter. The results of two complementary track reconstruction
o Il . 6 s '1 algorithms show similar performance.
n of ID track

The momentum of cosmic ray muons traversing the
Figure 1.29:Track reconstruction efficiency in the muorentire ATLAS detector are measured twice, first in the
spectrometer as a function of the pseudorapidity of the cégp part of the muon spectrometer, then in the bottom
mic ray muon reconstructed by the inner detector. Thgrt of the muon spectrometer. The comparison of the
muon momentum in the inner detector was requested tof3gy momentum measurements allowed us to measure

greater than 5 GeV for the top part and greater than 9 GRW, -4 ctional momentum resolution of the muon spec-
for the bottom part. The loss of efficiency in the region ne

r . .
In| = Ois due to acceptance holes of the muon spectrom&f‘lﬁgrmeter up to muon wittpr = 300 GeV (see Fig-

needed for services of the inner detector and the calorirhé€ 1.30). The measured momentum resolution is in
ters. agreement with the expected momentum resolution for

pr < 100 GeV, but is a factor 2-3 worse than expected

pendent momentum determination from measurem@?éve 300 GeV due to the residual misalignment of

of the track deflection angles between the inner and muon spectrometer. . .-

outer chamber layer and between the two multilayers he muon reconstrugtlon e_ff|0|ency and the momen-
of the chambers in the middle layer located inside tH‘ém §cale and re+sol_ut|on will be meagured fqr low
magnetic field. Studies with simulated data show W'th+‘J/_LP —H ” decay; _and for higipr with
that the required alignment accuracy can be achie g_;% uFircl?\(J:?l)lle Epﬁ *C;f—”lzl\(/):n?sathaa\?; tgset]Hoct:)—

within two days of data taking at the nominal LHC [u* . ) :
minosity of 1%/43 cm2s1 [64 966] served by the ATLAS experiment. The invariant mass

distribution of theJ/¥ — p™u~ events is shown in
Figure 1.31

The position of theZ resonance peak is a measure
The huge sample of cosmic ray muons made it posfsir the momentum scale, its width a measure for the
ble to study the performance of the muon identificaaomentum resolution. The muon reconstruction ef-
tion in great detail up to muon momenta of 300 Geficiency will be measured by the so-called "tag-and-
[74,75]. Figure 1.29 shows the track reconstruction gfrobe method”. In the tag-and-probe method events
ficiency in the ATLAS muon spectrometer for cosmiwith an isolated muon and an inner detector track giv-
ray muons reconstructed in the inner detector. The &fg an invariant mass compatible with tizeboson
ficiency is close to 100% in the instrumented regiomsass are selected. The fact that one of the two tracks
of the muon spectrometer. The drop of the efficiencyiatidentified as muon ensure that the second track is
In| = O is caused by the acceptance gap of the mualso a muon and one can count how often the second
spectrometer which is needed for the services of thigck is reconstructed as a muon. The method has been
inner detector and the calorimeters. studied on Monte-Carlo data and is able to reproduce
the muon reconstruction efficiency with a systematic

Muon Identification Performance
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40O T T T T T T T T operation the rate of dimuon decays Hfbosons is
sco AT';’*TS\'jrcje"mf”gry s Lin = 6.4 b too low for the tag-and-probe method and alterna-
p 4 7 Tev data: Opposite Sign tive methods have to be used to get a handle on the

Entries/0.080 [GeV]

300 muon spectrometer reconstruction efficiency. The ef-
250 MC statistical error ficiency of the standard muon reconstruction is mea-
sured with respect to an alternative muon identification

approach. In the alternative approach an inner detector
track which deposits only little energy in the calorime-
ters and which can be matched with a track segment
in the muon spectrometer is identified as muon. The
0 55 24 26 28 3 32 34 36 38 a4 relative efficiency of the standard muon reconstruction
JyMass[Gev]  With respect to the alternative selection is shown as
a function of the transverse muon momentum in Fig-

Figure 1.31:Invariant mass distribution of reconstructelf® 132 [78]. The relative efficiency agrees with the

‘]/LIJ N uJFu* candidates. The po|nt5 with error bars aMonte-CaﬂO pl’edICtlon Wlthll’] errors. It |S |0W€I’ than
data. The solid line is the result of maximum likelihoothe true efficiency as the alternative muon selection has

unbinned fit to all dimuon pairs in the mass window 2-& lower rejection power against muons from pion and
GeV and the dashed line is the result for the backgroundifon decays in flight than the standard reconstruction.
the same fit. MC from both promgy' and minimum bias At transverse momenta below 20 GeV the momen-
simulation are superimposed. tum resolution in the momentum resolution is signifi-
cantly larger than in the inner detector and can be mea-

150

200; averaged over all bing

100

o \ \

§ 12 aTLAS Preliminary sured by comparing the momentum measured in the

£ C muon spectrometer with the momentum measured in

I N the inner detector. The resolution measured this way

% - .é_ﬁg:—'?:g@f B is in agreement with the Monte-Carlo prediction and

I - et ' the measurement with cosmic ray muons within the

9 0.81" “*‘32'4' 'T' 1 measurement uncertainties (see Figure 1.34) [79].

o - ' ] The analysis of cosmic ray data and the first results

E 0.6 = | of the analysis ofpp collision data confirm the ex-

o i - 1 pected performance of the muon spectrometer.

& 0.4 , .

c B e Combined wrt tagged (Data) .

Q - 1 1.1.4 Computing

;g 0.2+ *  MC truth ]

o -+ s+ Combined wrt tagged (MC) ] The rate of trigg_e_r(_ad and filtered data f_rom the experi-
o 1 ment data acquisition system (DAQ) will be about 200

Il ‘
00 P) 4 6 8 10 beam-crossing events per second. This rate translates
[GeV] to more than 300 MB/s given an expected event size
Pr of ca. 1.6 MB. When the additional data generated by
_ _ _ o event reconstruction is taken into account, several PB
Figure 1.32:Comparison of the relative efficiency of the)s physics data per year will have to be handled by
standard muon reconstruction algorithm with respect to rﬁt]e ATLAS computing system [80, 81]. The large vol-

erence muons as defined in the text with the Monte-Carlo )
prediction forpr > 4 GeV. The star-shaped symbols la4M€ of the data and the enormous computing resources

belled as MC truth show the standard muon reconstructidfeded to perf.orm data reduct.ion and extract physics
efficiency for muons identified as true muons in the simultesults necessitated the adoption of the Grid comput-

tion. ing paradigm by ATLAS and the other LHC experi-
ments. The LHC Computing Review [82] provides a
uncertainty of 0.2%. good overview of the worldwide LHC computing.

First Z — gty candidate events have been ob-
served in the ATLAS detector. One such event is
shown in Figure 1.33. In the early phase of the LHC



24 CHAPTER 1. THE ATLAS EXPERIMENT AT THE LARGE HADRON COLLIDERHC

Z->pp candidate in 7 TeV collisions
Run Number:154822, Event Number: 14321500
Z: Minv=87 GeV, Pt=26 GeV

PHyu+) =45 GeV, n=2.2

h11p:,//u1|ns.(h ! : / PH) =27 Gev, 1=0.7

Figure 1.33:Event display of & — p™u~ candidate event recorded at a centre-of-mass energigef 7 TeV

ATLAS Computing Model of distributed and interconnected computing centres

The ATLAS computing model [80] is based on the egr_]apped approximately to the different levels of re-

tablished procedure of performing several successﬂ}éced data. The S|_ngle Tier-0 centr_e at CERN serves
g}e four LHC experiments and provides mass storage

steps of data reduction. The data coming from t raw data and processing capacity for the prompt re
DAQ is termed RAW data and will be passed throu ) X
Q P nstruction. The reduced data (ESD and AOD) are

the event reconstruction immediately after recordifig > . .
(prompt reconstruction). The next step of data red stributed to the Tier-1 centres along with the RAW

. ta.
tion leads to event summary data (ESD, about 5 8 i . .
kB/event) consisting of reconstructed particle tracksATLAS has ten Tier-1 centres; one of them is oper-

and calorimeter clusters and the corresponding hits %??d by _th_e_ FZ Karlsr_uhe N Germgny (GridKa). The
sponsibility of the Tier-1 centres is to store between

X . r
ter noise suppression. The last step of central data €
PP P E m a copy of the RAW data, provide processing ca-

: . . . t
duction results is the analysis object data (AOD, abo Fn .
100-200 kB/event) where essentially only the reco acity for (_jerlvmg d ESD/AS DE(éall;a frgrrACF)QE)AVC\I/ f[jata i
structed particle momenta and identity information eplrol():les?ng) and Odmﬁ © alm ala sets
kept. The working groups in ATLAS can define theffvataole for orggnlse P yS|c.s analyses.

Each of the Tier-2 centres in turn are connected to

own derived physics data (DPD), which are typicall . :
10 kB/event. gne of the Tier-1 centres. There are about 30 Tier-2

The ATLAS computing system [81] is organise&em'_rjS seving .ATLAS ar_1td f[helr reﬂs]pox_?ll_bxgy 'S o
in a hierarchical manner with three levels (or tier§5rOVI € processing capacity to run the simu-
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§ 0. I T T T T collaboration. 1t is the responsibility of the ATLAS

5 0.00F Data 2010\'s = 7 Tevd 9roup at MPP to contrlbute a large fractlpn of the re-

2 C ] sources needed to build and operate a Tier-2 centre in

L 0.08F J- L ~15nb* 3 Munich for use by the ATLAS collaboration.

€ 0.07 N -

2 0 065— > In(I=1.05 3 Munich Tier-2/Tier-3 Computing Centre

GE) ' The two ATLAS groups in Munich at the MPP and

S 0.05f 3 the Ludwig-Maximilians-University Munich (LMU)

o 0.04E 4 (Prof. D. Schaile) have agreed to build and operate

= 2 1 aTier-2 centre for ATLAS of the average size as spec-

E 0.03¢ 5 3 fified in [80]. The centre is hosted by the RZG and
0 021_ ata 3 the Leibniz Rechenzentrum (LRZ) in Garching. The

F QCDMC ] four parties MPP, LMU, RZG, and LRZ have signed a
0.0 cosmic Ray Data 2009 3 memorandum of understanding (MOU) outlining the
| T N A T T T T T I details of the project.

4 6 8 10 12 14 16 18 20 The contributions of MPP/RZG and LMU/LRZ are
0. [GeV] expected to be about equal in size. Itis foreseen to add
T 100% of the CPU resources and 50% of the storage re-

Figure 1.34:Comparison of the momentum resolution ir?Ources needed for the Tier-2 centre in order to support

the barrel part of the muon spectrometer measured vJﬁWaI computlng requirements for the Munlch calibra-
muons frompp collisions in comparison with the expectedion and alignment centre and at the Tier-3 level. The

resolution from Monte-Carlo data and the analysis of cd3ardware is one homogeneous setup and the sharing

mic ray data. The measured resolution agrees with the ppé+resources between Tier-2, Munich calibration and

diction within the measurement uncertainties. alignment centre and Tier-3 can be adjusted during op-
eration according to the needs of the experiment or the

lation and to run scheduled and unscheduled phydiegal working groups.
analyses by working groups or individual users with The hardware is located on the sites of the two com-
AOD data. In addition the derivation of calibratiofuting centres RZG and LRZ in Garching. Such a fed-
constants may be performed at Tier-2 centres. TH@tion of computing centres is explicitly foreseen in
Tier-2 centres will each hold approximately 1/3 of théle WLCG to operate a common Tier-2 service.
total AOD data such that the usually three Tier-2 cen-The total resource requirements for the Munich
tres connected to a regional Tier-1 centre together hd#§r-2/Tier-3 computing centre for 2010 are estimated
the entire AOD data set. as 11.8 kHSOb for data processing and 650 TB for
Tier-3 centres correspond to local computing facflata storage on disk. This corresponds to approx-
ities operated at institutes and dedicated to the lod&ptely 1700 CPU cores and about 33 fileservers
ATLAS groups, while Tier-4 corresponds to individwith 20 TB RAID storage each. A wide area net-

ual user’s workstations. work (WAN) connection with a sustained bandwidth
of 30 MB/s is supplied by RZG for import and export
of data.

Worldwide LHC Computing Grid

Thg W_LCG coIIa_bc_)rati_on I_ead by CERN with all maypp Computing Facility at RZG

jor institutes participating in the LHC as partners pro-

vides the computing resources needed for timely ahfe computing facility serves the whole institute and
successful analysis of the LHC experiments data [8#)€ main users are currently the ATLAS and MAGIC
One of the most important goals of the WLCG is to d&"Oups.

liver the necessary software to manage the distributed he system consists now of 8 IBM BladeCenter H
data storage and computing tasks as well as to gR@uipped each with 14 single-board computers. Com-
transparent access to the data to all collaborators of @@n services such as power supply and LAN are pro-

LHC eXper_'ment_- o 17 HS06 correspond roughly to one core of a AMD or Intel
The Institute is an official member of the WLCGnulticore CPU from 2009
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vided by the BladeCenter. The single-board compi -

ers have two CPUs (Intel Xeon 3.2 GHz or Xeon 54> £, 500:_ ATLAS C;nline Lumin(;sity \s= 7'I"eV B
guad-core), 2 GB RAM/core and a bandwidth of ?) C [ LHc Delivered i
Gb/s to the LAN. Data are stored on integrated fil 2 400" [JaTiAS Recorded 7
servers, which connect 12, 16 or 28 large SATA har & F Total Delivered: 357 b i
disks (currently 300, 500 or 750 GB) each to RAIl 5 300~  Total Recorded: 338 nb*
arrays via dedicated PCI expansion cards. The tc % C
useable disk space is more than 300 TB. & 200
The RZG maintains the operating system (OS), ct = B
rently Suse Linux Enterprise Server (SLES) 10, bat £ 100i
gueue system (Sun grid engine SGE), and other sys . C
services. The mass data storage system dCache de - ————
oped by DESY and FNAL has also been installed a 22/03 22/04 22/05 21/06 21/07
is used by ATLAS. The MPP user groups, e.g. ATLAS Day in 2010
have to install and maintain their own experiment sort-
ware on this platform. Figure 1.35: Time evolution of the cumulative lumi-
The RZG operates several servers running the Lq:lggsity since the start of the LHC operation ¢ =

software needed to connect the MPP computing facilra\/
ity to the WLCG. One person from MPP seconded to

RZG runs together with staff from RZG the WLCG

services, responds to problem reports, installs ta collected so far (see Figure 1.35) yielded the first
grades ’and interacts With our USErs ’Some of thigasurements of inclusive lepton distributions, as well

WLCG services run as virtual machines [84], sinc.aes the initial measurements of cross-sections for elec-

this makes it more convenient to use the required Stégweak gauge boson production. Also the properties

entific Linux OS instead of SLES10 as is standard %fttop—quark pro_ductmn will very soon become mea-
RZG. surable as the integrated luminosity increases. The

Our Tier-2 site is monitored on a regular basis ethods to determine the mass of the top-quark ex-
i lained below will show their full potential when ap-

the WLCG. Performance is quantified by availability, . diothe d tth g 2010-2011 FLHC
defined as the fraction of time a site is available, aRHe to the data of t €ongoing i runo
ith an expected luminosity of about 1fh

reliability, defined as the fraction of time a site is avail¥ A 4 und di £ SM .
able corrected for known and announced downtimes. good understanding o Processes Is essen-

Our site has with few exceptions reached values ab&% also for new discoveries. The ATLAS discovery

90 %, accepted as good by WLCG, for both measung.ter_]t'aI is explored in searche; for the Higgs b_oson
both in the Standard Model and in supersymmetric ex-

tensions, as well as in a generic search for supersym-
1.2 ATLAS Physics Analysis metric particles and other phenomena like the lepton
) flavour violation. The sensitivity to many of these pro-
For a long time the MPP ATLAS group has been CoBasses is expected to exceed the current limits from ex-
tinuously working on the preparation of physics ana;5‘eriments at other colliders by the end of 2010, once
ysis of hadron collision data at the LHC. The resultg, integrated luminosity of about 200 phis reached.

obtained in the years 1997-2007, including prepafihe ongoing investigations are described in more de-
tory work based on Tevatron data, are described in 't%ﬁ below.

previous reports [7] (p.82-84), [1] (p.106-112), [85],
and references therein.

The present physics studies for the ATLAS expe]r'-'z'l Standard Model Processes
iment cover a broad physics range. Already at theclusive Lepton Cross Sections

early stage of data taking, a number of Standard Moggl the LHC pp collision events with highly ener-

(SM) processes occur in abundance. These processas. ojectrons and muons in the final state provide

allow for detailed stud_ie_s of the detector performancga 4, signatures for many physics processes of inter-
as well as for the precision measurements of QCD 80gt A good understanding of the inclusive electron
electroweak observables. The few hundred nbf
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Figure 1.36: Monte-Carlo prediction of the electron reFigure 1.37:Comparison of the measured distribution of

construction efficiency for electrons from heavy quark ande transverse energies of prompt electrons foend b

Z boson decays. [88] decays with the Pythia 6.4 minimum bias Monte-Carlo pre-
dictions. [88]

and muon cross sections is therefore of great img_ 106
tance. The MPP group contributes to these meas| @
ments [86—88].
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Entries / 1 GeV

_ 105L « Data 2010 s = 7 TeV) |

At the LHC electrons are produced predominan = P £ Heavy flavours E

in decays of heavy quarks with transverse energies - Pion decays -
low about 30 GeV and in decays Wf andZ bosons E 10* Kaon decays

at higher transverse energies. The MPP group sig
icantly contributed to the optimisation of the electrc 13
selection criteria to arrive at an electron selection
ficiency which is flat in the transverse electron ener
(see Fig. 1.36). The first measured inclusive electrt
spectrum at a centre of mass energy of 7 TeV at
LHC is shown in Fig. 1.37 in comparison with the pre 10 [\
diction of the Pythia minimum bias Monte-Carlo. Th
MPP group contributes to the study of the observ NN\ eeranamemmrmnmarrenmmmaumoms
20% discrepancy between data and Monte-Carlo 10 15 20 25 30 35 40 45 50
diction, using the increasing statistics of the inclusi Muon p_ [GeV]
electron sample.

The MPP group is also involved in the measur&igure 1.38:Comparison of the measured inclusive muon
ment of the inclusive muon cross section contributifignsverse momentum spectrum with the Pythia 6.4 mini-
with its experience in muon performance studies. TRWM bias Monte-Carlo prediction. The Monte-Carlo data

. . . s decomposed into three sources of muons, namely in-flight
measured inclusive muopr spectrum is present(_}ddecays of charged pions and kaons and the decays of heavy-

in.F_ig. 1.3&_3 where it is compargd_ to the Pythia 64L,,.r hadrons. [87]

minimum bias Monte-Carlo prediction. The measured

spectrum is well reproduced by the Monte-Carlo sim-

ulation. The discrepancy observed for > 20 GeV Cays from the other sources are under developmnet.
is due to muons originating froM/ andZ boson de-

cays. According to the Monte-Carlo simulation, thElectroweak Gauge Boson Production

main sources of muons at transverse momenta Bfs measurement of th andZ boson production is
low 20 GeV are in-flight decays of charged pions angj s essential step in understanding hard electroweak
kaons and the decays of heavy-flavour hadrons. Mﬁécesses in the high-energy regime of the LHC. With
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Figure 1.39: Transverse mass distribution ¥ — pv,
candidates found in 16.6 nb of ppcollision data collected
by ATLAS. [89]

Figure 1.41: Invariant mass spectrum of oppositely
charged muons in 318 nb of pp collision data. [89]

% state. As expected fgup collisions, morew"

sive and differential cross section measurements ~h h b q q g
be performed to probe the parton density functions. q?‘f"nw 0Sons have been etected, WO and 40
~ bosons. Fig. 1.39 shows the transverse mass

addition, these processes are studied with the motiW_i- o f th _ ;
tion of estimating the backgrounds to the searches %§tnbutlon of t .eW — Wy candidates confirm-
Higgs bosons and supersymmetric particles. Of p41 the observation of bosons. The Monte-Carlo

ticular interest here is the electroweak gauge bos%gd'cnon is consistent with the measured distribu-

production in association with jets, where the bosofig" and r_]as a _neghglble backgrou_nd contammajuon.
are decaying into electrons, muonstdeptons The total inclusiveN-boson production cross section

times the leptonic branching ratio is measured to be
o = [8.5 £ 1.3(stat}t0.7(syst}0.9(lumi)| nb
for theW — eve channel and
0 = [10.3 &+ 1.3(stat}-0.8(syst}=1.1(lumi)] nb
for the pvy, channel. The experimental errors of the
cross sections are dominated by the statistical errors
of the numbers of observéti candidates and the 11%
uncertainty of the luminosity measurement. The mea-
suredwW production cross section agrees well with the

C T — ]
B NNLO QCD (FEWZ)

e ATLAS data 2010 (s=7 TeV)

®/0 W (e/lp)v
J'L:17 nb? m/o W (e
A/A W (e/p)v

e mg o (e‘,;’)v 1 NNLO calculations as shown in Fig. 1.40. The mea-
‘‘‘‘‘‘‘‘‘‘‘‘ W* (op) « vaw.iv | surement of th&V production cross section required
oo e m e agood understanding of the lepton identification effi-
0 2 4 6 8 10 12 14 ciencies besides the reliable measurement of the lu-

\'s [TeV] minosity. As reported in 1.1.3 the MPP group has

Figure 1.40: Comparison of the measurali cross sec- significantly contributed to the understanding of the

tion with the NNLO prediction. The expected asymmet&erformance of the muon identification an CO_“_I_ .
in the production cross sections\& and theW~ boson Sion data. The measurement of the muon identification

is confirmed by the cross section measurements. [89]  €fficiency reduced the systematic cross section uncer-
tainty caused by the uncertainty of the Monte-Carlo
W bosons have been observed in 16.6 hbf pp efficiency predictions to less than 3%.
collision data collected with ATLAS: 43V bosons Also candidates foZ — ¢/~ decays with iso-
in the eve final state and 6%V boson in thepv, fi- lated charged leptons have been found by ATLAS.
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C ATLAS Preliminary NNLo Qcp FEwz) | quark reactions as background processes. In addition,
i 1 the top-quark should have the strongest couplings to
any mechanism that generates mass, which makes it a
very interesting object for an unbiased search for this
mechanism.

The present main interest of the top-quark physics
analysis work of the MPP group is the investigation
of the tt production process, and particularly the de-
termination of the mass of the top-quankd,) and
the production cross-sectiogyf) in the reactiorit —

ATLAS data 2010 §/s=7 TeV)
4444 o L] o
J' L=225 nb’* 2yt ee

maseuy

O Zly*~ pu

CDF Z/y* - ee

0. % Br(ZIy*~ ) [nb]

DO Z/y* - ee
UAL ZIy* - ee

10"

------- ZIy* (pP)
ZIy* (pp) UA2 Zly

‘“""“““é“‘lb“‘l‘z“:‘x bb W~
The analyses use two decay channels of the W-
\s [TeV] . :

boson pair, the lepton +jets channel, where the W-
Figure 1.42: Comparison of the measured values &0SON pair decays intty qq with £ = e, p(branching
0z -BR(Z — (/) for ¢ = e, with the theoretical predic- ratio, BR = 30%) and the all-jets channel, where both
tions based on NNLO QCD calculations. [90] W-bosons decay into@q pair (BR = 44%). In both
channelanyp is obtained from hadronically decaying

Figure 1.41 shows the dimuon invariant mass spedzP0sons and the corresponding b-jet. _

trum for oppositely charged muons collected with the 1€ Main background reactions to production,
ATLAS detector. In addition to resonance peaks at tis detérmined from Monte Carlo simulations, are the
masses op/w, J/, |, andY mesons a resonancdV t n-jets production, QCD multijet production, sin-

peak at 91 GeV, the mass of t@eboson, is clearly gle top-_quark production, and that _fraction of t_h_e
visible with very small background. In the 229 Production where the W-boson pair decays via the

of pp collision data 4& — e*e~ and 79Z — Wty other decay channels. The QCD multijet production

events were observed in the mass window of 66 Ge\P'0CesS is special due to the huge cross-section be-

my.,. <116 GeV. The measured cross sections [Qf€¢ @ny cut, such that event samples fully covering
o = [0.72+ 0.11(stat}-0.10(systy-0.08(lumi)] nb t_hg signal .ph_ase space cannot be S|mulate_d with suf-

for Z — ete— and ficient statistics, especially for the lepton + jets chan-

o = [0.89 + 0.10(stat}-0.07(syst}-0.10(lumi)] nb nel, where the selected lepton mostly results from a
for Z — pty- are in agreement with the theoreticalrongly reconstructed jet. Eventually this background
prediction (see Figure 1.42). contribution has to be obtained from data. So far, ini-

The increase in statistics & and Z bosons ex- {1l studies of this background based on Monte Carlo
pected in the next months will allow us to improve thg*MPles have been performed and methods to evaluate

precision of the cross section measurements, to inv&&0m the data, like the matrix-method, have been im-
tigate the*-W— production asymmetry, and to meapl'emented.' The matrix-method was §uccessfu|ly ap-
sure the cross sections of the production of the weligd to estimate the background fraction from Monte

gauge bosons for 0, 1, and more than 1 accompanyﬁ‘@"o samples with a deliberately unknown composi-

jet. The measurement of the differentproduction fuon of signal and background events [91]. In the MPP

cross section will be used to probe parton density furjgvestigations, for the firsttime tie-jet algorithm has
tions. been used in top physics analyses at ATLAS [15, 92]

Because of a better stability against divergences, this

. algorithm is theoretically preferred over the tradition-
1.2.2 Top-Quark Physics ally applied cone-jet algorithm. By now also the
Overview experimental advantages became apparent, such that

The top-quark is by far the heaviest known elemers'li-nce recently a variant of it, namely the akijet al-

tary building block of matter. The precise knowledg%Orlthm is the ATLAS standard. .
_At present the analyses are optimised on Monte

of the quantum numbers of the top-quark helps to f
quantum nu p-qu P (L]Jé rlo samples and are ready to be applied to the data

ther constrain the parameters of the Standard Mo o
P é be taken still this year. The results presented below

and is a mandatory prerequisite for any study of n tvet contain ATLAS collision data. Th I
physics that will almost inevitably suffer from top- o notyetcontain cofision data. The analyses

UA1 Z/y* - pp

<« O e o o
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are mostly performed assuming the initially envisage

proton-proton centre of mass energyg§ = 10 TeV ?::’ :

and for integrated luminositie€i,, of several 100 ®s00/- o —
pb~l. An overview of the recent activities is giver Y oot consiates

below, the initial investigations were reported in [1 200 N = Vs andcomb beckarond ||
(p.206-112),(85. 0\ |7z

Lepton + Jets Channel 3001~ N

The lepton+jets channel is the best compromi:
of branching fraction and signal-to-background rati 200/~
(S/B), defined as the ratio bf signal events to physics
background events. Therefore most of the effortis i ;4
vested in this channel. At MPP a number of analys '
have been performegl to arrive at the most sensitive b . o 5,
servable and analysis strategy for obtainmg, from % 50 100 150 200 250 300 350 400 450 500
the invariant mass of the three jets assigned to the « m;; [GeV]
cay products of the hadronically decaying top-quark.
Different event- and jet selection algorithms, obserfrigure 1.43: The reconstructed top-quark mass together
ables, jet calibration schemes (see Sec. 1.1.2), and¥fith a fit.
ting methods have been exploited for this.
In the lepton + jets channel the charged lepton wifbr each lepton sample an average signal efficiency of
a high transverse momenttinipr) from the decay about 10% is reached, and the S/B is abo#t 1
of one W-boson is utilised to trigger and identify the The standard assignment of jets to the top-quark and
event, and to efficiently suppress background withatse W-Boson are as follows. For each event, from all
genuine charged leptons, i.e. from the QCD multijgits with pr > 20 GeV the three jet combination which
production. In general, the event selection for the leraximises the transverse momentum is chosen to form
ton + jets channel requires an isolated electron or mupe hadronically decaying top-quark. This algorithm
within the good acceptance of the detectors, which Hgsiamed thgr-max method. Out of this, the two jet
a transverse momentum of more that 20 GeV and ligsir with the smallesfR is taken to represent the W-
within the rapidity range ofn| < 2.5. Since the ini- boson. A typical top-quark mass spectrum observed
tial state is balanced ipr, to account for the neutrinowith these requirements [18], and only using signal
a missing transverse energy of more than 20 GeVelgents and W + n-jets events, is shown in Fig. 1.43.
required. In addition, at least four jets are required this example, the spectrum is fitted with a Gaus-
within the same range of rapidity, and having transtan function to parametrise the correct combinations
verse momenta of more than 40GeV for the thrégading to the top-quark mass and width, and a sum
highestpr jets, and more than 20 GeV for the fourtlf Chebyshev polynomials used to describe the events
jet. All jets should be well separated from the identstemming from the sum of the physics background
fied lepton. Given the different emphasis of the anavents and wrong jet combinations in selected signal
lyses, these requirements are slightly modified or asirents. The Gaussian part of the fit is also shown sep-
ditional requirements like the presence of identified brately and compared to the red histogram made from
jets, or restrictions to the reconstructed invariant map® correct jet triplet. In this case correct jet triplets
of the W-boson are imposed. With these selectionge defined as those combinations of jets where the re-
TIn the ATLAS right-handed coordinate system thexis constructed four-vectorof thejet triplet coincides with
points towards the centre of the LHC ring, theaxis points that of the top-quark to withidR = 0.1.
upwards and the-axis points in the direction of the counter- From this figure it is clear that firstly the correct jet
clockwise running proton beam. The polar an§leand the triplets constitute only a small part of the events in
azimuthal angleg are defined with respect to theaxis and yha pagk region around the generated top-quark mass
x-axis, respectively. The pseudo-rapidity is definednas= .
~ In(tan(8/2)) and the radial distance ifm), @) space iAR — of 1725 GeV, secondly that the shape of the combi-
V/ANZ + AR natorial background can well influence the fitted peak
value, and thirdly that the shown W + n-jets contribu-
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Figure 1.44:Same as Fig. 1.43 but with an additional likeFigure 1.45.The top-quark mass distribution when apply-
lihood selection. ing a constrained fit selection. The vertical lines indicate
the generated top-quark mass (full) and reconstructeavalu

o . from the jet four-vectors before applying the kinematical fi
tion is still sizeable and not entirely flat. (dashed).

These issues are addressed, e.g. by using other al-

gorithms to select the jet triplet, or by exploiting ad- i ) i .
ditional variables or a constrained fit that both he[f0d function build from seven event variables, like

to separate signal from background. Additional algh:9- the invariant mass of the charged lepton and its as-
fithms studied include the so-callé&R method that Si9ned b-jét, or théR between the W-Boson and the

exploits the angular correlations between the two BJ€t from the hadronically decaying top-quark candi-
jets that should have a lardeR, and the two light-jets date, is clearly able to significantly improve the S/B,
that should have a smafiR. This algorithm works while retaining most of the events where the correct jet
without explicitly using b-jet identification, insteac}”plet was selected. This is demonstrated in Fig. 1.44.

from apr ordered jet list the first two jets are assumed ~ kinematic fit exploiting as constraints the known
to be the b-jets and the next two jets to stem from tif Boson mass both for the leptonic and the hadronic
W-Boson decay. On these jets the angular requit¥-Boson decays, and in addition the equality of
ments are applied. Whether the decrease in statistif& WO corresponding reconstructed top-quark masses
precision compared to ther-max method is compen-m"’_‘ir_‘ly serves three_ purposes. Firs_tly, if[ increases the
sated by superior features like an improved resolutidii\cieNcy for selecting the correct jet triplet by mak-
or a smaller bias in the reconstructed mass, is und¥ More detailed use of the entire event. Secondly,
investigation. it provides a quality measure, namely the probability
Due to the presence of the decay of the top-qua&@(z) of_the fit, to better suppress_ background events.
that correlate the W-Bosons and their correspondihlj@l¥: it improves on the resolution of the top-quark
b-quarks, the signal events should exhibit a differeM2SS prowdegl the unce_rtalntles of the measured quan-
correlation of the observed jet structure than the badii€s and their correlations are properly understood,

ground processes without top-quarks. The separatiinething that is only expected after a larger data set
of the jets can be monitored when running thget has been analysed. Compared to piremax method

algorithm by studying theimegdM — M — 1) val- the efficiency for selecting the correct jet triplet is in-
ues at which aM-jet configuration is reduced to arf"©ased by about 15% absolute, and about 25% of
(M — 1)-jet configuration. In a multivariate analysid1e Packground events can be removed [93] by requir-

2 .
it was found that thelmergevalues in signal and back-"9 P(x") > 0.15. An example of such a selection

ground events are not sufficiently different to be us& €vents with four reconstructed jets and requiring

2 - . -
as discriminating variables [18]. In contrast, a likelF(X) > 0.15 is shown in Fig. 1.45. The better sup-
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Figure 1.46:In-situ calibration of the W-Boson mass a§igure 1.47: Stability of mies® and i3 against JES
function of the light-jet energy. changes.

pression of the W + n-jets events compared to Fig. 1.48ring the initial and final situation reveals that the it-
is apparent. It has been verified that this improvemestations slightly change the simple picture one would
is very stable against variations of the assumed objaat/e obtained by once adjusting the peak of the ini-
resolutions. Since at the moment only initial approxital distribution toM7P®. When applying this global
mations are made for the resolution of the objects, thealing method the uncertainty onop from the JES
possible improvement in the mass resolution is not yeicertainty is considerably reduced [44].
exploited. The vanablmftabls calculated as the ratio of the re-

The largest systematic uncertainty in any deterngienstructed masses of the top-quark and the W-Boson
nation ofmyp, stems from the imperfect knowledge ofandidates from the selected jet triplet. For conve-
the jet energy scale (JES), which depends on kinematience this ratio is multiplied byiP®. The main
properties likepr andn of the jets, and is different forconsequence of usingfg%b is a strong event-by-event
light-jets and b-jets. Therefore, one of the most ingancellation of the JES dependence of the three-jet
portant features of angnp estimator is the stability and two-jet masses in the mass ratio, while retaining
against the variation of the JES. To minimise the JH sensitivity tamp. The quantitative gain in stabil-
uncertainty on the measureto, two paths are fol- ity when usmgrrftabmstead of the jet triplet invariant
lowed: one is a calibration by means of the known Whassmigs® is apparent from Fig. 1.47 taken from [94]
boson massM{"®) to obtain the JES for light-jets, theUsing this variable a template analysis has been devel-
other is exploring the stabilised top-quark mam%ﬁb oped [91, 94, 95]. In this analysis Probability Density
see below) to be as independent as possible of thefgnctions (PDFs) are constructed from templates of
tual JES value, without actually determining it. the signal events at various assunmgl, values and

In the lepton +jets channel an iterative in-situ calfrom a template of the combined physics background
bration of the JES for the selected events has been peents. The signal PDF linearly depends gy,
formed [44]. Jets are treated in the massless limit willhereas the background PDF does not. Using pseudo-
unchanged reconstructed angles, such that any chagqgseriments for a given luminosity the sensitivity of
in the invariant two-jet massv[{j°°) can be expressedhe method, together with the systematic uncertainties
in energy dependent JES factors. The jet calibratiffom various sources, has been estimated. An exam-
then makes use of the fact thefg® calculated from ple of a pseudo experiment is shown in Fig. 1.48 for
the jets assigned to the W-boson decay has to matieéd muon channel and fay's = 10 TeV andLint =
M&PC. The energy bins are chosen logarithmicalty00 pb-L. For this situation the statistical uncertainty
from 50 GeV to 400 GeV and the resulting calibratiofor the combined electron and muon channel is about
factors, which are consecutively applied per iteratiopGeV. The total systematic uncertainty is estimated to
are shown in Fig. 1.46 for the initial situation, th® 9be about 3B GeV for each channel, still dominated by
iteration and the final result. The flatness of the cathe systematic uncertainty from the JES for light jets
bration factors of thed iteration with values close toand b-jets [94].
unity clearly shows that the fit has converged. Com-The determination of the combinatorial- and
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s LAO[ T multijet production. Here, events with isolated lep-
H. . = b, pseudo-experiment . . .
& TS ey e tons are vetoed, and the missing transverse energy is
2 Bmst it + background required to be consistent with zero. In addition, at
§ 100~ My = 17126 3.2 GeV least six jets, not consistent with being purely electro-
I gol 2 [ _ magnetic, and two of which are identified b-jets, are
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n L L L L
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My, GeV

required within|n| < 2.5. By exploring the trans-
verse energies of the jets and the angular correlation
of the two b-jets, the S/B is improved by several or-
ders of magnitude to about 18, while retaining a sig-

nal efficiency of about 10%. In this procedure the use

------

R
400

of b-jet identification is absolutely essential. In addi-
tion, the availability of a multi-jet trigger with appro-
priate thresholds is imperative to not loose the signal
Figure 1.48:Pseudo-experiment mimicking early ATLASEVENts already at the trigger stage. This involves a deli-
data in the muon channel. cate optimisation to retain a sufficiently high efficiency
for the signal events, while not saturating the ATLAS

physics background from data rather than from Monrt%aOIOUt sy;_t(_am V\;:th thbe QCD n}u:fuet e(;/_er(;ts. Jhﬁ
Carlo samples likely results in a reduced systema“r};gger conditions have been carefully studied, and the

uncertainty. For this purpose a data driven methkéja%mc tshome trlggetr sm:;:a{s;hare sug:lgt()asted tlo Q‘TLASO'I
was developed that explores theSS® and Rop = oo o asSUMpHON fatthese Wil be avayiable, an

SSO/MWCO distributions at the same time. The ide hen exploiting the above event selection, a mass dis-

is to use e.g. the events from the sideband regiontrél?uuon has been isolated, where the signal starts to

the M distribution to predict the shape of the baclge visible on a still large chk_groynd. For this analysis
ground contribution to th@p distribution. An ini- the next steps are the optimisation of the background

tial investigation ignoring possible shape differencggsc.ript.ion and a fit to the distribution to access the
of the combinatorial- and physics background, and FENStivity toMp.

ing a simple four-vector smearing approach, yields _
promising results, and will be extended to fully simt-2.3  Searches for the Higgs Boson

ulated Monte Carlo events and eventually data. The origin of particle masses is one of the most im-
A direct fit to the mgg® distribution and the tem-portant open questions in particle physics. In the Stan-
plate method lead to different systematic uncertaintigard Model, the answer to this question is connected
An analysis is underway to systematically compare tigth the prediction of a new elementary neutral parti-
two approaches. This is done for the-max and for ¢le the Higgs bosoi. The massmy of the Higgs
a selection method that defines the top-quark as theygéon is a free parameter of the theory. The theoreti-
triplet with the minimum sum of the threkR values. ca| upper limit of about 800 GeV leaves a wide mass
Concerning the cross-section measurement an {3inge to be explored. The experimental lower bound
tial investigation of a cut and count analyses Wik 115 GeV has been set at a 95% confidence level
and without using b-jet identification has been pegy the direct searches with LEP experiments, while
formed [14]. It exploits the lepton+jets channel ahe upper bound of 185 GeV is derived from the elec-
Vs = 10TeV and forliny = 200pb*. For the troweak precision measurements. The recent searches
sources of systematic uncertainties investigated thed@the Tevatron have also excluded a SM Higgs boson
tal systematic uncertainty on the cross-section is eglithe mass range of 162 GeVimy <166 GeV.
mated to be about 30%. In the minimal supersymmetric extension of the
Standard Model (MSSM), the Higgs mechanism pre-
All-Jets Channel dicts the existence of five Higgs bosons, three neutral

:t - -
In the all-jets channel only jet requirements and jQ?/H/A) and two charged onds™. Their production

topologies can be used to separate the signal from %%35‘ sections and decays sre dgter;fmﬁd by two inde-
background reactions. Consequently, this channel Rndent parameters, e.g. the ratiofiaf the vacuum

fers from a much higher background from the QC@(pectation values of the two Higgs doublets in this
model and the magsa of the pseudoscalar Higgs bo-

“600 700
e [GeV]

s PN B R A
100 200 300 500



34 CHAPTER 1. THE ATLAS EXPERIMENT AT THE LARGE HADRON COLLIDERHC

son. Current experimental searches at LEP and Te

=
[e0]

tron exclude at a 95% confidence level théboson % ATLAS — combined
mass values below 93 GeV, as well as thefamlues 216 | . 22" . a
below 2. For amA boson mass of up to 200 GeV, als &, L=10fk" v
the high tarf3 values above 40 are excluded. 3 WWOj —~ evy
The search for the Higgs boson is one of the me Eilz I oW evhy
()

=
o

motivations for the LHC and the ATLAS experiment
The high cross sections of the background proces 8
exceeding the signal by many orders of magnitude ¢
for selective triggers, efficient background suppre
sion and reliable prediction of the background co 4
tributions. Until recently, the MPP group has bee 2
devoted to the preparation for an early Higgs bos

0 PRI P S B R— P
discovery during the first years of LHC running ¢ 100 200 300 400
the nominal centre of mass energy of 14 TeV. Ti my, (GeV)
results obtained in these studies can be found in ...

n - -
500 600

I lish [ f the ATLAS physi ten-.
newly published review of the S physics po enFlgure 1.49: Discovery potential of the ATLAS experi-

tial [98]. As of lately, the searches are being Optlmlserrqent for the Standard Model Higgs boson. The statisti-

for the initial LHC operatlpn at a centre of mass .e'%?al significance expected for an integrated luminosity of

ergy of 7 TeV. With a relatively low expected total in10 fb-1 at a centre of mass energy of 14 TeV is shown for

tegrated luminosity of 1 fb!, the Higgs boson discov-the different Higgs boson decay modes and their combina-
ery is rather unlikely under these operating conditiorign as a function of the Higgs boson mass. [98]

However, the allowed Higgs boson mass range can be

constrained beyond the present experimental Iimits,éﬁde a part of the allowed Higgs boson mass range
summarised in [99,100]. in the initial phase of LHC operation [102], including

_ the development of the methods for the precise deter-
The Standard Model Higgs Boson mination of the background contributions from data.

The expected potential for the Standard Model Higd§€ expected exclusion limits are shown in Fig. 1.50
boson discovery is shown in Fig. 1.49. In the ma&@®p picture). The best upper limit on the Higgs boson
range above 180 GeV, the key discovery channel is f@duction, obtained for the Higgs boson mass around
Higgs boson decay into four charged leptons via tw®0 GeV, is still about a factor of two above the Stan-
intermediateZ bosons. The lower mass range can orfiard Model prediction. The exclusion reach is espe-
be covered by the combination of searches in sevef@lly low in the mass region around 160 GeV, where
Higgs boson decay modes. theH — ZZ* decays are strongly suppressed by the
The clearest signature is found in the four-leptddi99s boson decays into two on-shéllbosons.
decay channepp — H — zZ*) — 4¢ which also Due to the high branching ratio for the deddy—
allows for a precise Higgs boson mass measurem&t W~ — (£7v)(¢7v), the Higgs boson with a mass
The reconstruction of this channel strongly relies di¢tween 140 GeV and 180 GeV can be excluded in
the high lepton identification efficiency and good mdbis channel during the initial phase of LHC opera-
mentum resolution of the ATLAS detector. The rdion. In combination with the four-lepton and the two-
ducibleZbb andtt background processes can be Sughoton decay channels, the exclusion reach is slightly
pressed by means of tffeboson mass reconstructiofmproved to cover the mass range from 135 GeV to
and the requirement of a low jet activity in the vicinityt 90 GeV, as shown in Fig. 1.50 (bottom picture). Due
of each lepton. The remaining reducible background@the two neutrinos in the final state of the Higgs bo-
small compared to the irreducibfep — ZZ*) back- SON decays intbV bosons, no precise measurement of
ground. In addition to the optimisation of the analyhe Higgs boson mass is possible. Precise determina-
sis selection criteria, our studies include the detailé@n of the background contributions is therefore re-
evaluation of the theoretical and experimental systefiired to exclude the presence of signal events. For
atic uncertainties for both signal and background préUs purpose, we are measuring the Standard Model
cesses [101]. We also evaluate the potential to é@ackground processes with present LHC data. The
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A ) contribution of QCD background in the gluon-fusion

ATLAS Preliminary production mode, this decay can only be triggered and
10 (Simulation) N discriminated from the background in the production

mode of the Higgs boson in association wittt gair.
Our studies have shown that the discovery potential in
) theH — bbdecay channel is very much limited by the

H-zz°- 4l large experimental systematic uncertainties [105, 106].
Bl Median + 1o The second most frequent mode which can be ob-
[ IMediant 20 . .
R | served in the mass range below 140 GeV is the decay
1 intoat™t~ pair. This decay can only be discriminated

S 500 250 00~ 350 400 ake - 505 "e=6- &  @gainst the background processes in the Higgs boson

95% CL limit/SM for 1 fb*

M, (GeV) production mode via th&/ or Z gauge boson fusion
9z [T R MARasanasssmssss where two additional forward jets in the final state pro-
t\“;w 10k ATLAS Preliminary (Simulation) | vide a signature for background rejection. The decay
S Elzvfzzwy Combined 1 modes with bottt leptons decaying leptonically’{

2 [ J:2 1 mode) as well as with one hadronic and one leptonic
S0 1 1-decay (h mode) have been studied [51, 107]. The
. @ : event selection criteria have been optimised using mul-
S | T tivariate analysis techniques. With a neural network
L ] based background rejection method, the signal signif-

i IL dt=1 1" \s=7Tev | icance is improved compared to the standard analysis
10975126130 140 150 160 170 180" ”136[; é\é]o with sequential cuts on the discriminating variables, as

L[Ge

shown in Fig. 1.51.

Figure 1.50:Expected upper limits (95% confidence levelyiggs Bosons Beyond the Standard Model (MSSM)
on the Standard Model Higgs boson production rate in the

H — zz®) — 4¢ channel alone (top picture) and after théhe searches for the three neutral Higgs bosons pre-
combination with thed — WW — ¢vfv andH — yychan- dicted by the MSSM differ to some extent from the

nels (bottom picture). Both figures are shown as a funsearches for the SM Higgs particle. Compared to the
tion of the Higgs boson mass at an integrated luminosity 8fandard Model, the neutral Higgs boson decay modes
1 fb—! and a centre of mass energy of 7 TeV, normallsedé}é/)[o two intermediate gauge bosons are suppressed

the Standard Model prediction. The bands indicate the 68% . .
and 95% probability regions in which the limit is expecte'@ the MSSM, while theA andH boson decays into

to fluctuate in the absence of signal. [100] charged lepton pairg/"y~ andt"t~ are enhanced.
The latter decay channel has an about three hundred

times higher branching ratio compared to the first one
H — WW decay channel also allows for an early, js more difficult to reconstruct and provides a less
Higgs boson discovery during the LHC operation fecise determination of the Higgs boson mass.
14 TeV. Parallel to the optimisation of the event selec-oy studies of MSSM Higgs boson decays into
tion criteria in this context [103], we have developego 1 |eptons are summarised in [108]. The dom-

a new algorithm for the jet reconstruction [66, 104jnant background contribution originates from the
which is used for the suppression of thandW+ jets 7 _, +1~ andti processes and can be suppressed

backgrounds to the Higgs boson production viaWhe y the requirements on the presencé gts in the fi-

or Z gauge boson fusion. The algorithm reconstrugig state and large angular separation between the two
the jets using particle tracks in the inner detector iH'ecaying leptons. This channel provides the highest
stead of energy depositions in the calorimeters. TQ@nsitivity reach for the neutral MSSM Higgs bosons.
inner detector tracks can be associated to common Vel otivated by the excellent muon reconstruction in
tices leading to a jet reconstruction probability whicipe ATLAS detector, we also study the prospects for
is insensitive to the presence of multiple proton-prot@Re search in the channel with MSSM Higgs boson de-
interactions per beam collision (pile-up events). cays into two oppositely charged muons. The event
In the mass range below 140 GeV, the Higgs bosgB|ection criteria are optimised for the best discov-
predominantly decays intob pairs. Due to the largegry potential taking into account the theoretical and
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mass distributions is shown in Fig. 1.53 after all anal-

Figure 1.51: Discovery potential for the Higgs bosorySiS selection criteria and after correcting for the dif-
search in théed — 11~ decay channel, shown separatelferent electron and muon reconstruction and identifi-
for the £/ and/h decay modes and their combination at agation efficiency. We perform a detailed study of the
integrated luminosity of 30 fb' and a centre of mass en-
ergy of 14 TeV. The results are obtained using the stand
analysis with sequential cuts on the discriminating vdeiab
(top picture), as well as for neural network based analy -
(bottom picture). The shaded bands indicate the effect =*
the experimental systematic uncertainties. [51] ~
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variant dimuon mass distribution after all analysis s
lection criteria is shown for the signal and domi-
nant background processes in Fig. 1.52. The doRigure 1.53:Ratio of the dilepton invariant mass distri-
inantZ — p*u- andtt background contributionsbutions for thee*e™ control sample and the total™u~
are rather large compared to the signal and are sBﬁQ'fground for the Higgs boson search in thé\/H —
ject to sizeable experimental systematic uncertainti “1 Ochannel, shown for an integrated luminosity of 4 fb
particularly with regard to the jet energy scale. It i ]

therefore important to measure this background CP¥Yckground estimation from data in [110,111]. The
tribution with data. This can be done by combiningyesented method allows for a significant decrease of
the information from the side-bands of the invariagystematic uncertainties and thus in an improved sen-
dimuon mass distribution with the measurements SRivity reach for the MSSM Higgs boson search in
theee™ control sample. The latter is motivated by aypo utu~ decay channel. Especially during the ini-
almost vanishing Higgs boson decay probability in{y| phhase of LHC running with the limited amount of
two electrons, while the background contributions afata, the introduced control data samples are essen-
similar for the dimuon and the dielectron final stateg,) for obtaining reliable exclusion limits. The exclu-
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invariant mass [Ge'

=]



1.2. ATLAS PHYSICS ANALYSIS 37

sion reach with early data at a centre of mass enefgy. 1.55, the discovery region in tlﬁmﬁ, tanp) plane

of 7 TeV has been evaluated for théH /A — pu~ is shown for a charged Higgs boson in the above pro-
channel in [112], see Fig. 1.54. At an integrated lumiluction and decay mode assuming different amounts
nosity of 1 flo-! one cannot improve the current limit®f integrated luminosity. The theoretical and experi-
reached by the Tevatron experiments using this chan-

nel alone. However, its combination with searches ir 50 discovery sensitivity

60
more sensitivdh/H /A — 171~ decay channel allows s
for an improved coverage of tHena, tanp) parameter 50
space. 45
40
g 60— T —— — - o >
@ C “ ] g sof
S 50 - [
E B 1 * EC
B e Smnaony ol —
§ F S ] o Scenario B .
~ 30 h/HIA = pu - I 1
L F HH -~ B 5 ATLAS |
ey F ----@---- >0 b-jets, no uncertainties ]
& 200 —-=— >0 b-jets, with uncertainties i 90 100 110 120 130 140 150 160 170
E ] m [GeV]
10F pp: Ns=7TeV,L=1fb * ]
r mT®-scenario ] . .
Pi L ] Figure 1.55:The tar3 values needed for a discovery of
20 140 160 180 200 the charged MSSM Higgs bosons shown as a function of

Ma (GeV) the Higgs boson mass, + for different levels of integrated

luminosity. A centre of mass energy of 14 TeV is as-
Figure 1.54:The tarB values needed for an exclusion o$umed. The decayd® — 1*v; can be discovered with
the neutral MSSM Higgs bosons shown as a function @fleast & significance in all shaded regions of the parame-
the Higgs boson mass, for the analysis mode with atter space. [113]
least one b-jet in the final state. An integrated luminosity
of 1 fb~! and a centre of mass energy of 7 TeV are asiental systematic uncertainties have been taken into
sumed. Dashed lines represent the results assuming zgfeount. We have developed the methods to decrease
uncertainty on the signal and background, while the fyke original instrumental background uncertainty of

lines correspond to the results with both signal and ba%% down to 10% by means of the control measure-
ground uncertainty taken into account. [100] ments on data [114, 115]

The light neutral MSSM Higgs boson is difficult
to distinguish from the Standard Model Higgs bol.2.4 Search for Physics Beyond the
son. Clear evidence for physics beyond the Stan-  Standard Model
dard Model would be provided by the discovery %upersymmetric Particles
charged scalar Higgs bosons. We have studied the _ _
prospects for the search for the charged MSSM HiggPersymmetry (SUSY) is the theoretically favoured
bosons in the decay channét — t*v; which dom- model for physics beyond the Standard Model. The
inates for relatively small Higgs boson masses Wa&W symmetry unifying fermions and bosons predicts
low 200 GeV [113,114]. The charged Higgs bosoi@r each Standard Model particle a new supersymmet-
are produced in top quark decays ip — tt — ric partner with the spin qugntum number differing py
(bH*)(bWT) events. Thea leptons fromH* decays 1/2. 'Supersymmetry provides a natural explanation
are reconstructed in their hadronic decay modes wHffé Higgs boson masses near the electroweak scale.
the W bosons from top quark decays are required k3 addition, the lightest stable supersymmetric parti-
decay leptonically. Sincel* mass cannot be reconCle is a good candidate for the dark matter. The SUSY
structed because of the undetected neutrinos in théfRdels can also provide solutions to the problem of
nal state, these events can only be distinguished“?fs unification of the f_undamental forces. . In Qrder
an excess of events with reconstructetéptons and 0 SUPPress the SUSY-induced processes violating the
large missing transverse energy above the high baPRIyonic and leptonic quantum numbers, the so-called
ground of standard model decays of top quark pairsﬁﬁparlty has been introduced as a conserved quantum
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number. Each SM patrticle has an R-parity equal t__

_ : T T T T S T
while the supersymmetric partners carry an oppcas 4s0-.ATLAS Preliminary Jleglepton™
. . . O 10 TeV . sou =mini 2 jets 2 leptons OS]
sign, i.e. an R-parity of -1. = e € :::5;;:*;”5_;3_ == 2jsts 2 leptons S ]
If the mass scale of the SUSY particles is access & 0] ' . TR
at the LHC, the squarks and gluinos (the superpart 55,5 . * =
of quarks and gluons with spin 0 and2, respectively, s .0 + e
will be copiously produced ipp collisions. Assum- 3007 * s S L P
- . - . & 1.* + l+ N -
ing that the R-parity is conserved in these proces  ,.,0 7 - BACeTe) =
all supersymmetric particles must be produced in p VS SN FO =
and each will decay to the weakly interacting ligh 200 5~ - % . fos0]
est supersymmetric particle via decay chains inve = ¢ SR .
. . EEYLL L H y + 4
ing the production of quarks and leptons. Thereft Y - ! . i
the SUSY events at the LHC are characterised by ~ 100= « = 7~ 209007« R
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large missing transverse energy, highly energetic
and leptons.
If the supersymmetry would be a conserved syiu-

metry, each particle and its superpartner are eXpeclt—%iure 1.56:The 5o discovery reach of the ATLAS exper-
to have an equal mass. However, since the supersyfiisnt in the search for the mSUGRA signal using channels
metric partners of the Standard Model particles are Rgth various jet and lepton multiplicities in theng, m, /2)
observed so far, SUSY must be a broken symmetrypArameter space of the mSUGRA model. The discovery
model with the SUSY breaking mechanism mediatéghch is evaluated for the centre of mass energy of 10 TeV
by the gravitational interaction is called mSUGRA ar@'d an integrated luminosity of 200 ph

is described by the common mass tenmsandm, »

for all boson and fermion masses, respectively, at g early discovery of SUSY with the ATLAS detector.
energy scale above 10GeV, where the electroweak e have developed the methods for the determina-
and strong interactions are unified (GUT scale).  tion of thett background contribution from data [119].
The searches for SUSY signatures with conservele background contribution is measured by means of
R-parity are performed in ATLAS by searching for athe control data samples which are free of the SUSY
excess of events in various channels. These changgigal contribution. The contribution from thiepro-
explore a large variety of possible signatures in tiggction with top quark decays involving thdeptons
detector, divided according to different jet and leptQihd non-reconstructed electrons or muons is estimated
multiplicities. Fig. 1.56 shows theddiscovery reach from similar events with identified muons and elec-
for the mSUGRA model in the final states with 4 jetﬁons_ The control data sample is composed mainly
and 0 leptons, the states with 4 jets and 1 lepton orgntt events in which both top quarks decay into a b-
the final states with 2 jets and 2 leptons. quark, neutrino and a lepton (electron or muon). Addi-
The Standard Model processes with similar signgonal kinematic constraints are applied on these events
tures as the signal are the top-quark p#iy &nd the similarly to the criteria used for the signal selection.
gauge bosonsN andZ) production. These processeshe number of b-jet pairs passing the kinematic con-
are characterised by a large missing transverse &ffains is used to divide the measured data sample into

ergy originating from weakly interacting neutrinos anghe SUSY-dominated and thiedominated region (see
therefore constitute the main background to SUSg. 1.57).

searches at the LHC. Additional important source of A similar strategy is used to define the control sam-

th_e background_ is the QCD jet production in yvhich thele with semi-leptoni¢t — (fvb)(qgb) decays [120].
mis-measured jet energy can lead to the high-enefgythis case the discriminating variable distinguishing
tails in the distribution of the miSSing transverse €Between the Signa| and the background region is the
ergy. Itis expected that at the LHC the Monte Carigyariant mass of the three nearby jets. In case of the

prediction will not be sufficient to achieve the good uRt events, the value of this variable will be close to the
derstanding and the control of the background for thgy quark mass (see Fig. 1.58).

SUSY searches. Our studies are concentrating on thghe contribution of thet background with tau lep-
data-driven estimation of these, which is essential f@fns produced in top_quark decays can be estimated
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Figure 1.57:Number of b-jet pairdN,_jetpairs Selected af- Figure 1.59:Missing transverse energy distribution in the
ter the kinematic constraints on thie— (¢vb)(¢vb) pro- one-lepton final state. The solid line shows the Monte Carlo
cess. ThéNy_jetpairs > O region is mainly populated by theestimate, circles are the result of data-driven estimation
tt events. This region is used as a control data sample for Tee shaded histograms show the increase of the data-driven
estimations of thét background to the searches for SUS¥stimates due to the contaminating SUSY signal (repre-
signatures with one lepton in the final state. The events withnted by SU3 and SU4 models) in the control data sample
Nb— jetpairs = O originate predominantly from the gauge boand the dashed lines show the SUSY signals stacked on the
son production processes and by the SUSY signal. The twp of thett background. [120]

typical SUSY models labeled SU1 and SU3 are shown for

the signal. [119] ]
each event in the control data sample.

S S We analysed a set of the most important kinematic
ATLAS preliminary (D t - bb qqiv variables for the 70 nbt of data collected by the

Simulation :’EVJ'bjgts " ATLAS experiment [121]. We find a good agreement
D¢ .15 E,?V between data and Monte Carlo predictions, indicating
""""" that the Standard Model backgrounds for the SUSY

""" searches are well under control (see Fig. 1.60).
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Other Extensions of the Standard Model

The discovery of the neutrino flavour oscillations has
i 1 : shown that the lepton flavour is not a conserved quan-
100 200 300 409 (Ge\%)o tity within the Standard Model. Beyond the SM, the

e lepton flavour violation can occur in many SUSY ex-
tensions. One of the lepton flavour violating process
Figure 1.58:Invariant mass of the tree nearby jets in eaGfrcessible at the LHC is a neutrinoless decay of a

event. This variable is used for the selection of the copy
— u leptont Although the Standard Model
trol data sample oft — (¢vb)(qgb) events, needed for an P — HH g

estimation of thet background in SUSY searches with nopredICtS a very SmiIL branching rat.lo for this decay,
lepton signatures. The arrows indicate the selected wind5Ae(T — HHH < 107, some extensions of the Stan-
for this variable. The contributions of the Standard Mod€igrd Model, such as SUSY and models with doubly
processes are shown by the stacked hatched histograth@rged Higgs boson, predict the values which are sev-
The SUSY contribution for two typical SUSY mSUGRAeral orders of magnitude higher. Therefore, the mea-
models (SU3 and SU4) are overlaid. [120] surement of the branching ratio for the— ppude-

cay will put stringent limits on the parameters of such

from the control data sample by replacing the recoftodels beyond SM.

structed electron or muon with a simulated tau leptonPuring one year of data-taking at the low luminos-
decay (see Fig. 1.59). Similarly, one can also estim#of 10%° cm=?s™*, ATLAS will collect 10" 1 lepton

the contribution oftt with a non-identified electrondecays. Due to the very large background contribu-
or muon by removing the reconstructed leptons frofi@n only a fraction of these decays can be observed
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Figure 1.60: Distribution of missing transverse energy 10 s e

the two-jets final state. Black points show the measurer 1 12 14 16 18 2 22 24

results with 70 nb? of data collected by the ATLAS ex

periment. Shaded histograms show the contribution f My (GeV)

the gauge boson and top-quark production processes. The

open red histogram is the QCD di-jet production procegsigure 1.61: Invariant mass distribution of the tree nearby

The prediction of the low-mass mMSUGRA model SU4 (emuons, shown for the signal and background processes after

hanced by a factor of 10) is shown by a black dashegplying all analysis selection criteria. The signal cetssi

line. [121] of thet — pppdecays with tau leptons originating from the
W bosons (green), while the background processes include

. . ... the decays of charmed and beauty mesons. Histograms are
in ATLAS, namely the decays afleptons originating normalised to an integrated luminosity of 10foat a centre

from theW andZ boson decays. We studied the segf mass energy of 14 TeV. Non-shaded area represents the
sitivity of the ATLAS detector to the — pppdecay, selected mass window for the evaluation of the limits on the
where the tau lepton is produced in the decaydfo- branching ratio. [72]

son [72]. This process is characterised by a large miss-
in_g transverse energy from the non-detectable ngu» Analyses Summary
trino and by the three nearby muon tracks. The main
background processes are the production of charnf@dgummary the MPP physics analyses are well ad-
and beauty mesons, with their subsequent decays i¥@gced. The MPP group has significantly contributed
muons (see Fig. 1.61). to the first physics measurements of ATLAS, the mea-
The study with the simulated data shows that tggrement of the inclusive lepton transverse momen-
upper limit of BR(t — upp) < 5.9 - 107 can be tum spectra and the measurement of Weand Z
achieved with 10 fb? of collected data. Extrapolating?0son production cross sections. A variety of paths
this expected sensitivity to higher integrated luminogi*e€ explored in the search for the most appropriate
ties, an integrated luminosity of 100fh has to be variable and analysis strategy to determine the top-
collected by the ATLAS experiment to reach the cuiuark mass, a measurement that will soon be domi-
rent best upper limit oBR(T — ppp < 3.2-10°8 nated by the systematic uncertainty. In the context of
(90% CL) by the BELLE experiment. the searches for new physics phenomena, many new
In addition to the described study of the leptofethods have been developed to understand the back-
flavour violation, we pursue the searches for no@iround contribution originating from the above SM
Standard Model heavy neutral gauge bo&n This Processes. Strategies for the Higgs boson and super-
particle is predicted by some extensions of the St&gymmetry searches are optimised for the highest pos-
dard Model which address the problems of the masible sensitivity during the early data taking phase.
hierarchy and the number of generations of lepton aigmbers of the group are actively participating in the
quarks. ATLAS efforts and have presented their own and the
ATLAS collaboration results at international confer-
ences [96,97,116-118, 122-125].
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1.3 Detector Upgrade with the design luminosity profile the complete sil-
_ o ~icon part of the ATLAS Inner Detector most likely

The design luminosity of the LHC of £écm?sis a5 to be replaced due to radiation damage. In addi-
expected to be reached after a few years of data takgm], an upgrade of the LHC accelerator, named Super-
at lower luminosity. Thentegratedluminosity after | yc (SLHC), is planned to reach a ten-fold increase
10 years of operation will be about 300&’_ in luminosity. Consequently, for a given radius the ex-

For the study of even lower-cross section phenomscied radiation dose and hit occupancy at the SLHC
ena at the LHC, a substantial increase of the LHGe 5 factor 5-10 higher than at the LHC. The Inner
luminosity is needed. With a series of upgrades Bltector upgrade, mandatory for running at the SLHC,
the CERN accelerator complex an order of magnjamands a completely new design for the Inner Detec-
tude could be achieved, which may yield an integrat&q, rather than upgrading the existing detector. For
luminosity of up to 3000 fb* after 10 years of ad-example, the high hit occupancy leads to an unaccept-
ditional running (Super-LHC or SLHC). To help thepje gccupancy for the TRT detector, which needs to
LHC detectors to cope with this luminosity increase, s replaced by a new device with a different detector
new operation mode of the machine is foreseen (lschnology. The choice has been made for a patterned
minosity levelling”), reducing the decay rate of lumigig state detector with decreasing granularity for in-
nosity during a proton fill in such a way that the peakeasing radius. Although the general strategy is clear,
luminosity at the beginning of the fill will be limitedihe getails of the layout and also the detector concepts
to about 4x 10°’4cm*.23*1., yet yielding a 10 times (g pe ysed at various radii are still under study.
higher integrated luminosity for the fill. The geometrical design is developed by the Inner

While this reduction of th@eakrelative to thente- petector Layout Group, where the MPP is participat-
gratedluminosity by a factor of 2.5 represents a SUlg The initial design, the strawman, has been defined
stantial alleviation for the operation of the ATLAS dei-n [126]. From this the final design will be obtained by
tector, the increase of luminosity by a factor of 4 re'ﬂ'eration, depending on the results from detector R&D

. .. . _2—1 H . .
tive to the original design value of ¥oem?s ! still 35 well as simulation of the expected performance.
calls for a major upgrade effort for most subsystems gf any case, the expected increase in radiation dose

the ATLAS detector. Tracking detectors, for examplgyeans that a new generation of radiation tolerant sili-

may need higher granularity to cope with the high Pl sensors has to be developed for the innermost part
ticle rates while e.g. the overall radiation dose Corgt ihe Inner Detector.

sponding to 3000 fb! will require new radiation hard

readout electronics in all subsystems of the ATLAI'aPP Module Design
detector.

The present planning foresees the installation of thiélizing the knowledge and capabilities of the semi-
Insertable B-Layer of the Pixel detector (see next s@@nductor laboratory, HLL, who designed both the
tion) in the year 2016, with the other upgrade stepsfesent pixel and the SCT sensors, the MPP has set out
follow by 2020. to investigate the feasibility of a novel detector concept
for the pixel detector. The R&D [127] is embedded in

1.3.1 R&D towards a novel Pixel Detector  the ATLAS upgrade activities, and has three main in-

for the SLHC gredients, 1) the production of (75-196) thin sen-
_ sors to increase the radiation tolerance, 2) the use of
Overview a novel interconnection technology (SLID, see below)

The present ATLAS Inner Detector consists of a pixEr attaching the readout electronics to the pixel sen-
detector, the Semiconductor Tracker (SCT), and th@'s that may lead to a cost effective solution to replace
Transition Radiation Tracker (TRT), which are locatdi€ presently used bump bonding technology, and 3)
at increasing radii from the beam line as describ&8t Vertical integration of analog and digital electron-
above. ics with inter chip via (ICV), which will allow for in-
After about five years of operation it is planned tgividual optimization of the electronic chips. A sketch
extend the present pixel detector by an additional ita pixel module using this concept, while obeying the
nermost layer, which will be directly mounted onto Egstrictions placed by the presently available ATLAS
new beam pipe. This upgrade is named the Insertabfel3 read-out electronics, is shown in Fig. 1.62.
B-Layer (IBL). After ten years of operation at the LHC For the production of thin sensors the process [128]
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For the T -in-n technology all four wafers have g
/ thin active sensors, whereas for the-im-p technol-
S,LID ICV ogy four wafers each have 15t and 75um thin ac-
) .\ tive sensors. These wafers were partly processed at the
'/ readout chip HLL and partly at industrial companies.
4{EEEREEEE E The most important structures are firstly strip sen-

sors for CCE measurements, and secondly pixel de-
vices with the ATLAS pixel sensor geometry used to

either be connected to the present ATLAS pixel chips,

and read-out by the existing data acquisition system to
study system issues, or to investigate the ICV-SLID

technologies. To determine the implant parameters,
and to better understand the behavior of the pixels be-
developed atthe HLL is used. These sensors offer bgste and after irradiation as functions of the parameters
eficial features [129] like a low depletion voltage, lowf the p-spray isolation, a simulation of a restricted

leakage current and high charge collection efficien@ﬁrt of the pixel array has been set up [133] using the
(CCE). DIOS/TeSCA silicon device simulation software.

The novel Solid-Liquid InterDiffusion (SLID) in-  The wafer production was very successful in terms
terconnection technology [130] has been developgfdevice yield and properties of the diodes, strips
by the Fraunhofer IZM Institut in Munich [131], butang pixel structures before and after irradiation with
was not yet applied to sensors made for high energyveV protons at the Karlsuhe Cyclotron up to flu-
experiments. The high density interconnection teGhhces of 16f NeCM? (1 MeV neutron equivalent)

nology allows for smaller pixel sizes than in the CUgxpected at the SLHC. Some results of the wafers
rent ATLAS hybrid pixel detector, which may be hard

to achieve by the presently used bump bonding te« <~
nique. Besides the interconnection of chips and s¢ & %%
sors this technology allows for vertical integration ¢ f[m
several layers of thinned chips with ICVs, by usin “
the combined ICV-SLID process. When exploitin 004
this, e.g. the chips performing the analog and digit .,
parts of the read-out can be arranged on top of et

other rather than side by side, which makes the ¢ 002
sign more compact and the signal paths shorter.

n+ .
¢ p-substrate thin sensor

HV

Figure 1.62:Sketch of the MPP module concept.

addition, the chips can be made using different tec ~ 75pr
nologies and optimized individually in terms of spee: b 20 40 60 80 100 120
power consumption and radiation hardness, allowi _ bias voltage [V]

for a better overall performance. The first investiga- . S
tions, like the initial design studies and the compafiigure 1.63:Capacitance-voltage characteristics ofin-
bility investigations of thin sensors with the SLID met® diodes before irradiation.
alization SySte”.“ and processing steps [132], were r%léde using the favored'rin-p option are reported
ready reported in [1] (p.77-85). The results obtained in . A
: ) below. The depletion voltage, which is indicated by
the years 2007-2010 are described below, starting with .~ . . X
. . . . tlrle kink in the inverse capacitance squared versus volt-
the sensor design supported by device simulation, fol- . o . )
. : _age behavior shown in Fig. 1.63 for the non-irradiated
lowed by the wafer production and device evaluatlog, . . .
. ) L fodes, is according to the expectation from the re-
and finally the SLID and ICV investigations. e . .
sistivity of the silicon material used. The measured
_ values of about 20V and 80V also nicely exhibit the
Thin Sensors predicted quadratic scaling with the sensor thickness.
The design and production of four thin sensor wafef$ie device yield for the FEI3 compatible pixel struc-
in n*-in-n and eight in fi-in-p technology, containingtufes is 79 working structures out of 80 produced. This

a variety of different structures, has been performedeld is defined by the current voltage characteristics
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and requiring that the sensor can be biased well abalescription of the radiation damage of silicon predicts
its depletion voltage. This is shown for a subset @éry low CCE after large fluences. This leads to small
16 sensors in Fig. 1.64, and the one structure marlgghals at increasing noise rendering operation of the
as failing is displayed with red circles drawing muctievice more and more challenging due to a decreasing
more current than all the others with a steeply risirgignal-to-noise (S/N) ratio. The decrease of the col-
behavior at around 150 V. The overall level of leakadected charge is caused mainly by radiation-induced
current in the plateau of about 5nA/éris very low bulk defects acting as traps for the electrons and holes,
signaling a very high quality and low impurity proproduced by the primary particle, on their drift path
cessing of the wafers. After irradiation with proton® the electrodes. As a result it is predicted that only
charges from the close vicinity of the electrodes can

‘g 30 % % ,‘ o oo arrive in time and lead to a detectable signal. Exper-
< 1 I&“g imental observations from various groups are in clear
S F f l 13{:?;;: contradiction to the prediction of a strongly reduced
g 208 / T CCE, and rather show that for short collection dis-
= o l / iwﬂ: tances,'l.e. '['hlljl sensors or 3D_ sensothie CCE after .
° 7 ?I// ‘L T £ vz n strong irradiation reaches unity or even surpasses it.
10} i S vzp s One model to account for this is charge multiplication,
: o ‘ which occurs in very high electric fields, and naturally
5 ; is more likely for thin sensors, since here the bias volt-
| A e age drops over a shorter distance.

460 500 600 70 The MPP group investigated this effect experimen-
bias voltage [V] {4y on nt-in-p strip sensors, and also by a Monte
Carlo simulation propagating the electrons through the
detailed electric field of the devices while simulating
charge trapping, but also the charge multiplication pro-
cess, both according to existing models.
The measured CCE as a function of the bias voltage

i |
100 200 300

Figure 1.64: Current-voltage characteristics of 4in-p
FEI3 pixel sensors before irradiation.

&g . - | e 1e14 pJom? 1 for various sensors and fluences is shown in Fig. 1.66.
i 100~ e bet4 n/ent ; Clearly sensors of both thicknesses largely surpass the
< soi o ! prediction from conventional trapping models (see be-
= T |~ 1le15 pjen? low), and for the 7%m thin devices the full charge can
§ 60F be recovered within uncertainties, albeit at increasing
§ C ; voltages for increasing fluences. This is a very im-
40 / Z5um portant result since it means that the requirements on
20 " H the minimum signal charge for the newly designed FE-
[ pm—— -/ 14 readout chip, to be used for the IBL and for outer
o —

D 100 200 300 400 500 600 700 800 oo layers of the pixel detector for the SLHC, is less de-
U[V] manding than initially thought. However, only the ex-
perimental investigation of the module assemblies to
Figure 1.65: Current-voltage characteristics of 4in-p pe performed later this year will tell whether the S/N
FEI3 pixel sensors after irradiation to three fluences. value will be high enough after strong irradiation.

up to various fluences the devices show the expect (]'he strip sensors used for the CCE measurements
P P own in Fig. 1.66 are DC coupled to the readout elec-

behavior, namely an increased current accom aniec{S . , L . )
y P ranics. After irradiation this causes high currents to

a higher depletion voltage but also a much increasgd
breakdown voltage. This is demonstrated in Fig. 1.s§gw through the readout channels that prevent apply-

for pixel sensors with 7m active thickness. 'In 3D sensors the electrodes are not implanted on the sur-
A very important, and at present also much debatéage as for planar sensors, but as columns through the bulk of the
property of the sensors is the CCE, which is defin&gsor This enables to achieve short collection distances inde-
. L . pendent of the bulk thickness, at the expense of the need to use a

as the collected charge after irradiation normalized 16h-standard expensive production process, which at present ha

the one obtained before irradiation. The conventioraly low yield.
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E)J LI e culated by the preceding DIOS/Tesca simulation de-
O e 75um, 3015 o’ scribed above [133]. Indeed, at high bias voltage and
. e 7qm, 1e16 o after large fluences, the electric field exceeds the value
0-% assamesyer | Needed for charge multiplication, especially so at the
0.8~ ssamzesyer | poundaries of the p-type and n-type doping in the close
F = vicinity of the collecting electrodes, i.e. the boundaries
0'7; between the red and green regions close te 0 in
0.6" Fig. 1.67. The predicted CCE for i thin diodes
o'r; 8 1.4F-| —=— Before Irrad.
E e e - |-=- 1el5 p/cnv
0 200 400 600 800 1000 1.2; _« 3e15 Q({Ch‘lz
voltage [V] - | 1el6 p/cn?
1
Figure 1.66:Charge collection efficiency ofrin-p strip 0 - 71
sensors after irradiation. ' h
0.6 %@@MW HOKHHH *“7‘
ing higher bias voltages than the ones showntor o A
damage the electronics. In future this limitation wi ettt
be avoided by an AC coupling of the strips. At prese

for some of the sensors the use of decoupling pit 0 200 400 600 800 1000 1200 1400 1600 1800 2000
adapters between the sensor and the chip effectiv_., Uv]
leads to an AC coupling. With these measures higher _ _ _ _ _
bias voltages can be applied to investigate, whetu:egure 1.68:Predicted CCE for 7fm thin n"-in-p diodes
, . . after irradiation.
also for the 15@m thin sensors after irradiation, the
full charge can be recovered at even higher voltagegresented in Fig. 1.68 reveals a strong rise in CCE for
fluences from 3 10 neg/c?, however at very high
vpe olectrode bias voltages well in excess of 1kV. When compar-
ing this prediction to the experimental result two facts
are evident. The measured CCE in the plateau region
is much higher than the prediction, e.g. for theuib
thin diodes at 1 10'° neg/cm? and at 500V the mea-
surement is about 0.8 with a prediction of slightly be-
simulation low 0.3. The observed increase of the CCE with the
T bias voltage is roughly linear, and the predicted steep
\ increase due to charge multiplication is not observed.
Further investigations are clearly needed before proper
predictions for the experimental observations can be
made.
B For the IBL upgrade a reduction of the inactive re-
netype electrode gion around the active pixel region from the present
width of about 100Qum to about 45@m is required.
Fig_ure 1.67:Sketch of the 2-dimensional area used for thigy achieve this, sensors with a so called slim-edge de-
device simulation. sign with 11 instead of 21 guard rings around the ac-

The simulation of the predicted CCE is done twéi-ve region have been produced. The high voltage be-
dimensional, as shown in Fig. 1.67. In the MC SirTp_avior of the bare sensors with the slim edge design

ulation the electrons produced by an incident Ioarla_efore and after irradiation is not significantly worse

cle are individually followed through the sensor, ant&an that _Of the ones W'th_the present guard ring de-
gn, proving that this requirement can be met.

at each step charge trapping and charge muItipIicat% liel to th ¢ duction
are simulated based on the models available from thén paraile to the MPP&HLL watfer pro _uctlon,
pixel sensors of the very same design have been

literature, and according to the electric field as calP i )
produced at CiS and bump bonded to FEI3 electronics.

x-direction

z-direction
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Initial tests of these single chip modules are promigixel cells.
ing, showing adequate noise and sufficient high volt-In addition to the chains, these wafers contain ge-
age stability. After irradiation to large fluences thegmetrical structures that allow for the measurement
will serve to verify that the passivation layer on top ajf the positioning accuracy again by performing resis-
the sensor is sufficiently insulating. This is needed tance measurements. The positioning accuracy of the
avoid sparking between the chip and the sensor whi&t,ID connections can also be deduced from infrared
in the n-in-p sensor technology, are only a feun images of connected packages, see Fig. 1.69. The sili-
apart, but are kept at a potential difference of sevecan bulk (grey area) is transparent to the infrared light,
hundred \olt. but the SLID metal layers (dark structures) are not.
Consequently, these structures are visible both on the

-'—T_

The SLID interconnection and ICV have been inves|

T —
gated in collaboration with the 1IZM Munich. A num+{
ber of wafers containing inactive structures consistif
of many long chains of aluminum traces, so call
daisy-chains, to be individually connected via SLII
have been designed and produced at MPP&HLL. T
wafer layout is divided into two halves, one servi J
the sensor structures, the other half mimicking :..+ b - .
chips to be connected to the sensors. These wa
were connected partly in a wafer-to-wafer approa
i.e. one wafer was rotated by 180 degrees and S
connected to another wafer, and partly in a chip-tC
wafer approach, i.e. the chips of one wafer were sin- _ ) )
gularized, individually attached to a handle wafer, and '9ure 1.691nfrared image of SLID connections.
this handle wafer was SLID connected to the sensor

wafer. The results shown below are from the Wafer-t?fns’or and on the chip surface. Comparing their posi-

wafer connection. The chip-to-wafer approach yield lon and overlap with the wafer design reveals the posi-

worse results due to technical problems that have gring accuracy. In this way the p05|t|on|r_19 accuracy
. - . . or the wafer-to-wafer connection was estimated to be
to an insufficient alignment of the chips on the hand

e
wafer, and consequently a large number of non SL{C-

Interconnection and vertical Integration

|
better than (5-1Qym, again precise enough for SLID
cessful connections. The likely cause of this has bee be used for connecting .|nd|V|unaI plxel ce!ls. .

he ICVs are needed if vertical integration is at-

understood, and will be addressed for the next SL|D . )
: L ) -tempted. This can be done at two levels, either by con-
connection run which is underway. The daisy-chains =~ = "= . .
i . . necting individual pixels by ICV, or by only routing

feature different sizes and pitches of SLID connec- . . .
A (ﬁ signals from the wire bond pads via ICV to reduce,

tions. Resistance measurements on these chains in ) .
r even avoid, the presently used balcony for the wire

cate if at least one connection of a chain is missing. %nd pads. However, this needs a special design of

min inomial pr ili istribution the SLI . . . .
asst g a binomial probability distribution the S he read-out electronics that reserves inactive regions

inefficiency is calculated from those resistance mea- . . .
. in the chip layout, to allow etching the vias. In the
surements. It is found to be of the order of one per

mill for types where at least one connection was faﬁ)_resent design of the FEI3 chip such regions are not

ina. and to be below three per mill for those Whera(tavailable for individual pixels. To still show the feasi-
9, P qnity of ICV and to develop the processing steps, the

all chains were fully intact. Small deliberate vertica ) .
y resent R&D concentrates on etching vias only at the

steps in the SLID connection, produced by omlttlrpr%ad-out wire bond pads, that by design do not have

some layers in the structure design, and amounting 0. . .
at most Jum, did not deteriorate these results. Fro%ctlve parts below them, see Fig. 1.62 for a schematic

. . . .view. The location and layout of the vias have already
the fully working chains the resistance per connection . . .
) ; . been defined, and the first test etching on FEI3 wafers
was determined to be below Xband likely domi-

nated by the contact resistance. These values are srrﬁa been performed.
y ' e progress of this R&D has been reported

enough for SLID to be used for connecting individual
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by members of the group at international confer- g

ences [132, 134, 135], including overview presenta- E

tions of the entire ATLAS R&D on planar silicon sen- & Tile
SOrs [136] calorimeter

i

Summary and Outlook

R oY
Gytyen ) LA [
10 — i

The future steps of the pixel R&D consists of the :
production of thin A-in-p sensors for the IBL sen- 90— |
sor qualification. Here the MPP design competeg,,, _, |
with the planar fi-in-n design, as well as with 3D- e
and diamond sensors. The MPP&HLL thif4m-p 10000 — 5

S : 100000 T ey | P — = e
wafer production is partly done, and interconnection 18 A
the newly developed FEI4 chip with the conventional z(m)

bump bonding process (the choice of interconnectipfy e 1 70: The total ionising dose per year calcu-
made for the IBL) at IZM Berlin [137] is planned atef40q hy the GCALOR software package in one quarter
this year. The SLID connection to FEI3 chips withouls ihe cantral part of the detector. The locations of the
ICVs is underway. The preparation of the chip- angye; detector sub-systems, of the different calorime-
sensor wafers has been done, the dicing and sinQuigfs ang of the inner endcap muon stations are indi-

izing_ of the chips is presently_ongoing, and SLID CoRgied. The scale on the left gives the integrated dose
nections are planned later this summer. For the SL r year corresponding to the various iso-lines

connection to FEI3 chips with ICVs the design wor

is finished and first test etchings for the ICVs are un-
derway. luminosities nor from the integrated luminosity col-

lected. Depending on the running conditions and the
1.3.2 Upgrade of the HEC: Motivation and actual Ievgl of radiation, the performance of_the for-
Options ward calorimeter may be degraded due to the increased
peak luminosity. On the other hand, it is unclear how
much the endcap calorimeters (EMEC and HEC) will
The LAr system consists of a barrel region and twse affected. To understand the effects of luminosity on
endcap and forward regions. As seen from Fig. 1.{e endcap and forward regions, the so-called HiLum
the radiation levels increase in the forward directi&kperiment has been launched.
with proximity to the beam. From the barrel to the One element which might be affected by the inte-
endcap and from the endcap to the forward calorimgrated luminosity is the front-end electronics of the
ters the flux and average energy of the particles fraaEC which is installed at the perimeter of the HEC
minimum bias events increases with the consequéftelatively high radiation fields.
growth of multiplicity and density of shower parti- |n the vicinity of the HEC cold electronics a neutron
cles. This results in a power density, and hence radigence of 02 x 10'* n/cn?, ay dose of 330 Gy and
tion flux, deposited in the calorimeters reaching levedshadronic fluence of.2 x 10! h/cn? are expected
not seen in previous collider detectors. The ATLA&fter 10 years of LHC operation at high luminosity.
calorimeters are designed to cope with a peak lunyhe radiation hardness against all three types of ra-
nosity of 16 cm~?s~* and an integrated luminositydiation has been studied with both preproduction and
of about 700 fo'* — sufficient for the currently forseenproduction versions of the HEC cold electronics chips
300 fb* for LHC. both at room temperature and submerged in liquid ni-
Under SLHC conditions both the maximum instanrogen [138]. It was found that neutron irradiation is
taneous luminosity of f8 cm~2s~! and the integratedpy far the most dangerous yielding the smallest safety
luminosity of about 3000 fb* luminosity collected margin. Measurements in these tests showed that the
over an anticipated SLHC lifetime of 10 years wilhmplifiers start to degrade when the neutron fluence
typically increase by an order of magnitude. It igxceeds~ 3x10" n/cm?. Compared to ATLAS re-

safe to assume that the functioning of the LAr baguirements this amounts to a safety margin of about
rel EM calorimeter will suffer neither at highest peaks for 10 years of LHC operation.
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Assuming a ten times higher SLHC luminosity thabout 1x 10! pps. At higher intensities a secondary
safety margin is essentially eliminated, i.e. the presemission chamber with segmented electrodes moni-
HEC cold electronics would be operated at its limit. tored the flux and measured the beam profile in x and
is therefore planned to develop a new ASIC that will
be ten times more radiation hard. It would be availableRefs. [139, 140] describe the measurements on the
to replace the present GaAs chips at the SLHC.  degradation of the signal amplitude and shape as func-

tion of the beam intensity. Figure 1.71 shows the intact

The HiLum experiment pulse shape at low intensities and figure 1.72 the de-
graded shape at high intensities. The ionisation history

. . o over several positive Ar ion drift times preceding the
In order to establish the operating limits of th?rigger is also recorded to determine the space charge

LAr endcap and forward calorimeters in conditions %%ildup with the required accuracy. These data allow

close az plo ssk;lehto thos%that \g'” oc(;:urcatltheISI__Hgn accurate determination of the positive ion mobility
test modules of the EMEC, HEC, and FCal ca ONME&hd the bulk ion/electron recombination rate.  Addi-

ters were exposed to a proton high intensity beam
at the IHEP 70 GeV synchrotron in Protvino, RUSI_Eg”i*‘iM
sia [139,140]. The beam intensities reached up {3 1 £
protons/spill. The performance of the ATLAS liquid
argon endcap calorimeters has been studied ove ¢ ,,
wide range of ionisation rates including those ca @ ..
responding to SLHC luminosities and above. Tt
EMEC, HEC, and FCal test modules are each installl
in their own cryostats to help isolate potential poisol
ing of the liquid argon. They were installed one be-
hind the other in the proton beam with interspers ] . .
shielding to spread the hadronic showers and to adjT:J(Ij ure 1.71: Eulse shape at an intensity ok €.0°
the ionisation rates to be in approximately the sarﬁreOtons per spill
proportions as in ATLAS. The beam is extracted via
the bent crystal technique, offering the unique oppc[euecio camo]
tunity to cover intensities ranging from 4protons per :
spill (pps) up to 1& pps. In addition, the machine ha:
been operated with the 6 MHz RF bunch structure pi
served and with 5 empty bunches between each fil
bunch. This operation mode enables us to study |
high flux response of the calorimeter modules un
fected by pile-up from previous bunches and thus 1
construct a clean signal of the response over the full
drift time of electrons in the liquid argon gaps. ) i ) 1
The beam intensity was not constant within a spfii9ure 1.72: Pulse shape at an intensity of a0t
but varied from filled bunch to filled bunch. In order t§0toNS per spill.

correlate the calorimeter signal with the actual bunch

intensity, a Cherenkov counter has been installed!g@! tests include the measurements of the tempera-
measure the beam intensity in each single bunch, fill_téjtﬁe rise due to beam heat!ng, radiation damage StL_‘d'
or not. The intensity ranges typically from 1 t0810/€S: and performance studies of FCal electrodes with
protons/bunch. The Cherenkov counter has been Sp1aller LA gaps.

erated with air at atmospheric pressure, varying the _ _

PMT voltage to match the ADC dynamic range. THaadronic endcap electronics

read-out was VME based and allowed to measure gBquirements of the HEC cold electronics for the

to 6 x 10° bunch intensities per second. SLHC upgrade. For an upgrade, the PSB boards
A low pressure ionization chamber was used {§ the circumference of the HEC wheel would be re-
monitor the proton flux per spill up to intensities ofjaced by new, pin-compatible PSB boards with more
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radiation hard IC’s. This operation can be done witl}éble

. ) 1.2: Characteristics of the Si and GaAs tech-
out disassembling the HEC wheels but does require . . . I
nologies (transistors) studied for radiation hardness
that the wheels be removed from the cryostat.

. using neutron irradiation.
The requirements for the new IC’s are: g

Material  Tran-  Foundry  Process Type
- sistor
¢ Radiation hardness_ for neutrons up to a fac 5 CMOS NP SGBIEV  hmos
tor of 105 better, i.e. up to a fluence of FET 250 nm
~ 2 x 10%n/cn?. Si CMOS IHP  SGB25V  pmos
. FET 250 nm
e Low power consumption to stay safely away from Si CMOS AMS BiCMOS  nmos
the LAr boiling point at the operational pressure FET 350nm

GaAs FET Triquint CFH800 pHEMT
250 nm
GaAs FET Sirenza 250nm  pHEMT

and temperature of the liquid argon. This means
that the power consumption of the entire chip
should not exceed the present leveko.2 W.

* As most of the quality control (QC) tests havgansistors of SiGe (Table 1.1), Si and GaAs (Table
to be done at room temperature, the gain of “1‘?2) technologies.
preamplifiers and summing amplifiers should not typically four structures have been bonded in one
vary by more than a factor of two from room Qeramic package, which was mounted on a small test
LAr temperature. board. Up to 8 boards have been aligned in the neu-

e The noise has to stay low, i.e. it should not exced@" beam of the cyclotron at Rez/Prague. 37 MeV
the present level of 50 nA with 0 pF input load0toNs impinge on a D target to generate a neu-

Inep2a—1
or 100 nA with 200 pF load at each preamplifidfon flux up to 16 ncm“s™=. The energy spectrum

input; the maximum signal for one preamplifiePeaks at low energies (1 MeV) with a steep decline to-
input is 250uA, the dynamic range of the pream‘-"’ards higher energies. The flux falls off steeply with

plifier has to be~ 5 x 10%, that of the summing the distance from the target. The typical integrated
amplifier~ 10%. flux obtained was of the order of 2 10'n/cn? for

the closest position relative to the,O target. The
¢ As only the summed signal from the full read-oyderformance of the transistors was continuously mon-
channel can be electronically calibrated, the gatared with a network analyzer recording the full set
variation of the individual preamplifiers withinof S-parameters. In addition, DC parameters (voltages
the IC has to be below 1 %. and currents) were also recorded. Fig. 1.73 shows the
dependence of the gain on the neutron flux for four
Hp bipolar transistors. The two transistors which
are in slot one (black and red lines), i.e. closest to
e The inputimpedance has to 80 +2) Q to cope the D,O target, were exposed to a neutron fluence of
with the existing cabling scheme. 2.2 x 10'®n/cn?. They show some degradation above
a fluence of~ 2 x 10'®n/cm?. The corresponding
neutron fluence for the equivalent transistors located in

slot seven (green and blue linesysé x 10'n/cn?.

Table 1.1: Characteristics of the SiGe technologit]aﬁey don't show any degradation. In the region of

(transistors) studied for radiation hardness using neu- ; o
L overlap all four transistors show a similar dependence
tron irradiation.

e The IC has to be safe against HV discharges
the gaps of the HEC modules.

Material SiGe SiGe SiGe of the gain on the fluence within the systematic error.
Transistor  Bipolar Bipolar Bipolar The results show that the gain is rather stable in the
HBT HBT HBT range required for SLHC (including the safety factor
Foundry — IHP IBM AMS of 10), i.e. up to 2< 10'°n/cn?.
Process SGB25V 8WLBICMOS BICMOS . .
250 nm 130 nm 350 M Table 1.3 shows the loss of gain for the transistors
MB and HB for two different frequencies, studied at a neutron flu-
Type npn npn npn ence of 2x 10'°n/cn?. The errors are dominated by

systematic effects and are at the few percent level. All

Technologies  studied. The radiation hardnessechnologies investigated show only a small degrada-
against neutron irradiation has been studied for
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perature range studied.
Based on these studies both options, bipolar SiGe

GLap Lot s dot as well as CMOS FET technologies, are sufficiently
12 e stable under neutron irradiation and are being inves-
F IHP3 Bipola2 sot dev:z2 tigated further. Presently preamplifiers in both tech-
i T nologies are being developed. Studies of the dynamic
08 range and noise performance are ongoing. We plan to
E irradiate these prototype preamplifiers in cold in the
06 near future.
0.4 From the present studies a feasible concept for the
F design of the future HEC cold electronics IC is evolv-
021 ing, preferentially based on CMOS technology.
I |
Fluence [n/cm 7] 1.3.3 Upgrade of the Muon system for High
Luminosities

Figure 1.73: Dependence of the gain of four bipd"€ muon system will face two main challenges with
lar IHP transistors on the neutron fluence in units Bfminosities beyond the design value:

n/cr?. The vertical dotted lines indicate the expected ) . -
SLHC irradiation level, the requirements for the HEC(a) malntenange of excellent trac_:klng efficiency of
cold electronics including the safety factor of 10 and the MDT drift tube chambers in the presence of

the upper limit of the fluence reached in the irradiation  9h background hit rates, due to converted neu-
runs. trons and gammas and

(b) limitation of trigger rates for highspmuons at a
Table 1.3: Loss of gain of the transistors studied for |evel of about 20-30% of the overall ATLAS trig-

a neutron fluence of 2 10%n/cn? at two different ger rate, which is planned to remain at the present
frequencies. level of 100 kHz.
Material  Tran-  Foundry Type 10 40
. sistor MHz MHz In the following chapters we present (a) a R&D
SiGe Bipolar IHP npn 5% 3% iact for th de of drift tube chamb t
siGe  Bipolar  IBM npn s 29  Projectfor the upgrade of drift tube chambers to cope
SiGe  Bipolar  AMS npn 500 5%  With high background rates at the SLHC and (b) a
Si CMOS IHP nmos 4% 2% method to upgrade the muon trigger by combining
_ FET . ., the high position accuracy of the MDT chambers with
S C'l\/IE(E)rS IHP pmos A% 3% the high time resolution of the existing muon trigger
Si CMOS  AMS nmos 3% 3% Chambers, decisively improving the selectivity of the
FET muon trigger for high-p tracks.

GaAs FET Triquint pHEMT 0% 2%
GaAs FET Sirenza pHEMT 4% 2%

Drift tube chambers for tracking in a
high—background environment

tion of the gain up to the irradiation level expected folrhe outer region of the ATLAS detector, where the

SLHC. muon chambers are located, receives high rates of low-

Another important aspect is the variation of the gamnﬁrgy neutrons, mainly due to shower leakage from

with temperaturg. Thls dependence has been stu.cgg orimeters and shielding structures in the higte-
for all technologies in the required range down to li

i N t " All bivolar technoloai h jion. At the nominal luminosity gammas from neutron
uid N temperatures. Ipoiar lechnologies s OWcapture and related conversion electrons are expected
strong dependence of the operation point with temp

ature. therefore, to be used at the SLHC, they wo ?fg'generate hit rates in the range 50-300 kHz in each

. . . T tube. A conversion electron may mask a muon
require a voltage adjustment when going from room Fl?t if the signal arrivedbeforethe muon signal, which
liquid N, temperatures. This is different for the FET’ :

: S N eads to a muon detection efficiency of exp(f) ~ 1
where the gain variation is rather small within the tem- y ()
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about 20 % at the highest rates.

£ 400
c

3
3350

- MDT 15 mm
D MDT 30 mm

Garfield 15 mm

300

250

Garfield 30 mm

200
150
100}
50}

e b b b b b b ey

100 200 300 400 500 600 700
t [ns]

Figure 1.74: lllustration of the tracking quality in 30 mm

and 15 mm drift tubes in a region of highytackground, as Figure 1.76: Comparison of the drift-time spectra of

expected at the SLHC. The occupancies from backgro8@mm and 15 mm diameter drift tubes at standard gas mix-

hits (red dots) are 50 % in the 30 mm tubes but only 7 %fare, gas pressure and gas amplification. The maximum

the 15 mm tubes due to shorter drift time and smaller aredrift times are 700 and 200 ns, respectively, well reproduce
by GARFIELD simulation.

The effects of gamma conversions in the MDT tubes
have been studied in detail using a muon beam in the
presence of intensgirradiation of up to 500 Hz/cfh
(i.e. ~300 kHz/tube), as delivered by the Gamma Irra-
diation Facility at CERN (GIF) [59]. While the-rates
at the GIF correspond to only about 30% of the back-
ground levels expected for the hottest regions at the
SLHC, the results of these measurements already al-

support for small tubes

ElEIEIE low to define the baseline of a chamber design with

7, 5! Ll much improved tracking capability: MDT drift tube
e with only half the tube diameter offer a reduction of
- — <@l the drift time by a factor 3,5, due to the non-linear
W relation between track distance from the central wire
- —aanm and drift time (r-t relation) and in addition by a factor

15
~cm

2 from the exposed area, thus yielding a factor of 7

in the reduction of the hit rate due toyridackground.

Figure 1.75:In this test setup the coordinates of a codMoreover, up to two times more tube layers can be

mic track are measured in 12 layers of 30 mm tubes (bluagcommodated in the available space, leading to im-

The efficiency of the 15 mm tubes (yellow) is defined witgroved track finding efficiency and position resolution

r_espect to the fitted track, as explalned_ln the_ text. TWOSC@ee Fig. 1.74).

tillators below the setup are used for triggering. The reduction of the tube diameter of the MDT
tubes allows to maintain the main advantages of the

- 1xf, wheret is the average drift time in the MDTdrift tube concept:

tubes and f the rate of hits due to gamma conversions.

At high rates of ny background, the efficiency may ® independence of the position resolution from the
be further reduced by a decrease of the gas amplifica- angle of incidence onto the chamber plane (con-
tion due to space charge from slowly drifting positive  trary to drift chambers with rectangular drift ge-
ions in the tubes, while th#tuctuationsof the space ometry)

charge tend to degrade the spatial resolution by up to, operational independence of each tube, where
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Figure 1.77: Efficiency vs. hit rate per tube for 30 mm
and 15 mm drift tubes. For this measurement cosmic muon
tracks were detected in the presence of gamma irradiation

with adjustable intensity at the GIF facility at CERN. ~ Figure 1.79: Integration of gas distribution system and
readout electronics with the small tubes.

any malfunction of a tube can only generate a K whil | f Il tub he d
negligible inefficiency muon track, while a layer of small tubes was the de-

vice under test (see Fig. 1.75). Tubes along the track
e modularity of chamber construction are called 'efficient’ when the hit is detected inside a
3o road, as defined by the reference tubes.
This measurement was done in the presence of var-
e s et ious levels of gamma background due to a close-

T M"”% by, adjustable source (GIF test area at CERN). First
HV decoupling l ﬁ&/ tests [145] confirmed the expectation that by reducing
m wrwe - the drift tube diameter by a factor of two whilst leav-
s 2z ing all operational parameters unchanged, the maxi-
mum drift time is reduced by a factor of 3.5 (Fig. 1.76).
Fig. 1.77 shows the efficiency of small and large tubes
vs. hit rate from conversions, small tubes providing a
much better performance, as expected. The efficiency
at rate zero deviates from 100 % due to tracks passing
across or close to the tube walls and dué-dectrons

_ shifting the position of the hit outside they3accep-
Figure 1.78: Structure of a small drift tube with gasiznce road.

connection and decoupling capacitor in the longitudinal di i from Jarge to small tubes as construction ele-
rection (green cylinder). The plastic parts are injection

moulded. ments for MDT chambers poses a number of technical
challenges, as the higher tube density requires more re-
Another advantage of maintaining the drift tub®ned electrical and gas connections on the same avail-
concept is that it allows to use the extensive expe@ble service area. This is a particular problem for the
ence with design and operation of the present MBpply of the tubes with the operating voltage of 2750
chambers with 30 mm tube diameter. V, requiring isolation distances which cannot be re-
To verify the performance of 15 mm ("small”) tubeglised on the area available for the readout boards. The
a number of tests was executed, using cosmic muptegration of the HV decoupling condensers into the
tracks. A pair of 30 mm ("large”) drift tube cham-end-plugs of the tubes was therefore a central require-
bers was used as reference, defining the position of taent for the tube design. In a similar way, gas sup-

sighal cap_
[orfss) washer-

signal pin
gold plated

' endlu
N crimp tube
A \ [copper]
gas comector
[Pocan]
surface for

Reference
-capacitor[ROl/resistor(HV]

chamber
assembly
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HV decoupling and gas distribution are integrated into

the design of the end-plug (Fig. 1.78). Fig. 1.79 shows

the integrated gas distribution scheme plus readout
electronics for a 4-layer module of small tubes.

14

i

Figure 1.80: Distribution of the wire displacement from _ o
the nominal position, the decisive parameter for the megigure 1.82: Precision placement of the small MDT tubes
suring accuracy of the MDT chambers. in high accuracy 'combs’ before glueing with epoxy.

The integration of tubes into chambers is achieved
ply of each MDT tube by individual tubules, as impleby bonding tubes layer by layer with epoxy glue. This
mented for the 30 mm tube MDTs, did not seem fegequires a high level of positioning accuracy and fix-
sible for the production of chambers with four timegtion during the curing. In production tests the tar-
higher tube density. get accuracy of 2Qm (Fig. 1.80) was obtained by
placing the tubes into special supports ("combs”), see
Fig. 1.82. All 8 tube layers were glued in a time span
of a few hours, curing was overnight, such that the as-
sembly of a tube package took only one day.

Presently, a full prototype of a MDT cham-
ber in small tube technology is under construction
(Fig. 1.81). It consists of 28 tube layers and is de-
signed to fit into the inner part of the muon detector
in the very forward direction, where rates are highest.
This prototype will be available for tests at the GIF fa-
cility by fall 2010. The readout will be achieved with
available electronics for the large tube chambers, spe-
cially adapted for use with the new chamber geometry.

Development of new electronics for small drift
tube readout

The readout architecture of the present MDT system
is described in [141]. While this proven concept is
also applicable to the small tube system, the four times
higher channel density is dictating a higher level of
integration, more on-board data storage capacity and

Figure 1.81: Design of a full prototype for a chambeligher hand width for data transfer to the counting
to be implemented into the forward region of the ATLA§oom

detector ("Small wheel”).

In addition, due to the ten times higher target for the

Development work for small tube chambers startéfegrated luminosity of the SLHC, electronics com-

early in 2008 with an innovative tube design, wheRenents have to survive correspondingly higher irradi-
ation doses. Together with the Electronics Division
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Figure 1.83: The small tube prototype chamber after assembly, congisfitwo packages of 8 tube layers, with 72
tubes per layer and 1152 tubes in total.

of the MPP we are currently developing a new l@echnology in our application a prototype chip for the

channel Amplifier-Shaper-Discriminator (ASD) chiASD with four channels was produced in 2009, show-
in IBM 130 nm technology, known to be radiatiofing excellent matching with the design parameters as
hard beyond what is expected for the Muon detectwoell as of the gains among the four channels. Fig. 1.84

at SLHC. shows the response of two channels to the injection of
a delta-charge.
600 . For the TDC, measuring the drift times in the MDT
r : tubes, a faster, radiation hard technology is introduced,
400 — + Channel 1 [| based on developments of the CERN Micro Electron-
v - Channel 2 ics Group.
200 : : For the on-chamber FPGASs, responsible for data

' : formatting and transmission to the counting room, a
' : new firmware is developed by MPP’s Electronics Divi-
| — 16 150 200 2_59_"““”;! 0 sion. The aim is to reduce the sensitivity of the config-
uration code to single event upsets from ionising par-
ticles by the implementation of a high level of code
e redundancy (Triple Modular Redundancy). Finally,
-400 optical data transmission to the counting room will
be based on the Gigabit Optical Link (GOL) chipset,

Figure 1.84: Performance of two channels in an ASRleveloped by CERN. In this transmission scheme 5
chip to be used in the frontend electronics of the MDT drigbit/s will be available, about three times more than
tubes. Gain and pulse shape of both channel_s gorresp%e present SLINK scheme. A schematic diagram of

closely to the design parameters and to predictions froy, o0yt architecture of large and small tube cham-

simulation. bers is given in Fig. 1.85.

To study the analog performance of the 130 nm

-200
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Figure 1.85: Present readout scheme for large MDT
tubes, 24 tubes being served by one TDC (AMT’) on a
readout card (top). In the future architecture 96 smallsub
will be served by a card of comparable size, requiring
higher level of integration (bottom).
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l% ure 1.86:Implementation of the Level-1 trigger in the
muon barrel region.

dle layer (BM), below and above the middle MDT.
This way, three coordinate measurements are obtained
along the track, defining the sagitta and ths
The capability to trigger on muon tracks with a trans- The implementation of the Level-1 trigger in the
verse momentum {f) above a certain threshold wagyyon barrel uses a system of fast coincidences be-
one of the principal requirements for the design of thgeen the pick-up strips of the three RPC layers, esti-
muon spectrometer. MDT chambers with their longatingpr from the bending of the track in the toroidal
drift time of up to 750 ns, spanning 30 beam crossingfagnetic field. Due to the width of the RPC strips of
are not suited for this task and had to be complement®§lmm the p resolution for tracks above 15-20 GeV
by specialised trigger chambers, capable of identifyif@not very sharp, the sagitta of a 20 GeV track being
tracks belonging to a given beam crossing. only 24 mm. Fig. 1.87 depicts the situation in a quan-
In the barrel region of the muon detector, the Rgtative way. With a threshold setting of 20 GeV (red
sistive Plate Chamber (RPC) technology was selectggve) the trigger is still accepting about 60% of the 15
for this purpose. This detector type uses pick-UpeV and 15% of the 10 GeV tracks. The correspond-
strips perpendicular to the z-direction to sense tfgy unwanted extra trigger rates from muons below
avalanches generated by traversing particles in figeshold are by far not negligible, as the cross sec-
chamber gas, delivering the coordinates of the tragigns for most muon channels are strongly decreasing
along the bending direction of the magnetic field [45}ith pr, while those of the more interesting physics
The time resolution of about 20 ns of the RPC chamghannels (e.g. from W/Z decays) are roughly constant
bers is sufficient to tag the beam crossing with abqyfteven increasing, see Fig. 1.88.
95% confidence. Fig. 1.86 shows the schematics ofor practical and cost reasons the maximum Level-
the muon Level-1 triggering system in the barrel rg-trigger rate for ATLAS at the SLHC is planned to
gion. RPC trigger chambers (marked in green) &@main at the present value of 100 kHz, and therefore
positioned at three radial positions of the barrel, ofge efficient rejection of triggers from lowrpmuon
in the outer detector layer (BO) and two in the midracks is a prime requirement for the upgrade towards

Sharpening of the trigger threshold for high-pr
tracks
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for three typical trigger thresholds. For the 20 and 40 GeV

thresholds the transitions from 90-10% efficiency cover a _ o
wide pr-range, leading to high rates of unwanted triggers_'.:'gure 1.88: Transverse momentum d|str|put|on of muons
in the ATLAS muon spectrometer for various production

channels.
SLHC.

Improving the g-selectivity of the muon trigger concept is pursued:
means improving the precision of the track coordi-
nates available for the Level-1 trigger decision. Ifa) Readout is only activated when a high-candi-
the present ATLAS trigger hierarchy tracking infor-  date is flagged by the RPC trigger logic, saving
mation of the MDT is only used at the Level-2 trigger  occupancy and readout bandwidth.
stage, where muon tracks are reconstructed using the ]
precise MDT coordinates, leading to the rejection d°) All MDT tubes but those close to the trajectory of
more than 90% of the Level-1 muon triggers. Due to  the highpr muon candidate, as supplied by the
considerable computing and data transfer overheads, RPC, Will be ignored in the fast readout, saving
however, this result is only available after a latency of ~data transfer and processing time.
about 10 ms, three orders of magnitude beyond wh
is acceptable for the latency of the Level-1 trigger. |
a Level-1 trigger arrives later than the maximum al-
lowed latency, information in the front-end buffers of
the ATLAS subdetectors may be lost.

The challenge for an improvement of the Level-1
trigger is to design a MDT readout scheme, able to
deliver a refined p-value inside a latency of a few mi-
croseconds. The present latency budget ofi®,%as
adapted to the situation at the original LHC and is in-
sufficient for any refinement of the trigger decision. (d)

For SLHC, however, an increase of the latency to
6,4 us or even 1Qus will be implemented for the fron-
tend data storage of all subdetectors, providing con-
siderable design freedom for Level-1 trigger improve-
ments. An analysis of the time behaviour of such a read-

The implementation of an improved muon baRut model shows that a latency of 4,5-3$ could
rel trigger requires an additional readout path of ti¢ achieved and thus would be a realistic option for
MDT, in parallel and independent of the existing noAbe upgrade of the muon Level-1 trigger at the LHC.
synchronous, 'standard’ readout path (Fig. 1.89). A significant advantage of this scheme would be that

For this fast MDT readout path the following desigHe €xisting RPC trigger chambers would not need an
modifications (except electronics).

The resolution of the MDT drift time will be re-
duced from 12 to 7 bit. The corresponding posi-
tion resolution of the MDT of about 1 mm (RMS)
being still about a factor 10 better than the one of
the RPC, sufficient for a decisive sharpening of
the Level-1 trigger threshold. This way data vol-
umes and transmission delays are reduced. For
the same reason, data redundancy and format
overheads will be reduced to the strict minimum.

Separate fast communication lines will be in-
stalled to reduce transmission delays, while fast
local processors will be used for the sagitta and
pr estimates.
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