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ABSTRACT. The ATLAS (A Toroidal LHC Apparat®) Inner Detector provides charged particle
tracking in the centre of the ATLAS experiment at the Largalida Collider (LHC). The Inner
Detector consists of three subdetectors: the Pixel Databm Semiconductor Tracker (SCT), and
the Transition Radiation Tracker (TRT). This paper sumeeaihe tests that were carried out at the
final stage of SCT+TRT integration prior to their instaltatiin ATLAS. The combined operation
and performance of the SCT and TRT barrel and endcap detegisrinvestigated through a series
of noise tests, and by recording the tracks of cosmic rayss Was a crucial test of hardware and
software of the combined tracker detector systems. Thdtsesinoise and cross-talk tests on
the SCT and TRT in their final assembled configuration, usingl fieadout and supply hardware
and software, are reported. The reconstruction and asadf$he recorded cosmic tracks allowed
testing of the offline analysis chain and verification of bashcker performance parameters, such
as efficiency and spatial resolution, in combined operétimiore installation.

KeEYwORDS. Particle tracking detectors; Solid state detectors; Jitenm radiation detectors;
Large detector systems for particle and astroparticleipbys
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B. Conclusions

1. Introduction

The ATLAS [] tracking system, the Inner Detector (I[f)) [2hrtsists of three separate subdetectors:
the Pixel Detector, the Semiconductor Tracker (SCT), aad'tiansition Radiation Tracker (TRT).
Together they provide tracking of charged particles for mntam measurement as well as primary
and secondary vertex reconstruction in a pseudorapiditgeraf || < 2.5 The left-handed
coordinate system is defined withx pointing horizontally to the LHC centrey vertically up,
and thez-axis along the LHC beam line. The Pixel Detector and the S€based on silicon pixel
and strip detectors as active elements. The TRT consistsanf dayers of gaseous straw tubes
which are interleaved with transition radiation foils. Tlagout of the Inner Detector is shown in
figure[]. The figure shows one quadrant of the Inner Detectahis case one quadrant of the
barrel and the top half of Endcap A. Detector elements in fReAS experiment are identified as
“A’ for sections on thetz side of the interaction point and as “C” for sections on-+##side of the
the interaction point. Each of the subdetectors consisashairel section and two endcap sections.
The radial and longitudinal envelopes are summarized ile fhbThe entire tracker is surrounded
by a solenoid, which provides a magnetic field of 2 T with thédfeirection parallel to the beam
axis. A typical track generates three space points in thel pietector, traverses eight silicon strip
detectors (to give four space points) and 36 straw tubes.

The SCT consists of four concentric barrels for tracking &t-pseudorapidity and two end-
caps which extend tracking to the forward regions. Each &mdke comprised of nine disks sur-
rounding the beam axis. The overall layout parameters arersuised in tabl¢]2. The basic
building blocks of the SCT are the silicon strip modules farrbls and endcap$| [§, 4]. In the
barrel the strip direction is approximately parallel to #wdenoid field and beam axis; in the end-
cap the strip direction is radially outwards and perpendicto the magnetic field direction. The
barrel sensors have a constant strip pitch o4& the endcap modules sensors are wedge-shaped
and have variable pitch, which widens towards larger raddibst modules consist of four silicon
sensors[[5]: two sensors on each side are daisy-chainedéor§B strips of approximately 12
centimetres in length. A second pair of identical sensogdued back-to-back with the first pair

1The pseudorapidity is defined gs= — In[tan(8/2)], where@ is the relative angle to thez LHC beam axis.
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Figure 1. Schematic drawing of one quadrant of the ATLAS Inner Detecto

Table 1. Radial and longitudinal envelopes of the Pixel, SCT and TBRiEctor sections.

Pixel 45.5<r < 242 mm
|zl < 3092 mm

SCT Barrel 255<r <549 mm
|zl < 805 mm

SCT Endcap 251<r < 610 mm
810< |z < 2797 mm
TRT Barrel | 554<r <1082 mm
|zl < 780 mm
TRT Endcap| 617<r < 1106 mm
827< |z < 2744 mm

at a stereo angle of 40 mrad to provide space points. The modules of the endcap disks are
shorter and consist of just two sensors with the same steigle.aThe module strips are read out
by 12 radiation-hard ABCD3TA frontend readout chifis [6].eTleadout ASICs are integrated on
a multi-layer Kapton-Cu flex circuit and are connected to ghieon strips by wire bonds. The

flex circuit is mounted above the silicon sensors in the bammlules and at the end of the silicon
sensors in the endcap modules. The hit information is “lginanly the channel address of a hit
strip is read out optically from each module side to the cogntoom; no analogue information of

the signal is provided during normal running.

The TRT barrel contains up to 73 layers of straws interleavitld polypropylene fibres and
the TRT endcap consists of 160 straw planes interleavedpeiypropylene foils, which provide
transition radiation for electron identification. In the TRarrel the straw direction is parallel to
the beam direction, in the endcap the straw direction isatigdoutwards. The barrel TRT][7] is
divided into three rings of 32 modules each, supported &b ead by a space frame, which is
the main component of the barrel support structure. Each @RiEap [[B] consists of 20 wheels
with eight straw layers per wheel. In the endcap, the straw igxradial and the anode wire is



Table 2. Layout parameters of the SCT Barrel and Endcap detectors.

SCT Barrel SCT Endcapg
silicon area [mM] 34.4 26.7
number of layers 4 barrels 9 disks/endcap
number of channels [£D 3.2 3.0
number of modules 2112 1976
re resolution um] 17 17
z resolution pm] 580 580
pseudorapidity coverage || <1.2 1.2<|n| < 2.5
radial coverage [mm] 299 r <514 300<r <520

Table 3. Layout parameters of the TRT Barrel and Endcap detectors.

TRT Barrel TRT Endcaps
number of straw layers 73 2160
number of readout channel 105088 x 122880
drift time resolution Xe im] 130 130
drift time resolution Ar pm] 190 190
pseudorapidity coverage In|<1.0 1.0<|n| < 2.0
radial coverage [mm] 56& r < 1066 644<r < 1004

read out at the endcap’s outer circumference. Layout paeamef the TRT barrel and endcaps
are summarised in tab[¢ 3. Each straw is based on a 4 mm diapuyenide drift (straw) tube,
the cathode, and a 31m diameter tungsten anode wire plated with 0.5 gold. The wire
is supported at both straw ends by end-plugs. In the bareshttode wire is electrically split
in two halves by an insulator in the wire middle. In the balveth ends of the anode wire are
directly connected to the frontend electronics and kept@trd potential, while the cathode tube
is operated at- -1500 V. In the two endcaps only one end is read out. The TRTopiérate in
the experiment at a gain of®2x 10* with a gas mixture of 70% Xe + 27% GG 3% O,. For the
purpose of this test, the TRT was operated with argon instéxénon as the active gas, due to
the high costs of xenon and complexity of recirculation atichfion of the active gas system. The
readout electronicq][9] will measure the drift time of théary ionization clusters to the anode
wire and, by applying two thresholds, allow the separatibsignals originating from electrons.

This paper describes the final tests which were carried oth®mssembled SCT and TRT,
after they were integrated together to form the SCT+TRTdbamd endcap sections of the ID, and
before they were installed in the ATLAS experimental caveFhe combined tests reported here
were carried out from April to June 2006 for the Barrel daieztand from October to December
2006 for Endcap C detectors. The tests mark the end of thgratien process for the SCT and TRT
in the Inner Detector Integration facility at the ATLAS SRdrfaice building. The pixel detector
followed a separate integration path in SR1, where the fuaelels and endcaps were integrated
with the beam pipe and its support structure. The complebesl detector was installed in the
ATLAS cavern after the mechanical installation of the SCd aRT in ATLAS was completed.



Due to the integration and installation requirements ferlih, the pixel detector did not participate
in the tests reported here.

The goals of the combined tests with the SCT and TRT were tahtesoise performance of
the combined detectors, to verify the absence of cross-daiit to obtain experience in combined
detector operation in preparation for pit commissioningvidies. The performance checks con-
sisted of a series of noise tests with random triggers aridratibn-mode noise tests, followed by
data taking to record cosmic ray tracks in the SCT and TRT. détector sections used for the
tests were limited by the size of the test system availablthersurface integration facility. In the
tests approximately one quarter of both the SCT Barrel ardt&m C were powered and read out
together with one-eighth of the TRT Barrel and one-sixtearithe TRT Endcap C. Other sections
of the detectors were not cooled, powered, or read out.

The full ATLAS offline software was used to analyze the cosmig data. Key parts of the
software were tested during the combined operation. Thefs@age packages, such as the moni-
toring, the reconstruction chain, and the calibration digghenent algorithms, will also be used for
data taken with colliding beams. The reconstruction andlyaisaof the recorded tracks allowed us
to test the software chain and correct inconsistencies, {a.the detector description). The offline
software was also used to check if the performance of thewetgefficiencies and resolutions) are
within specifications.

2. Experimental setup

The tests described in this note were performed at the CERBYF IDetector Integration facility
at the ATLAS SR1 with the fully assembled SCT and TRT barrel aith one of the two SCT
and TRT endcaps. Specifically, the endcap which is now iestain “Side C” of the ATLAS
experiment was used.

Each SCT and TRT barrel or endcap was first assembled indepiéyd For the SCT this
process was carried out at different assembly sites, wiilthe TRT the entire process was under-
taken at SR1. The completed SCT barrel and endcaps werernbered into the corresponding
TRT subdetectors.

For the insertion of the SCT into the TRT, the SCT was supgoote a cantilever frame as
shown in the foreground of figui¢ 2 (left) for the barrel. Medile the completed TRT was trans-
ferred into the final support and lifting frame, which wasoalsed for the transport to the pit, and
which can be seen in the background of figdre 2 (left). The TRE then guided on rails over the
SCT (shown in figuré]2 (right) for the endcap). During the moeet the alignment and concen-
tricity of the subdetectors were repeatedly verified, astiwa®lectrical isolation of the SCT, TRT
and support tooling. The clearance between the barrelgmsrtif the SCT and the TRT is typically
1 mm. After the insertion was completed, the SCT was pogtioon rails inside the TRT with a
mechanical precision 6£250 um and a survey was carried out. The mechanical survey of tHe SC
and TRT barrel shows a horizontal displacemenef0.3 mm and a rotation around theaxis of
0.221 mrad of the SCT with respect to the TRT batrrel.

For the final tests on the completed barrel, two oppositeoseatf the SCT and TRT were
cabled and tested. The connected sectors comprised 1/8 ©Rh and 468 modules, equivalent to
approximately one quarter, of the SCT barrel as shown onighé side of figure[]3. For Endcap C



Figure 2. Insertion of the SCT barrel into the TRT barrel (left) prioitheir combined test in SR1. The right
photograph shows the insertion of the SCT endcap into the 8iRitap before the SCT+TRT endcap were
tested together.

"8\ View from outside
g2 towards Side A =

»  Scintilator HSC1

Figure 3. Left: photo of the ID Barrel setup for the cosmic test; rigtite configuration of module groups
chosen for this test.

one quadrant of the SCT, consisting of 247 endcap modulésl/d% of the TRT Endcap Wheels
A and B were connected to the supply and readout system. “iielenotes the twelve 8-plane
straw wheels closest to the barrel (labelled 1 to 12 in fig]yrantl “Wheel B” the eight 8-plane
straw wheels farthest from the barrel (labelled 1 to 8 in fdi)y. Care was taken to emulate the
final setup in the pit, in particular for the service routimgdadetector grounding. Detectors and
support structures were electrically isolated from eableotThe detector grounds were connected
together in a star-point configuration similar to the onéhimfinal configuration.

After the completion of the combined test of the SCT+TRT dladtetectors, they were installed
as one package in the ATLAS cavern in August 2006. The SCT+3dRTions of endcap A were
installed in the ATLAS cavern in May 2007 and the SCT+TRT isext of endcap C in June 2007.



2.1 Trigger

The following scintillator setups were implemented to mecoosmic rays in the active barrel and
endcap portions of the SCT and TRT.

2.1.1 Barrel trigger setup

For the barrel setup, cosmic rays were triggered using thgees of Eljen EJ-200 scintillatotof
dimension 144 cnx 40 cmx 2.5 cm, as shown in figufg 4.

The three scintillators were arranged so that a wide angliribution of the cosmic ray
muons would hit the scintillators as well as the instrumérgectors of the TRT and SCT. One of
the scintillators was placed above the detector (HSC1),0bribem below (HSC2), and another
under the concrete floor (HSC3). The cosmic trigger was fdrimelooking for coincident hits
in the top and middle layers. The output of the third sciatill was also recorded to allow for an
optional offline energy cutoff of around 170 MeV (correspioigcko a 15 cm thickness of concrete)
by requiring an additional coincidence with the third sidiitior.

The time of an output pulse emerging from one of the two Hamsum@2150 phototubes at-
tached to both ends of the scintillators may differ from tkieeo by a few nanoseconds depending
on where the particle intersects the scintillator. Therfa LeCroy Model 624 Octal Meantimer
was used to equalize the photon transit time by providing wput pulse at a fixed time, inde-
pendent of where the impact occurred. In this way a 0.5 ns teselution was achieved in the
time-of-flight measurement. The scintillator coincidemate, which was used to trigger the detec-
tor readout, was 2.4 Hz. A total of 450000 events were recbfolethe barrel test.

Figure[b shows that the time-of-flight is independent of thergy of the cosmic muon for
energies above 600 MeV. The time-of-flight from the top sk&tor (HSC1) to the bottom scintil-
lator (HSC3) was used to cut away noise events (i.e., fajgdrs) which can be recognized by an
unphysical value for the computed time-of-flight. Othentlathe rejection of noise triggers, the
scintillator data were not used to select specific event Enplo momentum selection, based on
scintillator data, was carried out during the offline anislys

In addition, the charge deposited can be measured. Thispertamt for ensuring that the
event has been triggered by a charged particle. The chagkitien is on the order of 100 fC.

2.1.2 Endcap trigger setup

For the endcap setup, two of the three scintillators frombitueel setup were reused and placed
on top of the endcap while a third scintillator of size 50 gn®0 cm was placed vertically in front
of the endcap as shown in figuile 6. This layout balances thgeting demands of selecting long
tracks in the endcaps and having an acceptable rate of traafksmation about the time-of-flight
was not available in this setup. The trigger rate for coieok of the endcap trigger scintillators
was 0.7 Hz. Due to the low scintillator trigger rate addidbdata samples were recorded using
TRT endcap frontend signals to enhance the track sampleiS@T for SCT studies at a trigger
rate of 25 Hz. The scintillator trigger resulted in a rateexanstructed tracks of 0.17 tracks/s, the
TRT frontend trigger in a rate of 1.38 tracks/s. A total of thBlion events were recorded for the
endcap test.

2Eljen Technology, PO Box 870, 300 Crane Street, Sweetwa{ef9656, USA



400

= L - S— | HscC1
300 5
200
100
07777 esrasaenas 777777777 57777777
-100
-200

-200 -150 -100 -50 O 50

Figure 4. The boxes marked as “HSC1”, “HSC2", “HSC3", one above thesiribetector and two below,
represent the scintillators used for trigging on cosmicsriaythe barrel region. Each scintillator was read
out with two photomultipliers, one at each end. The hatcleedjbst below HSC2 represents the concrete

floor.

3. Detector readout and event reconstruction

3.1 Detector control system

The Detector Control System (DCS) serves two purposes
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Figure 6. The green boxes show the top two scintillators with theiresponding support structures (blue)
and the vertical scintillator.

control of the powering of the detector and ensures detseafety by monitoring several parameters
and taking action based on their values.

3.1.1 SCTDCS

For the SCT tests in SR1, the DCS system was divided into twio perts: the Power Supply
Control and the Environmental Monitoring System.

The largest part of the SCT DC[E]12] was the power supply sysEach detector module was
powered and controlled by two independent and floating loltage (LV) power supplies. These
were used to power the readout chips and the opto-commiomaztcuits. The high voltage (HV)
supplies provided the depletion voltage for the sensorgurE{¥ shows the digital and analogue
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Figure 7. Electrical power consumption for the active SCT barrel nieslduring the combined test.

power consumption for the barrel SCT modules. In additiba,lV supply took care of powering
and reading out Negative Thermal Coefficient (NTC) tempeeasensors located on the hybrid
(two sensors, one on each side of the module, for the bartebaa sensor per module for the
endcap). These parameters were read out using a CAN Hus J18[OCS computer running a
PVSS project[[J4]. The Power Supply DCS also used a Distdhuinformation Management
(DIM) [[5] system to allow a direct communication between@aAnd DCS systems (DDC). The
DAQ could then operate the power supply system and recefigeniiation about the actual state of
the system. The full data set available from the DCS systeassrecorded and a subset of those
data, the one related to module operation, were transfatedtie ATLAS database system used
by DCS (Oracle and COOL). From there the module-operatitate® data (e.g. voltages, currents,
temperatures) is available for checks of the detector diperatatus and for offline analysis.

The second part of the SCT DCS was the environmental mamjf@ystem. This measured
the value of temperature and humidity sensors distributetié detector. Three types of tempera-
tures were measured with NTC-type temperature sensorshvainé permanently mounted on the
detector. Two sensors are located at the exhaust of eadng@abe of the whole detector. Other
sensors are attached to the mechanical structure of thetalete monitor the possible deforma-
tion due to temperature changes. Finally, temperatureosem@se located next to the Frequency
Scanning Interferometer (FS() ]16] on-detector compomémmeasure the gas temperature inside
of the detector volume. In addition, radiation-hard Xerif humidity probes are installed on the
barrel and endcaps. Combined with a temperature measutgimsnare used to calculate the dew
point inside of the thermal enclosure. Condensation onilicers modules was avoided by actively

3XN1018 Xeritron series, Hygrometrix Inc. Alpine CA 91903S4.
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monitoring the dewpoint of the SCT environmental gas. Welasg-air as environmental gas dur-
ing the tests reported here, which was supplied throughtfiin and de-humidification stages with
a dewpoint of about -45C.# The gas was supplied at room temperature (typically aro@C},
without pre-cooling and at a flow rate of 30 I/min to the deteciThe environmental gas is then
distributed uniformly inside the active detector volumedoigts or pipes in the vicinity of the (cold)
cooling pipes.

The SCT detector was cooled using an evaporatiyes €ooling cycle [IJF]. The cooling
plant was constructed as a prototype system for the final Bpat SCT cooling system and used
during the macro-assembly and integration of the SCT daténtSR1. For the combined test
described here, a total of twelve cooling loops were opdrsit@ultaneously in the barrel and nine
cooling loops in the endcap. The cooling temperature wdsahnithan the final operation cooling
temperature (approximately -2&) due to the constraints of the environmental dewpoint tiear
pipes leading from the detector to the cooling regulatiark iia the test setup. Cooling pipe tem-
peratures were approximately +1€ during the barrel tests and approximately>€5during the
endcap tests. This results in hybrid temperatures of 240 +28°C. The temperature sensors,
which measure these hybrid temperatures, are mounted ttldke hottest point of the module.
Sensor temperatures are not directly measured, howeverskiflations and measurements sug-
gest that the hottest point on the unirradiated sensorpi®gimately 6°C warmer than the cooling
temperature for barrel moduldg [3] and approximateRC8varmer than the cooling temperature
for endcap moduleg][4].

The cooling pipe temperatures, as measured by the envirdaimgystem, are also used to
trigger the interlock system. The main purpose of the intdrisystem is to protect the silicon de-
tector modules from overheating if the cooling stops. Trstesy is fully implemented in hardware
for maximum reliability. An Interlock Box (IBOX)[[18] compas the temperature sensor value
to a threshold and sends a signal to the appropriate powetysagate to turn it off in less than
one second if the threshold is reached. The mapping of theoseto the power supply crates is
made through an interlock matrix, which maps the tempegagansor to the relevant power supply
channels.

Since the beginning of the macro-assembly activities, t&SBystem has evolved to cope
with changing requirements from the different detectotinigsphases. The system showed good
performance and stability and, in cases, protected thetetduring failures of supply systems
or operational errors. The final SCT DCS also has a FiniteeS¢tchine (FSM) which handles
the transmission of state information, adds high leveltgafbecks, and oversees the passing of
commands to the hardware from the ATLAS central DCS.

3.1.2 TRT DCS

The DCS of the TRT was set up to control and monitor the haredwamponents that are essential
for correct operation of the detector. There are five bagiags of such components:

e Low \oltage power supplies - to feed the frontend and actatelppanels electronics

e High Voltage power supplies - to bias the gaseous detectors

4During operation in the experiment the SCT will be suppliéthwitrogen as environmental gas.
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e Temperature sensor - for checks of the FE electronics apermperature
e Cooling system - gF14 cooling of the FE electronics
e Active gas system

Only the temperature sensors mounted on the detector paxing plates, electronics boards,
modules shells) were of the final type. All other systems isted of the hardware available at
the time. While the interfaces to the hardware were spetifibailt for the SR1 setup, the higher
layers of control software were prototypes of the final ATL&&Stem, hence the setup was used to
gualify the different procedures and actions of the finateays The TRT was operated during the
tests in SR1 with an active gas mix of Ar.G@ the ratio of 70%:30%.

Three PL500 power crates manufactured by Wiener Plein & BAestronicS were used to
provide low voltage to the TRT. They contained eight chasieelch allowing us to create an LV
partitioning similar to the final architecture planned fbe texperiment. The control of the crates
was done using the CAN bus as the physical layer and using B@ s&rver as a higher-level
control. The output of the power supplies (analogue paditiegative and digital voltages) fed
the LV patch panels (LVPP), which in turn distributed vokltagnes to the individual electronic
boards on the detector. The LVPP boards are controlled edyneia another CANbus branch
and the CANOpen OPC protocol. The LVPP boards contain a atedndTLAS control module,
ELMB [£Q], which serves as the measuring instrument forenits and voltages in individual lines
with its analogue segment, and as the communication dallerying the setting of the DACs for
voltage adjustment and a way to switch the regulators onfaii@fligital ports.

A CAEN 1527 system along with four 1833 bodftdsas used to provide high voltage to the
TRT straws. The software was built with the use of the CERN B&2ameWork toolkits[[19].
The setup allowed for the control and monitoring of voltages currents and was also capable
of performing predefined actions on HV channels or modulessisting of several consecutive
operations. For operation in SR1 we used a typical HV of -18@pplied to the straw tubes.

The TRT detector is equipped with several temperature setisat monitored sensitive points
of the apparatus. The temperatures of frontend electrditiasds are monitored by NTC sensors,
while cooling elements and detector mechanics are moditwitn PT1000 probes. The signals are
fed to the ELMB module, which is read out via the CANbus and @¥en OPC server. Limits are
set on the temperature values, with the system configureiveécagvarning after crossing the first
threshold and to switch the low voltage power supplies oféewh dangerous temperature limit is
reached.

For the TRT setup in SR1 the cooling unit was controlled valtital programmable logic
controller (PLC) and the control DCS software had only maniiigy functions. However the sta-
tus of the unit was coupled to the low voltage system throughrdware-based interlock system,
allowing the powering down of the detector in the case of diegdailure. For the barrel a tem-
porary interlock system using several NTC temperatureassnghich monitored on-barrel elec-
tronic temperatures, was connected to special compargiar which switches the power supplies
off when the temperature threshold is exceeded.

5W-IE-NE-R, Plein & Baus GmbH, Miillersbaum 20, D - 51399 Bimsid, Germany
6CAEN S.p.A., Via Vetraia, 11, I-55049 Viareggio (LU), Italy
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3.2 Data acquisition
3.2.1 SCT DAQ

Control, readout, and online calibration of the SCT werdqgrared using the SctRodDaE[Zl],
which was developed within the ATLAS TDAQ software framew{3]. Multiple c++ and Java
applications can communicate across multiple processsirg) \CORBA’ The hardware part of
the SctRodDag system in SR1 was comprised of several PCsVaviicrate for Trigger Timing
Control (TTC) specific modules, and a 9U VME®64x crate housi@gReadout Driver Modules
(RODs) [25], 12 Back of Crate cards (BOCs), and a Timing fats Module (TIM). The RODs
are used for the main control and data handling, whereas @@sBrovide the ROD interface to
the frontend modules and to the rest of the ATLAS DAQ chaine THM provides the interface to
the ATLAS TTC system. Each ROD/BOC pair is connected ogtidal up to 48 SCT modules,
and to a single Readout Supervisor (ROS) PC.

The SCT uses a binary readout architecture based on the ABEEEp [g] whereby a hit is
registered if a pulse height from the silicon microstripadébdr channel exceeds a preset threshold.
SctRodDaq operates in two modes. For calibration of the S@dutes, triggers are generated
internally by the RODs or by the TIM and sent to the modulesowimtest charges are injected by
the frontend chips and the occupancy (the fraction of trigdesvents for which the pulse height
exceeds the threshold) is determined as a function of toleésfhe resulting threshold scan data
are extracted from the RODs via VME readout and analyset@mdi generate an optimised cali-
bration, which is then applied for cosmics or physics ddtata For running in physics or cosmics
mode, the triggers (originating from collisions or cosnhiage sent to the frontend chips via the
TTC system. Hit information arising from noise or cosmice ahanneled event-by-event to the
ROS for subsequent event building. The data are then amhbffiae or online for track recon-
struction and tracking efficiency. For the tests presentrd,hwe recorded for each hit the infor-
mation in the triggered bunch-crossing cycle plus the Hdrimation of the bunch-crossing cycle
prior to and immediately after the trigger bunch crossingeyThis “hit pattern” is then presented
in its binary form as e.g., “011” for a signal recorded in thgder time bin (second bit), none in
its preceding clock cycle, and a signal above thresholdercittle after the triggered time bin.

3.2.2 TRT DAQ

The TRT data acquisition system was composed of two softtears: XTRT [24] for calibra-
tion and parameter tuning, and the TRT DAQ for the collectod storage of data generated by
an external trigger source. Each tool was responsible fordiwating the actions of the frontend
electronics, which are mounted at the end of the straw cheaphad the “backend” electronics,
prototypes of two different 9U VME modules located off-dete. A series of patch panels medi-
ated the communcation between the frontend and the backéeg.provided signal compensation
and replication for signals going to the frontend, and farttompensation for signals returning to
the backend.

The TRT makes use of two custom ASICs on the frontend eleicida detect both minimum
ionizing particles (low threshold) as well as transitiowliegion (high threshold). The analogue

“Common Object Request Broker Architecture define by the @bjmnagement Group enables software compo-
nents written in multiple computer languages and runninghattiple computers to work together.
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ASDBLR chip [26] provides a ternary output correspondinghi@e states: below threshold, low
threshold crossed, low and high threshold crossed. Thegualoutput currents are sent to a
companion DTMROC chip[[27], which digitizes the analoguéadand, upon receipt of a trigger,
returns the data for 16 straws to a ROD backend module.

The XTRT program was used extensively for testing of prgietand production frontend
electronics. The tests included scans of timing and thitdsparameters, the injection of test
pulses to test the response of the frontend to known sigagleshand amplitudes, and the use of an
“accumulate mode” in the digitizing chips to test the intggm of the electronics with the gas and
high voltage systems. The results of all tests, as well as@deof the hardware used in each test,
were stored in a MySQL database, which provided read-ontgsscto a web interface for easy
browsing of the results.

While XTRT was designed to track the response of the hardasnrerious parameters were
scanned, the TRT DAQ was designed to take data at a fixed popdrameter space. The TRT
DAQ is a collection of c++ libraries and database objectsiciwtare used to initialize and run
an instance of the ATLAS TDAQ software framewoik][23]. TheTTRAQ is configured via a
database, which contains instructions for all of the nengsATLAS DAQ infrastructure as well
as specific parameters used for running the TRT back- antefrdrelectronics. The TRT specific
parameters were extracted from the database which helésh#g of the XTRT scans.

Because the TRT DAQ was an instance of the ATLAS TDAQ framéwibrscaled easily to
cope with the amount of readout hardware available. For #ieeband endcap tests, the system
was composed of two 9U VME crates for TRT backend hardware 6bhVME crate for ATLAS
TTC hardware, a PC dedicated for event building and stoagta PC used to control the TDAQ
infrastructure.

3.2.3 Trigger and synchronization

The trigger system used for both noise tests and cosmic sty Weas based on the ATLAS TTC

system hardware. This hardware facilitates the distoutf clock, reset, and trigger signals to
one or more subsystems via fibreoptic links between a TTG:@rad a Readout Driver Crate. Each
TTC “partition” contains hardware sufficient to trigger sesubset of a single subsystem. Different
partitions can be daisy-chained together by connectingrtaster components of each partition,
called the Local Trigger Processors. In the SR1 system, thgie were separate partitions for the
TRT and for the SCT. In this case, one partition acted as thetanand the other as the slave. The
distinction between master and slave was made in softwar#essame cable connections could
be used in either configuration.

To test systematic noise effects introduced by either sibsyon the other, two different noise
triggers were used. The first was a trigger at a fixed frequéraryable from a fraction of a Hz to
several MHz), while the second was a pseudo-random puteegverage frequency of which was
tunable between several Hz and several kHz. Neither trigger synchronous with the 40 MHz
clock used by the subsystems, so a synchronization of tigetrisignal was performed in the TTC
crate. For noise data, the phase of the trigger with respebetclock was not monitored.

For tests with cosmic rays, the trigger was generated in éeadifferent ways. For the
barrel tests, the scintillators described in secfion 2 iplexv a coincidence trigger designed to illu-
minate the active readout regions. For the endcap, in additi the scintillator trigger, the TRT
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self-trigger functionality was exploited. In this modeettigital chips on the TRT frontend pro-

vided a trigger if any of their associated straw channelstwear threshold. These triggers were
collected by the TRT-TTC module, and used to create a migitiplbased trigger for the two sub-

systems. The efficiency and fake rates were almost entiegrichined by the selection of frontend
thresholds, so that it was possible to obtain a reasonaléygnd efficient trigger.

In the case of cosmic ray triggers, unlike the case of noiggdrs, the phase of the asyn-
chronous trigger signal with respect to the clock plays aiafuole. The trigger must be syn-
chronized with the 40 MHz clock before it reaches the frodtetectronics, so a measurement
of this phase must be made before the data are collected. t@ordee this phase, two methods
were employed. In the first, the TRT-TTC module was givengger delay measurement (TDM)
module, which received an asynchronous trigger signal soméd the resulting measurement in
the TRT event fragment written to disk. In the second metlod@DPC was used to measure the
phase of the scintillator trigger, the results of which watiared in an independent event fragment.
Both methods were limited to scintillator triggers; no phaseasurement was possible for the TRT
self-trigger.

3.3 Simulation and reconstruction software

The offline software infrastructure developed in ATLAS tmsiate and reconstruct the LHC data
was used for the first data taken by the Inner Detector in SRANKS to the very flexible underlying
ATHENA [pg] framework, the necessary adaptations in thewatlgms could be easily integrated.
These adaptations were required in order to take into a¢terfact that particles are not produced
in the middle of the detector and that they are not syncheahwvith the readout clock, but randomly
generated.

3.3.1 Detector description

The detector description is a common service that providesgeometry (including alignment
corrections) and material information. It is used in thedation to create the Geantff [29] 30]
geometry and to emulate the response of the electronicsdditian, it is used by the different
steps of the reconstruction. A specific detector descriptias created for the SR1 setup with no
magnetic field.

For track fitting purposes, a simplified version of the geoynatas created from the same
service. This tracking geometry, which is the result of difpimg the material description into
layers and volumes, allows for fast navigation. Howeverlinect measurement of the momentum
can be done from the SR1 reconstructed tracks due to the famknagnetic field and therefore
material effects cannot be taken into account during tragHeading to an underestimation of the
uncertainty of the measured track quantities.

3.3.2 Simulation

A simulation of cosmic ray events for the detectors as setnupR1 was provided in order to
first test the full reconstruction chain before data takitagted and later to compare the data with
simulated events.

The data flow of the simulation (figufg 8) contained the follagvsteps:
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Figure 8. Cosmic ray simulation data flow.
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Figure 9. Energy and angular distributions of the generated muons.

e Generator

A cosmic Monte Carlo generator was used for generating tt@nimg muons from cosmic
ray events in the simulation. It generates single muons ajtbsition and momentum vec-
tor from a user-defined spatial horizontal window. The gatest muons have energy and
polar-angle@ distributed as shown in figurlg 9. These are based on measurewicthe
differential vertical muon cross section [31] and anabhfticalculation ([3R] and references
therein) extrapolated to low muon energy. The cosmic gémersed for this simulation
generates single muons but no showers. No corrections wade fior the test location on
the surface (elevation, latitude, or building roof). Theceete floor below the detector and
above trigger scintillator HSC3 was however included ingimaulation.

The generator was set up to generate muons in a window rigiveabe upper scintillator.
To improve simulation speed, their direction was restdae that they would go through the
acceptance of the middle or vertical scintillator, for teepective barrel and endcap setups.

e Simulation

The simulation toolkit Geant4 was used in order to simullaéegassage of particles through
the detector. Geant4 receives the muon position and momeveators from the generator
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and propagates the particle through a very detailed threersional model of the detector,
simulating the energy depositions throughout the detector

e Trigger

A trigger algorithm was used to select those events whicleigeed hits in both upper and
middle scintillators (Barrel setup) or vertical scintitba (Endcap setup), respectively, and
only those were written to disk.

¢ Digitization
The digitization converts the simulated deposited enesgin¢ Raw Data Objects (RDOS),
which form the input objects to the reconstruction. It siates effects such as the finite read-

out resolution of the detectors and the electronic responseng this process the detector
elements which were not read out were masked.

The SCT digitization algorithm is described in ref.][33]. eTalgorithm loops over the de-

posited energy in the detector elements and determines dltected charge would pass the
comparator threshold of 1 fC. During the digitization a onifi noise level of 1500 electrons

ENC is added to the simulated signal data of all individuarofels. It is also time-aware,

in the sense that it integrates charge collection over onetbarossing. Charges deposited
after this are not taken into account for the hit decisiorcpdure.

The SCT digitization is interfaced to the conditions datafr determining which modules,
chips, and channels should be enabled for a given run nuiearsured detector character-
istics like channel specific noise and gain as well as cordigur parameters such as applied
bias voltages and thresholds are also available from thditbtmms database, but those were
not used in this test.

Concerning the TRT, the digitization process simulatesditife of charges from ionization
of the gas to the central wire, and records the drift time ame tover threshold. It also
adds the additional time introduced by the propagation ftieenimpact point on the straw
to the readout at the end of the straw. In addition, it sinegatoise modeled from ATLAS
Combined Test Beam (CTB) daa]34]. To account for the usegifrainstead of xenon in
the combined tests, drift times were reduced by a factor ofttirds and the detection of
high-signal hits was disabled.

The default ATLAS TRT digitization assumes that the pagsabriginate from the interaction

point, and for each straw there is a time off§gtaking this into account. However, in cosmic
ray events, the particles enter the top of TRT and leave gjirdahe bottom, so a different

timing scheme was applied.

3.3.3 Reconstruction

A diagram representing the data flow of the reconstructiaaircts shown in figur¢ 10. It is de-
signed to work with both simulated and real data provided fitvethe real case the data given out
by the detectors are decoded and the corresponding RDQedrdde different steps of the chain
are described below in more detail. The inner detector aukimg Event Data Model classes are
described in more detail i [B5] and [36].
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e Byte Stream converters
The byte stream converters are responsible for decodindiffieeent ROD event fragments
and creating a raw data object (RDO) for each recorded sigra result is an SCT RDO
per consecutive group of strips or an individual strip thed b signal (depending on whether
the ROD is configured to run in “condensed” or “expanded” mpded a TRT RDO per hit
straw. All the information written by the different detergaescribing the signal is stored in
the RDO obijects.

The converters use the ATHENA cabling service to map the R@&heel numbers to the
corresponding detector elements.

Since the cosmic trigger was not synchronized with the 40 Métmlout clock the time
difference between the trigger and the next clock edge Gssdtged in the TRT RDO in the
case of the barrel setup to allow for a drift time correction.

Specific converters and RDO classes were developed in thefsamework in order to store
the ADC and TDC information produced in the different sdiator photomultipliers.

e Data preparation
The raw data objects created by either the simulation ordlkedetectors are translated into
positions in space using the detector geometry informatimhcalibrations.

For the SCT, clusters containing one-dimensional measmtnin the sensor plane are pro-
duced. The stereo angle between the two different sides afex is used to form two-
dimensional measurements, which combined with the knowialr@ositions of the layers
determine space points.

For the TRT, the drift time information is translated intethorresponding radius using
the R-t calibration curves, parametrized by a third deg@gnomial. For simulations, the
parametrization is an integrated part of the reconstrocsioftware and depends on thig
configuration used in digitization. For real data the calilan constants are provided by the
procedure described in sectipn 51.7.
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¢ Track finding and fitting in the barrel setup
Since there was no magnetic field in the cosmic setup, the snmmved in straight lines
through the detector. Also, the tracks do not originate atdéntre of the detector. For
the barrel test, the CTB tracking progran|[33], which waselfgyed with such scenarios in
mind, was used as default track finder. Straight line tracksiaed as the fit model, meaning
four track parameters to fitp, the angle in the transverse plaife the angle with the axis,
do, the point of closest approach to origin in the transversegl andz, the intersection
point with thez axis.

CTB tracking consists of a pattern recognition part, whiglpossible to seed from either
SCT or TRT hits, and a track fit part based og%minimization method.

The pattern recognition in the SCT works with space pointd, ia the cosmic rays config-

uration it looks for at least three space points on a line.dbad combination is found, the

track is extrapolated to modules with no space points, aadtaal clusters close to the track
in these modules are added. The track can then optionallytispelated to the TRT, where

hits close to the track are added. The pattern recognitioratso work in standalone TRT

mode without an SCT seed. The number of hits on a line is theguined to be at least 20.

By default, tracks provided by the CTB tracking are fitted bglabal x? fitter, and can
optionally be refitted by a Kalman filter technique that isngeiised by default in the Inner
Detector reconstruction. Since the momentum of the incgmiions cannot be measured
with the SR1 setup, material effects are not taken into atcouthe fit.

e Track finding and fitting in the endcap setup
The CTB tracking was developed specifically for a barred-ldeometry. It was extended
to deal with hits in the SCT endcap but not with hits in the TRileap. A different track
finding strategy was therefore used for the endcap setugewhe CTB tracking was only
used to find SCT only tracks.

For the TRT endcap, a dedicated pattern recognition algorhad to be developed as the
ATLAS default pattern recognition assumes that tracksitaig from the interaction point,
which is in general not the case for the cosmic muons. As thE @iRicap does not provide
a measurement of the radial position of a hit, the patterngeition only provides TRT
segments within the— @ plane. These TRT segments are then fitted with a Kalman filter
assuming the direction as given by the scintillator layoutrider to provide full tracks.

In a second step, the TRT-only tracks are then fed into a kaakihg algorithm that starts
with the TRT track and tries to extend it into the SCT and abligll matching hits. In
addition, another algorithm combines SCT-only tracks tbbg the CTB tracking and the
TRT-only tracks.

In the final step, ambiguities that arise due to the differgays a track can be found are
resolved and only the best candidate is kept.

e Output data
The output of the reconstruction can be stored in severahdts: An ntuple containing
information from tracks, SCT clusters, TRT drift circleayr data from detectors, and TDC
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and ADC data from the scintillators. The data can also bedtoran ESD (Event Summary
Data) format, where the full objects (TrackParticlgs| [3bjacks and associated hits) are
stored. A third option is to write data in an XMIL[38] formatadsby the standard ATLAS
event display Atlantig[[37].

3.3.4 Conditions database

In this context,Conditionsare those factors which will influence the datastream imétagion.
The ATLAS standard database for the storage of conditiotiseisCOOL database, which repre-
sents a technology independent schema for the storage ditiomis. This permits their retrieval
by run/event number or by timestamp during the analysis. VEm®us conditions data used are
described below:

e DCS Conditions

DCS conditions are measurements made of the temperatadésyas, and currents by the
ATLAS DCS system PVSY [14]. Environmental factors such aspterature, humidity, and
module power parameters were recorded in PVSS at requaraié and subsequently up-
loaded to the COOL database to be made available to the ddifiakysis.

e Configuration

The SCT is configured from an XML file containing all the datausition configuration
(including cabling), the power supply configuration, and thdividual module and chip
configurations. The configuration files for each run weresi@amed via XSLT [39] to a
form appropriate for uploading to the COOL database, ancwabsequently used in the
analysis to identify, for example, masked channels.

e Calibrations

The calibration data are taken as part of a dedicated ctidibreun and used to determine
the noise levels of the modules and optimal noise settindg chlibration is “published”
to the online information service and subsequently upldadeCOOL using the Conditions
Database Interface (CDI). For the TRT, calibration datéudes the driftR—t relationships
for the straws.

e Data Stream Conditions

The data stream itself contains information about erroisrgy from the modules or their
RODs. This can reveal a faulty communication channel ansl determine whether the data
stream itself is trustworthy.

e Data Quality

As a result of analysis, online or offline, it may be deterrdiriby recording the channel
efficiency) that a channel or module has become noisy duhiagun, or is no longer giving
data. The data monitoring algorithms write this informatio a local database for use during
the interpretation of the data. This local database caresufestly be merged with the main
COOL database for use in all further analyses.
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e Alignment

The alignment data were stored using a different schema liowd precise location of the
space points from hits. This subject is treated more fullihemnAlignment sections.

3.4 Monitoring

3.4.1 Event filter monitoring

A monitoring system is needed in the data acquisition systeassess the quality of the data sent
to permanent storage. In the ATLAS Data Acquisition and Ddbav system, the Event Filter (EF)
is the third level of the trigger process, receiving comglietissembled physics events from the
Sub-Farm Input (SFI). Data are transmitted by the EvenéHidiata Flow (EFD) to the Processing
Task (PT), where the trigger algorithms run.

The EF is therefore the natural place to perform the momitpoif high level physics quantities,
and cross-checks among different detectors. A key feafutteedeF monitoring is its capability of
providing data quality checks even before data is storedsta d

The EF monitoring is based on a monitoring framewdrR [40} thgrovided by the ATLAS
Trigger and Data Acquisition (TDAQ) system. Fundamentavises provided by the monitoring
framework [41] are:

e Event Monitoring (Emon)

Emon provides event sampling. User programs can request agments from a specific
sampling source.

e Online Histogram Service (OHS)

The OHS handles histogram objects and in particular ROQO[ f#2ograms. It is used
to share information among histogram providers and sutsi The functionalities for
providers are: create, update, and delete. Subscribesubaaribe to a particular histogram
in OHS and be notified about a change in its state.

e HistoSender

HistoSender is a service of the High Level Trigger (HLT) &sftructure that collects his-
tograms from the ATHENA histogram service and publishestivethe OHS.

e Online Histogram Present (OHP)

OHP [@3] is the ATLAS histogram presenter based on QT [44] B&OT. It can browse
histograms published in OHS and display them in automdficgidating tabs with user-
defined graphical options.

The EF segment, controlled remotely by the DAQ system, runa dedicated server so that
PT processes do not share resources with other DAQ subsg/stdra server also hosts a replica of
the offline, online, and HLT software in order to reduce as Imas possible the startup time of the
EF segment.

During SR1 commissioning, only a part of the ATLAS TDAQ systeas in place, as shown
in figure[T1L. In particular, there was no SFI during SR1 datata so that event data were passed
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Figure 11. Schematic description of the EF segment as used during Skl te

to the PT not by the EFD, but via the Emon service from the Eaitder (EB). The PT is
synchronised with the DAQ transition states via the EF Pse&teering Control (EF PSC), part of
the HLT interface.

Subdetector and global monitoring. The inner detector monitoring tools are all implemented
as ATHENA algorithms, and hence are run offline and as onlite#a PT processes, as described
above. There are separate SCT and TRT packages, and a glolthitt aims to examine issues of
synchronization.

The SCT Monitoring tool plots hit maps at both the module ang tevel as well as monitors
module and track efficiencies, cluster sizes, hit corretatibetween module sides and between
layers, track residuals and pulls, tracking hit informat{such as number of hits on a track, track
X2, etc), byte stream errors, and noise occupancies. Theaeffvovides a number of algorithms
for monitoring detailed detector information, and is conmiyaconfigured to produce a subset of
the total information for online use due to the more limitedaurces in the online environment.
Full details of the package development are contained ier@ete [45].

The TRT monitoring tool produces histograms that show tgwielated information for the
straws like the measured drift time in the straws or the towerthreshold for low level and high
level hits. Further histograms include plots of tRe-t relation (drift distance versus drift time
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Figure 12. Difference between the SCT and TRT reconstructed tgaplrameter as a function of the event
number for one run of the combined barrel test. The synchadioin between the readout of SCT and TRT
subdetectors was lost at evesif 600 and the run was stopped.

in the straw) for track hits, number of low-level and highdkhits on a track as well as the track
residual, which is the difference between measured andgbeedhit positions. Another set of
histograms monitors geometric quantities like the traokpact parameter or its azimuthal angle.
Additionally, various straw, noise, and track hitmaps aslable.

The list of histograms produced by the global monitoringl inoludes the synchronization
between the SCT and TRT readout, the of the perigee parameters of the SCT and TRT versus
event number (see, for example, figliré¢ 12), the mean numb8Caf and TRT segments, the
noise occupancy of the SCT and TRT, and the number of hitsdfaumglobal tracks. Figurg J12
shows the difference of azimuth angle of track segmentsaiSBT and TRT versus event number,
which is used to monitor the synchronization of readout leetwthe subdetectors. It is clearly
visible that the synchronization between the readout of 8&T TRT subdetectors was lost around
event 7600 and the run was stopped. The example shown in fidugives the variation of the
noise occupancy on the TRT Endcap C with the event numbehidrcase, the noise occupancy
increased from around 2% to 6% due to a trip of the analoguevtitage regulators. The global
monitoring is also capable of extrapolating tracks from3i@T to the TRT in order to examine the
TRT straw efficiencies.

3.4.2 SCT specialized monitoring

Most of the low level information about the SCT modules carekieacted directly from the byte
stream file using an SCT standalone, monitoring progranCsoflool) with an event stream de-
coder which unpacks the ROD fragments. As a result the hj stimbers, trigger delay, and
readout errors are available. The byte stream has enougimiafion to assign a hit to a module.

The low level monitoring includes occupancies at strippchind module levels; dependencies
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Figure 13. TRT Endcap C noise occupancy as a function of the event numblev trip occurred around
event 1100.

of single and double Hitoccupancies on the trigger delay; and readout errors. Aystiidhe
occupancy dependence on the trigger delay provides twa typeesults:

e If the trigger is random then the only recorded signals aeetdunoise. Different occupancies
at different trigger delays can indicate the presence gétated noise with other subsystems.

e If the readout is triggered by real particles passing thiotlgp detector then the maximum
occupancy at certain trigger delay will indicate the righte for readout. The double hit
occupancy takes into account the position correlation éetwhits at both sides of a module
and therefore such occupancy should give better noise baokg rejection. This leads to
more pronounced dependence of the double hit occupancytfeitnigger delay.

The hits from tracks in the SCT will strongly bias the meadureise occupancy if these hits
are not subtracted. Therefore a special procedure wasopekivhich determines the occupancy
at module level on an event-by-event basis and subtractstdwehich were identified as belonging
to space points.

3.4.3 TRT specialized monitoring

During the SR1 tests a TRT standalone monitoring tool (TRRWér) was extensively used.
TRTViewer runs at the ROD-Crate-DAQ (RCD) level and is a dieteoriented tool which was
specially developed as a flexible debugging and a fast dsmsoinstrument. It is based on a
ROOT framework and contains some primitive tracking basethe least squares method, which
is necessary for the time tuning of the TRT parts and checkseoT RT basic functions.

The TRTViewer concept is based on the visualization of tredodetector characteristics ac-
cording to the physical location of the elements: strawis;helectronics boards, and detector

8A double hit is a coincidence between two sides of a module.
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Figure 16. Online histogram of the distance betweiglgure 17. Online histogram of the straw efficiency
a track and a reconstructed hit in the TRT. for the cosmic tracks.

modules. It includes the presentation of DCS and DB paramatawv data for each channel, noise
characteristics, TRT performance parameters like straicfe efficiency, and tracking perfor-
mance statistics. The tool can work directly online, eitivith received data from the sampler
during DAQ operation or with recorded data. It allows theleation of the performance of all of
the hundreds of thousands of detector channels practigatlye same time, thus allowing one to
examine the misbehaviour of the detector components. Rtavpdasented by the TRTViewer as
an Event Display for the Barrel ID and EC TRT during the SRistese shown in figurg 14 and
figure[15. The barrel picture shows a cosmic muon event detehiring a combined TRT/SCT
cosmic run and contains TRT and SCT information. Blue pdintshe TRT correspond to the
straws which have the hits. Blue and red points for SCT cpmes to the stereo strips which have
the hits.

Examples from the online monitoring results of the TRT tiagkproperties during a combined
cosmic run are shown in figufe]16 and figlir¢ 17. For these tleenialt tracking code was used
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as described above. The tests were performed with an Arf@0 mixture. Figur¢ 16 shows
the distribution of residuals between reconstructed traaitions and straw space points. The
precision of the drift time measurement achieved by thenenthonitoring tool is about 20Qm.
This is close to the value obtained for a single straw witHieasi microstrip telescope in the test
beam for the Ar/C@mixture [46]. Figurg 37 shows the straw hit efficiency. The kfficiency tail
comes from straws with limited statistics. All parametenes \&ithin the TRT specification.

4. Tests with random triggers and calibration runs

4.1 SCT noise performance

The electrical performance of the SCT was monitored thralbstages of construction and inte-
gration. The main test points were

e During module construction

e After mounting of modules to complete single barrels anéslis
e Assembly of disks in the endcap cylinder

o After final assembly of the SCT and TRT

The test procedure and results of these tests are desaritethil in reference$][8] 41, and]47].
Results presented here will focus only on the tests done ata®ier the final SCT and TRT as-
sembly. The aim was to examine the noise performance of thioed system and check for
cross-talk. The noise can be measured either through maediibation or by running the DAQ
system in physics mode using a random trigger.

4.1.1 Results from module calibration

The tests perfomed in calibration mode consisted of a fudratterization of the analogue perfor-
mance using the built-in calibration circuitry. Two mainrgaeters were verified in these tests:
the number of defective channels and the noise performateduivalent-noise-chardgeNC or
noise occupancy). Defective channels with different faighatures were categorized using these
test results. These and further calibration tests are itbescin more detail in referencg [17].

In the setup phase of the module readout, each module wagamdiand triggers were sent
to it. The correct communication was verified by sendingdireg back, and comparing a known
test pattern of varying length to the ABCD3TA mask regis{g.

After module setup the digital function of the module wasfien. First, the proper function
of the digital pipeline of the ABCD3TA chip was checked byusg a “Level 1 Accept” (L1A)
trigger after a chip reset. The delay between trigger anet igas varied to scan all pipeline cells.
The hybrid of the SCT modules has the capability of by-pastie readout of a chip in case it is
faulty. The functioning of this bypass scheme was checkebyimassing each chip of the module
one at a time.

Following the successful completion of digital tests thalague performance was tested for
each channel. In the “3-point-gain” test, three test cta(fe fC, 2.0 fC, and 2.5 fC) were injected
in each channel and its gain was measured by a threshold@caacdh test charge. From the curve
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Figure 18. Distribution of average equivalent noise charge (ENC) padout chip for the SCT barrel sector
during combined testing as measured by the SCT calibration.

of the threshold scan data, the gain was extracted as th&htiidefor 50% efficiency. A fit of a
complementary error function to the threshold scan yigi@sautput noise at 2.0 fC, which was
used to extract the equivalent noise charge (ENC) as outige mlivided by the channel gain.
Figure[IB shows the average ENC noise per chip of the tworsassed in the combined tests. The
ENC was measured at a hybrid operation temperature of ar@8f@. The choice of temperature
was driven by practical constraints of the test setup for peint control. For final operation in the
experiment we envisage a hybrid temperature-6fC, which will reduce the ENC nois¢ [17].

With this noise test it was possible to identify defectivachels (noisy or dead) as well as
bonding defects (noise too high or low). The tests also atbav comparison of the number of de-
fective channels with results from earlier integratiordgts. No significant increase in the number
of bad channels was observed. From measurements carriet girigle barrels and disks during
the previous integration stage, we determined the pergerahdefective channels as 0.2% in the
SCT barrel and 0.3% in the SCT endcaps [17, 22].

The noise occupancy was measured with a threshold scanutvitharge injection. We define
the noise occupancy as the single channel noise occupandyupeh-crossing. This strip noise
occupancy is usually averaged over a readout chip (128 elgnor a module side (768 channels),
or a full module (1536 channels). We quote the noise occyp@menber of noise hits per channel
and L1A trigger) for a threshold of 1 fC, which will be the op8ional threshold in the experiment.
The goal for the SCT is to have a noise occupancy of less thdi9s*. Figure[I9 shows the noise
occupancy averaged over each chip of the two sectors ushd gotmbined tests.

4.1.2 Results from random triggers

The noise tests performed in SR1 included runs at high triggies, tests of different grounding
schemes, and tests of FE noise pickup during the active uéaglole of the TRT. In these tests the
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combined testing as measured by the SCT calibration.

readout of the detectors was triggered by a pulser at fixepiénecy or a pseudo-random trigger.
Unless otherwise stated, the results shown here were elt&in running the ATHENA offline
code on data that were taken with the SCT module thresholds % fC as given by the response
curve calibration.

A simple illustration of the noise behaviour of the barrelTS&n be seen in figufe 20, which
shows the strip number for all hits in the first 10000 events afn in which both the SCT and TRT
were powered and read out. The strip channel number goestanY67, covering all strips on
one side of a module. Hits from both sides of the module aneetbee superimposed on the plot.
The spikes represent the noisy strips present in the fracidhe SCT that was read out. They
appear on a background of uniform nofs@hese nine noisy channels (out of a total of 718848)
match those identified as problems in the calibration. Batbdstectors were triggered using a
pulse of 50 Hz and the thresholds of the SCT modules were def@oThe expected modulation
of the noise occupancy within a chip (128 channels) is alpaumt in figurd 0. The higher noise
toward the middle of the chip is due to power distributioridiesthe chip.

Several tests were performed in SR1 in order to investigageiic noise effects. These are
summarised below, and the results of the noise are giverafir.e

Trigger rate scan. For both the barrel and the endcap, physics mode runs wesa taith dif-
ferent trigger rates in order to check if this has any effettlee noise occupancy. The module
thresholds were set to 1 fC, and all other settings, suchegsréfsence or absence of the TRT, were
not changed between runs.

Tables/# andl]5 contain a summary of the averaged noise oatapaneasured for each layer

9n this sense, the plot shows the typical behaviour of a neoside, with some smearing due to the cumulative effect
of superimposing all module sides on the same plot.

— 28 —



10000

8000

Number of hits

6000

4000

2000

) - l ) - l
600 700
Strip number

oo b v v by |

200 300 400 500

L1

1 11 l
0 100

o

Figure 20. The strip number distribution for all hits in the SCT.

Table 4. The mean (RMS) barrel noise occupancy (scaled I3y ftd runs taken with different trigger rates.

500 Hz

5 kHz

50 kHz

Layer O Side O
Layer O Side 1]
Layer 1 Side O
Layer 1 Side 1]
Layer 2 Side O
Layer 2 Side 1]
Layer 3 Side O

Layer 3 Side 1

4.87 (3.13)
4.94 (3.28)
4.36 (1.83)
4.92 (2.39)
4.26 (2.16)
4.89 (2.51)
4.90 (3.34)
4.75 (2.93)

4.94 (3.14)
5.01 (3.28)
4.33 (1.81)
4.89 (2.37)
4.26 (2.12)
4.90 (2.49)
4.89 (3.31)
4.78 (2.96)

4.92 (3.17)
4.97 (3.23)
4.33 (1.80)
4.84 (2.33)
4.22 (2.15)
4.88 (2.44)
4.86 (3.30)
4.78 (2.98)

(disk) side of the barrel (endcap). Layers are numberedanbtrrel starting with “0” for the
innermost barrel, Barrel 3, to Layer 3 for the outermostdlaBarrel 6. The trigger rate does not
appear to affect the noise occupancy. The two sides or eadnlenare denoted as “Side 07, the
top side of the module, and “Side 1", the module side whicledabe support structure.

Noise threshold scan. An important test of module behaviour is the noise occupascy func-
tion of threshold. In the low noise regime, occupancy istegldo the threshold by the following

empirical description[[48]:

N O exp[

t2
~352]

(4.1)

wheret is the module thresholdy is the noise occupancy, amdis the equivalent noise charge of

the module.

Physics mode runs were taken with different thresholds &h bhe barrel and the endcap.
The barrel runs were triggered from a pulse at a frequencpmfaximately 500 Hz, with the TRT

clocked but not read out.
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Table 5. The mean (RMS) endcap noise occupancy (scaled Byfadruns taken at different trigger rates.

1 kHz

10 kHz

50 kHz

100 kHz

Layer O Side O
Layer 1 Side 1
Layer 2 Side O
Layer 3 Side 1
Layer 4 Side O
Layer 5 Side 1
Layer 6 Side O
Layer 7 Side 1
Layer 8 Side 1

3.78 (1.87)
3.87 (2.21)
5.04 (2.53)
4.49 (3.12)
4.50 (2.84)
4.16 (2.77)
5.53 (3.46)
5.47 (2.47)
3.66 (2.04)

3.58 (1.76)
3.86 (2.15)
4.76 (2.35)
4.17 (3.04)
4.46 (2.49)
4.16 (2.63)
5.29 (3.24)
5.47 (2.72)
3.69 (2.01)

3.57 (1.75)
3.87 (2.19)
4.74 (2.37)
4.48 (2.87)
4.11 (2.59)
3.92 (2.68)
5.33 (3.37)
5.40 (2.71)
3.60 (1.96)

3.41 (1.69)
3.78 (2.09)
4.73 (2.37)
4.23 (2.92)
4.09 (2.68)
4.12 (2.61)
5.25 (3.30)
5.31 (2.73)
3.58 (1.88)
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Figure 21. Distribution of the ENC values (in number of electrons) fdmaodule sides obtained in noise
threshold scan.

Equation[4]1 indicates that a plot of(M) versust? should be a straight line, and its slope
allows the equivalent noise charge for each module to be&ei. The distribution of the aver-
aged ENC values obtained for all module sides of the SCT bamneendcap modules is given in
figure[2]. Barrel modules and outer and middle endcap motalsapproximately 12 centimeter
long strips, where the strips on two wafers are bonded tegeEndcap inner modules have about
6 centimeter long strips on one wafer. The shorter striptlengplies a smaller load capacitance
on the frontend input, which in turn implies lower noise. Arample of one of the straight line
fits is given in figurd 2. The ENC values obtained are roughlyilent to those reported from
calibration runs, though an exact comparison is difficulinake due to differences in the way the
data were analysed.

The noise occupancy specification limit 0&5L0~* demands that the total equivalent noise
charge should not exceed 1900 §d]. All of the ENC values presented here are within this
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Figure 22. A plot of InN versug? for one module side of the barrel SCT. A straight line has Wigted (see
equatior{ 4]1), with a slopgy = —2.6+0.2 (fC)~2 and intercept on the y-axis = —7.7+0.2.

limit once a small number of known noisy strips with a noiseugancy greater than5102 are
masked off.

For the barrel, two different grounding schemes were ingattd with the above method, and
it was found that these did not affect the noise occupancymilar test was not performed on the
endcap.

Trigger timing delay scan. Since the TRT and SCT were operated together for the first, time
an important point to investigate was whether the TRT indumay noise in the SCT. The TRT
starts reading out about 3.2 after a trigger. The SCT was therefore triggered abqus after
triggering the TRT to search for pickup induced in the SCThyy TRT readout cycle. The BOC
Tx coarse delay, which is the delay between incoming trigger SCT L1A, was then scanned in
steps of 75 ns in order to add extra delay between the triggyefi the SCT and the TRT, and the
time delay was written into the byte stream. If no noise pickacurs, the noise occupancy should
be flat when plotted against time delay, as no extra noisepaculy is observed when the TRT is
read out.

Plots of the barrel noise occupancy versus time delay aengivfigure[2]3 for a run in which
the TRT was off, with its FE electronics unpowered, and farain which the TRT FE electronics
was clocked and read out. The analysis was performed witls strasked off if their noise occu-
pancy was greater thans10-3. In the analysis we required the hits to be recorded in theecor
middle time bin, denoted by the “X1X” hit-time pattern. Theise occupancy is flat in each plot,
and thus it is concluded that there is no evidence for noiskeupi from the TRT. Furthermore, no
dependance on the bit pattern of the hits was observed. #fltli® endcap noise occupancy are
given in figurg[ 24. Again, there is no evidence of noise pictegulting from the TRT. Also, there
was no dependance on the bit pattern of the hits for the endcap
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Figure 23. Noise occupancy (normalised to the first bin) versus timeydfgdr the SCT barrel. The TRT was
off for the plot on the left, and thus the data provide a calilen plot with no noise pickup from the TRT.
The right-side plot was obtained from a run with the TRT on.
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Figure 24. Noise occupancy (normalised to the first bin) versus timaydfelr the SCT endcap. The left-side
plot represents a run when the TRT was off, the right-sidengloresents a run when the TRT was on.

Final noise occupancies. The distribution of noise occupancies for all module sideshiown in
figure[25, excluding, for reasons of scale, the inner endoagiuias, which were found to have a
mean noise occupancy ofalx 10~/. The module thresholds were set to 1 fC and the analysis was
performed with strips with an occupancy greater than1® 2 masked off.

All occupancies are below the design specification of B4, though for the barrel data
there is a slight increase from previous tests, where lzawele operated individually (a mean
of 4.5 x 107° is quoted in referencq][3], compared ta@x 107° here). Although it is possible
in principle that this small increase will scale with the riien of modules that are connected,
previous noise tests performed with differing numbers oflates on the final SCT barrels showed
no evidence that the performance degrades in the largensyfie It would thus appear that the
SCT is running comfortably within its design specification.

Channels on Side 1 show slightly higher noise occupancy 8ide 0, as seen in figufe]26
for barrel data. The plots show data with the module threshekt to 1 fC as obtained from the
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Figure 25. The distribution of noise occupancies for all module sidethe SCT detector, excluding the
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Figure 26. The distribution of noise occupancies for the active moslofethe SCT barrel detector for Side
0 (left) and for Side 1 (right).

response curve calibration. The Side 0 distribution has annué 462 x 10> and an RMS of
2.70x 10-°, while the Side 1 distribution has a mean d@x 10> and an RMS of B0 x 10°.
This is consistent with results obtained during module potidn.

4.2 TRT noise studies

Some of the most important issues during the combined tesis moise studies for different detec-
tor configurations and different grounding schemes. Rdai@ttention was given to the possibility
of inducing noise in the TRT from the SCT during combined agien.

TRT grounding and Faraday cage efficiency issues were adtteliring standalone tests. It
was found that a proper ground connection between the fidriveards and the Faraday cage is
an important factor for the suppression of clock pickup @oi¥hese connections must be made
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Figure 27. Noise occupancy map for the Barrel TRT sectors particigatirthe noise tests. Yellow coloured
straws have noise occupancies about 1.3% and black colstrezds have noise occupancy above 4%.

with a spacing of not more than 3 cm to make a frequency cuteatevel of above 100 MHz.
After the implementation of this system, the noise levelffmst of the TRT channels was close to
that defined by thermal fluctuations. A typical picture of #RT noise hit map for the modules
participating in the test is shown in figufe] 27. Yellow coledrstraws have a noise occupancy
of about 1.3% and black coloured straw have a noise occupaimaye 4%. One finds a group
of straws in the TRT module Type®, which can be associated with one DTMROC chip with
a systematically large noise occupancy. That is a knownlgnolof these particular boards and
is related to the board layout in which the 40 MHz clock lines laacapacitive coupling with the
ASDBLR inputs. Details of the noise distribution across¢hannels are shown in figufe 28. Most
of the channels have noise at the level of 1%, but clock picktgrted channels have noise levels
of up to 15%. Although that is a substantial noise level, ksloot severely affect the physics
performance.

A series of tests were performed to evaluate the change inrfidiSe during the combined
operation of the SCT and TRT. The first test aimed to see teetadf SCT frontend power on TRT
noise occupancy. The noise occupancy differences for otteedfRT stacks (Stack 7) for sides A
and C are shown in figuje 9. Positive values indicate anaserén noise between the reference
(when the SCT was off) and when the SCT was on. Negative vahagsate a decrease in noise.
All deviations are within standard noise behaviour.

Following the ATLAS grounding convention, all detectors shhave an independent ground
connection at one controlled point. In order to evaluatetvitagpens if an uncontrolled ground
short appears during installation in the pit, a special et carried out. A worst case ground
connection was atrtificially created between the analogoergt plane in the TRT and the SCT
power return. A comparison of the TRT noise occupancy fa thin with the reference one is
shown in figurd 30. No statistically significant effect waarid during these tests.

A particular subject of interest was the effect of the SCTdoes cycle on the TRT noise

10TRT barrel modules are stacked in layer with Type 1 modulesifog the innermost layer, Type 2 modules the
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Figure 28. Noise occupancy distribution across the channels for ottesoT RT Stacks (Stack 7 on Side A).
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Figure 29. Comparing noise occupancy when the SCT is off with a run whem B on. The horizontal
axis shows the difference of occupancy with SCT on minus panay with SCT off in percent. The vertical
axis gives the number of straws.

occupancy. Two types of tests were performed. In the first, mBise measurements were made
during SCT operation at a trigger rate of 50 kHz. In order twéase SCT frontend digital activity,
the SCT threshold was set to 0.8 fC. No change in the TRT naisepancy was found. Another
test aimed to look at exactly what happens during the SCTorgaclcle. The time at which
the SCT frontend chips transmit their header words to thé&dyat corresponds to the maximum
amount of frontend digital activity. Data were taken usiriffiedent TRT delays with respect to
SCT trigger. Figurd 31 shows the typical occupancy diffeeewith respect to the reference run.
Again, no noticeable change was observed.

middle layer, and Type 3 modules the outermost layer.
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Figure 30. Comparison of the TRT noise occupancy when the TRT analoguend plane is connected to
the SCT power return with the TRT standalone noise occupancy
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5. Tests with cosmic triggers

5.1 Alignment and calibration

5.1.1 Alignment of the SCT and TRT

The determination of the position of the detector elemantgpace is crucial in order to make full
use of the intrinsic resolution of the tracking device. Thktive alignment of the sensors in a
module is given by the mounting precision during the modskeenbly [B], which used tolerances
well below the sensor spatial resolution. The mountingipre@s of modules on disks and barrels is
less well known compared to the intrinsic resolution. Thaaid lead to a significant degeneration
of the tracking performance and needs to be corrected initie@ent step.

The position of the detector elements can be determined twittk based alignment algo-
rithms, based on the optimization of hit residuals. A pelfealigned detector returns a residual
distribution centered around zero and with a width conststéth the quadratic sum of the in-
trinsic resolution and the uncertainty originating frone ttnack fit. A misaligned detector setup
leads to a off-centered residual distribution with an iase width originating from the additional
misalignment uncertainty.

— 36—



Track based alignment algorithms use the fact that the fihefttack trajectory is over-
constrained and the deviations from the helix or the stidigk in case of no magnetic field are
minimized with respect to the translational and rotatiategrees of freedom of the detectpr] [50].
Any deviation from the description of a perfect trajectorill @ppear as a misalignment of the
detector. Therefore the track selection processes fok trased alignment use tracks with high
momentum to avoid kinks in the trajectory originating fromultiple coulomb scattering (MCS)
effects. As described above, the test setup was not insidegaetic field. The momentum of the
various charged particles could not be determined and mati@h criteria based on the momen-
tum could be applied. The momentum spectrum of particles frosmic rays is dominated by low
momentum particles, which suffer substantially from npléiscattering. The width of the resid-
ual distribution, the quadratic sum of the intrinsic resioln, and the uncertainty from the track
reconstruction, is therefore dominated by multiple scimite In particular, the impact of misalign-
ment effects on the residual width is small compared to thkiphe scattering effects. The track
fit algorithm normally applies the measured momentum torest the contribution from multiple
scattering to the overall track position uncertainty. 8ino momentum measurement is available,
the uncertainty cannot be calculated and the multiple exdagf contribution is set to zero. This
leads to a significant underestimation of the uncertaintghertrack position.

The track based alignment approaches are based on the mationi of hit residuals. This
is a necessary, but not sufficient requirement. The vertieak topology of the charged parti-
cles originating from cosmic ray events can lead to degeresan the solution of the alignment,
for example, a shearing of the detector in ¥h&-plane cannot be recovered. In addition, vertical
movements along the track trajectory of the two shells atecapstrained. These deformations,
so calledweak modescannot be recovered by the alignment approaches. No taukot sam-
ple with a different track topology was available to verifetquality of the alignment constants
independently. Therefore the conclusion on the obtaingdmlent constants is only limited.

Each SCT module has six degrees of freedom: three transdatiod three rotations. The
translation perpendicular to the strips is expected to lernéned best. Overall for the SCT
6 x 467 = 2802 degrees of freedom have to be aligned. The TRT has nibidgnalong the wire,
leading to five degrees of freedom per module times 12 TRT thesdn the readout (overall 60
degrees of freedom).

Several internal alignment approaches were developedmptiéd to data taken with the barrel
SCT and the barrel TRT. The tracks used for the alignment vemenstructed using the standard
ATLAS reconstruction software framework ATHENA and thegalinent algorithms were also im-
plemented as a part of ATHENA.

5.1.2 Alignment of the SCT

Various alignment approaches were applied to align the S€fiebin the SR1 cosmic setup [51 -
B4]. All approaches are based on the optimization of hithesls. Figurg 32 shows the residual dis-
tribution for all modules located in a certain SCT layer aixtd with the Globa)? approach[[32].

In this approach each module is aligned for six degrees edbe. Modules with fewer than
150 hits were kept stable. It is clearly visible that thedaal distribution is distorted before the
alignment corrections are applied. After the alignmentrtiean for all layers is centered around
zero and the width of the residual distribution is reducechgared to the width obtained with the
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Figure 32. The SCT biased residuals for the different layers of the S&Tshown before (red) and after
(blue) the alignment.

misaligned setup. The other alignment approaches retwingthr results. As mentioned previ-

ously, the width of the residuals distributions is dominldiy multiple scattering and, in particular,
effects due to detector misalignments might not be notieedh addition, the contribution to the

track uncertainty originating from the track fit is largelpderestimated, since the contribution
from multiple scattering is not calculated.

All alignment algorithms used an iterative approach to gstable result. Figurp B3 shows
the residual quantities as a function of iteration. The mesawell as the resolution of the residual
distribution converges to a stable number after threetitera. Convergence was reached when the
movements of the detector were smaller than the correspgradatistical uncertainty. The initial
shift of the mean was removed and the width of the resolutiogot significantly smaller. The
width of the residuals varies between layers because tble éraor varies along the track, e.g., due
to multiple scattering.

The magnitude of the shifts obtained in the local X directiorthogonal to the strip direction)
is generally of the order of 100m. The local Y alignment constants (along the strip direQtiare
of the order 60Qum.

5.1.3 Comparison of alignment results with the photogrammey measurements

Due to the fact that no magnetic field was used during SR1 d&iag all tracks coming from
cosmic rays are straight lines. Thus, this setup was idedé¢tiermine the relative rotations of the
SCT detector barrels ip. A similar measurement was performed analysing the phatogretry
data [5]. The first set of the three photogrammetry measeménwhich was taken in November
2005 [55], was precise enough to determine relative bastations. However, these measurements
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Figure 33. This figure shows the resolutianof the biased residual distribution (left), and the meagh(),

for the four different SCT layers and all layers combinedaated after each iteration.

were taken before the insertion of the SCT into the TRT. Thagk from the four point mounting

on the temporary SCT support to the mounting of the SCT os nadlide the TRT may have led

to significant global distortions of the SCT. This type oftdion may create systematic, radius-
dependent barrel rotations.

Figure[3# shows the measurement of the photogrammetry mia@niparison with the mea-
surements performed by the three track based alignmentithlyps. The track based algorithms
determined the same relative barrel rotations within thiersrof the measurement. The results
from the photogrammetry differ from the alignment resutté¥o of the layers. It is not quite clear
whether this difference arises from actual barrel movementrom the fact that the systematic
uncertainties of the photogrammetry measurements areantegtly understood. However, the
systematic deformations mentioned above may explain tfereince.

Furthermore, the relative barrel shifts in the global Z clilen were analysed. Again, it appears
that all alignment algorithms determine the same systena#giortions within the uncertainties.
Since all alignment algorithms used the same reconstrucéetts and hit residuals as input, a
systematic bias in the reconstruction could also lead tovammon systematic bias for all alignment
approaches. Correlation for tipeand global-Z alignment could therefore lead to relativétsim Z.

5.1.4 Relative alignment between the SCT and TRT

The relative misalignment between the barrel TRT and theeb8CT is expected to have a larger
impact on the track reconstruction than the misalignmenhefinternal components of these de-
tectors. Itis also possible that a large misalignment betvwtke two detectors could affect the track
finding efficiency leading to a poor convergence of the alignhprocedure.

A survey measurement of the relative position of the four $&€rs and the TRT was per-
formed “in situ” (see tablg]6). A special procedure was immeted to determine the relative
SCT-TRT misplacement with tracks reconstructed from cosiata. It proceeds as follows:

e TRT and SCT tracks are fitted separately and the SCT traclexaapolated to the first TRT
straw layer;

e A 2D residual is formed from the difference in the track caonaties in the plane perpendic-
ular to the straw layer surface (the TRT has no sensitivitma@ithe wire direction);
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Figure 34. For each SCT layer the relative rotation of the whole SCTdanr ¢ is shown in mrad (left)
and the relative Z shift in mm (right). Photogrammetry meament are represented by green triangles,
Robust Alignment results by blue circles, Loged Alignment results by black squares, and GloRal
Alignment results by red squares. The alignment sets haamtb@nsformed into a common reference frame
and normalised to layer 3.

Table 6. Relative translation and rotation between the SCT barrglthe TRT barrel as determined from
the survey measurements.

Ax[mm] | Ay [mm] | ArotX [mrad] | ArotY [mrad]
-0.42 +0.33 +0.154 0.165

e A x?is constructed and minimized with similar techniques usetié alignment algorithms.
Because of the SR1 setup (tracks almost vertical and no TRSitsgty alongz) only the
misplacement along (AX) and the rotations around tlyg/ArotY) andz (ArotZ) axes could
be calculated.

This alignment procedure was applied to tracks collectechfiwo different runs, one at the begin-
ning and one at the end of a stable period of data taking. Thedsulting SCT-TRT misalignment
values are consistent within their estimated uncertantiéoreover, the track-based measurements
are found to be consistent with the survey measurementsanedtbefore.

5.1.5 Alignment of the TRT

After correcting for the relative alignment between theréa8CT and TRT detectors, an internal
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arrows in the left plot represent the direction and size efttanslations. The rotation of the module in the
right plot is proportional to the angle of the bar with theilaontal axis.

alignment of the TRT modules is carried out. In contrast @ST internal alignment described in
section[5.1]2, where only SCT tracks were used, the TRT rakignt employs extended SCT-TRT
tracks. Since TRT tracks do not provide information outdltexy-plane, SCT hits are needed to
obtain thez coordinate of the track. Consequently, for a correct cataah of the TRT misalign-
ment, the SCT modules need to be precisely aligned. A framewas developed to align TRT
and SCT modules simultaneously and two of the approachekingbe SCT standalone align-
ment (sectiorj 5..2) have been implemented in the framewfink result of this procedure is an
alignment that is consistent across both systems. Thenadighconstants obtained for the SCT
are comparable, in terms of residuals, to the results franother SCT alignment methods already
presented. Therefore, we will only report the TRT results.

The alignment of the TRT was limited to only the two most stvesidegrees of freedom,
namely the direction perpendicular to the wire in the strayet plane£X) and the rotation around
the wire axis 4rotY).

The limited statistics and the nearly parallel track triajdes did not allow us to perform the
TRT module alignment for the other weakly constrained deg@f freedom. The convergence of
the alignment constants after successive iterations veeonable, with the residual distributions
centered at zero after alignment. However, in contrast ¢0SBT case, the width of the TRT
residual distributions only marginally improved, due te tlact that for the TRT the alignment
corrections are smalk({ 50 um) with respect to the width of the residual distribution figure[3%
the TRT module displacements returned by the alignmentrigthgo are shown graphically with
the values scaled for clarity. As can be seen, layer 0 and apeodules are rotated in the same
direction while layer 1 modules are rotated in the oppositection (both by approximately 300-
400 urad). Such a pattern is consistent with an elliptical distar of the TRT (or possibly the
SCT), but a conclusive interpretation cannot be obtainewh fhe SR1 cosmic data.

A study of possible TRT module deformations was also camigtd TRT module deviations
from the rigid body approximation are expected (caused dryexample, construction imperfec-
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tions, or mechanical stress) and if they are larger than étectbr resolution, a correction must
be applied. In terms of alignment, they effectively prodackit displacement depending on the
hit position inside the module. Given the limited amount wikable data, we limited our study
to the residual dependence on the hit position along the stxés. Because the measurement of
this coordinate is not provided by the TRT, it was derived ktyapolating SCT tracks to the TRT
straw layer under study (as a consequence, remaining atigindeviations in the SCT can also
appear as module deformations in the TRT). For modules waitiel statistics (layer 1 and layer 2)
we actually observed significant deviations from zero. Spatéerns are consistent with module
twists, others show more complicated deformations. A fioalctusion on the magnitude of such
deformations and their impact on track reconstruction mduire more extensive data sets from
p-p collisions.

5.1.6 Alignment summary

Tracks reconstructed from cosmic ray events were used &rdigte the alignment of the barrel
SCT, the barrel TRT, and the SCT with respect to the TRT. Theutzsed barrel alignment con-
stants give a first indication as to the magnitude of the detenisalignments. The results for
the alignment are limited by multiple scattering of low marhen tracks. In addition the vertical
topology of the tracks from cosmic ray events leadsvemk modesf the detector, which cannot
be resolved by track based alignment algorithms.

The three SCT alignment algorithms return consistent t&suilhe magnitude of the shifts
in the local X direction is generally of the order 10@n. The local Y alignment constants are
of the order 600um. The comparison of the rotation around the global Z-comidi between
the track based alignment and photogrammetry measureinisamis conclusive due to systematic
uncertainties.

The alignment of the aligned SCT relative to the TRT is debteeth using tracks passing
through both the SCT and the TRT. The alignment result isistarg with the survey measurement
of the inner detector.

After the internal SCT alignment and the alignment of the 3€lative to the TRT an internal
alignment of TRT modules is performed. For this, SCT tracksemded to the TRT are used. The
various TRT modules move by about B0n and are rotated by about 300 to 40€ad around
the wire axis. Internal deformations of the TRT modules d@welied, but no final conclusion is
possible.

5.1.7 TRT drift time calibration

Drift time model. The TRT measures the drift time, the time between the LHC baimck and
the arrival of the signal to the anode wire, in time-to-dgpunts (TDC). A measured TDC value is
a function of the position and orientation of the chargedigartrajectory with respect to the drift
cell. Since the TRT drift cells are symmetric around the vaixes, the drift time is only a function
of the distance to the anode wire. The model used for caiifsraherefore reduces t9:

TDC(r) = a(tgrf(r) +to)- (5.1)

11The propagation time and time-of-flight contributions weoe taken into account.

—42 —



GE) 0.00 <d<0.10 [mm] 0.60 <d <0.70 [mm]
£ 300F
e 300F
< 40 200}
o] L 200}
g
= 100} L
o) 100
£
0 0 20 0 0 20
drift time [ns] drift time [ns]
1.30 <d < 1.40 [mm] 1.90 <d <2.00 [mm]
400}
150F
L 200} 100F
-201 50F
1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
2 1 0 1 2 T =
reconstructed distance [mm] drift time [ns] drift time [ns]

Figure 36. TRT barrel time-to-distance distribution (left) and thédtdime distributionin 4 distance intervals
(right). The smooth curves in the right figures representéisalt of the fit with a Gaussian. The blue points
in the left plot represent the result of the fitted mean fohegdistance bin.

wherea = 8/25[ns*1], r represents the distance to the anode Vg, is the drift time, andp is a
channel dependent offset.

Drift time calibration procedure.  The drift time calibration procedure uses reconstructacks
to translate the TDC value into the best possible estimate &or each hit, the measured drift
time is computed and the relation determined from the distribution shown in fig{ir¢ 3ehe
2-D distribution in figure[36 is divided in 0.1 mm bins mand 3125 ns bins irt. In eachr-
bin the maximum of the drift time distribution is determinleg fitting a single Gaussian to the 5
bins centered around the most occupied bin, in order to eedansitivity to the tails as shown in
figure[3p (right).

Thert relation is then parametrized using a third degree polyabniihety offsets are deter-
mined from the average drift time residual of reconstrudtiés] computed from the measured drift
time and the inverse of the relation. The correctety’s are obtained by subtracting the average
drift time residual. Since our method relies on reconsedidtacks while the track reconstruction
itself relies on a proper calibration, the procedure depanda reasonable starting point for both
thert relation andg. We have found that the procedure could be bootstrappedasitigle constant
to and a simple lineart relation. The procedure was robust against the choice dhitiglization
and converged typically in 2 iterations.

Results obtained with SR1 cosmics data

Barrel.  Since no reliable momentum estimate is available, tracksemonstructed without taking
into account MCS effects. To reduce the effect of MCS, retranted tracks are split into their top
and bottom segments. For each segment we require at lea®RBiiE.
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In the calibration procedure we require for each hit a timerghreshold of at least 2
3.125 ns and a maximum time residual of 15 ns. The latter is chiasge, approximately 5 times
the single hit resolution, to allow recovery from a poorlyoshn starting value fdp in the first
iteration. To improve the quality of the selected track segts, a cut is made on the¢/ndof of
the track. To prevent a bias in the calibration gfe'ndof is first reduced by the contribution from
the selected hit. The resulting’ /ndof distribution is shown in figure B7.

The centre plot in figur¢ 37 shows the width of the unbiasedtlues distribution in bins
Xx?/ndof. The width is measured both as an RMS on the inter2ainm and as the of a Gaussian
fit on the interval-0.5 mm. The latter result shows that a single hit resolutiorrofiad 20Qum is
obtained.

To motivate the choice of a particulg®/ndof selection we calculate the uncertainty on the
mean of the residual distribution as a function of jfe/ndof cut. The uncertainty is estimated
aso(mearn) = RMS/y/N —1. The rightmost plot in figurE B7 shows the result, norméllife a
hypothetical set of 100 hits. As one can see contributiomftits with x?/ndof > 10 actually
degrades the resolution on the méarTherefore only hits for whicky?/ndof is smaller than 10
are selected in order to reach an optimal sensitivity foibcation. Although this may seem to
be an unrealistically large value, it already rejects aifigant fraction of the segments because
multiple scattering effects are ignored.

For the cosmics data we use a sindierelation for all straws. The drift time offsdg is
determined for each straw separately. The uncertaintyeity fls the RMS of the drift time residual
distribution divided by the square root of the number of iest{minus 1). Since the RMS of the
drittime residual distribution is itself proportional tbe resolution, the fractional contribution of
the uncertainty ity to the hit resolution is abouy/1+1/N — 1~ 1/2N. To keep this contribution
below 1% one would need about 50 hits per straw. For the edilitor of the cosmics data we have
required a minimum of 25 hits, based on considerations digmibelow. For straws not fullfiling
the above requirements, we use the average value &f tifehe corresponding TRT module as a
compromise between the statistical and systematic umcieta

It is generally assumed that the time offsets of straws witime “DTMROC” unit (16 straws

12The reason that wiesesensitivity, even though wadd information is that in the extraction of the mean we do not
use the fact that the uncertainty varies witty ndof.
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Figure 38. Drift velocity for 0.2 < |d| < 1.8 (top), average straty (middle) and average drift time residuals
with respect to the calibration of run 3099 (bottom) as a fiamcof run number.

connected to one amplifier) are equal to within 0.5 ns. If thithe case, it would certainly make
sense to combine the data from straws in a DTMROC. Unforéipahe mapping to DTMROCs
was not available within ATHENA during the analysis of therdmned test data.

Calibration constants derived from a single run were usedhi® reconstruction of all data.
To test the stability of the calibration the average drifoegty and the average drift time residuals
as a function of the run number was studied. Results fronetbeslies are shown in figufe] 38.
From those results it is clear that the average drift timeeatffs stable to withint0.5ns. For the
cosmics data this is sufficiently small with respect to thedsolution to justify the use of a single
calibration.

Endcap. To achieve the best calibration of the TRT, good quality Ksaare a very important
ingredient. For the endcap setup, the tracks were of a worg#&ygcompared to those in the barrel
setup. The average number of hits per tracks in the endcambag 6, compared to 20 in the
barrel. In order to make the endcap tracks longer, the cxifius error was set to a higher value,
about 24Qum. An immediate consequence is an increase in the rate of hitis as shown in
figure[39.

To reduce the noise rate, only hits for which the time-oteeghold was within the interval
3x3.125ns and 1% 3.125ns were used. To better enhance the track qualityy ffiedof was
required to have a maximum of 20, and the time residual to haweximum of 25 ns.

For the endcap setup, no TRT trigger phase was measuredefditerthe phase was deter-
mined from the tracks themselves. For each track, the agatsf time residual of the measured
drift time and the drift time from the track was calculatedheTtrigger phase was obtained by
requiring this average to be 0.

Another issue was that in a fraction of events leading sigdges were missing due to large
time offsets in some frontend boards, which were not timedith respect to each other. Events
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for which the leading edge was missing were disregarded.

Following the same iterative procedure as for the barreramye drift time residuals of recon-
structed hits were determined and used to correct foigthe After two iterations, the obtained
to's became stable, and the obtained residual of hits and stcated tracks was about 20én, as
shown in figurg 40.

5.2 Tracking performance

As mentioned in sectioh 3.3.3, the CTB tracking package wasdefault tracker in the cosmics
reconstruction. It was designed for scenarios where trdoksot point to the interaction point,
and where the initial alignment and calibration is eitheryveugh or not available at all. For
example, it can find tracks in the TRT without using the diifi¢ information at all. The output
of the algorithm consists of several different track cdilmts. There are collections for the full
setup and for each individual subdetector (SCT, TRT). leurttore there are separate collections
for the upper and lower part of the setup. The results in #atien are based on global tracks, i.e.,
tracks where the hits in the entire setup were used. Flgligivés an example of such a global
reconstructed track. Figufe]42 shows a shower in the upp@&rsERtor, reconstructed using only
the TRT hits in that sector.
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Figure 40. Residual of reconstructed hits obtained after two iteretio

Figure 41. A reconstructed cosmic track with both SCT and TRT hits.
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Figure 42. A cosmic shower with several tracks, reconstructed in th€. TR
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Figure 43. Number of reconstructed tracks, for real and simulated. data

The performance of the pattern recognition was monitorethignasing event displays, and
the cuts were tuned accordingly. Figliré 43 shows the numierconstructed tracks for a given
run and for a simulated data sample. The muons in the sinduiita sample were generated with
an energy between 200 MeV and 200 GeV. About 25% of the redoestents do not have any
reconstructed tracks. Most of these events are caused &g imaihe scintillator trigger setup, and
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Figure 44. Number of hits on track, for real and simulated data.

can be recognized by an unphysical value of the computeddfdfight between two scintillator
planes. In the current analysis we keep only those eventsichwhe measurement of the time-of-
flight gives a physical result. After applying this cut, incae seen in figurp #3 that the simulation
and the real data agree fairly well on the number of recoatddutracks. Inspection with the event
display shows that the events without a reconstructed taaekeither empty, or have a shower
that produces so many hits that no reconstruction can beptigel’> Cosmic showers were not
included in the simulated data, only single muons were clensd.

Figure[4}# shows the number of SCT and TRT hits on the recartstiuracks. For this plot the
input sample was restricted to events with only one recoatd track. The number of SCT hits
is almost always an even number, because each SCT moduletatides. The distribution of
the number of TRT hits has two peaks, because one half of Wer [DRT sector was not read out
during data taking. Thus, tracks that pass through thabndgave half as many TRT hits compared
to the tracks that pass through the active region. The nuofld&RT hits on track is slightly higher
in real data than in the simulation. Apart from that, the agrent between data and simulation is
reasonable.

5.3 SCT performance

The data collected with cosmic rays triggers can be used é¢okcthe performance of the SCT
detectors in terms of efficiency and resolution. Resultsoatg shown for the barrel data since
the number of SCT hits associated with tracks in the endcayp $& too small to allow this kind
of study. Tracks reconstructed taking only SCT hits as igpatused in order to avoid any effect
coming from TRT-SCT misalignments. The SCT alignment adroas obtained with the global
x? method are used unless otherwise specified since those bedtté results. Comparisons with
other alignment corrections and with simulation data ase ahown.

13CTB tracking skips the event if there are more than 120 spairespin the SCT, or more than 500 hits in the TRT.
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Figure 45. SCT hit pattern.

5.3.1 Timing

The SCT was run in the expanded mode in the cosmic runs, whalhdes time information for
the triggered time bin as well as the preceding and follovhimg. Figurg 45 shows the distribution
of the hit patterns for a given run. The 010 hit pattern is d@anti, indicating that the trigger is
timed well with respect to the SCT modules. The 20 ns shaping of the ABCD3TA chip will
also give rise to hits in adjacent time bins as the pulse wurabove threshold can be longer than
the 25ns bunch-crossing time window. Hit pattern 001 comma tases where the hit is registered
in the next time bin due to a muon arriving late in the clockleycThe majority of hits in each
event are noise hits, and thus not correlated with the trigijetice that there are also some hits
with the hit pattern 000. As the readout chip should only autpts from fired channels, this is not
a valid hit pattern. Three modules showed this phenomenthreitests at SR1, on a whole module,
on a chip, and on a single channel, respectively.

5.3.2 Efficiency

The efficiency of a given SCT module side was computed usiaddtowing method. For each
reconstructed track in an event that remains after a quality the algorithm removed any hits
located on the SCT barrel layer under investigation, oifHayer. A track refit was then performed
excluding these hits. From the perigee parameters of thisnaek, an extrapolation to th¥ layer
was performed to obtain the intersection point or “predigtesition” of a hit on a module. If this
intersection point was within the sensitive area of the nwduvas included in the denominator
of the efficiency calculation. If a SCT cluster was found toldeated within a set distance from
the predicted position, an entry was made for the numerator.

Various track quality cuts and fiduciality requirements gvarade before a hit prediction en-
tered the denominator of the efficiency calculation:

e the track must have 10 or more SCT hits

e the track fit must have g?/ndof < 24
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Figure 46. The hit efficiency for the different barrel layers and sidesf simulated cosmic data withr
greater than 200 MeV. Also shown is the specification efficyerf 99% (dashed blue line).

¢ the track must have an incidence angle on the module of las2idegrees in the azimuthal
direction

e the track intersection point on the module must be at leastZfirom the bond gap and 1.5
mm from the edges of the module

e the track intersection point must be at least 1.5 mm from aagked strips or chips

In order for a hit to be entered into the numerator of the efficy calculation, in addition to
the above requirements, a hit must be found within a certzad width around the predicted hit
position. By default, and unless specified otherwise, thasliwidth was 2 mm.

In order to choose a proper value for the cut applied to thiudig from the predicted track
position and the cluster position, the simulation was ugaak to the lack of magnetic field, this
distance can be quite large for tracks corresponding to l@mnentum cosmic rays. Figufe]46
shows the average efficiency per SCT layer, for differertadise cuts, for all simulated particles.
In order to neglect MCS effects, a cut of 2 mm was then choseontoute efficiencies from real
data. The result obtained in this case is shown in fifjure 4&revafter alignment the unbiased hit
efficiency in all barrel layers is measured to be within speations, i.e., greater than 99%.

Since the cosmic trigger is not synchronized with the readtack, the collected data can
also be used to study the dependence of the SCT efficiencyhtdurrival time of the particle with
respect to the readout time. This difference in time was mreasand since the SCT is recording
the information of three consecutive bunch crossings, tkasurement can be done over a time
range of 75 ns. Figure #8 shows the SCT efficiency obtainetidrbarrel section as a function
of the arrival time of the particle. The efficiency remaingthifor a range of 4 ns, compared to
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Figure 47. The unbiased hit efficiency measured for the different béagers and sides from cosmic data,

before and after alignment.
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approximately 20 ns from the test beam studje} [57], dueddithe-of-flight of the cosmic rays
not being taken into account.
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(triangle) and data using globgf alignment (squares). A road width of 2 mm is used.

5.3.3 SCT resolution

The SCT detector resolution can be extracted fronuotloé the SCT residual distribution of a given
module side after subtracting the track prediction andhatignt corrections uncertainties. How-
ever, as mentioned above, the track uncertainty is not wtihated for the case of low momentum
particles. Figurg 49 shows the mean amaf the unbiased residuals measured for data (using
global x? alignment constants) and Monte Carlo simulation. For ble¢hdata and simulation the
measured residuals are much larger than the expectedatetslution of 23um due to the effect
of multiple scattering.

Figure[5p shows for simulated data thef the SCT residual and pull distribution as a function
of the true particle energy. The of the residual distribution increases for low energy tsaghd
for this case ther of the residual pull distribution is no longer 1 due to thesally mentioned
wrong track uncertainty estimation. For high momentumkisaao of around 28um is obtained.
After subtracting in quadrature the track uncertainty gbation (which is estimated to be around
16 um), a value of 23um is obtained in agreement with the intrinsic detector ratsuh.

In order to determine the detector resolution from the daag of the residual distribution
as a function of the unbiased tragk (i.e., removing the contribution to thg? of the hit under
evaluation) was measured, for side 1 of modules in layer Zs&modules were chosen to max-
imise statistics, and minimize track errors. The resulaiigd is shown in figurg b1 for real and
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Figure 50. g of SCT unbiased residuals (left) and pull distributionglit) as a function of true particle
energy.
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Figure 51. Width of the SCT unbiased residuals, as a function of theased tracky? per number of
degrees of freedom, for real and simulated cosmic data.

simulated data. When tl'pe2 tends to zero, the contribution of low momentum tracks sthdog
negligible. Ao of 24+ 1 um (20+ 2 um) is obtained for real (simulated) data for tracks witk?a
per degrees of freedom of less than 1. For these tracks theledion to the residual from track
uncertainty is negligable. Alignment uncertainties hawe lbbeen considered resulting in slightly
larger residuals in real data than in simulation. The low suead residuals are due to the large
number of double clusters present in both data and simalafpproximately one in three of the
clusters in the SCT is a two hit cluster, in both data and satmrh. This means that most tracks
intercepting the module near the edge of the strip will poadtwo strip clusters. This effectively
reduces the resolution of the one-strip cluster measuremen
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5.4 TRT performance
5.4.1 TRT efficiency

The data collected in the SR1 test were also used to studyfftbiermcy of the TRT straw tubes.
Because of the limited statistics in the endcap, this stualy enly performed for the barrel.

It is important to note that, given the lack of track momentaformation, an accurate mea-
surement of the straw efficiency with cosmic data is difficultiple scattering effects cannot be
accounted for and hence there is a high uncertainty on taéuelposition of the passing particle
with respect to the straw tubes. On the other hand, knowingflven a particle passes through the
active region of a straw or not, is essential in determintagfficiency.

For this reason particular care was devoted to selectiomaoks for this study in order to
reduce the uncertainties resulting from multiple scaitgriThe detector geometry was corrected
using the procedure described in secfion 5.1.5 for simettasly aligning the SCT and TRT.

The track selection proceeded as follows:

e Full SCT+TRT tracks were reconstructed and, to suppresg®generated by cosmic show-
ers, only events with a single track were selected,

e SCT track segments from the top and bottom sectors were omalaind the resulting SCT
tracks were required to be of high quality%/ndof < 5),

e SCT tracks were extrapolated to the TRT. The distance bettteeextrapolated track inter-
section at the last straw layer (corresponding to the maxiraver arm) and the closest hit
in the same straw layer was required to be less than 0.3 mm.

Monte Carlo studies have shown that this selection proeetkduces the presence of tracks
at the low end of the momentum spectrum. These tracks areafiested by multiple scattering.
Most importantly, no requirements were made on the quafith® TRT segments themselves, in
particular no cuts were applied to th@ of the TRT (or SCT+TRT) tracks. In this way the bias
on the efficiency induced by the track selection is kept to mimmim for layers other than the last
straw layer.

For each straw the efficiency was defined as the ratio betweenumber of “expected” hits
(i.e., the number of tracks passing closer than a certatardieR to the straw wire) and the total
number of recorded hits. In figue]52 the distribution of thews efficiencies (calculated for
R =2 mm, the straw radius) is shown. To reduce statistical fat@ns only straws with at least 40
expected hits were considered. The mean of the efficientytiton is approximately 93%.

Due to the statisical nature of the ionization process, ffieiency of a straw tube depends
on the path length of the track inside the straw. Straws wittaek passing close to the edge are
expected to be less efficient than straws having tracksmmesll inside their volume. In figuie p3
the efficiency profile as a function of the track distait® the wire is shown. The efficiency is
very close to one if the tracks pass well inside the stiw (.7 mm) while it drops for tracks close
to the straw boundary. The shape of the efficiency profile fstiadces close to the tube boundary
is determined by properties of the ionization gas and by rektextrapolation uncertainties. A
non-zero efficiency foR significantly outside the straw radius is almost exclugivikle to noise.
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Figure 53. Left: Straw efficiency profile as a function of the track-wilistanceR in real data. The different
distributions denote the TRT module types (inner, middtel auter). Right: Same distribution as in the left
plot, shown on a logarithmic scale and for exten&aglues. Red is simulation, black is real data.

A random noise throughout the detector is expected to dutéito the efficiency independent
of the track distanc® to the straw. However, in real data &dependent noise is observed. As
is clear from the right plot in figure b3, the efficiency forastis with a track outside their physical
volume R = 2 mm) but close to the straviR(< 10 mm) is higher than that expected from random
noise. This can be attributed to channel cross-talk, wherigla signal amplitude registered in
one straw induces a noise signal on neighboring straws, riicpkar to straws connected to the
same readout chip or HV pad. This effect has been alreadynaukén TRT prototypes in test
beam data[[§9]. The peculiar structure observed in real @dfigiency dip atR ~ 3.7 mm) is
generated by the arrangement of the straws inside the TRTle®dnd by the straw geometric
grouping of readout chips/HV pad. As can be noticed from fifieiency profile obtained with
Monte Carlo events, such cross-talk effects are not indudethe current version of the TRT
simulation. However the simulation correctly reprodudesrnagnitude of the random noise, which
from this study is shown to be of the order of 2% (in agreemaitit that quoted in sectiop 4.2).

5.4.2 TRT resolution

As in the case of the SCT, the hit resolution of the TRT can limeted by subtracting the track
uncertainty from the width of the residual distribution,guadrature. Due to the large number of
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Figure 54. Width of the TRT unbiased residuals and pulls, as a functf@nergy, for simulated tracks.

hits on a TRT track, the calculated track uncertainty idyamall compared to the hit resolution.
The contribution from multiple scattering to the residuialalso relatively small, since the TRT
hit resolution is a factor 10 higher than the SCT hit resoluti Thus, the width of the residual
distribution is a good measure for the TRT hit resolution.

Figure[5k shows the widths of the residual and pull distiimst as a function of energy, for
simulated tracks in the upper half of the TRT. The plots arglgdlat except at the lowest energy
bin, showing that the effect of multiple scattering is inddienited. It should be noted though that
the tails increase significantly at low moment&fThe hit resolution assumed in the track fit is
170 microns, which explains why the pulls are always largantl since the actual hit resolution
is close to 200 microns.

Figure[5b shows the residual distribution for real and sated tracks in the upper half of the
TRT, and the width of the residual distributions per modyfeet(inner, middle and outer). For the
distributions the input data sample was restricted to evemhiere the SCT track has a reduged
smaller than 2, in order to remove low energy tracks from #mese. The small dependence of the
residual width on the module type is due to the uncertaintthefpredicted track position, which
is smallest near the middle of the track. It is seen that th& p&formance is slightly better in
real data than in the simulation. It should be rememberddltieal RT resolution shown above was
obtained with an Argon-based gas mixture. In ATLAS, whereemoh-based gas mixture will be
used, the expected resolution is of the order of 130 micriégk [

6. Conclusions

The combined operation of the ATLAS Semiconductor Tracl€T) and Transition Radiation
Tracker prior to their installation in ATLAS were investigd. This test concluded the integration

1%Tails are not taken into account here, only the core of thigidigions is fitted.
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Figure 55. Comparison of the real and simulated TRT unbiased hit ressdu

process of these two tracking subdetectors and providefirsh@pportunity to test the combined
tracking of SCT and TRT with cosmic rays in a large test startti@surface integration facility.
The four months combined operation of the SCT and TRT allalve@ommissioning and thorough
testing of the hardware for detector supply, control, ardlogt systems for the SCT and TRT in a
final detector configuration. The experience of this opereliéd to numerous improvements in the
detector control, calibration, and physics readout saftwa

The noise performance of SCT and TRT in the final detector gordiion was tested. The
tests showed on the SCT a noise occupancy ok207° and equivalent noise charge of about
1650 electrons for warm operation with hybrid temperatamgsroximately 25C above their final
cold operation temperature in the experiment. These seatdtconsistent with previous assembly
test results on single barrels or disks and individual meslgluring production, showing that the
simultaneous operation of four barrels (nine disks) didleat to a noise increase. The noise of
the TRT barrel and endcap was investigated through a sdriestauns with the SCT off and with
the SCT operated synchronously with the TRT. The tests stiowancrease of noise on the TRT
through a series of tests with SCT in on and off states. Thadral electronics noise of SCT and
TRT during the active readout cycle of the respective othbdstector was tested and the absence
of cross-talk between SCT and TRT in the combined test wafirowed.

During the combined tests of barrel and endcap large sangblessmic ray events were
collected. Those events were used to commission the onlimgtoning software and offline track
reconstruction software chain, which will be used for LHQlisions. The online monitoring was
operated at the event filter level as well as standalone. i®gemting the cosmic tracks in SCT
and TRT, individually and combined, allowed the succestsling of raw data processing, track
reconstruction, and detector alignment methods with rata tbr the first time. This has led to the
extraction of first preliminary results for basic trackingriprmance parameters. A single plane
efficiency of 99% and spatial resolution matching expeategtifrom simulation for the SCT were
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found. The TRT drift time resolution o200 um agrees with the expected value for an argon-
based gas mixture. Similarly, the measured straw efficiscyagreement with expectations.
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