1 The Muon Spectrometer 1.1 Installation and Commissioning of the
ATLAS Monitored Drift Tube Cham-
bers

The muon spectrometer [1, 2] of the ATLAS experL—rhe 88 Monitored Drift Tube chambers built at the

ment is _equped vv_|th_three layers of muon deteCtofWax—Planck—lnstitut fur Physik were installed in the
in a toroidal magnetic field o » 6Tm_ bending power ATLAS experiment from February to June 2006, af-
generated by a superconductmg air-core magnm S?lesr'being integrated with their respective trigger cham-
tem. The spectrometer is designed to provide mUPN . nd tested at CERN in 2005 [5-8]. The cham-
momentum resolution of better thaf% for transverse ers were the first to be mounted on the rail system in
momenta up td Tev/c over a pseudo-rapidity range the barrel part of the spectrometer and were positioned

|n| < 2.7. This requires a very accurate track sagltvz\;}ﬁh an accuracy of about 1 mm [7], well within the

measurement with three layers of muon detectors which_ ... . .
: . ; specifications. The barrel part and the middle wheels
have to be aligned relative to each other with an aCCL?

. . . L of endcaps of the muon spectrometer were installed in
racy of up ta30 um in the bending direction in the Mag-n06 theIO missing inner arr)1d outer endcap wheels fol-

qeticfield. Driftchamb_ers with yeryhigh spatial resollfowed in 2008, completing the muon spectrometer. 10

e o o o e 82 ol chamcers mprovg e cceptance
' 2p . .~ ~the barrel-endcap transition region have been installed

spectrometer 05500 m* with only 5% gaps mainly in in 2009. the rest will follow in 2012

the region of the detector feet. The Max-Planck-Institut fur Physik has taken a lead-

The cylindrical central part of the spectrometer (bal29 role in the commissioning of the ATLAS muon
rel) contains eight race-track shaped magnet coils SHECtrometer and, via a representative in the ATLAS
25m length ands m radial width. The layout of the Mupn Steerlng Group, is respons@le for the overall co-
muon chambers follows the eightfold symmetry of th%rdlnann of_the opergthn and maintenance o_f _aII MDT
magnet around the proton beam axis in eight small afid@mPers since beginning of 2008. In addition, our
eight large azimuthal sectors (see Figure 1). The bYfDT group provides on-call gas system and detector
rel part of the spectrometer is complemented by tEPETtS, as well as the data quality expert, who is re-
endcaps each consisting of eight superconducting cGRonsible fqr the f|r7al S|gn-0.ff of th? MDT d_at.a. The
housed in a common cryostat fitting into the inner bofdPP team is also involved in providing training and

of the barrel toroid magnet and three wheel-shaped | ycumentation for the shifters operating the detector in
ers of muon detectors. the ATLAS control room.

The commissioning of the MDT chambers should

The MDT chambers built in Munich consist of twdhave followed their installation closely, but it was de-
triple layers of30 mm diameter aluminium drift tubeslayed due to the late installation of the final services in
of 3.8m length equipped with a central gold-platethe experiment—the routing of the low and high volt-
tungsten-rhenium sense wire which are separated agie cables, readout fibers, and gas pipes and valves—
an aluminium space frame. The drift tubes are opé&nd the availability of the commercially manufactured
ated with Ar:CQ (93:7) gas mixture at a pressure opower supply boards. Thus, the commissioning phase
3bar and a gas amplification of 20,000 (correspon@f the muon spectrometer spanned from the end of
ing to a operating voltage between tube wall and wig906—with only 13 MDT chambers operational on
of 3080 V) and provide a position resolution of aboutemporary services—to September 2008, when the first
80 um . The sense wires are positioned within a chafieam was circulated in the Large Hadron Collider
ber with an accuracy of better thatd um in order (LHC), and 98.8% of the 350000 channels of the 1088
to achieve the required spatial resolution of the chafMDT chambers of the muon spectrometer were opera-

bers [3] tional.
A notable exception to the general commissioning

In the years 2001 to 2006, 88 MDT chambers westrategy were the MPP MDT chambers: immediately
constructed at the MPP [4] containing about 36000 dréfter their installation and in regular intervals after-
tubes. They cover abolb% of the active area of thewards their gas tightness, HV stability and the stabil-
spectrometer. ity of the chamber geometry has been tested [7]. As



Figure 1: The barrel part of the ATLAS muon spectrometer eiédrom the LHC tunnel after completion of the
muon chamber installation in November 2006. The MDT chambeilt in Munich are mounted on rails on the
outside of the eight superconducting magnet coils.



a result, these chambers exhibited less problems than
other types when finally put into operation. The cham-, 1200
bers were connected to the ATLAS gas system in 200% L nstalled MDT chambers in September2008 ,;
and to the power supplies and read-out chain in 200§ 1000
by a team of 3 technicians and 4 physicists from MPP2
Due to their exposed position at the outside of the ATE &0
LAS detector and the hostile environment with cooling‘g
and cryogenic stations and electronics racks on the sug- e
rounding structures nearby, the MPP chambers showetl
an increased noise pickup compared to the inner Charﬁ;- 400
bers. The situation was remedied by designing addig
tional low-pass filters for the high voltage lines which2 200
were mounted on all MPP chambers in 2008 [9]. These |
filters are now also used on other chambers in the muon o —

. ; ; Q) N S &L &S S
spectrometer which suffer from high noise rates. f & oF & & &ii?ﬁ g;?’
The commissioning of the ATLAS muon spectrome- S&" gé" g‘ﬁi@g&&g Q%’)é’;ﬁ &9

ter encompasses the connection of services to the cham-
bers and the electronic racks in the experimental cav-

emn. Th? .MPP team supporf[e_d this g_IobaI work with lFlgure 2: Number of MDT chambers read-out as a func-
2 technicians and 2—4 physicists during 2007 and 20G&, o¢ fime from Nov. 2006 to the LHC start-up in Sep.
About 50% of all barrel MDT chgmbers were connectefhe B denotes theth combined muon data taking,
by the team and subsequently integrated n the read'R)A”%tdenotes théth milestone of combined data taking
and debugged. Fgulty front-enq electronics cards WelEhe ATLAS detector components.
exchanged and high voltage failures due to a few bro-
ken anode wires in the drift tubes or dirt in the Fara-
day cages—caused by the ongoing installation of other
subdetectors—were fixed. The channel mapping of tt
optical fibers for the read-out and the high and low volt:
age cabling of the whole spectrometer was verified an
corrected. After the chambers had been integrated
the read-out of the experiment, data taken with cosmi
ray muons is used to verify their proper operation an
test their performance [10, 11]. Figure 1.1 shows a
overview of the number of MDT chambers read-out a
a function of time, denoted by periods of either com:
bined muon system cosmic data taking (P-weeks) ¢
combined cosmic data taking of all ATLAS subdetec:
tors (milestones, M-weeks). An event display of one
of the first recorded cosmic muons traversing the er
tire muon spectrometer during the P4 period is show A
in Figure 1.1. )
A major part of the commissioning phase consiste=
of taking into operation the recirculating MDT gas
system—-the largest gas system of any LHC experi-
ment. This effort was coordinated and to a large pdrigure 3: A cosmic muon traversing the ATLAS muon
executed by the MPP team. The system consists of g¥ectrometer, recorded during the P4 period in 2008.
distribution racks serving 226 individual gas manifold§&nly the MDT chambers with hits close to the recon-
each connected to 4 to 32 MDT chambers. The total gdglIcted track and part of the toroid magnet system is
volume of 2.2x 10° bar L is exchanged once every 24hown. The topmost MDT chamber was built at MPP.
hours, and about 10% of the gas is replaced. In addi-




tion to the 2.8 million O-ring seals of the on-chamben the following.
gas distributions, the systems has about 4500 manual
va!ves and 18000 connections. _Stringent requiremepist Tube Calibration
exist for the allowed leak rate which should not exceed
2 - 107 bar L/s per drift tube to avoid back diffusionThe prassurised drift-tube technology has been chosen
of air into the system which would change the spader the ATLAS muon tracking chambers because of the
to drift relation and degrade the drift tube efficienchigh spatial resolution of better th& ym which can
The vast majority of all chambers and connections fude achieved for individual drift tubes by measuring the
fills the tightness requirements after several hundredfift time of the ionisation electrons to the sense wires.
of leaks were repaired. At the moment, the total leaR order to reach the required spatial resolution of the
rate of the system is about 30% higher than the allowelblambers of0 xm not only the the sense wires have to
limit, caused by several larger leaks which will be rébe positioned in a chamber with an accurac@f:m
paired during the next LHC shutdown when accesshst also the space drift-time relationship of the approx-
possible. No adverse effect of the larger leaks has bemately 400,000 drift tubes in ATLAS has to be known
observed so far. The purging of all MDT chambers, thith the same precision. The drift properties of the
leak search and repair, and the adjustment of the dis@iectrons depend on the temperature and pressure of the
bution system took an estimated manpower of 1.5 mdrift gas as well as on the magnetic field and the rate of
years during 2007 and 2008. Periodic leak tests are dtitickground hits from neutrons and photons which can
performed to spot new leaks in the system. be very high at the Large Hadron Collider (LHC). For
As all other subdetectors of the ATLAS experimenthe regular calibration of the space drift-time relation-
the MDT system has entered routine operation in 208Bip, correlations between the positions measurements
and 2010. Annual failure rates of the active and passi@tthe drift tubes hit by a traversing muon can be used.
front-end electronics on the chambers, the high voltageVe have developed fast and efficient algorithms
distribution, and the detector control system are all wé@r the determination of the space drift-time relation-
below 1%, but the more than 50000 different compéhip [6,12] and of the spatial resolution [13] of the MDT
nents nevertheless requires a continuous maintenanceh@mbers which are now part of the ATLAS data re-
the system to which the Max-Planck-Institut fiir Physi&onstruction software. The algorithms have been exten-
contributes a major share of manpower and expertisd/ely tested with simulated data, cosmic ray commis-
The MDT system has been operational with 99.7% &foning data [11,12], in a muon beam at CERN [14, 15]

all channels taking high quality data for the past twand under LHC operating conditions, in magnetic fields
years. and at high background rates, using test beam data

taken by our group at the Gamma Irradiation Facility at

CERN [16]. A model for magnetic field corrections to
1.2 Muon Detector Commissioning with the space drift-time relationship has been derived from

Cosmic Rays the measurements [17].
The large sample of cosmic ray muons recorded by

The MPP group is contributing to all aspects of the sothe ATLAS detector in 2008 and 2009 allowed de-
ware development for the analysis of the ATLAS muadtailed studies of the robustness of the calibration algo-
detector data, including the calibration of the spacighms. Ther-t calibration algorithm showed robust op-
drift-time relationship of the MDT chambers [12-18]eration for all the chambers apart from the chambers
the alignment of the muon spectrometer with muamith muons at 30incidence angles where all drift radii
tracks [7, 9, 20-24], the evaluation and monitoring @fre equal. The-t calibration method originally applied
the data quality of the muon detector [25, 26], optimte straight track segments in triplelayers of the muon
sation of the muon reconstruction for the high backhambers had to be extended to curved track segments
ground rates expected at the LHC [22, 27], and tliethe muon chambers to achieve the same level of ro-
Monte Carlo simulation programs for the muon spebustness for all muon chambers [30]. Figure 1.2 shows
trometer [28, 29]. The first two projects which are ahe accuracy of the space drift-time relationship pro-
central importance for the operation and performancewéled by the improved calibration algorithm as a func-
the ATLAS muon spectrometer and in which the MP&on of the number of collected muon track segments
group plays a leading role are discussed in more defaila chamber for simulation and cosmic ray data. The
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Figure 4: Accuracy of the calibration of the space drift¢imelationship of the drift tubes of the ATLAS MDT
chambers as a function of the number of cosmic muon tracks pesechamber. Left: Simulated data. Right:
Cosmic ray data confirming the predicted accuracies.

required accuracy of 2@m is reliably achieved with have to be applied to the measured track sagitta with an
3000 muons per chamber for all chambers of the muaocuracy oB80 um. The MPP group contributed signifi-
spectrometer. The predicted accuracy is confirmed tgntly to the development and test of the high-precision
the studies with muons from cosmic rays. optical alignment monitoring system for the muon spec-
The dependence of the drift time on the magnetitometer [1]. The group also developed algorithms for
field strength measured with cosmic rays in the ATLA®e alignment of the ATLAS muon spectrometer with
detector agrees well with the model based on the teston tracks [20-24].
beam measurements (see Figure 1.2). In the barrel part of the spectrometer, only the large
The MPP group is operating one of the three compuhamber sectors mounted in between the magnet coils
ing centres dedicated to the calibration and the aligean be fully aligned with optical sensor measurements.
ment of the ATLAS muon spectrometer [18] using @&he small chamber sectors mounted on the coils (see
special data stream of muon tracks reconstructed by #igure 1) have to be aligned with respect to the large
ATLAS second level trigger algorithms. The commitsectors with muon tracks passing through the overlap
ment of the MPP group to calibrate roughly one third eégions between the the small and large sectors. The
the MDT chambers and to align the muon detectors withPP group is providing these alignment corrections us-
muon trajectories includes the development of fully airg the muon calibration data at the Munich calibration
tomated calibration and alignment procedures and mamd alignment computing centre [18, 20].
itoring tools [31]. Straight muon tracks measured while the toroid mag-
nets are turned off are needed for the precise deter-
mination the initial chamber positions after installation
as a starting point for the monitoring of further cham-
To achieve the required momentum resolution of theer movements by the optical sensors mounted on the
ATLAS muon spectrometer up to the highest muon echambers. An efficient algorithm has been developed
ergies, the relative positions of the chambers have todred successfully applied to cosmic ray commissioning
continuously monitored and misalignment correctiomata [21]. Figure 1.2 shows the mean value of the ap-

Muon Chamber Alignment with Tracks
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Figure 5: Magnetic field corrections to the drift timin different regions of magnetic-field strength (0.47 T oa th
left, 0.54 T on the right) in MDT chambers in the middle layéttee large sectors of the barrel muon spectrometer
as a function of the drift distanee The measured difference in the drift times with and withmagnetic fieldB
agrees well with the model expectation in red derived froshlbeam measurements. The error bars of data points
correspond to the estimateek accuracy of 2Qum. The drift time correction increases with the distancehto t

wire because of the deflection of the drifting electrons mtiagnetic field oriented in the direction of the tube
axis.
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Figure 6: Sagitta distributions of straight cosmic ray. 7 M | fth ttrack itta di
muon tracks before and after the alignment with trac ggure 7. viean vajue of the apparent track sagitta dis-

The mean value is on the order of a mm before the alig[ﬁ'bunons obtained using a track-based alignment (large

ment procedure consistently with the mechanical inst F_zctors). The station index describes the position of

lation accuracy. The mean value of the distribution € MDT chamber alqng the z-direction (para]lel to thg
shifted towards 0 and its width is reduced by the tra am pipe). The achieved accuracy of the alignment is
alignment procedure independent of the sector and station index.



the muon momentum which is insensitive to misalign-
ment of the MDT chambers along the muon track. The
MDT chambers with their two triple or quadruple lay-
ers of precisely positioned drift tubes measure not only
track coordinates with high accuracy but also the local
track direction. This feature can be utilised for inde-
pendent momentum determination from measurement
of the track deflection angles between the inner and the
outer chamber layer and between the two multilayers
of the chambers in the middle layer located inside the
S0 100 im0 200 zs0 300 Magnetic field. Studies with simulated data showed that
P [Gevl the required alignment accuracy can be achieved within
two days of data taking at the nominal LHC luminosity
Figure 8: Resolution of the sagitta measurement a®fal 0% cm=2s~! [22, 24].
function of the muon momentum as measured in AT-
LAS cosmic ray data. The red line illustrated the fit- .
ted resolution which is the quadratic sum of a term pré-3 ~ Performance of the Muon Identifica-
portional to the inverse momentum taking into account  tion in ATLAS

multiple scattering and a constant term (of 1.09) re- ) , )
flecting the limitation of the resolution by the spatial "® Nuge sample of cosmic ray muons made it possible

resolution and the alignment of the muon chambers. to study the performance of the muon identification in
great detail up to muon momenta of 300 GeV/c [32,33].

Figure 1.3 shows the track reconstruction efficiency in
parent sagitta of straight cosmic muon tracks after tHe ATLAS muon spectrometer for cosmic ray muons
initial alignment with straight cosmic muon tracks. Ifieconstructed in the inner detector. The efficiency is
Figure 1.2 the mean value of the apparent sagitta dis@iose to 100% in the instrumented regions of the muon
butions of the large sectors are shown as a functionsgfectrometer. The drop of the efficiency|gt = 0 is
the position of the MDT chamber along the z-directiop@used by the acceptance gap of the muon spectrometer
(parallel to the beam pipe). The accuracy of the initigfhich is needed for the services of the inner detector
alignment is of the order of 50m or better and close toand the calorimeters.
the desired ultimate accuracy of @n. Improvements  The momentum of cosmic ray muons traversing the
of the alignment accuracy are expected when chamietire ATLAS detector are measured twice, first in the
deformations will be taken into account in the track réop part of the muon spectrometer, then in the bottom
construction. The measurement of the sagitta resopat of the muon spectrometer. The comparison of the
tion of straight tracks in the muon spectrometer ast&0 momentum measurements allowed us to measure
function of the muon momentum measured by the ithe fractional momentum resolution of the muon spec-
ner detector is presented in Figure 1.2. It improves wittbmeter up to muon withr = 300 GeV/c (see Fig-
increasing momentum as multiple scattering decreasge 1.3). The measured momentum resolution is in
with increasing momentum ans reaches a plateau vaagseement with the expected momentum resolution for
of about 10Q:m at high momenta reflecting the limitedpr < 100 GeV/c, but is a factor 2-3 worse than ex-
spatial resolution and the residual misalignment of tipected above 300 GeV/c due to the residual misalign-
muon chambers. The achieved resolution is about a fagent of the muon spectrometer.
tor 2 larger than the target value of &n because the The muon reconstruction efficiency and the momen-
chambers are only aligned with 5fn instead of 3(um tum scale and resolution will be measured for lpw
precision. with J/¥ — p*u~ decays and for highr with Z —

The method is being extended to the alignment pf 1~ decays inpp collision data at the LHC [34, 35].
the muon chambers with curved muon tracks in tHérst.J/¥ — p*pu~ events have been observed by the
magnetic field during normal operation of the experRTLAS experiment. The invariant mass distribution of
ment in order to verify the optical alignment corre¢he J/¥ — p* .~ events is shown in Figure 1.3
tions. This requires an independent measurement ofrhe position of theZ resonance peak is a measure

sigma [mm]
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Figure 9: Track reconstruction efficiency in the muoand minimum bias simulation are superimposed.
spectrometer as a function of the pseudorapidity of the
cosmic ray muon reconstructed by the inner detector.
The muon momentum in the inner detector was rglr the momentum Scale, |tS W|dth a measure fOI‘ the
quested to be greater than 5 GeV for the top part af@mentum resolution. The muon reconstruction ef-
greater than 9 GeV for the bottom part. The loss of dfciency will be measured by the so-called "tag-and-
ficiency in the region nedr| = 0 is due to acceptanceProbe method”. In the tag-and-probe method events

holes of the muon spectrometer needed for services/éh an isolated muon and an inner detector track giving
the inner detector and the calorimeters. an invariant mass compatible with theboson mass are

selected. The fact that one of the two tracks is identi-
fied as muon ensure that the second track is also a muon
and one can count how often the second track is recon-
structed as a muon. The method has been studied on
Monte-Carlo data and is able to reproduce the muon re-
construction efficiency with a systematic uncertainty of
0.2%.
First Z — ptu~ candidate events have been ob-
served in the ATLAS detector. One such event is shown
, in Figure 1.3. In the early phase of the LHC operation
the rate of dimuon decays ¢f bosons is too low for
the tag-and-probe method and alternative methods have

i _ i to be used to get a handle on the muon spectrometer
Figure 10: Transverse momentum resolution of thgcqnstruction efficiency. The efficiency of the stan-

muon spectrometer evaluated by comparing the m@s.q muon reconstruction is measured with respect to
mentum of cosmic ray muons measured in the top pagf giternative muon identification approach. In the al-
of the spectrometer with the momentum in the bottonative approach an inner detector track which de-
part of the spectrometer in the barrel region of the mupRits only little energy in the calorimeters and which
spectrometer. The results of two complementary tragk, pe matched with a track segment in the muon spec-
reconstruction algorithms show similar performance. ometer is identified as muon. The relative efficiency
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Figure 12: Comparison of the relative efficiency of th'e_:. ure 14: Comparison of the momentum resolution in

standard muon reconstruction algorithm with respect .
) . . the barrel part of the muon spectrometer measured with
reference muons as defined in the text with the Monte-

Carlo prediction fopy > 4 GeVic. The star-shapedmuons frompp collisions in comparison with the ex-

symbols labelled as MC truth show the standard muB cted resunUon from Monte-Carlo data and t_he analy-
sSis of cosmic ray data. The measured resolution agrees

reconstruction efficiency for muons identified as true
muons in the simulation.

with the prediction within the measurement uncertain-
ties.

of the standard muon reconstruction with respect to the
alternative selection is shown as a function of the trans-
verse muon momentum in Figure 1.3 [36]. The rela-

tive efficiency agrees with the Monte-Carlo prediction

within errors. It is lower than the true efficiency as the

alternative muon selection has a lower rejection power
against muons from pion and kaon decays in flight than
the standard reconstruction.

At transverse momenta below 20 GeV/c the momen-
tum resolution in the momentum resolution is signifi-
cantly larger than in the inner detector and can be mea-
sured by comparing the momentum measured in the
muon spectrometer with the momentum measured in
the inner detector. The resolution measured this way is
in agreement with the Monte-Carlo prediction and the
measurement with cosmic ray muons within the mea-

Figure 13: Event display of & — u*pu~ candidate surement uncertainties (see Figure 1.3) [37].

event recorded at a centre-of-mass energy/ef = 1he analysis of cosmic ray data and the first results
7 TeV of the analysis opp collision data confirm the expected

performance of the muon spectrometer.
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