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tIn this paper we des
ribe the operation and performan
e of the HERA-B OuterTra
ker, a 112 674 
hannel system of planar drift tube layers. The performan
e ofthe HERA-B Outer Tra
ker system full�lled all requirements for stable and eÆ-
ient operation in a hadroni
 environment, thus 
on�rming the adequa
y of thehoney
omb drift tube te
hnology and of the front-end readout system. The dete
-tor was stably operated with a gas gain of 3 � 104 in an Ar/CF4/CO2 (65:30:5) gasmixture, yielding a good eÆ
ien
y for triggering and tra
k re
onstru
tion, largerthan 95% for tra
ks with momenta above 5GeV/
. The hit resolution of the drift
ells was 300 to 320 �m and the relative momentum resolution 
an be des
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1 Introdu
tionHERA-B is a �xed target experiment at the 920GeV proton beam of theHERA ele
tron-proton 
ollider [1,2℄. Proton-nu
leus intera
tions are produ
edusing an internal wire target in the halo of the proton beam. The experimentwas designed to study CP violation in B meson systems, requiring high inter-a
tion rates, good parti
le identi�
ation, and eÆ
ient triggering.The main 
omponents of HERA-B are a sili
on vertex dete
tor (VDS), a dipolemagnet with a �eld integral of 2.1Tm, a tra
king system 
onsisting of an InnerTra
ker (ITR) using mi
rostrip gas 
hambers and an Outer Tra
ker (OTR)using drift tubes, and for parti
le identi�
ation a ring imaging Cherenkov
ounter (RICH), an ele
tromagneti
 
alorimeter (ECAL), and a muon iden-ti�
ation system (MUON) made of absorbers and drift 
hambers. Figure 1shows a s
hemati
 top view of the experiment together with the used 
oordi-nate system.
   Magnet        Pattern                       Trigger            

     HERA - B                             Outer Tracker Chambers

Top View

x

zy

Fig. 1. S
hemati
 top view of the HERA-B experiment with the Outer Tra
ker 
ham-bers indi
ated as bla
k bars. The z-axis of the 
oordinate system 
oin
ides with theproton beam axis.The Outer Tra
ker of HERA-B serves 
harged parti
le dete
tion from the outera

eptan
e limit of the experiment, de�ned by a 250mrad opening angle inthe bending plane of the magnet, down to a distan
e of 20 
m from the HERAproton beam. The OTR 
onsists of 13 superlayers 
ontaining variable numbersof planar honey
omb drift tube layers whi
h provide three di�erent stereoviews (wires at 0 and �80mrad w.r.t. verti
al). Seven superlayers are lo
atedinside the magnet (labelled MC1{6,8), four between magnet and RICH (PC1{3



4), and two between RICH and ECAL (TC1{2). Ea
h superlayer 
onsists oftwo 
hambers whi
h 
an be retra
ted from ea
h other in x-dire
tion. Theyare distinguished by appending + or � to the superlayer label, dependingon whi
h side of the proton beam tube the 
hamber is lo
ated. Around theproton beam the drift 
ell diameter is 5mm, and the outer dete
tor parts areequipped with 10mm 
ells. In total 112 674 ele
troni
 
hannels provide drifttime information for tra
king. The dete
tor is operated with the fast 
ountinggas Ar/CF4/CO2 (65:30:5). The details of the dete
tor and of the ele
troni
sare des
ribed in the �rst two papers of this series [3, 4℄. Pattern re
ognitionand tra
k �t algorithms for the HERA-B tra
king system are treated in [5℄.This paper is organized as follows: The next se
tion des
ribes the operating
onditions of the Outer Tra
ker. The long-term stability of several dete
tor
omponents, in
luding some results on 
hamber aging are also presented. Its
alibration and alignment, as well as the a
hieved spatial resolution will bedis
ussed in Se
tion 3. Se
tion 4 summarizes the dete
tor performan
e in termsof hit and tra
k eÆ
ien
y and momentum resolution. Finally the paper issummarized.2 Dete
tor Operation2.1 Running Periods and ConditionsThe Outer Tra
ker was routinely operated during two data taking periods ofHERA-B whi
h were separated by a long shutdown for the luminosity upgradeof HERA.2.1.1 Run Period 2000 (July 1999 { August 2000)This run period started with an only partially installed OTR. After 
ompletionin January 2000, the up-time of the dete
tor was 2200 h. The �rst installed
hambers had been operated for an additional 1100 h.By steering the movable wire target, the proton-target intera
tion rate was setto values between 4 and 5MHz most of the time, resulting in maximum 
hannelo

upan
ies of about 2%. For about 20 h data were also taken at high ratesof 30 and 40MHz. Sin
e the HERA bun
h separation is only 96 ns, the highrate data 
ontain multiple intera
tions per event. In total the target produ
edabout 33000MHzh 
orresponding to 1:2 � 1014 proton-nu
leus intera
tions inthis run period.
4



Despite the stable performan
e of HERA and the good quality of the protonbeam, both resulting in very stable target rates, the OTR su�ered from severeHV stability problems during this run period (see Se
tion 2.6.1). In order tostudy these problems, the gas 
omposition and the HV settings were varied.As a result, not all data were taken with the OTR operating at its nominalgas gain of 3 � 104.2.1.2 Run Period 2002 (De
ember 2001 { February 2003)For this run period the HERA-B physi
s programme fo
used on 
harm physi
s[6℄. A re-optimization of the dete
tor for the new physi
s goal led to theremoval of the OTR superlayers MC2{8, with the aim to minimize the materialin front of the ECAL.Until the end of O
tober 2002 priority was given to 
ommissioning the up-graded HERA a

elerator and only 470 h of beam time 
ould o

asionally beused by HERA-B. In the following more 
ontinuous run the OTR was operatedfor another 760 h.Ex
ept for short tests, the dete
tor was not operated at target rates beyond5MHz during this run period. But instabilities of HERA operation, with spikesof up to 2GHz in the proton-target intera
tion rate and strong positron beamba
kground, 
aused large temporary 
harge depositions in the Outer Tra
ker
hambers. O

asionally 
urrents of more than 50 times the nominal value wereobserved in the most exposed se
tors of the dete
tor. Usually this triggeredan automati
 HV swit
h-o� pro
edure. Providing one 
hamber 
urrent as afeedba
k signal for beam steering to the HERA 
ontrol room strongly improvedthe running 
onditions for the Outer Tra
ker.Due to the improved HV stability the operational parameters of the OTR
ould be kept stable during this run. However, during periods of high ba
k-grounds the dete
tor performan
e su�ered from distorted TDC spe
tra andredu
ed hit eÆ
ien
ies. Data from su
h periods were ex
luded from physi
sanalyses and performan
e studies. The useful data from this run period in
lude210�106 minimum bias and 148�106 lepton-triggered events. Most performan
eresults in this paper have been obtained from these datasets.2.2 Slow Control SystemDuring data taking most of the HERA-B hardware is monitored and 
ontrolledby the Slow Control System [7℄. From the Outer Tra
ker the ASD-8 ampli�erboards, TDC 
rates, temperature sensors, the high voltage system, and the gasgain 
ontrol are in
luded. The system allows to remotely read and set values5



and to 
he
k the status of signals. The 
orre
tness of the 
ontrolled parametersis monitored by the system. If a parameter value is outside a prede�ned range,an alarm message is generated. The high voltage 
ontrol is des
ribed in [4℄,the gas gain 
ontrol is dis
ussed in se
tion 2.4. The OTR gas system [8℄ has itsown dedi
ated 
ontrol hardware whi
h is also 
onne
ted to the dete
tor safetysystem. The system operates independently and only the gas parameters aretransmitted to the general HERA-B Slow Control system.2.2.1 ASD-8 Board ControlLow voltage distribution boards are mounted on all superlayer frames. Ea
hboard supplies up to 48 ASD-8 boards of similar sensitivity with power, thresh-olds, and test pulses, and monitors voltages and 
urrents. A CAN bus 
onne
tsthe boards to the Slow Control System. More details 
an be found in [4℄.
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Fig. 2. Threshold voltage distribution for a group of ASD-8 boards for the whole runperiod. A voltage of 660mV 
orresponds to a 
harge of 2.6 fC.Threshold stability is an important prerequisite for reliable OTR resolutionsand eÆ
ien
ies. The e�e
tive threshold voltage also depends on the ASD-8supply voltages whi
h are allowed to vary by about �10% (�300mV) beforea warning is issued. Figure 2 shows the distribution of a parti
ular thresh-old voltage for the whole run period. The observed r.m.s. width of 14mV
orresponds to a threshold 
harge un
ertainty of about 0.1 fC.2.2.2 TDC Crate ControlEa
h of the 
rates mounted on the OTR superlayer frames 
ontains TDCboards and a daughter board of the Fast Control System (FCS) [9, 10℄. The6




rate 
ontrol monitors the voltage and temperature of the power supply andthe speed of the 
ooling fan. It also allows to reset values of timing delays andto 
ontrol the 
rate power.2.3 Ele
troni
s Noise and Ampli�er ThresholdsThe analysis of single 
hannel TDC spe
tra is the key tool to monitor theperforman
e of every Outer Tra
ker 
hannel. A normal spe
trum is shown inFig. 3 (A), while the other plots show the spe
tra of three 
lasses of mal-fun
tioning 
hannels: Channels with asyn
hronous noise (B), 
hannels withbad 
onne
tions or shorts to ground (C), and 
hannels with os
illations (D).For the data sample underlying the plots their fra
tions are 0.1%, 1.8%, and8.8%, respe
tively.
(A) Normal (B) Normal w. background

(C) 100% Noise (D) Oscillations
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0 100 200 [ct]Fig. 3. Typi
al examples of TDC spe
tra. A time range of 256 TDC 
ounts 
orre-sponds to 100 ns.The asyn
hronous noise of type (B) is generated by other ele
tri
al devi
esoperating in the neighbourhood of the 
orresponding ampli�er board. Be
auseof di�erent ground 
onne
tions 
ertain ASD-8 boards and 
hannels are morea�e
ted than others. Sin
e the timing of the ele
tromagneti
 noise is not 
or-related with the TDC 
lo
k, the time distribution of the noise hits is 
at.Improved ground 
onne
tions between the gas boxes and their ASD-8 boardsalmost 
ompletely eliminated this problem.
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Most of the type (C) 
hannels belonged to badly plugged ASD-8 boards. Su
hfaulty 
onne
tions were regularly �xed during a

ess days. Just a few of them(0.014%) were permanent due to a short to ground inside the gas box or onthe feedthrough board.Bad ground 
onne
tions of ASD-8 boards to the gas box and badly shieldedsignal 
ables lead to os
illations of the ampli�ers with a 
hara
teristi
 fre-quen
y of about 50MHz whi
h 
learly shows up in Fig. 3 (D). This type ofnoise 
an only be suppressed by in
reasing the thresholds of the 
orrespondingASD-8 boards.For threshold spe
i�
ation in the experiment a parameter �Uthr is used. It isadded to the Unoise value of ea
h ASD-8 board. 8 Using this parametrizationone 
an use a 
ommon threshold parameter for all boards of one 
hamberwhi
h usually 
ome from several quality 
lasses. This makes it easy to rea
t to
hanging noise 
onditions in the experiment. The 
onversion fa
tor betweenthreshold voltages and 
harges is 250mV/fC.In order to keep the thresholds �Uthr low and the loss of resolution and hiteÆ
ien
y as small as possible, the following measures were taken: A dire
t
onne
tion of the analog ground of an ASD-8 board to the shielding of itsoutput 
able, a shielding of the ASD-8 board input 
onne
tor to redu
e the
apa
itive feedba
k from the digital output, a dire
t 
onne
tion of the digitaland analog grounds right on the ASD-8 board, and modi�
ations of the TDCboards whi
h redu
ed the feedba
k from their hit outputs. All these measuresredu
ed the number of noisy 
hannels and allowed to set lower thresholds onall 
hambers (see Table 1). The performan
e results presented in the followingare based on data from the improved dete
tor.2.4 Gas Gain ControlTests had shown that with the a
hievable thresholds for the frontend ele
tron-i
s a gas gain of about 3 � 104 represents an optimum in terms of eÆ
ien
y,resolution, and operational safety of the Outer Tra
ker 
hambers. Some e�ortshave been taken to monitor and to 
ontrol this important parameter.8 The ASD-8 boards for the Outer Tra
ker are sorted into 12 quality 
lasses, usingtwo 
hara
teristi
 threshold voltages: Uref whi
h des
ribes the response to a 4 fCtest pulse, and Unoise whi
h des
ribes the noise sus
eptibility (see [4℄ for the details).
8



Table 1Thresholds �Uthr of all OTR 
hambers after modi�
ation of the TDC boards. Theold values are given in parentheses.Chamber �Uthr [mV℄ Chamber �Uthr [mV℄MC1{ 100 (200) MC1+ 100 (200)PC1{ 400 (600) PC1+ 400 (600)PC2{ 500 (500) PC2+ 400 (500)PC3{ 400 (500) PC3+ 400 (500)PC4{ 400 (700) PC4+ 400 (600)TC1{ 300 (600) TC1+ 300 (500)TC2{ 300 (600) TC2+ 300 (500)2.4.1 Dire
t Gain MeasurementA dire
t measurement of the gas gain has been performed at the beginning ofthe 2002 run period. To determine the gas gain, the 
urrent in the OTR wasmeasured as a fun
tion of the voltage applied to the 
hambers. In order toredu
e the un
ertainty of the measurement at low voltages, where the 
urrentapproa
hes the ionization value, the total 
urrent from about 10000 drift 
ells(5mm) was measured. During the HV s
an the intera
tion rate was kept asstable as possible.The result is shown in Fig. 4. The gas gain G, de�ned as the ratio of the
urrent determined at the working point and the ionization 
urrent, is foundto beG = I(1950V)I(150V) = (3:3� 1:0) � 104This value agrees well with the results of previous gain measurements usingradioa
tive 55Fe sour
es. The large error arises from un
ontrollable 
u
tuationsof the running 
onditions among the points in Fig. 4 whi
h were measured overa period of several hours.2.4.2 Gas Gain MonitoringThe ampli�
ation in the gas mixture strongly depends on ambient 
onditionslike atmospheri
 pressure and temperature, as well as on the exa
t 
ompositionof the 
ounting gas. In parti
ular the presen
e of oxygen has a large in
uen
eon the gas gain. For the Outer Tra
ker gas mixture Ar :CF4 : CO2 the allowedlimits for variation of the fra
tions are (65 � 1 : 30 � 1 : 5 � 0:2)%, whi
h9



Fig. 4. Sum 
urrent of � 104 drift 
ells (5mm) as a fun
tion of the voltage appliedto the 
hambers.
orrespond to gain variations of about 15%. An Outer Tra
ker gas monitoringsystem was installed to 
ontrol these parameters and to a
t as an additionalinterlo
k if they ex
eed the limits [3, 8℄.For gain monitoring a small 
hamber with 5 and 10mm honey
omb drift 
ellsof the OTR type is installed in parallel to the main gas input. The overlapregion of both 
ell types is irradiated by an 55Fe sour
e. From the measuredpulse height spe
trum the positions of the pedestal (Aped) and of the 5.9 keVgamma line (Apeak) are determined. The gain value is given in % with respe
tto a nominal oneG = Apeak � ApedAnom � 100%:Anom is the spe
tral position of the nominal gain. The used te
hnique allowsto measure gains in the range (40{150)% with an a

ura
y of 3%. The mea-surement takes up to 15 minutes.In order to eliminate the large but trivial in
uen
e of the atmospheri
 pressureon the gas gain, thus making smaller e�e
ts visible, a pressure 
orre
tion isintrodu
ed. For small pressure variations this 
orre
tion 
an be approximated10



by �GG = �K�pp :The 
orre
ted gain is obtained asG
orr = G[1 + �p(p� pnom)℄;where G and p are the measured gain and pressure values, �p = K=pnom =0:6% per mbar is a pressure 
orre
tion fa
tor, and pnom = 1008mbar is thenominal atmospheri
 pressure in Hamburg, averaged over a year.The gas gain monitoring system is fully integrated in the HERA-B Slow Con-trol environment. Parameters like the atmospheri
 pressure, the high voltagesettings, the measured and the pressure 
orre
ted gains are stored in a database with a 
orresponding time stamp. The desired voltages for the two OuterTra
ker 
ell types, whi
h follow from the high voltage dependen
e of the gain,are also re
orded. Figure 5 illustrates the performan
e of the system and showsthat the largest gain variations are 
aused by the varying atmospheri
 pres-sure. It also shows the stability of the mixing ratio and the levels of O2 andN2 
ontamination.2.4.3 Online High Voltage SteeringIn order to operate the dete
tor at an approximately 
onstant gas gain, anautomati
 adjustment of the high voltage is implemented in the OTR SlowControl. The modi�ed high voltage server retrieves the desired voltages fromthe data base. A modi�
ation of the high voltage is 
onsidered to be ne
essaryif the 
urrently applied voltages di�er from the desired ones by at least 5 or6V for the 5 or 10mm drift 
ells, respe
tively. Smaller di�eren
es are notsigni�
ant with the given gain measurement errors. The new high voltagesettings are not applied immediately but only when the Outer Tra
ker HV isturned on next time.For safety reasons the steering pro
edure is only used to balan
e gains in therange (70 : : : 140)%, 
orresponding to required voltage variations of (+1:4 : : :�2:7)%. In addition, the desired voltage re
ords from the data base must notbe older than one hour.
11



Gas Gain measuredpressure 
orre
ted �20%����� JJJJĴ
Atmospheri
 Pressure
Argon ContentGas leakJJJ℄
Nitrogen and Oxygen ContentNitrogen���� Oxygen

�Gas leakJJJ℄

Days
Days
Days
Days

%
mbar
%
ppmFig. 5. Monitoring important gas system parameters. For 
larity the pressure 
or-re
ted gas gain 
urves for the 5 and 10mm 
ells are drawn with an o�set of {20%.Day 0 
orresponds to August 20, 2002.2.5 Aging InvestigationsAging of the Outer Tra
ker drift 
hambers was an extensively studied R&Dsubje
t [11, 12℄ be
ause of the high radiation load near the beam pipes andsin
e there was only little experien
e with the fast but aggressive CF4 gas
omponent.After exposure to a large radiation dose a wire 
hamber may exhibit an irre-versible gas gain redu
tion. Sin
e the 
hamber 
urrent at a given parti
le rateis proportional to the gas gain, the measured 
urrent 
an be used to monitorthe gas gain. 12
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Fig. 6. Current density as a fun
tion of a

umulated 
harge. 7mC/
m 
orrespondsto 1000 hours of operation of HERA-B.The 
urrent density (
urrent per 
m of wire normalized to a target rate of1MHz) as a fun
tion of the a

umulated 
harge density is shown in Fig. 6. Thisdependen
e was measured in se
tor 4 of superlayer PC1 whi
h is situated 
loseto the proton and ele
tron beam pipes where the density of the a

umulated
harge is maximal (see [3℄ for se
tor de�nitions). As follows from Fig. 6, thereis no visible de
rease of the 
urrent (and therefore of the gas gain) within ana

ura
y of 5% for an a

umulated 
harge density up to about 7mC/
m. This
harge density 
orresponds to the operation of the HERA-B dete
tor for morethan 1000 hours during the 2002 run period. During its entire operation timethe Outer Tra
ker a

umulated an average 
harge density of 24mC/
m on theanode wires in the hottest regions.Due to the mu
h shorter than s
heduled run of HERA-B and to mostly runningat target rates of 5MHz or even less, the a

umulated 
harge density doesnot seriously probe the OTR design 
riterion of being able to 
olle
t up to1.5C/
m during �ve years of running at 40MHz.After the run end an anode wire whi
h was lo
ated near the proton beampipe was taken out of the MC8 
hamber and investigated using an ele
tronmi
ros
ope. The wire surfa
e is mostly 
lean, some very isolated depositions
ontain oxygen, sili
on, 
hlorine, potassium, and sodium. There is no hint forwire et
hing whi
h had been observed as a fun
tion of gas humidity in earlierstudies [12℄.
13



2.6 Dete
tor Stability2.6.1 High Voltage StabilityThe most disturbing OTR problem during the 2000 run was the 
ontinuedloss of high voltage groups. From the very beginning of OTR operation inJuly 1999 it was observed that HV groups o

asionally failed. The averagelong term rate of these failures was one HV group per 5 hours up-time of theOuter Tra
ker, but there were strong 
u
tuations. Sin
e a HV group supplies16 wires, the failure of a single wire 
auses a 
hannel loss whi
h is a fa
tor 16higher.2.6.1.1 Me
hani
al Instabilities: The failure rate was espe
ially highin TC2{, the �rst assembled and installed large 
hamber. Here it was sus-pe
ted that this was 
aused by me
hani
al instabilities of the modules, noneof whi
h was reinfor
ed yet with 
arbon �bre rods. Most modules in all laterinstalled 
hambers had this reinfor
ement [3℄. In a 
omplete overhaul of TC2{in De
ember 1999 the 
hamber was disassembled, all modules were reinfor
edand subje
ted to a more rigorous HV test than before. With referen
e to a 
attable, the module was bent with a sagitta of 8mm, a 
ondition similar to whatwas observed on modules installed in TC2{ during the �rst assembly. All wireswhi
h then showed shorts or ex
essive dark 
urrents were disabled. Comparedto the original test pro
edure whi
h only 
he
ked perfe
tly 
at modules, thenumber of eliminated wires roughly doubled, raising the fra
tion from 0.6 to1.1%. During the 8 months of running time after this repair only 16 of 606HV groups in TC2{ showed problems, 
ompared to 115 groups during the 5months before the repair.2.6.1.2 Shorts on HV Boards: By the end of the 2000 run there were499 defe
t HV groups (out of 7219 in total) in the whole Outer Tra
ker, not
ounting the TC2{ problems in 1999. The inspe
tion of damaged modules re-vealed a somewhat unexpe
ted major sour
e of the problems: In more than90% of the 
ases the \short" was 
aused by a burnt-in 
arbon tra
e of varyingresistan
e a
ross either of two 
apa
itors on the bottom side of the HV distri-bution board. In no 
ase any of the 15 top side 
apa
itors 
aused the problem.This systemati
 di�eren
e had to do with the di�ering mounting te
hniquesused for top and bottom side 
omponents in the SMD soldering pro
ess [4℄.Less than 10% of the faulty HV groups had genuine drift 
ell shorts whi
hwere 
aused by me
hani
al module damage during installation, wire instabili-ties in modules without reinfor
ement, and instantaneous wire breaking underextremely high radiation load (rate spikes related to beam loss).14



During the 10 months of the shutdown all 
hambers were disassembled and themodules were subje
ted to the same repair steps as des
ribed above for TC2{.The most time-
onsuming step in this pro
edure was the manual ex
hange of12 000 SMD �lter 
apa
itors on the HV distribution boards.2.6.1.3 Other losses of HV groups: Repaired and reinstalled 
hamberswere kept at nominal high voltage for at least three days, but the �rst repaired
hambers were trained for as long as 82 days. During this phase 55 HV groupswere lost, mostly due to installation damage. During the �rst phases of the2002 run, when the OTR was only o

asionally operated, 33 HV groups weredamaged. This was mostly related to spe
ial events like a HV s
an up totwi
e the nominal gas gain, or frequent 
hamber movement for maintenan
e.For 
ertain types of modules the internal stability was not good enough towithstand the vibrations during 
hamber handling. During the �nal 760 h ofregular OTR operation in 2002/2003 only 10 HV groups developed shorts,and more than half of these o

urred during extreme ba
kground 
onditionsat the a

elerator.2.6.2 Component StabilityFrom 1999 to 2003 the 
omplete OTR was operated for more than 3400 h,some 
hambers saw up to 1100 h additional beam time (see Se
. 2.1). Thismakes quantitative statements about the long term stability of various system
omponents possible.2.6.2.1 Dete
tor Modules: The OTR was assembled from about 150di�erent types of dete
tor modules [3℄. After reinfor
ement with 
arbon �brerods the vast majority of these showed suÆ
ient me
hani
al rigidity, resultingin good ele
trostati
al stability during operation. In retrospe
t it must besaid, however, that the modules with 5mm 
ells were designed too 
lose tothe stability limit, with free wire lengths of 59 and 68 
m between supportstrips [3℄ in the PC and TC 
hambers, respe
tively. Most HV instabilities wereobserved in this region of the dete
tor and 80 of 978 modules were rebuilt whenrepairing the dete
tor during the HERA shutdown.2.6.2.2 Gas System: The most problemati
 
omponents of the gas sys-tem were the metal bellow 
ir
ulation pumps [8℄. At times 5 of the 15 pumpswere out of order thus redu
ing the gas 
ow rate to only 70% of the nominalvalue. In all 
ases the problems were 
aused by leaking bellows. These leakswere most probably indu
ed by solid 
ontaminants inside the 
losed gas loop.O

asional problems in the gas mixing system and in the pressure regulation15



loops were mostly solved by re
alibrating the mass 
ow 
ontrollers. Only on
esu
h a problem was 
aused by the 
omplete breakdown of the steering unit.3 Dete
tor CalibrationIn order to obtain the spatial 
oordinates of the tra
k hits from the measuredTDC values, several sets of 
alibration and alignment 
onstants are ne
essary:(1) Bad 
hannels are identi�ed and re
orded in 
hannel masks whi
h are useddi�erently in online and o�ine tra
king pro
edures.(2) The TDC spe
tra from all dete
tor 
hannels are 
orre
ted for individualtime shifts t0. These 
onstants are generated by the t0-
alibration.(3) The translation of TDC 
ounts to drift distan
es is done by means of adrift time to distan
e relation r(t). The resolution fun
tion �(t) providesthe errors of the measured distan
es. For ea
h 
ell type both fun
tionsare generated by the rt-
alibration.(4) Finally, the measured 
oordinates must be 
orre
ted by alignment 
on-stants whi
h a

ount for deviations of dete
tor elements from their nom-inal geometry. The internal alignment determines Outer Tra
ker distor-tions, the global alignment the OTR displa
ement in HERA-B.A set of 
alibration 
onstants remains valid as long as the 
orresponding de-te
tor properties do not 
hange. Failing hardware, threshold manipulation,and 
hamber movements during the run periods 
all for several instan
es ofall sets. They are all stored in the HERA-B Calibration-and-Alignment (CnA)Database [13℄.3.1 Masking of Bad ChannelsBad Outer Tra
ker 
hannels must be ex
luded from being used in patternre
ognition and tra
k �t be
ause they 
an disturb the pro
edures. They arebest identi�ed in o

upan
y maps of the OTR 
hambers. An o

upan
y mapis a normalized hit map. For ea
h wire it gives the number of re
orded hitsdivided by the number of analyzed events (
hannel o

upan
y). Bad 
hannelsare found by 
omparing for every wire the measured 
hannel o

upan
y withthe o

upan
y predi
ted by a Monte Carlo (MC) simulation. Depending onwhether their o

upan
ies are mu
h higher or mu
h lower than expe
ted, bad
hannels are 
alled either noisy or dead.Measured o

upan
ies strongly depend on the intera
tion rate and on thetrigger 
on�guration. In order to 
ompare arbitrary experimental data with a16



standard MC sample, measured 
hannel o

upan
ies are s
aled by the ratioof the total numbers of hits in simulation and data. When this s
aling isapplied, there remains only a small in
uen
e of the trigger 
on�guration, aswas assessed by analyzing runs using di�erent triggers. The in
uen
e of thematerial and the position of the target is also small.In the MC simulation 300 000 minimum bias events were generated and pro-
essed through a detailed GEANT dete
tor simulation [14℄. This is done onlyon
e per run period, assuming a stable geometry of HERA-B. The 
al
ulatedwire o

upan
ies, the number of events, and the total number of hits arestored.For ea
h set of experimental data 50 000 events are analyzed. The measuredo

upan
ies are properly s
aled and 
ompared to the MC referen
e. Noisyand dead wires are identi�ed using the 
uts des
ribed below. The generated
hannel mask is stored in the 
alibration database.An example for the distribution of measured versus MC predi
ted o

upan
iesfor ea
h wire is shown in Fig. 7. Wires with measured o

upan
ies 
meassmaller than 10% of the MC predi
ted value 
MC are marked as dead. This
ut is indi
ated by the lower lines in Fig. 7. The optimal 
uts to de�ne noisywires are

ut=
MC + h
measi � 1:5 for 5mm 
ells,

ut=
MC + h
measi � 0:8 for 10mm 
ells.They are indi
ated by the upper lines in Fig. 7. These de�nitions a

ept arelatively large fra
tion of noise hits on wires for whi
h the simulation predi
tssmall o

upan
ies. This helps to maximize the number of usable 
hannels andis tolerated by the tra
k re
onstru
tion algorithms as long as the absolutenumber of hits remains low. More details and 
omparisons with other maskingmethods 
an be found in [15℄.Table 2 shows for a typi
al run the fra
tions of good, noisy, and dead wires inall 
hambers of the Outer Tra
ker.It should be noted that masked 
ells are treated di�erently in the di�erentparts of the trigger 
hain and in the tra
k re
onstru
tion. In order to preventan una

eptable loss of trigger eÆ
ien
y, the First Level Trigger 
onsidersnoisy wires as good and dead 
ells as always having a hit, even though thisleads to an in
reased number of trigger messages. Contrary to this, masked
ells are ex
luded from the Se
ond Level Trigger and from the online ando�ine tra
k re
onstru
tion.
17
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Fig. 7. Distributions of measured vs. MC predi
ted o

upan
ies for 5 and 10mm
ells. Most noisy wires have o

upan
ies 
lose to 100% and are out of range in thisplot.3.2 TDC Spe
trum ShiftsThe hardware 
alibration of the TDCs maps a time interval of 100 ns linearlyto 256 TDC 
ounts [4℄. Linearity and stability of the 
onversion fa
tor are sogood that it adds negligibly to the �nal un
ertainty of the time measurement.The origin of the time s
ale is not so well de�ned, the absolute timing dependson the 
hannel. In order to be able to use a 
ommon drift time s
ale throughoutthe Outer Tra
ker, the TDC spe
tra of all dete
tor 
hannels are time alignedusing individual time shifts t0. These 
alibration 
onstants absorb systemati
e�e
ts arising e.g. from di�eren
es in 
ell position or signal propagation time.The t0 
alibration pro
edure evaluates the trun
ated means of the TDC spe
-tra [16℄. The trun
ation limits tmin and tmax, given in Table 3, are 
hosen toa

ept 95% of all hits. The di�eren
e of the trun
ated mean and the referen
evalue tref yields the time o�set t0 for ea
h 
hannel. The tref values shown in18



Table 2Fra
tions of good, noisy, and dead wires in all 
hambers of the Outer Tra
ker for atypi
al run. Superlayer good [%℄ noisy [%℄ dead [%℄side +x �x +x �x +x �xMC1 93.1 94.5 0.1 0.1 6.8 5.4PC1 93.1 94.7 0.4 0.5 6.5 4.8PC2 94.2 94.1 1.2 0.6 4.6 5.2PC3 94.1 94.8 3.0 1.1 3.0 4.2PC4 91.7 95.9 0.8 0.3 7.5 3.8TC1 90.4 93.2 0.5 0.3 9.2 6.5TC2 91.2 90.8 0.7 3.0 8.1 6.2Table 3 were 
hosen at the beginning of the run to minimize the average t0.Due to the trun
ation this extremely simple pro
edure must be iterated, butTable 3Limits for the trun
ation of the TDC spe
tra and referen
e values for the t0 
al
u-lation (all in TDC 
ounts).Cell Size tmin tmax tref5 mm 130 230 18010 mm 50 250 150already after the third iteration the t0 values are stable within 0.5 ns, the timemeasurement bin of the TDC.The quality of this t0 
alibration pro
edure 
an be assessed by 
omparingsummed TDC spe
tra before and after appli
ation of the t0 
orre
tions. Asis shown in Fig. 8 for both types of drift 
ells, the 
orre
ted spe
tra have ahigher peak and a steeper rising edge than the un
orre
ted ones, just as onewould expe
t from improving the overlap of the single wire spe
tra. On theother hand, the e�e
t is small whi
h shows that the rough t0 
alibration doneby setting delays on the Fast Control System (FCS) daughter boards in theTDC 
rates is already quite good (see se
tion 2.2.2).The t0 
onstants were determined for ea
h run with more than 300 000 events.As an illustration of the long term stability of the t0 
alibration, the di�eren
esof the values obtained for three runs in a period of six weeks are shown inFig. 9. The shift of the left spe
trum by �2:25 TDC 
ounts is a 
onsequen
eof 
hanged operational parameters. The small stru
tures at +10 and �20 TDC
ounts are attributed to instabilities of the FCS delays for single 
rates. These19
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Fig. 8. Summed TDC spe
tra of all 
ells (dotted line without, solid line with t0
orre
tion). Sin
e the TDCs operate in \Common Stop" mode, the time s
ale isinverted, i.e. large TDC 
ounts 
orrespond to short drift times and vi
e versa.were 
ured by resetting the a�e
ted TDC 
rates.
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Fig. 9. Long term stability of the t0 
alibration: Di�eren
es of t0 values determinedfor the runs 20340, 20653, and 20746, taken during a time period of six weeks.3.3 Drift Time to Distan
e CalibrationThe drift time to distan
e relation r(t), or rt-relation for short, transformsa measured drift time t into a distan
e r from the hit wire. The resolutionfun
tion �(t) provides the errors of the measured distan
es r(t). Both fun
tionsare needed when preparing hits for pattern re
ognition and tra
k �t. They aredetermined in a 
ommon rt-
alibration pro
edure. A detailed des
ription ofthe HERA-B Outer Tra
ker rt-
alibration is given in [16℄. Here only the mainfeatures of the pro
edure are summarized and some results on the average hitresolution are presented.
20



3.3.1 Calibration Pro
edureUsing the drift distan
es r(ti) of all hits i found by the pattern re
ognitionfor a 
ertain tra
k, the tra
k �t yields �ve parameters whi
h fully des
ribethe tra
k [5℄. Using these parameters, one 
an 
al
ulate distan
es of 
losestapproa
h di of the tra
k to the anode wires of all used drift 
ells. While r(ti) isan unsigned quantity, namely the radius of a 
ylinder around the wire whi
hthe parti
le tra
k must be tangent to, the 
al
ulated distan
e di has a signthat tells on whi
h side the tra
k has passed the wire. For a quantitative
omparison of measured and predi
ted distan
es the left-right ambiguity ofr(ti) is solved in the tra
k �t by applying a sign parameter �i su
h that thesquare of the residual�i = �i r(ti)� di (1)be
omes minimal. After 
onvergen
e of the tra
k �t one has �i = sign(di) forevery hit.The predi
ted distan
e di depends on all hits parti
ipating in the tra
k �t andtherefore is a good estimator for the \true" distan
e of the tra
k from the wire.Hen
e, if only an approximate r(t) is used for the hit preparation, an improvedrt-relation 
an be obtained from the 
orrelation of predi
ted distan
es d andmeasured drift times t. Figure 10 shows examples of this two-dimensionaldistribution for 5 and 10mm drift 
ells in the PC superlayers.
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Fig. 10. Signed re
onstru
ted distan
e versus measured drift time for 5 and 10mm
ells in the PC 
hambers. One TDC 
ount is 100/256 ns. Be
ause of operation in\Common Stop" mode high TDC 
ounts 
orrespond to short drift distan
es.In ea
h drift time bin the average value hjdji of the unsigned predi
ted dis-tan
es is 
al
ulated. The resulting data points are smoothed in a least squares�t using third order B-spline polynomials. These eventually yield the values ofthe new rt-relation. Figure 11 illustrates su
h an rt-
alibration step. From the21



plots one 
an also dedu
e quite high drift velo
ities of about 115 and 90�m/nsin the 
enters of the 5 and 10mm drift 
ells, respe
tively.

140 150 160 170 180 190 200 210 220
0

0.05

0.1

0.15

0.2

0.25

0.3

 

drift time [counts]

d
is

ta
n

ce
 [

cm
]

5 mm cells

60 80 100 120 140 160 180 200 220
0

0.1

0.2

0.3

0.4

0.5  

drift time [counts]

d
is

ta
n

ce
 [

cm
]

10 mm cells

Fig. 11. Interpolated points of the r(t) fun
tions for 5 and 10 mm 
ells. The inputdistributions jdj(t) are shown as well.The value of the resolution fun
tion �(t) in a given drift time bin follows fromthe RMS width of the distribution of residuals (1) in that time bin. Also herethe measured points are smoothed using a B-spline �t. Sin
e all hits whi
hpopulate the residual distributions are also used in the tra
k �t, an individuals
aling fa
tor must be applied to ea
h residual, in order to 
ompensate forthe introdu
ed bias [16℄. Figure 12 shows distributions of s
aled residuals asa fun
tion of the measured drift times for both types of drift 
ells. For ea
htime bin the RMS width of the residual distribution, i.e. the value of the new22



resolution fun
tion is shown as a point.
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Fig. 12. Resolution fun
tions �(t) for 5 and 10mm drift 
ells (dotted lines). Theinput distributions �(t) are shown as well.The des
ribed steps of obtaining new fun
tions r(t) and �(t) de�ne an iterativepro
edure. Typi
ally �ve iterations are suÆ
ient to 
onverge to the requiredpre
ision. For tra
k re
onstru
tion in the �rst iteration r(t) is obtained by in-tegrating the drift time spe
trum and the resolution is assumed to be 
onstantat 1mm.The rt-relation dis
ussed here is a tabulated fun
tion whi
h is used for thetransformation of TDC 
ounts to distan
es. It is determined using tra
ks goingthrough the whole dete
tor and thus is in
uen
ed by global e�e
ts like vari-ations between drift 
ells, misalignment, variations in intera
tion time, andby properties of the tra
k re
onstru
tion pro
edure itself. In 
ertain detailsthis phenomenologi
al fun
tion may be quite di�erent from the physi
al rt-relation of a drift 
ell whi
h is de�ned by the operating parameters of the 
ell(e.g. ele
tri
 and magneti
 �eld, drift gas mixture, pressure, temperature) andmodi�ed by properties of the atta
hed readout ele
troni
s (e.g. impedan
e,threshold, pulse shaping).The same arguments apply for the resolution fun
tion. The improvement of�(t) towards the sense wire (large TDC 
ounts in Fig. 12) whi
h 
ontradi
ts theexpe
tation from drift 
hamber physi
s, results from the des
ribed method ofresolving the left-right ambiguity. This method suppresses negative residuals�(t) < �r(t) and leads to asymmetri
 and arti�
ially narrow distributions
lose to the wire. Here �(t) still yields the 
orre
t hit weight for the tra
k �t,but it is no longer identi
al to the physi
al drift 
hamber resolution.The te
hni
al nature of both fun
tions is emphasized by using a hardwarede�ned time s
ale of TDC 
ounts instead of proper drift times in nanose
onds.23



3.3.2 Performan
e on DataFigure 13 shows the distributions of s
aled residuals for 5 and 10 mm 
ellsin the PC 
hambers of the Outer Tra
ker. In both types of 
ells an averageresolution of about 370�m is obtained. This in
ludes a substantial 
ontribu-tion from multiple s
attering be
ause the 
hambers in the PC region representan average thi
kness of 0.15 radiation lengths while for statisti
s reasons the
alibration pro
edure uses a tra
k momentum 
ut of only 5GeV/
.
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residual [cm]Fig. 13. Distributions of s
aled residuals for 5 and 10 mm 
ells in the PC 
hambers ofthe Outer Tra
ker. The dashed lines represent Gaussian �ts. The average resolutionis about 370 �m in both 
ell types.In order to investigate this further, the average resolution of the 5mm 
ells isdetermined as a fun
tion of tra
k momentum. For this purpose high qualitytra
ks are sele
ted whi
h have at least 20 hits in the PC 
hambers and whi
hare also observed in the sili
on vertex dete
tor and in the TC 
hambers. In ea
hof the 
hambers PC2 and PC3 one layer is ex
luded from pattern re
ognitionand tra
k �t. In these layers distributions of unbiased residuals are a

umu-lated in bins of tra
k momentum. The result is shown in Fig. 14. The measureddata are 
ompatible with a 
hamber resolution of 300�m and multiple s
at-tering 
ontributions of 80 and 310�m at p = 20 and 5GeV/
, respe
tively.A 
hamber resolution of 300�m falls outside the range 150{250�m, the designtarget in the proposal [1℄, whi
h was veri�ed in several series of test measure-ments [17℄. This is mostly due to the elevated noise level in the full dete
tor
ompared to limited test setups (see Se
. 2.3). The required higher settings forthe dis
riminator thresholds worsen the resolution. For a large system withmore than 100 000 
hannels also the threshold granularity be
omes impor-tant [4℄ be
ause it de�nes how 
losely the dete
tor 
an be adapted to spatiallyvarying noise 
onditions. Finally, a full tra
king system of independent 
ham-bers also su�ers more from alignment and 
alibration un
ertainties both ofwhi
h adversely a�e
t the spatial resolution.24
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Fig. 14. R.m.s. width of the residual distribution for 5mm drift 
ells as a fun
tionof tra
k momentum.3.4 AlignmentThere are two independent alignment tasks: The internal alignment deals withthe relative positions of the individual OTR modules, while the global align-ment determines the spatial position of the OTR with respe
t to the other
omponents of HERA-B.3.4.1 Internal Alignment ConsiderationsAn internal alignment pro
edure for the HERA-B Outer Tra
ker must meet
ertain demands:� It must use tra
ks re
onstru
ted in the OTR itself be
ause there are noexternal tra
ks of suÆ
ient pre
ision available.� It must be able to work with hadroni
 tra
ks that are found in typi
alHERA-B events with only a moderate momentum 
ut being applied (typi-
ally 5GeV/
). Su
h a tra
k sample 
an be 
olle
ted within a few hours and
overs the full a

eptan
e of the dete
tor. This is adequate for the sometimesquite short intervals of stable dete
tor geometry.� It must be robust against a possible bias introdu
ed by the tra
k re
on-stru
tion pro
edure. The problem with the above tra
k sample is the largespatial tra
k density per event and hen
e the proper assignment of hits totra
ks. If no measures are taken any tra
k re
onstru
tion algorithm will pi
k25



up the nearest hits and will prefer left-right signs for the drift distan
es thatminimize the residual squares, thus 
reating a ba
kground in the residualdistribution that peaks at zero.In the following se
tion an iterative algorithm is des
ribed whi
h meets theabove demands. Possible improvements by other algorithms have been inves-tigated [18℄ but have not be
ome relevant for the HERA-B data analysis.3.4.2 Iterative Method of Internal AlignmentThe HERA-B geometry is des
ribed by a data stru
ture 
alled GEDE (GE-ometry of DEte
tor). In the following this name will be used to denote thesmallest OTR units to be aligned, the sensitive se
tors of OTR modules [3℄.There are in total 1380 GEDE units within the PC/TC area. GEDE units be-longing to the same module are me
hani
ally 
oupled but for simpli
ity su
h
onstraints are negle
ted. Ea
h GEDE unit k is treated as a rigid body andtwo alignment 
onstants are 
onsidered: auk; azk, where u means the dire
tionorthogonal to the wire, z is the dire
tion along the beam. The stereo angle �is treated as a 
onstant.If the alignment is based on internal tra
ks, all GEDE parameters be
ome
orrelated. Instead of a proper treatment of the large 
orrelated system wesimplify the problem and 
onsider ea
h GEDE as an independent unit. Thealgorithm is then based on the residual distributions for ea
h individual GEDEplane. To avoid the above mentioned un
ertainties of the tra
k-to-hits asso
i-ation, for ea
h tra
k the residuals are 
al
ulated for all hits in the traversedGEDE. Also for the left-right ambiguity of the drift distan
e measurementno de
ision is made at this point, but both signs are a

epted. This is doneby 
reating two residual histograms h+ and h� per GEDE plane, whi
h are�lled using always the positively or negatively signed drift distan
e, respe
-tively. The left hand plots in Fig. 15 show the 
hara
teristi
 shapes of thesehistograms: There is a 
at ba
kground from 
al
ulating residuals using hits inwrong 
ells, a shoulder from 
al
ulating residuals using hits from the right 
ellbut with wrongly signed drift distan
es, and a peak resulting from properly
al
ulated residuals. The peak o

urs at the same position in both histograms.In order to improve the 
omputational robustness of automati
 peak �tting,after pro
essing all events the histograms are 
ombined binwise: For ea
h bin iwe set hi = min(hi+; hi�). This symmetri
 histogram (see Fig. 15) does neitherdepend on the hit-to-tra
k asso
iation nor on the left-right ambiguity resolu-tion, and even for large o�sets a 
lear peak 
an be observed. The �tted peakposition is used as an alignment 
orre
tion auk and the tra
k re
onstru
tionis repeated iteratively as long as there is an improvement. Beyond a 
ertainalignment a

ura
y the residual width is dominated by multiple s
attering.26
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Fig. 15. Combining two residual histograms using always positive or negative driftdistan
e signs.Therefore the standard deviation of the residual mean distribution is used asa 
ontrol parameter. Typi
ally after 20 iterations this quantity is less than50�m and does not improve any further.3.4.3 External Degrees of Freedom and Layer z Corre
tionsThe des
ribed algorithm does not �x the alignment 
onstants uniquely. In gen-eral any global transformation that maps straight tra
ks into straight tra
kswill give a valid set of alignment 
onstants:~auk = auk + [T x + Sxzzk℄ 
os�k � [T y + Syzzk℄ sin�kHere T x and T y are global o�sets in x and y, Sxz and Syz are shearings, i.e.o�sets that depend linearly on z. The stereo angle for a given GEDE is denotedby �k. For ea
h iterative step we 
hoose the global o�sets and shearings su
hthat they minimize the summed squares of the alignment 
onstants Pk(~auk)2.Finally from the alignment 
onstants ~aukl belonging to layer l the average zshift azl for this layer 
an be estimated by minimizing Pkl(htan �kliazl + ~aukl)2.Here htan �kli is the average tra
k slope for the GEDE plane kl. The errorof azl is about a fa
tor 1=htan �li larger than the average error of the ~aukl ,htan �li being the average tra
k slope in layer l. For the PC 
hambers one hashtan �li � 0:14, leading to z shift pre
isions of about 350�m.27



3.4.4 Global AlignmentThe above pro
edure does not de�ne the position of the OTR within theHERA-B 
oordinate system. To de�ne this global alignment, external tra
ksare ne
essary. Here the problem appears that the tra
king through the HERA-B magneti
 �eld depends on the tra
k momentum and the measurement ofthe tra
k momentum depends on the global alignment. To avoid this 
ir
ularargument, spe
ial sets of alignment data have been taken with the magnetswit
hed o�. This allows for a straightforward determination of the relativeposition of the OTR.The data samples used for the global OTR alignment were large enough toobtain statisti
al errors of the alignment parameters whi
h were small 
om-pared to the 
oordinate resolution. In pra
ti
e the systemati
 un
ertainties ofthe parameters were mu
h bigger than the statisti
al errors. Their e�e
t onthe momentum resolution will be dis
ussed in Se
tion 4.4.4 Dete
tor Performan
e4.1 Cell Hit EÆ
ien
yThe 
ell hit eÆ
ien
y is the probability to register a signal in an Outer Tra
kerdrift 
ell after the passage of a 
harged parti
le. This is one of the essen-tial quantities whi
h 
hara
terises the dete
tor performan
e and whi
h has astrong impa
t on the tra
k and trigger eÆ
ien
ies. A 
harged parti
le passinga stereo layer should hit at least one 
ell in ea
h single layer and two 
ellsin ea
h double layer. Counting the layers, the expe
ted number of hits wouldbe 30 in the PC and 12 in the TC 
hambers. Due to the overlap of 
ells andmodules, the real number of hits 
an be larger.In order to study the 
ell hit eÆ
ien
y, high statisti
s tra
k samples have beensele
ted using the following requirements:� Events must be reasonably populated, with a total number of hits 900 <Nhits < 8000 in the OTR 
hambers.� Tra
ks must traverse the whole dete
tor, with segments in the Vertex De-te
tor (VDS) and in the PC and TC Outer Tra
ker superlayers.� Tra
ks must have enough hits per segment, with NV DS > 6, NTC +NPC >20, and NTC > 6.� Tra
ks must have a momentum p > 5 GeV/
 to keep multiple s
atteringsmall.� Tra
k segments must point to the target, with a verti
al 
oordinate of the28



extrapolated segment at the target position jytargetj < 25 
m.A segment is approximated by a straight line 
onne
ting the �rst and last pointof the segment. This line is used to predi
t the hit positions in all traverseddrift 
ells. For ea
h 
ell two histograms are �lled: Nfound(x) and N expe
t(x),i.e. the found and expe
ted numbers of hits, respe
tively, at the distan
e xfrom the segment to the wire. The hit eÆ
ien
y is 
al
ulated as�hit(x) = Nfound(x)N expe
t(x)Fig. 16 shows an example of su
h a 
ell eÆ
ien
y pro�le.
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Fig. 16. Example of an eÆ
ien
y pro�le for a 5mm drift 
ell.To extra
t the single 
ell eÆ
ien
y, the measured eÆ
ien
y pro�le is �tted by afun
tion with six free parameters. The most important ones are the maximumof the eÆ
ien
y pro�le, the smearing of its edges due to 
ell geometry and tra
kparameter errors, the ba
kground level whi
h des
ribes the average o

upan
y,and the shift of the 
ell pro�le due to misalignment. The method and the �ttingpro
edure are des
ribed more detailed in [19, 20℄.The resulting average 
ell eÆ
ien
y per 
hamber, i.e. the mean value of the 
elleÆ
ien
y pro�le maxima, for 5 and 10mm 
ells is summarized in Table 4 fora typi
al run. The average hit eÆ
ien
y is about 94% for 5mm 
ells and 97%for 10mm 
ells. This is 
onsistent with the expe
tation of a higher eÆ
ien
y29



Table 4Average 
ell eÆ
ien
ies (in %) for 5 and 10mm 
ells in all PC and TC 
hambersfor a standard run.Superlayer �x +x5 mm 10 mm 5 mm 10 mmPC1 95.8 97.5 94.9 98.2PC2 95.0 97.2 92.3 98.2PC3 96.2 98.2 96.3 98.5PC4 95.0 96.8 94.2 94.7TC1 95.6 97.7 94.4 96.9TC2 92.2 95.4 89.8 93.2for a larger drift 
ell at the same gas gain. The observed lower eÆ
ien
ies ofsuperlayer TC2 are not 
ompletely understood.Hits whi
h are used twofold, �rst de�ning the tra
k and then estimating theeÆ
ien
y, 
an bias the hit eÆ
ien
y result. This was studied by ex
lusion ofa stereo layer from tra
king and showed the bias to be less than 1%.The First Level Trigger (FLT) of HERA-B utilizes three stereo double layersin ea
h of the 
hambers PC1, PC4, TC1, and TC2. In order for a tra
k to betriggered hit signals must be found in all 12 double layers, with ea
h hit beingthe logi
al OR of two lined-up drift 
ells. A single 
ell hit eÆ
ien
y �hit thenlimits the trigger eÆ
ien
y to�trig;max = [1� (1� �hit)2℄12:For �hit = 94 (97)% this yields �trig;max = 95:8 (98:9)%, whi
h 
an be 
om-pared to the measured eÆ
ien
y for FLT tra
king in the OTR layers, averagedover the 2002 run, of approximately 60%. The additional ineÆ
ien
ies 
omefrom limitations of the FLT tra
king algorithm and data transmission prob-lems in the opti
al links 
onne
ting the OTR front-end ele
troni
s to the FLTpro
essor network.4.2 Tra
king EÆ
ien
yThe tra
king eÆ
ien
y is a basi
 quantity for most of the physi
s analyses. Theevaluation method developed for the OTR of HERA-B [21℄ uses a sample ofreferen
e tra
ks whi
h are re
onstru
ted without using the OTR. A referen
etra
k 
onsists of a tra
k segment in the VDS together with an asso
iated RICH30



ring or ECAL 
luster. 9 In order to keep the 
ontamination by unphysi
altra
ks (e.g. dete
tor or re
onstru
tion artefa
ts) in the referen
e sample low,ea
h referen
e tra
k must be 
onsistent with originating from a K0S ! �+��de
ay. For all pairwise 
ombinations of referen
e tra
ks and partner tra
kswith at least a VDS and an OTR segment the invariant mass is 
al
ulated,and the �tted number of K0S parti
les in the mass spe
trum is de�ned to bethe number of referen
e tra
ks NRICHref .Then in the vi
inity of ea
h referen
e tra
k an OTR segment mat
hing withthe same VDS segment is sear
hed. If one is found, the tra
k momentum isre
al
ulated, and another invariant mass spe
trum is generated as des
ribedabove. A �t to this spe
trum yields the number of referen
e tra
ks 
on�rmedby the OTR, NOTRref .
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Fig. 17. Determination of NRICHref and NOTRref . (a) All parti
le 
andidates with VD-S-RICH referen
e tra
ks whi
h survive the sele
tion 
uts. (b) Parti
le 
andidateswith OTR segments mat
hing the referen
e tra
ks. The momentum of the referen
etra
k is repla
ed by the momentum of the 
orresponding VDS-OTR tra
k.Figure 17 shows an example of 
orresponding mass spe
tra and �ts. The sur-prising fa
t that NOTRref > NRICHref is due to the higher probability for wrongmat
hes in the VDS-RICH tra
k sample. There are K0S 
andidates whi
h onlyshow up when the better quality VDS-OTR tra
k is used in the invariant mass
al
ulation. This e�e
t 
an be observed in Fig. 18 where side band events inthe VDS-RICH sample have the proper invariant mass for the 
orrespond-ing VDS-OTR tra
ks. The e�e
t of su
h tra
ks must be ex
luded from theeÆ
ien
y 
al
ulation.9 For the purpose of a simpli�ed notation, the following des
ription uses VDS-RICHtra
ks. It likewise holds for VDS-ECAL tra
ks by repla
ing every o

urren
e of theterm \RICH" by \ECAL". 31



]
2

 [GeV/cRICH
-π+πm

0.4 0.45 0.5 0.55

]2
 [G

eV
/c

O
T

R - π+ π
m

0.4

0.45

0.5

0.55

mass correlation

Fig. 18. Correlation between the invariant masses of referen
e parti
les 
omputedwith the momenta from VDS-RICH and VDS-OTR tra
ks, respe
tively.The determination of the number of referen
e parti
lesNOTRside whi
h 
ontributeto the K0S peak of themOTR�+�� spe
trum, but are in the side bands of the mRICH�+��spe
trum, is similar to that of NOTRref des
ribed above. The only di�eren
e isthat all VDS-RICH referen
e parti
le 
andidates with masses in the rangemRICHK0S � 3�RICHK0S (see Fig. 17a) are ex
luded. A s
aling fa
tor f must beintrodu
ed to extrapolate the number NOTRside , whi
h is determined in the sidebands, to the full mass range. Then the tra
king eÆ
ien
y 
an be 
al
ulatedas � = NOTRref � f �NOTRsideNRICHref :The eÆ
ien
ies evaluated for the OTR in the 2002 running period are about95{97%, as shown in Table 5.Table 5An example of tra
king eÆ
ien
y results for data from the 2002 running period.Mode NModeref NOTRref NOTRside f �RICH 7031 � 94 8230 � 93 1095 � 35 1:34 � 0:02 0:965 � 0:020ECAL 4588 � 78 5417 � 77 787 � 30 1:35 � 0:02 0:954 � 0:026An important point to be noti
ed is that the eÆ
ien
y estimation with thismethod in
ludes both the OTR tra
king eÆ
ien
y and the mat
hing eÆ
ien
ybetween VDS and OTR segments. This is no disadvantage be
ause the physi
s32



analyses require the total eÆ
ien
y anyway. In Se
. 4.3 the VDS-OTR mat
h-ing eÆ
ien
y is estimated to be 98% for pion tra
ks, whi
h means that theproper OTR tra
king eÆ
ien
y is even about 2% higher than the numbersdisplayed in Table 5.4.3 EÆ
ien
y of Tra
k Mat
hingTra
k segments are re
onstru
ted independently in the VDS and in the OTRPC 
hambers. The ve
tor of tra
k segment parameters at a referen
e z 
oor-dinate isVT = (x; y; tx; ty; q);where x and y are the transverse 
oordinates, tx = px=pz and ty = py=pz arethe tra
k slopes, and q = Q= j~pj is the ratio of the 
harge Q and the parti
lemomentum j~pj.Mat
hing VDS and PC tra
k segments goes through the following steps:(1) Initially the ve
tors of segment parameters in the VDS (ViV DS) and inthe PC region (VjPC) together with their 
ovarian
e matri
es are onlypartially known, be
ause the 
omponent q is not yet de�ned.(2) A fun
tion performing a Kalman �lter �t �nds all pairs ViV DS and VjPCwhi
h �t to ea
h other. The �2 of the �t is a measure of the mat
hingquality.(3) For ea
h mat
hed pair the �t yields a tra
k parameter q, whi
h is 
ommonto both segments.The mat
hing �2 in step 2 does not follow a �2 distribution be
ause the tra
kparameter di�eren
es from the Kalman �lter step are not Gaussian distributed.The reasons are Moli�ere s
attering of parti
les, hit 
orruption by ba
kgroundparti
les, and failures of pattern re
ognition due to erroneous hit-segmentassignment or wrong left-right assignment of drift distan
es in the OTR.In order to �nd a reasonable 
ut value for the mat
hing �2, the re
onstru
tioneÆ
ien
ies of K0S ! �+�� and J= ! �+�� de
ays were investigated fordi�erent 
uts on the mat
hing �2 [22℄. From the invariant mass spe
tra of�+�� and �+�� 
ombinations the number of events in the 
orresponding peaksand the 
ombinatorial ba
kground underneath were evaluated. The results areshown in Fig. 19.For very soft 
uts on the mat
hing �2 all proper pairs of segments are mat
hedand the number of events in the peak rea
hes a plateau, but also the probability33
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Fig. 19. The number of (a) K0S ! �+�� de
ays and (b) J= ! �+�� de
ays to-gether with the 
ombinatorial ba
kgrounds underneath the signal peaks as fun
tionsof the 
ut on the mat
hing �2.to mat
h wrong pairs be
omes large and the ba
kground in
reases. Cuttingthe mat
hing �2 at 200, the default value for data pro
essing, the number ofre
onstru
ted K0S de
reases by only (3:3� 0:1)% from the plateau value (seeFig. 19a). This results in a mat
hing eÆ
ien
y of about 98% for a single piontra
k.The muons from the J= de
ays are more energeti
 than the pions and alsohave better 
han
es to be re
onstru
ted and mat
hed be
ause they have al-ready been sele
ted by the trigger. As 
an be seen in Fig. 19b, the numberof re
onstru
ted J= parti
les already rea
hes a plateau for mat
hing �2 
utsmu
h smaller than 200. Hen
e with the default 
ut the mat
hing eÆ
ien
y forenergeti
 muons is 
lose to 100%.4.4 Momentum ResolutionThe momentum resolution is one of the most important 
hara
teristi
s of aforward spe
trometer [23℄. It de�nes not only the mass resolution, but alsothe resolutions of kinemati
 variables, like the Feynman variable xF and thetransverse momentum pT .The performan
e of the momentum re
onstru
tion pro
edure was investigatedon a sample of J= ! �+�� de
ays. This sample was sorted into a 4� 4 grid,binned in momenta of the �+ and the ��. The mean momentum values ofea
h bin were 14, 26, 44, and 72 GeV/
. The mean mass values of the J= inFig. 20a show good agreement with the nominal value in all momentum bins,with a maximal relative deviation of less than 3 � 10�3.The mass resolution of the J= 
an be expressed by the momentum resolution34



of muons approximately as�(Mij)Mij = 12  �(pi)pi � �(pj)pj ! ; (2)where i; j are the indi
es of the momentum bins for �+ and ��, respe
tively.The momentum resolution is evaluated by �tting the mass resolution in di�er-ent bins using the formula (2), where the �(pi)=pi are kept as free parametersidenti
al for both muon 
harges. The momentum resolution of the HERA-B spe
trometer as a fun
tion of momentum is presented in Fig. 20b. In theevaluated momentum range from 10 to 80GeV/
 the fun
tion�(p)p [%℄ = (1:61� 0:02) + (0:0051� 0:0006) � p [GeV/
℄ (3)parametrises the momentum resolution rather well [24℄. Monte Carlo studiesin the same momentum region show the same linear dependen
e of the mo-mentum resolution on the momentum, but the values are a fa
tor of about0.75 lower [25℄. This 
an be attributed to remaining dete
tor misalignmentswhi
h were not simulated.
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b)Fig. 20. Chara
teristi
s of the HERA-B spe
trometer evaluated on a sample ofJ= ! �+�� de
ays. a) The mean value of the J= mass as a fun
tion of the mean�� momentum for the given bins of the �+ momentum. The dashed line shows thenominal value of the J= mass. b) The momentum resolution versus momentum.The dashed line shows the parametrisation (3).5 Con
lusionsIn this paper we des
ribe the operation and performan
e of the HERA-B OuterTra
ker, a 112 674 
hannel system of planar drift tube layers. The design and35




onstru
tion of the dete
tor is des
ribed in [3℄, the ele
troni
s in [4℄ and theaging investigations in [11℄.The Outer Tra
ker was run for about 3500 hours in the HERA-B experimentat target rates of typi
ally 5MHz, 
orresponding to 
hannel o

upan
ies ofabout 2% in the hottest regions. In a �rst running period the dete
tor showedvarious operational problems whi
h 
ould be over
ome by major repairs andimprovements in a longer shutdown. After that the dete
tor was stably op-erated at a gas gain of 3 � 104 using an Ar/CF4/CO2 (65:30:5) gas mixture.At this working point a good trigger and tra
k re
onstru
tion eÆ
ien
y wasmeasured. At the end of the HERA-B running no aging e�e
ts in the OuterTra
ker 
ells were observed. However, the total irradiation stayed far belowthe originally anti
ipated exposure.About 95% of all drift 
ells were well fun
tioning, losses were mainly due todead 
hannels while the fra
tion of noisy 
hannels stayed below 1% in most
hambers. Due to the high redundan
y of the tra
king system this 
ausedessentially no loss in tra
king eÆ
ien
y whi
h was more than 95% for tra
kswith momenta above 5GeV/
.The hit resolution of the drift 
ells was 300 to 320�m. Due to the large leverarm of the tra
king system and the high redundan
y the single 
ell resolutionhas no large in
uen
e on the momentum resolution whi
h as a fun
tion of themomentum in the range from 10 to 80GeV/
 was determined to be�(p)p [%℄ = (1:61� 0:02) + (0:0051� 0:0006) � p [GeV/
℄In summary, the performan
e of the HERA-B Outer Tra
ker system full�lledall requirements for stable and eÆ
ient operation in a hadroni
 environment,thus 
on�rming the adequa
y of the honey
omb drift tube te
hnology andof the front-end readout system. Although the dete
tor has not really been
hallenged regarding radiation exposure and o

upan
ies, the performan
estudies allow to 
on
lude that a suitable tra
king 
on
ept for a high rateenvironment was found.A
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