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Abstract

This note reports the results of the analysis performed on the data collected by the CMS Barrel Muon
system during the Magnet Test-Cosmic Challenge, aimed to study the Drift Tube chambers behavior
at the nominal value of the CMS magnetic field. In particular, the analysis is devoted to the study of
the drift velocity in the various equipped regions of the apparatus. It is shown that the drift velocity is
significantly affected by the presence of a residual magnetic field in the chamber volume only in the
innermost stations, MB1, of Wheel+2; where the maximal variation inside the chamber is of 4 percent,
which does not prevent a good functionality of the DT trigger even in this most critical region.



1 Introduction

The CMSMuon Barrel system, described in detail in [1], consists of 4 concentric “ station” of 250 chambersinside
the magnet return yokes of CMS, which isin turn divided into 5 wheels. A wheel is divided into 12 sectors, each
coveringa30° azimuthal angle. Wheels arelabeled consecutively from Y B-2 for the furthest wheel in —z to YB+2
for the furthest in +2z, while sectors are labeled in order of increasing ¢, beginning with the sector at ¢ = 0, in
which the chambers are in the vertical plane.

In the Summer-Autumn 2006, during the test of the CM'S magnet, which for the first time was closed and brought
toitsdesign value of B=4 T, alarge amount of cosmic rays data was collected. The purposewasto test as much as
possible the integration of all the sub-detector components from the point of view of hardware, trigger, DAQ and
off-line analysis software, and to study their behaviour in the real experimental environment.

As far as the Barrel Muon system is concerned, a total of 14 DT chambers (i.e., about 5% of the whole Muon
Barrel detector) were fully equipped and included in the global CM S DAQ readout system. These stations covered
Sector 10 of Wheel+1 and Wheel+2, and Sector 11 of Wheel+2 (i.e. the two sectorsin the lowest part of a Whesel,
in which the chambers are placed either horizontally or with an inclination of 30 °, thus maximizing the cosmic
rays trigger rate), as shown by the contour sketched in Fig. 1. In the same sectors, the Resistive Plate Chambers
(RPC) equipping the muon stations [1] were also operational, providing a trigger to CMS independent from the
DT system. The 14 DT chambers were operated with an Ar — CO» (85/15%) gas mixture; the O, contamination
was kept below 100 ppm. The gas pressure at the chambers' input and output was continously monitored and
measured to be stable within +2 mbar over the whole data taking period.

In the End-cap part of the apparatus, in correspondence with the Barrel active sectors, 36 Cathode Strip Chambers
(CSC) [1] were active, providing another independent muon trigger and participating in the DAQ during the
Cosmic Challenge.

Figure 1. Picture of Wheel+2 (outlined in white), showing the Magnet Test-Cosmic Challenge setup for the Muon
Barrel system.

Each DT chamber in the 3 innermost stations, MB1-MB3, consists of 12 layers of drift tubes divided into 3 groups
of 4 consecutive layers, hereafter called SuperLayers (SL), as schematically shown in the left part of Fig. 2. Two
SL s (hereafter referred to as ¢-SLs) measurethe r — ¢ coordinate in the bending plane, and the third SL (referred
to as#-SL) measures the z-coordinate running parallel to the beam. A honeycomb aluminium structure separates a
¢ SL from the other two SLs, thus giving alever arm of about 30 cm for the measurement of the track directionin
the bending plane inside each chamber. The tubesinside each SL are staggered by half atube. The MB4 chambers
have only the 2 SLsfor the r — ¢ measurement, separated by the honeycomb structure.

The basic detector component inside each chamber, the DT cell, is shown in the right part of Fig. 2. One of its
crucia propertiesis alinear behaviour in the space-time relationship between the detected time of the electronic
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signal recorded on the anode wire and the position of the muon passage through the cell. For the purpose of the
DT trigger functionality and for the muon track reconstruction, it is essential to control at better than the percent
level the drift velocity of the electrons producing the signal on the anodewire. It is known that, in the presence of a
residual magnetic field in the cell volume, the lines of force defining the drift path of the electrons are distorted due
to the Lorentz force, resulting in avariation of the “effective” drift velocity in the linear space-time relationship.
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Figure 2: Left: cross-sectional view of aMuon Barrel chamber; right: a drift cell.

Ascan be seen in Fig. 3, the residual field in the cradles inside the iron yokes where the muon stations are placed
can reach considerably high values, particularly in Wheels+2 and -2. Its radial component (i.e., the component
perpendicular to the DT wires which is the one most affecting the effective drift velocity) is expected to be as high
as0.8 T inthe MB1 regions closest to the CM S endcaps.

Previoustests performed usingasmall DT prototype [2] in atest beam and under various magnetic field configura-
tions showed that the drift vel ocity variation was small enough to prevent a significant degradation of the chamber
functionality in the presence of such afield. It's thus important to study the behaviour of the full-size chambersin
thereal CM S environment and confirm this expectation.
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Figure 3: The radial component of the magnetic field in the Muon Barrel chambers for the different wheels, asa
function of z.

2 Drift velocity determination from different methods

Three independent methods have been developed for measuring the electron drift velocity in the DT cell. The
first is based on the computation of the mean time variable [2], which provides a measurement of the maximum
drift time, T),,4., @d hence of the drift velocity, if alinear space-timerelation is assumed. The L ;40 / Tinax ratio,
with L,,.. = 2.1 cm being the half-cell size, measure the “effective drift velocity” which is used in the first
stage of the hit reconstruction, averaged over the DT cell volume and over the different inclinations of the muon
tracks. The method relies on a careful determination of the “time pedestal” ¢, i.e., the starting point of the drift
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time distribution, defined as the time of passage of a muon passing through the anode wire. Given the strong anti-
correl ation between the two variables, the uncertainty onthet o determination produces anon-negligible systematic
error onthe value of the drift velocity. However, the method gives good sensitivity for studying the relative variation
of the drift velocity under different magnetic field conditions.

The second method is based on the photo-extraction of electrons from the cell’s cathode, which typically occurrs
under normal DT cell operating conditionsin afew percent of the events. As discussed below, this method provides
an independent measurement of T',,,,.. that does not rely on the determination of the time pedestal.

The third method relies on a muon track fit, which determines track-by-track the time of passage of the muon
through the chamber and the drift velocity as additional free parametersin the fit, together with the track position
and inclination angle.

21 TheT,,,, method
The “mean-time” is obtained from three consecutive layers, which are staggered half a cell apart, using:
Tyur = (tj +tjr2)/2 + tjiv1r = Taa

wheret; isthetime of arrival, pedestal subtracted, of the electron signal in the j-th layer in achamber Super-Layer.

This variable measures the maximum drift time 7',,,,,, when the muon track passes through the cells of a same
columninside the SL structure, i.e., for tracks inclined by less than 40 ¢ with respect to the normal to the chamber
plane (the maximum inclination depends on the impact position inside the cell). For operation with bunched

beamsas at the LHC, this quantity has a Gaussian distribution with awidth givenby /3 /2 timestheintrinsic time
resolution of the DT device, i.e., 5-6 ns (neglecting the time spread of the collisions, the spread of the time of flight

of the muon from the collision point to the muon detector, and the signal propagation time along the anode wire;

these last two effects can be corrected for using the space information from the two “views’ of the DT chamber).

In a cosmic rays environment, the 7', distribution is significantly broadened by the crossing time of the muon
inside the 25 ns window of the time-of arrival identification provided by the trigger, which by design has a bunch-

crossing spacing granularity. For a flat- event population distribution, this would give an r.m.s. contribution of

2 x 25/4/12 ~ 15 ns; this value s further modified by the fact that, due to the lack of fine synchronization of the
internal clock in the trigger device with the muon crossing (which will be done at the LHC), the efficiency of the
trigger responseis not uniform within the 25 ns window. Finally, without a relative synchronization of the trigger

signals from the different devices (DT, RPC and CSC) operating during the magnet test, the T',,,,, distributions
may have different average values for different trigger sources, if the same time pedestal subtraction isused. This
can be seen in Fig. 4, where typical “raw” mean time distributions for events triggered by different devices are
shown for one SL of aMB2 chamber, computed assuming the same time pedestal.
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Figure 4: “Raw” Mean Time distributions for the channels in SuyperLayer 1 of one MB2 chamber for different
triggering devices.

Thetime pedestal for the different trigger sourcesis determined for each SL of chambers by fitting the rising edge
of the drift time distribution, as described in detail in [3]. Examples of these distributions are shown in Fig. 5
(Ieft) for the signalsin all the cells of agiven SL, together with atypical fit from the pedestal calibration procedure

(right) [3].
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Figure 5. Left: examples of drift time distributions for events triggered by different muon trigger devices; right:
time pedestal fit from the calibration procedure.

After thetime pedestal calibrationis performed independently for each SuperLayer of chambers used in the magnet
test and for the different trigger sources, the T',,,,. distributions obtained using the data from the ¢ SL's are fitted
with aGaussianin therange [Taz,a0 — 1.3 - 0, Tmaz,av + 1.3 - 0], Where T',,4..0» @80d o are the average and the
r.m.s. values of the distribution respectively. The data are divided into five different regions (approximately 50 cm
wide) along the CM S z-axis, using theinformation from the @ SL in each chamber, and the average of the Gaussian
fitisfound. The dataat B=0 and B=4 T are compared. The relative variation of the drift velocity at B=4 T with
respect to the average value measured in each region at B= 0 is shown in Fig. 6 for all chambers. It can be seen
that in the MB1 chambers of both sectors of Wheel+2, in which the radial component of the residual magnetic
field is expected to be large, there is a sizable variation in the drift velocity, and that the results are independent of
the trigger source. This variation amountsto ~ 3.5% in the region closest to the endcap. In all other chambersthe
variations, if present, are much smaller and anyway comparable with the sensitivity of the method, although some
effects can be seen in the MB2 chambers of Wheel+2, as will be evident from the track fit method discussed in a
following section.

Theresults for the MB1 station in Wheel+2 are in good agreement with those obtained from a test-beam measure-
ment on a chamber prototype, reported in [2]. This can be seen from the comparison shown in Fig. 7, performed
using the magnetic field values from the map computation displayed in Fig. 3.

In order to have a more precise definition of the peak of the T',,,,, distribution and to further cross-check possible
systematic effects on its determination due to the shape of the distribution, the T',,,,.. computation is modified in-
cluding atrack-by-track correction to the “overal” time pedestal determined by the calibration procedure outlined
above. This correction accountsfor the time of arrival of the muon inside the trigger time window, using the 7" 1, 4.2
computed for a“reference” SL (thefirst ¢ SL of MB3, shown in the left part of Fig. 8). One half of the difference
between the actual value of T',,,,, and the average value of thisdistribution is used as a correction to the TDC signal
times recorded in the other SL's and in the other chambers. The effect of this correction to the T',,,,, distribution
of the second ¢-SL of MBS3, as seen in the right part of Fig. 8, shows a considerable reduction in the spread of
the distribution. This spread is now due to the convolution of the intrinsic DT time resolution and the time of the
signal propagation along the wire (which is only partially accounted for by the measurement of the reference SL
in MB3, depending on the track inclination). Similar distributions are obtained for the SL’s in the other chambers.

The variation of the average T, value due to the signa propagation time along the wire in different regions
of a chamber, observed in the data at B=0, is clearly visible in Fig. 9. This variation must be corrected for when

measuring the drift velocity needed by thetrack reconstruction algorithm. The T, valuesin theregionsclosest to
the front-end el ectronics side of the chambers (the right-most points for each chamber in the plot), which measure
the actual drift velocity, correspond to a drift velocity of (54.34 £+ 0.05)um/ns and (54.55 £ 0.05)um/ns for the
two MB1 chambersin Wheel+2, and to (57.28 +0.05) um/nsfor the MB1 chamber in Wheel+1. The quoted errors
correspond to the statistical error of the Gaussian fit to the corrected T',,,,. distributions. The large difference
(~ 5%) between the values of the drift velocity in Wheel+2 and Wheel+1 is due to the different gas purity in the
chambers. Indeed, while the MB1 chambersin Wheel +2 were operated in normal conditions, the MB1 chamber of

Wheel+1 was not flushed during the data taking due to a gas distribution problem, causing an increase of nitrogen

in the gas mixture.
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Figure 6: Relative variations of drift velocity (in percent) between B=4 T and B=0 versus z. Upper, left: chambers
in Wheel+1; right: Wheel+2, sector 10. Bottom: Wheel+2, sector 11.
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Figure 7: Drift velocity variation (in percent) versus z in MB1 of Wheel+2, computed for different triggers and
compared with an extrapolation from test-beam results. Left: Sector 10; right: Sector 11.

Thevalue of the drift velocity at B=4 T in the MB1 chambers, after the appropriate correction is performed for the
signal propagation time, is shown in the left part of Fig. 10. It can be seen that the drift velocity is constant (and
compatible with the value observed at B=0) in the MB1 chambers of Wheel+1, while it decreases significantly in
the MB1 chambers of Wheel+2. The ratio between the values obtained for B =4 and B=0 T is displayed in the
right part of Fig. 10, which shows good agreement with the result givenin Fig. 6.

Table 1 summarizesthe results on the rel ative variation between B=4 T and B=0 data as measured in the outermost
¢-SL of al the chambers in the magnet test, averaged over the SL volumes. The values are also compared with
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Figure 8: Left: the “raw” Mean Time distribution for MB3, SL1; right: the corrected mean time distribution for
MB3, SL3.
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Figure 9: The variation of T',,,, as afunction of the muon impact position along the anode wire due to the signal
propagétion timein B=0 data, observed in the three MB1 chambers. Each chamber is subdivided into six regions.
The right-most points in each chamber correspond to the region closest to the front-end electronics side. Squares
refer to MB1 chambersin Sector 10; crosses refer to the MB1 chamber in Wheel +2, Sect.11.
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those obtained with the other methods discussed in the next sections. The quoted uncertainties are the statistical
errors from the fit described above; the systematic error associated with the uncertainty on the time pedestal
determinationis +0.2%.



Chamber/Wheel/Sector dvg/vq (%) dvq/vq (%) with photo-peak method dvg/vg (%)
with T,,,.. method SL®,/SLO/SLD, with track fit method

MB1/W1/S10 0.24 +£0.07 0.0 £0.2/0.0+0.2/0.0 £ 0.2 0.50 £ 0.05
MB2/W1/S10 0.05 £ 0.02 0.4+0.2/0.0+0.2/0.0+0.2 0.42 4+ 0.03
MB3/W1/S10 —0.28 +£0.04 0.4+0.2/0.0+0.2/ —04+0.2 0.31 +£0.03
MB4/W1/S10 —0.30 + 0.09 0.0+0.2/—/04+0.2 0.58 £ 0.05
MB1/W2/S10 —2.05+0.06 —-244+02/-24+02/-24+0.2 —1.88 +0.05
MB2/W2/S10 —0.38 £ 0.03 -06+02/-10+£02/-0.8+0.2 —0.09 +0.03
MB3/W2/S10 —0.03 +0.03 —-06+0.2/-04+02/-0.6+0.2 0.41+0.03
MB4/W2/S10 0.11 £ 0.06 —-0.2+0.2/—-/0.0+£0.2 0.70 + 0.05
MBL/W2/S11 —2.67+0.11 -25+02/-28+02/-24+0.2 —1.72+0.05
MB2/W2/S11 —0.30 £ 0.03 -04+02/-06+02/-08+0.2 0.22 4+ 0.03
MB3/W2/S11 —0.05+0.03 —-0.2+£0.2/0.0£0.2/0.0£0.2 0.27 +0.03
MB4/W2/S11 0.25 £ 0.05 —-04+02/—-/-02£0.2 —0.07£0.05

Table 1. Relative variation of the drift velocity between B=0 and B=4 T data (in percent), averaged over the
chamber volume, for chambers used in the magnet test. The values from the T',,,... method refer to the outermost
¢ SL's (SL®-) in the chambers. Quoted errors are statistical only. The systematic error associated with the
uncertainty on the time pedestal determinationis £0.2%. For the photo-peak method, the average values obtained
for each of the three superlayersin a chamber are quoted separately (M B4 chambers have only two ¢ SL's). The
values from the track fit method refer, by definition, to the entire chamber.

2.2 The photo-peak method

The primary electrons which are strongly accelerated in the avalanche region near the anode wire produce photons
that can extract secondary electrons from the cathode strips and |-beams of the cell. The latter drift along the entire
cell volume, causing asignal at atime 7, after the occurence of the primary electron signal due to the passage
of the muon. An example of this signal is shown by the narrow peak in Fig. 11, which displays the distribution of
the time difference between the primary and the secondary electron signals (the time binning of the TDC was set
t0 0.781 ns/count). The broad peak around 250 TDC counts originates from the el ectrons extracted from the strips
bel ow the anode wires, which drift along a shorter pathin the DT cell; an additional small contribution is expected
from electron §-rays delivering hits starting after the dead time of the TDC+Front End amplifier.

S 1000
[

800

600

400

200

o b b b Lo b Ly L a0
% 100 200 300 400 500 600 700 800
t,- t,[TDC counts]

Figure 11: Distribution of the time difference between the primary and secondary electron signals, for all the cells
in a superlayer. The photo-peak signal caused by the electrons extracted from the cell I-beamsis clearly visible at
~510 TDC counts.

Figure 12 shows the distributions of the photo-peak signal, enlarged in the time region of interest, for one MB1
chamber of Wheel+2 for data at B=0 and B=4 T. The shift of the photo-peak position towards larger values of the
time difference for B=4 T is clearly visible, showing a decrease of the drift velocity, averaged over the chamber
volume, of about 2.5%.

In Fig. 13 the variation of the photo-pesak position along the z axis in the local reference frame of the chamber is
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Figure 12: Photo-peak signalsin an MB1 chamber of Wheel+2 for two B field values.

shown; the behaviour isin good agreement with the variation of the drift velocity observed with the ', .. method.
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Figure 13: Relative variation, in percent, of the photo-peak position as a function of z in the chamber for two
magnetic field values, as measured in the MB1/Wheel+2 chamber.

Table 1 summarizes the results of the relative variation between the B=4 T and B=0 data for the different SL's of
al chambers used in the magnet test. The values are averaged over the SL volumes. As observed with the T, 4.
method, only the MB1 chambersin Wheel+2 show a significant difference between the two sets of data.

2.3 Thetrack fit method

Asexplainedin Section 2.1, thetime of arrival distribution of cosmic ray tracks has anintrinsic spread of (25/ v/12)
ns (the mean-time quantity defined in that section has a spread twice larger). Since amuon produces up to 8 points
(inalarge majority of events) in the ¢ view of each DT chamber, it is possible to perform a straight-line fit to the
reconstructed hits, leaving the time of passage of the muon and the drift velocity as additional free parametersin
the fit, together with the track impact position and direction [4]. This is done after a preliminary reconstruction
step is performed, which reconstructsthe hits using a“nominal” value for the drift velocity (set to 54.3 um/ns, i.e.,

the average value observed using the T',,, ... method at B=0 for the MB1 chambersin Wheel+2). The reconstruction
performsa pattern recognition algorithm which finds the hits bel onging to amuon track candidate [5]. The method,

different from the one based on the T',,,,.. computation, does not require a careful chamber-by-chamber calibration
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of the time pedestal; in fact, for all the chambersin a given sector the same time pedestal calibration is used.

After the fitting procedure, the residuals of the reconstructed hits with respect to the extrapolated position from
the track fit are considerably reduced, as shown in Fig. 14. The resolution obtained, on the order of ~ 200 um, is
comparable with the one expected from the intrinsic time resolution of the DT cell, as measured from test-beam
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Figure 14: Reconstructed hit residuals (cm) with respect to the extrapol ated position from the track fit, for the four
chambersin Sector 10 of Wheel+2. Left: using a 2-parameter straight line fit; right: using a 4-parameter fit which
includes the determination of the muon time of passage and of the drift velocity.

Figure 15 shows in the right plot the distribution of the relative corrections to the nominal value of the drift
velocity, obtained for the B=0 data of the MB1 chamber in Wheel+1. The shift of ~ 6% in the average value of
the distribution is compatible with the difference observed with the T',,,,.. method. The distribution obtained for
the muon time of passage is shown in the |eft plot of the figure. Its spread, ~ 10 ns, is quite compatible with the
expectation from the time of arrival of the muon inside the 25 ns trigger window.
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Figure 15: Left: distribution of the fitted values of the muon time of passage, for muon tracks crossing the MB1
station in Wheel+1. Right: distribution of the relative correction to the nominal value of the drift velocity obtained
from the track fit.
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Theresult of the drift vel ocity fits as a function of the muon track position alongthe CMSz axisisshownin Fig. 16
for the chambersof Sector 10in Wheel+1 usingthe B=4 T data. The plots show the average value of the distribution
for a given position interval; the error bars give the r.m.s. of the distribution (not the error on the average). The
drift velocity is constant throughout the entire chamber volume, in agreement with the previous observations.
The average value of the correction for MB1, 6.3%, gives a value for the drift velocity of (57.72 + 0.05)um /ns
(significantly different from the values from the other chambers due to the already mentioned gas distribution
problem in this chamber). The difference (~ 0.7%) with the value obtained for this chamber with the one from the
Tna Method ((57.3+0.05)um/ns, seeleft plot in Fig. 10), is compatible with the systematic error expected from
the time pedestal definition in the latter.

Figure 17 shows the results of the drift velocity fits for the chambersin Sectors 10 and 11 of Wheel+2; in this case
adecrease of the drift velocity in the MB1 chambersand, to asmaller extent, in MB2 is clearly evident as the track
position gets into regions of higher residual magnetic field values. The overall variation in the MB1 chambersis
onthe order of ~ 3%, ranging from 54.8 pm/nsto 52.9 um/ns, again very compatiblewith the measurementsfrom
the T}, Method, shown in Fig. 10.
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Figure 16: Variation along z of the drift velocity w.r.t. the nominal value as measured from the track fitting method,
for chambersin Wheel+1, at B=4 T. Left: MB1, center: MB2, right: MB3.

Finally, the behaviour of the chambers was studied in runs with different values of the magnetic field, during
various scans used for the magnetic field mapping. The results of the relative variation in the drift velocity per unit
length along the z axis (the slope of thefitsin Fig. 17) are shown in Fig. 18 for the MB1 chambersin Wheel +2. It
can be seen that values of (Awv/v)/dz greater than (1%)/m are reached for magnetic fields larger than 3.5 T. The
error bars are the systematic errors (the statistical error from the fitting procedure being negligible), conservately
evaluated condidering the maximum variation obtained for chambers MB2 and MB3, in which the effect of the
residual magnetic field is negligible.

It isinteresting to test the stability of the measurement of the average drift velocity in the MB1 station of Wheel+1
(where the effect of the magnetic field is negligible). Thisis shownin Fig. 19. The different measurements span
several days of chamber operationswith no input gas. Although specific studies of chamber operation without gas
flow were not performed, the stability of the drift velocity is an indication of the good hermeticity of the chamber,
with little variation in gas purity.

3 Summary and conclusions

The behaviour of the DT chambersin the Muon Barrel system during the CMS Magnet Test and Cosmic Challenge
was extensively studied, in particular for what concerns the determination of the electron drift velocity in the
different regions of the apparatus, for data taken at the nominal value of the CM'S magnetic field.

Using cosmic rays datarecordedin the Cosmic Challenge, theresults obtained for DT chambersin the environment
of the CM S experiment confirm the measurements performed using test-beam data on a small chamber prototype.
The observed variations of the drift velocity, even in the most critical regions of the apparatus (the innermost
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Figure 17: Relative variations (in percent) of the drift velocity along the z axis with respect to the nominal value
(54.3 um/ns) as measured from the track fitting method in chambers of Wheel+2. Upper plots: Sector 10; lower
plots: Sector 11.
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Figure 18: Relative drift velocity variation per unit length along the z-axis, in percent, for 2 MB1 chambersin
Wheel+2, as a function of the magnetic field.

chambers in the Wheels closest to the endcaps), are within the tolerance required for the trigger functionality of
the DT system.

The procedures and a gorithms described in this note can be used in fast online monitoring of the drift velocity

and trigger latency, and in High Level Trigger processing for good track reconstruction, even in the case of an
inaccurate calibration of the time pedestal and drift velocity.
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