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1 Introduction

The Compact Muon Solenoid (CMS) [1] is a general-purpose detector whose main goal is to ex-
plore physics at the TeV scale, by exploiting the proton-proton collisions provided by the Large
Hadron Collider (LHC) [2] at CERN.

CMS uses a right-handed coordinate system, with the origin at the nominal collision point, the
x-axis pointing to the center of the LHC, the y-axis pointing up (perpendicular to the LHC plane),
and the z-axis along the anticlockwise-beam direction. The polar angle, θ , is measured from the
positive z-axis and the azimuthal angle, φ , is measured in the x-y plane.

The central feature of the Compact Muon Solenoid apparatus is a superconducting solenoid,
of 6 m internal diameter, providing a field of 3.8 T. Within the field volume are the silicon pixel
and strip tracker, the crystal electromagnetic calorimeter (ECAL) and the brass/scintillator hadron
calorimeter (HCAL). Muons are measured in gas-ionization detectors embedded in the steel return
yoke. In addition to the barrel and endcap detectors, CMS has extensive forward calorimetry.

The barrel muon system [3] is divided in five wheels. Every wheel is composed of 12 sectors,
each covering 30◦ in azimuth, as shown in figure 1.
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Figure 1. Schematic representation, in the x−y plane, of the chamber positions within a wheel of the muon
barrel system of the CMS experiment. The labels and the numbers of the muon stations are shown. Because
of mechanical requirements, the top and bottom MB4 sectors are split in two distinct chambers.

Each sector contains four stations equipped with Resistive Plate Chambers (RPC) and Drift-
Tubes (DT) chambers. The four DT chambers are labeled MB1, MB2, MB3, and MB4 going
inside-out. In total there are 5 wheels ∗ (3 stations ∗ 12 sectors + 1 station ∗ 14 sectors) = 250 DT
chambers. The chambers are interleaved with the steel return yoke of the magnet and are composed
of three groups, called “super-layers” (SL), of four staggered layers of independent drift cells, for a
total of about 172 000 channels. A schematic representation of a chamber is shown in figure 2 (left).

The chamber volume is filled with a Ar(85 %)/CO2(15 %) gas mixture, kept at atmospheric
pressure. Two of the super-layers have the wires parallel to the beam direction and measure the rφ

coordinate, the other super-layer has wires perpendicular to the beam direction and measures the
z coordinate. The chamber provides a measurement of a track segment in space. The outermost
station is equipped with chambers containing only the two rφ super-layers. The basic element of
the DT detector is the drift cell, illustrated in figure 2 (right), where the drift lines and isochrones are
represented. All chambers were operational, fully commissioned, and the number of problematic
channels were less than 1 %.

The DT system is designed to provide muon track reconstruction, with the correct charge
assignment up to TeV energies, and first-level trigger selection. It also yields a fast muon identi-
fication and an accurate online transverse momentum measurement, in addition to single bunch-
crossing identification with good time resolution. The good mechanical precision of the chambers
allows the track segments to be reconstructed with a resolution better than 250 µm [3].
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Figure 2.13: Numbering of stations and sectors.

Figure 2.14: Section of a drift tube cell.

the boundary of the cells and serve as cathodes. I-beams are insulated from the
planes by a 0.5 mm thick plastic profile. The anode is a 50 µm stainless steel
wire placed in the centre of the cell. The distance of the track from the wire is
measured by the drift time of electrons produced by ionisation. To improve the
distance-time linearity, additional field shaping is obtained with two positively-
biased insulated strips, glued on the the planes in correspondence to the wire.
Typical voltages are +3600 V, +1800 V and -1200 V for the wires, the strips
and the cathodes, respectively. The gas is a 85%/15% mixture of Ar/CO2,
which provides good quenching properties and a saturated drift velocity, of
about 5.4 cm/µs. The maximum drift time is therefore ∼ 390 ns, i.e. 15 bunch
crossings. A single cell has an efficiency of about 99.8% and a resolution of
∼ 180 µm.

Four staggered layers of parallel cells form a superlayer, which provides the

Figure 2. Left: Schematic view of a DT chamber. Right: section of a drift tube cell showing drift lines and
isochrones. The voltages applied are +3600 V for wires, +1800 V for electrode strips, and −1200 V for
cathode strips.

A fundamental ingredient of the DT system is the calibration, which is used as input to the
local hit reconstruction, within the drift cells, and thereby influences the precision of the track
reconstruction. This paper describes in detail the DT calibration procedures, to obtain reliable
calibration constants, and presents results obtained from the extensive commissioning run with
cosmic ray events performed in Autumn 2008, the Cosmic Run At Four Tesla (CRAFT) [4], in
preparation for LHC running.

The data sample used for the calibration process and the trigger conditions are summarized in
section 2. The main characteristics of the DT calibration process are described in section 3. The
process consists in the determination of the inter-channel synchronization, described in section 4,
the analysis of noisy channels, treated in section 5, and the calculation of the time pedestals and the
drift velocity, described in sections 6 and 7, respectively. The DT calibration workflow, including
the monitoring of the conditions, is performed within the CMS computing framework, as described
in section 8. Finally, a more refined analysis of the drift velocity in the muon system, within the
offline reconstruction process, is presented in section 9.

2 Cosmic ray event trigger and the data sample

The long cosmic ray data taking in 2008 with and without magnetic field allowed a detailed study
of the DT drift properties and an improved understanding of the calibration constants. About 270
million events were collected with a 3.8 T field inside the solenoid magnet. In this configuration,
the radial component of the magnetic field in the DT chamber positions does not exceed 0.8 T.

The DT system was the primary trigger source for most of the collected events. The local
trigger [3] was designed to operate with collisions taking place at the center of the CMS detector,
and it is performed searching the φ -matching of hits in each chamber. This is achieved using
dedicated hardware, which configures the expected track paths from one chamber to another.

Due to the different origin, direction, and timing of the cosmic rays, as compared to muons
from proton-proton collisions, dedicated adjustments were needed to properly configure the DT
trigger for high efficiency during CRAFT. This required relaxing the extrapolation algorithm with
a particular configuration of the DTTF (DT Track Finder) as explained in more detail in ref. [5].

– 3 –
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Therefore, during data-taking with cosmic rays, the L1 trigger was generated by the coincidence
in time of two segments in two stations of the same sector, or adjacent sectors, and a rate of about
240 Hz was provided to the Global Muon Trigger.

About 20 million events, out of the 270 million collected during CRAFT, were used for the
calculation of the calibration constants. They have been chosen from stable runs where most of the
DT system was operational. No quality cuts are, in principle, necessary to perform the calibration.
However, in order to have a clean sample of muons, a transverse momentum cut of 7 GeV was
applied.

3 The calibration process

Charged particles crossing a DT cell produce ionization electrons in the gas volume. The determi-
nation of the relationship between the arrival time of the ionization signal and its spatial deposition
is the primary goal of the calibration task, which leads to the extraction of the drift times and
drift velocities.

The arrival time of the ionization signal is measured using a high performance Time to Digital
Converter (TDC) [6]. This is the main building block of the read-out boards of the DT system.
It is a multi-hit device in which all hits within a programmable time window, large enough to
accommodate the cell maximum drift time, are assigned to each Level 1 Accept trigger. The drift
time is directly obtained from the time measured by the TDC, after subtracting a time pedestal
which contains contributions from the latency of the trigger and the propagation time of the signal,
within the detector and the data acquisition chain. The first goal of the calibration procedure is,
therefore, to determine the time pedestals, as described in section 6. The expected precision of the
time pedestal calibration during the cosmic ray data-taking is limited by the arrival time distribution
of cosmic rays which is flat within the clock cycle and it is of the order of 25 ns/

√
12.

The other relevant quantity for the DT calibration process is the effective drift velocity. It de-
pends on many parameters, including the gas purity and the electrostatic configuration of the cell,
the presence of a magnetic field within the chamber volume, and the inclination of the track. The
parameters connected to the working conditions of the chambers are monitored continuously [3]:
the high voltage supplies have a built-in monitor for each channel; the gas is at room temperature
and its temperature is measured on each preamplifier board inside the chamber; the gas pressure is
regulated and measured at the gas distribution rack on each wheel, and is monitored by four further
sensors placed at the inlet and outlet of each chamber. The adequacy of the flow sharing from a
single gas distribution rack to 50 chambers is monitored at the inlet and outlet line of each indi-
vidual chamber. A possible leakage in the gas line can be sensed via the flow and/or the pressure
measurements.

Five small gas chambers, one for each wheel, are used to measure the drift velocity in a vol-
ume of very homogeneous electric field, located in the accessible gas room adjacent to the cav-
ern, outside of the CMS magnetic field. Each of these chambers, called Velocity Drift Chambers
(VDC) [7, 8], is able to selectively measure the gas being sent to, and returned from, each individ-
ual chamber of the wheel thus providing rapid feedback on any changes due to the gas mixture or
contamination. During the CRAFT data-taking period only one such chamber was used.

– 4 –
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No noticeable variation of the parameters described above is expected among different regions
of the spectrometer. However, the magnetic field and the track impact angle may vary substantially
from chamber to chamber, as they occupy different positions in the return yoke.

Two methods for calculating the electron drift velocity in a DT cell are presented here. They
both assume a constant drift velocity in a given chamber. The first method, discussed in section 7,
is based on the measurement of the effective drift velocity using the mean-time technique, which
computes the velocity value at the super-layer granularity level. The second method, discussed
in section 9, relies on the muon track fit, which determines track-by-track the time of passage of
the muon and the drift velocity as additional free parameters of the fit, together with the track
position and inclination angle. The assumption of a constant drift velocity is considered a good
approximation because the magnetic field in the chamber volume is usually low and approximately
homogeneous. A third method based on a parameterization of the drift velocity as a function of the
drift time, the magnetic field, and the muon trajectory is discussed in ref. [9].

The detailed drift velocity analysis, described in section 9, also reveals non-linear effects in
the innermost stations (MB1 chambers) of the barrel external wheels (Wheel +2 and Wheel -2),
where the strongest radial magnetic field component, of about 0.8 T, is present.

The DT calibration process also depends on the different signal path lengths to the read-out
electronics (called inter-channel synchronization time) and on the list of noisy channels, as will be
described in the following sections.

4 The inter-channel synchronization

The inter-channel synchronization is calculated for each read-out channel of each chamber, in order
to correct for the different signal path lengths of trigger and read-out electronics. This is a fixed
offset, since it only depends on cable/fiber lengths, and it does not need to be re-calibrated very
often. Nevertheless, it is useful to frequently redo its calibration, to monitor the correct behavior of
the front-end electronics. The inter-channel synchronization is determined by test-pulse calibration
runs. The design of the data acquisition system allows such runs to be taken during the normal
physics data-taking, by exploiting the collision-free interval of the LHC beam structure, called
“abort gap”.

During special calibration runs, a test-pulse is simultaneously injected in four channels of a
front-end board, each one from a different layer of a super-layer, simulating a muon crossing the
super-layer. To perform the scanning of the entire DT system in only 16 cycles, the same test-pulse
signal is also distributed to other four-channel groups, 16 channels apart.

The so-called t0 calibration consists in determining, for each DT channel, the mean time and
the standard deviation of the test-pulse. In the calibration procedure, the events are split in two
samples: the first is used to compute the average value, within a full chamber, of the signal propa-
gation time from the test-pulse injector to the read-out electronics; the second is used to calculate,
for each individual channel, the difference between the time of its test-pulse signal and the average
value of the chamber.

Figure 3 shows an example of a distribution of t0 constants for representative layers of the three
super-layers of a chamber, as a function of the channel number. The other layers show very similar
t0 values. The t0 synchronization correction is always below 10 ns (1 TDC count corresponds
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Figure 3. Inter-channel synchronization constants calculated from a test-pulse run. The results are shown
for three representative layers, belonging to each of the three super-layers of chamber MB3 in Sector 9. The
step-function shape reflects the grouping of channels among different front-end boards.

to 0.78 ns). The standard deviation is about 1 ns, for all channels. This is compatible with the
precision of the electronic chain. These corrections correspond to the distance between the front-
end boards, located inside the chamber volume, and the read-out boards. Wires connected to a given
front-end board belong to cells adjacent to each other, in the super-layer, and have approximately
the same distance up to the read-out boards. This leads to the step-function shape seen in figure 3,
more pronounced in the super-layers 1 and 3.

5 Noise analysis in the DT chambers

On the basis of systematic studies performed during several commissioning phases of the DT de-
tector, a cell is defined as noisy if its hit rate at operating voltage, counting signals higher than a
common discriminator threshold of 30 mV, is higher than 500 Hz.

The number and geometrical distribution of noisy DT channels have been studied, in particular,
during a commissioning period without magnetic field and having the detector wheels separated
from each other. In this section we describe the results of the noise analysis performed using the
cosmic ray events collected during CRAFT. With respect to runs using random triggers, the noise
analysis based on normal data taking runs has the advantage of reflecting the detector operation in
more realistic conditions.

The first aim of the noise studies is to check the stability of the number of noisy cells in
different conditions of the CMS detector. For all runs analyzed, the number of noisy cells is around
0.01 % of all DT channels. The rate of noise hits per cell is shown in figure 4, for a number of
representative runs, with and without magnetic field, and with different sub-detectors included in

– 6 –
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Figure 4. Distribution of the cell noise rate for different data-taking conditions: with and without magnetic
field; with and without Cathode Strip Chambers (CSC), Resistive Plate Chambers (RPC), and Pixels (PIX).

Table 1. Number of Noisy Cells in each chamber type (MB1, MB2, MB3, MB4) and average noise rate for
some representative runs of different data-taking conditions. The results from the CRUZET (Cosmic RUn at
ZEro Tesla) commissioning period are also shown, for comparison.

Data B Field Excluded Number Number Number Number Mean
Period [T] Sub-Det. Noisy Noisy Noisy Noisy Noise Rate

Cells Cells Cells Cells
in MB1 in MB2 in MB3 in MB4 [Hz]

CRUZET 0 CSC, PIX 12 2 2 0 3.96
CRAFT 0 0 13 3 2 3.80
CRAFT 3.8 13 3 1 2 4.15
CRAFT 3.8 CSC 12 7 0 8 4.23
CRAFT 3.8 CSC, 17 5 0 0 4.50

PIX, RPC

the acquisition. The number of cells with a hit rate higher than 500 Hz is very small. Detailed
information on the noise rate observed for representative runs, with different configurations of
CMS detectors included in the data acquisition, is shown in table 1.

An average noise rate of ∼ 4 Hz is observed in the DT system, essentially insensitive to the
magnetic field and to the status of nearby sub-detectors. In addition, it has been observed that
around 50 % of the noisy cells remain noisy for long data-taking periods.
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Figure 5. Number of noisy channels as a function of the wire number, for the data-taking periods mentioned
in table 1. Each distribution corresponds to a different run and shows the noisy cells observed for chamber
types MB1, MB2, MB3 and MB4.

Studies have also been made concerning the position dependence of the noisy cells, within
wheels and chambers. As seen on table 1, most of the noisy channels are located in the innermost
chambers (MB1), where the internal cabling is more complex, because of the reduced space. In
figure 5, the noisy cell distribution is shown as a function of the wire number. The noisy cells appear
concentrated in the regions of the super-layer close to the wire boundaries, which are different
depending on the number of wires present in each chamber type (about 50 for MB1, 60 for MB2,
70 for MB3, and 90 for MB4). The peaks also reflect the position of the connectors distributing the
HV inside the super-layer, which generate some electronic noise in their proximity.

The observed fraction of noisy cells (0.01 %) and the average noise rate (∼ 4 Hz) in the full DT
system are too low to affect the digitization efficiency or the trigger rate. It is important, however,
to exclude the noisy cells in the calibration process described in the following sections.

6 The time pedestal calibration

6.1 Computation of the calibration constants

The time pedestal calibration is the process which allows the extraction of the drift time from the
TDC measurement. For an ideal drift cell, the time distribution coming from the TDC (tTDC) would
coincide with the distribution of drift time (tdrift), and would have a box shape starting from a null
drift time, for tracks passing near the anode, up to about 380 ns, for tracks passing near the cathode.
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Figure 6. Distribution of the signal arrival times, recorded by the TDC, for all the cells of a single super-
layer in a chamber, after the cell-to-cell equalization based on the test-pulse calibration. The continuous line
indicates the fit of the Time Box rising edge to the integral of a Gaussian function.

Experimentally, some non-linear effects related to the electric field distribution inside the drift
cell have to be considered in the response of these cells; they are enhanced by the track inclina-
tion and by the presence of the magnetic field. In addition, different time delays, related to trigger
latency, and different cable lengths of the read-out electronics, also contribute to the TDC measure-
ments. The time measured by the TDC, tTDC, can be expressed as

tTDC = t0 + tTOF + tprop + tL1 + tdrift , (6.1)

where

• t0 is the inter-channel synchronization used to equalize the response of all the channels at the
level of each chamber, as described in section 4;

• tTOF is the Time-Of-Flight (TOF) of the muon, from the interaction point to the cell, in the
case of collision events. In the case of cosmic events, this quantity cannot be defined because
the time pedestal is an average of the arrival time of cosmic muons relative to the clock cycle;

• tprop is the propagation time of the signal along the anode wire;

• tL1 is the latency of the Level-1 trigger;

• tdrift is the drift time of the electrons from the ionization cluster to the anode wire within the
cell.

The main goal of the calibration is the calculation of the time pedestal, ttrig, which is dominated
by the time delay caused by the L1 trigger latency:

ttrig = tTOF + tprop + tL1 . (6.2)

– 9 –
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The value of ttrig is extracted for each super-layer directly from the tTDC distribution, referred to as
Time Box, after subtracting the noisy channels and correcting for the inter-channel synchronization.
Figure 6 shows a Time Box measured during a CRAFT run, for one super-layer.

The value of ttrig is the turn-on point of the Time Box distribution. It is computed by fitting the
rising edge of the distribution to the integral of a Gaussian function, as illustrated by the continuous
line in figure 6. The procedure is applied at the super-layer level and is described in more detail in
ref. [10].

The main quantities calculated by the fit are the inflexion point of the rising edge, Tmean, and
its standard deviation, Tsigma, which represents the resolution of the measurement. Figure 7 shows
the distributions of Tmean and Tsigma measured, in a CRAFT run with B = 3.8 T, for the innermost
rφ super-layer of a representative wheel, as a function of chamber type and sector. Similar results
were obtained for the other wheels. Approximately constant values are observed for chambers
of the same type and for all the wheels. The periodic structure seen in the Tmean distribution,
figure 7 (top), reflects the time-of-flight of the cosmic muon from the upper sector to the lower
sector. Indeed, the events contributing to the calculation of Tmean and Tsigma can be triggered by
the upper or lower sectors. The events triggered by the top (bottom) sectors may also be detected
by other non-triggering sectors, having a less precise time pedestal and, consequently, leading to a
less precise determination of these quantities. Different runs during the entire CRAFT period have
been analyzed, and a stable performance of the whole DT system has been observed. As expected,
no dependence on the magnetic field strength was observed.

The time resolution distribution, figure 7 (bottom), indicates the precision which the calibra-
tion procedure can reach with cosmic rays. A standard deviation of ∼ 10 ns is observed for all
super-layers in all wheels, except in the vertical sectors, where the number of events is limited and
the muon crossing angles are large. The time resolution precision is limited mainly by the random
arrival time of cosmic muons relative to the clock cycle. Furthermore, the resolution in Sector 1 is
systematically worse than in Sector 7 because the trigger cables that distribute the Level 1 accept
signal are longer and, therefore, generate larger skews in the signal transmission.

After the determination of Tmean and Tsigma, the time pedestal, ttrig, is estimated as

ttrig = Tmean− k ·Tsigma . (6.3)

The k factor is evaluated by minimizing the position residuals, using the local reconstruction
of track segments within chambers. After a few iterations, a k factor of 0.7 was computed for the
CRAFT data and was applied to all super-layers. The position residuals were then recalculated and
a final correction to the time pedestals was computed dividing the remaining offsets observed in
the residual distributions by a constant drift velocity (54.3 µm/ns). The final ttrig constants were
stored in a database, as described in section 8.

6.2 Validation of the calibration constants

Once the ttrig constants are computed, the calibration process proceeds with the validation step,
which consists in studying the effect of these constants on the reconstruction algorithm. The an-
alyzed quantities are the residuals computed, layer by layer, as the distance between the hit and
the intersection of the 3D segment with the layer plane. A complete description of the local re-
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Figure 7. Mean (top) and standard deviation (bottom) of the fitted inflexion point of the Time Box rising
edge, for the innermost rφ super-layer for a representative wheel. The triggering sectors (3, 4, 5 and 9, 10,
11) are synchronized among each other. The sectors with vertical chambers (sectors 1 and 7) detect much
less cosmic ray muons, leading to a poorly defined rising edge and a less accurate calibration.

construction procedure is given in ref. [11]. To correct for the propagation time along the wire, the
reconstruction of the segment is done in a multistep procedure. First the reconstruction is performed
in the rφ and z projections independently. Once two projections are paired and the position of the
segment inside the chamber is approximately known, the drift time is corrected for the propagation
time along the wire and for the TOF within the super-layer, and the 3D position is updated.

The mean values of the residual distributions calculated for the innermost rφ super-layer for a
representative wheel are shown in figure 8 (top). A systematic offset with respect to the origin is
observed compatible with the systematic delay between the arrival time of the cosmic muon events
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Figure 8. Mean (top) and width (bottom) Gaussian parameters, as fitted to the distributions of the residuals
between the reconstructed hits and the reconstructed local segments. The results are shown for the rφ

super-layers for a representative wheel, after correcting the offset with respect to the origin of the residual
distribution. Other wheels show similar results.

and the clock cycle. The standard deviations of the fit to the residuals, shown in figure 8 (bottom)
and in the range 400–600 µm, represent the spatial resolution obtained with the calibration process,
a factor of two worse than the nominal resolution of about 250 µm [3]. The difference is caused by
the spread of the muon arrival times inside the 25 ns time window associated with the L1 trigger.
This dilution will not occur with LHC collision data.

– 12 –



2
0
1
0
 
J
I
N
S
T
 
5
 
T
0
3
0
1
6

Figure 9. Schematic view of a super-layer section, showing the pattern of semi-cells crossed by a track. The
quantities ti in the equations represent the arrival time of the electrons within a drift cell.

7 The drift velocity calibration

The aim of the drift velocity calibration is to find the best effective drift velocity in each region
of the DT system. In order to be consistent with the ttrig calculation, described in section 6, the
drift-velocity calibration is computed with a super-layer granularity.

The calibration algorithm is based on the mean-time technique described in detail in ref. [10].
In this method, the maximum drift time in a cell, Tmax, is calculated considering nearby cells in
three adjacent layers and using a linear approximation to determine the average drift velocity. As
an example, figure 9 shows the simplest pattern of a muon crossing a semi-column of cells, together
with the equations used to calculate Tmax. In general, Tmax depends on the track inclination and on
the pattern of cells crossed by the track. Taking into account these dependencies, a spread of about
28 ns has been observed in the calculation of Tmax from CRAFT data.

The effective drift velocity can be estimated assuming a linear space-time relationship,

veff
drift =

Lsemi-cell

< Tmax >
, (7.1)

where Lsemi-cell = 2.1 cm is half the width of a drift cell.
Drift velocities measured for each chamber/sector and for a representative wheel (other wheels

give similar values) are shown in figure 10 for two CRAFT runs, one without (top) and one with
(bottom) magnetic field. The drift velocity has approximately a constant value of 54.3 µm/ns, al-
though with some systematic deviations, caused by limitations of the calibration procedure applied
to cosmic ray events. As in the determination of the time pedestal, these uncertainties originate
mainly from the random arrival time of cosmic muons relative to the clock cycle.

The ttrig uncertainty of about 10 ns, seen in figure 7 (bottom), corresponds to a relative un-
certainty of about 2.5 % on the drift velocity. This is comparable to the fluctuations observed in
figure 10, meaning that the residuals calculated with the veff

drift and ttrig constants do not represent a
significant improvement with respect to those shown in figure 8.

The drift velocity distribution measured in one of the VDC chambers (section 3) during the full
CRAFT period is shown in figure 11. An average drift velocity value of 54.8 µm/ns is observed,
which is slightly different (0.5 % higher) from the one obtained from the DT data, mainly because
of the different shape of the electric field in the DT drift cell. The spread of the distribution is
better than 0.2 µm/ns, and shows that no major variations occurred in the gas mixture or air
contamination, during the entire data-taking period.
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Figure 10. Drift velocities computed using the mean-time method for a run with B = 0 T (top) and for
a run with B = 3.8 T (bottom). Results are shown for the rφ super-layers of each chamber/sector of a
representative wheel. The other wheels show similar results.

8 The calibration workflow and the monitoring of the calibration process

A fast calibration of the DT system is vital in order to provide the prompt data reconstruction with
accurate calibration constants. The number of calibration regions is a compromise between the
need of keeping things simple, not requiring too large event samples, and the need of reducing
systematic errors by separately calibrating regions where parameters may have very different val-
ues. As mentioned in previous sections, the super-layer granularity has been found to be the most
suitable calibration unit.

In order to reach the precision obtainable with the fast calibration, about 104 tracks crossing
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Figure 11. Distribution of the drift velocity measured in one Velocity Drift Chamber (VDC) during the
entire data-taking period.

each super-layer are required. During LHC collision and cosmic ray data-taking periods, the cali-
bration parameters have to be produced, validated, and made available for use in the reconstruction
within one day of data-taking. However, after the start-up phase, it is anticipated that at some point
it will no longer be necessary to update the DT calibrations on a daily basis; on the other hand, they
should be checked against a standard set in order to guarantee their stability.

The workflow of the DT calibration has already been fully embedded into the central CMS cal-
ibration workflow at a very early stage. A more detailed description of the overall CMS calibration
and alignment computing workflow used in the CRAFT exercise is given in refs. [12, 13]. Within
the CMS calibration and alignment workflow, particular selections of data, named AlCaReco, were
used. They contained a reduced number of events and a reduced event content, providing the min-
imal information to fulfill the requirements of the DT calibration task. The sample is saved at the
CERN Analysis Facility (CAF) and taken as input to the calibration process. The calibration al-
gorithm runs at the CAF and produces a set of constants, which undergoes a validation procedure
before being copied to the central CMS database, where they become available to the CMSSW
offline software framework.

The DT calibration workflow has been used also during the Computing, Software, and Anal-
ysis challenge (CSA08), described in ref. [12], which simulated with large event samples the con-
ditions expected at LHC startup. This exercise simulated the production rate of the calibration
conditions as it will happen during real collision data-taking. The long CRAFT data-taking period
served as a thorough test of this workflow with the real detector.

The quality and stability of the calibration constants is a crucial part of the procedure and
must be continuously monitored. Therefore, validation procedures have been set up within the
central CMS Data Quality Monitoring (DQM) framework. A detailed description of the CMS
DQM structure is given in ref. [14].
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Figure 12. Computed radial component of the magnetic field in the muon barrel chambers, for the different
wheels, as a function of z.

Data quality assessment for the DT calibration constants consists mainly in defining the accep-
tance criteria used to validate the constants, in the monitoring of time stability, and in the checking
of continuous trends or sudden changes in operating conditions. The quality tests to assess the val-
idation of the constants and to monitor their time stability are applied to the residual distributions
calculated at the different steps of the calibration workflow. The comparison of the currently pro-
duced calibration constants with a reference set gives an indication of the stability of each particular
calibration constant.

All the calibration constants described in the present paper have their validation as well as
monitoring process, and for each of them detailed and summary DQM plots are provided. The DT
condition constants have been monitored through the entire CRAFT data-taking period and have
shown generally a good stability in time.

9 Drift velocity analysis

The drift velocity obtained with the calibration procedure described in section 7 is derived from
the measurements of the drift time and, as already mentioned, is limited by the uncertainty on the
arrival time of the cosmic ray muons.

A more detailed analysis of the drift velocity is presented in this section, taking into account
the precise 3D space-time relationship for the hit reconstruction. In particular, it considers the
influence of the magnetic field as a function of the position along the wire.
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Drift velocity from mean-time Wh+2 MB2

Drift velocity from fit Wh+2 MB2

Figure 13. Mean values of the drift velocity for the MB2 chambers of Wheel +2, using the mean-time
(squares) and fit (circles) methods. The differences between sectors when using the mean-time method are
due to ttrig uncertainties that are not present in the fit method.

The presence of a radial magnetic field distorts the drift lines of the drifting electrons, because
of the Lorentz force, resulting in a variation of the effective drift velocity. Figure 12 shows that the
radial field component is not very high in the muon barrel chambers, except in the MB1 chambers
of the outer wheels, closest to the endcaps. In these regions, the radial component of the magnetic
field can be as high as 0.8 T, and changes significantly along the z axis, resulting in a variation of
the effective drift velocity along the wire of each single cell, for rφ super-layers. The effect of the
magnetic field has been studied in test beams with small prototypes [15], and more recently in the
Magnet Test and Cosmic Challenge (MTCC), using cosmic rays in the CMS surface hall. These
studies showed that the chambers maintain a good trigger and event reconstruction functionality,
even in the most critical regions [16].

In the method presented in this section, a full reconstruction of the trajectory within the muon
system is performed to determine the drift velocity. In the first step, a pattern recognition algorithm
is applied to identify hits belonging to the same track. Once the hits have been identified, the track
is reconstructed under the assumption of a 54.3 µm/ns nominal drift velocity. In the second step
the track is refit treating as free parameters the drift velocities at each hit and the time of passage of
the muon through the chamber. The method is applied to the rφ view of the track segment in one
chamber, where there are eight measured points in most cases. The z super-layers, where only four
points are available, at most, are less significant for this analysis. The drift velocity is taken to be
the mean value of the track-by-track drift-velocity distribution.
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Figure 14. Drift velocities for B = 0 T (left) and B = 3.8 T (right). The small peak on the right panel
corresponds to the MB1 chambers of Wheel +2 and Wheel−2, and shows the influence of a higher magnetic
field in these regions.

Figure 13 shows the mean values of the drift velocity for the MB2 chambers of Wheel +2,
using the mean-time method described in section 7 and the fit method described here. When using
the mean-time method, the drift velocities have large systematic fluctuations from one sector to the
other. This is related to the errors on the ttrig determination described in section 6, which cancel
when the fit method is used.

The average drift-velocity values from the fit method, for all the chambers, are shown in fig-
ure 14, for runs without and with magnetic field (of 3.8 T).

The data at B = 0 T show an average value of 54.5 µm/ns for the drift velocity and a standard
deviation indicating that differences between chambers are in the order of 0.2 %. For B = 3.8 T, a
second peak is observed at 53.6 µm/ns. This peak corresponds to the MB1 chambers of the exter-
nal wheels (Wheel +2 and Wheel −2) and is due to the presence of a higher radial magnetic field.

Similar values of the drift velocity have been obtained using the same calibration procedure
applied to the simulated pp collision data. These results, presented in ref. [17], indicate that the
calibration algorithm delivers a more uniform response in the case of collision data and that a large
fraction of the fluctuations observed in the drift velocity calibration from CRAFT data may be
attributed to the topology and timing of the cosmic ray events.

The effect on the drift velocity of the variation of the radial magnetic field along the z coordi-
nate is shown in figure 15, as calculated with the fit method. Positive wheels (+1 and +2) are not in
the figure but show the same behavior as their symmetric wheels (−1 and −2, respectively).

The presence of the radial component of the magnetic field affects, as expected, only the MB1
chambers, primarily in the external wheels but some effects are also observed in Wheels +1 and
−1. The variation along z for the MB1 chambers of Wheels +2 and −2 is below 3 %, less than
expected from the MTCC results [16], after taking into account the differences of the magnetic
field conditions between both periods (B = 4 T during the MTCC in the surface hall, B = 3.8 T in
the underground experimental hall).

This analysis of the drift velocity is very sensitive to the field strength and, in fact, provided
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Figure 15. Drift velocities calculated using the muon track fit method described in this section. The values
are shown as a function of the z position (measured by the z super-layers), and for B = 0 T and B = 3.8 T.

the first evidence of a systematic deviation from the true field strength in the field map. A new
detailed calculation of the magnetic field has been performed [18], and the new analyses, currently
in progress, show a z dependence in satisfactory agreement with the expectations.

All sectors in the same wheel show the same behavior, as illustrated in figure 16, where the
values of the drift velocity along the z axis are shown for the MB1 chambers of some representative
sectors of Wheels +2 and 0.

The drift velocity calculation, performed in this section, provides a better spatial resolution of
the chambers with respect to the one obtained in section 7. This improvement is obtained with an
extended track fit method which determines the drift velocity and the time of passage of the muon
simultaneously with the regular track parameters. The detailed analysis of the spatial resolution for
the cosmic ray data taking in 2008 is given in ref. [19]. The value obtained is about 250 µm, in fair
agreement with the requirements for collision data [3].

10 Summary

This paper describes the calibration of the CMS Drift-Tubes system and presents results from the
cosmic ray data-taking period which took place in 2008.

The complete calibration workflow has been applied to the data. It performed efficiently, mon-
itoring the stability of the produced constants, and delivering with very low latency the calibration
constants to the conditions database used by the offline reconstruction.

The first calibration step is the identification and masking of noisy channels to have a clean
structure of the drift time distribution. The fraction of noisy cells was stable and about 0.01 %. The
average noise rate was ∼ 4 Hz.

The time pedestals, after having been corrected for the inter-channel synchronization, noisy
channels, and the time of flight between upper and lower sectors, show a constant behavior in the
entire DT system. Due to the particular topology of the cosmic ray events, the time pedestals are
poorly defined for the sectors with chambers in the vertical plane, where cosmic ray tracks with
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Figure 16. Drift velocities as a function of the local z position for MB1 chambers of some representative
sectors of Wheel 0 (top) and Wheel +2 (bottom). Different sectors are indicated by different grey tones.

large impact angles are measured. For all the other sectors, an uncertainty of the order of 10 ns is
observed. This value agrees with the uncertainty of the arrival time of cosmic ray muons within the
clock cycle.
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The drift velocity calibration results show an approximately constant value of 54.3 µm/ns
for all the chambers of the DT system, with a relative systematic uncertainty of 2.5 %. This
uncertainty originates from the measured drift time, used in the mean-time method, which is limited
by the uncertainty of the arrival time of cosmic ray muons. This explains why the obtained spatial
resolution is worse than would be expected with collision data.

A more refined analysis of the drift velocity has been performed, exploiting the full potential
of the CMS offline software for data reconstruction. It uses a track fitting procedure which leaves
as free parameters the drift velocity and the time of passage of the muons through the chambers.
Cosmic ray data with and without magnetic field have been studied. Without magnetic field, a
constant average value of 54.5 µm/ns has been observed, with an error of 0.2 %; when the field
strength is 3.8 T, the innermost chambers of the external barrel wheels measure a lower value, as
expected, of about 53.6 µm/ns. These results confirm what was observed in an analysis performed
on simulated collision data and provide a spatial resolution that is close to the design performance.
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Université Libre de Bruxelles, Bruxelles, Belgium
O. Bouhali, E.C. Chabert, O. Charaf, B. Clerbaux, G. De Lentdecker, V. Dero, S. Elgammal,
A.P.R. Gay, G.H. Hammad, P.E. Marage, S. Rugovac, C. Vander Velde, P. Vanlaer, J. Wickens

Ghent University, Ghent, Belgium
M. Grunewald, B. Klein, A. Marinov, D. Ryckbosch, F. Thyssen, M. Tytgat, L. Vanelderen,
P. Verwilligen
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Universität Zürich, Zurich, Switzerland
C. Amsler, V. Chiochia, S. De Visscher, C. Regenfus, P. Robmann, T. Rommerskirchen,
A. Schmidt, D. Tsirigkas, L. Wilke

National Central University, Chung-Li, Taiwan
Y.H. Chang, E.A. Chen, W.T. Chen, A. Go, C.M. Kuo, S.W. Li, W. Lin

National Taiwan University (NTU), Taipei, Taiwan
P. Bartalini, P. Chang, Y. Chao, K.F. Chen, W.-S. Hou, Y. Hsiung, Y.J. Lei, S.W. Lin, R.-S. Lu,
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Bogaziçi University, Department of Physics, Istanbul, Turkey
M. Deliomeroglu, D. Demir29, E. Gülmez, A. Halu, B. Isildak, M. Kaya30, O. Kaya30,
S. Ozkorucuklu31, N. Sonmez32

National Scientific Center, Kharkov Institute of Physics and Technology, Kharkov, Ukraine
L. Levchuk, S. Lukyanenko, D. Soroka, S. Zub

University of Bristol, Bristol, United Kingdom
F. Bostock, J.J. Brooke, T.L. Cheng, D. Cussans, R. Frazier, J. Goldstein, N. Grant,
M. Hansen, G.P. Heath, H.F. Heath, C. Hill, B. Huckvale, J. Jackson, C.K. Mackay, S. Metson,
D.M. Newbold33, K. Nirunpong, V.J. Smith, J. Velthuis, R. Walton

Rutherford Appleton Laboratory, Didcot, United Kingdom
K.W. Bell, C. Brew, R.M. Brown, B. Camanzi, D.J.A. Cockerill, J.A. Coughlan, N.I. Geddes,
K. Harder, S. Harper, B.W. Kennedy, P. Murray, C.H. Shepherd-Themistocleous, I.R. Tomalin,
J.H. Williams†, W.J. Womersley, S.D. Worm

Imperial College, University of London, London, United Kingdom
R. Bainbridge, G. Ball, J. Ballin, R. Beuselinck, O. Buchmuller, D. Colling, N. Cripps, G. Davies,
M. Della Negra, C. Foudas, J. Fulcher, D. Futyan, G. Hall, J. Hays, G. Iles, G. Karapostoli,
B.C. MacEvoy, A.-M. Magnan, J. Marrouche, J. Nash, A. Nikitenko24, A. Papageorgiou,
M. Pesaresi, K. Petridis, M. Pioppi34, D.M. Raymond, N. Rompotis, A. Rose, M.J. Ryan, C. Seez,
P. Sharp, G. Sidiropoulos1, M. Stettler, M. Stoye, M. Takahashi, A. Tapper, C. Timlin, S. Tourneur,
M. Vazquez Acosta, T. Virdee1, S. Wakefield, D. Wardrope, T. Whyntie, M. Wingham

Brunel University, Uxbridge, United Kingdom
J.E. Cole, I. Goitom, P.R. Hobson, A. Khan, P. Kyberd, D. Leslie, C. Munro, I.D. Reid,
C. Siamitros, R. Taylor, L. Teodorescu, I. Yaselli

– 32 –



2
0
1
0
 
J
I
N
S
T
 
5
 
T
0
3
0
1
6

Boston University, Boston, U.S.A.
T. Bose, M. Carleton, E. Hazen, A.H. Heering, A. Heister, J. St. John, P. Lawson, D. Lazic,
D. Osborne, J. Rohlf, L. Sulak, S. Wu

Brown University, Providence, U.S.A.
J. Andrea, A. Avetisyan, S. Bhattacharya, J.P. Chou, D. Cutts, S. Esen, G. Kukartsev, G. Landsberg,
M. Narain, D. Nguyen, T. Speer, K.V. Tsang

University of California, Davis, Davis, U.S.A.
R. Breedon, M. Calderon De La Barca Sanchez, M. Case, D. Cebra, M. Chertok, J. Conway,
P.T. Cox, J. Dolen, R. Erbacher, E. Friis, W. Ko, A. Kopecky, R. Lander, A. Lister, H. Liu,
S. Maruyama, T. Miceli, M. Nikolic, D. Pellett, J. Robles, M. Searle, J. Smith, M. Squires, J. Stilley,
M. Tripathi, R. Vasquez Sierra, C. Veelken

University of California, Los Angeles, Los Angeles, U.S.A.
V. Andreev, K. Arisaka, D. Cline, R. Cousins, S. Erhan1, J. Hauser, M. Ignatenko, C. Jarvis,
J. Mumford, C. Plager, G. Rakness, P. Schlein†, J. Tucker, V. Valuev, R. Wallny, X. Yang

University of California, Riverside, Riverside, U.S.A.
J. Babb, M. Bose, A. Chandra, R. Clare, J.A. Ellison, J.W. Gary, G. Hanson, G.Y. Jeng, S.C. Kao,
F. Liu, H. Liu, A. Luthra, H. Nguyen, G. Pasztor35, A. Satpathy, B.C. Shen†, R. Stringer, J. Sturdy,
V. Sytnik, R. Wilken, S. Wimpenny

University of California, San Diego, La Jolla, U.S.A.
J.G. Branson, E. Dusinberre, D. Evans, F. Golf, R. Kelley, M. Lebourgeois, J. Letts, E. Lipeles,
B. Mangano, J. Muelmenstaedt, M. Norman, S. Padhi, A. Petrucci, H. Pi, M. Pieri, R. Ranieri,
M. Sani, V. Sharma, S. Simon, F. Würthwein, A. Yagil

University of California, Santa Barbara, Santa Barbara, U.S.A.
C. Campagnari, M. D’Alfonso, T. Danielson, J. Garberson, J. Incandela, C. Justus, P. Kalavase,
S.A. Koay, D. Kovalskyi, V. Krutelyov, J. Lamb, S. Lowette, V. Pavlunin, F. Rebassoo, J. Ribnik,
J. Richman, R. Rossin, D. Stuart, W. To, J.R. Vlimant, M. Witherell

California Institute of Technology, Pasadena, U.S.A.
A. Apresyan, A. Bornheim, J. Bunn, M. Chiorboli, M. Gataullin, D. Kcira, V. Litvine, Y. Ma,
H.B. Newman, C. Rogan, V. Timciuc, J. Veverka, R. Wilkinson, Y. Yang, L. Zhang, K. Zhu,
R.Y. Zhu

Carnegie Mellon University, Pittsburgh, U.S.A.
B. Akgun, R. Carroll, T. Ferguson, D.W. Jang, S.Y. Jun, M. Paulini, J. Russ, N. Terentyev, H. Vogel,
I. Vorobiev

University of Colorado at Boulder, Boulder, U.S.A.
J.P. Cumalat, M.E. Dinardo, B.R. Drell, W.T. Ford, B. Heyburn, E. Luiggi Lopez, U. Nauenberg,
K. Stenson, K. Ulmer, S.R. Wagner, S.L. Zang

Cornell University, Ithaca, U.S.A.
L. Agostino, J. Alexander, F. Blekman, D. Cassel, A. Chatterjee, S. Das, L.K. Gibbons, B. Heltsley,
W. Hopkins, A. Khukhunaishvili, B. Kreis, V. Kuznetsov, J.R. Patterson, D. Puigh, A. Ryd, X. Shi,
S. Stroiney, W. Sun, W.D. Teo, J. Thom, J. Vaughan, Y. Weng, P. Wittich

– 33 –



2
0
1
0
 
J
I
N
S
T
 
5
 
T
0
3
0
1
6

Fairfield University, Fairfield, U.S.A.
C.P. Beetz, G. Cirino, C. Sanzeni, D. Winn

Fermi National Accelerator Laboratory, Batavia, U.S.A.
S. Abdullin, M.A. Afaq1, M. Albrow, B. Ananthan, G. Apollinari, M. Atac, W. Badgett, L. Bagby,
J.A. Bakken, B. Baldin, S. Banerjee, K. Banicz, L.A.T. Bauerdick, A. Beretvas, J. Berryhill,
P.C. Bhat, K. Biery, M. Binkley, I. Bloch, F. Borcherding, A.M. Brett, K. Burkett, J.N. Butler,
V. Chetluru, H.W.K. Cheung, F. Chlebana, I. Churin, S. Cihangir, M. Crawford, W. Dagenhart,
M. Demarteau, G. Derylo, D. Dykstra, D.P. Eartly, J.E. Elias, V.D. Elvira, D. Evans, L. Feng,
M. Fischler, I. Fisk, S. Foulkes, J. Freeman, P. Gartung, E. Gottschalk, T. Grassi, D. Green,
Y. Guo, O. Gutsche, A. Hahn, J. Hanlon, R.M. Harris, B. Holzman, J. Howell, D. Hufnagel,
E. James, H. Jensen, M. Johnson, C.D. Jones, U. Joshi, E. Juska, J. Kaiser, B. Klima,
S. Kossiakov, K. Kousouris, S. Kwan, C.M. Lei, P. Limon, J.A. Lopez Perez, S. Los, L. Lueking,
G. Lukhanin, S. Lusin1, J. Lykken, K. Maeshima, J.M. Marraffino, D. Mason, P. McBride,
T. Miao, K. Mishra, S. Moccia, R. Mommsen, S. Mrenna, A.S. Muhammad, C. Newman-Holmes,
C. Noeding, V. O’Dell, O. Prokofyev, R. Rivera, C.H. Rivetta, A. Ronzhin, P. Rossman, S. Ryu,
V. Sekhri, E. Sexton-Kennedy, I. Sfiligoi, S. Sharma, T.M. Shaw, D. Shpakov, E. Skup, R.P. Smith†,
A. Soha, W.J. Spalding, L. Spiegel, I. Suzuki, P. Tan, W. Tanenbaum, S. Tkaczyk1, R. Trentadue1,
L. Uplegger, E.W. Vaandering, R. Vidal, J. Whitmore, E. Wicklund, W. Wu, J. Yarba, F. Yumiceva,
J.C. Yun

University of Florida, Gainesville, U.S.A.
D. Acosta, P. Avery, V. Barashko, D. Bourilkov, M. Chen, G.P. Di Giovanni, D. Dobur,
A. Drozdetskiy, R.D. Field, Y. Fu, I.K. Furic, J. Gartner, D. Holmes, B. Kim, S. Klimenko,
J. Konigsberg, A. Korytov, K. Kotov, A. Kropivnitskaya, T. Kypreos, A. Madorsky, K. Matchev,
G. Mitselmakher, Y. Pakhotin, J. Piedra Gomez, C. Prescott, V. Rapsevicius, R. Remington,
M. Schmitt, B. Scurlock, D. Wang, J. Yelton

Florida International University, Miami, U.S.A.
C. Ceron, V. Gaultney, L. Kramer, L.M. Lebolo, S. Linn, P. Markowitz, G. Martinez, J.L. Rodriguez

Florida State University, Tallahassee, U.S.A.
T. Adams, A. Askew, H. Baer, M. Bertoldi, J. Chen, W.G.D. Dharmaratna, S.V. Gleyzer, J. Haas,
S. Hagopian, V. Hagopian, M. Jenkins, K.F. Johnson, E. Prettner, H. Prosper, S. Sekmen

Florida Institute of Technology, Melbourne, U.S.A.
M.M. Baarmand, S. Guragain, M. Hohlmann, H. Kalakhety, H. Mermerkaya, R. Ralich,
I. Vodopiyanov

University of Illinois at Chicago (UIC), Chicago, U.S.A.
B. Abelev, M.R. Adams, I.M. Anghel, L. Apanasevich, V.E. Bazterra, R.R. Betts, J. Callner,
M.A. Castro, R. Cavanaugh, C. Dragoiu, E.J. Garcia-Solis, C.E. Gerber, D.J. Hofman, S. Khalatian,
C. Mironov, E. Shabalina, A. Smoron, N. Varelas

The University of Iowa, Iowa City, U.S.A.
U. Akgun, E.A. Albayrak, A.S. Ayan, B. Bilki, R. Briggs, K. Cankocak36, K. Chung, W. Clarida,
P. Debbins, F. Duru, F.D. Ingram, C.K. Lae, E. McCliment, J.-P. Merlo, A. Mestvirishvili,
M.J. Miller, A. Moeller, J. Nachtman, C.R. Newsom, E. Norbeck, J. Olson, Y. Onel, F. Ozok,
J. Parsons, I. Schmidt, S. Sen, J. Wetzel, T. Yetkin, K. Yi

– 34 –



2
0
1
0
 
J
I
N
S
T
 
5
 
T
0
3
0
1
6

Johns Hopkins University, Baltimore, U.S.A.
B.A. Barnett, B. Blumenfeld, A. Bonato, C.Y. Chien, D. Fehling, G. Giurgiu, A.V. Gritsan,
Z.J. Guo, P. Maksimovic, S. Rappoccio, M. Swartz, N.V. Tran, Y. Zhang

The University of Kansas, Lawrence, U.S.A.
P. Baringer, A. Bean, O. Grachov, M. Murray, V. Radicci, S. Sanders, J.S. Wood, V. Zhukova

Kansas State University, Manhattan, U.S.A.
D. Bandurin, T. Bolton, K. Kaadze, A. Liu, Y. Maravin, D. Onoprienko, I. Svintradze, Z. Wan

Lawrence Livermore National Laboratory, Livermore, U.S.A.
J. Gronberg, J. Hollar, D. Lange, D. Wright

University of Maryland, College Park, U.S.A.
D. Baden, R. Bard, M. Boutemeur, S.C. Eno, D. Ferencek, N.J. Hadley, R.G. Kellogg, M. Kirn,
S. Kunori, K. Rossato, P. Rumerio, F. Santanastasio, A. Skuja, J. Temple, M.B. Tonjes, S.C. Ton-
war, T. Toole, E. Twedt

Massachusetts Institute of Technology, Cambridge, U.S.A.
B. Alver, G. Bauer, J. Bendavid, W. Busza, E. Butz, I.A. Cali, M. Chan, D. D’Enterria, P. Everaerts,
G. Gomez Ceballos, K.A. Hahn, P. Harris, S. Jaditz, Y. Kim, M. Klute, Y.-J. Lee, W. Li, C. Loizides,
T. Ma, M. Miller, S. Nahn, C. Paus, C. Roland, G. Roland, M. Rudolph, G. Stephans, K. Sumorok,
K. Sung, S. Vaurynovich, E.A. Wenger, B. Wyslouch, S. Xie, Y. Yilmaz, A.S. Yoon

University of Minnesota, Minneapolis, U.S.A.
D. Bailleux, S.I. Cooper, P. Cushman, B. Dahmes, A. De Benedetti, A. Dolgopolov, P.R. Dudero,
R. Egeland, G. Franzoni, J. Haupt, A. Inyakin37, K. Klapoetke, Y. Kubota, J. Mans, N. Mirman,
D. Petyt, V. Rekovic, R. Rusack, M. Schroeder, A. Singovsky, J. Zhang

University of Mississippi, University, U.S.A.
L.M. Cremaldi, R. Godang, R. Kroeger, L. Perera, R. Rahmat, D.A. Sanders, P. Sonnek, D. Sum-
mers

University of Nebraska-Lincoln, Lincoln, U.S.A.
K. Bloom, B. Bockelman, S. Bose, J. Butt, D.R. Claes, A. Dominguez, M. Eads, J. Keller, T. Kelly,
I. Kravchenko, J. Lazo-Flores, C. Lundstedt, H. Malbouisson, S. Malik, G.R. Snow

State University of New York at Buffalo, Buffalo, U.S.A.
U. Baur, I. Iashvili, A. Kharchilava, A. Kumar, K. Smith, M. Strang

Northeastern University, Boston, U.S.A.
G. Alverson, E. Barberis, O. Boeriu, G. Eulisse, G. Govi, T. McCauley, Y. Musienko38, S. Muzaffar,
I. Osborne, T. Paul, S. Reucroft, J. Swain, L. Taylor, L. Tuura

Northwestern University, Evanston, U.S.A.
A. Anastassov, B. Gobbi, A. Kubik, R.A. Ofierzynski, A. Pozdnyakov, M. Schmitt, S. Stoynev,
M. Velasco, S. Won

University of Notre Dame, Notre Dame, U.S.A.
L. Antonelli, D. Berry, M. Hildreth, C. Jessop, D.J. Karmgard, T. Kolberg, K. Lannon, S. Lynch,
N. Marinelli, D.M. Morse, R. Ruchti, J. Slaunwhite, J. Warchol, M. Wayne

– 35 –



2
0
1
0
 
J
I
N
S
T
 
5
 
T
0
3
0
1
6

The Ohio State University, Columbus, U.S.A.
B. Bylsma, L.S. Durkin, J. Gilmore39, J. Gu, P. Killewald, T.Y. Ling, G. Williams

Princeton University, Princeton, U.S.A.
N. Adam, E. Berry, P. Elmer, A. Garmash, D. Gerbaudo, V. Halyo, A. Hunt, J. Jones, E. Laird,
D. Marlow, T. Medvedeva, M. Mooney, J. Olsen, P. Piroué, D. Stickland, C. Tully, J.S. Werner,
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4: Also at Université de Haute-Alsace, Mulhouse, France
5: Also at Centre de Calcul de l’Institut National de Physique Nucleaire et de Physique des
Particules (IN2P3), Villeurbanne, France
6: Also at Moscow State University, Moscow, Russia
7: Also at Institute of Nuclear Research ATOMKI, Debrecen, Hungary
8: Also at University of California, San Diego, La Jolla, U.S.A.
9: Also at Tata Institute of Fundamental Research - HECR, Mumbai, India
10: Also at University of Visva-Bharati, Santiniketan, India
11: Also at Facolta’ Ingegneria Universita’ di Roma ”La Sapienza”, Roma, Italy
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