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THE CMS MUON DETECTOR: 

from the first thoughts to the final design.

By   Fabrizio Gasparini

University of Padova and Sezione di Padova of INFN

Forward

The project described in this chapter, the CMS Muon Detector, is fully described in Reference [1].
It was designed from 1991 to 1994 by a community of physicists and engineers from Universities and Institutes of several countries and under the responsibility of John Layter, Guenakh Mitselmakher,
Igor Golutvin and of the author. The details of the design were fixed in 1997 with the submission of the CMS Muon Technical Design Report. This chapter reflects the views, the memoirs and the understanding of the author who is responsible for the choice of the subjects and for any omission and error.
1) INTRODUCTION 
      The presence of muons is an important signature of interesting and rare processes generated by the close interactions of quarks and gluons, the basic constituents of the high energy protons supplied by the Large Hadron Collider at CERN.

     Muons are heavy leptons and final leptonic states can be detected looking for muons or electrons or a mixture of the two. Hence a good Muon Detector allows to look at the same process in different channels with different leptonic signatures enriching the final sample. The efficiency in the detection may depend on the presence of different backgrounds and /or on the performance of the full detector and muons are often favoured by their easier identification in a much less crowded environment. The production of Z and W bosons will be copious at LHC and their multiple production will be possible up to very high energies. The first process is well understood and will be essential for the calibration and monitoring of the performance of the detectors; the presence of anomalies in the multiple production at high energies would be an important sign of New Physics. The final state consisting of four charged leptons or the presence of two charged and two neutral leptons detected looking for the missing Et in the calorimeters are “gold signature” of the Higgs particle. Supersymmetric (SUSY) Higgs bosons decaying in  and detected by the presence of a couple of charged leptons and missing Et would be an important discovery. Very heavy gauge bosons with masses in the TeV region are predicted by SUSY, Grand Unification and Multidimensional Theory and can be detected studying the di-electron or di-muons mass distribution.  The identification of the charge of the final leptons is important to study the backward-forward asymmetries that should allow distinguishing one model from another. A good measurement of the position and an independent measurement of the momentum are important to identify the muon inside jets in the crowded inner detectors and this is relevant for many Top and SUSY searches. The detection of low momentum muons is essential to reconstruct the Y, Y’ Y” decay in muons in heavy ions collisions and measure their relative production rates for various nuclei to investigate the formation of Quark-Gluons plasma. 
    This short summary shows that the final performance of  an Omni Purpose detector at LHC will depend on the integrated performance of all its parts and that a powerful and reliable Muon Detector  is an important ingredient to reach the ambitious goals in the study of the still poorly known region around 1 TeV. 
At the same time it identifies the requirements for the Muon System: 

· a safe identification of a muon within the full solid angle

· a good measurement of the transverse momentum up to and above 1 TeV
· an unambiguous charge identification up to and above 1 TeV
· the capability of detecting and measuring very low pT Muons 

         A critical task of an LHC detector is related to the very low probability of the kind of events described above. At the nominal LHC luminosity of 1034/cm2 sec, two bunches of 1011 protons cross each other at a rate of 40 MHz. Because the total inelastic cross section is around 80 mb, 109 inelastic events will be produced per second and each of the rare interesting events will be accompanied by 20 inelastic in the same crossing. The rate of very deep collisions is expected to be  1012 times lower, one every 100 crossings or every few microsecond .The amount of information associated to each interaction crossing and the bandwidth limitations of the most advanced technology allow recording them on final tapes at a rate of few 100 Hz. To get rid of the largest possible fraction of inelastic events the data from the detectors are sampled at 40 MHz, pipelined and selected in different consecutive steps, named levels of trigger. As usual the first of them is the most critical: it must cut the rate by a factor around 104 in a couple of s.   Close interactions of the basic constituents are characterized by the presence in the final state of particles of high transverse momentum so the first level selection stands on suitable combinations of the fast recognition by the calorimeters of large deposition of energy, energetic electrons or photons, and/or by the presence of a high momentum or several low momentum muons.

An unavoidable request is that the detectors involved in the first level selection are capable of tagging unambiguously the beam crossing that generated their first level data 
     A second important requirement is a prompt measurement of the muon momentum. Muons are heavy and long lived particles insensitive to the nuclear force, so they are identified by their capability of crossing a very large amount of matter without being stopped. 
The material thickness in front of the Muon System, measured in collision and radiation lengths, is the same in ATLAS [2] and CMS: 11 collision and about 110 radiation lengths. This value is large enough to reduce the rate of hadron or electron punch through below the irreducible rate of prompt and decay muons.
So what comes out of the calorimeters should be only muons. They are prompt muons from decay of heavy quarks, from Z and W bosons decay and muons from kaons and pions decaying in the inner detectors. The most important component is from b and c quarks decay. The components have different spectra but their superposition shows that for pT larger than several GeV the spectrum in the central   region  is quite steep, roughly as  d/dpT ~ pT - 4   (Fig. 1a).[3] 
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Fig. 1)  a) Inclusive muon spectrum at the Tevatron, b) Single muon expected rate in CMS 

The expected number of single muons above a given value of pT decreases by four orders of magnitude from a  pT of few GeV to a pT of few tens of GeV (Fig.1b) [4].  By design the CMS first level output trigger rate should not exceed 30 kHz, shared between muon and calorimeter triggers, and about 5 kHz  for the single muon trigger.. To reach this value a threshold in momentum on single muons should be put around 10~15 GeV at the first level, but large uncertainties on cross section and background at LHC require a sound safety margin. Higher thresholds should be foreseen up to and possibly above 50 GeV to further cut the rate by at least one order of magnitude. Any threshold has some width of  
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 bin will pass through and a fraction of the upper bin will be cut. The steepness of the  pT distribution demands sharp thresholds to minimize the promotion of lower momentum particles to an higher momentum . To cope with, the muon trigger should be capable of providing suitable thresholds in a range from 10 to 100 GeV with a resolution in pT of 20~ 30 %. This is quite demanding at the first level of selection because it is only two times worse than the ultimate momentum resolution of the CMS Muon System alone in the same  range (see figure 3). The requested value of 20~30% translates into a similar amount for the measurement of the bending angle or in  1mm position resolution .

      In summary ,and for Trigger purposes, the tasks of  the Muon Detector are to tag the crossing that generates the particle and supply prompt and as accurate as possible information about its position and momentum in a time of about 100 proton bunch crossings.

The issues of time resolution and trigger had the decisive and more important impact on the design of the CMS Muon System and of its detectors . 
2) The MUON detectors
The two big experiment at LHC, ATLAS and CMS are fully described in reference [1] and [2]. 
They made different design choices for the Muon System, related to the choice made for the central magnetic coil (Fig 2).

[image: image4]
Fig.2)  ATLAS (a) and CMS (b) at the same scale: visible are the different size of the Magnet coils and the same size of the block of the central detectors. c) a section of CMS with the chamber names: for the Barrel MB (wheel/station), for the Endcap   ME (disk=station/ring) .Dot lines are RPCs.

CMS made the choice in favour of a 4 Tesla field, and because the magnetic pressure is proportional to B2 the coil could not be thin to not degrade the performance of the calorimeters. To allow the calorimeters inside the coil its radius is 3.4 m and its length 12 m, its thickness was set at 4 radiation lengths. 
The outer radius of the central part of CMS, taking into account the coil and its vacuum tank, is the same as in Atlas, 4m.  

 The size of the return yoke is very large in order to capture the huge magnetic flux generated by the central coil. In CMS the muons have to cross other 10 absorption and 100 radiation lengths in the iron yoke before  reaching the  outermost station, The Muon Detector of ATLAS consists of three stations of  4 to 8 detector layers each in the air and that of CMS of four stations of 6 to 12 layers around and inside the iron yoke. The first just after the calorimeters (and the coil in the Barrel), two are embedded in the iron yoke and a fourth is outside the yoke. The muon pT is measured in ATLAS with the help of a second magnet that generate a toroidal field in the air, while in CMS the magnetic field is the return field inside the magnetized iron. 
      To judge the performance one has to take into account the complete detectors, Tracker and Muons. 
Figure3) compared to Reference [2]shows that the design dpT/pT muon resolution of ATLAS and CMS is expected to be similar , around few percent up to 300 GeV and  approaching 5 ~ 8 % depending on  at 1 TeV. 
This result is determined in ATLAS mainly by the Muons alone, while in CMS is obtained from the Tracker up to 300 GeV and by combining Muon and Tracker data above this value. The CMS curves, both for the inner Tracker and the Muon system, show a constant dpT/pT  resolution at low momentum followed by a linear increase with pT.    
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Fig.3) CMS Muon transverse momentum resolution as function of pT.   [1].
             The value of the momentum can be obtained from the measurement of the angle of bending 

  =0.3 B S/P and     dpT/pT =d/  = d  P/ (0,3 B S)      B= magnetic field (T)     S= arc length(m).
The measure of  is affected by several uncertainties coming from the Multiple Coulomb Scattering (MCS), the detector resolution (d), the alignment uncertainties (a) etc....
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At low pT the detector resolutions are masked by the constant term due to the multiple Coulomb scattering while at high pT the dispersion is a function of pT and is dominated by the intrinsic resolution of the detectors. The extension of the flat region depends on the number of radiation lengths, in the central region 
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 it is about 0,5 for the Tracker and more than a hundred for the Muons.  The 10 ~ 15% resolution of the Muons up to 300 GeV does not limit the global performance because it is enough to guarantee an unambiguous matching between Muons and Tracker to exploit its full potentiality 
      The resolution of the detectors is then dictated by the requirements at very high pT. The heaviest objects might be the Z’ bosons whose mass is supposed to be around 1 TeV or above with a typical width around 4%: this demands a comparable value of dpT/pT that can only be obtained combining the information from Tracker and Muon.
The difference between the approaches of the two experiments reflects into the requirements and the design of the detectors.
The request of precision in CMS is from two to three times less stringent than in ATLAS. (e.g. dpT/pT at 300 GeV is 10% in CMS and 3 % in ATLAS.
The number of stations and layers is 30~50% larger in CMS that then deploys a larger number of electronics channels (TABLE 1).

                                                                    TABLE 1
                   volume (m3)   N. stations    resolution(m)    layers/station     N.chambers     N.channels

ATLAS         10.000                3                35 ~40                      4 to 8               1182                 385 K
CMS               2.500                4                55~ 120                   6 to 12                790                 580 K

The first point is related to the radius of the CMS Tracker, ~1 m, that is one third of the radius of the coil and then profits of the 30% only of the full bending power. Once the momentum is high enough and the MCS in the Calorimeters becomes sufficiently small the Muon System does not need a challenging resolution to allow CMS to exploit the full power of its BS=12 Tm bending. This clearly demands a very good understanding of both detectors and a perfect matching between them.
The second point is related to the decision of CMS to exploit the irrelevant contribution of the chambers to the MCS, as opposed to the contribution of the iron, to design multilayer chambers for a very effective solution for the bunch crossing identification and to set sharp momentum thresholds.
This short summary shows that the differences between the two systems are not in the expected final performance but in the way the performance is obtained. The final performance will depend on the way the two experiments will be able to understand the behaviour of the full detector, dealing with different backgrounds, different calibration and intercalibration problems, and on their capability of meeting the alignment requirements.
3) A few further remarks
The proposers of a multilayer chamber design for CMS, capable of providing the Bunch Crossing identification and the information for the first level trigger, had several arguments to support their choice.
Some of them are listed below:
1) many layers make the requirement of resolution per layer much less stringent

2) trigger information from precise chambers allows precise and efficient cuts in PT at the first level of selection.

3) a self triggering chamber allows the checking of its performance (overall and per layer efficiency, resolution etc...) in any moment and without any external reference during construction and operation, outside or during data taking.

4) a self triggering chamber allows modulating the trigger parameters station by station and chamber by chamber for a matchless overall trigger tuning

5) a self triggering chamber is capable of triggering and reconstructing random time tracks as cosmic rays or low  particle from the interaction vertex.

6) during data taking a time resolution of a few nsec per station and the use of several precise stations allows quick recognition of not only the position but also the direction of flight of the particle. This is important to protect the calorimeters against large energy deposition from a cosmic ray.
7) a very precise trigger on cosmic rays would be of invaluable help for the synchronization of the full CMS detector prior to the LHC start up.

8) a drift chamber with a time resolution of few nsec allows to measure and monitor in an unbiased way the local drift velocity and Lorentz angle in presence of Magnetic field.
The way these goals were achieved is the main subject of this chapter.

4) The CMS iron yoke and the chamber type
       The CMS yoke has a dodecagonal shape to be as symmetric as possible around the Coil to prevent uncompensated or asymmetric stresses .A rough estimate of the size of the yoke can be obtained asking that the total flux through the central section of the CMS coil (~ 32 m2) matches the total flux across the Barrel iron. At the exit of the coil the B-field lines open radially in their path to the Barrel yoke and the field intensity in the iron decreases along the radius. To minimize the value of the magnetic field in the drift chambers volume, the barrel iron should not be saturated and should not exceed 1.8 ~ 2 T.

The larger intensity in the barrel will be in the first iron shell at a radius of about 4.5 m 
This gives an outer radius of the central yoke of 7 m and a cross section of ~ 95 m2. 
A picture of the magnetic field lines and of the expected particle fluencies in CMS can be found in 
Figure 4) [5]. 
The first iron layer of the barrel is fed by the B lines coming out across the coil, while the second and third layers are fed via the endcap disks. This scheme demands the first barrel layer to be quite near to 
                                     
[image: image12]
Fig.4)  Left: typical magnetic field line distribution. Right: expected particle fluencies in the Muon Detector as function of  at the LHC nominal luminosity.

the coil. If there the B field is ~1.8 T it will be 1.4 T and 1.2 T in the second and third layer with a total bending power of ~ 2.2 Tm. Because of that the muon trajectory at low momentum will be quite far from an arc of circumference and this will be worsened by the energy losses of the muon across the iron.
       The barrel yoke is segmented in R in three layers and the endcap yoke in three disks each The thickness of the iron depends on the layer, the first iron disk and the first barrel ring are only 30 cm thick, about two absorption lengths. 

Due to the energy losses in the iron the measurement of momenta as low as 3 GeV can be done only by the first two barrel stations and this demands the first layer to be thick enough to absorb the tails of the hadronic showers from the calorimeters and thin enough to allow low momentum particles to reach the second station.

The choice of the type of detectors was driven by two factors: the behaviour and intensity of the magnetic field in the chamber area and the expected particle fluxes (fig.4). The B-field lines are radial in the endcap disks and parallel to the beam line in the Barrel. Hence the most important coordinate for the measurement of the momentum both in the barrel and in the endcap is along circumferences centred on the beam line, (R-, where  is the CMS azimuth angle and R is the radius of the circumference). Figure 4) shows clearly that the CMS magnetic field has very large component perpendicular to the chamber planes in the full endcap, where the field is bent to feed the Barrel yoke, and that sizeable field components enter in the barrel chambers volume in the gaps between all the barrel wheels and in the more external chambers of station 1 and 2 in the outer wheels. Figure 4) shows also that the expected muon rate from prompt and punch through Muons is small in the central barrel but increases significantly by three orders of magnitude moving to the inner endcap. The shape of the magnetic field and the expected particle rates drove quickly to the decision of equipping the barrel with drift chambers, more sensitive to the magnetic field and with limited rate capability because of the long drift time and the long wires, and with Multiwire Proportional Chambers with cathode strips read out (Cathode Strip Chambers, CSC) the full endcap.
       CSCs are much better suited for this area because their short drift path (half the wire pitch) makes them much less sensitive to the presence of a magnetic field and gives them an excellent rate capability. The important R- coordinate is well measured in the barrel by drift chambers with wires parallel to the beam line, and is very easily measured in the endcap by CSCs whose cathodes can be segmented in thin trapezoidal strips running along the CMS radius. In spite of the fact that strips of variable width and angle with the wires make the spatial resolution dependent on the position of the track, a non trivial advantage is  that the CSC chambers can take the more natural  trapezoidal shape to fit the 12 sectors of the iron disks. The full barrel is covered by 250 drift tube chambers (DT) and the endcaps by 540 CSC. 
Few typical parameters are summarized in TABLE 2.
                                                                        TABLE 2
	chamber       size (m2)      weight (kg)     gas gain       Landau peak(fC)         integr.time    range(bits)         least count
                                                                                                                                  (nsec)      

	barrel              5 to 10      780 to 1500     ~ 105                            125                                                 25                                                   0,8 nsec/380 nsec

	endcap            0,5 to 4        60 to 276       ~7x 104           cathode  112 (250 counts)            150                12              noise 2,2 counts

	                                                                       anode 142                                 30

	                     number of read channels              n. of wires       cathode strips          field shaping strips

                                                                                                           (not read)                   (not read)

	barrel                  180 K                                          180 K                    360 K                       360 K

	endcap       180 K wires /220 K strips               ~ 2.000 K 



[image: image13]
Fig.5)  a) [5] A cross section of a drift tube section in the CMS bending plane. Indicated are the two groups of  and the group of   layers. b) Cross section of a CSC [4] : three panels support the wires and four panels the cathode strips.
.      The CMS drift chambers (Fig.5 a) that equip the three first stations of the Barrel Yoke are made of three independent units of four layers each of rectangular tubes with a cross section of (13 x 42) mm2. Each group is shaped by four arrays of  aluminium I  beams sandwiched  between  five 1.5 mm thick aluminium plates, The three groups are individually tested before being glued to a thick Aluminium Honeycomb plate.
The direction of the wires of the two outer groups ( groups) is along the Z axis, thus measuring the R- coordinate, and have all the same length (2.5 m). The third group measure the Z, or , coordinate and the wire length depend on the R position of station. The chambers of the fourth and outermost station have only the two  groups, the Z one being substitute by an equivalent additional Honeycomb panel. The decision was taken under the pressure of funding limitations and also to avoid wires longer than 
4.5 m.
The total thickness of a chamber is larger than 0,25 radiation lengths (about 25 mm of aluminium).
The endcaps are equipped with CSCs (Fig.5b). They  have six gaps 9.5 mm wide (or 7 mm wide in ME1/1),. and each of them supplies both the and the R coordinates. The R is obtained from the position of  the hit wires, the  by an interpolation of the amplitudes of the signals induced on 2 to 5 cathode strips. Each chamber is made of seven honeycomb panels clad by fibreglass and sheets of copper: three of them support on opposite sides two planes of wires and four the etched strips for the cathode read out. The panels have a density  of 8 kg/m3 and fiberglass and copper are 1.6 mm and 34 micron thick.(0,13 radiation lengths).  
Each Muon Station is backed by one or more layers of  Resistive Plate Chambers (RPC) (Fig.2 c) .
They are trigger dedicated detectors, that constitute a second and independent Trigger System , the primary one being  covered by the tracking chambers [1] [4].  .
The overlap of the barrel chambers in the same station is prevented by the twelve iron ribs that separate the iron layers . The endcap chambers of the same station can overlap because of the lack of connection between the iron disks in the chambers area. To reduce the chamber size the CSC of stations 2 to 4 are split  in two along R without overlap and, for technical reasons in two or three overlapping parts in  in the same sector The dead regions in R are not pointing to the interaction vertex. . The first endcap Muon Station is split  in three rings ,instead of two, to allow the first ring of chambers to stay just at the mouth of the coil. 

      The requirement of  a precise measurement of the position and direction of  a particle track can be fulfilled only if the position and orientation of each chamber with respect the central tracker is known within a value comparable to its internal resolution. This is a serious difficulty because of the size of CMS and of the large number of units , supported by the eleven independent elements of the yoke. 

5) The requirements of spatial resolution
       The Muon System of CMS is optimized for the best performance on muon momenta between 20 and 100 GeV, the important range for the Higgs search. The space resolution is determined by the overall performance at high pT . An approximate, but realistic, estimate  can be obtained in a simple way from the requested value of a dpT/ pT  around 4% at 1TeV.

The momentum can be measured by the radius of  curvature of the track, r, or by the bending angle,  or by the sagitta, s . The sagitta of an arc of circumference is given by   s = r(1-cos(S/2r)) where S is the length of the arc.     If, as it is the case , 
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   and   ds/s =. dpT/ pT  
Lets disregard the MCS  for a particle with a pT of, or above, 1 TeV and approximate the arc length S to the length of the cord of the arc.
If  the sagitta of the track is measured inside the Tracker, S is in good approximation the Tracker radius R and, assuming  for the Tracker a typical resolution  .= 20 m, one gets  dpT/ pT  = /s =13 %. 
The limit is due to Tracker radius (1m) , that does not exploit the full bending power of the 3m radius of the coil.

If the Tracker could use  the full bending ( i.e it had a 3 m radius) the goal of  dpT/ pT  = 4% could be reached measuring the sagitta at R=1.5m (half the coil radius) with a resolution  as comfortable as 54 m. This goal can be reached including in the measurement of the sagitta  the information of the first Muon Station. The last Tracker layer is at R=1m and the first Barrel Station ( MBm/1) is at 4.2 m. To fulfil the 54 m resolution at 1.5 m one must weight the contribution of the respective resolution by the ratio  R(at the sagitta)/R (of  the detector position).

  = (1,5/4.2 )2  + (1,5 )2 = 54 m 2      where and  are the Muon and Tracker resolution.
With = 20 m, the 4% resolution at 1 TeV  is reached if the spatial resolution of  MBm/1  is  
 = 125 m. 

Lets repeat the exercise in the FW region : the outer radius of ME1/1 is 2.5 m. This is still larger than the Tracker radius but smaller  than the radius of the coil . ME1/1 does not exploit the full bending. 
The maximum  sagitta is at 1.25 m 

To reach  dpT/ pT  =0,04  =  
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    ds must be     ds=37 m                            
 The requirement that 

(1.25/2,5 x )2 + (1.25x)2 = 37m 2         gives     = 55 m for ME1/1.
The same procedure for ME1/2 gives      = 75 m.

        Lets now come back to the “ disregarded “  MCS  at 1 TeV: the contribution of the MCS from the calorimeters and the Coil to the MB1 inaccuracy is around 80 m that combined with the 125 m above gives a  fully acceptable value of 150 m. Similar arguments hold for the other chambers.

The conclusion is that the desired dpT/ pT  resolution at 1 TeV is reachable combining the information from Tracker and Muons if the resolution of the Muon Chambers is 125 micron in the barrel and in a large area of the endcaps , 75 micron in ME1/2 and 55 micron for the most demanding ME1/1. Because those chambers can be made of  many layers of drift tubes or CSC the request per layer can easily be more than 2 times larger, a comfortable value for this type of detector even taking into account the presence of a difficult magnetic environment..

Those rough estimates were carefully checked by a complete simulation of the detector , taking into account the expected magnetic field, the uncertainties on the alignment internal to the Muon and towards the Tracker and the energy losses of the Muons due to ionization and radiative processes (bremmstrahlung and pair production) in the calorimeters and in the iron of the CMS yoke. While ionization losses are gently distributed along the track and increase logarithmically with energy, the radiative losses are due to small cross section processes and increase linearly with energy. Because they are  localized and have large energy fluctuations they can seriously affect the energy or momentum measurement  In the iron the radiative losses for a muon  become important around 100~200 GeV and comparable to the ionization losses around 300~400 GeV . The lost energy is released in energetic electromagnetic showers that can “blind” a muon station .To be inside the iron is a disadvantage that can only be mitigated  by the presence of multiple stations decoupled by a suitable amount of absorber and by a station design with many sensitive layers to cope as best as possible with the many tracks of a shower. It was shown that the resolution can be improved making a fit that includes the Tracker and all the 4 Muon stations , confirming any way that the performance of the first station has a dominant role. For the best performance the relative position of the Muon chambers , and namely of the first station, with respect to the Tracker must be known in position and angle with a precision better or equal to the chamber resolution and small with respect to the bending angle . For 1 TeV particle this request requires that the  position of the first muon station versus the Tracker is known with a precision better than 40 rad . The requirements are less stringent for the outer stations. For example the position of MB4 should be known within 300 m.
6) The Trigger issue and the number of layers.

Having a clear idea of the requirement for the position resolution one can deal with the question of the number of layers.
The idea was that the number of layers had to be driven not only by  the space  resolution but also  by the more difficult goal of reaching the time resolution needed for the bunch crossing identification.
The time taken by a relativistic muon, to cross and leave the full detector, ranges from a minimum of  about 20 nsec to about 36 nsec , larger than the 25 nsec time between two consecutive bunch crossings. To allow the time synchronization of the trigger detectors and of the data sampling in the full CMS  the LHC clock is distributed all across the detector delayed by the time taken by a relativistic particle to fly from the interaction vertex to each detector or element of it .
A relativistic particle cross then all the different parts of  CMS  “at the same virtual time” . An “interesting crossing” will be quickly recognized by suitable multiple time coincidences of signals from selected parts of CMS.

However the condition that each triggering  element of CMS must have a time resolution much better than 25 nsec can’t be dropped .

Drift and CSC are detectors designed for spatial and not for time precision. The gas amplification is done in a small volume around the wires and this generates an intrinsic variable delay due to the time taken by the electrons to migrate to it . In the most common gas mixtures at atmospheric pressure the drift velocity of the electrons is typically of the order of  40 ~ 60 m /nsec, so already  the typical 1.5 mm  path in a standard MWPC introduces a time dispersion that can be as large as about 40 ~ 60  nsec . 
To overcome the problem the usual choice is to put together a hybrid system : the precision in the track position is obtained from drift or proportional chambers , and the precise timing from a set of  dedicated devices like RPCs, or plastic scintillators.
At the time the design started the RPC were in a tumultuous phase of study and improvements and the Muon designers agreed to exploit the freedom on the number of layers per station to obtain the desired time and momentum resolution from the “slow” tracking chambers.

The goal was reached in each  single station thanks to a fast process of the signals from a suitable number of detecting layers. 

The pT assignment requires the measurement of the radius of the bent trajectory and  the knowledge of its position in at least three stations. The endcap chambers can overlap in  in the same station but overlapping is prevented in the barrel by 12 iron structures that generate 12 dead areas in  in each station. 

The dead regions combined with possible presence of radiative cascades generate a sizeable inefficiency when requesting at least 3 out of 4 stations. 

The difficulty was bypassed by asking each station in the barrel to provide a segment instead of a point, in this way two stations are sufficient to measure the bending of the trajectory.   

6.1) The Drift Tubes case.

A maximum drift path of  21 mm , or a tube width of 42 mm, was chosen  taking into account the low particle rate and the wire length. The number of layers per station  and the design of the internal field shaping electrodes were determined by the request of the time resolution for the Bunch Crossing identification.
The starting point was to apply  to a drift tube device [5] [6] the well known “mean time” technology, widely used to have a constant time delayed coincidence of the signals from two photomultipliers looking from opposite sides to the light generated by a charged particle in the same plastic scintillator.

This process can be applied to a couple of successive layers of the same station, staggered in position by half the wire pitch. (Figure 6) 
                                
[image: image19]
Fig.6)  Playing with two and three layers of drift tubes and delay lines. With three or more layers the track pattern is reproduced in the digital delay lines after a fixed time equal to the maximum drift time.
For a track perpendicular to the wire planes and if the drift velocity does not depend on the position all along the drift cell, the sum of the times of drift in the two tubes is equal to the maximum possible drift time, Mt, in a tube.

This is not true for an inclined track, because the two lines are not fed, as in a scintillator, by the same original signal but by two independent signals .The  resulting error is proportional to the angle of  the track. The problem can be solved using three or more  layers. The signals from each wire feed each a delay line switching on a bit that is moved along it at the same speed as the drift velocity in the gas.

If the delay lines are represented by a matrix the hits align in the matrix after a time equal to the maximum drift time. The pattern gives the position of the track segment with respect to the hit wires and its angle to the chamber plane. The lines are clocked at 80 MHz , synchronously with the LHC local clock, and about 31 steps of 12.5 nsec are needed to cover  the maximum drift time of 385 nsec in a 85/15 % gas mixture of Argon/CO2. The number of steps is programmable in order to fit possible changes in the drift velocity due to changes in the gas mixture or to the presence of a magnetic field.
Energetic electrons (delta rays) generated in the gas or in the tube walls and passing nearer to the wire than the parent Muon, mask  its pulse,  making its apparent drift time shorter . The quantification of this effect was quite easy looking to the number of faulty layers after the track was reconstructed. Studies done on Muon beams between 50 and 300 GeV with a four layers prototype showed that the probability of this kind of events is around 25%  but that in the 80% of the cases only one layer is affected,  because the delta ray  is stopped by the thick aluminium plate that separates two layers. The use of  four layer and the request of an alignment of  at least three out of four bits gave the correct time of passage of the particle in the 95% of the cases. 

The uncertainty in the time of alignment is one step (12,5 nsec , 700 m at the nominal drift velocity) and the time resolution is roughly   
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 .Taking into account that the maximum time spent by the signal to walk  along the 2.5 m long wires is 11 nsec the combined uncertainty is less than 5 nsec, enough to identify the parent crossing. 

The drift time is accurately measured by separate TDC with a time bin of  0.78 nsec. Once the track has been reconstructed one can make the “mean time” operation off line .

For three layers the maximum drift time is Mt = (t1+t3)/2 + t2. , in the case of four layers Mt can be obtained from any  combination of t1, t2, t3 and t4.  The Mt. is a fixed time signal that allow to compute the drift velocity. Under the reasonable assumption that the single layer time resolution is layer independent , the single  layer time and space resolutions can be obtained 
t  = 
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       and         x = t  Vd                 where Vd  is the drift velocity.
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Figure 7) See text below. a) is from reference [1] , b) and c) are CMS Public DPG plots.
Figure7a) shows the dispersion of Mt in a test beam, assuming a uniform drift velocity of  54.5 m/nsec
the value of 3.8 nsec gives a resolution per layer of 170 m.  Figure7b show the dispersion of the drift velocity  along all the wires of all the chambers as measured during the CMS cosmic runs in fall 2008, with the complete barrel operational. The dispersion of the drift velocity is below 0.096m/nsec , and the deviations from a uniform value are below 0.2%. Figure 7 c) shows what happens when the CMS magnet is switched on at 3.8 T  [7]. The small peak is the drift velocity in the MB 2/1 chambers ,where the B field in the chamber volume increases along the wires up to about 0.6 T .The behaviour of the drift velocity along the wires of those chambers is shown in the small insert.
The delay lines and the pattern recognizer are housed in one electronic chip [4] .Its complexity is  related to the intrinsic left/right ambiguity in each tube and increases with number of wires to be looked at in function of the angle of the track. In the final design each chip looks at 9 neighbour wires with a superposition of four wires  between two neighbour chips. The limit in the angular acceptance depends mainly on the ability in finding a non ambiguous alignment of the bits in the shift registers when the angle goes above a given value. An increase of the number of wires connected to the single chip or an increase of the number of layers had improved very little the performance .The only , and fruitful, way was to exploit the possibility of having a 12 layer station  with two groups of four layers reading  the critical  coordinate and one group of  four layers reading the less critical Z . 
The trigger signal is generated by the simultaneous presence of  an alignment signal from at least two out of the three groups of  four layers.

As said above in the Barrel the goal was to provide a segment to the first level Trigger . The two  groups sandwich the Z one and a thick Honeycomb plate providing a distance in R between their mid planes of  20 cm. A fast Track Correlator and Sorter combines the information of the two F groups for a resolution in angle of  3 mrad.  This value complies with the desired  20% resolution in the bending angle on a 10 GeV muon crossing the first iron layer (29 cm) in a field of 1.8 Tesla .
Simulations showed that the resolution degrades below 10 GeV because of the effects of the MCS but is still better than 40% at 100 GeV  .

The design estimates about position and angular resolution at trigger level were fully confirmed in a test at CERN of a couple of final chambers on a muon bunched beam of  120 GeV They are better than 1mm and  3 mrad in an angular  range of +- 30 degrees [8].
The bunch crossing identification efficiency was tested on a Muon beam [9] with momentum from 15 up to 300 GeV. It was proven to be better than 98% per chamber and to be degraded by  3% at 300 GeV  because of the presence of hard electrons or particle showers generated by a 40 cm thick iron in front of the chamber . It is worth recalling  that 300 GeV is the momentum value where the energy losses due to ionization and radiative processes become comparable.
To summarize two groups of four staggered layers of tubes  provide , after a fixed time of  a bit more than 380 nsec, the time of passage of the track with a resolution better than 5 nsec  and its position and angle within 1 mm and 3 mrad. 
This nice result is achieved with an excellent efficiency and noise immunity.

6.2) The CSC  case

A CSC layer delivers two coordinates, one from the wires and one from the cathode strips. The signal from the wires, that  gives a coarse Radial resolution depending on the wire pitch, is treated for timing purposes  to have a fast rise time (30 nsec). The signal induced on the cathode has a typical bell shape that can be sampled measuring the charge induced in few neighbour strips to obtain the position of its peak, i.e. the   coordinate of the track  This coordinate must be precise . Depending on the position of the track , 2 to 4 strips are fired, because of their variable width. The amplitudes are measured by 12 bits ADC  with an integration time of  150 ns  . The signals from the strips are “slow signals”. 
The delay coming from the different shaping time is appropriately compensated  to match together the wire and strips information of the same track Test in the beams showed that in a CSC with a wire pitch 

of 3.2 mm a 99 % efficiency in the BX tagging can be reached with at least 6 layers through a fast process of the  signals delivered by groups of  5 to 16 ganged wires per plane in a small radial interval. This is achieved asking for the presence of  4 out six planes in a time window of two crossing (50 nsec), and assigning to the track the time, and the bunch crossing, of the 2nd or 3rd  fastest layer. 
Figure  9 a) [4] [10] shows that the time dispersion of a single layer is about 40 nsec but that of the fastest ones in a six layer chamber are well inside 20 nsec, the time resolution is actually 4 nsec [1]. 

The probability of local generation of delta rays is very similar to the Drift Tube case and their

chance to affect more than one layer is very small due to thickness of the panels. Their presence is harmless in the CSC time tagging because of the much shorter drift time. They  generate however distortions in the width, position and symmetry of the image induced on the cathode strips. This  effect is limited by the redundancy in the number of layers. 

The signal from the strips allows to know the position of the track in one station and to measure its momentum looking at two or three stations. The procedure of making a fit to the amplitudes of the strip signals is too slow for triggering purposes. A much faster way is to make only a prompt comparison between the signals of the interested strips (Fig.9 b). A suitable threshold is set on the path of the signal of each strip. The signal from the strips is sampled at 40 MHz and once a signal is over threshold a gate of 150 nsec is open to allow the signals to reach their peak value . Than three comparisons are made with the two neighbour strips and between them The highest strip is taken, and the track is assigned to its left or right half following the result of the comparison between the two neighbour ones. What is needed is a circuit with four comparators per strip, one of them in common with the next strip.

[image: image23]
Figure 9)  a) The time dispersion in the slowest and fastest layers in the ME 1/1 chambers : its value in the second and third faster layers is around 4 nsec and well inside  the 25 nsec window. b) show how the fast comparator machinery works (see text).  (c) Resolution of the comparator in unit of strip width.

The white area  is the distribution from “clean” events and the shaded  from non isolated tracks.

The position is assigned to the centre of the higher strip when two strips only are fired. The procedure provides  a quick pattern of half  and full hit strips, one per detecting layer.  If the strips of the six planes are staggered by half a strip the comparison with a look-up table in which a number of possible patterns of  half and full strips is loaded in function of the position and angle of the track allows to find the position of the track within 0,11 strip width [11] and the variation  between the first and the sixth layer of the chamber, whose distance is 15 cm, is also recorded in fraction of strip width. Because the strip width depend on the radial coordinate ,the information from the strips must be combined with that coming from the wires that are processed  in parallel in a much shorter time. The width of the strips ranges (with the exception of ME1/1)  from 6,6 to 16 mm ,and the position of the segment is located with a resolution between 0,7 and 1.8 mm. In a six layer chamber the efficiency of finding the segment is 99.8 % for clean events but still as high as 95% in presence of electromagnetic showers generated by a 40 cm iron block in front of the chamber [11].The momentum measurement is obtained by comparison of the variation of the coordinate among two or three chambers. Its resolution spans between 20% at 10 GeV and 40% at 50 GeV , the average being around 29% in agreement with the Trigger requirements [12 ].
7) The choice of the detector parameters

The choice of the wire length does not usually appear among the important parameter for the design of a detector but  had some relevance in the CMS case. In a Multi wire chamber a wire becomes mechanically unstable under the electrostatic forces  if its mechanical tension T  is not above a critical value determined by its length and by other chamber parameters [13].
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           L = wire length, V= operating voltage, s = wire pitch  C= capacity

The wire length is limited by the maximum affordable wire tension and by the capability of the chamber frame to stand the force of  many hundred wires stretched up to several hundred grams each.

Taking advantage from the possibility of overlapping the chambers in  , that had allowed the use of particle tracks for their relative alignment in the same iron disk, the chambers of the same sector were split in two or three in . This limits the wire length in the CSC to 1,3 m and its tension to 250 g. The limited area of the chamber allowed also to solve the problem of the planarity of the electrode panels (see below..).

[image: image25]
Fig.10) Relevant parameters for the CSC and drift cell design (see text)

The relevant parameters for the chamber design are shown in Fig,10). For a DT they are the ratio between the extension of the avalanche region, in which the electric field is highly inhomogeneous and grows as 1/r,  and the drift region in which the electric field is uniform. The  “thickness” of the drift region generates a  dependence of the length of the drift path. on the track angle. 

In the CMS drift tubes the three parameters must be  tuned to meet the goal of  a uniform drift velocity along the full cell and this requires a careful design of the field shaping electrodes. 
In a CSC the important parameters are the wire pitch s, the gas gap D ,the wire radius r and the strip width W . The swarm of positive ions leaving the amplification region around a anode wire induces a charge on the cathodes whose density, projected in a direction perpendicular to the wires (the strip direction), can be precisely computed by electrostatics. For a practical design the distribution must be described by a formula containing explicitly the important parameters of the detector.

 It was shown [14]that its shape normalized to the anode charge can be best fit ( within 0.1%)  by 
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where =D/2x , x is the position of the cluster peak , and  K1,K2 and K3 are three empirical parameter whose value depends on the s/D .
A further small approximation allows to express K1 and K2 in function of K3 only. The best value for K3 can be computed once D/s and r/s are fixed [15]. Once this is done the fit depends on two free parameters, the value of x and of the total charge Q.
From the shape of the charge distribution one can extract useful hints about the best width of the strips.
Lets assume that  the position of the track is at the centre of one strip , one can find the charge deposited on the neighbour strip integrating   between –W/2 and +W/2, between +W/2 and +3W/2 etc.  

Half of the signal is left to the outer strip if  W= D/2 , one eight if  W=D and very few if W=2 D.
(see also [10].

This is relevant because the error in the position comes in  fraction of  W  and depends on the resolution in the measurement of the charge. 
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      n = number of strips        ENC = electronics noise     
The precision on the charge is limited by the electronics noise and the error is larger if Q is small, so the geometry must be arranged in order to have a small number of hit strips, typically between 3 and 5, and the usual choice is to have W~D . As mentioned above in CMS  the best strip geometry to measure the  coordinate is to have them running along the radius and this implies that their width increases with the  radius and that the angle between the strips and the wires depends on , and so on the wire length. Both conditions violate the golden rule that for the best performance the strip width must be uniform and the strip to wire angle a constant. Taking advantage from the large number of layers the effort was concentrated on the ambitious goal of reaching a charge resolution of 1% in the full Endcap area and taking the best compromise for the average strip width. It was set to 1,3 D for the chambers expected to have a 150 m resolution and to 0,8 D for the most demanding ones . The critical area is at the higher radius border of the chambers where the strip width reaches 1.8 times the gap width.
The problem was solved by staggering the strips of the different layers by half a strip : in this case the critical track passing at the centre of a strip in one layer will cross the subsequent in between two strips.
The dependence of the resolution on the strip width is shown in figure 11) [4] in function of the position of the track..
[image: image1]           
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The resolution for a track between two strips is is around 140 m, independent of the strip width. Lets take the example of ME2/1 whose strips range from 7 to the larger value of 16mm at the outer border of the chamber. With no staggering the resolution for a track in the center of the 16mm strips would be              
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With staggered strips it can be obtained from  
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         and with 1~ 140 m and 2 ~ 500 m   one obtains   
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 ~ 77m.
The magnetic field and the angle of the  track with respect to the chamber plane will degrade this figure, but the design value of  125 m is clearly at hands.
The choice of  r and D was guided by practical constraints. The choice of  a 50 m wire was driven by the request of  robust wires stretched at a comfortable tension due to their relative short length (the only exception was made for ME1/1 that is equipped with 30  m wires). The choice of D followed the unavoidable decision of  using for the 3500 panels standard panels of  industrial production.. The problem was to fix the constraint on the panel planarity. The reference was the size of the collected charge that depends on the spread induced  by the gas gain variations on the wire and by the unavoidable Landau fluctuations of the ionization. 
For a fixed voltage the gain, G, depends exponentially on the variation of the field, E, on the wire 

dG/G ~ exp (20 dE/E) 
Simulations showed that the two effects become comparable if the gain variation is not much larger than two and this requires that the local variation of  dE/E  does not exceed the 3% and an obvious similar value for  the planarity of the panels. Commercial panels of  the typical area of 3x1 m2  were available with planarity around 200 ~300 m, larger panels were not satisfying such a strict specification, and this was an important argument in favour of the chamber splitting in . The choice was made for a gap D of  9.5 mm and a wire pitch 3 mm for all the CSC with the exception of  ME1/1. The definition of the wire pitch is  not completely independent from the choice of the gas gap because the current induced by the movement of the swarm of positive ions is shared between the cathodes and the neighbour wires following their relative capacitance. This effect was taken into account in the overall simulation of the electrostatic properties of the chambers.
The best value for  K3 is 0,33 for all chambers and 0.45 for ME1/1.
A positive outcome of the multiplication of the number of chambers due to the segmentation in  was that the panels were also robust enough to stand the wire tension and that a robust and self-supporting CSC was feasible simply bolting together the seven panels.

[image: image32]
Fig.11) Left a) development of  the design of the CMS drift tube cell. Center b):cell equipotentials. Right (c): drift velocity as a function of  the electric field in  the  Ar/CO2 gas mixture. The dots  show, for comparison, the typical behaviour of  a typical (70/30) Ar/Isobutane  mixture [13].
Figure 11) shows the development of the design of the DT drift cell from the very first prototypes  to the final design. The design was determined by the crucial requirement of  a uniform drift velocity in the full cell for trigger purposes.

The first model was inspired by the L3 experiment at LEP and the improvements by the tubes designed for the Muon system of the SDC experiment  at the planned US Supercollider. What makes the difference is the size of the CMS design that foresees a tube cross section 15 ~ 20 times smaller..
The tubes are rectangular to minimize the thickness of a multilayer chamber. They are 42 mm wide and 13 mm high The height determines the number of primary electrons generated by an ionizing track and could not be further reduced without loss of efficiency .The thickness of the drift region is about 6 mm, half of the height of  the tube. and about 50 primary electrons, out of the 100 generated in the full gap, reach the anode. The first design had only three electrodes : the wire , the I beams , insulated from the plates by thick plastic extruded profiles, and  the grounded Aluminium plates .It showed an unsatisfactory behaviour in presence of magnetic field. To cope with, in the second version,  two electrodes (made of thin Mylar insulated aluminium strips) were inserted in front of the wires and set at positive HV. They  allow a better control of the drift field and of its homogeneity along the full cell. The last change was to make the cathodes with aluminium insulated strip glued to I beams that were set to ground. This improved the field in the cathode region and the chamber robustness removing the weak plastic to metal gluing and halving the number of layers of structural gluing. As shown in Figure 11b) [1] [16] the intensity of the electric field in the drift region is controlled by the Voltage  of the strips in front of the wire (the 1800 Volt equipotential in the figure, and by the voltage of the cathode (-1200 Volts).
The distance between the two is about 1.9 cm and the resulting field is ~ 1.5 kV/cm that corresponds to the center of the short Vd plateau of the Ar/CO2  gas mixture.
The difficulty of the design can be appreciated looking at the short plateau shown in figure 11 c). 
Both DT and CSC are sensitive to the presence of a magnetic field: if uniform over the detector area one can correct for, if not uniform it will contribute to the degradation of the resolution. The only region in the muons where B is uniform enough to allow a correction is the small area covered by the ME1/1 chambers discussed at the end of the next section.
8) The constraints from the  magnetic field 

An electron travelling in a gas in presence of an electric field E  has a stop and go motion under the force F = eE. 
A simple expression for its average velocity ,i.e. for the drift velocity, is 

 Vd = e/2m E         e,m = electron charge and mass     = mean time between collisions
The time between collisions has been found experimentally to be largely independent of E , and that at  high enough values of E all the practical gas mixtures show a more or less wide regions in which Vd is independent of E. The reason is that the cross section and the fraction of energy lost per collision with the gas molecules. depend on the local energy gained by the drifting electrons between two collisions . At high fields there is a compensation between the two effects that makes Vd independent of the strength of E.
In presence of magnetic field a new force appears , the Lorentz force FL  . If Vd and B  are perpendicular to each other   FL = eVd B 
If Vd is saturated  its modulus does not change but its direction takes an angle  
tang 
[image: image33.wmf]Y

= VdB/E  
substituting Vd  with Vd = e/2mE   the tang
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 is often expressed in function of the cyclotron frequency, 
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, of the electron in the local magnetic field  
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= e/2m B  
tang
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 = 
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
This expresses the fact that the electron path between two collisions keep the same length but it is no longer a straight segment but an arc of circumference , so it moves a bit along the direction of the Lorentz force and less along the electric field E.
In the region where  Vd is saturated, the size of the Lorentz angle can be tuned by playing with the value of E , but the drift velocity in the direction perpendicular to the wire is in any case reduced  by a factor cos
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,   V’d = Vd cos
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[17].
This shows the two relevant things for a drift chamber : if B is not constant along the wire length the drift time will depend on the position of the track . If the saturation region is wide enough the resulting time dispersion can be limited reducing  the Lorentz angle  
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 playing with the value of E .
In the MB1 and MB2 chambers of the outer wheels the magnetic field is inhomogeneous and its  intensity perpendicular to the wires plane increases along the wire from 0.2 to 0,4 T in MB2 and from 0,4 to 0,8 T in MB1. Tests in magnetic field showed that below 0.5 Tesla the Lorentz angle in one layer was below 10 degrees generating a maximum variation of the drift time smaller than 5 nsec, (just a bit more than 1%)  and  that the variation was of  12 nsec between 0.3 and 0,8 T.  
Because the LHC clock is distributed following a local delay  a local shift of its time of 6 nsec had reduced this uncertainty  to +- 6 nsec well below the 12.5 nsec of the delay lines step and  sufficient for the bunch crossing identification . Actually the results reported in [7] and in Fig.7c) show that the B field in that region is lower than expected and that the variation of the maximum drift time is about 9 nsec instead of the 12 reported above.
 It is interesting to note that in presence of 1 T  field the increase of the drift field from 1.5 to 1.8 kV/cm was measured to reduce the Lorentz angle from 26.4 to 22.4 degrees in agreement with the above formula [4].
The case is different for a CSC .For a track perpendicular to the wire plane and B=0 the region interested by the multiplication avalanche is roughly a point , but in presence of B it becomes a segment with a length 
L = s tang
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  were s is the distance of the track from the wire. 
The segment extends to the right or to the left of the point at B=0 according to whether the track is above or below the wire. This introduce a dispersion of   (s/2  tang
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). With the exception of ME1/1 and ME1/2 the field B is below  0,5 T and tang
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 was measured to be below 0,1 so that  x < 40  m which is a negligible degradation for the large  fraction of the chambers from which the expected resolution is 150 m
The exception are the chambers in the two  inner rings of the first disk were B takes values as high as 1 or  3 Tesla.   In ME1/2 the axial field ranges from 1 T  at the inner radius to 0 T at the outer border. The best possible precision in PT requires a chamber space resolution  of  75 m  that corresponds roughly to  160 m  per layer. The value of tang 
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was measured for several magnetic field intensities and is  0,15 at 1 T . The induced dispersion of 65 m per layer does not dramatically compromise the chamber performance. The target resolution of 160 micron per layer was restored, or even improved, reducing  the strip width which average value in ME1/2 is 8 mm instead of the typical 12 mm in the other chambers;

           
[image: image47]       
Figure 12) At B=0 the path of the electrons generated by a particle at x=x0 is perpendicular to the wires 

and the induced charge distribution is centred at x0. In presence of a magnetic field the paths 

are tilted by the Lorentz angle  and the charge distribution is moved form x0  to x’. 

The correct position is restored tilting the wires by  - .

If B is not uniform depends on the position of the particle along x , and the correction is impossible.

From Figure 12)  one can see that  the distortions induced by a uniform magnetic field can be cancelled  tilting the wires with respect to the strips by an appropriate angle. This was not possible in  ME1/2 because of the large in-homogeneity of the magnetic field, but was possible and mandatory in ME1/1. 

The ME1/1 region is critical also because, due to the higher momentum, the rate of punch through is increasing and it is expected to reach a value around  300Hz/cm2, while the total random rate of single hits due to the background is around 600 Hz/cm2. The effects of the random hits is largely mitigated by the multilayer structure of the stations .

The only way to face an higher rate is to reduce the drift time inside the chambers and the size of  the charge image on the cathode. The drift time depends on the wire pitch and the size of the image on the gas gap. In the first ring the best result was obtained reducing the wire pitch form 3.2 to 2,5 mm and the gas gap from 9.5 to 7 mm, the wire diameter was also reduced to 30 m . The average strip width was reduced by a factor 2  with respect to the other CSC chambers .Those  changes demand an  improvement in the mechanical assembly of the chambers and a reduced tolerance in the manufacture of some critical elements , namely for the  panel flatness whose requirement was moved from 200 to 50 m  and had to be done at home in the participating Institutes.. 

The ME1/1 chambers  are positioned just at the mouth of the coil in presence of a very high axial magnetic field perpendicular to the drift paths. The result of the careful adjustment of the chamber parameters discussed above had been largely masked by the presence of the Lorentz force 
if the magnetic field at the mouth of  the coil were not regular enough to permit a correction by tilting the wires .. This correction can’t be perfect because the angle between the wires and the radial strips of the 168 cm long chambers is 900 only at the center and reaches +- 5 deg at the borders.  However this angle is still small compared to the 25 degrees of the Lorentz angle in a 3 Tesla axial field.
Figure 13) shows that the nominal resolution in presence of an intense magnetic field could be almost completely recovered.

[image: image48] 
Figure 13) The resolution of two ME1/1 prototype chambers : a)  without tilted wires in absence of magnetic field and b) with tilted wires in presence of magnetic field [4].
9) Few final comments

It worth noticing  each CSC and drift tube chamber are independent auto triggering devices : each of them is an independent unit capable of tagging the time of passage, and measuring the position and angle of any track. In spite of the fact that their electronics is clocked at 40 MHz, to be synchronous with respect the expected time of passage of the tracks in LHC, they can detect with a small reduction of efficiency or resolution, due to the asynchronous sampling of the signals, even random particles as cosmic rays or low Beta massive particles generated in LHC. Cosmic Muons come at random time within the 25 nsec windows, so their time  dispersion is 
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 nsec = ~ 7 nsec .
The time resolution of a DT is ~ 4 nsec and the combined dispersion reaches 8 nsec that corresponds to a spatial resolution of  about 500 m. However the TDC of  the 4 hit wires in a 4 layer group will all be stopped at a time that is delayed with respect to the time of passage of the track of the same amount of time . A  fit determines quickly the common correction to be applied to each wire to reach the best alignment of the hits and restore the nominal resolution. 
For the CSC this time represents the “error” in the sampling of  the signals for wires and strips , and it is reasonably small compared to the 150 nsec shaping time of the cathode strips so the degradation of the resolution is very small.. The knowledge of the local drift velocity, that may depend on the local magnetic field, is crucial for the drift tubes. The mean time signal is prompted out with a delay that is equal to the maximum local drift time. The position along the wire is  measured by the Z layers ,so a mean time operation on the TDC data after the track has been optimized  gives a very precise measurement of the local drift velocity.. The Muon detector is playing a decisive  role in the preparation of CMS for the LHC start up. The capability of CSC and drift tubes of giving the time and position of the cosmic rays permits a careful synchronization between all the chambers and of the Muon versus the Tracker and the calorimeters in absence of beam. The variation of the drift velocity from chamber to 
chamber to chamber or inside the same chamber gives an independent measure of the intensity of the local Magnetic field . 
After the Tracker was put  into operation ,giving a good measurement of the muon momenta , the data from the Muon are allowing an intense campaign to check and correct the CMS B field map in the yoke area, and to improve significantly the methods and performance of  the detectors alignment with tracks. 
10) RPC

In the early stages of  CMS three designs were submitted for the Muon  chambers, all based on CSC and drift tubes of different design. Two of them were hybrid systems, in which the time tagging was based on RPC layers coupled to the tracking chambers. When the choice was made in favour of the third one, described in this chapter, CMS decided to maintain an RPC system, fully decoupled from the tracking chambers, to have an independent way to check and monitor the trigger efficiency of the detector.[1] [4].
The two systems are treated in an independent way by the overall trigger of CMS.

RPC is a parallel plates gaseous detector made by two 2mm thick highly resistive Bakelite plates, with a bulk resistivity of ~ 1010   /cm, and with a typical gap of 2 mm. The two plates are baked with a low resistivity graphite coating, one of them is set to HV the other to ground. Because of the high resistivity the plates are “transparent” and swarms of ions moving across the gap induce an electric signal on a plane of insulated strips put behind the anode plate.

The planar electrodes generate a uniform electric field across the gap. It must be intense enough to allow the avalanche multiplication to start with the first mean free path of the primary ionization electrons .The electric field felt by the electrons across the two mm gap is then comparable to the field they feel in the last 100 m of their path toward the wire in a proportional chamber, typically 
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 V/m. To exploit efficiently the small number of primary electrons (typically 10) the gas gain must be as high as 107 and the fluctuations of the collected charge are as large as 103  , ranging from 
1 fC to 1 pC. One weak point of the RPC is the rate of  random signals or discharges that can be generated by the large number of photons from the ions recombination  or by local spontaneous discharges due to the unavoidable  local surface defects of the bakelite  panels. Due to the very high field the energy dissipated in the gas is large: at a rate of few 100 Hz/cm2 it may reach a value of 1W/m2..             
The above observations explain the strength and the weakness of an RPC . The avalanche multiplication is local, there is no delay due to any drift time, the only delay is due to the fixed time of 40~50 nsec  of the signal growth determined by the electrical parameters of the detector and of the front end electronics. The time fluctuations in the generation of a useful signal is a fraction of the time taken by one electron to run across the two mm gap , 1 nsec or less. 
A difficult issue remains, the very coarse space resolution. The very large signal fluctuations and the large extension  of the multiplication region (2mm, to be compared to the “point like” size in a DT or CSC ) translate into unpredictable fluctuations of the size and shape of the charge image on the cathodes  preventing a signal processing similar to that used in a CSC. The strip width must be set large enough to have only one or two fired electrodes, typically a couple of cm. The resolution can’t be improved by a local multilayer structure. A reasonably precise tracking or momentum measurement  can be obtained only by multiple RPC planes well separated in space. CMS is “compact” by definition, and a Muon trigger based on RPC only was judged to be inadequate and risky.
RPC have however some important advantages : the extremely precise time tagging , the lack of drift time and of any type of local fast or slow signal processing makes a RPC trigger twice as fast as the DT/CSC part. Their  resolution is poor enough to be substantially insensitive to the presence of magnetic field and of  electromagnetic showers, but the sharpness of the momentum threshold is two times worse than the DT/CSC value for PT larger than 10~15 GeV .These properties are so clearly complementary to those of  the more powerful trigger based on the tracking chambers that CMS decided  to keep alive an option in favour of a simple RPC based Trigger to be used as monitor and backup of the main trigger line. 
In CMS two RPC layers sandwich the first two barrel stations and one layer is present in the two outer stations. Four layers are present in the Endcap and a plan exists to upgrade their number to six [1].
The trigger is based on a quick comparison between the simple pattern of six, or four , fired strips to a number of possible patterns stored in large look-up tables. A fast and simple process that could only be made critical by the presence of random hits that would make  the number of pattern to be looked at  to diverge. This was the main risk, and the final green light to set up a RPC trigger was not given until a convincing demonstration showed that the critical requirements of a random signal rate well below 10 Hz/cm2 was achievable .Currently this rate is below 1 Hz/cm2, a non trivial result obtained with long research on very effective quenching gas mixtures and on careful surface treatments.
The promotion of the RPC from a simple local time tagging machine to a detector suitable for a trigger system at LHC is the result of ten years of passionate work of few people that were able to improve the RPC basic performance by  more than two order of magnitude.
At the start of this long run the RPC was a detector operated in the so called “saturated streamer mode” generating signals in the range of 100 pC, with a noise rate around 100 Hz/cm2 and a comparable rate capability.

Those figures must be compared to the actual charge smaller than 1 pC, to a noise rate below 1Hz/cm2 and to a rate capability of more than 1 kHz/cm2.

11) ALIGNMENT
The knowledge of the relative positions of the tracking detectors has been always a critical issue for any 

high energy physics detector.
CMS has some peculiar features :

 1) )  the final performance of the detector  is achieved only if a perfect matching is reached between

     the compact inner Tracker and the Muon Stations ,widely dispersed among the movable 

     wheels and disks of the yoke.

 2) the detector is made of eleven independent and large elements that can be separated for

     maintenance sliding along the beam line 
 3) the huge magnetic field generates strong forces that compress the five wheels and displace 
     and deform the endcap disks 
 4)  due to the small clearance between the nose of  the first endcap disk and the central 
     detector  elements their relative position must be carefully and continuously monitored during 
      the closing and the onset of the magnetic field 
Gravitational distortions lead to static deformations of the yoke elements that generate displacements 

of the detectors with respect their nominal position, up to several mm. The displacements can be measured within few hundred m by photogrammetry when the detector is open. 
The repositioning of the large elements of the yoke after an aperture of  CMS is very precise , but not better than few mm.
The deformations induced by the magnetic forces on the yoke may be as large as few cm and were measured to be almost perfectly elastic.

The endcap iron disks are bent, and the central part of the first disk , the nose that supports the endcap calorimeter and the first muon station, move toward the interaction point by a couple of cm. The periphery of the disk is displaced in the opposite direction and the chambers move with respect to their nominal positions.
During the operation the thermal equilibrium of the yoke is reached after several months , the effects are expected to be in the sub-millimetre range.

The CMS Alignment is described in all details in [1] . It is made of three independent parts : the internal alignment of the Tracker, of the Barrel and of the Endcap Muon. A fourth element, the LINK, locks them together and monitor the displacements of the heavy structures of CMS during the critical phase of the closing and during the normal operation..

A sketch of the full system is shown in Figure 14).
It consists of many optical paths laying on three “planes” all across CMS and staggered in  by 60o to comply  with its 12-fold symmetry. The figure shows the lay out of one of the three optical planes. 

Each Endcap station is monitored through radial straight line monitors (SLM) running along the full diameter of the supporting disks. Each SLM has two laser beams, sent out at the two opposite ends of the SLM line and detected by a couple of sensors in each of the four crossed chambers. The rest of the chambers are aligned with respect to them detecting tracks that pass through their overlapping regions. The lines monitor the position of the chambers in R- and also their displacement along Z, due to the disk deformation in presence of the magnetic field  . 

The positions of the 250 Barrel chambers are monitored by a  floating network of  36 carbon fibre structures (MAB) optically connected together. Two groups of six MABs are on the outer faces of the external wheels and six inside each gap between the wheels , the two groups in the gaps between the movable wheels are displaced by 30o in  .Each MAB hold 8 digital camera that looks at LED sources precisely installed in the barrel chambers . MABs are placed in  along the separation between two barrel sectors and look to the neighbour sides of the eight chambers of the two adjacent sectors.

The two endcaps are connected together by endcap link laser transfer lines, two per alignment plane, measuring their relative movements in . Those lines are also detected by sensors sitting on the top of  four out of the six arrays of the Barrel MABs (shown in the figure).


[image: image51]
Figure 14) a) One of the six alignment planes of CMS showing the position of the endcap SLM,the endcap link lines ,and the MAB inserted in the iron gaps of the barrel yoke. b) Details of  a quarter of a plane of the LINK . 
The more peculiar part of the CMS Alignment is the LINK system whose main issue is to link together the three CMS tracking detectors , the  Barrel and Endcap Muon and the Tracker.

The LINK is also the part of the Alignment whose final design was changed several times and fixed very late ,in 2003~2004, when the final details of design of the CMS Tracker and of its services were fully defined..

The key elements of the LINK  are two carbon fibre rings (Link Disks , LD, ) supported by the first endcap iron yoke at the two opposite sides of CMS. Their diameter is 1300 mm and they are positioned  at =3 ,centred with respect to the beam line .They are supported by three long aluminium bars attached to three of the six reference plates (TP, see Fig.14 b)  attached to the iron at the outer border of the nose The six TP lay inside the Alignment planes at the border between ME1/1 and ME1/2. The LD generates a number of laser lines along the CMS radius that lay on the three Alignment planes . The lines are detected by ASPD sensors with a nominal precision in the range of  5 m .Two of them are in each MAB, two in the ME1/2 chambers and two in the TP. The detection of those lines links together the three Alignment planes and gives the relative position of the Barrel MABs with respect to the ME1/2 chambers and to the first iron disks. The position of the Barrel chambers is provided by the MABs and  that of the Endcap chambers by the Endcap Alignment in which the ME1/2 are integrated by six SLM running on the surface of the inner face of  the first Endcap disks (not shown in the figure). The relative position in the transverse plane of CMS of those structures between themselves  and with respect the LD is obtained through a number of different type of distance sensors, whose precision has been tested  to be in the range of 30 m.  Some of them are visible in the figure. Distance sensors connect also in R and the chambers to the TP. The full system is floating and its absolute position in the CMS reference system depends on the knowledge of the position of the fiducial references (e.g. the TP) that are measured by photogrammetry in the range of the 300 mm. But the relative position of the different monitored structures depends only on the performance of the ASPD and distance sensors who is in the range of  20~30 m. 
The first and crucial issue of the LINK is to measure and monitor the relative position of the central Tracker with respect to the Muon, and mainly with respect to their first stations. Two carbon fiber rings with a diameter of  730 mm (Alignment Ring,AR) are on the outer external faces of the Tracker, attached to the support plane of the outer silicon layer of the Tracker Endcap . They are equipped with six laser collimators and three distance sensors. The laser lines reach the LD and are deflected radially and detected in the MABs by the same sensors that look at the lines generated by the LD itself . The relative displacements of the AR planes with respect to the LD are monitored by the three distance sensors that are touched by the long Aluminium tubes ,supported by the LD. One of  them (LP) is visible in Figure14b).The axial range of those sensors is 5cm to allow  monitoring closely the critical movements of the first iron endcap disks during the final steps of the CMS closing and the deformations of the disks when the magnet is switched on and off. The switching on in sequence of all the laser  lines allows to monitor any relative displacement of the three main detectors with a precision that should be dominated by the high resolution of the different type of sensors. The different participating structures (MAB,LD,AR etc..) are equipped by many ancillary devices, like tilt meters and clinometers ,who measure their  absolute angle with respect to the gravity, and temperature and humidity sensors to correct for possible thermal dilatations. 

In terms of final performance, it is worth notice that the connection of the AR to the TK volume is weak. It is just done by the precise mechanical attachment of the AR to the most external tracker flange, Thus the two sides of the LINK system, forward and backward, are weakly linked among them, as well as to the internal tracker alignment.

After a huge calibration work on sensors, MABs, LD and AR done on a special full size bench in a large hall at CERN, the first partial but realistic test was eventually possible only during the first test of the CMS magnet in the CMS surface hall in August 2006
Only one quarter of two adjacent planes was equipped on the positive side of CMS  .Thanks to the quite long range (5cm) of the potentiometer attached to the AR the system allowed to  monitor the movements during the critical phase of  the Endcap  closure, the deformations of the Endcap disks and the compression along Z of the barrel wheels during the ramp up and ramp down of the CMS magnet. Their size agrees well with the FEA results.
The combined LINK and Endcap alignment systems tried to measure for the first time the CSC movements induced by the deformations of the iron disks but the MABs suffered of an unexpected  bad behaviour of an electronic component at a field larger than 3 Tesla. A replacement was quickly found and the substition was done at thend of the test. Because the  Tracker was not yet installed in CMS, the AR were supported by a carefully positioned mock-up. The reported conclusion [18] was that the relative spatial locations and angular orientations between the Muon chambers and the AR  was measured with resolution better than 150 m for distances and of about 40 rad for angles. Not far from the requirements reported in the closing lines of section 5 and without exploiting all the redundancies of the complete system.
A more complete test, whose results are still under study, was possible during the CMS cosmic runs in fall 2008 . The displacements of the CSC chambers in presence of a 3.8 T  field with respect to their position at zero field were measured by the Endcap Alignment and by the LINK The two independent measurements on the ME1/2 chambers of the first iron disk agree within few tens of m.
In fall 2008 the full CMS was operated for the first time and 300 Millions of cosmic tracks were recorded. Data analysis shows that the Muon Detector works safely and that its performance is as good as its design. The15 years that separate the beginning of this chapter from this final and first full operation  were spent to prototype, improve, understand, build , test, install, tune and understand the detector. 

The author dedicates this small chapter to all the persons, friends and colleagues of the CMS Muon Community who shared with him this long and fascinating venture.
----------------------------------------------
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Figure 11)   Dependence of the CSC resolution on the 
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