
Lecture 2 - Muon Detectors 
The detectors - and their issues

Melissa Franklin August 2020



Energy loss  fluctuations in 
material affect our measurements
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Especially at low momentum



Energy loss distributions

B-B is average energy loss,  there are fluctuations due to 
close collisions. Muon leaves minimum ionizing deposit in 
calorimeter
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Momentum resolution 
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• Need B fields precision 
detector, trigger. 

•
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Both ATLAS and CMS have an inner detector immersed in a solenoidal field and  
a Muon spectrometer with a B field - return field of solenoid for CMS -  
Air core toroid for ATLAS 
The combined resolution  is best.



ATLAS vs CMS Muon resolution

6

Barrel
Endcap



Pion punch through
When does a pion look like a muon?

7Pion Punchthrough probability - RD5

?
Pions

Iron



Why talk about resolution and punch 
through

We need to design the next pp experiment at the FCC 
We can measure the track Sagitta in the inner detector 
We can measure the bending of the track after the magnetic 
field coil. 
We can measure the Sagitta in the instrumented return yoke 
We can measure the muon independently after the 
calorimeter in a dedicated muon spectrometer with its own 
magnetic field 
What should we do?
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LEP experiments.  e+e- 
Trigger rate low  

Only need to identify muons after data taking

•
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OPAL



LEP detectors
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Delphi



ALICE detector for heavy ion collisions
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Central detector has no muon detection



ALICE dedicated solid angle for muon 
detector
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ALICE muon spectrometer - dipole magnet
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How to identify muons CDF
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IP

Use muon detector to tag muons

 4
radial

Muon chambers 
CMP added to help 
 with punch through



15 The number of charged particles per unit of rapidity is constant over a long plateau 
The average pt of those particles is ~ .5 GeV

This leads to particles emitted from pp at high eta and very high momentum hitting the beam 
pipe and causing hadronic showers 
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Replaced beam pipe 

Added shielding



ATLAS beam line shielding



History of detectors

Stolen From Werner Riegler Academic Lectures 2008



Tomorrow: Muon detectors I have known and weird problems 
they have had and 

New  detector technologies.
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This is what we have now - drift tubes,  RPC’s,  CSC’s,  TGC’s 
What’s next? And why?

MDT monitored drift tubes
CSC, TGC 
Cathode strip chambers 
Thin gap chambers 

■ h=1.4mm, s=1.8mm 
■ 440k cathode and anode channels 
■ n-Pentane /CO2 45/55 
■ Fast

RPC 
Resistive Pad chambers

■ g=2mm, 2mm Bakelite 
■ 355k channels 
■ C2F4H2/Isobutane/SF6  96.7/3/0.3 
■ 50-100kV - fast 1 ns

■ R=15mm 
■ 370k anode channels 
■ Ar/CO2 93/7 (3 bars) 
■ < 80µm 

◆



Monitored drift tubes
r=1.5cm. 700 ns drift time.  AR-Ethane 93-7. 80μ resolution

Beam cross every 25ns.



ATLAS RPC’s trigger in barrel

Space charge effects drop the voltage



ATLAS MDT’s  & CSC’s
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Fig. 7. Ratio of the current for the test layer versus the reference layer. At
around 0.8 C/cm, corresponding approximately to 23 years of operation at
the nominal LHC luminosity and including a safety factor of 5, the gas flow
was reduced from the nominal 200 ml/min to 50 ml/min.

After production, strict quality assurance procedures were
carried out including tests of anode wire tension and spacing,
panel flatness and dark current [17]. The chambers and front-
end electronics were transferred to CERN in 2006 and were
tested several times using the on-detector calibration pulser
and cosmic rays prior to their installation in the ATLAS
detector in early 2008.

V. INSTALLATION AND SURFACE COMMISSIONING

The Cathode Strip Chambers are mounted on the two
so-called ATLAS Small Wheels, presented in Fig. 8 and
denoted by Small Wheel A and C hereafter. Each Small
Wheel is approximately 9.3 m in diameter and weighs 100
tons. Unlike other parts of the Muon Spectrometer installation
of the chambers took place on surface, before lowering into
the cavern. Since the spatial resolution of the Cathode Strip
Chambers deteriorates as a function of the incidence angle in
the r�z plane, the chambers were tilted by 11.6� towards the
interaction point to minimize this effect. The distribution of
the inclination angles of the installed chambers is presented
in Fig. 9.

After installation, the Cathode Strip Chambers were com-
missioned on surface using the on-detector calibration system
and cosmic rays. In Fig. 10(a) and Fig. 10(b) the noise levels
for the precision strips of all 16 chambers of Small Wheel
A and C are presented respectively. The noise is found to
be at the design level of O(3000e). Due to the difference in
strip capacitance of Large and Small chambers, a periodicity
is observed. The noise structure within a chamber reflects the
difference in length of the precision strips along each layer.

The on-detector calibration system was used to verify the
functionality of the on-chamber electronics and determine the
relative response of neighbouring channels to a given charge.
The distribution of the reconstructed calibration pulse peaking
time in the precision strips of one layer for different pulse
amplitudes is shown in Fig. 11.

The cosmic ray data permitted the final test of the chamber
functionality and overall condition, although due to technical
constraints the chambers were tested in pairs. In Fig. 12 the hit

Fig. 8. The ATLAS Small Wheels shortly before being moved to the ATLAS
experimental cavern. The Cathode Strip Chambers can be seen at the inner
part of the wheel. Photograph by Claudia Marcelloni - c�CERN.
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Fig. 9. Distribution of the inclination angle for the 32 Cathode Strip
Chambers. The Gauss fit results in a mean value of 11.6� and a standard
deviation of 0.3�.

profiles from cosmic ray induced showers for the four layers
of sector A03 are presented; the horizontal line represents
the mean number of hits per layer, which is consistent across
the chamber. Exposure times of O(1 day) permitted the test
of other aspects of the system, like gas and cooling water
circulation, as well.

VI. COMMISSIONING IN THE CAVERN

Following the surface installation and commissioning, the
Small Wheels were the last ATLAS components to be lowered
into the experimental cavern, during the second half of Febru-
ary 2008. After the required services (low and high voltage,
gas and cooling water) were connected, the condition of the
chambers was tested.

A. Condition of the chambers
The situation in the experimental hall is not ideal as was the

case at the surface. Electric power to the chambers is provided
by 25 m cables which are susceptible to electromagnetic
interference from the high density of electronic equipment in
the region. In order to reduce the increased noise, low pass

CSC’s  60μ 
45ns drift 
No trigger



ATLAS hit rates
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The Muon Spectrometer End-caps

Structure:

3 wheels of chambers per end-cap

   Inner – CSC, MDT and TGC chambers

   Middle – MDT and 3 TGC layers

   Outer – MDT chambers only

sectors in phi

   16 sectors of CSC and MDT (as in barrel)

   12 sectors of TGC (covering full φ-range)

CSC
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Why build a new muon detector 
MDT Singles tube hit rate decreases efficiency



The trouble with ATLAS muon end cap 
triggers

From the beam line and cracks in the shielding



New muon detectors- GEM CMS  & 
Micromegas ATLAS

Micromegas 
200ns drift time 

100μ resolution?

Can also produce a segment for a trigger 
Take first  electrons.

Alexander Tuna 5

NSW trigger: MM path
● only readout first strip per VMM

● “ART”: Address in Real Time

● 64 strips per VMM covers ~2.5 cm

zhalf  
(2.5 mm) 

xhalf 

zdrift  
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Figure 5.10: Left: principle of the MM µTPC operating mode. Right: distributions of �xhalf for particle
impact angle of 30�. The distribution is fitted with a double Gaussian (red line) accounting
for a core distribution (green line) plus tails (blue line). The widths of the two Gaussians are
reported in the plot.

output of the charge integrating pre-amplifier. The time resolution obtained with this analysis
depends on the impact angle and is approximately 12 ns at 30�. For each event, (xi, zi) coor-
dinates are assigned to each hit and fitted with a straight line, from which the best position
measurement,‘xhalf’ is obtained (as indicated in Fig. 5.10 left).

Tracklet angles are reconstructed with about 70 mrad resolution. The µTPC spatial resolution
has been measured by the difference of xhalf in two chambers with the same orientation (�xhalf ).
The time jitter is equal in the two chambers and cancels out in the difference. In Fig. 5.10 right the
distributions of �xhalf for a beam impact angle of 30�, are reported. The single plane resolution
is about 90µm, assuming that it is obtained by the width of the fitted distribution by

p
2.

The results for the MM spatial resolution study are summarized in Fig. 5.11. As expected, the
cluster centroid behaves better at small angles (small cluster size) while the µTPC method reaches
best performance for larger angles. Moreover,it has been verified that the position determination
with the two methods is systematically anti-correlated; for that, a weighted average can improve
the resolution further. The result of a simple combination method using a weighted average of the
cluster centroid and the µTPC position measurement is also reported in the figure, demonstrating
that spatial resolutions below 100µm is achievable for all impact angles up to 40� (the impact
angle range for muons in the NSW is approximately between 8� and 30�).

A cross-check of the previous results was done with a full track reconstruction method; the
results obtained are in excellent agreement with the simpler method described above.

5.4.2 Performance of the micromegas detectors in magnetic field.

The MM chambers of the NSW will operate in a magnetic field of a magnitude up to about 0.3 T
with different orientations with respect to the chamber planes but a sizable component orthogonal
to the MM electric field.

The effect of the magnetic field on the detector operation has been studied with test beam
data and simulations. Figure 5.12 shows the drift velocity and the Lorentz angle as a function of
the drift field for several values of the magnetic field (perpendicular to electric field) and for an
Ar:CO2 93:7 gas mixture. Figure 5.13 illustrates the effect of the magnetic field on a MM chamber.
The drift direction of the ionization electrons is tilted with respect to the electric field direction by

57

horizontal stereo stereoMM

φ information inferred from stereo planes with θstrip = 1.5°

“U” “V”“X”



Look for missing matter
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With micromegas detectors! Tomorrows lecture. 



Thin gap chambers: TGC’s —> sTGCs 
Add pads to strips

Precision coordinate ϕ - ns timing - 10ns drift - gap 1.4mm



CMS muon upgrade - trigger rate
Improves p resolution in highest B field region - so lowers trigger rate 



GEM: CMS Muons

Metallized foil with ≈50μm holes. < 5ns timing. Potential difference on the foil produces large electric 
field in the holes. Electrons avalanche induces a  signal on the strips.  Foils are very thin and hard to 
stretch in large areas.

Many stages - each with modest gain



31

CDF gas calorimeters informs ATLAS muon gas detectors
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Fun with muon detectors: 
Neutrons first seen in muon detectors at ATLAS
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Neutrons are created in hadronic collisions - jets, spray from beam pipe, etc 
They take time to moderate - 



How to design a collider detector

•

An early design 
 meeting in 1984. 
Carlo Rubbia’s(?) 
 iron ball proposal
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Muon Systems

‘Standalone’ muon performance is not any more a very 
important criterion. Future detectors rely on a combined 
tracker/muon system performance.

The task of the muon system is triggering and muon 
identification.

4-5% standalone momentum resolution can be achieved in 
at η=0, 30% at η=2.5 by simply measuring the angle at which 
the muon exits the calorimeters.

In the forward muon system, standalone momentum 
measurement and triggering  can only be achieved when 
using a forward dipole (like ALICE, LHCb).

The combined muon momentum resolution (tracker + muon 
system) can better than 10% even for momenta of 20TeV/c 
at η=0.

Gas detectors similar to the ones employed for HL-LHC are 
good candidates for the muon systems.

From FCC design group via Werner Riegler



Muon Systems

The muon rate is dominated by c and b 
decays.

In contrast to leptonic decays from W, Z, t 
(àWàl) these muons are not isolated but 
accompanied by particles that are seen in 
the calorimeters.

‘Isolation’ by using calorimeter information 
in addition the the muon system is key for 
W/Z/t triggering.

Rate of muons for L=3x1035 cm-2s-1

From FCC design group via Werner Riegler



Back Up
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W. Riegler/CERN
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ATLAS  

◆ Cathode Strip Chambers (Tracking): 
■ h=2.54mm, s=2.54mm 
■ 67k cathode channels 
■ Ar/CO2/CF4  
■ < 60 µm 

◆ Thin Gap Chambers (Trigger) 
■ h=1.4mm, s=1.8mm 
■ 440k cathode and anode channels 
■ n-Pentane /CO2 45/55 
■ < 99% in 25ns with single plane◆ Monitored Drift Tubes (Tracking) 

■ R=15mm 
■ 370k anode channels 
■ Ar/CO2 93/7 (3 bars) 
■ < 80µm 

◆ Transition Radiation Tracker (Tracking) 
■ R=2mm 
■ 372k anode channels 
■ Xe/CO2/CF4   70/10/20 
■  Xe/CO2/O2 70/27/3  
■ < 150 µm

◆ RPCs (Trigger): 
■ g=2mm, 2mm Bakelite 
■ 355k channels 
■ C2F4H2/Isobutane/SF6  96.7/3/0.3 
■ < 98% with a single plane in 25ns 



W. Riegler/CERN
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CMS

◆ Rectangular ‘Drift 
Tubes’ (Trigger, Tracking) 

■ w=42mm, h=10.5mm 
■ 195k anode channels 
■ Ar/CO2  85/15 
■ < 250 µm 

◆ Cathode Strip Chambers (Trigger, 
Tracking): 

■ h=4.25mm, s=3.12mm 
■ 211k anode channels for timing 
■ 273k cathode channels for position 
■ Ar/CO2/CF4  30/50/20 
■ < 75-150 µm

◆ RPCs (Trigger): 
■ g=2mm, 2mm Bakelite 
■ Many k channels 
■ C2F4H2/Isobutane/SF6  96.5/3.5/0.5 
■  < 98% with a single plane in 25ns 



W. Riegler/CERN
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ALICE

◆ TOF RPCs 
■ G=0.25mm, 0.4mm glass, 10gaps 
■ 160k channels 
■ <50ps/10gaps 
■ C2F4H2/Isobutane/SF6  96.5/3.5/0.5 

◆ Trigger RPCs 
■ G=2mm, 2mm bakelite 
■ Ar/Isobutane/C2F4H2/SF6  49/7/40/4 
■ 21k channels

◆ TPC with wire chamber cathode 
pad readout 

■ 1.25-2.5mm wire pitch 
■ 2 - 3 mm plane separation 
■ 570k Readout Pads 
■ Ne/CO2 90/10 

◆ TRD 
■ 1160 k channels 
■ Xe/CO2 85/15 
■ s=5mm, h=3.5mm 

◆ HMPID  
■ s=2mm, h=2mm 
■ Methane 
■ 160k channels 

◆ Muon Chambers 
■ 1000k channels 
■ <100um 
■ S=2.5mm, h=2.5mm 
■ Ar/CO2 80/20



W. Riegler/CERN
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LHCb

◆ Muon Chambers (Trigger): 
■ h=2.5mm, s=2mm 
■ 125k cathode and anode pads 
■ Ar/CO2/CF4  40/55/5 
■ < 3ns for  two layers 

◆ GEM (Trigger): 
■ 5k channels 
■ Ar/CO2/CF4   75/10/15 
■ <4.5 ns for one triple GEM 

◆ Outer Tracker (Tracking): 
■ R=2.5mm 
■ 51k  anode channels 
■ Ar/CO2/CF4   75/10/15 
■ < 200 µmX
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Geometric Layout
MDT – End-cap

TGC

CSC

MDT - Barrel

RPC


