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Why Muons? 
• Muon is one of 3 fundamental charged leptons 
• Muon is “stable” (lifetime is more then detector size/c) 

– 2.2µsec or 660 meters 
• In many cases muons provide direct information about hard collision 

– Decays of heavy objects (helped with many discoveries) 
– Not complicated by hadronization 

• In a detector muon looks as densely produced clusters of ionization and can 
penetrate a lot of material (meters of steel) 
– No hadron interactions  
– Heavy enough not to radiate as electrons 
– “Easy” to trigger and reconstruct 
– Could be detected inside jets 

 Discoveries: 
W to µν 
 Z to µµ 

top to Wb to one or more µ 
J/Ψ and ϒ  to  µµ 
Η to ΖΖ to muons 

Base for identification 
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Major Specifications of a Muon Detector 

• Solid angle coverage (rapidity coverage) 
– For heavy objects acceptance is proportional to solid angle 

coverage 
– No “holes” 

• Loss of detection efficiency 
• Loss of missing Et resolution 

– b/c quark kinematics 
• Advantages in forward coverage 

 
• Momentum resolution 

σp/p ~ (p.σdet)/(B.Ldet
2) & multiple scattering 

– Limited by coordinate accuracy of detectors, magnetic field, 
lever arm and multiple scattering 

– In most cases muon momentum resolution relies on central 
tracker for precise momentum determination 
 

•  Punchthrough probability 
–  10-15 interaction length of absorber plus match of hits on 

track reduce non-muon backgrounds to very low level 
 
 

10% 

0% 

20% 

Momentum  
resolution 

100 GeV 

6/26/2017 Denisov | Strips for Muon System 



4 

Major Specifications of a Muon Detector  

• Radiation hardness 
– While muon systems are usually located behind considerable amount of material 

careful studies and monitoring of radiation aging effects is important 
• Triggering capabilities 

– In most, even high backgrounds, cases muons can be reconstructed off-line, but 
triggering is an important task  

• Less of an issue for linear e+e- collider 
• Shielding of muon detectors from accelerator and collisions related backgrounds 

 
• Reliability of muon detectors and electronics 

– Long periods of operation  
• 20+ years 

– Difficult to access places 
• Hermetic detectors 

– High cost of shutdowns/accesses 
• Construction cost and schedule  

– Design, assembly, commissioning 
• Reasonable operating costs 

10x10 m2 DZero 
muon system 
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“Low” Energy Linear Collider 

• At 250-500 GeV linear collider heavy particles, parents of muons, are produced 
almost at rest 

• Muons energies are typically below ~100 GeV 
– Multiple scattering in the absorber (calorimeter and extra iron) for 50 GeV 

muon is ~1 cm 
– No need for precision muon tracking detectors – momentum accuracy is 

defined by the central tracker (~1%) 
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Main Idea of Scintillator Strips 

• The idea is to develop scintillator extrusion + WLS +SiPM based muon 
tracking detector and to study its properties 

• Extrusion  
– Provides inexpensive way of creating long (~5m long) scintillators with a few 

cm2 cross section 
– Transverse size of the extrusion defines coordinate resolution 

• 1cm accuracy (sigma) for a single layer corresponds to ~3 cm extrusion 
width (/sqrt(12)) 

• WLS provides an easy way to collect light from long extrusions (we call 
them “strips”) 

• SiPM is an excellent way of collecting light from small diameter WLS 
fibers with high efficiency (~80%) 

• Questions 
– How many photoelectrons simple strip design can provide? 
– What longitudinal coordinate accuracy can we reach by detecting time 

difference between two ends of the strips  
• Reduces number of layers, simplifies access to the ends of the strips with SiPMs 
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Counters Design 

• Three types of counters tested 
– A – type (1) with length of 1 m, polystyrene scintillator extrusion for 

MINOS experiment at Fermilab 
– B – type (1) with length of 2 m 
– C – type (2) with length of 1 m, Bicron 404A scintillator 

•  All scintillators are fast with emission decay time of ~3 ns 
• WLS are 1mm in diameter BCF92 fibers with ~2 ns emission time 

– Made by Bicron 
• At both ends Hamamatsu SiPMs 3x3mm2 are used, S13360-3050CS 

6/26/2017 Denisov | Strips for Muon System 7 



Test Beam Installation 

• Muon beam with energy ~25 GeV was used for tests 
• We were able to move the counter perpendicular to the beam line to 

irradiate different locations along the strip – “x coordinate” 
• S4 counter with 12 mm width was used to define the irradiation area 

– Beam counters have vacuum PMT and fast scintillator 
• LeCroy ADC and TDC were used to measure amplitudes and times from 

all counters, including the strip under tests 
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X axis 



Calibration of ADC Scale 

Due to excellent single photoelectron SiPM amplitude resolution 
calibration of the amplitude scale is straightforward 
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Number of Photoelectrons per Muon 

• S1/S2 are SiPMs on two ends of the counters 
• Symmetric behavior for both ends with ~3 m attenuation length 
• ~50 photoelectrons per end for “7 fibers” design (design C) 
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Total Number of Photoelectrons 

Large number of photoelectrons collected (sum of two ends), 
especially for “7 fibers” counter (design C) of ~102 
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Time Resolution of Individual SiPMs 

• Time resolution above is corrected for amplitude variations and for the 
resolution of the beam counters  

• It is well described by the formula                          where σ0 is typical light 
collection time (light irradiation and light propagation times) and Nphe is the 
number of photoelectrons 
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Longitudinal (t1-t2)/2 Calibration 

• The t-= (t1-t2)/2 relation vs x (coordinate along the counter) is linear and 
provides an opportunity to measure longitudinal coordinate 

• t+= (t1+t2)/2 is practically flat vs x coordinate – defines muon passing time 
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t+ and t- Resolutions 

• t+ is (t1+t2)/2 – time when a muon passes the counter 
• t- is (t1-t2)/2 –  time difference between two ends – measure of a muon 

coordinate along the counter 
– t+ and t- resolutions are similar as they are mainly determined by phe statistics 
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Coordinate Resolution Along Strip 

• Coordinate resolution along the counter is ~5 cm for the design C 
• Can this resolution be improved? Not easily as                      

– Only square root vs Nphe 

– σ0  is fundamental scintillator property 
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Conclusions 

• Muon detector based on long scintillating strips with WLS and 
SiPMs readout has excellent properties for muon detection 
– Large number of photoelectrons ~102 (high detection efficiency) 
– Transverse coordinate resolution ~1cm 
– Longitudinal coordinate resolution ~5cm 

• For counters length above ~4m some deterioration due to 
geometrical effects is expected 

• Strips are made based on well established while continuing to 
develop technologies 
– Extrusions, WLS fibers, SiPMs 

• Such strips are easy to calibrate and operate 
– No consumables, no high voltage, etc.  

• Such strips are a natural candidate for muon tracker at a 
linear collider 
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