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!2
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The Compact Muon Solenoid

In the 1994 technical 
proposal for CMS, the 
design goals were

!4

1.A very good and redundant 
muon system 

2.The best possible ECAL 
consistent with 1. 

3.A high quality central 
tracking to achieve 1. and 2. 

4.A financially affordable 
detector
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Muons are key signatures

Muons are possibly the most important single particle at the LHC 
➡ Key to reconstruct SM particles such as W±, Z, or Higgs 
➡ Key to searches for new physics.

!5

H → ZZ* → µ+µ-µ+µ-

JHEP 11 (2017) 047

W± ! µ±⌫µ Z ! µ+µ�

JHEP 10 (2011) 132

H → ZZ* → ℓ+ℓ-ℓ+ℓ-
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Muons are key signatures

Muons are possibly the most important single particle at the LHC 
➡ Key to reconstruct SM particles such as W±, Z, or Higgs 
➡ Key to searches for new physics. 

Electrons also have a clean signature, how are muons better? 
➡ eg, CMS has not been able to measure the denominator of the very interesting R(K*)

!6

H → ZZ* → µ+µ-µ+µ-

JHEP 11 (2017) 047

W± ! µ±⌫µ Z ! µ+µ�

JHEP 10 (2011) 132

H → ZZ* → ℓ+ℓ-ℓ+ℓ-

ℛ(K*) =
ℬ(B → K*μ+μ−)
ℬ(B → K*e+e−)

Easy

Difficult
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Only CALO and MUON at L1

L1 trigger only uses calorimeters 
and muon system 

➡ Muons can be triggered more easily at L1 
→ lower pT thresholds 

Another difference is that electrons 
radiate more → worse pT resolution
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Tracker 
(momentum of 

charged particles)

Electromagnetic 
calorimeter 

(energy of e, γ, π0) Hadronic 
calorimeter 

(energy of π, K, etc) Muon detectors 
(identification of µ)

Solenoid 
(magnetic field)

Used in L1 trigger
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Technologies in CMS muon system

!8

Drift tubes (DTs) 
➡ Precise 
➡ Cheap to cover large areas 
➡ Original cost $22.3M 

Cathode strip 
chambers (CSCs) 

➡ Precise 
➡ Capable on handling high rates, 

irregular magnetic field 
➡ Original cost $28.8M 

Resistive plate 
chambers (RPCs) 

➡ Cheap 
➡ Fast 
➡ Original cost $7.0M

Three	technologies	
DTs	

9	October	2017	–	LHCC	Review	kick-off	mee:ng,	CERN	Andrey	Korytov	(UF)	 4	

CSCs	 RPCs	

Sensi:ve	layers	area:		18,000	m2	
Number	of	channels:		172K	

Sensi:ve	layers	area:			7,000	m2	

Number	of	channels:			477K	
Sensi:ve	layers	area:	3,200	m2	
Number	of	channels:		123K	
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CMS muon system
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Current	CMS	Muon	System	

9	October	2017	–	LHCC	Review	kick-off	mee:ng,	CERN	Andrey	Korytov	(UF)	 3	

DT	(driW	tubes):		
trigger,	precision,	low	rate	

CSC	(cathode	strip	chambers):		
trigger,	precision,	high	rate	

RPC	(resis@ve	plate	chambers):		
trigger,	fast	

Redundancy	(4	sta@ons	with	
2	detector	technologies	on	
the	path	of	a	muon	in	nearly	
all	direc@ons)	ensures	
-  robust	trigger	
-  efficient	reconstruc:on	

Acceptance:		 	|η|	<	2.4	

L1	Trigger:					 	pT	>	25	GeV	(μ);			pT	>	4	GeV	(dimuon)	
Reconstruc@on:	 	p	>	3	GeV,		δpT/pT	≈	1-2%	(with	the	Tracker)	
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Offline spatial/timing resolution
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DT CSC RPC

[µm] 2012 2015
ME1/1a 160 120

ME1/1b 140 130
ME1/2 230 230
ME1/3 265 270

ME2/1 325 320
ME3/1 305 305
ME4/1 310 315

ME2/2 345 350
ME3/2 350 350
ME4/2 360 350

σϕ
hit ∼ 200 − 250 μm

σtiming ∼ 2 ns

Approximate CSC hit resolutions

DT hit resolutions

σϕ
hit ∼ 120 − 350 μm

σtiming ∼ 3 ns

σϕ
hit ∼ 940 − 1,500 μm
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164 Chapter 5. RPC upgrades and new RPC detectors

5.5 Extension of the RPC system
5.5.1 Motivations

The high pseudorapidity region is the most challenging region for muon triggering, identifi-
cation, and measurement in CMS and at all hadron colliders in general. Presently, CMS lacks
redundancy in this region, where background is the highest and the magnetic field integral
is low. The muon upgrade program enhances the muon system robustness in this region by
installing additional detectors in the high |h| region.

New improved RPCs (iRPC) chambers will be installed in stations 3 and 4 (RE3/1 and RE4/1
in Fig. 1.4), complementing the already existing CSC chambers there. This detector upgrade
is driven by the necessity to increase the number of hits per muon track up to |h| = 2.4. By
reading out signals from both ends of the RPC strips, excellent time resolution of ⇠1.5 ns, and
much improved hit localization in the radial direction (⇠2 cm) can be achieved.

The CSC system can identify and trigger muons in the endcap region with a high efficiency.
Nevertheless, even for a perfectly working system, there are “dips” of reduced trigger effi-
ciency at some values of |h|, due to the presence of high-voltage spacers inside the CSC cham-
bers. Including RPC hits into the trigger primitive stub finding algorithm helps eliminate these
dips. Figure 5.12 shows the efficiency of finding trigger primitive stubs at the level of station
3 and station 4, with and without the addition of the current RPC and new iRPC information
in the EMTF. The overall impact of the inclusion of RPC hits into the single muon trigger can
be seen in Fig. 5.13 (already presented in section 1.6.1) showing the single muon trigger effi-
ciencies with and without the use of the RPC information. A clear improvement at the level of
15% can be seen between |h| = 2.1 and 2.2. In case of any CSC trigger problems in ME3/1 and
ME4/1, additional improvement would be expected.
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Figure 5.12: Impact of RPC hit inclusion on the local trigger primitive efficiency in station 3
(left) and station 4 (right). The contribution of iRPC starts above |h|=1.8.

RPC information will also be used to remove CSC ambiguities at the L1 trigger, when addi-
tional tracks are present in a CSC chamber crossed by a muon. CSCs have 1D strip and 1D wire
readouts. This leads to “ghosting”, a combinatorial background in presence of multiple tracks.
By extrapolating the experience from the present LHC operation to the HL-LHC luminosity,
we find that the chance to have a spurious Local Charged Track (LCT) inside a given ME3/1

Role of RPCs
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Figure 10. Time distributions for the chamber-level trigger primitives for (upper left) DT and (upper right)
CSC hits, and for (lower left) RPC hits, relative to the true event BX (1 BX unit = 25 ns). In each distribution,
data from all chambers were summed together to show the overall subsystem synchronization. (lower right)
Distribution of the combined L1 single-muon trigger.

The final set of DTLT timing corrections was applied by the end of August 2010. Data col-
lected during the remaining 2010 LHC operation period were analyzed to compute a further set of
adjustment parameters, which were tested at the beginning of the 2011 LHC run.

4.1.3 CSC trigger synchronization

Data from the anode wires and cathode strips of the CSCs are split into 2 paths, one feeding the
readout for data acquisition and the other the trigger. Within a chamber, the CSC trigger object
is called a local charged track (LCT) (see section 4.1.3). An LCT is defined by a pattern of hits
on at least 4 layers that is compatible with the straight line segment produced by a muon from a
proton-proton collision [30]. The LCTs from different chambers are fed into the CSC track finder
trigger hardware, which combines them to identify candidate muon tracks. These candidate tracks
are then passed to the main CMS L1 trigger system. As the CMS trigger is a synchronous system,
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Figure 10. Time distributions for the chamber-level trigger primitives for (upper left) DT and (upper right)
CSC hits, and for (lower left) RPC hits, relative to the true event BX (1 BX unit = 25 ns). In each distribution,
data from all chambers were summed together to show the overall subsystem synchronization. (lower right)
Distribution of the combined L1 single-muon trigger.

The final set of DTLT timing corrections was applied by the end of August 2010. Data col-
lected during the remaining 2010 LHC operation period were analyzed to compute a further set of
adjustment parameters, which were tested at the beginning of the 2011 LHC run.

4.1.3 CSC trigger synchronization

Data from the anode wires and cathode strips of the CSCs are split into 2 paths, one feeding the
readout for data acquisition and the other the trigger. Within a chamber, the CSC trigger object
is called a local charged track (LCT) (see section 4.1.3). An LCT is defined by a pattern of hits
on at least 4 layers that is compatible with the straight line segment produced by a muon from a
proton-proton collision [30]. The LCTs from different chambers are fed into the CSC track finder
trigger hardware, which combines them to identify candidate muon tracks. These candidate tracks
are then passed to the main CMS L1 trigger system. As the CMS trigger is a synchronous system,
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Redundancy in gapsOnline identification of µ bunch crossing (BX)

DTs and CSCs identify the right BX ~ 98% of the time 
RPCs identify the right BX ~ 99.8% of the time

Gaps between CSC/DT rings and HV 
segments are covered by RPCs



Chamber 
nomenclature
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DT nomenclature
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MB1

MB2

MB3

MB4MB1±2
Muon  Barrel  Station

Wheel

Current	CMS	Muon	System	

9	October	2017	–	LHCC	Review	kick-off	mee:ng,	CERN	Andrey	Korytov	(UF)	 3	

DT	(driW	tubes):		
trigger,	precision,	low	rate	

CSC	(cathode	strip	chambers):		
trigger,	precision,	high	rate	

RPC	(resis@ve	plate	chambers):		
trigger,	fast	

Redundancy	(4	sta@ons	with	
2	detector	technologies	on	
the	path	of	a	muon	in	nearly	
all	direc@ons)	ensures	
-  robust	trigger	
-  efficient	reconstruc:on	

Acceptance:		 	|η|	<	2.4	

L1	Trigger:					 	pT	>	25	GeV	(μ);			pT	>	4	GeV	(dimuon)	
Reconstruc@on:	 	p	>	3	GeV,		δpT/pT	≈	1-2%	(with	the	Tracker)	
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CSC nomenclature
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Current	CMS	Muon	System	

9	October	2017	–	LHCC	Review	kick-off	mee:ng,	CERN	Andrey	Korytov	(UF)	 3	

DT	(driW	tubes):		
trigger,	precision,	low	rate	

CSC	(cathode	strip	chambers):		
trigger,	precision,	high	rate	

RPC	(resis@ve	plate	chambers):		
trigger,	fast	

Redundancy	(4	sta@ons	with	
2	detector	technologies	on	
the	path	of	a	muon	in	nearly	
all	direc@ons)	ensures	
-  robust	trigger	
-  efficient	reconstruc:on	

Acceptance:		 	|η|	<	2.4	

L1	Trigger:					 	pT	>	25	GeV	(μ);			pT	>	4	GeV	(dimuon)	
Reconstruc@on:	 	p	>	3	GeV,		δpT/pT	≈	1-2%	(with	the	Tracker)	

ME2/1
Muon Endcap Station Ring

ME1/3

ME1/2

ME1/1
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Extended CSC nomenclature
Very common to see plots in terms of Chamber number 

➡ Important to know geometrically where they are located

!15

10

• The previous slide viewed another way…
• Project segments from ME4/2 into ME3/2 → shows excess by construction
• Now require a segment to be present in the target chamber → flat vs. 

chamber number, so this eliminates excess

Extrapolating the segments

ME3/2 Chamber
0 5 10 15 20 25 30 35

Ev
en

ts

0

2000

4000

6000

8000

10000 proj. into ME3/2

and has segment

ra
tio

0
0.1
0.2
0.3
0.4
0.5

Excess segments 
more likely to be 
rejected when 
requiring consistent 
segment in ME3/2

Famous plot made by Nick Amin studying 
the beam background that we see in 

ME4/2 that does not reach ME3/2

Occupancy in ME4/2

Occupancy in ME4/2 
matched to ME3/2
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Extended CSC nomenclature
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M E + 2 / 1 / 01
Station  Ring  Chamber

Muon  Endcap  plus/minus endcap

ME+3/2/28

ME+3/1/14

ME+3/1/05  
(back chamber)

ME+3/2/10  
(front chamber)

Front and back chambers are staggered 
so that the active areas overlap in φ, thus 

forming a seamless ring
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Extended CSC nomenclature
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Current	CMS	Muon	System	

9	October	2017	–	LHCC	Review	kick-off	mee:ng,	CERN	Andrey	Korytov	(UF)	 3	

DT	(driW	tubes):		
trigger,	precision,	low	rate	

CSC	(cathode	strip	chambers):		
trigger,	precision,	high	rate	

RPC	(resis@ve	plate	chambers):		
trigger,	fast	

Redundancy	(4	sta@ons	with	
2	detector	technologies	on	
the	path	of	a	muon	in	nearly	
all	direc@ons)	ensures	
-  robust	trigger	
-  efficient	reconstruc:on	

Acceptance:		 	|η|	<	2.4	

L1	Trigger:					 	pT	>	25	GeV	(μ);			pT	>	4	GeV	(dimuon)	
Reconstruc@on:	 	p	>	3	GeV,		δpT/pT	≈	1-2%	(with	the	Tracker)	

ME1/1, ME1234/2, 
and ME1/3 have  

36 chambers per ring  
(10 degree-chambers)

ME234/1 have  
18 chambers per ring  
(20 degree-chambers)

M E + 2 / 1 / 01
Station  Ring  Chamber

Muon  Endcap  plus/minus endcap

ME+3/2/28

ME+3/1/14

ME+3/1/05  
(back chamber)

ME+3/2/10  
(front chamber)
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Extended CSC nomenclature
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M E + 2 / 1 / 01
Station  Ring  Chamber

Muon  Endcap  plus/minus endcap

ME+3/2/28

ME+3/1/14

ME+3/1/05  
(back chamber)

ME+3/2/10  
(front chamber)

Quiz (answers in backup) 
➡ How many chambers in ME-2?  
➡ How many chambers in ME3/1?  
➡ How many chambers in ME1?  
➡ How many CSCs in total? 



Cathode Strip 
Chambers
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Cathode strip chamber
The CSCs in CMS have six independent layers that measure points (hits) along the trajectory of muons 

➡ Seven cathode panels forming six gas gaps (6 mm in ME1/1, 9.5 mm elsewhere) 
➡ Six of the the cathode panels are segmented into radial strips (measure φ accurately) 
➡ Also, six wire layers (anodes) in the middle of each gas gap running transversally

!20

11

CSC operation

4. Endcap Chambers

144

• by measuring signals from strips and wires, one easily obtains two coordinates from
a single detector plane (the precise coordinate comes from interpolation of charges
induced on strips),

• strips can be fan-shaped to measure the !-coordinate in a natural way,
• CSCs can operate in large and non-uniform magnetic field without significant

deterioration in their performance,
• gas mixture composition, temperature, and pressure do not directly affect CSC

precision and thus stringent control of these variables is not required,
• detector mechanical precision is defined by strips which can be etched or milled with

the required accuracy and can be easily extended outside the gas volume, thus
making survey of plane-to-plane alignment very simple.

F i g .  4 . 1 . 5 : Schematic view of an endcap muon CSC: a six-plane chamber of a trapezoidal
shape with strips running radially (strips have constant "! width) and wires running across.

A typical EMU CSC is a six-plane chamber of trapezoidal shape with a maximum length
of 3.4 m and with a maximum width of 1.5 m. A schematic view of a CSC is provided in
Fig. 4.1.5. The large chambers cover 10° sectors, while the smaller chambers cover 20°
sectors. (see Table 4.1.1). Cathode planes are formed by honeycomb panels with copper clad
FR4 skins. Gas gaps defined by the panels are either 6 mm thick, for the ME1/1 chambers, or
9.5 mm thick, for all other chambers. Strips are fan shaped, i.e., they run radially in the endcap
geometry and thus provide the phi-coordinate of muon hits. The strip configurations are milled
in the FR4, and the strip width ranges from 3 to 16 mm for different chambers. Wires are
stretched across strips without intermediate supports and, for readout purposes, are grouped in
bunches from 5 to 16. They provide the radial coordinate of muon hits with a few cm precision.
For the ME1/1 chamber, which is in a 3T BZ-field, the wires are strung at a 25° angle to a
perpendicular to the chamber centerline to compensate for the skewed drift of electrons.

The most important parameters for all chambers are given in Table 4.1.1. Detailed
discussions of the chambers are given in Sections 4.2 and 4.3. Overall, the Endcap Muon
System consists of 540 six-plane trapezoidal chambers, with about 2.5 million wires, 210,816
anode channels and 273,024 precision cathode channels. A typical chamber has about 1000
readout channels.

Layer = plane of radial strips + plane of wires

4. Endcap Chambers

143

The detector technology chosen for the Endcap Muon System is the Cathode Strip
Chamber (CSC), a multiwire proportional chamber in which one cathode plane is segmented
into strips running across wires. An avalanche developed on a wire induces on the cathode
plane a distributed charge of a well known shape which is defined by electrostatics [4.1]:
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Charpak et al. [4.3] showed that by interpolating fractions of charge picked up by these
strips, one can reconstruct the track position along a wire with a precision of 50 µm or better
(for normal track incidence, the precision is almost entirely determined by the ratio of signal to
electronic noise). The principle of operation is shown schematically in Fig. 4.1.4.

muon
cathode

cathode

wires

wires

induced charge

cathode with strips

plane cathode

avalanche

3.12 mm

9.
5 

m
m

3 - 16 mm

F i g .  4 . 1 . 4 : Principle of coordinate measurement with a cathode strip chamber: cross-
section across wires (top) and across cathode strips (bottom). Close wire spacing allows for
fast chamber response, while a track coordinate along the wires can be measured by
interpolating strip charges.

The major advantages of CSCs are:
• their intrinsic spatial resolution, being basically defined by signal-to-noise ratio, can

be as good as 50 µm,
• closely spaced wires make the CSC a fast detector,

Wires form anode plane

Strips form cathode plane

6 Layers

charged particle 
ionizes the gas electrons drift to the anodes… 

then high field induces ‘gas avalanche’  
⇒ image charge on cathode plane

Gas

18

The components of the CSC geometry

4. Endcap Chambers

149

soldered and glued to the wire fixation bars. Each wire plane will be connected to an
independent HV power supply channel. Within a plane, the HV is split between up to 5
segments which can be disconnected from outside of the chamber should HV or wire noise
problem persist in any of these segments.

radial strips wires

F i g .  4 . 2 . 2 : Face of a cathode panel showing the arrangement of strips (left) and face of an
anode panel showing subdivision of wires into five independent HV segments.

Schematic views of the strip and wire planes are given in Fig. 4.2.2. Insulating guard
strips are glued to the panels under the first and last wires of each of the HV segments. By
charging up, the strips decrease the electric field on the edge wires, which otherwise would be
too high. The other four panels, the ones which are free of wires and of referred to as cathode
panels, have gap bars glued to them. These bars define the full gas gap between cathodes.
These panels also have long guard strips, or insulation strips, which go over the anode wire
ends and insulate them from being exposed to the ground. The entire stack of panels is bolted
along the chamber perimeter with the bolts going through the gap bars. When the chamber is
assembled, the panels are also tightened down at a few intermediate points, and the cathode-to-
cathode distance, or panel-to-panel spacing, at these points is defined by special spacers,
referred to as buttons. This is done to relax tolerances on panel flatness and to prevent bulging
due to gas over-pressure inside a chamber when the working gas mixture is flushed through the
chamber.

Not shown in Fig. 4.2.1 is a global frame which runs around the chamber perimeter: it
stiffens the stack of panels, distributes the compressive force of the assembly bolts, carries all
the chamber mounts, and provides RF shielding along the chamber sides.

4.2.2 Panels

The panels are the basis of the chamber mechanical structure: they carry the stress of the
wire tension, and a strip pattern is milled on their surface and determines chamber precision.
Panel flatness is of critical importance for gas gain uniformity and consequently for the width of
a chamber's operational plateau. In addition, the cost of panels amounts to almost half of the

There are 2 levels of geometry description in CMS: 
Simulation Geometry - used by GEANT - a Russian doll model of geometrical volumes and 
all materials. The Ideal Geometry, defined in xml = Detector Description Database (DDD).
Reconstruction Geometry - used in Reco - needs geometrical information (dimensions, 
positions) only, so it can be used to transform local ↔ global coordinates. 
Alignment adjusts the positions of CSCLayer objects in space to define Aligned Geometry. 
CSC strips & wires are modeled in the Reco Geometry, not in the Sim Geometry. 
CSCChamber & CSCLayer get dimensions from Sim Geom, positions from Aligned Geom.

CSCChamber 
Trapezoidal volume (Al frame) 
Contains  
1 CSCDetId  
6 CSCLayer 
1 CSCChamberSpecs

CSCLayer 
Trapezoidal slice of CSCChamber 
Contains 
1 CSCDetId 
1 CSCLayerGeometry

CSCLayerGeometry 
Handles geometrical properties of 
a layer - strips and wires/
wiregroups

CSCChamberSpecs 
Holds properties of a chamber 
type = each ring ME s / r 
Contains  
4 CSCLayerGeometry - one for 
each pair +z, -z, odd, even

Open ME2/1 CSC being inspected at PNPI
6 strip-wire layers running orthogonally in each CSC
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Chamber parameters

Parameters from Muon TDR (1997) 
➡ http://cds.cern.ch/record/343814

!21

4. Endcap Chambers

145

Table 4.1.1
Chamber parameters.

Parameter ME1/1 ME1/2 ME1/3 ME2/1 ME3/1 ME4/1 ME234/2
Basic single plane parameters

full gas gap (2h), mm 6 9.5
wire diameter, µm 30 50
wire spacing, mm 2.5 3.16 3.16 3.12 3.12 3.12 3.16

Active area
width (top), mm 487 819 933 1254 1254 1254 1270

width (bottom), mm 201 511 630 534 617 685 666

length, mm 1505 1635 1735 1900 1680 1500 3215

Wires
wire tilt 25° 0°

wires per plane 600 528 560 620 550 492 1028

wires per wire group 11-12 11 12 5, 6 5, 6 5 16

wire group width, mm 27.5-30 35 38 16, 19 16, 19 16 51

wire group cap., pF 60-150 40-70 50-80 20-60 20-60 25-45 80-150

wire channels per plane 48 48 48 112 96 96 64

Strips
Δϕ(single strip), mrad 2.96 2.33 2.16 4.65 4.65 4.65 2.33

width (top), mm 7.6 10.4 14.9 15.6 15.6 15.6 16.0

width (bottom), mm 3.15 6.6 11.1 6.8 7.8 8.6 8.5

gap between strips, mm 0.35 0.5

strip capacitance, pF 90-140 110 145 145 130 120 250

radial split of strips @η=2.0 none

strip channels per plane 2x64 80 64 80 80 80 80

HV
Operating HV [kV] ~3.0 4.1

HV segments per plane 1 or 2 2 3 3 3 3 5

Overall chamber parameters
Number of chambers 72 72 72 36 36 36 216

Planes/chamber 6

ϕ-coverage, degrees 10° 10° 10° 20° 20° 20° 10°

ϕ-overlap, strips 5 5 none 5 5 5 5

η-coverage 1.5-2.4 1.2-1.6 0.9-1.1 1.6-2.4 1.75-2.4 1.85-2.4 varies

η-overlap none

Length, mm 1680 1800 1900 2065 1845 1665 3380

Width (top), mm 613 1078 1192 1534 1534 1534 1530

Width (bottom), mm 311 740 859 751 835 903 895

Chamber thickness, mm 148 250

Chamber weight, kg ~60 150 160 190 180 160 276
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Gas gap: 6 - 9.5 mm 
Wire spacing: 2.5 - 3.16 mm 
Strip width: 3.15 - 16 mm

Some of these 
different in final 
design, eg. HV

http://cds.cern.ch/record/343814
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The task for offline software - turn the detector measurements 
into useful information for determining muon kinematics

4. Endcap Chambers
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The detector technology chosen for the Endcap Muon System is the Cathode Strip
Chamber (CSC), a multiwire proportional chamber in which one cathode plane is segmented
into strips running across wires. An avalanche developed on a wire induces on the cathode
plane a distributed charge of a well known shape which is defined by electrostatics [4.1]:
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the other chambers, where

K K K K K K2 3
1 2

1 2 3
1 2

3
1 2

2
1

1
2

1
4

= #%
&
'

(
)
* = +

, / / // atan    and     

Charpak et al. [4.3] showed that by interpolating fractions of charge picked up by these
strips, one can reconstruct the track position along a wire with a precision of 50 µm or better
(for normal track incidence, the precision is almost entirely determined by the ratio of signal to
electronic noise). The principle of operation is shown schematically in Fig. 4.1.4.
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F i g .  4 . 1 . 4 : Principle of coordinate measurement with a cathode strip chamber: cross-
section across wires (top) and across cathode strips (bottom). Close wire spacing allows for
fast chamber response, while a track coordinate along the wires can be measured by
interpolating strip charges.

The major advantages of CSCs are:
• their intrinsic spatial resolution, being basically defined by signal-to-noise ratio, can

be as good as 50 µm,
• closely spaced wires make the CSC a fast detector,

Positions 
which strips?, which wires?

Energy loss 
amount of charge?

Times 
when did wire hit occur? 
when did strip charge reach peak?

Strip charge  
sampled every 50 ns

strip n

strip n-1

strip n-2

strip n+1

strip n+2

strip n+3
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CSC operation
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• by measuring signals from strips and wires, one easily obtains two coordinates from
a single detector plane (the precise coordinate comes from interpolation of charges
induced on strips),

• strips can be fan-shaped to measure the !-coordinate in a natural way,
• CSCs can operate in large and non-uniform magnetic field without significant

deterioration in their performance,
• gas mixture composition, temperature, and pressure do not directly affect CSC

precision and thus stringent control of these variables is not required,
• detector mechanical precision is defined by strips which can be etched or milled with

the required accuracy and can be easily extended outside the gas volume, thus
making survey of plane-to-plane alignment very simple.

F i g .  4 . 1 . 5 : Schematic view of an endcap muon CSC: a six-plane chamber of a trapezoidal
shape with strips running radially (strips have constant "! width) and wires running across.

A typical EMU CSC is a six-plane chamber of trapezoidal shape with a maximum length
of 3.4 m and with a maximum width of 1.5 m. A schematic view of a CSC is provided in
Fig. 4.1.5. The large chambers cover 10° sectors, while the smaller chambers cover 20°
sectors. (see Table 4.1.1). Cathode planes are formed by honeycomb panels with copper clad
FR4 skins. Gas gaps defined by the panels are either 6 mm thick, for the ME1/1 chambers, or
9.5 mm thick, for all other chambers. Strips are fan shaped, i.e., they run radially in the endcap
geometry and thus provide the phi-coordinate of muon hits. The strip configurations are milled
in the FR4, and the strip width ranges from 3 to 16 mm for different chambers. Wires are
stretched across strips without intermediate supports and, for readout purposes, are grouped in
bunches from 5 to 16. They provide the radial coordinate of muon hits with a few cm precision.
For the ME1/1 chamber, which is in a 3T BZ-field, the wires are strung at a 25° angle to a
perpendicular to the chamber centerline to compensate for the skewed drift of electrons.

The most important parameters for all chambers are given in Table 4.1.1. Detailed
discussions of the chambers are given in Sections 4.2 and 4.3. Overall, the Endcap Muon
System consists of 540 six-plane trapezoidal chambers, with about 2.5 million wires, 210,816
anode channels and 273,024 precision cathode channels. A typical chamber has about 1000
readout channels.

Layer = plane of radial strips + plane of wires
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Charpak et al. [4.3] showed that by interpolating fractions of charge picked up by these
strips, one can reconstruct the track position along a wire with a precision of 50 µm or better
(for normal track incidence, the precision is almost entirely determined by the ratio of signal to
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The major advantages of CSCs are:
• their intrinsic spatial resolution, being basically defined by signal-to-noise ratio, can

be as good as 50 µm,
• closely spaced wires make the CSC a fast detector,
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then high field induces ‘gas avalanche’  
⇒ image charge on cathode plane
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Muons ionize gas in each gap 
➡ Electron avalanche drifts quickly to wires (anodes) 
➡ Ions drift slowly to strips (cathodes) 

✴ Center-of-mass fit of cathode signal provides precision φ measurement (pT) 
✴ Fit to 8 cathode time samples provides precision time measurement

⇒ ions drift to cathode planes
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CSC operation
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Charpak et al. [4.3] showed that by interpolating fractions of charge picked up by these
strips, one can reconstruct the track position along a wire with a precision of 50 µm or better
(for normal track incidence, the precision is almost entirely determined by the ratio of signal to
electronic noise). The principle of operation is shown schematically in Fig. 4.1.4.
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The major advantages of CSCs are:
• their intrinsic spatial resolution, being basically defined by signal-to-noise ratio, can

be as good as 50 µm,
• closely spaced wires make the CSC a fast detector,
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December 11, 2017 Hualin Mei (University of Florida) 3

Motivation

Two known sources of fake segment:
 →Random hits
 →Combinatorics : 2 real tracks  4 reconstructed segments→

Propose flipped logic of segment reconstruction:

1D wire/strip hits per plane →
1D wire/strip segment(s) per chamber →
2D segment(s) per chamber

Features of the new algorithm:
1, Pattern recognition is less sensitive to random hits (Implemented)
2, More handles to resolve combinatorial background (To be 
implemented)

More than 1 muon 
per chamber leads 

to ghosts⇒ ions drift to cathode planes
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Gas system

CSCs use CO2 (50%) + Ar (40%) + CF4 (10%)  

Argon produces ionization 
➡ More Argon lowers the chambers’ operating voltage  

✴ Increased from 30% to 40% to bring voltage to < 4000 V  

CO2 is a non-flammable quenching gas 
➡ Helps stabilize operation by minimizing spurious pulses through 

the absorption of photons  

CF4 also quenches, but is added mainly because it 
prevents aging in wire chambers 

➡ Expensive, corrosive greenhouse gas (GWP = 6,500) 
➡ Studying how to minimize its use or substitute (eco-gas R&D) 

✴ Proved longevity with 5% CF4, studying 2%

!24

CSC Gas System

• Like all subdetectors, the CSCs 

obtain gas from the LHC gas 

system for CMS

• CO2 (50%) + Ar (40%) + CF4 (10%)

• CO2 is a non-flammable 

quenching gas

– Helps stabilize operation by 

minimizing spurious pulses through 

the absorption of photons

• Ar lowers the chambers’ 
operating voltage

– Increased from 30% to 40% to bring 

voltage to <4000 V

• CF4 also quenches, but is added 

mainly because it prevents aging

in wire chambers

– Expensive, corrosive greenhouse gas

30 May 2016 R. Breedon 38

Like all subdetectors, the CSCs obtain 
gas from the LHC gas system for CMS 
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High Voltage system
HV system provides 2.9 kV (ME1/1) and 3.6 kV (non-ME1/1) to the wires
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November 2003, CERN Alex Madorsky34

UF/PNPI HV system architecture
  

Card 72 

Counting Room Detector Area 

Long Distance HV Cables 
~ 100 m long 

SHV Connectors 
on both ends 

Primary HV Supply 
  

Multiwire HV Cable 
~ 12 m long 

LEMO REDEL Connectors 
on  both ends 

x� Three Main Units: Primary HV Supply, Master Distribution Card,  Remote Distribution Card 
x�  One Primary HV Supply per up to 9 Master Distribution Cards 
x�  Master Distribution Card: 1 Input, 8 Independent Outputs  
x�  One Master Distribution Card per 8 Remote Distribution Cards  
x�  Remote Distribution Card Type 1: 1 Input, 30 Independent Outputs 

(One Card per one ME 23/2 Chamber) 
x�  Remote Distribution Card Type 2: 1 Input, 36 Independent Outputs  

(One Card per two ME1 Chambers) 
 

 

Card 1 

Card 9 

Card 1 

Master  
Distribution 

Card 

Remote  
Distribution 

 Card Type 1 

Remote  
Distribution 

 Card Type 2 

Multiwire HV cables, 
100 m, one per 18 
distribution boards

•Primary HV power supplies: off the shelf

•Master board: One output per distribution board. Regulates voltage 0-4KV (VMAX), measures current on each 
output.

•Remote Distribution board: powers one large or two small chambers (36 outputs max). Regulates voltage 1KV down 
from VMAX, measures current on each output. Each output can be disconnected from HV if necessary. 

HV Distribution boards

ME1/1 HV rack S1/G10 in USC 

SY1527 mainframe

ME1/1 HV System

432 HV channels
(72 CSCs @ 6 layers each)

Nominal HV: 3000 V

Various upgrades are under 
consideration

HV power supplies
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High Voltage system
HV system provides 2.9 kV (ME1/1) and 3.6 kV (non-ME1/1) to the wires 

➡ Amount of ionization charge depends on bias voltage 
➡ We need enough charge to ensure optimal efficiency

!26
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US P2 prototype (December 1997)

This is exactly the full scale chamber (3.3 × 1.5 m2) and will be assembled by the end of
this year [4.37]. Its design is essentially final. It will be instrumented with prototype electronics
and will be tested in the high rate background environment at the GIF at CERN in the summer
of 1998.

4 . 8 . 1 Operating point and overall performance
The high voltage at which the total cathode charge in a cluster of strip signals equals 100

fC is defined as the nominal operating point. The induced cathode charge depends on the total
charge released in an avalanche, the ion drift velocity, the front-end electronics shaping time,
and the charge fraction induced on one cathode plane. The detailed analysis of these processes
can be found elsewhere. Results presented in this section show that all CMS CSC performance
requirements are met at this operating point.

Fig. 4.8.3 shows the cathode charge (Landau peak) as a function of HV for the US P1
large prototype. One can see that the nominal operating point (100 fC at about 4.1 kV) is well
below the maximum voltage HVmax=4.5 kV (at 4.6 kV we observed excessive dark currents
and the operation became unstable). Gas gain variations within a plane of all the large
prototypes were measured to be within a factor of 2 (Fig. 4.8.4), which meets our
requirements.
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F i g .  4 . 8 . 3 : Cathode charge vs. high voltage for the US P1 prototype. The nominal operating
point is defined to be Qcathode=100 fC. The maximum HV at which the chamber operated without
abnormalities was 4.5 kV. (Cathode electronics saturated at 200 fC (~4.2kV) - thus the line is
drawn only to guide the eye).

Fig. 4.8.5 shows single plane strip and wire efficiencies. To determine the efficiency,
muon track coordinates were reconstructed in two dimensions making use of Si microstrip
detectors in the muon beam (US P0' prototype). Strip hits were counted if the predicted strip or
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either  of its neighbors had a charge above 6 fC, while wire hits were counted if the predicted
wire group or the nearest neighboring wire group had been hit within a 100 ns wide window.
One can see that the prototype was at its full efficiency at the nominal operating point (100 fC
cathode charge).

F i g .  4 . 8 . 4 : Spread of gas gains over the area of all six planes. The data are for the large US
P1 prototype (3.3 × 1.2 m2) and explicitly show that the goal of keeping gas gain variations in a
chamber plane within a factor of two is achieved.
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F i g .  4 . 8 . 5 : Cathode and wire channel efficiencies vs. charge measured on the cathode plane
(see text for definitions). Combined efficiency represents events when both anode and cathode
signals are present. The chamber is at its full efficiency at the nominal operating point (100 fC
cathode charge). The data are obtained in the muon beam for the US P0' prototype.

Tests with 30% 
Argon, more charge 
for same HV with 

40% Argon (nominal)

We try to run on 
plateau but close to 

the knee so that 
charge, and thus 

aging, is minimized

The CMS muon project: TDR, CERN, 1997
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Electronics

The electronics read out CSC signals in two separate paths 
➡ Trigger: sends CSC primitives to the L1 trigger at 40 MHz 
➡ DAQ: sends high-granularity data to central DAQ at 100 kHz (L1A rate) 

Most of the day-to-day operation issues and hardware 
limitations are due to the electronics 

➡ Very important to have a basic understanding of the various boards and their 
interconnections, as well as the data structure, to contribute to CSCs 

In depth discussion in next lecture 
➡ Present electronics 
➡ Phase-1 upgrade in LS1 (2013-2014) 
➡ Phase-2 upgrade in LS2 (2019-2020) and LS3 (2024-2025)
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Low Voltage system

LV system supplies power to electronics in peripheral crates (TMB/DMB) and on chamber 
➡ Key boards are Maraton (MAgnetic and RAdiation TOleraNt) power supplies 
➡ LV parameters monitored by the CANBus system

!28

Schematic diagram of CSC LV power system
The CSC Low Voltage system supplies LV to power the electronics of 540 chambers 

and 60 peripheral crates in the experimental cavern 

Underground Service Cavern |        Underground Experimental Cavern    
(USC) | (UXC)

30 May 2016 R. Breedon 22
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CMS organization

Joel Butler is the 
spokesperson (CEO) 

➡ Roberto Carlin incoming 

L1 managers under him 
➡ Muon: Anna Colaleo 
➡ Physics: Shahram Rahatlou, 

Tulika Bose 
➡ Upgrade: Didier Contardo 

PAGs and POGs are L2 
➡ SUS, EXO, HIG, etc 
➡ MUO, EGM, TAU, etc
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Muon organization
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Muon Management Board

CSC PM
A. Lanaro
M. F. Sevilla

DT PM
C.F. Bedoya
L. Guiducci

GEM PM
A. Sharma
B. Safonov
M. Naimuddin

RPC PM
G. Pugliese
N. Zaganidis

TCO repr.
I. Redondo

Muon SM
A. Colaleo
M.C. Fouz RMO repr.

P. Paolucci
DPGO repr.
C. Battilana

UCO repr.
A. Korytov

CMS MUON  ORGANIZATION
(Sept, 2017)

TC  = Technical Coordination Office
DPGO  = DPG Office
UCO = Upgrade Coordination Office
RMO = Resource Manager Office

UC office

Alignment
L. Pernie
Z. Szillasi

RM office

TC office

DPG office

CSC RM: 
R. Clare

CSC TC
M. Ignatenko

D.Morse

CSC DPG
I. Suarez 

T.Cox

CSC UC
M.F.Sevilla

D. Wood

CSC RunC
J. Wang
E. Juska

DT RM
S. Maselli

DT TC
D. Fasanella
D. Teyssier

DT DPG
F. Cavallo

C. Battilana

DT UC
S. Ventura
I. González

DT RunC
G. Masetti

M. Pelliccioni

DT Elec
A. Triossi

D.D. Redondo

GEM RM
C. Riccardi

GEM TC
M. Bianco
A. Marinov

GEM DPG
T. Kamon

J. Lee

GEM UC
A. Safonov

M. Hohlmann

GEM RunC
J. Sturdy
M. Maggi 

GEM Elec
P. Aspell

G. de Lentdecker

GEM HW
L. Benussi
J. Merlin

RPC RM
tbd

RPC TC
A. Dimitrov
J. Eysermans

RPC DPG
R.Hadjiiska

J. J. Goh

RPC UC
I. Pedraza

S. Buontempo

RPC RunC
A. Aleksandrov

M. A. Shah

RPC Elec
L. Mirabito

tbd

GEM Proj.Eng.
A. Conde Garcia

Organization to be presented/endorsed at CMS Management Board on 16th October and 
Collaboration Board on 8th December

Anna Colaleo is the Muon 
manager 
➡ María de la Cruz Fouz is deputy 

Four muon subsystems (L2) 
➡ CSC: Armando Lanaro 
➡ DT: Cristina Bedoya 
➡ RPC: Gabriella Pugliese 
➡ GEM: Archana Sharma 

Four coordination offices 
➡ Upgrade: Andrey Korytov 
➡ Technical: Ignacio Redondo 
➡ DPG: Carlo Battilana 
➡ Resources: Pierluigi Paolucci
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CSC upgrade organization
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CSC project management 
A. Lanaro (Wisconsin)


Deputy: M. Franco Sevilla (UC Santa Barbara)

Resource management 
R. Clare (UC Riverside)

Detector performance 
I. Suárez Silva (UC Santa Barbara)


Deputy: T. Cox (UC Davis)

Upgrade coordination 
M. Franco Sevilla (UC Santa Barbara)


Deputy: D. Wood (Northeastern)

Technical coordination 
M. Ignatenko (UCLA)


Deputy: D. Morse (Northeastern)

Run coordination 
J. Wang (Florida)


Deputy: E. Juska (Texas A&M )

DCFEB 
S. Durkin (Ohio State)

ALCT 
J. Hauser (UCLA)

Low voltage 
A. Lanaro (Wisconsin)

LVDB 
V. Karjavine (RDMS)

High voltage 
A. Vorobyev (PNPI)


G. Mitselmakher (Florida)

ODMB 
S. Durkin (Ohio State)

OTMB 
A. Safonov (Texas A&M)

Optical fibers 
D. Wood (Northeastern)

FED 
A. Safonov (Texas A&M)

CSC/GEM 
P. Karchin (Wayne State)

Aging/gas R&D 
A. Korytov (Florida)

Upgrade simulation 
T. Cox (UC Davis)

Installation/mechanics 
A. Lanaro (Wisconsin)

CSC institutional board 
IB chair: R. Erbacher (UC Davis)

Other names not in this chart 
Karoly Banisz, Jinghua Liu: software 
Ben Bylsma, Andrew Peck, Jason Gilmore: engineers 
Jay Hauser, Dick Loveless: past CSC project managers
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Summary

Slides provide a brief overview of CSC system 
➡ Comparison to other muon subsystems in CMS 
➡ Chamber nomenclature 
➡ Chamber parameters 
➡ Gas, HV, LV systems 
➡ Brief overview of electronics 
➡ CSC group structure 

Useful links 
➡ CSC 101 workshop: https://indico.cern.ch/event/522500/ 
➡ CSC twiki: https://twiki.cern.ch/twiki/bin/view/CMS/MuonCSC 
➡ CSC hypernews: https://hypernews.cern.ch/HyperNews/CMS/get/csc-ops.html 
➡ Muon TDR (1997): http://cds.cern.ch/record/343814 
➡ Muon phase-2 upgrade TDR (2017): https://cds.cern.ch/record/2283189
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ME1/3

ME1/2

ME1/1

https://indico.cern.ch/event/522500/
https://twiki.cern.ch/twiki/bin/view/CMS/MuonCSC
https://hypernews.cern.ch/HyperNews/CMS/get/csc-ops.html
http://cds.cern.ch/record/343814
https://cds.cern.ch/record/2283189


Back-up
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Extended CSC nomenclature
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M E + 2 / 1 / 01
Station  Ring  Chamber

Muon  Endcap  plus/minus endcap

ME+3/2/28

ME+3/1/14

ME+3/1/05  
(back chamber)

ME+3/2/10  
(front chamber)

Quiz answers from slide 14 
➡ How many chambers in ME-2?  54 
➡ How many chambers in ME3/1?  36 
➡ How many chambers in ME1?  216 
➡ How many CSCs in total?  540


