I N F N Workshop on the circular e*e- collider
Rome, 24-26 May 2018

Istituto Nazionale di Fisica Nucleare

[

‘ hnuuuul .

d‘ﬂq VTS Ty ne 8™

L B
L3 .' : - ‘ Jli'-l&-j!l _7_an-|ri1

e+e- MuOn detectors overyié

' ’

F’@racomeﬁl k“.:

S o Lo gl U’ ~‘7 .
"‘i\_‘ Al Uk ’TM!N ﬁd’]‘ogna o '




INFN  OQverview

Istituto Nazionale di Fisica Nucleare

e*e- Muon detectors overview - Paolo Giacomelli



uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

 Requirements of Muon detectors

e*e- Muon detectors overview - Paolo Giacomelli



uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

 Requirements of Muon detectors

* Muon detectors for possible future et*e-
accelerators (FCC-ee, CepC, CLIC, ILC)

e*e- Muon detectors overview - Paolo Giacomelli



uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

 Requirements of Muon detectors

* Muon detectors for possible future et*e-
accelerators (FCC-ee, CepC, CLIC, ILC)

« Micro Pattern Gas Detectors (MPGD)

e*e- Muon detectors overview - Paolo Giacomelli



uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

 Requirements of Muon detectors

* Muon detectors for possible future et*e-
accelerators (FCC-ee, CepC, CLIC, ILC)

« Micro Pattern Gas Detectors (MPGD)

e Conclusions

e*e- Muon detectors overview - Paolo Giacomelli



INFN- Why muons?

Istituto Nazionale di Fisica Nucleare

D. Denisov, ILC Snowmass Workshop 2005

e*e- Muon detectors overview - Paolo Giacomelli



INFN- Why muons?

Istituto Nazionale di Fisica Nucleare

» Muon is one of the fundamental charged leptons

D. Denisov, ILC Snowmass Workshop 2005

e*e- Muon detectors overview - Paolo Giacomelli



INFN- Why muons?

Istituto Nazionale di Fisica Nucleare

» Muon is one of the fundamental charged leptons
» Muon is “stable” (lifetime is more than the detector size/c)

D. Denisov, ILC Snowmass Workshop 2005

e*e- Muon detectors overview - Paolo Giacomelli



INFN- Why muons?

Istituto Nazionale di Fisica Nucleare

» Muon is one of the fundamental charged leptons
» Muon is “stable” (lifetime is more than the detector size/c)
« 2.2 us or 660 meters = vy

D. Denisov, ILC Snowmass Workshop 2005

e*e- Muon detectors overview - Paolo Giacomelli



(NN Why muons?

» Muon is one of the fundamental charged leptons
* Muon is “stable” (lifetime is more than the detector size/c)
« 2.2 us or 660 meters = vy

* In many cases it provides information directly about the hard collision

D. Denisov, ILC Snowmass Workshop 2005

e*e- Muon detectors overview - Paolo Giacomelli



uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

» Muon is one of the fundamental charged leptons

INFN- Why muons?

» Muon is “stable” (lifetime is more than the detector size/c)
« 2.2 us or 660 meters = vy

* In many cases it provides information directly about the hard collision

* Decay of heavy objects (served in many discoveries, Higgs is one of
them)

D. Denisov, ILC Snowmass Workshop 2005

e*e- Muon detectors overview - Paolo Giacomelli 3



uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

» Muon is one of the fundamental charged leptons

INFN- Why muons?

» Muon is “stable” (lifetime is more than the detector size/c)
« 2.2 us or 660 meters = vy

* In many cases it provides information directly about the hard collision

* Decay of heavy objects (served in many discoveries, Higgs is one of
them)

« Not complicated by hadronization

D. Denisov, ILC Snowmass Workshop 2005

e*e- Muon detectors overview - Paolo Giacomelli 3



uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

» Muon is one of the fundamental charged leptons

INFN- Why muons?

» Muon is “stable” (lifetime is more than the detector size/c)
« 2.2 us or 660 meters = vy

* In many cases it provides information directly about the hard collision

* Decay of heavy objects (served in many discoveries, Higgs is one of
them)

« Not complicated by hadronization

 In detector muon looks like series of densely produced clusters of
lonisation and penetrates several meters of steel

D. Denisov, ILC Snowmass Workshop 2005

e*e- Muon detectors overview - Paolo Giacomelli 3



uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

» Muon is one of the fundamental charged leptons

INFN- Why muons?

* Muon is “stable” (lifetime is more than the detector size/c)
« 2.2 us or 660 meters = vy

* In many cases it provides information directly about the hard collision

* Decay of heavy objects (served in many discoveries, Higgs is one of
them)

« Not complicated by hadronization

 In detector muon looks like series of densely produced clusters of
lonisation and penetrates several meters of steel

« No hadron interaction

D. Denisov, ILC Snowmass Workshop 2005

e*e- Muon detectors overview - Paolo Giacomelli 3



uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

» Muon is one of the fundamental charged leptons

INFN- Why muons?

» Muon is “stable” (lifetime is more than the detector size/c)
« 2.2 us or 660 meters = vy

* In many cases it provides information directly about the hard collision

* Decay of heavy objects (served in many discoveries, Higgs is one of
them)

« Not complicated by hadronization

 In detector muon looks like series of densely produced clusters of
lonisation and penetrates several meters of steel

« No hadron interaction
« Does not radiate at the considered energies

D. Denisov, ILC Snowmass Workshop 2005

e*e- Muon detectors overview - Paolo Giacomelli 3



uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

» Muon is one of the fundamental charged leptons

INFN- Why muons?

» Muon is “stable” (lifetime is more than the detector size/c)
« 2.2 us or 660 meters = vy

* In many cases it provides information directly about the hard collision

* Decay of heavy objects (served in many discoveries, Higgs is one of
them)

« Not complicated by hadronization

 In detector muon looks like series of densely produced clusters of
lonisation and penetrates several meters of steel

« No hadron interaction
« Does not radiate at the considered energies
» Easy to trigger and reconstruct

D. Denisov, ILC Snowmass Workshop 2005

e*e- Muon detectors overview - Paolo Giacomelli 3



uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

» Muon is one of the fundamental charged leptons

INFN- Why muons?

» Muon is “stable” (lifetime is more than the detector size/c)
« 2.2 us or 660 meters = vy

* In many cases it provides information directly about the hard collision

* Decay of heavy objects (served in many discoveries, Higgs is one of
them)

« Not complicated by hadronization

 In detector muon looks like series of densely produced clusters of
lonisation and penetrates several meters of steel

« No hadron interaction

« Does not radiate at the considered energies
» Easy to trigger and reconstruct

« Can be detected inside jets

D. Denisov, ILC Snowmass Workshop 2005

e*e- Muon detectors overview - Paolo Giacomelli 3



uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

» Muon is one of the fundamental charged leptons

INFN- Why muons?

» Muon is “stable” (lifetime is more than the detector size/c)
« 2.2 us or 660 meters = vy

* In many cases it provides information directly about the hard collision

* Decay of heavy objects (served in many discoveries, Higgs is one of
them)

« Not complicated by hadronization

 In detector muon looks like series of densely produced clusters of
lonisation and penetrates several meters of steel

« No hadron interaction

Z—pu
« Does not radiate at the considered energies

» Easy to trigger and reconstruct
« Can be detected inside jets

D. Denisov, ILC Snowmass Workshop 2005

e*e- Muon detectors overview - Paolo Giacomelli 3



uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

» Muon is one of the fundamental charged leptons

INFN- Why muons?

» Muon is “stable” (lifetime is more than the detector size/c)
« 2.2 us or 660 meters = vy

* In many cases it provides information directly about the hard collision

* Decay of heavy objects (served in many discoveries, Higgs is one of
them)

« Not complicated by hadronization

 In detector muon looks like series of densely produced clusters of
lonisation and penetrates several meters of steel

« No hadron interaction

Z—uu
« Does not radiate at the considered energies W—uv

» Easy to trigger and reconstruct
« Can be detected inside jets

D. Denisov, ILC Snowmass Workshop 2005

e*e- Muon detectors overview - Paolo Giacomelli 3



uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

» Muon is one of the fundamental charged leptons

INFN- Why muons?

» Muon is “stable” (lifetime is more than the detector size/c)
« 2.2 us or 660 meters = vy

* In many cases it provides information directly about the hard collision

* Decay of heavy objects (served in many discoveries, Higgs is one of
them)

« Not complicated by hadronization

 In detector muon looks like series of densely produced clusters of
lonisation and penetrates several meters of steel

« No hadron interaction

Z—>uu
» Does not radiate at the considered energies W—uv
 Easy to trigger and reconstruct H—ZZ—2u or 4u

« Can be detected inside jets

D. Denisov, ILC Snowmass Workshop 2005

e*e- Muon detectors overview - Paolo Giacomelli 3



uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

» Muon is one of the fundamental charged leptons

INFN- Why muons?

» Muon is “stable” (lifetime is more than the detector size/c)
« 2.2 us or 660 meters = vy

* In many cases it provides information directly about the hard collision

* Decay of heavy objects (served in many discoveries, Higgs is one of
them)

« Not complicated by hadronization

 In detector muon looks like series of densely produced clusters of
lonisation and penetrates several meters of steel

« No hadron interaction

Z—>uu
» Does not radiate at the considered energies W—uv
 Easy to trigger and reconstruct H—ZZ—2u or 4u

» Can be detected inside jets Jhp and Y —uu

D. Denisov, ILC Snowmass Workshop 2005

e*e- Muon detectors overview - Paolo Giacomelli 3



uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

» Muon is one of the fundamental charged leptons
« Muon is “stable” (lifetime is more than the detector size/c)
« 2.2 us or 660 meters = vy

* In many cases it provides information directly about the hard collision

* Decay of heavy objects (served in many discoveries, Higgs is one of
them)

« Not complicated by hadronization

 In detector muon looks like series of densely produced clusters of
lonisation and penetrates several meters of steel

- No hadron interaction Z—uu

» Does not radiate at the considered energies W—uv

 Easy to trigger and reconstruct H—ZZ—2u or 4u

« Can be detected inside jets A G =
SUSY

D. Denisov, ILC Snowmass Workshop 2005

e*e- Muon detectors overview - Paolo Giacomelli 3



uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

» Muon is one of the fundamental charged leptons
« Muon is “stable” (lifetime is more than the detector size/c)
« 2.2 us or 660 meters = vy

* In many cases it provides information directly about the hard collision

* Decay of heavy objects (served in many discoveries, Higgs is one of
them)

« Not complicated by hadronization

 In detector muon looks like series of densely produced clusters of
lonisation and penetrates several meters of steel

- No hadron interaction Z—uu

» Does not radiate at the considered energies W—uv

 Easy to trigger and reconstruct H—ZZ—2u or 4u

« Can be detected inside jets A G =
SUSY
Exotica

D. Denisov, ILC Snowmass Workshop 2005

e*e- Muon detectors overview - Paolo Giacomelli 3



uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

e*e- Muon detectors overview - Paolo Giacomelli



uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

These are the main requirements of a typical large muon detection system:

e*e- Muon detectors overview - Paolo Giacomelli 4



uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

These are the main requirements of a typical large muon detection system:

« Momentum resolution, opt/pt2 = a few 105 GeV-

e*e- Muon detectors overview - Paolo Giacomelli 4



uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

These are the main requirements of a typical large muon detection system:

« Momentum resolution, opt/pt2 = a few 105 GeV-

 With a B field of 2-4 Tesla and a few muon stations at a radius r > 5m,
this translates to

e*e- Muon detectors overview - Paolo Giacomelli 4



uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

These are the main requirements of a typical large muon detection system:

« Momentum resolution, opt/pt2 = a few 105 GeV-

 With a B field of 2-4 Tesla and a few muon stations at a radius r > 5m,
this translates to

« Space resolution, ox, of a few hundred microns

e*e- Muon detectors overview - Paolo Giacomelli 4



uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

These are the main requirements of a typical large muon detection system:

« Momentum resolution, opt/pt2 = a few 105 GeV-

 With a B field of 2-4 Tesla and a few muon stations at a radius r > 5m,
this translates to

« Space resolution, ox, of a few hundred microns
» Detection efficiency ~ 98-99% over a large solid angle

e*e- Muon detectors overview - Paolo Giacomelli 4



uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

These are the main requirements of a typical large muon detection system:

« Momentum resolution, opt/pt2 = a few 105 GeV-

 With a B field of 2-4 Tesla and a few muon stations at a radius r > 5m,
this translates to

« Space resolution, ox, of a few hundred microns
» Detection efficiency ~ 98-99% over a large solid angle
* Three space points along a muon track

e*e- Muon detectors overview - Paolo Giacomelli 4



uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

These are the main requirements of a typical large muon detection system:

« Momentum resolution, opt/pt2 = a few 105 GeV-

 With a B field of 2-4 Tesla and a few muon stations at a radius r > 5m,
this translates to

« Space resolution, ox, of a few hundred microns
» Detection efficiency ~ 98-99% over a large solid angle
* Three space points along a muon track
At least 3 muon stations

e*e- Muon detectors overview - Paolo Giacomelli 4



uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

These are the main requirements of a typical large muon detection system:

« Momentum resolution, opt/pt2 = a few 105 GeV-

 With a B field of 2-4 Tesla and a few muon stations at a radius r > 5m,
this translates to

« Space resolution, ox, of a few hundred microns
» Detection efficiency ~ 98-99% over a large solid angle
* Three space points along a muon track
At least 3 muon stations
« Redundancy is an asset

e*e- Muon detectors overview - Paolo Giacomelli 4



uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

These are the main requirements of a typical large muon detection system:

« Momentum resolution, opt/pt2 = a few 105 GeV-

 With a B field of 2-4 Tesla and a few muon stations at a radius r > 5m,
this translates to

« Space resolution, ox, of a few hundred microns
» Detection efficiency ~ 98-99% over a large solid angle
* Three space points along a muon track
At least 3 muon stations
« Redundancy is an asset
- BX identification (for hadron colliders)

e*e- Muon detectors overview - Paolo Giacomelli 4



uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

These are the main requirements of a typical large muon detection system:

« Momentum resolution, opt/pt2 = a few 105 GeV-

 With a B field of 2-4 Tesla and a few muon stations at a radius r > 5m,
this translates to

 Space resolution, ox, of a few hundred microns
» Detection efficiency ~ 98-99% over a large solid angle
* Three space points along a muon track
At least 3 muon stations
« Redundancy is an asset
- BX identification (for hadron colliders)
« time resolution, o, of 5-10 ns

e*e- Muon detectors overview - Paolo Giacomelli 4



uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

These are the main requirements of a typical large muon detection system:

« Momentum resolution, opt/pt2 = a few 105 GeV-

 With a B field of 2-4 Tesla and a few muon stations at a radius r > 5m,
this translates to

 Space resolution, ox, of a few hundred microns
» Detection efficiency ~ 98-99% over a large solid angle
* Three space points along a muon track
At least 3 muon stations
« Redundancy is an asset
- BX identification (for hadron colliders)
« time resolution, o, of 5-10 ns
- Standalone muon trigger (for hadron colliders)

e*e- Muon detectors overview - Paolo Giacomelli 4



uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

These are the main requirements of a typical large muon detection system:
« Momentum resolution, opt/pt2 = a few 105 GeV-

 With a B field of 2-4 Tesla and a few muon stations at a radius r > 5m,
this translates to

 Space resolution, ox, of a few hundred microns
» Detection efficiency ~ 98-99% over a large solid angle
* Three space points along a muon track
At least 3 muon stations
« Redundancy is an asset
- BX identification (for hadron colliders)
« time resolution, ot, of 5-10 ns
- Standalone muon trigger (for hadron colliders)
 Fast level-1 trigger response from the muon system

e*e- Muon detectors overview - Paolo Giacomelli 4



uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

These are the main requirements of a typical large muon detection system:

« Momentum resolution, opt/pt2 = a few 105 GeV-

 With a B field of 2-4 Tesla and a few muon stations at a radius r > 5m,
this translates to
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- BX identification (for hadron colliders)
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- Standalone muon trigger (for hadron colliders)
 Fast level-1 trigger response from the muon system
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Istituto Nazionale di Fisica Nucleare

CLIC Detector requirements from physics
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the IP.
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For evident reasons of price, gas detectors are the obvious choice for
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main groups:
- Wire detectors (DTs, CSCs, MDT, etc.)
 Relatively simple construction, good space and time resolution
« Used extensively in the past up to LHC
- RPCs

« Simple and cheap construction, very good time resolution, poor space
resolution (typically ~cm resolution)

« Used in many contexts, mainly as triggering devices

« Micro Pattern Gas Detectors (GEM, MicroMegas, uRWell, etc.)

* Newer technology, provides both good space and time resolution
« Can provide trigger and withstand high rates (not a problem for e+e-)

« Uses PCB methods and can be mass produced by industry.

e*e- Muon detectors overview - Paolo Giacomelli 7




uuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

Muon detector characteristics
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Muon detector characteristics

Endcap Bartel Endcap

Rout

Rin

Q
ILe v y X —I_ Le

V
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Istituto Nazionale di Fisica Nucleare

Muon detectors for CepC
Muon detector characteristics

Table 7.1: The baseline design parameters of the CEPC muon system

Parameter Possible range Baseline
Lb/2 [m] 3.6-5.6 4.0
Rin [m] 35-50 4.4
A Rout [m] 55-72 7.0
Endcap Baryel Endcap Le [m] 2.0-3.0 2.6
Re [m] 0.6-1.0 0.8
Segmentation 8/10/12 12
— 7Y
= Number of layers 6-10 8
-
a k= Total thickness of iron 6—10A (A =16.77cm) 8A (136 cm)
= (8/8/12/12/16/16/20/20/24) cm
L
Le { | ~ —I— Le . Solid angle coverage (0.94 - 0.98) x 47 0.98
Position resolution [cm] ore: 1525 2
]_l ag, . 1-2 1.5
< D -
Detection efficiency 92% — 99% 95%
(Ey > 5GeV)
Fake(m — p)@30GeV  0.5% - 3% < 1%
Rate capability [Hz/cm?] 50 — 100 ~60
RPC RPC (super module, 1 layer
Technology pRWell readout, 2 layers of RPC )
Barrel ~4450
Total area [m?] Endcap ~4150
Total ~8660
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Muon detector characteristics

Table 7.1: The baseline design parameters of the CEPC muon system

Parameter Possible range Baseline
Lb/2 [m] 3.6-5.6 4.0
Rin [m] 35-50 4.4
A Rout [m] 55-72 7.0
Endcap Baryel Endcap Le [m] 2.0-3.0 2.6
Re [m] 0.6-1.0 0.8
Segmentation 8/10/12 12
— 7Y
= Number of layers 6-10 8
-
a k= Total thickness of iron 6—10A (A =16.77cm) 8A (136 cm)
= (8/8/12/12/16/16/20/20/24) cm
L
Le { | ~ —I— Le . Solid angle coverage (0.94 - 0.98) x 47 0.98
Position resolution [cm] ore: 1525 2
Ll ag, . 1-2 1.5
< D -
Detection efficiency 92% — 99% 95%
(Ey > 5GeV)
Fake(m — p)@30GeV 0.5% — 3% < 1%
Rate capability [Hz/cm?] 50 — 100 ~60
RPC RPC (super module, 1 layer
Technology pRWell readout, 2 layers of RPC )
Barrel ~4450
Total area [m?] Endcap ~4150
Total surface O(10000) m2 o e
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" L 7050mm

Yoke/Muon

— ECal
> 1810mm

— TPC
L5 320mm

Yoke/Muon HCal QDO | LumiCal IP  Vertex
6657mm 4000mm 1300mm
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In the baseline option, inspired from ILD, the muon detection system is
composed of eight layers of RPC stations.

" L 7050mm

Yoke/Muon

Yoke/Muon HCal QDO | LumiCal IP  Vertex
6657mm 4000mm 1300mm
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In the baseline option, inspired from ILD, the muon detection system is
composed of eight layers of RPC stations.

Other options considered are Monitored Drift Tubes, Thin Gap Chambers,
Micromegas, GEM, scintillator strips, etc.

71—> 7050mm

Yoke/Muon

> 3380mm

— HCal

— ECal
> 1810mm

e TPC
l > 329mm

~ Yoke/Muon | HCcal QDO | LumiCal P  Vertex
6657mm 4000mm 1300mm
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In the baseline option, inspired from ILD, the muon detection system is
composed of eight layers of RPC stations.

Other options considered are Monitored Drift Tubes, Thin Gap Chambers,
Micromegas, GEM, scintillator strips, etc.

MPGDs could provide a finer space resolution (~ 200 um) with a similar time
resolution at a relatively modest increase in price.

| g 7050mm

Yoke/Muon

,J > 4400mm

~ Yoke/Muon | HCal QDO | LumiCal IP  Vertex
6657mm 4000mm 1300mm
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In the IDEA detector, the muon detection system is made of 3-4 MPGD
stations interleaved in the iron return yoke. The current baseline solution
employs y-RWELL as active detector.

e*e- Muon detectors overview - Paolo Giacomelli
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NN Muon detectors for CepC

In the IDEA detector, the muon detection system is made of 3-4 MPGD
stations interleaved in the iron return yoke. The current baseline solution
employs y-RWELL as active detector.

IDEA

Return yoke

Double readout calo

—  Muon stations

Ultra-light Tracker

B =2 Tesla

MAPS

e —
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In the IDEA detector, the muon detection system is made of 3-4 MPGD
stations interleaved in the iron return yoke. The current baseline solution
employs y-RWELL as active detector.

IDEA

Return yoke

Double readout calo

—  Muon stations

Ultra-light Tracker

B =2 Tesla

MAPS

——

U-RWELL have demonstrated very
high detection efficiency and therefore
no need to have more than 4 layers.
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There are two detector concepts for FCC-ee: the CLD (CLIC-inspired
detector) detector model and the IDEA concept.
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In the CLD detector the muon system is made of 6-7 muon stations

interleaved in the iron return yoke, and every muon station is made of
RPCs.
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There are two detector concepts for FCC-ee: the CLD (CLIC-inspired
detector) detector model and the IDEA concept.

In the CLD detector the muon system is made of 6-7 muon stations

interleaved in the iron return yoke, and every muon station is made of
RPCs.

Steel - HCAL

Steel - HCAL

W-Si ECAL

Muon stations
Si - Tracker
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CLD

Muon stations
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Also this muon detector could be improved by adopting finer
space resolution MPGDs. Four stations would be sufficient.

CLD

Muon stations
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'he IDEA concept, is basically the same as proposed for CepC.

"he muon detection system is made of 3-4 MPGD stations interleaved in
the iron return yoke.
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The IDEA concept, is basically the same as proposed for CepC.

The muon detection system is made of 3-4 MPGD stations interleaved in
the iron return yoke.

IDEA

Return yoke

Double readout calo

—  Muon stations

Ultra-light Tracker

B =2 Tesla

MAPS

——

Single layer p-RWELL efficiencies of
>95% have been obtained and
therefore no need for many layers.
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SID Muon detector
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SID Muon detector

9+1 layers in the barrel and 9 in the endcaps are interleaved in the iron
return yoke.
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SID Muon detector

9+1 layers in the barrel and 9 in the endcaps are interleaved in the iron
return yoke.

The technology adopted is scintillator bars (4 cm wide, 1 cm thick) with
wavelength shifting fibres and SiPM. Space resolution O(1 cm).
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wavelength shifting fibres and SiPM. Space resolution O(1 cm).

RPCs are considered as a possible option.
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SID Muon detector

9+1 layers in the barrel and 9 in the endcaps are interleaved in the iron
return yoke.

The technology adopted is scintillator bars (4 cm wide, 1 cm thick) with
wavelength shifting fibres and SiPM. Space resolution O(1 cm).

RPCs are considered as a possible option.

Muon stations

B =5 Tesla
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Muon stations

B = 3.5 Tesla
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ILD Muon detector

14 layers in the barrel and 12 in the endcaps interleaved in the iron return
yoke. The technology adopted is scintillator bars (2.5-3 cm wide, 7-10 mm
thick) with wavelength shifting fibres and SiPM. Space resolution O(1 cm).

RPCs (1x1 cm2 pads) are considered as a possible option.

Muon stations

B = 3.5 Tesla
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INFN' Muon detector for FCC-hh

Istituto Nazionale di Fisica Nucleare

FCC-hh detector
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FCC-hh detector
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FCC-hh detector
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INFN' Muon detector for FCC-hh
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FCC-hh detector
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INFN' Muon detector for FCC-hh

Istituto Nazionale di Fisica Nucleare

FCC-hh detector

ATLAS muon system HL-LHC rates (kHz/cm?2):

MDTs barrel: 0.28
MDTs endcap: 0.42
RPCs: 0.35
TGCs: 2

~—— Micromegas and sTGCs: 9-10

Table 4.5: Expected rates on the muon detector when operating at an instantaneous luminosity
of 2 x 10%* cm2s7! at a collision energy of 14 TeV. The values are averages, in kHz/cm?, over
the chamber with the minimum illumination, the whole region and the chamber with maximum
illumination. The values are extrapolated from measured rates at 8 TeV.

M5R2 1.58 + 0.23 4.8 £0.7 108 £ 1.6
M5R3  0.29 £ 0.04 0.79 = 0.11  1.69 &+ 0.25
M5R4  0.23 £ 0.03 21+03 9.0+ 13

Region Minimum Average Maximum

M2R1 162 + 28 327£60 590 + 110

M2R2  15.0 + 2.6 52 + 8 97 + 15

M2R3 090 £0.17  54£09  134+20

LHCb M2R4  0.12+0.02 063010 2.6+ 04

M3R1 30+ 6 123 £ 18 216 + 32

M3R2 33 +05 119 + 1.7 20 + 4

i M3R3 017 £0.02 112£016 29+04
"=0'5x’/ =10 718 M3R4 0.017 +£0.002 0.12+0.02 0.63 £ 0.09

o e T M4R1 175+ 25 52 £ 8 86 + 13
_ P M4R2 158 +£0.23  55+£08  126+18
? <0.5 kH Z/ cm2 3 M4R3  0.096 + 0.014  0.54 = 0.08  1.37 + 0.20
I / T M4R4  0.007 £ 0.001 0.056 £ 0.008 0.31 & 0.04

_ <10 kH z/cmz M5RI 197 £29 54 + 8 91 + 13

£

r>1m rate<500 kHz/cm?

z[m]

11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
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(NN Muon detector for FCC-hh

Istituto Nazionale di Fisica Nucleare

FCC-hh detector

ATLAS muon system HL-LHC rates (kHz/cm?2):

MDTs barrel: 0.28
MDTs endcap: 0.42
RPCs: 0.35
TGCs: 2

Micromegas and sTGCs: 9-10

Table 4.5: Expected rates on the muon detector when operating at an instantaneous luminosity
of 2 x 10 cm™2s7! at a collision energy of 14 TeV. The values are averages, in kHz / cm?, over
the chamber with the minimum illumination, the whole region and the chamber with maximum
illumination. The values are extrapolated from measured rates at 8 TeV.

Region Minimum Average Maximum

M2R1 162 + 28 327 £ 60 590 + 110

M2R2  15.0 + 2.6 52 4 8 97 £ 15

M2R3 090+ 0.17  54+09 134+ 20

LHCb M2R4  0.12+0.02 063010 2.6+ 04

M3R1 30 £ 6 123+ 18 216 £ 32

M3R2  33+05 119 £ 1.7 20 + 4

Jim) ) M3R3  0.17+0.02 112016 2.9+04
=05/ =10/ [SERES M3R4 0.017 +0.002 0.2 +0.02 0.63 £ 0.09

9 8 E SR M4R1 175 £ 25 52 + 8 86 + 13
_ / M4R2 1.58+0.23  55+08 126+ 18
° <0.5 kHZ/ cm2 3 M4R3  0.096 + 0.014 0.54 = 0.08  1.37 £ 0.20
7 T M4R4  0.007 + 0.001 0.056 £ 0.008 0.31 % 0.04

M5R1 19.7 £ 2.9 54 £ 8 91 £ 13
M5R2 1.58 + 0.23 4.8 £0.7 108 £ 1.6
M5R3  0.29 £ 0.04 0.79 = 0.11  1.69 &+ 0.25
M5R4  0.23 + 0.03 21+0.3 9.0+ 1.3

_ <10 kHz/cm?2

r>1m rate<500 kHz/cm?

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 262[m]

HL-LHC muon system gas detector technologies, and especially MPGDs, would
work for most of the FCC-hh detector area.
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A few personal considerations

* A typical ete- experimental apparatus will cost anywhere between 300 and
500 M€
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A few personal considerations

* A typical ete- experimental apparatus will cost anywhere between 300 and
500 M€

« The muon detector should have a ~5% of this share, e.g. have a cost of
~20-25 M€

« The surface of the muon detector will be ~10000 m2— 2.5k€/m?2

- A detector technology mass produced by industry, like MPGDs, should
reach this cost

- MPGDs will offer:
» High Detection efficiency ~ 98-99% over a large solid angle

« Three space points with a sub-mm resolution along a muon track

* Redundancy is an asset, but no need to have 9-10 or more layers
* time resolution, ot, of 5-10 ns

- MPGDs could replace wire detectors, scintillator slabs and RPCs at a
comparable price if they are mass produced by Industry
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Improve gas detectors
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Improve gas detectors

Slow 10n motion
Limited multi-track separation

e*e- Muon detectors overview - Paolo Giacomelli

Reduce multiplication region size
Faster 1on evacuation
Higher spatial resolution

S. Franchino, 2016
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INFN- Principle of operation of MPGDs

Istituto Nazionale di Fisica Nucleare

Improve gas detectors

Slow 10n motion
Limited multi-track separation

First MPGD: Micro Strip Gas Chamber (MSGC) OED, 1988

MWPC | i
Drift Chamber /
‘ |
a-nﬂn |

wire mwpc

parallel plate

Reduce multiplication region size
Faster 10n evacuation
Higher spatial resolution

groove/well
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Improve gas detectors

Reduce multiplication region size
Faster 1on evacuation
Higher spatial resolution

Slow 10n motion
Limited multi-track separation

First MPGD: Micro Strip Gas Chamber (MSGC) OED, 1988 2, [FAEmETne), 20

/"" m MWPC | T
\ Drift Chamber |
{ \ |
f \ &~ 1 mm /
i | Akl
f‘ ¢ i & @ *
4

wire mwpC parallel plate [ groove/well

Reduce the size of the detecting cell (~100 um) using chemical etching techniques
Use PCB technology to obtain very fine electrodes O(10 um)
Same working principle as proportional wire chambers

- Conversion region (low E field)

- High E field in well localised regions where multiplication happens
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S. Franchino, 2016
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F. Sauli, NIM. A386(1997)531

GEM (std, Thick, glass, ...)

Driftcathode |

DRIFT

“(--------..-
» TRANSFER 1

Readout PCB

Amplifier
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Istituto Nazionale di Fisica Nucleare

F. Sauli, NIM. A386(1997)531 . Giomataris et al., NIM A 376 (1996)

GEM (std, Thick, glass, ...) Micromegas
(bulk, micro bulk, resistive, ..)

80 um

ULTIPLICATION
llIlIIIIIlIlIIIIlIH

Driftcathode |

Drift Electrode

h I
-300V

E Field

/NSNS | @ Micromesh
TRANSFER 2 X : ificati it e el a8\ 5[ 4eFied T

PCB Board

Readout PCB — am» Readout Strips
e Resistive Strips

Amplifier
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F. Sauli, NIM. A386(1997)531 |. Giomataris et al., NIM A 376 (1996)
GEM (std, Thick, glass, ...) Micromegas
T / (bulk, micro bulk, resistive, ..)

l .ﬂJ

Driftcathode |

Drift Electrode

E Field

L. ¢ Micromesh
| TRANSFER 2 . s SHES S W I

PCB Board

F 12/ L
Readout PCB ' . am» Readout Strips
e Resistive Strips

Amplifier
Ageing: OK (no thin wires)
Spark protection: multiple amplification stages, resistive electrodes
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Istituto Nazionale di Fisica Nucleare

> Proposed for Phase Il upgrade (~2023)
> Need high granularity ~0.Imm

> BG rate > 100kHz/cm? (HIP, gamma)

> Rate tolerant, Pixel type detector needed

u-PIC with resistive Diamond-LC electrodes:

F. Yamane
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biE—

Spark rate reduction using
resistive u-PIC for fast neutron
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> Proposed for Phase Il upgrade (~2023) pu-RWELL Detﬁector:
Drift cathode PCB

> Need high granularity ~0.Imm e

> BG rate > 100kHz/cm? (HIP, gamma)
> Rate tolerant, Pixel type detector needed /| Wellphch: 100

Copper top layer (Sum) /" well diameter: 70-50 um
‘ Kapton thickness: 50 um

u-PIC with resistive Diamond-LC electrodes:

DLC layer (<0.1 um
R~100 MQ/—

Rigid PCB readout
electrode u-RWELL PCB

= Very reliable

= Almost completely discharge-free

P aaciode  Taick sspetat % [ Eamane = adequate for high particle rates O(1MHz/cm?2) thanks
to the segmented-resistive-layer
Spark rate reduction using = suitable for large area applications (1.8 x 1.2 m2 proto
2 resistive u-PIC for fast neutron was tested in 2017)
£ reazen - Resistive u-PIC e T B
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The y-RWELL detector is composed of two elements:
the cathode and the y-RWELL_PCB .
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INFN- The u-RWELL technology
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The y-RWELL detector is composed of two elements:

the cathode and the y-RWELL _PCB .

Drift/cathode PCB

gas gap 4-7 mm

Well pitch: 140 um
Well diameter: 70-50 um
Kapton thickness: 50 um

Copper top layer (5um)

DLC layer (0.1-0.2 p.m)\
R ~10-200 MQ/O

p

Rigid PCB readout electrode ’

U-RWELL

3

G. Bencivenni et al., 2015_JINST_10_P02008
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the cathode and the y-RWELL _PCB .
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The y-RWELL detector is composed of two elements:

the cathode and the y-RWELL _PCB .

The y-RWELL_PCB is realized by coupling:

1. a “suitable WELL patterned kapton foil as
“amplification stage”

Drift/cathode PCB

gas gap 4-7 mm

Well pitch: 140 um
Well diameter: 70-50 um
Kapton thickness: 50 um

Copper top layer (5um)

DLC layer (0.1-0.2 p.m)\
R ~10-200 MQ/O

B ¢
)

Rigid PCB readout electrode ’

U-RWELL

3

G. Bencivenni et al., 2015_JINST_10_P02008
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The y-RWELL detector is composed of two elements:

the cathode and the y-RWELL _PCB .

The y-RWELL_PCB is realized by coupling:
1. a “suitable WELL patterned kapton foil as

“amplification stage”

2. a “resistive stage” for the discharge
suppression & current evacuation

Drift/cathode PCB

gas gap 4-7 mm

Well pitch: 140 um
Well diameter: 70-50 um
Kapton thickness: 50 um

Copper top layer (5um)
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INFN- The u-RWELL technology
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The y-RWELL detector is composed of two elements: |
the cathode and the y-RWELL_PCB . Drift/cathode PCB

The y-RWELL_PCB is realized by coupling:

1. a "suitable WELL patterned kapton foil as gas gap 4-7 mm

amplification stage Well pitch: 140 um

o _ Copper top layer (5um) . .70,
2. a “resistive stage” for the discharge Well diameter: 70-50 um

suppression & current evacuation DLC layer (0.1.0.2 um)\
I. “Low particle rate” (LR) ~ 100 kHz/cm2: ¢ 19.200 ma/o
single resistive layer > surface resistivity 1 Y
~100 MQ/L] (CMS-phase2 upgrade - SHIP) 2

Rigid PCB readout electrode ’

U-RWELL

Kapton thickness: 50 um

3

G. Bencivenni et al., 2015_JINST_10_P02008
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INFN- The u-RWELL technology

Istituto Nazionale di Fisica Nucleare

The y-RWELL detector is composed of two elements: |
the cathode and the y-RWELL_PCB . Drift/cathode PCB

The y-RWELL_PCB is realized by coupling:

1. a "suitable WELL patterned kapton foil as gas gap 4-7 mm

“amplification stage”

it . . Copper top ayer (sum) Well diameter: 70-50
2. a “resistive stage” for the discharge

_ _ Kapton thickness: 50 um
suppression & current evacuation \

. Iy i ’ 9. DLC layer (0.1-0.2 pum)

I. “Low particle rate” (LR) ~ 100 kHz/cm2: ¢ 19.200 ma/o

single resistive layer > surface resistivity 1 Y

~100 MQ/L] (CMS-phase2 upgrade - SHIP) 2 :
il. “High particle rate” (HR) > 1 MHz/cm2: i PCE readout ellctrode |_>

more sophisticated resistive scheme must be °

implemented (MPDG_NEXT- LNF & LHCb- H-RWELL

muon upgrade) G. Bencivenni et al., 2015_JINST_10_P02008
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The y-RWELL detector is composed of two elements: |
the cathode and the y-RWELL_PCB . Drift/cathode PCB

The y-RWELL_PCB is realized by coupling:

1. a “suitable WELL patterned kapton foil as gas gap 4-7 mm

amplification stage Well pitch: 240
Well diameter: 70-50 um
Kapton thickness: 50 um

T i Copper top layer (5um)
2. a “resistive stage” for the discharge

suppression & current evacuation \
Y . v DLC layer (0.1-0.2 um)
I. “Low particle rate” (LR) ~ 100 kHz/cm2: ¢ 19.200 ma/o

single resistive layer > surface resistivity 1 Y

~100 MQ/L] (CMS-phase2 upgrade - SHIP) 2 :
il. “High particle rate” (HR) > 1 MHz/cm2: i PCE readout ellctrode |_>

more sophisticated resistive scheme must be °

implemented (MPDG_NEXT- LNF & LHCb- H-RWELL
muon upgrade)

3. a standard readout PCB

G. Bencivenni et al., 2015_JINST_10_P02008
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The y-RWELL detector is composed of two elements: |
the cathode and the y-RWELL_PCB . Drift/cathode PCB

The y-RWELL_PCB is realized by coupling:

1. a “suitable WELL patterned kapton foil as gas gap 4-7 mm

amplification stage Well pitch: 240
Well diameter: 70-50 um
Kapton thickness: 50 um

T i Copper top layer (5um)
2. a “resistive stage” for the discharge

suppression & current evacuation DLC layer (0.1-0.2 um)\
I. “Low particle rate” (LR) ~ 100 kHz/cm2: ¢ 19.200 ma/o
single resistive layer > surface resistivity 1 Y

~100 MQ/L1 (CMS-phase2 upgrade - SHIP) 2 :
iil. “High particle rate” (HR) > 1 MHz/cm?2: i OB readout eldetrode |_>

more sophisticated resistive scheme must be °

implemented (MPDG_NEXT- LNF & LHCb- H-RWELL

muon upgrade)
3. a standard readout PCB

G. Bencivenni et al., 2015_JINST_10_P02008

Collaboration of INFN, CERN, Eltos
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The y-RWELL detector is composed of two elements: |
the cathode and the y-RWELL_PCB . Drift/cathode PCB

The y-RWELL_PCB is realized by coupling:

1. a "suitable WELL patterned kapton foil as gas gap 4-7 mm

“amplification stage” Well pitch: 140 um
o _ Copper top layer (5um) oo
2. a “resistive stage” for the discharge Well diameter: 70-50 um

_ _ Kapton thickness: 50 um
suppression & current evacuation \
Y . v 5. DLC layer (0.1-0.2 um)
I. “Low particle rate” (LR) ~ 100 kHz/cm2: ¢ 19.200 ma/o
single resistive layer - surface resistivity ‘A

~100 MQ/L1 (CMS-phase2 upgrade - SHIP) 2 :
iil. “High particle rate” (HR) > 1 MHz/cm?2: i OB readout eldetrode |_>

more sophisticated resistive scheme must be °

implemented (MPDG_NEXT- LNF & LHCb- H-RWELL

muon upgrade)
3. a standard readout PCB

G. Bencivenni et al., 2015_JINST_10_P02008

Major advantages wrt. GEM

- 1 kapton foil instead of 3
Collaboration of INFN, CERN, Eltos - No stretching

- Spark safe
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« Gas multiplication and/or readout are performed by “micro

patterns” instead of conventional wire chambers
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« Gas multiplication and/or readout are performed by “micro

patterns” instead of conventional wire chambers
« Fine patterning realized with PCB photolithography techniques

 Fine position resolution ( ~ 200 microns )

Good timing resolution ( < 10 nsec )

High rate capability ( > 107 counts/mm )

Excellent radiation hardness

Use components that can be mass produced by industry

e*e- Muon detectors overview - Paolo Giacomelli 23



INFN - Conclusions

Istituto Nazionale di Fisica Nucleare

e*e- Muon detectors overview - Paolo Giacomelli



INFN - Conclusions

Istituto Nazionale di Fisica Nucleare

- Future muon detectors at e*e- colliders will have a surface of O(104) mZ2
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- Future muon detectors at e*e- colliders will have a surface of O(104) mZ2
« Several detector options are being considered: MDTs, RPCs, MPGDs, etc.

« MPGDs, and in particular the u-RWELL technology, are an excellent
option for realising future large Muon detection systems

An upgrade of the muon system for the baseline detector of CepC,
substituting the RPCs with u-RWELL detectors is an attractive opportunity

The IDEA detector concept for CepC (and FCC-ee) implements u-RWELL

« This system can provide a time resolution of the order of 5 ns and a
space resolution of ~200 um
- Stadalone muon reconstruction

« Trace back the muon stubs to the tracker tracks
« Provide excellent momentum resolution and a robust muon trigger
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