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The Compact Muon Solenoid for HL-LHC

The CERN accelerator complex
S P CMS DETECTOR
Complexe des accélérateurs du CERN STEEL RETURN YOKE
— Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS
Overall diameter :15.0m Pixel (100x150 pm?) ~1.9 m* ~124M channels
Overall length :28.7m Microstrips (80-180 ym) ~200 m* ~9.6M channels
Magnetic field  :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000 A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers
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CMS muon LHC phase 2 upgrade
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CMS muon LHC phase 2 upgrade
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P 12 Muon system upgrade for HL-LHC (Ini < 1.8)
2 O Existing DTs, CSCs and RPCs
< upgrade the electronics!

= . I ; ,',; : d Upgrade Link System of existing RPC system
=== =i } ' | 1o = improve timing resolution

=

Solenoid magnet |
kI —

3 Installation of new detectors in the forward region
| L;E.:J == (d  Gas Electron Multipliers: MEO and GE21
e e __ ] O Improved Resistive Plate-Chambers (iRPC): RE3/1 and

RE4/1 (72 iRPC chambers)
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CMS muon LHC phase 2 upgrade

Dese:B0d) i Muon system upgrade for HL-LHC (I < 1.8)
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CMS muon LHC phase 2 upgrade
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Muon system upgrade for HL-LHC (Ini < 1.8)

Existing DTs, CSCs and RPCs

< upgrade the electronics!

Upgrade Link System of existing RPC system
= improve timing resolution

Installation of new detectors in the forward region
(d Gas Electron Multipliers: MEO and GE21

Improved Resistive Plate-Chambers (iRPC): RE3/1 and

RE4/1 (72 iRPC chambers)

Motivation for iRPC installation of phase 2 upgrade

high particle rate and high pileup environment due to
increased luminosity in HL-LHC

Extension of the RPC coverage in the high n region
— improved L1 trigger efficiency and rate


https://cds.cern.ch/record/2020886/files/LHCC-P-008.pdf

IRPC: improved resistive plate chamber

HPL thickness (mm) 2 1.4

» Cooling pads

= FEBs
i

Faraday cage
(copper)
Insulation

Number of gas gaps 2 2

Honeycomb panel (top)

Gas gap thickness (mm) 2 14

Aluminium frame
Gas gap

Resistivity (Qcm) 1-6x10°  0.9-3x10"°

Space resolution in n (cm) 20 - 28 1.5

Space resolution in ¢ (cm) 0.8-19 03-06

Gas loop Honeycomb panel Intrinsic timing resolution (ns) 15 0.5

(bottom)

Patch panel

iRPC layers
exploded view

|
|
|
|
|
|
|
|
|
|
|
|
i
Jll Charge threshold (fC) 150 30 - 40
|
|
|
|
|
|
|
|
|
|
|
|
|
|



IRPC: improved resistive plate chamber

Aluminium frame

Patch panel

Honeycomb panel (top)

Gas loop

Honeycomb panel
(bottom)

» Cooling pads
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HPL thickness (mm)
Number of gas gaps
Gas gap thickness (mm) 2

Resistivity (Qcm) 1-6x10"°

¢ Charge threshold (fC)

Space resolution in n (cm)

Space resolution in ¢ (cm) 0.8-19

Intrinsic timing resolution (ns)

0.9-3x10"

iRPC FEB is equipped with low noise
front-end electronics that can detect
signals with a charge as low as 30 fC




IRPC: improved resistive plate chamber

HPL thickness (mm)

» Cooling pads

= FEBs
i

Faraday cage
(copper)
Insulation

Number of gas gaps

Honeycomb panel (top)

Gas gap thickness (mm) 2

Aluminium frame
Gas gap

Resistivity (Qcm) 1-6x10°  0.9-3x10"°
pace resolutio 20-28 1.5
pace resolutio D 08-19 0.3-06

Gas loop Honeycomb panel Intrinsic timing resolution (ns) 15 0.5

Patch panel (bottom)

iRPC layers

exploded view
e e ' | iRPC FEB is equipped with low noise
front-end electronics that can detect
signals with a charge as low as 30 fC
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2d readout for iRPC.




The FEB is composed of:
(d 3 ERNI connectors of 32

channels each

6 ASICs PETIROC 2C

3 FPGAs Cyclone V

GBTx/GBT-SCA/VTRx

oo

Fiber readout
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<y 4
y
i 44
HV connector 4 =
e = T
4 & % - e
b/ A -

2V for left FEB

iIRPC front-end electronics (FEB)

2V for right FEB

Feb V2 2
2021

No X-talk/retrig.
iRPC Demo
Rad. tolerant

6 PetiROC2C +
3 FPGA Cycl. V
+ Optical GBT

v‘f',j:i

%b,
@ e

4V for both FEBs

P

Viiocr

Feb V2 3
2023-2024
Mass production

6 PetiROC2C

+ 3 FPGA Cyclone V
+ Optical GBT

+ Online firmware
loading interface

FEB
T~
b
-t
X
L
< ~ <
\‘ — ‘.4
Gas supply
AS
-
Gas return
I‘)
P

Cooling plate with
thermal pads

“y TOP/BOT | .4y TOP/BOT |;

HASIC ¢

| iRPCROC

‘FPGA i

CYCLONEV

dv O
Q0 VTRX ®

Feb v2.3 PETIROC 2C
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iIRPC front-end electronics (FEB)

sssss

The FEB is composed of: i) ; kg
T e ane e o2 Febv2 2 | |Febv2 3 (Asic ;' Tasic s dasic s
channels eac 2021 2023-2024 &8 e, 8 Gl b G A 4
a 6 ASICs PETIROC 2C No X-talk/retrig. Mass production g : N -
O 3 FPGAs Cyclone V s . -l i
Y Rad. tolerant 6 PetiROC2C {FPGA - “FPGA:"N “{FPGA: i
D GBTX/G BT—SCA/VTRX + 3 FPGA CyClOne V . CYCLONEV . CYCLONEV . CYCLONEV
6 PetiROC2C + + Optical GBT A e I 3o
3 FPGA Cycl. V + Online firmware T n 3
+ Optical GBT loading interface 5
eDAG GBTx
S R, m SCA
Fiber readout v 4".?\" 2
FEB a0 ; :
—— f QT N ~—] e, W
' = : Feb v2.3 PETIROC 2C
P :’; : | - ﬁ/ Gas supply
HV connector g ° o
" IRPC front-end board radout electronics

talk by Maxime Gouzevitch

Cooling plate with
2V for left FEB 2V for right FEB 4V for both FEBs thermal pads
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IRPC read out principle

i a muon crossing the iRPC chamber induces a signal in strips :
| outside the gaps and the signal is transported to the FEB. i
|

I |
If amplitude of the signal > channel threshold — PETIROC i
sends an output signal to the associated TDC channel :

|

and the signal is time tagged. _
|
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iIRPC back-end electronics

Back-end functions

Q fast/slovy cgntrol and. monlto.r N 79 x IRPC chsnber &
o cluster finding and trigger primitive on-detector electronics (FEB)
generation
d  timing reference adjustment l
(Q  data acquisition
CMS Preliminary CERN 904 Lab iRPC
"""" G4 REAL] EAER KLU ELAA] REEA Liaa) KL ML Lashd R Chamber

50001~

TDC counts per BX

w
o
o
(=)

2000F

1000

2 FEBs
Per chamber

GBT Link
4. 8Gbps

144 links

Total muon events: 2000 ]|
Total entries: 12200 ]|
Threshold: ~40 fC |
Chamber type: RE4/1 |

1 —

FEB TDC data recorded in few BX,
well inside the 20 BX trigger latency

ATCA crate

CLK/SC

Currently we are using uTCA based BE setup

{ Data transmission delay properly adjusted by Back-end

uTCA crate with BEB




TDC counts per BX

Back-end functions
EI fast/slow control and monitor

cluster finding and trigger primitive on-detector electronics (FEB) Per chamber r r !

O
generation

d  timing reference adjustment

(Q  data acquisition

iIRPC back-end electronics

72 x IKPC chamber & 2 FEBs

| /‘
Y
|
GBT Link
% o

4. 8Gbps

CLK/SC

CMS Preliminary
| |

5000

i e CMS iRPC cluster finding algorithm in Backend electronics

Poster by Qingfeng Hou
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Poster by Weizhuo diao

2000

1000f

o b o co b o b oo oo b e

{ Data transmission delay properly adjusted by Back-end
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iIRPC production and quality control

~
Production steps

Procure and test components. = Send components to assembly sites = Assemble chambers at assembly sites (CERN

904, Ghent) » Ship chambers to CERN = Final QC of chambers at CERN 904 y

-~

~

QC1 - Chamber Components

HPL (Firm under INFN PV supervision), Strip PCB (Lyon),
FEB (Lyon), Cooling system (Georgia)

N
(o

\

C3 - Chamber Assembly @ assembly sites

QC3.1 Chamber Assembly Tests: Visual test, Gas
Leak test
QC3.2 Chamber Cosmic Tests with 1 portable FEB

(noise, eff, cluster size, HV), Connectivity Test,
Dark Current Test (DC1)

-~

QC2 - Gap validation

Gap in Kodel (gas leak, spacer bonding, dark current
test (DC1), dark current stability (DC2))

At assembily sites: (gas leak, spacer bonding, dark
current test)

)

p

~

QC4 - Final Chamber Validation @ CERN 904

° QCA41 - Final Chamber Tests: Cooling leak test,
Gas leak test

e QC4.2-Long Term HV Stability (DC2)

e (QCA4.3 - FEB-on-Chamber Test, Chamber
Cosmic Tests (with final FEBs), Connectivity

K Test, Dark Current Test (DC1)

)
~

)
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iIRPC production and quality control

~

Production steps

Procure and test components. = Send components to assembly sites = Assemble chambers at assembly sites (CERN

904, Ghent) » Ship chambers to CERN = Final QC of chambers at CERN 904 y

QC1 - Chamber Components QC2 - Gap validation

HPL (Firm under INFN PV supervision), Strip PCB (Lyon), Gap in Kodel (gas leak, spacer bonding, dark current

FEB (Lyon), Cooling system (Georgia) test (DC1), dark current stability (DC2))
At assembily sites: (gas leak, spacer bonding, dark
current test)

L QC defined (as for the legacy detector) : all results and procedures are J
/ stored in dedicatedly designed CERN IT based ORACLE construction DB. )

QC3 - D04
e QC3.1 Chamber Assembly Tests: Visual test, Gas e QCA41-Final Chamber Tests: Cooling leak test,
Leak test Gas leak test
e QC3.2 Chamber Cosmic Tests with 1 portable FEB e QC4.2-Long Term HV Stability (DC2)
(noise, eff, cluster size, HV), Connectivity Test, ® QC4.3 - FEB-on-Chamber Test, Chamber
Dark Current Test (DC1) Cosmic Tests (with final FEBs), Connectivity

K / K Test, Dark Current Test (DC1) / o




iIRPC construction overview

Assembled

QC4.2

Long term HV
stability

QC3.2

(cosmic test)

Installed
(final cosmic

RE3/1 31 24 19
RE4/1 37 25 23
Total 68 49 42

Construction sites:

1
GHENT
UNIVERSITY

Mexican colleagues doing
assembly @ CERN
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QC1. Chamber components

Strip PCB QC @ Lyon

connectivity, impedence, attenuation, propagation

HPL @ Firm under INFN Pavia supervision
Chamber mechanics @ ALDOWA in the Netherlands

Cooling system

. . _ QMS Preliminary ‘ . ‘ . CERN 904 Lab

d  Cooling frames tested at 20 Bar pressure (with N) Ol il ]
(d  FEB cooling plates @ Georgia S  — ;
':E)-ZS* - — N

N
£
T

FEBv23: Configuration used during QC3 -

no protective cover.

- —
-
. . ——
IRPC FEB Coo”ng syStem 28 ™ FEB (left side); 2V power = 12.21 watt; 4V power = 7.23 watt
- Cooling water test: flow = 2I/min; T=17 C
-
-
-
«
-
-
.

poster by Otari Kemularia

21 - FPGA LEFT (Tasympt = 26.5°C) ]

. FPGA MIDDLE (Tasympt = 27.0°C)
201 . FPGA RIGHT (Tasympt = 25.5°C) 1

"L 118
Il Il Il 1 Il 1
< ) o
Rl \6960 &> .\6{-’99 ‘;’QQ K o \cf’go



QC1. Chamber components

Strip PCB QC @ Lyon

connectivity, impedance, attenuation, propagation

HPL @ Firm under INFN Pavia supervision
Chamber mechanics @ ALDOWA in the Netherlands

Cooling system

CERN 904 Lab
T

A  Cooling frames tested at 20 Bar pressure (with N,) 5, :
O  FEB cooling plates @ Georgia NN e e L1
S “
FEB v2.3 production @ FEDD France and QC in Lyon i
Quality control of iRPC electronic components (FEB + strip R
PCBs) and tests in hard radiation environment 20 .’. FEE R.;T(n‘(:’)c?
poster by Maxime Gouzevitch el T
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QC2: Ga P validation e production & assembly sites

Pressure [mbar]

i CMS Preliminary
Gap pressure and spa.cer bor.Idlng test Z 07 Chamber Tpe REVT
d 15 mbar for 20 min monitor pressure loss = |"irent @ 5000V < 0.5un
o . 9:) 0.6 Current @ 7400V < 2.5uA -
d  spacer bonding test by applying pressure 3 05/ avalanche /
' region
dark current test 04 ]
(d  monitor gap current over high voltage range 03| |
— current acceptance criteria to validate gaps . ) . E
ohmic
0.1 region .
0.0 | ! | | - | ! !
1000 2000 3000 4000 5000 6000 7000
HVeff [V]
CMS Preliminary CERN 904 Iab o CMS Prefiminary Ghent & CERN 904 Labs ~ CMS Prefiminary Ghent & CERN 904 Labs
e g??e’?:‘t’aenrcgvgfés’gﬁgDmp: 0.4 mbar/10min & Number of gaps = 123 §40* Number of gaps = 123
’ 256 HV = 5000 V fhes HV = 7400 V
18 o max = 0.59 pA 2 35 max = 1.96 pA
248 mean =0.14 uA kS mean =0.41 pA
1654 ) € — leriticar = 0.75 pA £ 30 == eritical = 2.5 PA
16.52 § =z 140 z 25
16.50 g 32+
3 0]
16.48 24 -
| | | | 8- 51
N . H_/ .
0 0.‘1 0.2 0.‘3 0.‘4 0.‘5 0.‘6 D.‘7 0.8 0.‘2 014 0.‘6 0.‘8 1.‘0 1.‘2 1.‘4 1.‘6 1.‘8 2.‘0 212 2.‘4

Leak test (drop < 0.4 mbar/10

min)

Spacer
bonding test

Dark Current[pA]

Dark Current[pA]

20



Pressure [mbar]

16.58

16.56

16.54

6.52

oo

&
U
o

16.48

16.46

16.44

QC2:

Ga P validation e production & assembly sites

Gap pressure and spacer bonding test
d 15 mbar for 20 min monitor pressure loss
d  spacer bonding test by applying pressure

dark current test
(d  monitor gap current over high voltage range
— current acceptance criteria to validate gaps

CMS Preliminary

Chamber Type: RE4/1

Acceptance Pressure Drop: 0.4 mbar/10min

Gas Leak Test

1000 1200
Y Y

CERN 904 lab oa.CMS Preliminary Ghent & CERN 904 Labs

v
g Number of gaps = 123
« 96 HV = 5000 V
e max = 0.59 pA
§48* mean=0.14 pA

k4 == leritical = 0.75 pA

g 240

% 32

CMS Preliminary CERN 904 lab

o
%5

o©
[}

Current [uA]

0.5

0.2|-

0.0f-

‘Chamber' Type: RE4/1

Acceptance Criteria:
Current @ 5000V < 0. gpA

Current @ 7400V < 2.5uA

L

ohmic
region

avalanche
region

| ! |
1000 2000 3000

CMS Preliminary

2000 5000 6000 7000
HVeff [V]

Ghent & CERN 904 Labs

Number of gaps
&
Il

N
o
I

20

Number of gaps = 123
HV = 7400 V

max = 1.96 YA
mean=0.41 pA

== leritical = 2.5 HA

Gas gaps and chambers quality control of improved resistive plate chambers (iRPC)
Poster by Mohammad Ahammad Ali

Leak test (drop < 0.4 mbar/10 Spacer Dk Cunrentus]

min) bonding test

T T T
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

T T T
02 04 06

T T T T T T T T T
08 10 12 14 16 18 20 22 24

Dark Current[pA]
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Muon efficiency [%]

QC3: chamber quality control

P2

QC3.41 Chamber Assembly tests b S
Visual test. Connectivity test, Gas leak test, dark current test 3 At
QC3.2 Cosmic efficiency test
(d  Tests with portable FEBv2.3
O  3-fold coincidence (30 x 40 cm? scintillator area) |
a Moving now to 20 x 100 cm? scintillator area
A 1double gap scan, 2 single-gap scans, noise & current scans
A 11 HV points with 2K events/HV-point for eff and 15K for noise : LI
_ CMS Preliminary CERN 904 Lab CMS Preliminary Ghent & CERN 904 Labs CMS Preliminary Ghent & CERN 904 Labs
120T% e B oo <ol w7 ob s emwhrra-sa | ] 5 35F T ‘ ‘ ‘ 7 %
[ % Ral = 28 B, iatesulo) - 9% WP = 7,08 kv EHWRIN1 = 98 E | Number of alf chamber - 83 £16]
[ m RxLW = 12 BX, plateau[%] = 99, WP = 7.06 kV, Eff(WP)[%] = 98 < ol u=97.7% 1 o Charge threshold ~ 40 fC
e — ] £ 30: M?ngg;’? o Number of half chambers = 65
| Total entries: 2000 / 1 g L 1 : E A TR
[ Chamber type: RE 4/1 4 S 25? N 5
80— / - o I O 124
[ 1 2 | 3
I / ] Eaof ] £ 10]
60— 4 Z ] z
: / 1 sf 1 .
wl f 1 I
I / ] 10f ]
.
20 / - 5L N
/ [ 2]
L o« 1 [ ]
¢ T B ol T (P I B SN TR (STERCI D [ 1Y PRI R
7 6.0 6.2 6.4 6.6 6 7.0 7.2 %5 96 97 98 99 100 0 - ; ; ; . . : . ; ‘ ;
HVess [kV] Efficiency at Working Point [%)] 699 7.01 7.03 705 7.07 7.09 7.11 :



QC4: final chamber validation

quality control after final chamber 7
assembly with final FEBs (v2.3) i '| mi “ Wl “. I ' l|"
| |

: cCMS Preliminary CERN 904 lab

"} chamber type: RE4/1
0.9~ Total time = 34 days
I Acceptance limit = 2.5 pA

QC4.1 Cooling & Gas leak test i 'ﬁ ‘ f; | 7_ IADIN AN T B
3 cooling test follows QC1 procedure i \\ ) S
d gas leak test follow QC2.1 with 5 mbar | \ \ Sosk

: i Uo.a:—

QC4.2 HV current stability
d  current monitoring at WP for 1 month
d  acceptance: current < 2.5 pA
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IRPC performance under gamma background

Gamma irradiation facility (GIF++)
12 TBq *’Cs gamma source 662 KeV
Muon beam ~ 150 GeV/c

o
o

— Test iRPC performance in HL-LHC background conditions

GIF++ source off

bkg. rate ~ 2.3 kHz/cm?

CMS Preliminary GIF++ 160 CMS Preliminary GIF++
T T T T T T =" T T T T T T
r =
GIF++ test beam June 2024 9O, GIF++ test beam June 2024
1.4mm double gap iRPC > 1.4mm double gap iRPC
r FEBv2.3iRPCROC 2C | 140 FEB v2.3iRPCROC 2C ]
threshold ~ 40fC threshold ~ 40fC
GIF++ source off bkg.-rate ~ 2.3 kHz/cm?
I~ 1 120[- 1
- 4 sof ' R .
¥3
- i
- - 60 - = . xS B
i §
|- | 40}~ N
- u 20| i
[ - o _
I I I I 1 L ! | L I | I
0 10 20 30 40 50 0 10 20 30 40 50

60
X [em]

]
a
o

Hits [1/cm?]

200

150

S ) XL

M \ downstream field

11111

2iRPC in Gif++ § <
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Efficiency [%]

IRPC performance under gamma background

Gamma irradiation facility (GIF++) Studies ongoing with fine-tuned threshold and further

Q 12 TBq ®’Cs gamma source 662 KeV o : :
optimised FEB configuration
EI Muon beam ~ 150 GeV/c P 9

— Test iRPC performance in HL-LHC background conditions

CMS Preliminary GIF++ o
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|« WP = 7148V, plateau = 96.51%, Eff(WP) = 95.33%, bkg-rate ~ 1.2 kHz/cm? | e =i, bkg-rate 0.6 kis/om?
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iIRPC time resolution

time resolution measurement at GIF++ !

d  time resolution performed with 2 identical chambers (] ' & |
and a muon beam : AR oo |
Q  absolute timing resolution after alignment by back-end: e

FEB v2_2c No.18/19
Inside bunker

7 80 ~ 5 5 0 S Outside bunker
lad p DAQ and IPbus/SiTCP SC

\/5 server

CMS MUON Preliminary GIF++ 07.CMS MUON Preliminary ‘ GIF++

beam trigger

mTCA crate
1 GBT links
o 10GbE DAQ

= 0.07 - 0.07
S Path1_diff: 20m S Path1_diff: 20m
£0.06 Entries : 6658 £ 0.06 Entries : 6652
5 Mean : -99923.94 ps 5 Mean : 73.78 ps
P4 RMS : 788.72 ps z RMS : 772.05 ps
0.05 0.05—
Path2_diff: 18m Path2_diff: 18m
0.04 Entries : 12968 0.04 Entries : 12661
: Mean : -90113.52 ps clad I Mean : -141.44 ps
RMS : 782.23 ps RMS : 784.44 ps
0.03 0.03—
Test beam in April 2023 Test beam in April 2023
y background off y background off
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iRPC space resolution iplzi I;"

Cosmic muon telescope in Lyon University IP2I o IP21 Dome lab.
Q4 control RPC-chambers k. S MUON
. . = Preliminary
d  space resolution measurement of iRPC: 3000~
o = 0.4cm (depends on strip pitch in the telescope region) 25001~
= —_ _ i 2000
o, 1.6cm (depends AT = THR TLR resolution) : |
1500 — Nearest iRPC cluster
o to the cosmic muon
1000; WP =7100 V
500; c,,= 0.4cm
: x : ol
A x (cm)
- IP2] Dome lab.
< [ CMS MUON
1000~ Preliminary
1: DIF 27 C Nearest iRPC cluster
800 — to the cosmic muon
L WP = 7100 V
600 o, = 16cm
400
200
] 0..‘I. I | PRI B
NN R T ¥




4 demonstrator chambers (RE+4/1/15,16 and RE+3/1/15,16) were installed in CMS in the

end of the Long Shutdown 2 (2021-22),4 FEBs v2.1 and 4 FEBs v2.2: RN
O Noise < 1Hz/cm?with final end cap disk grounding
d  FEBtemperature stable in CMS endcap closed mode with water cooling

@  HV currents showing smooth operation during LHC Run Ill
Normal operationin 3.8 T magnetic field

2 mass production final chambers with final FEBs installed in CMS last YETS (2023):
d RE-3/1/16 and RE-3/1/18

All services are already installed since LS2 waiting for all 72 chambers

All 70 remaining chambers are expected to be installed next YETS
2024-2025 access time

CMS MUON Preliminary
HR strips

Noise measurements at CMS
1.4 mm double gap
RE+3/1 FEB v2.2
Effective HV = 7.1 kV
Petlroc 20 threshold 42 fC

Noise Hz/cm?

Noise Hz/cm?2




Summary

IRPC is an innovative design detector to operate during HL-LHC in CMS at High Eta region

>
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Production and QC ongoing: 68/72 chambers manufactured and QC (with portable and pilot

production FEB). Completion expected by end of September 2024

IRPC space resolution is Ax = 0.4 cm and Ay = 1.6 cm, improved wrt to present AXx = 1-2 cm
and Ay = 20-30 cm

IRPC timing resolution is At ~ 0.5 ns, improved wrt to present At ~ 1.5 ns

At ~600 Hz/cm2 and with a threshold of ~40 fC, the IRPC chambers have a performance of:

¢ 96.7 % muon efficiency

€ Working point ~ 7076 V

Demonstrators in P5 have already shown less than 1Hz/em2 of noise and stable operation in
CMS conditions

First 2 final chambers installed and commissioned last December 2023 in CMS

Chamber construction (with FEB) expected to be completed by the November 2024,

installation planned in January 2025
29
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