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Muon system: t%e gaseous technologies for muon identification, timing
and momentum measurement

Muon acceptance: n| < 2.4
Resistive Plate Chambers (RPC)
o 250 chambers, = 170k channels 540 trapezoidal endcap chambers
0 44 number of hits 480 rectangular barrel chambers
O Spatial resolution=100 pm ~ 120k channels
o Time resolution = 2 ns 6 (4) number of hits

Spatial resolution =1 cm

Time resolution = 1.5 ns

n 0.1 0.2 03 0.4 05 08
8" 843 TBE" 731" 67.7" 625" 575"

Gas Electron Multiplier (GE1.1 installed in 2021): Cathode Strip Chambers (CSC)
72 Super-Chambers, consisting of two triple- 540 trapezoidal chambers, 2500k channels
GEM 24 number of hits
2 number of hits Spatial resolution=50 +140 um
Spatial resolution=100 mm Time resolution = 3 ns

Time resolution = 10 ns
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Phase 1 LHC A Phase 2 nLiHe
Run1 | | Run 2 | Run 3 [ Run4-5...
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o ATLAS - CMS .}w
© - experiment upgrade phase 1 ATLAS - CMS
% O beam plpes nominal Lumi 2 x nominal Lumi ALICE - LHCb . 2 x nominal Lumi § HElporace
O _§ 75% nominal Lumi /— upgrade I 1
05 — -1 integrated LR
o O m 190 fb m luminosity ELIE{
L-LHC TECHNICAL EQUIPMENT:
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Run 1 & Run 2
1997 Muon Project TDR

2005-2008 Muons Chambers produced and installed

art of LHC

—> Total integrated luminosity

— 2010, 7 TaV. 45.000™"
CMS — 2011, 7 TaV. 6.1 1

]

Total integrated luminosity (fo')

Date (UTC)
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> 1299 papers published
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2013 The EU Strategy Report for High


https://cds.cern.ch/record/343814?ln=it
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— Compaci Muon Solenoid

Phase 2

HL-LHC

LHC

Today

13 TeV

Run 72

splice consolidation
button collimators
R2E project

7 TeV 8 TeV

5 to 7.5 x nominal Lumi
ATLAS - CMS o
experiment upgrade phase 1 ATLAS - CMS
peam pipes nominal Lumi 2 nominal Lumi, ALICE - LHCb | 2xnominal Lumi : AR
75% nominal Lumi upgrade

EXrd

HL-LHC TECHNICAL EQUIPMENT:
DESIGN STUDY ) |

Challenging conditions at High Luminosity LHC

[ 12 13.6 Tev A3 13.6 - 14 TeV
energy
Diodes Consolidation
limit LIU Installation |
i(;\r1yeor.larc".]tlion inner triplet . HL. LH.c
regions Civil Eng. P1-P5 pilot beam radiation limit installation

PROTOTYPES

20739 2040

integrated JELIRIR
luminosity eIV o

2017 The Phase-2 Upgrade of the

CMS Muon Detector TDR

CMS Average Pileup (pp, -5=13 TeV)

m Run lI: <p> = 34
B 2018: <u> = 37
[0 2017: <u> = 38

HLC

0 2016: <u> = 27
m 2015: <> =13

al? (13 TeV) =80.0 mb

Recorded Luminosity (ph ' /1.00)

HL-HLC
"baseline”

/ CONSTRUCTION YASTALLATION & COMM. |||| PHYSICS
CMS LHC HL-LHC
@ b baseline (ultimate)
Instantaneous
R 10834 5 (7.5) x 103
Integrated
e Lumi (fo-1) 300 3000 (4000)
"ultimate” ;

Pile Up 30 140 (200)

CMS detector must be upgra

2® o «© «© A 2
Mean number of interactions per crossing

HIL-LHC conditions (see R. Venditti’s talk)


https://cds.cern.ch/record/2283189/files/CMS-TDR-016.pdf
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Today
Phase 1 LHC - Phase 2 HL-LHC

~ Campaci Muon Solenoid

EVETS|
13 TeV

13.6 Tev LIRAE] 13.6 - 14 TeV

energy
Diodes Consolidation
splice consolidation cryolimit LIU Installation -
7 TeV 8 TeV button collimators interaction . inner triplet . — LH.C
——— R2E project regions Civil Eng. P1-P5 pilot beam radiation limit installation

mmmmlw
5 to 7.5 x nominal Lumi
ATLAS - CMS
experiment upgrade phase 1 ATLAS - CMS
beam pipes

nominal Lumi 2 x nominal Lumi | ALICE - LHCb 2 x nominal Lumi HL upgrade

L I |
75% nominal Lumi I/" upgrade

luminosity EELTHIIE {3

HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY PROTOTYPES; CONSTRUCTION | INsTALLATION & comm. || PHYSICS

BEAM PIPE

Replaced with an entirely new one
compatible with the future tracker
upgrade for HL-LHC, improving the

Long Shutdown 2 (2019-2021):

PIXEL TRACKER

All-new Innermost barrel pixel layer,
in addition to maintenance and repair
work and other upgrades.

* Extensive work to upgrade the CMS o e oms

detector because of the increase of energy —
and luminosity in Run 3 and beyond -

* New GEM chambers and CSC electronics
in the Muon Spectrometer

B CATHODE STRIP
CHAMBERS (CSC)
Read-out electronics upgraded
on all the 180 CSC muon
chambers allowing performance
10 be maintained in HL-LHC
conditions.

HADRON
CALORIMETER
New on-detector electronics

h'gps://home.cern/press/2022/CMS-u pgrades-LS2 itated 1o occs folse

SOLENOID MAGNET
B\ New powering system to
prevent full power cycles

in the event of powering

& ‘pvobl'zmp;‘savmgdva‘bable installed in the endcap-muon
ime for physics during system to provide precise muon
collisions and extending e tracking despite higher particle

the magnet lifetime. rates of HL-LHC.

= GAS ELECTRON
bl MULTIPLIER (GEM)
il DETECTORS
An entire new station of detectors

and improve energy
measurement in the
calorimeter.



https://home.cern/press/2022/CMS-upgrades-LS2
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EYETS 13.6 Tev R3] 13.6 - 14 TeV
13 TeV energy
Diodes Consolidation
splice consolidation cryolimit LIU Installation -
7 TeV 8 TeV  putton collimators in?qr;lirgtlicn - ) inner triplet ; AL I-H(-:
——— R2E project regions Civil Eng. P1-P5 pilot beam radiation limi installation

“u X h |
2027 | 2028 | zo2s [}
5 to 7.5 x nominal Lumi
ATLAS - CMS
experiment upgrade phase 1 ATLAS - CMS
beam pipes

nominal Lumi _Ma_l_l‘ﬂﬂ ALICE - LHCb 2 x nominal Lumi HL upgrade

I
75% nominal Lumi I/" upgrade
integrated JEMLUETE
301" 190 fb! 450 1" | e 4000 b

HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY (€6 PROTOTYPES _— CONSTRUCTION | INsTALLATION & comm. || PHYSICS

Run 3 (2022-2025): SIS

" Started on 5th July 2022 with the first R e o
stable beam energy record of 13.6 TeV

» Excellent CMS data-taking efficiency
>92% in RUND3 physics collisions

» Muon System is running smoothly with
a minor contribution to Luminosity loss

(~4%)
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Muon pertormance in RUN 3
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CMS Expediment at LHC, CERN
Data recorded: Mon Apr 15 10.33:12 2024 CEST
RunvEvent: 370442 | 478448925

Segment efficiency is studied with Tag &Probe
method on di-muons

Drift Tubes
e ] [ gem—r | D
= . [ /=3 |
| EH;’I = | T
D —e
@ SL
CMS Preliminary 2024 pp data (13.6 TeV)
51,02 — H
DT Segment Reconstruction Efficiency - whole barrel s 150 CMS Prefiminary 2022, 2023, 2024 pp data (13.6 TeV)
CMS Preliminary 2024 pp data (136 TeV) = § N -
g 12 2 s ‘ i E N i
s : . 160
H g E 2 L | —4— 2024: ceft> 99.8% - # underfiows 2
b £ e 20t 0000000000000t tegttestestetese S || ---#--- 2023 ceff> 99.7% - # underflows 2
& S0 ] | ] | Z a0 ; SRS
10 s 5 [ | ===-F--- 2022: ceff> 99.8% - # underfiows 1
9 E E L 120
. : 5 | .
[ - L & MmB1 i 1001
7 € Q L -#-mB2 -
095 & 084 a3 C
’ 5 B -¥-MB4 80—
5 & I !
082\ ; ] 60|
4 | L
< - a0l
P AP AP IR IIFIP IFIPIPEN IIIPEN IFIAPEN I P 5
2 6000 8000 10000 12000 14000 16000 18000 20000 22000 -
instantaneous luminosity (10 * cm?s7) 20—
! o g Segment efficiency shown as a function of C
gp888 388 B gl E LHC instantaneous luminosity for the four DT stations s i
MB1 MB2 MB3 MB4 .9 0.92 0.94 0.96 0.98 1 1.02
DT Segment Reconstruction Efficiency

> DT segment efficiency is more than 99% with few exceptions due to known hardware problems
(one chamber in Wheel -2 Sector 8 MB1 is not working because of a gas connection problem and
will be fixed over the coming YETS)

» Stable in time and with luminosity
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CMS Preliminary 2024 31.0 fb* (13.6 TeV)
ME+42 l 0. 1.00 1.00 0.99 0.99 0.99 1.00 1.00 1.00 0.99 1.00 0.99 0.99 0.99 1
£ ME+41 |
m ME+32 lllll’1.ll1.ll|ﬂ1‘.1_”1.“1”|.DI.II|M|Mulﬂ1m1.ﬂ|.ﬂ.ﬂ'1ﬂl.n1.“1."IMGMI.“I.D.I.D..“I.HILHI..B..II.II
ME+31 0590990 0o9bmmoon |
ME+22 uu.uunn.cnun|m1u1nm1umw.1w1.w|.nl1.uo.u1un.u1.u|.no1,uu.n|.n1m|muu.uwunuuu 0.8
ME+21 [0.970.980.97 0.980.98 0.98 0.97 0.9 0.97 0.96 0.98 0. 0.980.99 0.970.98 |
ME+13 (1.001.001.001.001.001.00 1. wu-1,n1.n.1.n|m1.u|.no.u1.oo|.n1 00 0.991.001.001.000.99 1. w1m1n|.n1.u|m1m|.w.1.n|.w1n
ME{-12 |0.990.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 1.00 0.99 0. .Lﬂ“mm-ﬂ.ilﬁul.lllDll”l.l.imll.-l.ll.ll.-mﬂ.-ﬂ.ﬂllﬂ 0 6
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ME-12 -n--—n-n-.n.llm-.nmm.uuu.n 04
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ME-21 -.nu.unnumcul.no.uurmm.'.nm.o.nmm |
ME-22 [1.000.998:281.000.99 1.00 0.99 1.00 0.99 0.99 0.9 1.00 0.991.00 0.99 1.0 0.99 1.00 0.99 0.99 0.99 1.00 0.99 1.00 0.99 1.00 0.99 1.00 0.99 1.00 0.99 1.00 0.99 1.0 1.001.00
ME-31 pssoss | 0.2
ME-32 [1.001.00 1.00 1.00 1.00 1.00 1.00 1.00 1,00 1.00 1.00 1.00 1.000.99 1.000.99 1”!‘.1.“1"1.“ 1.000.99 1.00 1.00 0.99 1.00 1.00 0.99 1.00 1.00 1.00 1.00 1.001.00
ME-41 0ss fHoes |
ME42 pRu | i mmsneme s e e a ey I
5 10 15 20 25 30 35
Chamber #

» CSC Segment efficiency: more than 98% of the
CSCs 1s operating at close to 100% efficiency.
Few chambers with lower efficiency are due to
known reasons (electronics board failures, that

cannot be fixed without access to the chambers,

or accessional temporary failures

CSC channels in readout (%)

2024 ICNFP

R (m)

100 T T
- 2022 2023 2024
C TS1 — e TSI CH |
—— . ""! o
i i 6 = 99%
4 Y]
[es o
98—
97— -
9/
[ Actual percentage of channels in readout (stable beam only):
C PR R S NN ST S NSNS ST ST S
930 20

60 80 100
Elapsed time in weeks since July 05, 2022

> Stable active channels fraction



o RPC performance in Run 3
4 (Barrel region)
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Compaci Muon Solenoid

» RPC performance is measured using the Segment Extrapolation
Method where DT/CSC Segments (in the Barrel/Endcap) that belong to
a standalone muon track with timing corresponding to RPC readout BX
windows are selected and extrapolated to the plane of a given RPC

RPC Efficiency - Barrel

RPC Cluster Size - Barrel

» L
3 | oM 3 f Mo CMS
@ pgof Prefiminary 1] % 0.5 —— 2018(50901 L 13TeV) 182 proiminary
S E Mean(>70%)  %(<70%) £ F 2022 (208110 ", 136Tev) 1.7
B = 2018 (59.90 b, 13 TeV) 95.62% 2.62% E L [ 2023 (14.041 7, 136 Tev) 1.7
£ 200 E 2022 (29.81 16,136 TeV)  95.07% 1.16% 04 n [ 2024 (22,041 7, 136 Tev)  1.83
2 L = 2023 (14.041", 136 Tev)  95.22% 1.79%
L 2024 (22.04 0", 136 TeV)  95.70% 1.31% I
150~ = 03
r 02f
tiof : Barrel
: / : arre
Barre
C . e i,
- i 0 1 1 1 1 & L L L L > 3
076 75 80 85 90 95 100 1 2 3 @« & @ 7% 8 o 10 Stable RPC performance in
Efficiency [%] Cluster Size
RUN 3 and RUN 2
” RPO Eficlenty:= Endcap RPC Cluster Size - Endcap
s : CMS E L Mean  oMS
o | Preliminary % 0.5 1 2018(59.901b " 13TeV) 179 prgjiminary
o L Mean(>70%)  %(<70%) E —2022(20811b ", 136 Tev)  1.72
g' 300~ —— 2018(59.90b", 13 TeV) 95.21% 3.13% '5 L E 2023 (14.04 fb ', 13.6 TeV) 1.72
[ [ ] 2022(2081"136Tev)  9484% 2:89% Z P4r ] 2024 (2204 ", 136 Tev)  1.76
2 i .5 2023 (14.04 1b", 13.6 TeV) 94.96% 2.93% L
b = 2024(22041",136TeV)  95.44% 269% 03F

200

Endcap _ Endcap

! sl Lo aaalaaaal L L L L
95 100 9 10

Efficiency [%] Cluster Size
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» In the Barrel region, DT and RPC information is processed in two stages to
provide optimal online reconstruction inputs to Level-1 Muon Trigger Track

> In the first layer, TwinMux boards match RPC hit clusters with DT Local Trigger

DT Local Trigger Efficiency

Finders.

segments to:

and MB2 stations)
excellent time resolution
CMS Preliminary 2024 pp data (13.6 TeV)
1.02 — + H H : 7
a
0.98 :—
0.96 —
0.94 15
0.926>
9  [#-mB1 . i
0.88— -#-MB2 L
E - MB3
|- MB4

0.86—

084

082

:lllllllllllllllllllllllllllllll!l[
6000 8000 10000 12000 14000 16000 18000 20000 22000

instantaneous luminosity (10 ** cm?s)

DT Local Trigger efficiency as a function of

LHC instantaneous luminosity

0.8

Local trigger and TwinMux

Comj Muon Solenoid

performance =

recover DT inefficiencies using RPC-only primitives (limited to MB1

improve BX identification efficiency by taking advantage of the RPC's

CMS Preliminary 2024 pp data (13.6 TeV)

TwinMux Efficiency
e o o =
©o © © o
- O @ - N

|||r|u||vrr[n|]li’l_

o
©
N

0.9

0.88

0.86

0.84

0.82

& MB1
- MB2
+ MB3

|¥-MmB4

0.8

il IFSPISN APPET P IPRTIPIN SPAFUPEN ISR B BT
6000 8000 10000 12000 14000 16000 18000 20000 22000
instantaneous luminosity (10 * cm?s)
TwinMux efficiency as a function of
LHC instantaneous luminosity

OMTF*

E=1

» DT local trigger and TwinMux
efficiency are both stable as a
of LHC

function instantaneous

luminosity

TwinMux efficiency is higher than
the DT local trigger efficiency of:
» ~3% in the MB1 and MB ’
» ~1.5% in the MB
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» Calibration runs were taken in 2024 at different HV settings and
Frontend chip (VFAT) configurations:
O Pre-amplifier [low, medium, high| gain
O Comparator mode [ARM, CFD].

[wE22 -

e

{uean]

(==

» GEM analysis done using events with standalone (STA) muons (py >
10 GeV, with at least 15 hits in the muon system, and y, < 5) and
with hits in the CSC companion station (i.e. accept a track through
GE1/1 only if it contains ME1/1 hits)

CMS Preliminary 2024 (13.6 TeV) CMS Preliminary 2024 304 pb™ (13.6 TeV)
> i 1 T T 1 T | ] E 120
qc’ [ —" ::;'.ZZ:’:::’:::::;:sz:xm-:u.::.m.nm-- i ;’ 09
E [ 100 ' - GEM-GE11 \\ [
w 0.8~ = r - B
s 7 ol -
0.6 = "
60 0.5
0.4 - I 04
I 1 I s | GE11-P-31L2
LGE11-P-31L2 . 401 0.3
— 1 L High gain + CFD,
0.2 —$— high gain-cfd | B L HV I, 695 bA 0.2
+ medium gain-cfd Gas: Ar/CO, (70/30) d 20 N éas: ACO, (70130)
- low gain-arm i 0 g oo § g g Pope g Ling p] i al i
650 660 670 680 690 700 PRI A0 5 I

20 40 60
X (cm)

Equivalent Divider Current (pnA)
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» Based on the 2024 calibration results, a new
HV setting was applied in June, increasing
significantly the GE1.1 efficiency to 94%
(with an HV-optimized and High gain
Constant Fraction Discriminator)

» Fully validated the alignment for trigger
capability: the Banding Angle distributions

after the alignments are close to the ideal case

Not to scale GEM CSC

(global )

local x

magnetic
field B
- H

} | Ltz
~—|p2p=20cey =t 1
z

CMS Preliminary 2024 (13.6 TeV)
FT - T T T T T T T T T T T T T T

w

& 3
T

]

Chamber Count
3
2
|

| 0 HV Optimized - High gain & CFD - (&) = 94%
- 0 Hv |, 680 A - Low gain & ARM - (g) =87% | ]

el
L4

20[- 4

10F Gas: AriCO, (70/30)

0.0 0.2 0.4 0.6 0.8 1.0

Chamber Efficiency
CMS rrefiminary 2024 (13.6 TeV)
- 012
:)- L
<C [ — Before alignment
0.1 i — After alignment
— ldeal Geometry

-Endcap Layer 1
F Odd chambers
0.06¢ 30 GeV <p;? <35 GeV

£,

0.08}

0.04}

.
¥
=50eV 321 mm|
wen
[
soft muons arriving to

E-1/1 from IP are “bent” i} Aoem } []
by the magentic field | ;

]
T

07027 ?i,..--——-:fg

3 4 5
|q>bending| [mrad]

cMS,

3|
3
=
£
[ < \8

2024 ICNFP
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Muon Upgrade project for
the HL.-LHC period
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Muon Upgrade Project

n 01 02 03 04 05 0.6 07 08
' 843 786" 731° 677" 625" 57.5° 528" 484"

8

1. New detectors will be installed E
in the high-eta region to:
» Restore redundancy :
» Extend the muon coverage up N = ===
» Improve Trigger efficiency without E_;l
increasing the trigger rate =T ( :
» Improve Muon reconstruction R

= X, = 12T T
CMS Phase.2 Simulaton___{5=14Te, <PU>=200 _ CMS Phase-2 Simulation =14 TeV. <PU>=200 g 20—+l 205,55 0nY
> 1.0! oy § AR DA act A0 A0 04 §5805 LARAS LAl LSasnataant B OSE e  cel
H 7515 GeV, p"*>20 GeV 2 A 2 e g com
s ETT ' = I | '°=_‘ S i fi 110 Muon System tailures + neutron background:
N Lt il E c W Muon Phase-1+ GE1/1
Somt el == §uef i pmmmniveem
% B T g :$: = 2 Wion Pnase $ GETA + GESA + IR+ MED
09 T = B :*: :?: —f——'f— ] T e
F 085y - E " _+_ = “5 E
08 o S e S Eoopt>15Gev 0_97 j:_t—
075 E ! ossE:
075 [T1Mu(standalone) 3 e ) i o8
. ——#—— Phase-1 (CSC): Run-2 Trigger Configuration [ | —#— Phase-1(CSC): Run-2 Trigger Configuration | 3 8
0.65( | | —=—— Phase-1+GE11 (CSC+GE11) = | [ | —&— Phase-14GE11 (CSC+GE11) o5t
—o— anZ[CwGEINGE?NMEO] [ || ——e—— Phase-2 (CSC+GE114GE214ME0)
[ . o | | | |
|6 17 18 19 2 21 22 23 24 25 102 bk - - - - . - L {5 18 F] 2z 24 26 28
Simulated Inl 16 17 18 19 2 21 22 23 24 mz:“ Muon I

2. New electronics for the legacy detectors:
DT: replace all on-board electronics (OBDT), BE
RPC: replace all off-chamber electronics, BE

SC: replace selected FE boards, replace all BE

Congedo’s talk)

Gb/s

10t

10°

Compact Muon Solenoid

>

(O)DMB to FED data transfer rates
£=7.5%10%*s"tcm™2 (PU200)

o HL-LHC expected rate
—— Phase-1 bandwidth
=== Phase-2 bandwidth

pgréde. . . Phase-2
DAQ rate

t

Phase-1 bandwidth
(1.28 Gb/s)

ME1/1 ME2/1 ME3/1 ME4/1 ME1/2 ME2/2 ME3/2 ME4/2 ME1/3
Chamber position
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LS2
LS2 Low Voltage Distribution

Boards: replace to provide
Anode Local Charged Track voltages and currents for
electronics: replace -

» The majority of the CSC upgrades was completed in mezzoine corés o Bowras o

Boards
increase latency capability

o . . o 0.0 . . and output bandwidth
LS2 (anticipating some activities originally scheduled - Lfﬂgzlgemmgm?arr:
replace with optica
Trigger Motherboard to

receive Digital Cathode
Front End Board trigger
data, increased
algorithmic power

Cathode Front End Boards:
for LS 3) replace with Digital :
Cathode Front End Boards

» In LS3, the CSC upgrade will focus on off-detector e

upgrade, including the replacement of the data e rgr—
- - : e S s i o o
Motherboard with new version boards (Optical ks 71| D oo e

DMB) and the upgrading of the BE
» A total of 72 ODMB7 boards for ME1/1 & 108
ODMBS5 boatds for ME234/1 need to be produced

» ODMB5/7 status:

» The pre-production boards were designed,
produced, and tested
» The design was finalized after going through

various  irradiation tests on  different

__ODMB5___

components oo = L 8 e

» Production is on schedule: the boards will be ——
d at UCSB (University of California) and
in early spring 2025




C The DT Upgrade
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Compact Muon Solenoid

T
4

2024 ICNFP

» In 1S3, the DT upgrade will focus on:

» New On-Board DT (OBDT) electronics for Theta/Phi
chambers:
*  TDCs implemented in FPGA
* Improved performance, radiation hardness, and
simplified maintenance
¢ Comply with HL-LHC requirements

On detector
Y Board for DT

detector
control

.......... 4 » The new Trigger logic system moved to the back-end
' outside of the CMS cavern with the following
improvements:
e Trigger Primitives are built by exploiting the
ultimate DT cell resolution
* Increased flexibility in combining DT and RPC

Asynchronous
data streaming

digitization

— -// Laterality and
s < bunch crossing

«'woﬂs(:lsaxs) o S uncertainty

BMT (Barrel Muon
Trigger Layer 1)

hits to form TPs
\ *  Enhanced resilience to detector aging and failures
= DSS

MONSA (Monitor and Safety) Safety system

» The OBDT prototypes have been fully
validated (see the next slide)

» The DT Upgrade production has started
and is on schedule
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C DT Upgrade: slice test :

G. Pugliese 2024 ICNFP

To test the new electronics under realistic conditions in the CMS environment, 2 DT slice-test
demonstrator has been running since 2019. The data from two sectors have been split and
read by both the legacy and new OBDT electronics (initially sector 12 was equipped with
OBDTs v1, and later sector 1 with the OBDTs v2)

CMS Preliminary 2024 (13.6 TeV)

2024 (13.6 TeV)

= T T gl y v [ [— oBbT-phi
18000 CMS Protminary || _gaerRe,
16000 :_ DT Slice Test . . b S | T

I Wh+2 Sec 1 MB2 i

14000

No. Hits/BX

DT Slice Test
Wh+2 Sec1 MB2

N

12000f

i

10000/~

8000

6000(

40 60

T

4000(— 3

F wire
2000 : ; H H : 4
........ S S — —— Occupancy map for one

-
o] 500 1000 1500 2000 2500 3000 3500
Bunch crossing number in LHC orbit

chamber is as expected

Time measurement distribution:
it is visible the beam structure with 5

CMS Preliminary DT SliceTest, Cosmic Data (2021)

Phase-2 TP, Q23

bunch trains of 12 colliding bunches é tgf e
each plus two single colliding 2o
bunches g ]

Legacy TP (BX x 25 ns)

The local trigger performance has a resolution

ble to the offline reconstruction

T

T L L i
—-20 -10 0 10 20
Trigger Primitive - Offline Segment Time (ns)




&;? RPC Upgrade C\MS

New RPC Link system ot T3 s+ | New Improved RPCs for Ring 1 of end-
3 ] ; e © 1 5 | Cap dliscs 3/4 (RE3/1, RE4/1)

15252 Honeycomb panel (top) Caoling pletes

FEBs
16 228° Aluminium frame

Cover plate

T T R B W

Patchpanel G%5100P  Honeycomb panel

* New Link System:

- Improve Trigger hit time resolution

- 1 chamber =1.6x 1.2 m2
from 25 ns to 1.56 ns ° chamber x1.2m

- Total 72 iRPC (20% chambers

- Data transmission speeds up to

10.24 Gbps

-1.8< |n| <25
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v New RPC Link System Upgrade

G. Pugliese

» In 183 the current RPC Link system will be replaced with a

new higher-performance Link System

» Key Features of the new Link System
- 14 Layer PCB, 40 x 28 cm?2

- FPGAs are KINTEX-7, XC7K160T — Industrial Version

- Muon hit time, TDC timing Resolution: 1.56 ns

- Master Link board output data rate: 10.24 Gbps

- Control Board communication with RPC Backend electronics: 4.8 Gbps

Project status:

» The irradiation tests of vatious components and FPGAs for
the new boards are completed. The electronics meet the HL-

LHC radiation requirements with high safety factors

» A demonstrator was installed at the CMS in February 2024 to
monitor system behavior under realistic conditions. The system
has operated continuously and reliably for five months, with

no change in performance or stability

» Pre-production is expected to be delivered to CERN by the
end of 2024

CMS

Muon Salen

Compact

2024 ICNFP

New Link system Upgrade Phase-l|

Slow Control,
2.56/5.12/10.24 Gbps
216 Links

LVDS cables Control Board

Hit data Links
10.24 Gbps
492 Links

1376 Link Boards
in 108 Boxes,
Controlled by 216 Control Boards

Resistive Plate Chambers

Up to 6 layers of detectors.
480 chambers in Barrel, 648 in Endcaps

\

umuh =] [‘

”ﬁ%maﬂi

New Link System (left) and present Link System (right) at
CMS experimental cavern (UXC)
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G. Pugliese

» New detector geometry, strip layout and Font-End
Board electronics (2D readout)

IRPC Design & Performance

iRPC RPC
High Pressure 1.4 mm 2 mm
Laminate thickness

Num. of Gas Gap 2

Gas Gap width 1.4 mm 2 mm
Resistivity (Q2cm) 0.9-3x 10 1-6x 10
Charge threshold 50fC 150 fC
T segmentation 2D readout 3 1) partitions

> Requirements:

> Space resolution (cm): 1.5 in 1 and 0.3-0.6 in ¢

» Time resolution (ns): 0.5 ns

> Rate capability: 2 kHz/cm?

1P2] Dome lab.

= F CMS MUON
3500 praiminary
30001
2500
2000
1500 Nearest iRPC clustar
F to the cosmic muon
1000} WP = 7100V
00 a,,= 0.4cm
oL L L L | I I |
210 8 4 =2 0 2 4 ERL
Ax (cm)
P21 Dome lab.
o F
< | CMS MUON
10001 orosiminary
F Nearest iRPC clustar
800~ 16 the cosmic muon
WP = 7100V
auu:— ©,,= 1.66m
-
200
L L L L
o 8 6 4 =2 0 2 4 6

iRPC Chamber

48 Strips 48 return Strips

CMS

Muon Solenoid

2024 ICNFP

Two FEBs per chamber

Erni connectors

Low Radius (LR)

New Strip PCB to allow the
return line concept

48 Strips 48 return Strips

To back-end board

v" Prototype performance
satisfies all requirements

GIF++

0.07.CMS MUON Preliminary

Normalized
o
o
o
I

0.05—

0.04—

0.02—

0.00="—"75600

Path1_diff: 20m
Entries : 6652

Mean : 73.78 ps
RMS : 772.05 ps

Path2_diff: 18m
Entries : 12661
Mean : -141.44 ps
RMS : 784.44 ps

Test beam in April 2023
y background off

1.4 mm iRPC * 2
Threshold = 33 fc

5000 10000
Timing difference after alignment (ps)

Efficiency [%)]

FEB positioned external and @

lowest dose region

CMS Preliminary

GIF++

1.4mm double gap iRPC
FEB v2.3 iRPCROC 2C
80|~ threshoid ~ 40fC

12 BX trigger window

GIF++ Test Beam June 2024

wp =‘7034V‘ platéau = 99.03‘%. Eff(WP) =' 98.10%, v-slour(e off
WP = 7045V, plateau = 98.61%, Eff(WP) = 97.66%, bkg-rate ~ 0.2 kHz/cm?
WP = 7076V, plateau = 97.73%, Eff(WP) = 96.70%, bkg-rate ~ 0.6 kHz/cm?
WP = 7111V, plateau = 97.01%, Eff(WP) = 95.94%, bkg-rate ~ 1.0 kHz/cm?
= WP = 7148V, plateau = 96.51%, Eff(WP) = 95.33%, bkg-rate ~ 1.2 kHz/cm?
+ WP = 7261V, plateau = 95.04%, Eff(WP) = 93.60%, bkg-rate ~ 2.3 kHz/cm?

6.0 6.2 6.4




& GEM Overview Project | =+
VEIVIEW FT0OJeC 2 )
< W ‘
G. Pugliese 2024 ICNFP
» 3 stations will be equipped with detectors based on Gas Electron Multiplier

(GEM) Technology g E:M ’l ” .;’f " IJ,“’T :ﬂf”? fl v'_v/,f“{' “ st

- GE1/1, GE2/1: complementing CSC in forward region (Station 1 & 2 for g i :

Ring 1) :

GE1/1 & GE2/1 ot

» Both GE1/1 & GE2/1 are based
on the same mechanical design

GEL/1 example

principle: 2 triple GEM detectors » { gy e =k
pet Super-Chamber (SC) %) ' ' i g ____ [P

» GE1/1:72 SC (36 pet endcap)
10° in ¢ from 1.6< |n| <2.1

» GE2/1:36 SC (18 per endcap)
20°in ¢ from 1.6< |n| <24

Layout in triple GEM detector
(GE3/1 as an example)

8 ighty different tiple-GEM modles
(M1toMs)

0ff-Yoke (1 to M4) and On-Yoke
(M5 to M8) chambers

- MEO: Extending muon system acceptance in the very
forward region wpto |7 <28

- » 18 MEO stack per endcap, each made of six layers of triple-GEM
r for efficient tagging of muon tracks
il segmentation w.r. to beamline to equalize

v
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G. Pugliese

\ \
"\ pxift Board \PullOut "\ Powering pins

“\Spacer 3 mm

MEOQO Performance

Requirements :

VV VYV

97% module efficiency
< 500 prad resolution

8-10 ns time resolution
= 15% gain uniformity

v" Detector prototype performance satisfies all requirements:

CMS Prelimina

Extrapolated y (mm)
- - N W
it

N
[=]
T

201

MEO H4 test beam
T

i B
-20

0 20
Extrapolated x (mm)

II

i
o

Efficiency

0.7

0.6

0.5

CMS Muon Preliminary

The First MEO stack prototype was assembled and tested at CERN 904 laboratory and in
several test beams

1.4
z 000

0.975

Efficien:

0.850|

0.925[

0.900

0.875}-

0.850

o

MEO GIF++ test beam

-~ No compensation - 1= 141.2 2 11.8ns
-~ Compensation - 1= 90.7 + 6.8 ns

0.800

Rate capability: 2.5% efficiency loss with the
highest background (loss in highest eta region)

107 105
Measured background rate (kHz/strip)

Rate capability: 150 kHz/cm?

Radiation hardness: 7.9 C/cm?

CMS,
CMS

T
v
I . poct bhion Solenckd

2024 ICNFP

0.50 -
0.45 -
5 0.40 1
S 035+
0.30 -

0.25

0.20

Residuals

Average time resolution of

CMS Preliminary

Cosmics 904 Lab

Fit: a/VN + b

T data

a=0.508+0.003, b=0.007 £0.002, x*/4=1.374 | 12

0.0025 1
0.0000
—0.0025

Mayers




L:‘ The first iRPC and GE2/1 installed in CMS [S¥5¢

G. Pugliese

» The first GE2/1 and iRPC chambers were
installed in CMS during the last Extended
Year End Technical Stop to gain operational
experience and perform  preliminary
measurements of background, noise,

performance

» Preliminary results are satisfactory!

CMS MUON Preliminary CMS Preliminary 395 pb-1 (13.6 TeV)

Ng HR strips Noise measurements at CMS B soi

N : 1.4 mm double gap = oo

- i s i RE+3/1 FEB v2.2 LI “los

ki PR TR SN 1 BN A O Effective HV = 7.1 kv “ 0.7

S S—— Petiroc 2C threshold = 42 1C 20 . %
' | 0 “os 8

Gas : Ar/CO: (70/30)
-5LMmr

Equivalent Divider
Current = 6954A

GE21-M-16L1

LI L L L L L L L L

60 80
Local x (cm)
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) CMS,

el Comj Muon Solenoid

G. Pugliese

The CMS Muon system is operating extremely well, delivering good triggers and data for
physics. After 14 years of LHC running with increasing instantaneous luminosity and 20 years
since construction, the Muon detector performance remains within specifications both as a

triggering and as a reconstruction system.

To address the challenges posed by the HIL-LHC conditions & maintain high

performance of the CMS Muon system, several upgrades have been planned and some

have already been successfully implemented for Run 3 (GE1.1 and CSC electronics)

» The present detectors (DT, CSC & RPC), which will continue operating until the end
of LHC operations, are undergoing an electronics upgrade to withstand the

demanding conditions. The pre-production boars have been fully validated, and
production started

> The prototypes of the new muon stations for the high eta region are fully satisfying

the requirements, and production has started
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— RPC performance in Run 3

— (Endcap region)

G. Pugliese 2024 ICNFP
Y RPO Eicienty:= Endcap RPC Cluster Size - Endcap
S [ CMms B i Mean  oMs
T | Preliminary % 05 ~—— 2018 (59.90fb ", 13 TeV) 179 prgliminary
o L Mean(>70%); %l=70%) £ F 2022 (20811 ", 136TeV) 172
.8 300 —— 2018(59.901b", 13 TeV) 95.21% 3.13% S N [— 2023 (14.041 ", 136 TeV)  1.72
= [ 2022(2081 1" 136Tev) 9484%  289% Z 04 o Elns )
= | = o L 2024 (22041 ", 136 Tev) 176
4 [ 'j 2023 (14.04 10", 13.6 TeV) 94.96% 2.93% L
b = 2024 (2204167136 Tev)  95.44% 269% r —_—
200 03+
I 02|
100 i -
g i i
> 95 § e
g = L
‘9 - o 1 1 -
3 90 i 70 75 80 85 90 95 100 ol : e ) Y . i q
= = Efficiency [%) 1 2 3 4 5 6 7 8 9 10
85 .
Q Cluster Size
[

@
o

: IR RS AL RA SRR : Endcap RPC efficiency and cluster size
— I IR distribution in Run2 (2018) and Run3 (2022, 2023,
? and 2024)

~
w

~
o

n
>
LA REANRRRN ERANRRRNER)

Average Cluster Size
N
N

2 » Stable Endcap RPC performance in
i RUN 3 and in agreement with previous
125

b Py 3 ¥ 8 8 8 & runs

Pt oo
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C  Background reduction in 2024 |,

G. Pugliese

A New Forward Shielding (INFS) was designed to reduce background
in the cavern detected by the muon detectors. In the last shutdown, it
was installed only on the negative side :

» Significant reduction of the currents and hit

rates observed mostly in the outermost
layer of the Muon System (MB4 and ME4)

CMS Preliminary pp data (13.6 TeV)
as CMS Preliminary pp data (13.6 TeV) “E 4 §
' - E
Wheel-2 Sec5 MB4 . &5 F : :
4.0 4 p T 3.5 Wheel2Secs MB4 |
: + 2024 Fill 9573 80.21 pA/Lumi / = T F o
< 45| ° 2023Fill 8754 180.54 pAlLumi s oF P N e
;"‘ Slope Variation: -55.57 % T -
] r
£ 304 r 4
@ 1
g | R S S S ‘ '4«"“ ....................
z 25 R S SO AN N
5. e g 7 52 % reductign
o E
g r s
5 15 1 .5 -._ ............. A
o - -
[ C ! 'ﬂr‘/*
@ - ,‘....,:t”'
£ 10/ Y SRR S S i S
o, . E /./"‘
0s{ 56 % reduction S SRR SRR ConttN NN S
0 5000 10000 15000 20000 (1] 5000 10000 15000 20000 25000
Luminosity [10¥cm 2571 Inst.Lumi 10°° (cmZ s

d currents and rates versus instantaneous luminosity in one

24 and 2023
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n X
€ BT 786" 73T N7 625 5750 5280 4840 443 404" 68"
T T LI S e s e e T

» The effect gradually decreases going negative side
(where the shielding is installed) to the opposite side
» No effect in the internal stations (MB1, MB2 and MB3)

R (m)

x10* CMS Preliminary pp data, 13.6 TeV 2
% F 5 : 5 e
.'é 0.4 o] WOMB12023 | b b
5 = = MB2 2023
E 0.35— MB3 2023
2 - = MB4 2023 i i i
03F ® MB12024 |....... RS S b
c ® MB2 2024
0.25F MB32024 |....... ESPPRNE B0 S -
E ® MB4 2024 : / ’
0.2 5
015
0.1

» The effect will be fully symmetric after the installation
of the NFS on the positive side, thus dramatically
reducing the detector aging process
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G. Pugliese 2024 ICNFP

The CMS detector has to be upgraded to cope with expected HL-LHC conditions (highest rate,
fluence and pileup ever achieved) for new measurements and new physics searches

DAQ & High-Level Trigger
https://cds.cern.ch/record/2759072
Full optical readout
Heterogenous architecture
60 TB/s event network

7.5 kHz HLT output

Barrel Calorimeters

https://cds.cern.ch/record/2283187 ‘
* ECAL single crystal granularity readout at 40 MHz

with precise 30 ps timing for e/y at 30 GeV ‘

* Spike rejection
* ECAL and HCAL new Back-End boards

Level-1 Trigger
https://cds.cern.ch/record/2714892

| * Tracksin L1 Trigger at 40 MHz

* Particle Flow selection

* 750 kHz L1 output

* 40 MHz data scouting

= 10 : : Muon systems —— =
High-Granularity Calorimeter
= g 3 https://cds.cern.ch/record/2283189 CMS
#= Endcap « DT & CSC new FE/BE readout & =
| https://cds.cern.ch/record /2293646 + RPC BE electronics @
* 3D showers and precise timing * New GEM/RPC1.6<n<2.4 2
« Si, Scintillator+SiPM in Pb/Cu-W/SS + Extended coverageton =3 o
Tracker https://cds.cern.ch/record/2272264 MIP Timing Detector
* Si-Strip and Pixels increased granularity https://cds.cern.ch/record/2667167
* Extended coverage ton =4 Precision timing with:

* Design for tracking in L1 Trigger * Full coverage ton =3

Beam Radiation Instrumentation and Luminosity 30-50 ps time resolution for MIPs

http://cds.cern.ch/record/2759074 Barrel layer: Crystals + SiPMs
* Beam abort & timing * Endcap layer: Low Gain Aval
¢ Beam-induced background »

* Bunch-by-bunch luminosity: 1% offline, 2% online

¢ Neutron and mixed-field radiation monitors
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oot
"N
; » Excellent DT segment performance up to the maximum
LHC instantaneous luminosity (~2.1¥10% cm2s)
~
\¢—
1 o5 CMS Prelururary - 2024 pp data (13.6 TeV) CMS Preliminary 2024 pp data (13.6 TeV)
> - >1.02
g 0 50
s L 2 T
E - : oL
$ § '
g : s
% 2
g 0.95 B §0.98 +
é B e [ l
E 09 %o.ss
:? B - MBT g - & MB1
e L - VB2 L -#- MB2
0.85 - 1 MB3 0.94 ~ MB3
» —§- MB4 i —¥- mB4
O.B_ 0.92
075_|||||||||||||||||||||||||||||| 0_9_'""""""""""""
o 100 200 300 400 500 600 700 6000 8000 10000 12000 14000 16000 18000 20000 22000
muon p_ (GeVic) instantaneous luminosity (10 % cm2s)
Segment efficiency shown as a function of Segment efficiency shown as a function of

muon transverse momentum for the four DT stations LHC instantaneous luminosity for the four DT stations
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G. Pugliese o 2024 ICNFP

CMS B LHC delivered: 11342 fb™'

» Excellent CMS data-taking efficiency >92% in RUN3 ; e
physics collisions

» Muon System:

Total integrated luminosity (fb™")

» Smooth operation with a minor contribution to

G R N - R A ]

Luminosity loss (4%, due to CSC readout) I e

> Stable active channels fraction:

CMS Preliminary
i

May o-jun 39 ‘mmn-smu |l-nb-nmn 'ur My 20-Jun o
Run 3 CMS _ Preliminary pp dala, 2024 (13.6 TeV) o e L 1
— 100 g T T T T S porreryar Mﬂrm g”t..‘}t*’\"[-{ﬂw ‘” kr”l"‘]‘m” Lol S| A
€70 2022 2023 2024 £ - L ki
3 TSt —, TSI HI 8 —pp 3 s
2 o 2 08
§ 2mr T v 5 el |—pezoxD S o
= A 1 . 510 ~— pp 2024C : 207
s Fed = .  —— T e . e 8
o 98— + + S Entries 250 5B = E
c C < S 06- H
g r r Mean 99.75 : ® E i
5 F CS‘C r Underflow 1 E 05— 2023 2024 |
§ 97; ~99°/ 1 [ Entries 2 0.4- E
5 0. ~ 0
ot 1% I GEM: ~92%
95: £ oz |
rLive channels
[ Actual percentage of channels in readout (stable beam only)
94 T |
r 1  o— T
L | - -
930 BE— 2‘0 TR T T S A O |"J‘|I'"\ IS N A I | A

105

60 80 100
sed time i " 80 85 90 9 00
Elapsed time in weeks since July 05, 2022 Fraction of active channels per chamber (%)

GEM dead channels are mainly due an

2018 2022 2023 2024 electronics issue (VTRX outgassing 1s

causing damage in the optical connection)
that will be fixed in L.S3

% of RPC active  96.5 89.6 87.7 82.6
channel

RPC leaky chambers (located only in the Barrel Key to success: prompt intervention of the

ted to reduce GHG emissions experts during all beam-off and Technical

Access time in case of failure
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CMS Prehmmary pp data, 2024 (13.6 TeV) 3
. .. BLEA Ll - L
g 12| ¢ . : 8
(8 _..; ............. I , _8
1 MB1 NB2 MB3 NB4 E
10
9
B —o0.9 $ : :
8 _.E - 5 10% = p—r 2022G
7| H i S EIIIII— pp 2023D
S OO0E S OO0 OO0 S 5 [ PP 2024C
6 =z Entrie 350
I Mean 05 .
5 O i I S | | NN VL. ow 0 i
[t 0.8 10 =] Entries 280 : i e
4] : : : 6.94 .
— ) S S S— 2 I
3 EEE =01
_________________ = .
2 ) R S—
l l I I [ L
2 A0 NiE € 48 iS4 AU A& A At O S S T B — —
. . Wheel ""75""30""85""90_"95 100
Hit efficiency chamber by chamber Average hit efficiency per chamber (%)

Distribution of hit efficiency, 1 entry per chamber.
Comparison of 2024 results with 2023 and 2022

» DT hits efficiency exceeds 96.9 % (few exceptions are due to known hardware problems)_

e chamber onIy in Wheel -2 Sector 8 MB1 is not workmg b

oblem is reported as a light bl
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I I 1 1 1 1 1 1
Key: om m m 3m S0 ()
Hoin
B o e il i
""" Photon . .‘ {‘{ ‘:
Tracker track el PR e I
reconstruction : m
|
e /| e \ |
Standalone Muon Muon Detectors Local
reconstruction reconstruction

Performed using DT/CSC
segments & RPC hits

Performed within
single chamber

Global muon reconstruction (out side —in): a standalone muon is propagated to match a tracker

track. If matching is positive a global fitting is performed.

Tracker Muon (inside — outside): a tracker track is propagated to muon system and qualified as

muon if matching with standalone or one segment.
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C  CSC Electronics Upgrade motivation j&=—"

G. Pugliese 2024 ICNFP

On-chamber and off-chamber electronics to
be replaced in order to handle the CMS trigger Current Phase 2

. ME234/1 chambers MEZ234/1 chambers
requirements at HL-HC

(D)CFEB event losses for HL-LHC conditions

1T g T T T T i -I'I-I
j_lg : ! 7 .-.I.:'l ...I.:" trip
0.08 = : —~ME2/1 CFEB (Phase 1) A £ o e
5 '€ ' Original Electronics ~ =—ME3/1 CFEB (Phase 1) 7
3 il —————— !
S 006%’ —ME4/1 CFEB (Phase 1) ]
P '_CEJ —ME2/1 DCFEB (Phase 2) . T™B DMB Ls2| OTMB F ODMB
w Bn -
o - .
= 004 ¢« @ = 0. uxe B
g L & i UsC =
L i H ) ew FED
0.02— : DDU
- i HL-LHC board
oL A l|umII"IOSI|iy PRt e Bl s D = Trigger DAQ l Trigger DPLQ]
0 5 10 15 20 25 30 LS3
Instantaneous luminosity [10*' s cm2]
Board & Num. Where Main reasons for upgrade

DCFEB | 540 MEI12/1 Latency and rate, rad-hardness
ALCT 396 MEI1234/12 Latency and rate, rad-hardness LS2
LVDB5 108 ME234/1 | Power levels of DCFEBv2s

YTME Receive optical link from DCFEBv2s
Increased DAQ output bandwidth LS3

current due to higher occupancy
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C" LS2 CSC Upgrade activity

G. Pugliese

The on-detector
Refurbishment of
Electronics in 1.S2

Chamber Re-Installation

= 2: Transport '
.LP2021 — Johan S Bonilla — UCDavis, CMS, CSC

3: Load on Fixture

13

readout

5: Install+Commission on CMS

CMS

=y
L1

~ Compact Muon Selenoid

0108 ALCT-LX150T Mezzanine
boards installed in all ME234/1

0288 ALCT-LX100T Mezzanine
boards installed in ME1/1,123/2

0504 DCFEEV? installed in ME1/1
and 45 in ME+2/1, older DCFEB
from ME1/1 — ME234/1

3" o New boards capable of optical™ | > ;

x288 Inner-Ring Chambers!

2024 ICNFP
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1o CMS Phase-2 Simulation Preliminary Vs = 14 TeVv
>\ . [T T T | T T T I T T T | T T T ‘ T T T | T ]
§ 1 155_ Z/y* — pp, <PU> =200, p_>5 GeV 3
o Tk Muon System in ideal conditions: =
New GEM and RPC detectors needed & | 0 MuonPhase2 |
w1 I\.!ut:mM fg:t;p'\agll:‘nese E ?ﬁutron background: —
. . . c - [ ] =1 + =
to improve efficiency reconstruction S 10s[ & MuonPhaso1sGEITIGEXT PO
. - [ ] uon ase-1 + + + + T
and trigger performance at HL,_LHC g i E
o - —— B
o - -
3 0-95;5’E=‘—_:if$ | NEW E |
0.9 ﬁ -
0.85[ =
0.8F =
0.75] =
: 1 1 1 | 1 1 I 1 1 | | 1 1 1 ‘ 1 1 1 | 1 L 1 :
e 18 2 22 24 26 28
Muon |
O To maintain the high level performance in HL-LHC T10g e S TeE conceer
environment, the CMS muon system is being 2 F CMS Phase I S"““'a“;'n‘metm : o
upgr aded &:102 : .; ifnmésmms " 3 ; E::E-GEM jotation 4
5. e, off e
O to increase the muon spectrometer redundancy, - ] 'f

Station 1

to sustain the high radiation in the endcap region 1

RRRALL B RLLL BEERLL)

O GEM+CSC allow for muon momentum " 16<imi<22

* L1Mu (standalone)

measurement in a single station, which helps el e e L "

reduce considerably L1 trigger rate L1 muon p, threshold



