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Tracker

Electromagnetic
calorimeter

Steel Return Yoke

Superconducting Solenoid Muon
Niobium titanium coil carrying 18.000 A Sp ectrometer

Weight: 14000 t
Length: 28.7 m

. Diameter: 15 m
Magnetic field: 3.8 T
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Phase 1 LHC ”Phase 2 HL-LHC ]
\ | Run 2 | \ Run 3 \ Run4-5...
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Diodes Consolidation

splice consolidation cryolimit LIU Installation -
7 TeV 8TeV_ button collimators interaction ) inner triplet HL-LHC
—— R2E project regions Civil Eng. P1-P5 pilot beam radiation limit installation
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1997 Muon Project TDR We are here

Outline:

* CMS performance in RUN3

CMS upgrade project for
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C'  LHC and CMS overview  —

Luminosity delivered to CMS:
13.6 TeV _ 13.6-14 TeV

- Runl+Run2+Run3 ~ 377 bl

installation

Diodes Consolidation
LIU Installation

Civil Eng. P1-P5 pilot beam

splice consolidation
7TeV ﬂ button collimators

EECATIECEIEE e InRun3 ~ 184 fb’!
ATLAS - CMS 510 7.5 x nominal Lumi
G upgrade phase 1 ATLAS - CMS / 1
= i . e In2024 ~ 110 fb
75% nominal I Lumi / upgrade
Exs oo %ﬁl - BE

DESIGN STUDY 9 PROTOTYPES // CONSTRUCTION ‘ INSTALLATION & COMM. HH PHYSICS

~93% of the delivered data
CMS instantaneous luminosity ~ 2 10°* cm™2 s were recorded by CMS!

Mean number of interactions per bunch

crossing in 2024 ~ 63! B o T
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G. Pugliese 2024 LHC Days
Silicon Pixel Silicon Strip Strip unchanged
Sensor technology: n+ implant in n bulk (n-in-n) Sensor technology: p-in-n since Run 1

100x150 pm? pixel Outer cell size ~20cm x 100-200pum
*  79M barrel and 45M forward pixels in 2 m? Inner cell size ~10cm x 80um

* 4 layers in the barrel and 3 disks in the forward 10 layers in the barrel and 12 rings in the endcap
*  Operation: —22°C *  Operation -25 °C (since June 2024)
*  Radiation tolerance: 3x10'5 neq/cm?/yr Radiation tolerance ~1.5x10' neq/cm?

S pr/pr< 1% for pr < 50 GeV and < 10 % for py = 1 TeV

Inner Barrel B | \ ) &

Outer Barrel
Tracker acceptance:

ml <2.5

Blue: double sided
Red: single sided
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CMS Preliminary (Run 3) 13.6 TeV
. T AR 8 B B ULt 1 | AR BB B A T ]
Pixel detector: E’WE"‘"" mmmmlw“%b m#y mb";.xw.w‘;
. © s :&“Mun‘.. Aadaflads A: Aakdyaantangg, ...m“‘ A‘.‘-A“M‘A
> 96%(Barrel), 98%(Forward) operational channels Sowl | v s N o My e
B . l ea% .: CAL .o"' °..¢o.~ =
» Excellent performances (cluster charge, hit efficiency, hit - J "Tr 1 | |r ]

. . ) osel— 4 | : i
resolutions, etc.) measured in RUN3. Barrel Layer 1, which was 022 | | H I 2023 : .I2024 "
replaced in L.S2, is now stabilized g } B e — | g

F L [T T [Batreld
CMS Preliminary Run 3 (13.6 TeV) 0% i ——Layer3 — Technical stop i .
9 18 [ - innerBarrel = Inner Disks i P 2 Lavon4 - i| ]
Strip detector: SIOp e e o Ll bl
= 2022 2028 0004 Delivered mtegrated luminosity [fb™]
S 12
€ 10fF J’ 'i ﬁ-.‘l
> 0% good detector 1 1 s e L Gesserey
o F w& o s 3
i £ ol W ‘J‘W *\3 -E’ ;AMWM.AM‘MAA- LY Y
fraction, stable S af e i o il 2 . mﬁﬁﬁﬁ“‘ﬂg :
B 2f it ol 4 A =ossf i I | .
& CF %02 | e oz ]
%180 200 220 240 260 280 300 320 340 360 [y i | : | ]
Integrated luminosity (fb™) 0.96 _—Endcap ol | .
L \ | ]
Run 2 (13 TeV), Run 3 (3.6 TeV) o4 : i } FPIX .{ ]
o o i i P i A
. . : B = 26 CMS Linear fit on thick sensors » : -*-Disk 1 - Gain calibration |
» Signal/noise, hit efficiency, e o oo~ | e btz —recrmarson | | hy
continue to be good ool T : .{ L 1 e } ]
. g TR, 0005 G s g a0 s 0 B0 0
EXPCCth S / N at the end of Run 3: :? 20 . Y Delivered integrated luminosity [fb™]
o - F N
Thin sensor - 14.5 R I F s
; N == 16 ! oy |
. Thick sensor - 18.5 . e
[ A‘ $IEDC (thin) :;‘i“:'t:::z‘;l;(hi“smwrs
+ TEC (thick) Slope: -0.007/11"
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Integrated luminosity (fo™)
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Electromagnetic system
Homogeneous and hermetic with high granularity lead-
tungstate (PbWO,) crystals

61200 crystals in 36 super-modules,
~ 26 X0, Avalanche Photo-Diode (APD) readout

o Endcaps (EE): 14648 crystals in 4-Dees,
1.48< v | <3.0, = 25 X0 Vacuum Photo-Triode (VPT) readout

Pre-shower (endcaps only): 3X0 of Pb/Si strips,

Density of 8.3 g/cm3, radiation length 0.89 cm, Moliete radius 2.2 cm, = 80% of
1.65< | | | <2.6 scintillating light in = 25 ns, refractive index 2.2, light yield spread among crystals = 10%

6(E)~1.6—-5%/VE® 0.5%

Hadronic system
o Hadronic Barrel (HB) and Endcap (HE)

calorimeters: sampling calorimeter of brass absorber Run2 design
plates and plastic scintillators, |7 |< 3.0
= HB: 36 wedges, brass absorber plates and 17 plastic scintillator PTENE SN TR TN P 1

tiles; 40000 scintillator tiles
= HE: two brass/scintillator discs with 19 longitudinal layers
Outside the magnet coil:
o Hadronic Outer (HO) system: scintillator tiles 1/2
layers, SiPMs readout, || <1.26 | &

O T ] PRSI | /
HCAL HO y
Magnet coil \
~ : 6
N \ T
H

HCAL HB

Depth
- ==]

Collision point

Beam line

- i ’ 7.0m
adronic Forward (HF) system: 11.5 m from the - |
boint. 36 wedges mads of steel absorber with
along its length (=1000km fibers),




A

INFN

L

G. Pugliese

» The detector response, monitored
with a laser-based system, is aligned

with expectations

CMS Prellmmary L

RUN3 ECAL performance

Run 3 (13.6 TeV)
w 0.08p :
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2024 LHC Days

Evolution of the ECAL response to laser light
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» The energy resolution, as computed with
the di-electron invariant mass (Z — ete—),

is stable (2022 and 2023)
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Muon system: based on t% gaseous technologies for muon identification,
timing and momentum measurement

o 250 chambers, = 170k channels
o 32 number of hits

o Spatial resolution=100 pm

o Time resolution = 2 ns

R (m)

CMS Muon Systems

four

8
7
6
5

),

A

CMS,

Compact Muon Solenoid

Muon acceptance:

n <24

Resistive Plate Chambers (RPC)

O 540 trapezoidal chambers, & 120k channels
O 6 (4) number of hits

O Spatial resolution =1 cm

O Time resolution = 1.5 ns

Cathode Strip Chambers (CSC)

O 540 trapezoidal chambers, ~#500k channels
O 24 number of hits

O Spatial resolution=50 +140 um

o} Time resolution = 3 ns

n 0.1 0.2 0.3 0.4 0.5 6 0.7 0.8 . 1.0
6° 843° | 78.6° 73.1° 67.7° 62.5° 5° 52.8° 48.4° 44.3°

N TS
MB4
| Wheel 1 |
L fwes]l =/

EANE RIS

E
_
—

: — = 17 207
" | 18 188
i 19 170
- 20 154
_ —| 21 140
E ; 2 22 126
7 23 15
- 24 104
— 25 94

ECAL i
30 5.7
tracker 40 21
ST 50 0.77
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» Stable performance of the Muon legacy system over time and with

CMS Preliminary pp data, 2022, 2023, 2024 (13.6 TeV)

a o . . 180
[ L
mstantaneous 1um1n051ty 1ncreasces g [
g b : : :
% 160; —+— 2024: <eff> 99.8% - # underflows 2
CMS Ppreliminary S [ | sot#-- 2023: ceff> 99.7% - # underfiows 2 i
0 R 140 — . %
= C N RS AN 2022: <eff> 99.8% - # underflows 1
é - RPC Barre[ : T <efr> underflows
w 250 J 120
noor 02 03 04 05 08 o7 o8 09 10 11 s} L Mean(>70%)  %(<70%) L
¢ us me e or es ws me  ee ay  oc % " e & — r
° T 1238 [ F —— 2018 (59.90 fb", 13 TeV) 95.62% 2.62% L
13 508 . u 1 . 100
€ 200~ ] 2022(29.811",136TeV)  95.07% 1.16%
14217 2 L 20231404167, 136TeV)  95.22% 1.79% L
Jrsmr [ = 2024 (2204167, 136Tev)  95.70% 1.31% 80~ :
SRLE 150 — - H
e g wof
G 100 :
Lns C 4o
< a0 57 50 :_ 20 r -
2 L F .
ok : B T S 85 Ts T oer oo IIogalwl1I T2
L 0 80 95 0 ?5_ 100 DT Segment Reconstruction Efficiency
Efficiency [%]
. . DT segment efficiencies
. . Barrel RPC efficiency in RUN3 (2022, .
CSC active channel in RUN3 in RUN3
2023, 2024) and RUN2 (2018)
— 100 CMS Preliminary CMS Preliminary 2024 31.0 fb™ (13.6 TeV)
R C 2022 2023 2024 o ME+42 . . lmiml.wmumu|m|m|.mn.u|mo.tmuo.n 1 -
§ L 15 —Fe. TS HI b VEAL E ME+41 2
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o o8 A - .. . =3
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© 98 ME+21 o
c r £
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97
8 L ME+11B l' 06 8 CSC Segment
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- ME-12 oss oan Sakosoasaose
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. %36'7‘ a'\o GE1/1 : GEM Endcap Station1 Ring1
GE1/1 station: oW P\ A R
o 72 Super-Chambers (SC), consisting of two triple-GEM detectors ‘\1\5" £ L L S e e e
o 3456 VFATS3 chips, 432 GBT and VIRx optical link - oo
0 2 number of hits g An
g R (1 o
o Spaual resolguon~100 mm coverage 1.55 < |n| < 2.18 il s
o Time resolution = 10 ns T
o
> Several calibration runs successfully taken in 2024
at different HV settings and Frontend chip (VFAT) :
configurations _ gill] =
» Chamber efficiencies optimized reaching 94% e s S
efficiency
_ CMS‘ P‘re‘limir‘la‘ry‘ - 2‘02‘4‘(1‘3.‘6 TeV) CMS Preliminary 2024 304 pb-! (13.6 TeV) ] CMS Preliminary 2024 (13.6 TeV)
§ 60" =1 HV optimized - (€) = 94% 7] = ‘ ‘ L < 0.045
L i o L = =~ Standard FW
& | i ; : - 0'04; ~—— Emulation of new FW
50 - . 100? 0.8 0'035; < Experimental new FW
1 i - 003:—
40 ] % 06 s
L r 0.025?
a0l B 0= - 0.02"
n 4 0.4 E
i i Seiip =
r 1 40— ‘.E“ F.’31L2 b 0.015:
20 B W Cesuan 001—
i 20? Gas: Ar/co; (70/30) 0.1 0.005;
101 B i ' ok
i % 40 =0 o 20 40 60 °
P S I - PR RN B R W1 | X (cm)

[
0.8 1.0
Detector efficiency

tronics FPGA firmware deployed to suppress the
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e The CMS Trigger System is organized in two levels:
Digitizers 1.  Level-1 Trigger hardware based reduces the data/event rate from the crossing rate of

40 MHz to no more than 100 kHz, with 4ps latency
High Level Trigger (HLT) filtering events with software running on computing
farm, to further reduce the event rate for storage to 1 kHz

Front end pipelines 2

100 kHz

Readout buffers

» The Level 1 Trigger operations were stable at throughout 2024 collecting
Switching networks data up to 115 kHz recording up to 64 simultaneous collisions/event (2.5x
CMS design, 45% of HL-LHC)

Processor farms

» Good performance of all standard Level-1 Trigger Objects

L1 muons efficiency L1 T efficiency

CMS Preliminary 18 fb! (13.6 TeV)
> T T T T T T
CMS Prelimi 18 fb™! (13.6 TeV) CMS Preliminary 18 fb™! (13.6 TeV) CMS Preliminary 18 fb™! (13.6 TeV) § 1.0 T 1
> > >
% L é b g F §
s [ 3 L : s [ e
I e S - oo gL . -+ i
r - r - . e 0.8 .
0.8— = e JBMT];" 0.8— g - - 08— ; Pl E i
: / - OMTF : - EMTEF
L - . - i L o 4
oel 1 oel F oel . osf DP-2023/055
[ i< 0.83 [ . 0.83 < [n|<1.24 L . 1.24<n|<24
Tight L1 quality r Tight L1 quality Fo. - Tight L1 quality
0.4 0.4 H 0.4 - 0.4] N
r R +p:“ >22 GeV r . +p¢“ >22GeV r A +p_|”_"" >22GeV
L L - n mx,cﬂlinel 2.1
02— ‘ ; 02— ‘ ! ! i ‘ 0.2 L. .
N . + P25 Gev L N + pit> 5 Gev C . + pit1>5Gev 02 + ENU'534Gev |
[. S [ i [ - ﬂ.' + EFt>38Gev |
L T BT S SR B L o b b ey b e b oouman®™ | | e b L T L1
% 10 20 30 40 50 0 % 10 20 30 40 50 60 0 10 20 30 40 50 60 + Ert>40Gev |
p: (probe reco) [GeV] p‘; (probe reco) [GeV] p# (probe reco) [GeV] 0.0 A P | I P I
DP_2023/057 20 40 60 80 100 120 140

p'TI' offline [GeV]
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(HLT) @ RUN3

Detectors

Digitizers

Front end pipelines

Readout buffers

Switching networks

Processor farms

The CMS Trigger System is organized in two levels:
1.

2. High Level Trigger (HLT) filtering events with software running on computing

Level-1 Trigger hardware based reduces the data/event rate from the crossing rate
of 40 MHz to no more than 100 kHz, with 4ps latency

farm, to further reduce the event rate for storage to 1 kHz

Events / MeV

Offline / Scouting

10°

10°

10*

10°

102

1.2

08
06"

» Smooth data-taking at HLT.
» Average HLT rates: ~2 kHz Promptly reconstructed, ~5
kHz Parked data, ~27 kHz HLT-Scouting

HLT rate

Rate
R

£
»

L 4 .0
2.5k ~f& S TS (< - e B I S 'N\FH
L ' A * “ e
o

. % . o ®
. . . -~

.

.

Ty -1

CMS _ Preliminary 8117 (136 Tev, 2024) 2024-08-25 13:17:02 - 2024-08-26 05:38:28 [UTC]

E Events with two matched muons, AR,, > 0.2 and pl, > 3 GeV 7.5k

- e [ottine @

= , g i

E oo ) Scouting g \. P4
E 5k ~ -

: .

METTTTT ‘ ‘ °“| T T t T
£ 15:00 18:00 21:00 2024-08-26 03:00
= Time [UTC]
1 1 1
1 10 102 « Physics Streams . Data Parking - Runchange — Prescale change
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CMS upgrade project for
Phase 2
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Phase 1 LHC TOday Phase 2 HiL-LHe

EYETS LS2 136Tev DD

13 TeV
Diodes Consolidation

splice consolidation cryolimit LIU Installation g
7 TeV _8 TeV button collimators interaction inner triplet sl el < \

13.6 - 14 TeV

energy

R2E project regnons Civil Eng. P1-P5 pllot beam radiation limit installation

2027 | 2028 | 2029 [}
5 to 7.5 x nominal Lumi
ATLAS - CMS
experiment upgrade phase 1 ATLAS - CMS
beam pipes . . . . HL upgrade
nominal Lumi _zx_’mlim_" ALICE - LHCb ’ 2 x nominal Lumi ,

HL-LHC TECHNICAL EQUIPMENT:

75% nominal Lumi /_ upgrade
integrated JEALUVRT
luminosity JEL[I[IR {3

DESIGN STUDY i€ PROTOTYPES / CONSTRUCTION INSTALLATION 4 COMM. |||| PHYSICS

CMS Average Pileup (pp, v5=13 TeV)

6000
- B Run il <> = 34
g sow@ HLC m 2018: <> = 37 HL-HLC HL-HLC 10 years of running at higher
o [ 2017: <u> = 38 > a i B s " d di . d
it £ 2016: <> = 27 baseline ultimate rates and radiation doses
~§4°°° m 2015: <> = 13
% s q L (PU) Vertex Density [ L / year
g 2000 af (S TaY) B0 50 Baseline 5-10%cm=—2s~! 140 0.8/ mm 250 fb !
: Ultimate 7.5-10%cm~2s~1 200 1.2/ mm > 300fb~!
S 1000
L]
©

oo

2 o ® ® o

Mean number of interactions per crossing
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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 W=
+ 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

e (.3 Level-1 Trigger
p=— 7= https://cds.cern.ch/record/2714892
1 * Tracksin L1 Trigger at 40 MHz
* Particle Flow selection
¢ 750 kHz L1 output
* 40 MHz data scouting

Muon systems T =
https://cds.cern.ch/record /2283189 CMS
* DT & CSC new FE/BE readout
* RPC BE electronics
* New GEM/RPC1.6<n<2.4
* Extended coverageton =3

High-Granularity Calorimeter

#= Endcap

£ https://cds.cern.ch/record/2293646
.+ 3Dshowers and precise timing

* Si, Scintillator+SiPM in Pb/Cu-W/SS

Tracker https://cds.cern.ch/record/2272264 MIP Timing Detector
* Si-Strip and Pixels increased granularity - : ‘ https://cds.cern.ch/record/2667167
* Extended coverageton =4 N ) / / ' ‘ Precision timing with:
* Design for tracking in L1 Trigger S NS /0 TN N * Full coverage ton=3
: Beam Radiation Instrumentation and Luminosity + 30-50 ps time resolution for MIPs
CM S http://cds.cern.ch/record/2759074 * Barrel layer: Crystals + SiPMs
* Beam abort & timing * Endcap layer: Low Gair n

&\ e Beam-induced background
* Bunch-by-bunch luminosity: 1% offline, 2% online
* Neutron and mixed-field radiation monitors

o et
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/%m n Solenoid

Let’s focus on the new detectors!

DAQ & High-Level Trigger

l Level-1 Trigger Barrel Calorimeters “CMS

™~

* Full optical readout

* Heterogenous architecture
* 60 TB/s event network

» 7.5 kHz HLT output

* 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

* Tracks in L1 Trigger at 40 MHz
* Particle Flow selection

* 750 kHz L1 output

* 40 MHz data scouting

Muon systems T =
https://cds.cern.ch/record/2283189 CMS
* DT & CSC new FE/BE readout
* RPC BE electronics
* New GEM/RPC1.6<n<2.4
* Extended coverageton =3

~ High-Granularity Calorimeter

= Endcap
£ https://cds.cern.ch/record/2293646
~ + 3Dshowersand precise timing

* Si, Scintillator+SiPM in Pb/Cu-W/SS

Jean-Baptiste Sauvan’s talk

Tracker https://cds.cern.ch/record/2272264
* Si-Strip and Pixels increased granularity

* Extended coverageton =4
« Design for tracking in L1 Trigger

MIP Timing Detector
https://cds.cern.ch/record/2667167
Precision timing with:

/ e * Full coverage ton=3
Beam Radiation Instrumentation and Luminosity * 30-50 ps t|:.e res?)lutlon for MIPs

CM S http://cds.cern.ch/record/2759074 * Barrel layer: Crystals + SiPMs

* Beam abort & timing * Endcap layer: Low G

&\ « Beam-induced background
e o
Anne Dabrowski’s

. Bunch-by-bunch luminosity: 1% ofﬂlne, 2%onllne
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A new detector will be added to measure the Minimum lonizing Particle cus

Timing Detector (MTD). It consists of:

* 'Thin layer between tracker and calorimeters

* Hermetic coverage for |n| <3
* Time resolution of 30-50 ps to MIPs

» Significant impact on the HI-LHC physics to:

Operating temperature:-30°C

Endcap Timing Layer (ETL

» Explore new signatures with Long Lived Particles
» Boost Heavy Ions and B-Physics capabilities with

Particle Identification

14 TeV
T T T
f l—)x lx —=Z+ GZ—;I’I
[ M@ =1000 GeV, M()) = 700 GeV, M@ = 1 Gev

CMS Phase-2 Si mulalla

14
©

o

I

L3}
T

Normalized entries

14
N
T

—ct=100mm

o
&
T

—ct=30mm

—ct=10mm

00 500 600 700 800 900 IOOD 1100

M(x?) [GeV]

; 7CM$ Phase-2 PbPb (5.5 TeV)
E i Simulation 1§ 1°°
L Hydjet

<15

Neutralino mass distributions

Several tests were successfully done

210?

time resolution [ps]

V\

MIP Timing Detector (MTD) =

1

" Compact Muon Solenoid

2024 LHC Days

Total surface 38 m?

Barrel Timing Layer (BTL)
LYSO crystals with dual end SiPMs read-out

Radiation level: 2 10'* n.,/cm?

<&

CMS Preliminary Phase Il
140 P T T T T T
130F —=15um
120_— ~&-20 um i 4
110f —*25um M. i

T
100F * 30 pm!\\ ”
9 F N\
\ &
80| % %
70 -
60 e
i HPK 2x10'*1 MeV njom? 1
BN B A Leig g

0 02040608 1

Vov [V]

12 14 1618 2

time resolution [ps]

120

100

[o2]
o

H
o

20

3

Crystal thickness:
Type 1 3.75 mm
Type 2 3 mm

CMS Phase-2 Preliminary

o]
o

T

T

TS

L L B B L L

—e— Type1 + annealing at 60 °C: 25 um
—s— Type2 + annealing at 60 °C: 25 um ]
—+— Type2 + annealing at 60 °C: 20 um
------- TDR ]

e HL-LHC target ‘ ]

e

L | | l | L L

500 1000 1500 2000 2500 3000 3500 4000
Integrated luminosity [fb ]
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C"  MIP Timing Detector (MTD) (=

A new detector will be added to measure the Minimum lonizing Particle cys

Timing Detector (MTD). It consists of:

* 'Thin layer between tracker and calorimeters
* Hermetic coverage for |n| <3

* Time resolution of 30-50 ps to MIPs

Endcap Timing Layer (ETL)

Two disks for each endcap to ensure 2 hits for each track
Low Gain Avalanche Diodes with ETROC ASIC readout
Total surface 14 m?

Radiation level: 2 10" n.,/cm? ‘

\

Operating temperature:-30°C

Barrel Timing Layer (BTL) ¢
LYSO crystals with dual end SiPMs read-out
Total sutface 38 m?

Radiation level: 2 10'* n.,/cm?

Several vendors tested with 90Sr beta source

CMS Preliminary Phase-2
and electton beam Ty 90: AL IR T A L SRR SRR P
% 85 :_ Room T 1 6X1 6 pad —m—  HPK2 W19 - sensort _:
.9 : LG —#— IHEP W7 - sensor 1 :
—— : A I 'S FBK W8 - sensor1 :
BOCM-S Pr'elim‘inar%/ . 'Pha'SQ-Z % 70— —&— HPK2W19- senso r2 -]
75F T=-25°C : :E xz;:rz:d 8 E —&—  IHEP W7 - sensor2 E
701 - FBKW7 1el15 n.jcm? | o 60 — FBK W8 - sensor2 —
65r —A- FBKW17 1el15 ng/cm? GEJ C 7
E 60+ M- FBKW7 1.5€15 negfcm? |: 50 :_ _:
— 55 —A— FBKW17 1.5e15 neqfcm? - - 1
S sof C 7
2 a5+ 40— -
= - -
o 4or - ]
$ 35F 30— =
“  30r 8 - a
g 25r 5 20 c. ey ey ey ey 1T
i 201 - 100 150 200 250 300 350
150 2x2 pads Bias Voltage [V]

10+

st T EGAD All devices showed a time
0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800

0

Bias Voltage [V]

resolution lower than 40 ps!




e Tracker Upgrade

G. Pugliese
Key features of the new Phase 2 Tracker:
» Extended tracking acceptance up to |n| = 4
» Increased granularity

Phase 2

02 04 06 08 10 12
!

Phase 1

°

¢ mm]

g
I\‘\ \‘ °

%

/

INNER TRACKER
5 m? — 2G channels

TBPX (Tracker Barrel PiXel): 4 layers
TFPX (Tracker Forward PiXel): 8 small disks
TEPX (Tracker Endcap PiXel): 4 large disks

Read Out Chip (ROC) only active element on the

module

New technology 65 nm TSMC ASIC

[ - 22 = — | [ H H H -2
600 — I K I I I
s N N T T S WY ::” HH Iy Iy Iy .
=38 LI=SNNNN B PS R S N A i i i Ces
: . W N N W W S S " | L —i
2500 z[mm] m_ Wb ! b L ﬁ ” ” 4.0
=k N LA R B [ L R )
500 1000 1500 2000 2500 Tl
» Radiation tolerance up to 10'¢ 1 MeV n,, e e e e e e e
: : B - 41 double-disk
» Expected rate 3 GHz/cm? innermost pixel layer L Active silicon arem: 4.9 m? e b
» Material budget reduced by a factor of 2 =
- 4 layers 8 double-disks
» Improved petformance: =
CMS Phase-2 Simulation 14 TeV F
oy ™ INAAS RS RAARY RARAN RARMI NAARE NAARA RARAR| 100 [—
] . = - E —
T efmee 2 d& [ piees 25150
[3) H Simulated muons E H —
] =10 GeV H P ' 1 ' L -
2 & “Rhase-Lracker g L Barrel/endcap transition in 3D sensors
9 + Phase-2 track = ] . Luminosity
5102 ismsioletursod - x | Inner Tracker 3892 Modules: monitor
@© | Reduced by a factor ~2 with
—
= i\ optimized geometry
—_— " ey oo F e <PUs=140
o '\~ ,A;‘, % [ . —=—<PU>=200 H
i Mﬁ.ﬁ ! o - 0.2 [ Tracks from f events ) Rt
107 Ermrm e B p,>0.9 GeV, Id| <35 cm i The Inner Tracker

Simulated track Simulated trackn

2024 LHC Days
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iy Tracker Upgrade
G. Pugliese 2024 LHC Days
Key features of the new Phase 2 Tracker:
» Extended tracking acceptance up to |n| =4
» Increased granularity OUTER TRACKER
190 m? — 213M channels
Phase 2 TBPS (Tracker Barrel with PS modules)
Phase ]. 00 02 04 06 08 10 12 14 s TB2S (Tracker Barrel with 2S rnodules)
= TEDD (Tracker Endcap Double Disks)
10 12 14 _16 T — I I 18

Bt

\‘\‘\\
[
I
o

800

%

=, I, | I =2 Two type of technologies: micro-
SISSNNS SN NN gy ! i s strips and macro-pixel
o TBPS v vl ! A o ip p
N\ ot -2 >Tilted batrel geometry for better
trigger performance and reduction on

number of modules

1

IR
LD
RN

8
i
i

]
|
I‘
Va

o
I‘I

4
7
Vi
Z

z
z
=
=
=

"iso0 T T2do0” T 25007 |z [mm)

IR T }‘ﬂ }‘u

AL“ L 1 1 1 - L L L L _1_ L

500 1000 1500 2000 2500 Tl
2[mm]

L SH
|‘| |

» New functionally: inclusion of the Outer Tracker data in the Level 1

2 hits 2 hits 2 hits 1 hit
1 stub PS Module (2 halves; 0 stubs 0 stubs 0 stubs

Trigger : ggsﬁmzz_—%'é—;‘r%“—/
Local transverse momentum (pr) measurements done using the pair layers on each
module (local track-stub finding ) o
1. Zoi, https://doi.org/10.22323/1.448.0021 Fob S \\\ fiﬁi\\\ 2ris
\ \ 1stub
— AN

“stab” - Stub efficiency for 2S prototypes Z /( Y
(a) pass . §
I+4mm OF z s
y Im:mn " gos * The module design is the final
:/L'x <100 pm ’gw * Almost all components are in pre-
'g production or production
: . g o Good noise performance
econstruction mechanism was g g B ¥
eam campaigns 3o found with pre-ser
E! .
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G. Pugliese

n 0.1 02 03 04 05 06 07 08 09 10 11
©6° 843° 786° 73.1° 67.7° 625° 575° 52.8° 48.4° 44.3° 40.4° 36.8°
8

R (m)

1. New detectors will be installed
in the high-eta region to:
Restore redundancy

£

o

Extend the muon coverage up n =
2.8 3
Improve Trigger efficiency without  :
increasing the trigger rate

IS

YV YV

» Improve Muon reconstruction

1 0CMS Phase.2 Simulation ___s=14 TeV, <PU>=200 CMS Phase-2 Simulation ___{s=14 TeV, <PU>=200 o 12,OMSPhased Simuation  Fs=14 Tev
> 1 ¥ 7 “E Bl
p"™>15 GeV, p"*>20 GeV 2 ——f— § 1q5F.  ZY o <PU>=200.p, >5Gev E

g L T = g0 i b, = S £ Muon System In Ideal conditions: =
g > i —— i k=S E ) Muon Phase-2 E
© 0.95( t - i ER = = = gt W 115 Muon System fallures + neutron background: 3
5 E . e i, et g :3: 1 s E 3 Wuon Phase 1 GEIA + GE21 3
% 0.9F : ; + = _+_ S 105 + Muon Phase-1+ GE1/1 + GE2/1 + IRPC =
- ———— E :?: * = E  Nuon Phase-1 + GEV/1 + GE21 +IRPC + MEO ]
" 085F g e # = 1 £ ¥ i 5 ——— s o —
— E o—r—O— E|

08E U AR S p">15 GeV ; P oesE E
0.75E i L = o,g?';*fﬂ =
E_ | [T1Mu(standalone] 4 10" {L1Mu(standalone) i E e E

0.7 _,,_.( PMu-I()cSC): Run-2 Trigger Configuration {| ——=—— Phase-1(CSC): Run-2 Trigger Configuration |3 0'855 E|
0.5/~ | | —=—— Phase-1+GE11 (CSC+GE11) = ———&—— Phase-1+4GE11 (CSC+GE11) 08F 3

i ——a—— Phase-2 (CSC+GE11+GE21+ME0Q) | ——=—— Phase-2 (CSC+GE11+GE21+ME0) E
06 T Py et s et re s o75E- E
16 1.7 1.8 19 2 21 22 23 24 25 02 ol L L L L L L L L L E
Simaied vy N NI (O)DMB to FED data transfer rates

16 18 2 22 24 26 28

Muon In £=7.5x%10%s"1cm~2 (PU200)

(EREES, *  HL-LHC expected rate
—— Phase-1 bandwidth

2. New electronics for the legacy detectors: T2 . SR e
DT: replace all on-board electronics (OBDT), BE Upgrade phase-2
RPC: replace all off-chamber electronics, BE PAQrate
CSC: replace selected FE boards, replace all BE 1 4

Studies (including the use of ecological gas mixtures) :’hase-l t/aa)ndwidth
128 Gb/s

Gb/s

Few results in back-up

MEL/L ME2/ ME3/1 MEA4/1 MEL2 ME2/2 ME3/2 ME4/2 ME1/3
Chamber position
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G. Pugliese 2024 LHC Days
: Two FEBs per chamber
» New detector geometry, strip layout and Font-End iRPC Chamber e -
Board electronics (2D readout) 4asiies dqrn o
IRPC RPC
High Pressure 1.4 mm 2 mm 5
Laminate thickness =
Num. of Gas Gap 2 2 3
Gas Gap width 1.4 mm 2 mm 3
Resistivity (Qem) ~ 0.9-3 x 1010 1-6x 101
Charge threshold 50 fC 150 iC.
T segmentation 2D readout IR 48 Strips 48 return Strips
» Requirements:
q ' ' ‘ New Strip PCB to allow the To back-end board
»  Space resolution (cm): 1.5 in v and 0.3-0.6 in ¢ return line concept

) . FEB positioned external and @
» Time resolution (ns): 0.5 ns lowest dose region

> Rate capability: 2 kHz/cm?

v Prototype performance

2 Fowsmuon satisfies all requirements CMS prefminary G +s

3500 ; Preliminary g WP ='7034V, platéau = 99.03%, EF(WP) = 98.10%, y-source off |
E e « WP = 7045V, plateau = 98.61%, Eff(WP) = 97.66%, bkg-rate ~ 0.2 kHz/cm?
30001~ g = WP = 7076V, plateau = 97.73%, Eff(WP) = 96.70%, bkg-rate ~ 0.6 kHz/cm?
- K] « WP = 7111V, plateau = 97.01%, Eff(WP) = 95.94%, bkg-rate ~ 1.0 kHz/cm?
E iy ‘S « WP = 7148V, plateau = 96.51%, Eff(WP) = 95.33%, bkg-rate ~ 1.2 kHz/cm?
E CMS MUON Preliminary i GIF++ = + WP = 7261V, plateau = 95.04%, Eff(WP) = 93.60%, bkg-rate ~ 2.3 kHz/cm?
2000 - 0.07 W g
1500 ; Nearest iRPC cluster E Path.l_diff: 20m GIF++ Test Beam June 2024
{G60E- to the cosmic muon g 0.06— Entries : 6652 | 1.4mm double gap iRPC
3 WP - 7100V £ Mean : 73.78 ps FEB v2.3 IRPCROC 2C
00 = 4o 2 RMS : 772.05 ps B0 X vigger window 1
E 0.05— |
0. L 1 L 1 1 1 1
20 8 %6 4 =2 o0 2 4 6 Asx @ m1)o Path_Z_diff: 18m
0.0a Entries : 12661 sol- i
5 - IP21 Dome lab. g Mean : -141.44 ps
(1000 - CMS MUON RMS : 784.44 ps
T Prelimi
F relminary Nearest iRPG cluster 0.03— . i |
800 to the cosmic muon Test beam in April 2023 40 E
E WP = 7100V 002 y background off
00l o,,= 16cm . 1.4 mmiRPC * 2
E Y Threshold = 33 fc
X r 20f- .
— 400~ 0.01—
200~ e oy P S (T
= 0.00
r -10000 5000 10000 L I
o ’0 L 1 1 Timing difference after alignment (ps) 8'0 62 6.4 6.6 68 7.0 7.2

-8 6 4 -2 0 2 4 6 Asy(c m1)0 HVert [kV]
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G. Pugliese 2024 LHC Days

Requirements :

»  97% module efficiency

> <500 prad resolution » Rate capability: 150 kHz/cm?
» 810 ns time resolution » Radiation hardness: 7.9 C/cm?
>

< 15% gain uniformity

v" Detector prototype performance satisfies all requirements:

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

several test beams

CMS Muon Preliminary MEO GIF++ test beam

CMS Prelimina MEQ H4 test beam
= T T

g 1.0 o, 5‘1-33 e e r—— CMS Preliminary Cosmics 904 Lab
£ ) e - No compensation - T = 141.2 + 11.8 ns —_— =
E a0 E % 2 0.975) -~ Compensation - T = 90.7 + 6.8 ns ] ' T a=0.508+0.003, b=0.007 £0.002, x4 =1.374 | 12
> 0.9:= w 0.45 A
2 20f | b 0.950| 4_ge . T dota
- - "'77*“».
© 0.40
5 10F 1 Mos 0925 \\’%\ ; 3
& ’ S 0.35 4
£ 0 = 0.900|
Ll>j 0.30 4
0l 11 Bo7 0.875 ] 0.25
-201 1 0.850/- y 0.20
0.6 "
30} ] 0.825 T 0.0025
> g 0.0000 A
_2'0 . 0 2‘0 0.5 0.800 o o & -0.0025 1 - - . . ]
&5 Extrapolated x (mm) Measured background rate (kHz/strip) 1 2 3 4 5 6

AR ) Rate capability: 2.5% efﬁcif:ncy loss Wlth the
highest background (loss in highest eta region)

| 9% N
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" Compact Muon Solenoid

=

HGCAL Hadron Absorber plate

2 . e A | CSC boards

.t“-,v “ B ' N - e s s _ i . \ . = f-. 3

s racker tilted rings E B, 4 L L??‘rbgﬁ |
S & e ; 3 4 - il

¥ o ;‘*;5. e F {

At




= CMS,
INFN e

C"  CMS Upgrade in production.. &=

G. Pugliese 2024 LHC Days

,/

~ Compact Muon Solenoid

T
/
V'

ST VILE HIYWIIU \JRI1) T &2 IIVUWIS | nbonded view

Common design for 1.8 mm and 4.0 mm sensor spacings

Flex tail to bend

Power block Opto block FEH
2 DCDC with IpGBT and VTRX tail
2 air coils

T,

Front-end hybrid (FEH) - 2S module (right version)
Fold-over to connect CBCs to both sensors

Pre-bended SEH (no components)

1 CIC Concentrator Chip 8 CBC CMS Binary Chips

Power hybrid without shield (POH) - PS module
ck ‘ oy

100% OT sensors _
50% HGCAL sensors , ' s v & Wi

/ HGCAL cast scintillators

—

Q
Outer Tracker : - i
MPA ASIC waf er & A & 3 Service hybrid (SEH) — PS module

7 -‘1';;/—:"_1—15" X .
F Fiber |
Barrel Calorimeter boards under test o
~ >

I

with opto transceiver nd IpG!

Front-end hybrid (FEH) — PS module
(left version)

8 SSA Short Strip ASICs

‘,J e s ._l

Outer Tracker: MAPSA (Macropixel Subassembly) = sensor + ASICs

Fold-over to connect
pixel and strip ASIC
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G. Pugliese 2024 LHC Days

» Smooth RUN3 data-taking and excellent
performance of the CMS detector

» We are pushing the detector performance
beyond design limits!

» The challenging CMS Phase 2 upgrade project defined to exploit the full
potential of the HL-LHC luminosity 1s progressing well

» Most upgrade projects moved into mass production; a few are finalizing
the pre-production validation; GE1/1 chambers have already been installed
and integrated into CMS




G. Pugliese Thanks ! 2024 LHC Days

Credits
to the CMS People

Backup slides
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G. Pugliese 2024 LHC Days

" Compact Muon Solenoid

At higher pileup (140-200PU), due to growing spatial overlap of tracks and energy deposits, degradation in

resolutions, efficiencies reconstruction, and misidentification rates are expected

—_— 2 T T L B PR Ll B RAE
S . “m’mw £ 1ol
\ > 14f :
® 1.2} -
c s .
8 i 9
o 08f E
c o 3
5 0.6 E
0.4f ]
0.2} / \ ‘Z
: 5 ~ O 0 0 10 20 80
CMS CO]_hSlOfl,\/E = 13TeV pﬂe up =30 (201()) CI\[S COHiSiOﬂ,\/E = 13TeV plle up =100 (2016) Venex pOS|t|on (Cm)
H
Y4
g . Simulated Vertices £ EE T
In CMS, PU mitigation strategy relies on: " s A0 Masooakuoted Yiskces
© 4D Reconstruction Vertices
——+— 4D Tracks Vertices merged in space can
) 0.4— be disentangled in time !
» 4Dimensional (space and time) vertex -
reconstruction with unprecedented track- 02—
timing precision (~30 ps) ofis L4
1 s 02—
> Higher detector granularity to keep :
almOSt the same Occupancy -04_1 l 1 L 1 L l 1 1 1 1 l___l___J___ :ﬁ_l_ L e e ,L___L__J_._ 1 1 1 | l 1 1
-15 10 -5 0 5 10

Time and g position of all vertex @ PU = 120
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Key features for the Barrel Calorimeter:
» Keep the lead tungstate crystals and APDs & 2500 cus Preliminary ECAL Barrel
» Decrease operation temperature from 18 to 9°C to mitigate the increase in 2 7 :::;8: e
the APD leakage current _g 200:_‘ St (RiRA)6 G RRS) 2
» Replace the on- and off-detector electronics. New front-end boards will allow the 150¢

exploitation of the information from single crystals in the LV1 trigger /
New VFE card New FE card : ‘ C / /
5\3\5 = = A 50} ” 0 -
ead TUIE=———— : : I
= Y
0 1000 2000 3000 4000
Integrated Luminosity (fb™)

Master IpGBT ASIC
Control (2.5Gbps)
Readout (10Gbps)

b 3 X Readout IpGBT
Readout (10Gbps)

T ¢ Versatile link plus
F— ——
\\\ Control link

APDs Pre-Amplifier ADC

50,025 : ——— gec_E?“ILT°.S'P",*"T‘2.°?‘,...,...,...[._
» Test beam campaigns in 2018 and 2021 proved o | *  ECAL 3«3 matrix £.f * ECALSigochamel
that the new electronics met the requirements for W 0025_ —fetec E i _%9(:2 .
HIL-ILLHC: 0015 N=0S1(fixed) £ “°‘ Cm129204me B
v Energy resolution in agreement with Phase 1 oot ;gﬁ:&iﬁ:g@ ] aof
performance I na
v' Time resolution <30 ps with electron energy 0.005-
eam >50 GeV ECALTestBeamzote - i |
50 100 150 200 250 ) N P EEU BRI I [ ]

: : 80 100 120
electronics chain (VFE-FE E (GeV) Deposited energy (GeV)
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1o CMS Phase-2 Simulation Preliminary s = 14 TeV
> . | T T T | T T T | T T T | T T T | T T T | T T T 1
g ; 155 Zy* - p, <PU> = 200, p_> 5 GeV =
nes GeRNE Muon System in ideal conditions: =
New GEM and RPC detectors needed € | 0O MuonPhase2 -
L 1.1 Muoa Syst'e’rhn lalltilresG E :nﬁutron background: —
. . o — B m Muon Phase-1 + ]
to improve efficiency reconstruction Eg 105 4 Eﬁgﬂ EEZ?&'E IEEEE Igggi cmpc
o = uon ase-1 + + + + -1
and trigger performance at HL._LLHC O S ‘ E
3 oos=g=——0— — 1 I NEW — I
09| ﬁ =
0.85[ <
0.8 — —f
0.75/— =
0 : 1 1 1 l 1 1 1 l 1 1 1 | 1 1 1 I 1 1 1 l 1 1 1 :
K 1.8 2 22 2.4 2.6 2.8
Muon In|
0 To maintain the high level performance in HL-LHC ¢ , e 11 TeY. ceer
. o o E CMS E . i H I E axial view|
environment, the CMS muon system is being P51 haselll Simutation ] -
ded - 'Z“z"s',f,gfseﬁ}%m,n. e @ CSC Siationi
upgrade : Run | + GE-1/1 3 [osceem o

> 2 stubs with ME1/1 i ¢1::‘ Station 3

ME1/1-GE1/1 bending angle |

-
o
LA L)

L1 Trigger Rate [kHz]
b

: Station 2

/ Station 1

O to increase the muon spectrometer redundancy, :
to sustain the high radiation in the endcap region =

muon

10"

0 GEM+CSC allow for muon momentum S 16<mi<22
- L1Mu (standalone) -

measurement in a single station, which helps o o e B _%,u’_,

reduce considerably L1 trigger rate L1 muon p_ threshold |




A

INFN

L

G. Pugliese
R134a (%) HFO-1234ze (%) CO; (%) i-C4Hjo (%) SF¢ (%) GWP
STD 95.2 4.5 0.3 1485
> ECO2 35 60 4 1 476
ECO3 25 69 5] 1 527
Density (g/1) 4.68 5.26 1.98 2.69 6.61
GWP 1430 Y 1 3 22800

1. Double gap layout of iRPC prototype

2> ~ 45 mC/cm?
integrated, so far
—> Stable performance with

of chs

without gamma background

Efficiency (%)

CMS and EcoGas@GIF++ Preliminary 016
T T T T .

T T
Curr.dens.STD_2021

Curr.dens.ECO2_2021
Curr.dens.ECO3_2021 H0.014
Curr.dens.STD_2023

Curr.dens.ECO2_2023
Curr.dens.ECO3_2023 -0.012

T
Eff.STD_2021 | WP: 9.69 kV
Eff.ECO2_2021 | WP: 10.80 kV
Eff.ECO3_2021 | WP: 9.98 kV
Eff.STD_2023 | WP: 9.83 kV
Eff.ECO2_2023 | WP: 11.13 kV
Eff. ECO3_2023 | WP: 10.25 kV/

XN KA A
Current density (uA/cm?)

Source OFF
0.010

0.008

0.006

0.004

0.002

e .000
HVeri(kV)

R&D on new RPC gas mixtures

Efficiency (%)
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a
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2024 LHC Days

Aging test with Gas mixture: ECO2 mixture

CMS and ECOgas@GIF++ preliminary

160 ‘MS and ECOgas@GlIF++ preliminary
L fEPBCT::FF;S (4 mc) i Sotirce OFF iRPC gaps (1.4 mm) CLRI~1.7 kKHz/cm
140l =500 uV (60 fC) FEB THR = 500 uV (60 C)
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2. Double gap RPC

2> ~200 mC/cm?
integrated, so far

= a slight shift of the efficiency
curves toward higher voltages in
2023, and an increase in the ¢

of charge
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The on-detector
Refurbishment of
Electronics in 1.S2

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

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

i |
DCFEBV2 |

and 45 in ME+2/1, older DCFEB

0504 DCFEBVZ installed in ME1/1 ! ;
from ME1/1 — ME234/1 \

’ i ‘ a e
o New boards capable of optical 2 & S A\
readout V v v?, -\‘ s

LY

3

Chamber Re-Installation =

3: Load on Fixture

x288 Inner-Ring Chambers!

a1l )RR
4: Hoist with crane
LP2021 — Johan S Bonilla — UCDavis, CMS, CSC 13

2: Transport
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G. Pugliese 2024 LHC Days

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

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

(D)CFEB event losses for HL-LHC conditions

O T T T 7T T
e ’{ 1
0.08 -—Tg : —ME2/1 CFEB (Phase 1) _
5 e : Original Electronics ~ =—=ME3/1 CFEB (Phase 1) 7]
— H ‘_—___..
g o 06—§ —ME4/1 CFEB (Phase 1) H
= :_‘5’ —ME2/1 DCFEB (Phase 2)
8 -
= 0.04—
c =i
% 0.021 E
{HL-LHC
e A L AR 1 Trigger ¥ DAQ | Trigger ¥ DAQ)
0 5 10 15 20 25 30 LS3
Instantaneous luminosity [10** s cm2]
Board = Num. Where Main reasons for upgrade

DCFEB = 0 MEI2/1 Latency and rate, rad-hardness
ALCT 396 MEI1234/12 Latency and rate, rad-hardness LS2
LVDB5 108 ME234/1 Power levels of DCFEBv2s i
OTME ME234/1  Receive optical link from DCFEBv2s >
J 1E1234/1  Increased DAQ output bandwidth LS3

ncreased current due to higher occupancy
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G. Pugliese 2024 LHC Days
> 3 stations will be equipped with detectors based on Gas Electron Multiplier

(GEM) TeChnOIOgy i §°'st43° 78‘6] nr  ar Iszs% a5 152& wa ]44,3« 41)'4«] i i

£ T l ::‘,-r ]::"‘ T ] T | l x‘/‘_r l 7T l/ T I T m"; v 12 335¢

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

Ring 1 ) 5 R 14 277

GE1/1& GE2/1 | 71 e

,,,,,,

» Both GE1/1 & GE2/1 are based e TE e (ae zz;zé
on the same mechanical design ' - 3181 A a3
principle: 2 triple GEM detectors : 305
per Super-Chamber (SC) = . - -

< 7 12 2 (m)

» GE1/1: 72 SC (36 per 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 8slightly different triple-GEM modules Off-Yoke (M1 to M4) and On-Yoke
(GE1/1 as an example) (M1to M8) (M5 to M8) chambers

CMS Phase-2 Simulation Preliminary
- MEQ: Extending muon system acceptance in the very § 1]
>

forward region upto |n| <238 e

g
o
S

Particle Rate (MHz)

120

110F

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

100F
90

80f

70F
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2S module

* Two type of modules:

o 2S Modules o PS Modules
« 2 different spacing : 1.8mm & 4mm « 3 different spacing : 1.6mm & 2.6mm &
* 2 micro strip sensors with 5cm x 90um 4mm
strips * One strip sensor: 2.5cm x 100pum strips
* Sensor dimension are 10cm x 10cm * One macro Pixel sensor : 1.5mm x 100pum
5 two column of 1016 strips pixels

¢ Sensor dimension 5cm x 10 cm
5 two column of 960 strips

5 32x960 pixels

First prototypes (with almost final chips and hybrids) assembled
this year 2 now it’s time to test and test and test...



A

INFN

L

G. Pugliese

Tilted Barrel Geometry

» Track stubs that cross different modules
in lower and upper sensor are lost

» With tilted geometry ineffiencies are

recovered
CMS 1
Material Budget
Fremmuren) I oopmeaee Q||

-
EN
T

[ [r———— 141 [ [e——
- Inside OT wacking volime. 1 2'_

|
0.8f
0.6

0.4}

Bl = or s

Il L I i 1
GO 05 1 15 2 25 3 3.‘5 4 K i z
In| In|

=

o DCDC converters

o Fewer layers

o Lighter materials

o Optimized service routing
o CO2 cooling

o Inclined geometry

* Material budget much
: reduced wrt Phase0/1
detector despite an
increase in the number of
channels

Phase 2 Tracker Upgrade

CMS Phase-2 Simulation vs=14TeV, Muons, 0 PU
> 1.1 -
2 = ! }
X E H | i i
I PO POE 556, L e M8 o LD TP 00 RO §0E
% e B ugorr_wm.’?i [Feeerrs P00
‘gog S I -.., ] ~.. i
ﬁ 1 .‘ H E _'.
° ! . L
085 H . {
- . ! b |
07 . e Flat barrel geometry || (Yo
L4 : .
= ® O Tilted barrel geometry ®
’ i .
05— ‘.
Ce [ .
PP I U ST Y alaion, Lisas
%5, 3 =15 1 05 05 1 15 2 25
Particle n

rs

—r

Average number of laye

=
3
s

P . b 2
CM S\
T 1
— < 3

ol | )

2 " h
.

8- -

i — :

- o
0 p— ’\. 1

i L)
4~w .

: Average number of layers
2_ with at least one hitin: .

| @ Alldetacior

|« Outer Tracker L™

L@ Innar Trackar

L Do b b Loaa Dome Loy aa Ly g oo 1l
q) 05 1 15 2 25 3 35 4

Occupancy no
larger than 3%

o 0°

2024 LHC Days
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G. Pugliese

BTL sensors: LYSO:Ce crystals & SiPMs

LYSO:Ce crystals SiPMs
» Well established technology (PET) + Radiation hard proven up to: » Well established technology

« Fast scintillation kinetics: - 50kGy with y from 60Co source Compact and robust
- rise time ~100 ps - 3x 1014 1MeV neqg/cm?

- decay time ~ 40 ns » High Light Yield: 40000 y/ MeV

* Insensitive to magnetic fields

Fast recovery time <10 ns
High dynamic range (109)
PDE@Lyso emission peak 20-40%

Comprehensive study of LYSO:Ce crystals from 12 producers performed to identify
potential BTL suppliers and set the QA/QC requirements for the production stage.

~1\S6Fr—TTTTTT—TTT 7T iati .
Secificaiion T [-10% LOloss » Radiation r:?rd proven up t<2).
Specification after RMS for e ] =
Parameter of the crystal array before irradiation irradiation crystals within 8: to 2 X 1 0 1 Mev neq/cm
(mean value) to 50 kGy one array O 0.95
(mean value) 1)
Light output (LO) / end > 4000 photons/MeV < 5% = 09F & FBK, 20 pm thin glass enc  HPK, 300 pm silicon resin enc.
LO (30ns) / LO (450ns) > 26% < 3% 3
Decay time (1) < 45 ns < 3% go gsb |- B
(LY/r @—30°C) / (LY /7 @20°C) >1 g O
Loss of light output after irradiation < 18% < 5% %
Optical cross talk < 15% and <15% <5% £ 08 i ]
Table 2: Crystal performance within a given crystal array. %0.75 1| 2' :‘, 4' é é ; é ; 110 1‘ ) 1‘2
https:/arxi bs/2205.14890 3 resicech
s//arxiv.org/a - S

TENDER SUBMISSION BY THE END OF THE YEAR TENDER SUBMISSION: SPRING 2023
(optimized prototype testing on going)
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HL-LHC DAQ-HLT Parameters

LHC HL-LHC
CMS detector Phase-1 Phase-2
Peak (PU) 60 140 200
L1 accept rate (maximum) 100 kHz 500 kHz 750 kHz
Event Size at HLT input 20MB* 6.1 MB 8.4MB
Event Network throughput 16 Tb/s 24 Tb/s 51 Tb/s
Event Network buffer (60 s) 12TB 182 TB 379 TB
HLT accept rate 1kHz 5kHz 7.5kHz
HLT computing power ” 0.7MHS06 17MHS06 37 MHS06
Event Size at HLT output ¢ 1.4 MB 43 MB 5.9 MB
Storage throughput ¢ 2GB/s 24GB/s  51GB/s
Storage throughput (Heavy-lon)  12GB/s  51GB/s 51 GB/s
Storage capacity needed (1 day ) 0.2PB 1.6 PB 3.3PB

Calonmeter tnigger Muon trigger Track trigger

|| rec

Global Calorimeter BMTF B
etk Global Muon Trigger Global Track G
Trigger Jobay

Trigger

Detector Backend systems

BC HF HGCAL GEM | IRPC TP

csc
=

TF EMTF Local

Global Trigger

Phase-2 trigger project
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G. Pugliese See dedicated talk by Jean-Baptiste Sauvan ( (this session)

» Brand new calorimeter in the endcap region: the High Granularity Calorimeter (HGCal)
» High granularity and timing performance for the electromagnetic and hadronic sampling calorimeters

» Mixed technologies. Challenging integration in CMS
I
CE-E CE-H

Active Silicon Sensors Plastic Scintillator
(Hexagonal shape) tiles
Area 620 m?2 400 m?2
T N. of 30k/6M 4k/240k
g Modules/channels
Channel Size 0.5 -1 cm? 4 -30 cm?
N. of layers 28 22
Depth 26 Xo/1.7 & 91
Absorber Lead Stainless Steel

~2.2[m]

Coverage 1.5 < |<n [<3
Operational temperature -35°C

Tiles

< SIPM |

» Prototypes showed excellent results on test beams:

L B L B T

§|:’5 oosoF L Ty CMS HGCAL preliminary CERN SPS beam test 2018 . . .
~ " - Do 4 g HOf T poson b » Space-time precision needed to cleatly separate
0045 g: %25.181 %.%);%;cev Stocastf g 20: W MCPreference  **== (wzsg ®55.4) ps K i ]
E = 3 +0. ¥ e = 1 ’f' , i o S— .
P T e antan objects and clean pileup hits
0040~ A = ) ¥ o6
o §=(12+03)%GeV 7 21008 Positron simulation:
0,035 C=(0.61%0.07)% CO n Sta—ﬂt ,g % MC (171128 ©57.9)ps
F L bd Y 3 3 —_— GeV.
F w A S A MC, jitter subtr. (1883 8¢V © 13.8) ps
0030~ E F
0.025 — & 4
E g
0020 ";'8 og S oC ]
0015 ‘g"’ (E) VEbeam = [ | i i | i |
L M IR B | L. [ > 50 100 150 200 250 300
0075 0100 0125 0150 0175 0200 0225 Positron energy, E (GeV)

1/v/Ebeam [GeV]

Energy rand time resolution (~20 ps for positron energy > 200 GeV)
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BRIL system: 14 technical detectors installed in CMS for luminosity measurement, beam induced
background, beam loss (abort) and timing monitoring

» The Fast Beam Condition Monitor (BCM1F) and the Pixel
Luminosity Telescope (PLT) were upgraded to achieve the
required high luminosity precision during the Run 3 and

double Si
sensors

ASIC
were calibrated in emittance scans at early LHC collisions
New generation of detectors
for monitoring LHC beam Cooling
conditions and luminosity. pads

» Luminometers showing excellent performance
It is located behind the Tracker Pixel detector at

.0 + 0.0 o
DDBOO 0.925 0.950 0.975 1.000 1.025 1.050 1.075 1.100 0.900 0.925 0.950 0.975 1.000 1.025 1.050 1.075 1.100
BCM1F/HFET ratios in 50 LS PLTZERO/HFET ratios in 50 LS

w 1.100 _ 13.6 Tev(2022) ~ m from the Interaction Point (IP) BCMLF C-shape
| CMSPreliminary e BCM1F/HFET ®  PLTZERO/HFET ® HFOC/HFET Offline
g 1.075
£ 1.050- : ) .
2 1025/ , ' » Over full running petriod all
© 1.000 , 0 . " - . ke
& s ~ PSP IRE = luminometers within * 1%
. 1 Ve B & .
G
.g 0.950 1 @ 13.6 TeV(2022) 13.6 TeV(2022)
€ 0.925- " - 121CMS Preliminary ";eoagtlgfg tems Preliminary rqe()ag:ogégw
3 0.900 . i . . i : . - L: 9.49 fo! 1 v 8.01 b2
0 2 4 6 8 10 B 1o Offline 7 Offine
Integrated luminosity [fb~1] Z‘.oa 2"
d 5 5 £ £
HFET/HFOC : Hadron Forward calorimeter with the transverse energy sum method and online 200 2.
Q [
method go E o
o o
g g
£ =
* 0.2
rt systems all operational
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TEPX Disk 4 Ring 1 (D4R1)

Tracker Endcap Pixel
Outer Tracker Layer 6 (OT L6) p Clusters & coincidences

L1 track stubs Detector (TEPX)
Clusters & coincidences Fast Beam Condition
Monitor (FBCM)

Muon Barrel (MB) Hits on Si pads

L1 trigger primitives
Hadron Forward

ki | | Calorimeter (HF)
A | Hit towers & }:ET
Timing I |
-
: .
. P
REMUS = -
Ambient dose Beam Halo
equivalent rate [T ===+ Monitors (BHM)
: Cherenkov Light
LHC Radmons ‘ 1 & PMT
Total ionising dose \
Thermal n fluence Gas Filled Proportional
1 MeV n eq fluence Chambers (GFPC) PR TR Beams Conditions Monitor for 2
HE hadron fluence 1MeVneq flugnce L1 muoznssc tLrjalckgs Losses (BCML1,2)
SEU rates LE - HE separation ' ' lonisation current in pCVD

GHlorimeterobleces diamond and sapphire sensors
Bonner Sphere Spectrometer (BSS) PP

Unfolded neutron spectrum 43
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Upgraded FE Electronics: Single Channel

| <— 2.56Gb/s

ion ——> elLinkin

SerDes ' =) 10.24 Gb/s

w Crystal and APDs are kept from Phase 1
w Two new ASICs have been designed in the VFE:

The CATIA (CAlorimeter Trans-Impedance Amplifier) with two gain
channels to cover a dynamic range from 50 MeV to 2 TeV

¥] The LiTE-DTU (Lisbon-Turin Electronics Data Transmission Unit) to
perform analog-to-digital conversion, gain selection, data compression
and transmission

w The data words from the single channel are sent to one of the four
IpGBT ASICs on the new FE board via e-links

2024 LHC Days
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CATIA ASIC Overview

Two gain stages after
the pre-amplifier: G1 and
G10
Implemented in 130 nm
o ; (TSMCQ)

: Range: from 50 MeV to
200 GeV (G10) and 2
TeV (G1)
Bandwidth: 35 MHz

@

amplitude (a.u.)

A faster analog electronics improves LiTE-DTU AS'C Overview

ol = Time resolution

= Spike rejection

. ore . Depth: 816 =12 DTU
o - DR IG L 2 |5
Noise mitigation " ,{I::am]]] HI Implemented in 65 nm
0 12 14 16 6 20 12 12 2.l %
s . = == , (TSMC)
Exteral

test clock
1.28 GHz

Two 12-bit 160MHz
ADCs bought from an
external company

PLL from IpGBT design
Digital logic to perform:

~ Gain selection

1. apncs > Baseline subtraction
sl el sy il b > Data compression
. a: C@z‘oss on L 3 3 . . .
4. Control Unit | e k ~ Serial transmission
5. ADC Test Unit Serializer 2 . .
6. 4 Serializers The digital logic and the

g g

configuration registers
Sampling rate 40 MHz — 160 MHz are protected against
= improves time resolution SEU with TMR
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New silicon photomultiplier devices (SiPMs) installed
replacing Hybrid Photo Diodes (HPDs)

Key features:

V' Higher photo-detection efficiency

VImproved depth segmentation

HADRON

CALORIMETER 5 i e )
New on-detector electronics \‘\ 0 V| > HB upgrade durlng LSZ

Fra indes (ica)

installed to reduce noise
and improve energy
measurement in the
calorimeter.

W » HE was upgraded before 2018

|
!V BEAM LINE 70 m IR

- a Collision point
I Y Beam line \_ HCAL HF is not shown in this picture
!‘ 70 >
!— 1115 JI

» HCAL is successfully operating in RUN3 collisions with timing and conditions derived using splash
events and LHC commissioning runs

» Collision data used for channel-by-channel timing adjustment

2.10fb7(13.6 TeV,

’-i 1.5 F /T T T T T T =
e CMS . N, e[0,30) = . . . A
S 1ap Prefminary o = » New online algorithm for Trigger Primitive Transverse
[ = s € oo =
ws 12 —  Erp <05 10) GeV X ’ = . °
L E E Energy (Etrp) deployed and compared with the offline
1 = reconstructed hit energy Er gy . The response is:
0.9 = L] avaEtavsnfgeng gesmantanumunage¥e, . —; : H
ot LRI SRS » consistent across the three different
07E- E scenarios within uncertainties ‘

P
-20

> stable along 7 in the b

=
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Main concern for ECAL crystals is ageing due to radiation

Scintillation mechanism is not affected by radiation
* Radiation creates crystal defects which reduce the crystal transparency and therefore light output
Effect is monitored and corrected using a dedicated light injection system

MC simulations have been used to predict the light output in Phase I
* Validated using test beam data studying effect of hadron irradiation on crystals

CMS Preliminary

N

Rl STl et " i 3 & &
@ s T AN ~ IR N B 9 H g — 1000/
2. os \t %‘CA‘: : h’ \25 r\\W v EB: 90% Left: ECAL laser £, — e
X Y g W Ay \\w’ response over Run 1 < —asoom>
g% os o WG Y™ EE low eta: 3
25 a0 A LY and Run 2 (2011-2018) g osf ]
g2 © S A S L T 40-20% ioht: dPh £ \
Pl ppe N Right: Expected Phase ¥, .

o 0 TE Sl - EEhigheta: lllight output for 50 \
] o i e ' 5-20% GeV photon showers °'4’\ ]
L ' with respect to CMS 02f ]
2 o conditions in 2010

R & o"\?‘%\g’\o \j‘;’\f’\\’@ 0‘7\"5%’& \i‘\"\\;i\\\é\ Q"’\g’\‘f‘& N E 1 15

Date (month/year)

* Two causes of radiation damage to APDs: 55, cms y ECAL Barrel
« Gamma rays creating surface defects 3 ::i:cc n=1.49)
* Increasing surface current _§ 200:_ —T;9°c(Hun4)-6°C(Run5)' g
* Reducing quantum efficiency r /
* Hadrons creating bulk damage 150F
* Causing an increase in the bulk current //
* Main concern for HL-LHC is the increase L / /
of dark current } |
* Electronic noise depends on square root of 50;_ //
bulk current [/
* Can be mitigated by reducing the operating % 1000 2000 3000 4000

temperature Integrated Luminosity (fo™)
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%1 0’3 I Now is 2022-08-30 14:00:12 1=2.5 ix=iy=39 EE+4 1d=872436647

The new laser workflow, which allows -;E,, 65;—
updates to HLT conditions once per fill, = (-
has been successfully deployed © -
e 55F

. . . ()] - | + last tag

The  automation  of  calibration 2 F |« hittag
workflows is also being commissioned 28 [
o 45—
o "
40—

- | | | | | | | | | l |

N
fe

Date (month-day)

The 2022 history of one channel in EE, showing that the
per-fill update of the HLT tag (which is not performed in
no-collision periods) follows closely the system response.
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2024 LHC Days

%108 2024 (13.6 TeV) %108 2024 (13.6 TeV) x10° 2024 (13.6 TeV)
T T T T T T T T T T w T T T T T T T T T T T T T T m T T T T T T T T T T
3130; | " cms ] s | | ' ' " cws ] S 90k | " cms ]
g E Preliminary ] g 100 Preliminary | g g Preliminary é
S 160 - E ] ] S 80F E
-g 140F (inst. lumi : 2.1 10%cm?s g 80| Ginst. lumi) : 2.1 10%cm2s™ ]| g 70E (inst. lumi.) : 2.1 10%‘cm2s ]
2 1200 Ly =31710" E 20 Ly=3171" ] 3 6ok Ly=31710" E
- TIB MPV: 14.9 ] i TID MPV: 14.5 g TOB MPV: 19.7 E
100f : 60|- ] 50}~ E
8of- . 40F E
60} : or - 30 -
40 - = 20l N 20 — —
20f = i 10F E
CV P R B . 1 C- -t L J c’ L e —— E
0 20 40 60 80 100 0 20 40 60 80 100 20 40 60 80 100

Signal-to-noise ratio Signal-to-noise ratio Signal-to-noise ratio

%10° 2024 (13.6 TeV) x10° 2024 (13.6 TeV)

Q T L 1 t‘e FroorTrTT LR

2 70F CMS 3 200 cMs

3 g Preliminary ] 3 180F Preliminary =

o 60) - S 1600 g

-g' (inst. lumi.y : 2.1 10¥cm?2s" ,% g (inst. lumi. : 2.1 10*cm?s" ]

% 50 Ly =317 0 E % 1400 L =317 10 E

- TEC thick MPV: 19.2 ; 120F TEC thin MPV: 15.8 E

40 - F ]

- ] 1 00 :_ _:

301 = 80 =

20F : 60F E

s ] 40 =

1°f E 20F 1 8
e | RS NS S N Mttt c oo, | P

40 60 80 100

Signal-to-noise ratio

e SR i e Nl L L

60 80
Signal-to-noise ratio

40

100
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ETL will be instrumented with Low Gain Avalanche Diodes (LGADs) optimized for timing measurements

LGADs are provided with a gain layer, a highly-doped thin layer near the p-n junction
— High local electric field producing charge multiplication
—= Moderate gain factor 10-30 to maximize signal/noise ratio

Sensor requirements:
* Pad size determined by occupancy and read-out electronics E fleld
(rather large capacitance, 3-4 pF)
¢ Gain uniformity
* Low leakage current to limit power consumption and noise
* Provide large and uniform signals, >8 fC when new, >5 fC after highest irradiation
point
* Minimized “no-gain” area, interpad distance < 50 pm

M. Tornago,
ICHEP 2022

Low Gain Avalanche Diode

The final sensor will be a 50 pm-thick 16 X 16 pad array with 1.3 x 1.3 mm? pads

The Endcap Timing Layer Read-Out Chip (ETROC) is the ETL read-out ASIC

66

Goal: reach time resolution o, < 50 ps per single hit
*Low noise and fast rise time
* Power budget: 1 W/chip, 3 mW/channel

g
g
E
3
1
g
§
H
=]

Three prototype versions before the final full-size 16 x 16 chip:
v ETROCO and ETROC1 produced and tested
v ETROCQO: single analog channel

v ETROCH1: full front-end with TDC and 4 X 4 clock tree

= ETROCZ2 design in progress: full functionality + full size

B EL| Bm
| FE | HT|HI}
T BT FHE BT
e
BgEs
=T Bl B3 Fl

= ETROC3: submission in March 2024, pre-production chip
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Key:
Muon
Electron
Charged Hadron (e.g. Pion)
= = = - Neutral Hadron (e.g. Neutron) i i
""" Photon
‘ i
I il
, /ﬂ/ |
Tracker track N — —n |
reconstruction sicon
) ]
Ca'-:fmev 509;3‘:’;2‘;""9 %
Iron return yoke interspersed ¥
T::rr\;:egr;ec;:? / with Muon chambers 1] :{;
Standalone Muon Muon Detectors ocef Local
reconstruction reconstruction
Performed using DT/CSC Performed within
segments & RPC hits single chamber

Global muon reconstruction (out side —in): a standalone muon 1s 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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MEO

n 01 02 03 04 0s 06 07 08 09 10 11
o' 843" 786" 731" 67.7" 625° 575 528" 484" 443" 4047 368" n e
12 335°

- MEO modules based on triple-GEM technology
(same as GE1/1 and GE2/1)

- 18 stacks per endcap

- Each stack is made of six triple-GEMs

- Total 216 triple-GEM chambers

- Coverage20<n<28and0.6<R<15m

- 20° trapezoidal shape

13 305"

14 217

15 252"

16 228°

1.7 207
18 188"
19 17.0°
20 154°
21 140°
22 126°
23 15

24 104°
25 94

28 70°
30 57

Stack design [ — | o

2 3 4 5 6 7 8 9 10 n 12 2 (m)

1JOINNING PLATE ~ 6 CHIMNEYS

6 Module PATCH PANELS

2 STIFFENERS (UNDER MODIFICATION)

1 STACK PATCH PANEL

6 ALUMINIUM FRAMES

1 ALUMINIUM PLATE 4 OR 6 CABLE TRAY SUPPORTS
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Muons at HLL'T

e Total HLT prompt rate for v1.4 menu = 1771 Hz, excluding rate from parking

dataset (calculations done with instantaneous luminosity = 2 -

1034 cm 251

r%mpacl Muon Solenoid

2024 LHC Days
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Primary Dataset Rates
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* PhysicsMuon stream rate = ¥450 Hz =

* 0Old SingleMuon and DoubleMuon united in a unique Primary Dataset

* Monitoring the muon reconstruction efficiency at L1 and HLT using Z

resonance Tag & Probe
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* 0Old SingleMuon and DoubleMuon united in a unique Primary Dataset ——
* Monitoring the muon reconstruction efficiency at L1 and HLT using Z e
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Maxint. charge@3ab™  _ogc/cmz ~1.0C/cm? ;

- Improve Trigger hit time resolution from 25 ns to 1.5ns
Phi granularity ~0.3° ~02°

- 1376 link boards, 216 control boards Bid reschilion ~20 cm ~2cm
Time resolution 1.5 ns <1ns




