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C The CMS detector
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2022 LHC Days

Tracker

Electromagnetic
calorimeter --

Hadron i
calorimeter /

Superconducting Solenoid Muon
Niobium titanium coil carrying 18.000 A Spectrometer

Weight: 14000 t
Length: 28.7 m
Diameter: 15 m

I Magnetic field: 3.8 T
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C The CMS Tracker
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 Compact Muon Solenoid

G. Pugliese 2022 LHC Days
Silicon Pixel Silicon Strip
Sensor technology: n+ implant in n bulk (n-in-n) Sensor technology: p-in-n
100x150 pm? pixel Outer cell size ~20cm x 100-200um
*  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 -20 °C
* Radiation tolerance: 3x10'° neq/cm?/yt *  Radiation tolerance ~1.5x10'* neq/cm?

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

Inner Barrel &

Outer Barrel

Tracker acceptance:
[ <2.5

Blue: double sided
Red: single sided
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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< | n | <3.0, = 25 X0 Vacuum Photo-Triode (VPT) readout

Pre-shower (endcap e OnlY): 3X0 of Pb/ Si Stl‘lpS, Density of 8.3 g/cm3, radiation length 0.89 cm, Moliéte 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: 306 wedges, brass absorber plates and 17 plastic scintillator s o VU

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, |n|<1.26

HCAL HB

Deptn

Collision point

Beam line

- 7.0m !

‘Hadronic Forward (HF) system: 11.5 m from the

point. 36 wedges mads of steel absorber with
ed along its length (=1000km fibers),

1.15m
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" Compact Muon Solenoid

four

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

Muon acceptance: || < 2.4
250 chambers, = 170k channels Resistive Plate Chambers (RPC)
29 el 1) e} 540 trapezoidal chambers, ~ 120k channels

Spatial resolution=100 um O 6 (4) number of hits
Time resolution = 2 ns 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
1y O Spatial resolution=50 +140 pum
O Time resolution = 3 ns

02 03 04 05 6 07
° \\786° 73.0° 677" 625" ° 52.8°

©5Cs.
W RPCs.

ECAL

1

Silicon
tracker

o SR ey foimging ey - 5.0 0.77°
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Phase 1

L HC and HL-LHC schedule (&

LHC

y
>
— Compact Muon Solenoid

2022 LHC Days

Phase 2 HL-LHC

[EVETS| Ls2
13 TeV

splice consolidation
button collimators
R2E project

7Tev _8TeV_

experiment
beam pipes
nominal Lumi

75% nominal Lumi I/-

HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY

2011 2012 2013 2014 2015 2016 2017 a 2019 2020

13.6 TeV 13.6 - 14 TeV
energy
Diodes Consolidation
cryolimit LIV Installation i
inrty('-zr;lactlion inner triplet . HL. LH_C
regions Civil Eng. P1-P5 pilot beam radiation limit installation

ATLAS - CMS
upgrade phase 1

ez | oo | 2oea | 2ues | 2ues | zuer | z0ea | 200 |||

ATLAS - CMS
2 x nominal Lurr| A ALICE - LHCb . 2 x nominal Lumi E HL upgrade
upgrade ! 1

PROTOTYP!:

/

CONSTRUCTION

RUN1 & RUN2

- RUN2 CMS data taking
efficiency: 92 %

CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:22 to 2018-10-24 04:00 UTC.

- —— 2010, 7 TaV, 45.0 yb |
2 — 2011, 7 TeV, 6.1
=3 — 2012, 8TeV, 23310 '
a‘ 80 — 2015, 13 TeV, 4.2 ' B0
a5 2016, 13 TaV, 40.81 '
g = 2017, 13 TeV, 49.8 1y
£ — 2018, 13 TeV, 682 1 '
E 60
3
Fl
3
H a0
&
&
H 20
g
<

o <50
Lt W e ot et
Date (UTC)

3

CMS Integrated Luminosity, pp, vs = 13 TeV

Data included from 2015-06-03 08:41 to 2018-10-26 08:23 UTC

180

= BN LHC Delivered: 162.85 b '

& 160 [ CMS Recorded: 150.26 f ' 160
. s \

E 140 CMS Certified for Physics: 139.45 b 140
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=
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Date

integrated LR
luminosity JEIIIE{ O

| INSTALLATION & COMM. |||| PHYSICS

—> 1159 published paper, so far

Showall Total Exolica Standard Model  Supersymmetry Higgs Top  Heavy lons

1 Forward and Soft QCD Detector Performa

1159 collider data papers submitied as of 2022-08-27
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2022 LHC Days

Phase 1 LHC Phase 2 HL-LHC

arey T s ey AR 19614 Tov
e

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

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

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

75% nominal Lumi I/" upgrade

luminosity EELTTE {3

HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY L PROTOTYPE! CONSTRUCTION | INSTALLATION & COMM. |||| PHYSICS

BEAM PIPE

Replaced with an entirely new one
compatible with the future tracker
upgrade for HL-LHC, improving the
vacuum and reducing activation.

PIXEL TRACKER

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

BRIL

Long Shutdown 2 (2019-2021): i ==

extensive work done to upgrade the CMS detector | .—‘ '

in view of the increase of energy and luminosity in B E '/‘

Run3 and beyond M= “: 1 cwmesesa ;
- , " Chambers siowng paiormance

to be maintained in HL-LHC
conditions.

HADRON & Vv, SOLENOID MAGNET GAS ELECTRON
CALORIMETER — B\ New powering system to s MULTIPLIER (GEM)
New on-detector electronics s prevent full power cycles DETECTORS
s/2022/CMS-upgrades-LS2 noaiesicreoucerase (USRS e e orpovery Aot oo ot ot coscrs
and improve energy - problems, saving valuable » installed in the endcap-muon
- P system to provide precise muon
tracking despite higher particle
rates of HL-LHC.

measurement in the time for physics during

calorimeter. -7 collisions and extending
= the magnet lifetime.
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Detector commissioning

G. Pugliese

Commissioning with comic muons

more than 6.6M cosmic ray events collected for alignment
and calibration purposes

Commissioning with p-beams:

Collisions in stable beams at injection energy (900 GeV)
Splash events
Pilot Run @ 13.6 TeV energy

Collision event at /s = 900 GeV
First J/y candidate in GE1/1
(Nov 2021)

enaid

Sol

CMS

Compact Muon

2022 LHC Days

Cosmic ray event
(Mar 2022)

Splash event
(Apr 2022)
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~ Compact Muon Selenoid

2022 LHC Days

Phase 1 LHC TOday Phase 2 HL-LHC

13 TeV EYETS LS2 13.6 Tev LIRAE] 13.6 - 14 TeV
e

energy
Diodes Consolidation
splice consolidation cryolimit LIU Installation -
7 TeV 8 TeV_ 1utton collimators interaction o . inner triplet . i LH(.:
—— R2E project regions Civil Eng. P1-P5 pilotjfeam radiation limit installation

“\ " ] N
2027 | 2028 | zo2s [}
5 to 7.5 x nominal Lumi
ATLAS - CMS
experiment upgrade phase 1 ATLAS - CMS
beam pipes

. . . . HL upgrade
nominal Lumi j_x_"fﬂ"_a_l_l-ﬂ“_" ALICE - LHCb | P x nominal Lumi

1
}M‘ I/_. upgrade

luminosity JEIIIE{ O

HL-LHC TECHNICAL EQUIPMENT:

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

» Over 10 fb! delivered so far

First Stable Beams energy record 13.6 TeV > 90.2% CMS data taking efficiency

on 5th July 2022

Data up to 2022-08-23 2022 (pp 13.6 Tev)
“rcms BN LHC Delivered: 10.41 fbl'
12 Online CMS Recorded: 9.38 fb
10

Integrated
8 . .
luminosity

Total integrated luminosity (fb ')

0

TR R R L SN UL N N ST S ST . SRR . S

oY a\ﬂ.\\‘a\\%\1;\,\-Lh\iw\an\mr«“‘,wawbp\,‘»&w&r«\{(\»}ﬂw
Date (UTC)
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%108 13.6 TeV
1.S2 PIXEL TRACKER g T T T T T T T e .g%f
All-new innermost barrel pixel layer, 2 so- Frolminay 524'
in addition to maintenance and repair S ] 3 [
work and other upgrades. = 40- 2022 Data . Soof =
o L Ginst. lumi.) : 1.5 10% cm?s" | S | i
[ TIB MPV: 16.4 7 H ool .
30 7 © 0; 1
E S/N ] 5’18_ LI 2 A .
201 2022 collisions @ \-:\I\N
: ] 16l ° TIB L
10» ] L * TOB B
o . r B = TID ]
» The new BPIX layer 1 is taking data [ i 141 » TEC(thin) .
y 8 ol . .\4\¥ + TEC(thick) 1
L | R

: g 0 0 60 80 100 (I
successfully in RUN3. New readout chips Sigral ToNorse ratlo 126268080 100 120 1,1,01
. . Integrated luminosity [fb’
working well, await more data for full 9 ty [

CMS Preiiminary e pp collision (2022) 900 GeV
assessment of the system g T e e
So.9095F % e
TR Z
. - = 09991 7
» Tracker performance being evaluated with T Z
0.9985|— Z
RUN3 13.6 TeV energy beam: g ’é - E
0.998 % CMS prefiminary pp collisions (2021) 0.9 TeV
E % Gnst. lumi) : 27 10 cm? 5! %800:"'I"'I"'I"'I"'I"'_
. . .. 08075} é e S 7oof e ezyim ozgsmn ]
> Signal to Noise ratio in agreement P 7 3 sl — oo 820l ST
0 o ’ SY9353935995885088888583 =l [ M ]
with expectations from RUN2 FRRRBBEBEBRoPRLEEELEEE B sof & 3
> Strip Tracker layer-by-layer efficiency o aoof st BPIX -
>99.8% Strip layer efficiency measured with pp T S 3
’ collision @ 900 Gel” in 2022 B ook & 3
| | . ”ﬁ;‘ :
ctor alignment successfully performed using cosmic E e,

i L s
0 20 40 60
H 1 - B
median(x' ored X [em]

-60 -40 -20

o and w/ 3.8 Tesla magnetic field and
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Muon System performance

RPC Efficiency - Endcap
| cms
| Predmi
3001

Mean(=70%) %(<70%)
[0 2022 (550" 136Tev)  950%  20%
2018 (50.0%°, 13Tew)  982%  31m

» Muon system successfully commissioned with cosmic
muons, LHC Pilot Runs, and calibrations runs (timing,

noise, HV, etc.) 2°° 2018 & 2022

> Online and offline analyses on RUN3 data show ™
detector performance (efficiency, spatial resolution,
etc.) in agreement with RUN2

Number of Rolls

100
Efficiency [%]

2022 collisions

DT - whole barrel
Run2022D, pp data (13.6 TeV)

RPC endcap efficiency

CMS preliminary

recHit global X,Y station -1 recHit global X,Y station -2

CMS, |
.
S \

2022 LHC Days

2022 collisions

T 8 &
Eftciancy [%]

2022 collisions

Gilobal ¥ (cm)

to be maintained in HL-LHC

CATHODE STRIP b

CHAMBERS (CSC) -0

Read-out electronics upgraded | | T | | | 3 L | L, | | y
on a" 'he 180 CSC muon “BOD -600 -400 -200 [] 200 400 G&ﬂg:]ﬂﬂ THOO 600 400  -200 [] 200 400 G&“::JDO
chambers allowing performance recHit global X,Y station -3 recHit global X,Y station -4

conditions.

Global ¥ {em)

DT Barrel efficiency

CSC electronics boards
validated. Timing calibration

€ new

on-chamber
installed and

6 Bo0_ o ©
iogal X fom)

ision data

500 800
Glabal X fom)
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MULTIPLIER (GEM)
DETECTORS

B An entire new station of detectors
installed in the endcap-muon
system to provide precise muon
tracking despite higher particle
rates of HL-LHC.

GEM station commissioning | =

| R (m)
]

GE1/1 station:
o 72 Super-Chambers (SC), consisting of two triple-GEM detectors

Muon Solenoid

GE1/1 : GEM Endcap Station1 Ring1

n 04 02 03 04 5 08 07 08 08 10 11
6 B43  786° 731 6170 626" 518 528" 484 a4 a4 368 n e
0
.

1310 T I T T 12 335°

£y

o

| ECAL

<131 [—
| silicon
| tracker

o M : = [
0 1

o 3456 VFATS3 chips, 432 GBT and VTRx optical link
o 2 number of hits
o Spatial resolution=100 mm coverage 1.55 < |n| <2.18
o Time resolution = 10 ns
» HV calibration petformed with promising
performance results, further optimization expected
z CMS preliminary GE-1 Layer1 Data2022-1.83f" 100
;5 190 " CMS prelminary Data 2022 - 183"
8 ‘ 3
6 —80 E ; - GE1M AVG Efficiency 34.91%
70 -
60 5 F 2022 collisions
0 152—
“ o 95% efficiency
-100 30 o
20 %\z 55 80 65 7o 7 80 85 a0 95 100
Efficiency [%]
200 10
-200 -100 0 = 100 0

200
Global x (cm)

GEM efficiency in 2022

M-CSC level-1 trigger extensively verified with
tests ongoing to optimize the

ons.

> New back-propagation method for GEM alignment
applied: significantly improved accuracy of relative
alignment between GEM and CSC chambers

-1
-300-200-100 0 100 200 300
Global X [cm]

— 300 T ali
3 Run 2022C ! gnment
s Region -1 ., i 0.8 K
g : Ay 06 -
6 0.4
0.2
0 0
(0.2
=100 04 o0 Preliminary _(136TeV) _ \ _
06 E Run 2022C Entries: 27360 5
-200 = Region -1 . 08 o
-0.8 § 200 06 %
~30Q bo ‘ =
~300-200-100 O 100 200 300 100 "
Global X [cm] 0
-100
i 200
M
-300
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ECAL Calorimeter performance

(RUN1, RUN2, RUN3)

CMS,

Comj Muon Solenoid

2022 LHC Days

g 0 0 CMS Preliminary
» BECAL is successfully taking data in RUN3 R AN SRR AR o o
3 ' o Q:‘-ﬂf s R " 0 0
3 0 “'\i\ ST A o v x::;“’ -
. o St b W o .
> Detector response, monitored with laser-based 82 06| 'V .\ \W ‘\t:: \'M/ \ | EEloweta
system, 1s in agreement with expectations £9 o4 LS L “w o .....{ 50-85%
. . o B \
> Successfully automated the calibration workflow — © ozt g s Zizpsde e | EEhigh eta
18<ini<21 ® 27<nl o e Ao 0
= 22 L Run1 " Run2 @/) 5-20%
8Nm 20 F 7TeV 8TeV 13 TeV 13.6 TeV 3
EE 15 , 3
. . . 2 10 (- 1
» Alignment and energy calibration ge 5. M. |
9 o 0
updated and wvalidated with excellent SORT SEEEC SO ST I SR P

results already

Date (month/year)

> Energy resolution

2022 collisions

Preliminary 2022 0.4 fb™ (13.
X10°CMS_Preiminary 2022 0.4 " (13,6 TeV) x10°CMS Preliminary 2022 0.4 1b" (13.6 TeV)

B RS 258107 ] P Run 1 (8 TeV) + Run 2 (13 T
g 5‘Rus“:::,_w ety ‘E 75 RMS 0,14 e sigrmant =2.Sx10:d 3 " U.GE?MS rslrmmary un (8TeV) + Run 2 (13 TeV)
3 % e E - - . Low Bremsstrahlung i ]
ol s 0 E 5 | EE ] ? 6" 005F . 2010 3
) t e e ue E [ 7

£, i ° Ly — & RUN1 & RUN2

E after alignment s OO L T AP = Psc - Prrack 0_04_— . o
Z 2 A o s ] z 3 L g i 1
g ] 2 E o o — 0.031- e =
T : ., E 3 % 70 CMS s —f— ]
bt N 1 3 o L rowmnay 0.02f L —— ]
o e s PP 107 s 60 e ]
Q0152102505 10 15 20 008 64202 ee ey 2 s o ]
Ao : an g w 2022 collisions 001 g ]
30 Jﬁj r . | | ]

) ) ) ) 12 14

Supercluster n|

etween the position of supercluster

‘}0 75 80 85 90 95 100 105 110
M. iN EB (GeV)
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T
4

New silicon photomultiplier devices (SiPMs) installed

LS2 RUN3
replacing Hybrid Photo Diodes (HPDs) L RMG2 o RNGY | | RNGD
Key features: ‘ HCADHD, S

v Higher photo-detection efficiency

v Improved depth segmentation

HADRON
CALORIMETER

s

New on-detector electronics
installed to reduce noise

» HB upgrade during 1.S2
rann;lsrzr;;r;vee;“eir;eﬂ;rgz > HE was upgraded before 2018

calorimeter. HCAL HB
» . e BEAM LINE 70m

HF - D |
Collision point
({1 Beam line \_
i
L " i
1115 1

HCAL HF is not shown in this picture
» HCAL is successfully operating in RUN3 collisions with timing and conditions detived using splash
events and LHC commissioning runs

Depth
7234567

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

2.10fb7(13.6 TeV,
15 T

: F ]
{ ::E: S’I‘\""I’i"”a’y E‘*EESB%) 1 » New online algorithm for Trigger Primitive Transverse
g 12 FmebRS o E Energy (Epp) deployed and compared with the offline
1E - reconstructed hit energy Ey. pyy. The response is:
2:;""' R » consistent across the three different
07 E scenarios within uncertainties |

P T S
—20 -10

» stable along 7 vin the b

=



~  Beam Radiation Instrumentation and [SM5

S Lumi nosity (BRIL)

2022 LHC Days

Comj Muon Solenoid

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
were calibrated in emittance scans at early LHC collisions

double Si
sensors

ASIC
BRIL
New generation of detectors
for monitoring LHC beam
conditions and luminosity.

Cooling
pads

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

w 1.100 _ 13.6 TeV(ZO?Z) m from the Interaction Point (IP) BCM1F C-shape
- Sy CMSPreliminary e BCM1F/HFET ® PLTZERO/HFET ~ ® HFOC/HFET Offline
g .
£ 1.050 . .
2 1025 _ » Over full running petriod all
% 1.000 A P e W q 9L Q 0
s e A A e luminometers within * 1%
& 0 5 :
o 0.
2 0.950 5 13.6 TeV(2022) 13.6 TeV(2022)
€ 0.925 = 12|CMS Preliminary mean: 0.99 ems Preliminary mean: 0.997
5 . ) o: 0.0105 o: 0.0083
3 0.900 y : g y y . . - L 9.49 fo 2 L: B.01 fo?
0 2 4 6 8 10 'e 10 Offline N Offline
Integrated luminosity [fb~1] E” E o
.g ‘ E 0.8
. . . E E
HFEET/HFOC : Hadron Forward calorimeter with the transverse energy sum method and online 200 2.
o I
method £, i
3
Z oz E 02
OU‘]W 079: 0950 0975 1000 1025 1050 1075 1100 l’00. 00 0.925 0950 0975 1000 1.025 1.050 1075 1.

BCML1F/HFET ratios in 50 LS PLTZERO/HFET ratios in 50 LS



wen Level-1 Trigger & High Level Trigger

— (HLT) @ RUN3

—— 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

» For RUN3 new trigger strategies have been investigated both on the LV1 and HLT

S New LV1 triggers developed to detect:

Processor farms * Hadronic muon showers relying on the CSC Muon stations information (e.g. Long-
Lived Particles decaying to jets)

*  Delayed/displaced jets using the new HCAL timing capabilities (0.5 ns) and energy
deposit information in deep layers

* Displaced muons (using the Kalmar Muon Track Algorithm)

CMS 2018 Cosmic Data

HOMBOTH,_ .. :g’ ‘W"j’*‘*‘*
g L it . *H*wﬂww
0.8 i "‘449._15. i ﬂﬂ
[ ! g ":*. .},
F i - H H
08l 5 o
I +F :
4
L T
V17 | M— P : . .4,4
[ L1P;>10GeV g
| ~emTF iﬁm
. e “C[ - Prompt KBMTF e
The Kalman Barrel Muon Track Finder algorithm P e

roves  the efficiencies for mnon w S

Track Dxy [cm]
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Level-1 Trigger & High Level Trigger (A
(HLT) @ RUN3 (2)

New features in HLT @ RUN3:

Graphics Processing Units: the HLT farm is composed of 200 nodes 25600

CPU cores and 400 GPUs in total (CPU cores only in 2018)

» Gain expetience with heterogeneous architectures ahead of Phase-2

» Currently, offloaded 40% of the event processing (calorimeters and pixel
local reconstruction, pixel tracking and vertex reconstruction)

sw 8799 :Ajuo ndd

sw /9% NdD + Ndd

" Preliminary study on 2018 data

» New tracking based on the optimized
pixel track reconstruction

HLT Tracking Efficiency

14 TeV

1 T T
- CmMs tt events

(PU) =~ 63 1

pr>0.9GeV,|n|<3.0

0.8

+  Run3 HLT Tracking —

+ Run2 HLT Tracking

AAAAAAAA S T T S Y T o |

80 100 120

Event PU

2022 LHC Days

Several updates on reconstruction and trigger paths to ensure that an
interesting physics program can be performed by CMS during Run 3

» Graph Neural Networks for Jet tagging in
the searches for HH production

CMS Preliminary

HLT Efficiency

4
=

=
)

? =
i * Run 3 MC -

it

— ]
Run 3 data |

+

o HH—»4b resolved*

T

GNN Score

HLT Efficiency

CMS Freliminary

LA B
_— |

':_‘ :;:ti:*::.i—k 1
“F +¢i i#un 3 data |
os[ - |+ Run3 MC ]

% |
5.4:—; —

T
L
I

!
o
o
o
)
o)
@
®
Q

|

GNN Score




= CMS.

™" LHC and HL-LHC schedule | =

G. Pugliese

Compact Muon Solencid

2022 LHC Days

Phase 1 LHC Today Phase 2 HL-LHC

U =ves LS2 136Tev  IAD
e

13.6 - 14 TeV
energy
Diodes Consolidation
splice consolidation cryolimit LIU Installation -
7 TeV 8TeV  putton collimators interaction : inner triplet : HL LH.C
— R2E project regmns Civil Eng. P1-P5 pilot beam radiation limit installation
I I
5 to 7.5 x nominal Lumi
ATLAS - CMS
experiment upgrade phase 1 ATLAS - CMS
beam pipes . . . . HL upgrade
nominal Lumi ~_2Xnominal Lumi, ALICE - LHCb p—2 X nominal Lurmi i

1
75% nominal Lumi I/'- upgrade
ntegrated LRI 8
30 1b" | [ 190 b | 450 b ummosty BT

HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY ¢ PROTOTYPES " CONSTRUCTION |iNsTALLATION 4 comm. ||| PHYsics

CMS Average Pileup (pp, «5=13 TeV)

6000
- B Run ll: <u> = 34 . .
8 ,mb HLC = 2018: <> = 37 HL-HLC HL-HLC 10 years of running at higher
- Pp— . .
1 2016 e 27 “baseline” “ultimate” rates and radiation doses
;"4000 EE 2015: <> = 13
% 2000 # L (PU) Vertex Density [ L/ year
g 2000 T (13 TeV) =80.0 mb Baseline 5-103%cm—2s7! 140 0.8/ mm 250!
s Ultimate 7.5-103%em~2s-! 200 1.2/ mm > 300fb~!
e
]
(-5

2 ) & ® o

Mean number of interactions per crossing
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C. HL-LHC: beyond present detector ability [ =—"

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

P

CMS Experiment at the LHC, CERN CMS Experiment at the LHC; GERN ":—H 1.8 200 PU-start _E
Data recorded: 2016-Aug-27 23:44:01.739584 GMT Data recorded; 2016-Oct-14 09:56:16,738952 GMT 1= [ -~ 200 PU - end ™
Run/Event/ LS: 279685 / 178456860 / 95 Run/Eveqt /L51283171,/142530805 /264 \ E 1.6 C— 140 PU - start ll': E
- A8 ; 1.4;_:I1j|ﬂoPL! and j 1 _;
@ 12F ]
= L
8 F \ E
o 08F .
= L 3
3 06 E
0.4F .
0.2 — \ E
Z %620 10 010 20 30
CMS collision,/s = 13TeV. pile up = 30" (2016) CMS ebllision /s = 13TeV pile up = 100" (2016) Vertex position (cm)
Z
g Simulated Vertices R ¥
In CMS, PU mitigation strategy relies on: " os e
—&—— 4D Reconstruction Vertices
—}— 4D Tracks Vertices merged in space can
) 0.4}— be disentangled in time !
» 4Dimensional (space and time) vertex i .
reconstruction with unprecedented track- 02— g L Y
timing precision (~30 ps) ol i
o o -0.2 = 1 Gk
» Higher detector granularity to keep : b J
» { {'
almOSt the Same Occupancy -0.4—l I 1 L 1 L l d BB B I _l 1 A1 L&_L_,L J 1 ,1___LA_JA,_J Lo 1 JA 1 1
15 -10 -5 0 5 10

Time and % position of all vertex @ PU = 120
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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 ‘
* 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

= .. . . Muon systems =
3 S S cranuiarity Calorimeter https://cds.cern.ch/record /2283189 ,’CMS
#= Endcap « DT & CSC new FE/BE readout @ A
| 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 coverage ton =3 e
Tracker https://cds.cern.ch/record /2272264 MIP Timing Detector

* Si-Strip and Pixels increased granularity
* Extended coverageton =4
* Design for tracking in L1 Trigger

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

- “a * 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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ECAL Barrel Calorimeter Upgrade

Key features for the Barrel Calorimeter:

Comj Muon Solenoid

2022 LHC Days

» Keep the lead tungstate crystals and APDs & 250 CMS Preliminary ECAL Barrel
. .. . . [ —T=18°C n=1.45)
» Decrease operation temperature from 18 to 9°C to mitigate the increase in = T A /
the APD leakage current _8 2001 — rog°c(Rundy 6 wny'
> Replace the on- and off-detector electronics. New front-end boards will allow the 150¢ v
exploitation of the information from single crystals in the LV1 trigger - 4
New VFE card New FE card r // //
rate Y2 — e ” =
| Lead TUETE Master IpGBT ASIC /
e Control (2.5Gbps) N
— Readout {10Gbps) 0'/...
k. 3 x Readout IpGBT 0 1000 2000 3000 4000
et (e Integrated Luminosity (fo™)
Versatile link plus
Control link
Readout Iir ni(s
APDs Pre-Amplifier ADC
o 50028 e gl
» Test beam campaigns in 2018 and 2021 proved o | *  ECAL 3:@ matrix ] N - ECAL Single channel
. : o 0.021- . 3 sop N i
that the new electronics met the requirements for o —gelec ] E9C
b g N =092 0.02ns
HIL-1.LHC: 0.0151 N = 0.51 (fixed) 7 £ 4op- C=129204ps ]
. . . [ S=(2.9 = 0.6)x10? ]
v" Energy resolution in agreement with Phase 1 : C=(37 =04p10° | aof-
0.01- . —
performance i ] ok
v' Time resolution <30 ps with electron energy 0.0051 = i ]
] 10— -
eam >50 GeV . , 1 E ]
50 100 150 200 250 ol | | IR R B

electronics chain (VFE-FE

80 100 I120 :
Deposited energy (GeV)
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High Granularity Endcap Calorimeter

See dedicated talk by M. Mandelli (this session) 2022 LHC Days

CMS

Compact Muon Solenoid

» Brand new calorimeter in the endcap region: the High Granularity Calorimeter (HGCal)
» High granularity and timing petformance for the electromagnetic and hadronic sampling calorimeters
» Mixed technologies. Challenging integration in CMS

~2.2 [m]

Coverage 1.5 < |<n |< 3

» Prototypes showed excellent results on test beams:

SE F

“‘V 0O0F o Data

§=(22.1%0.3)%vGeV

F C =(0.58+0.08)%

F —— MC

F §=(21.2+03p6GoV
C=(061x0.07)%

0045 o

Energy rand time resolution (~20 ps for positron energy > 200 GeV)

Fe?

A
&

,,85,’:77""'

S

A

TE _ N
(E) - VEbeam

Stoqgsf%c;
) S
““Constant

aC

1 1
0.075 0.100

|
0.125

0.150

1 1 1
0175 0.200 0.225

1/ Brean [GeV]

g
T

CMS HGCAL preliminary ‘CERN SPS beam test 2018
1407777 Positron test beam data:
E W NCPreforence  eeee (1925 Y. 6 55.4) ps
A MCP, jiter subtr. —— (206198 © 14.6) ps
53 ¥ intinsic HGG =~ =—— (mss%@ms) ps
Positron simulation:
MC (171288 o 57.9) ps
i _ ' £ MC, jitier subtr,  —— (1883 S2Y & 13.8) ps
) L NS i

1 1
50 100 150 200 250 300
Positron energy, E (GeV)

~2.3 [m)

Operational temperature -35°C

Modules/channels

Electromagnetic Hadronic
CE-E CE-H

Silicon Sensors Plastic Scintillator

(Hexagonal shape) tiles
620 m? 400 m?
30k/6M 4k/240k

0.5 -1 cm? 4 -30 cm?
28 22
26 Xo/1.7 A 92
Lead Stainless Steel

Binch prototype module stack up.

Space-time precision needed to clearly separate
objects and clean pileup hits
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Compact Muon Solencid

A new detector will be added to measute the Minimum lonizing Particle cyg
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

Totgl s'urface 14 m? Barrel Timing Layer (BTL) ¢
Radiation level: 2 10" n, /cm? LYSO crystals with dual end SiPMs read-out
' .. | Total surface 38 m?
Operating temperature-30°C | R, diation level: 2 104 n,,/cm?
» Test beams performed on several prototypes showed: » Significant impact on the HL-LLHC physics to:

> Explore new signatures with Long Lived Particles

LYSO:Ce 3x3x57 mm” - HPK §12572-015 3x3 mm’ . eqe o .
gy 85Ty P 120 GeU proton feam 5 o » Boost Heavy Ions and B-Physics capabilities with
2 gof l.:;z .6-2?.25::;5 ps @ 1.7?! E E =
~ Ft,2: o =28. .4 ps dl E = [ 45 ‘= 1 1 1
S ke tam4t105pe SO I 5 Particle Identification
S Ty 02415207 ps *tigm oF 40 5
= 50F E E " °
N + b 35 O CMS Phase-2 simuiaion 14TeV ,,CMS Phase-2 PbPD (5.5 TeV)

@ 45 +#+:%j: E 3 ; 8 T T T ' RS P o .éimulalion 10°

oy ==ji?:" i Gl B SR ds S E £ 03 T+t »2+8,Z2 1T E ; iton 4
E 40; :#: E 4’: 30 E ;E) r M(i)=|DDOGeV,M(xf)=7DOZeV.M(§)=|Gev b 19 ' Hydjet
= 35;— E : g 025 g

é n.zi b 10
5 I
z [

e resolution on BTL oo "R’X(Xu')"i’éb']"”
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Key features of the new Phase 2 Tracker:
» Extended tracking acceptance up to || = 4
» Increased granularity

2

1200

r fmm]

1000

:

2

" 250" " Z[mm]

Phase 2

0z

o

|

-

» Radiation tolerance up to 10'¢ 1 MeV neq
» Expected rate 3 GHz/cm? innermost pixel
» Material budget reduced by a factor of 2

» Improved performance:

5 m? - 2G channels

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

layer

SITRH I 8N :}:: kil i bl e
— 1 I Ul -
= \\\\§\T P\ onon i in Iy ihy [ 20
e X Y W S " . 0 a2
k | I I 1 | F B 4.0
=i L [ . L ) .
o 500 060 7500 5000 F=) n

2 [mm]

S

CMS Simulation S CMS Phase-2 Simulation 14 TeV
—_ ; : d SRS
E Simulated muons =
= p. =10 GeV o
b - = Ky
© ® Phase-1 tracker = !
<, 5 + Phase-2 tracker g‘ Dip around #1.2n due to
©10 E : : : 7 c Barrelfendcap transition in
F S § Inner Tracker
I ®© Reduced by a factor ~2 with
i i ; i = optimized geometry 5
“stub.
I T — ~ 4 —+— <PU> = 140 (a)
“M\“’M o ..»"*‘ —— <PU> =200
10'35 T “‘W w"“ ;s i Gampeies| 02:‘ " Tracks from f events l“M[
— s : E p,>0.9 GV, Id| <3.5 cm ¥ (T
PR PTRR | B PR e P P P U U FRUTY FPTIL PO | :‘J—: <700 m
4 3 2 40 1 2 3 4 4 -3 2 -1 0 1 2 3 4 .

Simulated track

Simulated trackn

Tracker Upgrade

= Two type of technologies:

N

CMS,
B

Comj Muon Solenoid

2022 LHC Days

OUTER TRACKER

190 m? — 213M channels

TBPS (Tracker Barrel with PS modules)
TB2S (Tracker Barrel with 25 modules)

TEDD (Tracker Endcap Double Disks)

micro-
strips and macro-pixel

- Tilted barrel geometry for better

pass

trigger performance and reduction on
number of modules

» Level 1 Triggering (new functionally):
Local transverse momentum (p;) measurements done using the
pair layers on each module (local track-stub finding )

fail y

oF
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n 01 02 03 04 05 06 07 08 [X] 10 11
0 843 786" 731" 677" 625" 575 528 484 443" 404" 36.8° n e

» New detectors in the endcap region, to
restore redundancy and extend the muon
coverage up N = 2.8, based on GEM and
improved RPC (MEO, GE2/1, RE3/1

» GE2/1 mass production started
in 2021
» One demo-chamber installed

CMS Preliminary  Cosmic Ray Muon Data2022

and RE4/1) it -
100 'é//t“l L

150 /;’:)‘2
> RE2/1 mass production started in 2022 g /,,f?// B
» Four demo-chambers installed in CMS - % L

GE2/1 demonstrator
occupancy map

» New electronics for the legacy detectors:
DT: replace all On-Board electronics
(OBDT), BE
RPC: replace all off-chamber electronics, BE
CSC: replace selected FE boards (DONE in
LS2), replace all BE

» DT Phase-2 Slice demonstrator
equipped with both legacy and new
on-board electronics (OBDT_v1).

OT SiicoTost (Expross, Run2022G) CMS Preliminary
Phase-2 wire efficiency w.r.l. Phase-1 MB3 B

OT SliceTest, pp (136 TeV| data 2022

nchronized inter-channel response to few ns precision
B °

e-1 and Phase-2 Hit efficiency: consistent with 100% | " B 0\\\5'\00
="eg ) E &

R L] 20
Triggger Prniive - Ofine Seqrant Time (ns)
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» Multiple changes were made to the CMS detector during the last Long Shutdown in view
of RUN3 and beyond:
» New/upgraded detectors and electronics (MUONs, Tracker, HCAL, BRIL)
» Improved/new trigger algorithms
» Improved tools and procedures for calibrations and data certification
» CMS detectors was fully commissioned with cosmic muons and first proto-proton collisions
» RUN3 detector performance is being studied and preliminary results are very satisfactory!

» A challenging CMS Phase2 upgrade project has been defined to exploit the full potential of
the HL-LHC luminosity

» All sub-projects continue to make remarkable progress and the transition from final
prototyping to pre-production/production is happening now in many areas

» The first phase2 detectors (muon GE1/1) and all planned demonstrators (Muons and
BRIL) were installed and fully integrated in CMS
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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) 100kHz 500 kHz 750kHz
Event Size at HLT input 20MB* 6.1MB 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 d 2GB/s 24 GB/s 51 GB/s
Storage throughput (Heavy-lon) 12 GB/s 51GB/s  51GB/s
Storage capacity needed (1 day °) 0.2PB 1.6 PB 3.3PB

Calonmeter ingger Muon trigger Track trigger
e

Global Trigger

Phase-2 trigger project
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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 |l
* Validated using test beam data studying effect of hadron irradiation on crystals

CMS Preliminary ;
1 bmesss R = o 5 J § — 300
g WY RSTT W R Wy o EB: 90% Left: ECAL laser g — 1000
Sz 08|\ N - \\/ \V 7?\:::\’ N = T — 3000/t
52 LW NG : s e s EE low eta response over Run 1 4 —aso0m>
% E i \ i Ny A : 3
28 4, \\ h \ N\ o and Run 2 (2011-2018) g0 r—
52 S i 40-80% i : s
g Eiae Ansiead ehaNe e NN Right: Expected Phase s | Ssus
02 F 15<ppi<18 24<in<27 ® R Sl A 2 06
2 0 e o O i L “~—  EE high eta: Il light output for 50 \
g0 2 0.4] ]
_‘_E'v; e e O 2 ’ 5-20% GeV photon showers \
2 I -
52 & with respect to CMS 02| ]
g9 4 5 2 :
I A-ALmn—« - conditions in 2010 ‘

Date (month/year)

* Two causes of radiation damage to APDs:  _ 5 cMs Pretiminary ECAL Barrel
: b i "
« Gamma rays creating surface defects 3 f _:_;fcc i
* Increasing surface current '§ L -

200~ — T=9°C(Run4)-6°C(Runs)
* Reducing quantum efficiency N

* Hadrons creating bulk damage 150
* Causing an increase in the bulk current
* Main concern for HL-LHC is the increase 100~
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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The new laser workflow, which allows
updates to HLT conditions once per fill,
has been successfully deployed

The automation of calibration
workflows is also being commissioned

Response to laser light

2022 LHC Days

x10_3 | Now is 2022-08-30 14:00:12 n=2.5 ix=iy=39 EE+4 Id=872436647

55

+ last tag
—=—hit tag

50

45

40

| I I B I I N I B IR B
0 @ DD EFD D P D
QF S N VAR AN AV AV R N N (S

FFFFFIFPIIFFFEFEI

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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x10° 900 GeV x10° 900 GeV x10° 900 GeV
S e e L S SN e e e e e e e I
o C * CMS ] 8 350 CMS — 5 24- CMS
a 60 Preliminary | ':_:" i Preliminary ] "n"___") 2ok Pm!rn-;.r'nary—f
() E E O 30p - o 20:_ E
2 50 — o L 7 % F 1
= : 2022 Data . 5 o5l 2022 Data E = 18- 2022 Data =
% 40:_ {inst. lumi.) : 2.1 1023cn'r25-1_: b : (inst. lumi) : 2.1 10° cm?s™! ] % 160 (inst. lumi : 2.1 107 cm?s" |
L TIB MPV: 16.4 _ 20:_ TID MPV: 15.9 _: 14;— TOB MPV: 21.2 _f
30 = : 1 12 7
0: ] 15__ = 10:_ 3
20~ = 10k E 8- E
i ] g i 6" B
10r ] sF ] ns E
i ] ' ] 2F 3
Gr_....-T.|..‘\.\|’.‘%' A ] cru'..|.?'?~fﬁ‘.' L - GF._.-.|...|‘~.\.".*!*r ' i
0 20 40 60 80 100 0 20 40 60 _ 80 100 0 20 40 60 80 100
Signal-To-Noise ratio Signal-To-Noise ratio Signal-To-Noise ratio
x10° 900 GeV x10° 900 GeV
) S L B B B @ o L
& 22- cMsS 3 | cMs ]
?-_-," 20 Preliminary ] 2 60 Prefiminary |
= 1 3 1
UQ_ 18- E a r ]
= 16- 2022 Data B ‘}J.'; 50 2022 Data ]
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;_—I—.—-I“I Lo oy —— 1 - | IH‘ I
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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 100um strips
* Sensor dimension are 10cm x 10cm * One macro Pixel sensor : 1.5mm x 100um

pixels
* Sensor dimension 5cm x 10 cm
» two column of 960 strips

> 32x960 pixels

» two column of 1016 strips

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

il I
G. Pugliese 2022 LHC Days
CMS Phase-2 Simulation “s=14TeV, Mucns, 0 PU
Tilted Barrel Geometry § N
g i : "'wz"”“m“ﬁw’ﬁc .....
. - s i
» Track stubs that cross different modules 5 T g
- 0.8F— .
in lower and upper sensor are lost I e
. . . . . E .. © Tilted barrel geometry| -.
» With tilted geometry ineffiencies are =
recovered
515- -2 -15 -1 -5 05 1 1.5 p::.“dezqs
Cms, | .
b Material Budget
o W $rofomp W ) S Fak
145 [ pr—e 1.4- [ [e—— = 1_
L [ rEr——. 100 | e (= g “
1= g
: 2 g -
2 -
06~ E = ] o
0.4 = E_—‘f&' A &
| 1 L b sl calo el I e w w e g 4w .
0 05 1 15 2 25 3 35 4 15 2 25 3 35 4 -
lnl |l'|| i Average number of lnyers
. 2__ with at least one hitin: -
* Material budget much N ?Eﬁécfzngf;ters R e -
reduced wrt Phase0/1 o e - e Trackar
. ®) L,ghtermaterlals q]lllllllllllIIIIIIIIIIIIIIIIIII|||||||IIII
detector despite an o Optimized service routing 056 1 15 2 25 3 35 4
increase in the number of - €02 cooling Occupancy no
channels

> Inclined geometry |arger than 3%
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BTL sensors: LYSO:Ce crystals & SiPMs

LYSO:Ce crystals

» Well established technology (PET) + Radiation hard proven up to:
« Fast scintillation kinetics: - 50kGy with y from 6Co source

- rise time ~100 ps - 3x 1014 1MeV neqg/cm?
- decay time ~ 40 ns » High Light Yield: 40000 y/ MeV

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.

)

-1.05

T T T T T T T
o
Specification g ~10% LO loss
Specification after RMS for - 1F
Parameter of the crystal array before irradiation irradiation crystals within Sa
{mean value) to 50 kGy one array Q085 .
(mean value) &
Light output (LO) / end = 4000 photons/MeV < 5% : 0ok .
LO (30us) / LO (450ns) = 26% < 3% B
Decay time (1) < 46 ns < 3% EO ash ’ 1
(LY /7 @=30°C) / (LY /v @20°C) =1 T
Loss of light output after irradiation < 18% < 5% %
Optical cross talk < 15% and <15% <% £ 08
Tahle 2: Crystal performance within a given crystal array. %0.?5 '1 2' (Ii "‘ % é ; é é 1'0 1'1 1'2
i
https://arxiv.org/abs/2205.14890 9 Producer #

TENDER SUBMISSION BY THE END OF THE YEAR

2022 LHC Days

SiPMs
» Well established technology
» Compact and robust
*» Insensitive to magnetic fields
» Fast recovery time <10 ns
» High dynamic range (109)
» PDE@Lyso emission peak 20-40%

» Radiation hard proven up to:
- to 2 x 1014 1MeV neg/cm?2

FBK, 20 pm thin glass enc  HPK, 300 pm silicon resin enc.

TENDER SUBMISSION: SPRING 2023
(optimized prototype testing on going)
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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 ot
— Moderate gain factor 10-30 to maximize signal/noise ratio

<« p
Sensor requirements: —ip
* Pad size determined by occupancy and read-out electronics Efleld  Traditional Silicon Diode

(rather large capacitance, 3-4 pF)

+ Gain uniformity T L M. Tornago,

* Low leakage current to limit power consumption and noise N, - 10% Boran/cm?® L
* Provide large and uniform signals, >8 fC when new, >5 fC after highest irradiation |

point i p” |CH EP 2022
* Minimized “no-gain” area, interpad distance < 50 pm a=P

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

\

undar-bump matal

frent end ‘f’
slectronics

Goal: reach time resolution o, < 50 ps per single hit

bump connestion

*Low noise and fast rise time

v
b
[

* Power budget: 1 W/chip, 3 mW/channel

particis frack

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

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

= ETROC2 design in progress: full functionality + full size

= ETROC3: submission in March 2024, pre-production chip

Bl sERD O
b e e,

L
5 Els 25y
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Outer Tracker Layer 6 (OT L6) Tracker Endcap Pixel
L1 track stubs Detector (TEPX)

Clusters & coincidences

Muon Barrel (MB)
L1 trigger primitives

BPTX

(z=+/-160 m)

Timing
R

[l |
%

REMUS =
Ambient dose |
equivalent rate |

LHC Radmons |

Total ionising doseﬁ
Thermal n fluence Gas Filled Proportional

1 MeV n eq fluence Chambers (GFPC) .
1 MeV n eq fluence 40 MHz scouting

L1 muons, tracks,
calorimeter objects

HE hadron fluence
SEU rates LE - HE separation

Bonner Sphere Spectrometer (BSS)
Unfolded neutron spectrum

TEPX Disk 4 Ring 1 (D4R1)
Clusters & coincidences

Fast Beam Condition
Monitor (FBCM)
Hits on Si pads

Hadron Forward
Calorimeter (HF)
Hit towers & ZET

Beam Halo

——4. Monitors (BHM)
L || Cherenkov Light
= & PMT

Beams Conditions Monitor for
Losses (BCML1,2)

lonisation current in pCVD
diamond and sapphire sensors

¥
Comj Muon Solenoid

2022 LHC Days
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Upgraded FE Electronics: Single Channel

vigital e <« 256 Gb/s
Gain | — Trasnmission _,. eLinkin 1
selection Unit

SerDes ) 10.24 Gb/s

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

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

1 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
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G. Pugliese 2022 LHC Days

CATIA ASIC Overview

Two gain stages after
the pre-amplifier: G1 and
G10

Implemented in 130 nm
(TSMC)

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 Over\liew

w Time resolution

w Spike rejection

Deph: 816

= Noise mitigation 2 i

Implemented in 65 nm
(TSMCQ)

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

PLL from IpGBT design

Digital logic to perform:

> Gain selection

~ Baseline subtraction
= Data compression
= Serial transmission

The digital logic and the
configuration registers

Sampling rate 40 MHz — 160 MHz are protected against
= improves time resolution SEU with TMR

10 12 14 16 18 20 12 12
sample # 2 = = - =i

Sample selection |

‘External
test clock
1.28 GHz

160 MHz L

128 GHz

. ADCs

. Gain Selection
. Data Compression ¥F
. Control Unit
ADC Test Unit
4 Serializers

4x1.28Ghis

U B WN
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G. Pugliese

Muon Reconstruction

I
om

m

2022 LHC Days

Key:

- Muon
Electron

Charged Hadron (e.g. Pion)

- = = - Neutral Hadron (e.g. Neutron)
Photon

Tracker track
reconstruction

Superconducting
Solenoid

Iron return yoke Interspersed
Transverse slice with Muon chambers

through CMS

Y

Standalone Muon

reconstruction

Performed using DT/CSC
segments & RPC hits

Muon Detectors

© CEH

i §
|
il
Local
reconstruction

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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G. Pugliese 2022 LHC Days

MEO

n 0.1 02 03 04 05 06 07 08 09 10 11
0" 843 786" 731" 6770 625" 575" 528 484" 443 404" 368" n e

- 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<1n<28and0.6<R<15m

- 20° trapezoidal shape

R (m)

Stack design

1JOINNING PLATE 6 CHIMNEYS

6 Module PATCH PANELS

2 STIFFENERS (UNDER MODIFICATION)

1 STACK PATCH PANEL

6 ALUMINIUM FRAMES

1ALUMINIUM PLATE 4 OR 6 CABLE TRAY SUPPORTS
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Comj Muon Solenoid

Muons at HLL'T ok

Sezione di Pavia

Primary Dataset Rates
* Total HLT prompt rate for v1.4 menu = 1771 Hz, excluding rate from parking Ez
dataset (calculations done with instantaneous luminosity = 2 - -
o= = g
1% em %5~ i
* PhysicsMuon stream rate = ¥450 Hz i m;:
* 0Old SingleMuon and DoubleMuon united in a unique Primary Dataset s
* Monitoring the muon reconstruction efficiency at L1 and HLT using Z s
] 50 100 150 200 20 30 30 0 450 20 550 600 650
resonance Tag & Probe [
s
n Pr () nvtx
CMS Prelimir Run 2022D 13.6 TeV CMS Preliminary Run 2022D 13.6 TeV .CMS Preliminary Run 2022D 13.6 TeV CMS Preliminary Run 2022D 13.6 TeV.
a1.3wrﬁﬂrrﬁ’qﬂ'lmwm 3,1.6 7 3,1.u_|\ll\|lvll|l\vl|vv|l|l|vl[VIlv| 3,1.3
5 1.2E Pee>26GeV | § -3 15 1.22 Pre>28GeV 1§ P > 26 GeV
£ ¢ Run<3s7610 Run > 357610 1 & Run < 357610 Run > 357610 £ [ Run<357610 Run > 357610 & Run <357610 Run > 357610
o 1. 1F_¢ L1 SingleMu22 -+-L1 SingleMu22 4 o 12 -¢-L1 SingleMu22 -+- L1 SingleMu22 1 @ 14E -¢- L1 SingleMu22 -+-L1 SingleMu22 L] 14 -¢- L1 SingleMu22 -+- L1 SingleMu22
B Muz4 i Mu24 1 H M4 i Mu24 1H UM i Mu24 H A Mu24
E 1E v IsoMu24 -+ IsoMu24 B E 1 - lsoMu24 -+ IsoMu24 E E 1:_ - IsoMu24 -+ IsoMu24 % ; ¢ IsoMu24
r ] ] n H
: B o -‘”“M =B 1 : ey g i B sriirscisaal ‘_-l :
o.sa‘tL %f:{:':—gﬂ ; ;t% ] 0.8 f’z - 0.9
08 o .7 R o6[ ¢ > 0.8}
Eﬁ;f% ﬁ ] ,&ﬁ b
0.7~ 4 0.4 - 0.7}
E B ’ ]
o.sE 3 0.2Hl; 4 0.6,
i sl sl e g ] ;
0 s 5105 0 05 1 15 2 20 40 60 80 100 120 140 160 180 200 03015 20 25 30 35 40 45 50 55 60

reco p' [GeV] Number of reconstructed primary vertices
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Muons at HLL'T ™

Sezione di Pavia

Comj Muon Solenoid

Primary Dataset Rates
e Total HLT prompt rate for v1.4 menu = 1771 Hz, excluding rate from parking ::
dataset (calculations done with instantaneous luminosity = 2 - -

10%%em 25~
* PhysicsMuon stream rate = ¥450 Hz m;::_
* 0Old SingleMuon and DoubleMuon united in a unique Primary Dataset ms?
* Monitoring the muon reconstruction efficiency at L1 and HLT using Z e [

Dataser Namel

0 20 kvl 350 40 450 20 550 600 650

resonance Tag & Probe Rt
Wi
n Pr ® nvtx
1 SCMS Prelimi Run 2022D 13.6 TeV 1 _CMS Preliminary Run 2022D 13.6 TeV 1 .CMS Preliminary Run 2022D 13.6 TeV 1 3CMS Preliminary Run 2022D 13.6 TeV
% —rrrrv-rrrrrrrqﬂ-n—n—nj'mﬂ—rrrrrrﬁ']—rﬂ'rﬁ'r I SAAiAn Anannansnananaastans nassaan nnneF R e s e RS AR anns nanan =N e
'5 1'2; pre>26GeV ] .g il .g 1‘2: p_’:°°>26 GeV .5 i p’T'°°>26 GeV
€ ¢ Run<357610 Run > 357610 1 & Run < 357610 Run > 357610 £ [ Run<357610 Run > 357610 & Run < 357610 Run > 357610
o 11 -¢- L1 SingleMu22 -+-L1 SingleMu22 4 o 12 -¢-L1 SingleMu22 -+-L1 SingleMu22 @ 14E -¢- L1 SingleMu22 -+-L1 SingleMu22 ] 11 -¢- L1 SingleMu22 -+- L1 SingleMu22
B Mu2s i Mu24 L A T2 i Mu24 B E 4 Mu2d i Mu24 U A Muzd i Mu24
E 1: v IsoMu24 -+ IsoMu24 ] E 1 - IsoMu24 -+ IsoMu24 g E 1: - IsoMu24 -+ IsoMu24 E ; ¥ IsoMu24
= F . 1 = T focecnd N =
a i §3 == i:g: 10 * 1 O 2
09" 3 g”* 3 sl & . 0.9
£ &% i, ' ] : :
- . - .
08- 4.7 3 06~ 3 0.8
,f?% ﬁ . ' ] ;|
0.7~ 4 0.4 ~ 0.7
F BE ¢ ]
0.6— - 0.2Hl; - 0.6
050 kol o b Lo Lo b b . ] 05 O-ﬁ . o
2 -15 -1 05 0 05 1 15 2 20 40 60 80 100 120 140 160 180 200 3 -2 -1 0 1 2 3 0 15 20 25 30 35 40 45 50 55 60
nrece p' [GeV] , feco Number of reconstructed primary vertices
i Max int. charge@3ab" >
I T . h . . I . f 2 5 1 5 SF=3 included)g ~0.8 C/cm? ~10C/cm?
- Improve Trigger hit time resolution from 25 ns to 1.5ns

. Phi granularity ~ 0.3 ~0.2°
- 1376 link boards, 216 control boards E1a resolution ~20 cm ~2cm

Time resolution 1.5 ns <1ns
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G. Pugliese 2022 LHC Days

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

R T T
LE ! ! T T T T T
< g
0.08 = : —~ME2/1 CFEB (Phase 1) A j .
5 '€ : Original Electronics ~ ==ME3/1 CFEB (Phase 1) 7
5 e i
S 006%’ : —ME4/1 CFEB (Phase 1) ]
s —ME2/1 DCFEB (Phase 2) | TMB P DMB | 152/ OTMB F ODMB
w B n
<] L .
Mliadm | L w0 N ... UXC S ST
g - Usc =
1] i : ew FED
0.02— : DDU
{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 MEI2/1 Latency and rate, rad-hardness
ALCT 396 MEI1234/12 Latency and rate, rad-hardness
LVDB5 108 ME234/1  Power levels of DCFEBv2s
JTME | Receive optical link from DCFEBv2s
Increased DAQ output bandwidth | < -

LS2

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

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!

CMS

~ Compact Muon Selenoid

=y
L1

2022 LHC Days




wi Muon Upgrade
G. Pugliese ' LHC Days
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 ]
o Tk Muon System in ideal conditions: =
New GEM and RPC detectors needed & | 0 MuonPhase2 |
w1 I\.!ut::nM fg:t;p:agll:‘lrese E ?ﬁutron background: —
. . . c - [ ] =1 + =
to improve efficiency reconstruction S 10s[ & MuonPhasotsGEITIGEXTsimPe
. - [ ] uon ase-1 + + + + T
and trigger performance at HL,_LHC g i E
0 .
§ 0.95F =
oo=p=—t—p——1t—[ NEW ]
0.9 ﬁ B
0.85[ =
0.8 =
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



