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LHC and CMS Performance
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The road to HL-LHC

® Peak luminosity =—Integrated luminosity
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Where we stand: the current CMS detector

e Tracker:

tations of
on detectors

\ S
ECAL: Electromagnetic // | \

calorimeter - 76K PbWOs crystals

14,000 tons HCAL: hermetlc Brass/
21 m long Scintillator sampling hadronic

15 m diameter :
15 m diameter calorimeter
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Why HL-LHC?

1 TeVscale provides a strong physics case fetHC
B Currently no direct evidence of new physics
B Standard Model works beautifultypossibly beyond thdeVscale

B Naturalness argument and low mass of Higgs boson provide strong
motivation for new particles and/or interactions at tieVscale

B The standard model does not provide a dark matter candidate

1 Answers to many key questions in HEP may lie alfé\&scale

yHE[ 1/ A& SELISOGSR (2 RSt AGSNI E
B Study the Higgs boson in detall

1 Discriminate between possible BSM scenarios
BMeasure rare SM processes

B Search for new particles/phenomena at theVscale

1 Top partner could provide solution to the hierarchy problem
1 Dark matter candidate

B Investigate properties of new particles observed during Run2 & 3!
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Why HL-LHC?

1 CMS were designed to cope with -2 £10* cnmr?s?

} Phase 2 Upgrade: 5x LHC design luminosity

B Detectors have to be operated in an extreme environment, very high rates a
radiation and pileup (145 x 2012)

B Event pileup reaches ~140 collisions per beam crossing (@ 25 ns)
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HL-LHC Challenge

1 Pileup
B Increaseshe combinatorialcomplexityandrate of faketracks
B Addsextraenergyto calorimetermeasurements
B Increaseshe amountof datathat hasto be readout in eachbunchcrossing

1 PileupMitigation
BHigh granularity detectors (trackers, calorimeters) needed to identify

particlesassociatedwvith the primary hard scatter collisionvertex with high
efficiency

B Precisetiming measurementcan unambiguouslyassociateboth tracks and
neutral energyclustersto eachvertex, providing ultimate pileup mitigation
(understudy)

1 Radiationdamage

B Severeagingeffects by 2025the detectorsand electronicswill be running
(.e. radiated)for 15years

B Detectorelementsandelectronicsare exposedo highradiationdose
B Degradesignalandlimits life time of detectors
B Requiremnewtrackerandendcapcalorimeters hew forward muons
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CMS Phase Il Upgrade

BARREL CALORIMETERS
- New BE/FE electronics
\\ \ e - ECAL: lower temperature

- HCAL: partially new scintillator

' \ ENDCAP CALORIMETERS
i A - high granularity calorimeter

- Radiation tolerant scintillator
i - L1 rate ~750kHz

- 3D capability and timing
y
< / _ |- HLT output ~7.5kHz |
; // NN

N 2 AR
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Phase Il Tracker

Goal maintain at leastthe sameperformanceof the current
trackerin a harshenvironment

1 Variousimprovementsare expected
Blncreased acceptancdrom <|2.5| to <|4.0|
BLesgnaterialbudget
BL1 trackingcapabilities
Blncreasedrack parameterprecision

1 The expectedfinal integrated luminosity (3 ab!) and the
good performance of the tracker allow to accessnew
physicschannelsandto improve precisionmeasurements
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Phase Il Tracker

1 In a flat barrel layout, modules at the edge of the inner barrel
would have large geometrical inefficiency

1 This lead to inefficiency of stub finding >30% at the edge of th
first barrel layer.

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

— 1.6
= 1200
=
— 1000 1.8
=
00 2.0
I 22
600 ) | | 24
[ 1 ] -
400 Tt ¥ ¥ 1 2.6
——————e— . . i3
200 e = '
410
0 . n
0 500 10400 1500 2000 2500 7 [mm]

Sabinonvieola Beyond Standatd/Maodel 2023 Decenthersed, 2023 11



Phase Il Tracker
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Tilted Geometry Benefits
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Material Budget

} Much reduced Material Budget with respect to

present detector
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Tracking Performance

1 10GeV muon efficiencyl100%

+ High track efficiency

1 Better momentum resolution

} Low track fake rat€performance@200PU

in H-LHC- @70PUWhow)
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L1 Track Trigger
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Caveats: flat geometry studiep;> 3 GeV

} Improved lepton ID

1 Track 1solation

1 Vertex determination
1 Rate reduction
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L1 Track Trigger Performance

Caveats: flat geometry studiep;> 3 GeV

} Improved lepton ID

1 Track 1solation

1 Vertex determination
1 Rate reduction
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Phase Il Muon System

Goal maintain excellent triggering, ID, and measurement of muons under
harsherHL- LHGCconditions (instantaneousand integrated L)upto | h|< 3

}  EXxistingDetector

B Upgrade electronics for radiation hardness and upgraded trigger/readout
requirements

1 NewPhasell Detector

B Additional GEM chambersin front of existing forward muon (CSC)ystem, and
additionalw t /tdraprovetriggerandreconstructionperformancein region
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LT Muon Trigger

1 Improved measurement of forward muons drastically reduces trigger rate and
Increase efficiency
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}+ High efficiency maintained over full trigger coverage
1 Combination with track trigger drastically improves momentum resolution
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LT Muon Trigger

} Improvesp;resolution for [ trigger muons

yad2zy L®BOOZ2 q

1+ Pilot system% super chambers) installed at Muon endcap
station 1
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Phase |l Calorimeters

Goals:
BMove L1 trigger offletector for max flexibility
B Cope with increased latency
B Improve timing (3(s) for vertexingand spike rejection (99.9% L1)

Strategy:

B Assure radiation hardness of components
1 replace damaged detectors (EE + ES + HCAL endcaps)
1 operate EB colder to reduce APD noise

{ SiPMan HCAL barrel to replace HPDs

B Account for high demanding L1: 12.5us latency and 750kHz rate
1 new ondetector and offdetector electronics

B Exploit precision timing

B Increase granularity
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Phase Il Barrel EM Calorimeter

Keep lead tungstate Replace electronics for L1 trigger
crystals and avalanche - singlecrystal readout (insteawf
photodiodes(APD) 5x5tower) at 40MHz
e A9 CMS Prellmlnary | ECAL Barrell
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E g [ - T=1 8°C§ 1=20ns : :
3 8 10 oyigcnmans T A
S @) o T=8°C 1=20ns
o
e
Mitigate APD noise N Vet € cottii B
} lower operating temperature > |
} optimized readout shaping time 2
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Phase |l Barrel EM Calorimeter Performance

Photon Energyresolution

Performanceexpectedto be closeto current detectorwith optimizationof clustering,
pileup suppressiorand multivariate energycorrections
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photonid, di-photon, invariantmass

30ps resolution at S/N 250 :
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Simulated Performance
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Jet Energjresolution
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Impact of Pileup

1 Missing Transverse Energy and Jets fake rate affected
BSignificant impact on physics reach

CMS Simulation 14 TeV
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Pileup Impact Mitigation: Precision Timing "5

1 Calorimeter upgrades: precision timing of showers
BHigh energy photons in ECAL
B All photons and high energy hadronsH&Cal

1 Interactions are distributed with a spread B%0-200ps, so a detector
with 10Q a ps#nting resolution could meaningfully distinguish betwe
Interactions on the basis of timing

1 If beamspot sliced in successive3D| pstime exposures, effective
pileup reduced by a factaet-5:
B 15% merged vertices reduced 166
B Phasel track purity of vertices recovered

1 Mip Timing Detector (MTP) between Tracker &(dAL foprecision
timing of tracks

B A single layer between the tracker and the calorimeters
BAcceptance:| p3.0
Bp;>0.7GeV barrel; p 8.7GeV endcap
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1 With sufficient time resolution and coverage for charged
particles, traditional threedimensional vertex fit can be
upgraded to a fodimensional fit

CMS Simulation <u> = 200
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Conclusions

1 Inthe comingl5yearsLHQGwill continueto increasdts luminosity
B Goalisto accumulatean integratedluminosityof 3000fb-1
B 140-200pileupinteractions/crossing

1 Comprehensiveset of upgradesin progressin order to cope with
Increasedadiationdose

1 Main challengas mitigation of largenumber of pileupinteractions
B Triggerc more bandwidth,new capabilitiesegtracktrigger)
B Increasedletector granularityandacceptancen —
B Timingmeasurementwill addanadditionaldimensionto pileuprejection

1 Baselinedor the upgradeddetectorshavebeendefined

B New resultswill comeout from current TDRstudiesand implementationof
recentRurf analysigools
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Backup

Tharikyau
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Backup
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Levell Trigger

y Tracksn L1Triggerat 40 MHz
y ParticleFlowselection

y 750kHzL 1output
y40MHzdatascouting

High-Granularity Calorimeter
Endcap

y 3Dshowersand precisetiming
y Si,Scint+SiPNh Pb/CuW/SS

Tracker
y SiStrip andPixelsincreasedyranularity
y Exended coverageto /74
y Desigrfor trackingin L1 Trigger

SabinonNeola

-

DAQ& High-LevelTrigger

arrelCalorimeters

y Fulloptical readout

y Heterogenousrchitecture
y60TB/seventnetwork

y 7.5kHzHLToutput

Beam Radiatiorinstrumentationand Luminosity

y Beamabort & timing
w Beaminducedbackground

y Bunchby-bunchluminosity: 1% offline,2%online
w Neutronand mixedHield radiationmonitors

Beyond Standatd/Maodel 2023

y ECAEinglecrystalgranularityreadoutat 40 MHz
with precise 30 pstimingfor e/ at 30 GeV

y Spikerejection

y ECAlandHCAInew BackEnd boards

Muon systems

yDT& CS@ew FE/BEeadout
y RP@Eelectronics

yNew GEM/RPC1.6< <24
y Exended coverageto /Z3

MIP TimingDetector

Precisiortiming with:
y Ful coverage to  /Z3
y 30-50pstime resolution for MIPs
y Barrellayer: Crystals- SiPMs
y Endcapgayer:LowGainAvalancheDiodes
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