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}Wherewe standnow
ƁLHCandCMSPerformance

ƁCurrentCMSDetector

}HighLuminosity-LHC(HL-LHC)
ƁMotivations

ƁChallenges

}PhaseII Upgrade
ƁTracker

ƁMuon System

ƁCalorimeters
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CMS recorded above 245 fb-1 of 
integrated luminosity to date.
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HL-[I/ Ǝƻŀƭ ƛǎ ǘƻ ŀŎƘƛŜǾŜ ҒнлȄ 
more data than recorded so far
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4th MuonStation

HCAL: new photosensors

Tracker / Pixel:  
Cold Operation  

ChannelRecovery

Newbeampipe

New luminosity  
detectors

DAQ and HLT:

Newcomputers

ImprovedTrigger

14,000 tons
21 m long
15 m diameter
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} TeVscale provides a strong physics case  for HL-LHC
ƁCurrently no direct evidence of new physics
ƁStandard Model works beautifully ςpossibly beyond the TeVscale
ƁNaturalness argument and low mass of Higgs boson provide strong  

motivation for new particles and/or interactions at the TeVscale
ƁThe standard model does not provide a dark matter candidate

} Answers to many key questions in HEP may lie at the TeVscale

} HL-[I/ ƛǎ ŜȄǇŜŎǘŜŘ ǘƻ ŘŜƭƛǾŜǊ Ȅмлл ǘƻŘŀȅΩǎ Řŀǘŀ ǎŀƳǇƭŜ όҦ о ŀō-1):
ƁStudy the Higgs boson in detail
¶Discriminate between possible BSM scenarios
ƁMeasure rare SM processes
ƁSearch for new particles/phenomena at the TeVscale
¶Top partner could provide solution to the hierarchy problem
¶Dark matter candidate
ƁInvestigate properties of new particles observed during Run2 & 3!
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}CMS were designed to cope with L= 1-2 x1034 cm-2s-1

}Phase 2 Upgrade: 5x LHC design luminosity
ƁDetectors have to be operated in an extreme environment, very high rates of 

radiation and pileup (10-15 x 2012) 

ƁEvent pileup reaches ~140 collisions per beam crossing (@ 25 ns)
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} Pileup
ƁIncreasesthe combinatorialcomplexityandrate of faketracks
ƁAddsextraenergyto calorimetermeasurements
ƁIncreasesthe amountof datathat hasto bereadout in eachbunchcrossing

} PileupMitigation
ƁHigh granularity detectors (trackers, calorimeters) needed to identify

particlesassociatedwith the primary hard scattercollisionvertexwith high
efficiency
ƁPrecisetiming measurementcan unambiguouslyassociateboth tracksand

neutral energyclustersto eachvertex,providingultimate pileup mitigation
(understudy).

} Radiationdamage
ƁSevereagingeffects: by 2025the detectorsand electronicswill be running

(i.e. radiated)for 15years
ƁDetectorelementsandelectronicsareexposedto highradiationdose
ƁDegradessignalandlimits life time of detectors
ƁRequiresnewtrackerandendcapcalorimeters,newforwardmuons
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Goal: maintain at least the sameperformanceof the current
tracker in a harshenvironment

}Variousimprovementsareexpected:
ƁIncreased́ acceptancefrom <|2.5| to <|4.0|
ƁLessmaterialbudget
ƁL1 trackingcapabilities
ƁIncreasedtrackparameterprecision

}The expectedfinal integrated luminosity (3 ab-1) and the
good performance of the tracker allow to accessnew
physicschannelsandto improveprecisionmeasurements
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} In a flat barrel layout, modules at the edge of the inner barrel 
would have large geometrical inefficiency

}This lead to inefficiency of stub finding >30% at the edge of the 
first barrel layer.
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}¢ǊŀŎƪƛƴƎ ŀŎŎŜǇǘŀƴŎŜ ǳǇ ǘƻ ʹ Ґ п

}[м ¢ǊŀŎƪ ¢ǊƛƎƎŜǊ ǳǇ ǘƻ ʹ Ґ нΦп

} Inner Tracker : 4.9 m2,  2x109  pixels

}Outer Tracker : 192 m2 42 M strips, 170 M Macro Pixel (25 m2)
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TB2S = Barrel Strip Strip

flat    TBPS = Barrel Pixel Strip
tilted

TBPX TFPX TEPX 

TEDD = Endcap Disks
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}Much reduced Material Budget with respect to 
present detector
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} 10 GeV muon efficiency~100%

} High track efficiency

} Better momentum resolution

} Low track fake rate(performance @200PU 
in HL-LHC~ @70PUnow)
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}Outer tracker provides hardware trigger capabilities

}wŜŀŘƻǳǘ ƻŦ Ŧǳƭƭ ŘŜǘŜŎǘƻǊ ŀǘ пл aIȊ ƛǎ ƴƻǘ ŦŜŀǎƛōƭŜ Ҧ pT modules

Ɓtwo closely spaced sensors provide a local pT measurement, allowing 
on-detector application of pT thresholds for hardware trigger

}Hardware trigger receives track stubs with pTҔ н DŜ± Ҧ 
Ɓ10-100x reduction in data-volume

}/ƻǾŜǊŀƎŜ ǳǇ ǘƻ μʹμ Ґ нΦп
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Caveats: flat geometry studies,  pT > 3 GeV

} Improved lepton ID

}Track isolation

}Vertex determination

}Rate reduction
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Caveats: flat geometry studies,  pT > 3 GeV

} Improved lepton ID

}Track isolation

}Vertex determination

}Rate reduction
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Goal: maintain excellent triggering, ID, and measurement of muons under
harsherHL- LHCconditions(instantaneousand integrated L)up to |h|< 3

} ExistingDetector
ƁUpgrade electronics for radiation hardness and upgraded trigger/readout

requirements

} NewPhaseII Detector
ƁAdditional GEM chambersin front of existing forward muon (CSC)system, and

additionalwt/Ωǎto improvetriggerandreconstructionperformancein region
1.6 <μʹμ<2.4
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ƁME0: New GEM chambers to extend
muon systemcoverageto μʹμ= 2.8 and
further improve trigger and
reconstructionperformanceup to

μʹμ3.0
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} Improved measurement of forward muons drastically reduces trigger rate and 
increase efficiency

} High efficiency maintained over full trigger coverage 

} Combination with track trigger drastically improves momentum resolution
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} Improves pT resolution  for L1 trigger muons 

}aǳƻƴ L5 ǘƻ ʹ Ϥ 3.0

}Pilot system (5 super- chambers) installed at  Muon endcap 
station 1
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Muon trigger rate reduction  
by addingGE1/1
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Goals:
ƁMove L1 trigger off-detector for max flexibility

ƁCope with increased latency

ƁImprove timing (30 ps) for vertexingand spike rejection (99.9% L1)

Strategy:
ƁAssure radiation hardness of components
¶replace damaged detectors (EE + ES + HCAL endcaps)

¶operate EB colder to reduce APD noise 

¶SiPMsin HCAL barrel to replace HPDs

ƁAccount for high demanding L1: 12.5µs latency and 750kHz rate
¶new on-detector and off-detector electronics

ƁExploit precision timing

ƁIncrease granularity
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Keep lead tungstate  
crystals and avalanche  
photodiodes(APD)

Replace electronics for L1 trigger
- single-crystal readout (instead  of 

5x5 tower) at 40MHz

Mitigate APD noise 

} lower operating temperature 

} optimized readout shaping time
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PhotonEnergyresolution

Performanceexpectedto be closeto currentdetectorwith optimizationof clustering,
pileupsuppressionandmultivariateenergycorrections.
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} Timing resolution limited by the APD dark current rather than the
crystalsthemselves

} Targetresolutionof 30psachievablefor moderateenergyphotons

} Precisiontiming can help matchingof photons to primary verticesfor
photon id, di-photon, invariantmass

} Precisionlimited by noisecontribution
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30ps resolution at S/N = 250

} 20GeV beginning (noise 
Ғ100MeV)

} 50GeV end (noise 
Ғ200MeV)
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Backing Hadronsection
Brass plates + plastic scintillating  
tiles, 5 interactionlengths

New! High Granularity Calorimeter (HGC)  

Hexagonal silicon sensors

1 or 0.5 cm2 hex cell size, 6Mchannels

Excellent longitudinal and  
transversesegmentation

Rad-hard

Endcap EMsection
28 tungsten and copperplates,
25 radiation and 1.5 interact.lengths

Front Hadronsection
12 brassandcopper plates,
3.5 interactionlengths
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Simulated Performance
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Electron IDefficiency Jet EnergyResolution

Electron ID fakerate
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}Missing Transverse Energy and Jets fake rate affected
ƁSignificant impact on physics reach
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} Calorimeter upgrades: precision timing of showers
ƁHigh energy photons in ECAL
ƁAll photons and high energy hadrons in HGCal

} Interactions are distributed with a spread of 150-200 ps, so a detector 
with 10Ωǎ ƻŦ pstiming resolution could meaningfully distinguish between 
interactions on the basis of timing

} If beam-spot sliced in successive O(30) pstime exposures, effective 
pileup reduced by a factor 4-5:
Ɓ 15% merged vertices reduced to 1%
ƁPhase-I track purity of vertices recovered

}Mip Timing Detector (MTP) between Tracker and ECAL for precision 
timing of tracks
ƁA single layer between the tracker and the calorimeters
ƁAcceptance: |́ μғ3.0
ƁpT > 0.7 GeV barrel; p > 0.7 GeV endcap
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}With sufficient time resolution and coverage for charged 
particles, traditional three-dimensional vertex fit can be 
upgraded to a four-dimensional fit
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} In the coming15yearsLHCwill continueto increaseits luminosity
ƁGoalis to accumulatean integratedluminosityof 3000fb-1

Ɓ140-200pileupinteractions/crossing

} Comprehensiveset of upgrades in progress in order to cope with
increasedradiationdose

}Main challengeismitigationof largenumberof pileupinteractions

ƁTriggerςmorebandwidth,newcapabilities(egtracktrigger)

ƁIncreaseddetectorgranularityandacceptancein–

ƁTimingmeasurementswill addanadditionaldimensionto pileuprejection

} Baselinesfor the upgradeddetectorshavebeendefined
ƁNew resultswill comeout from current TDRstudiesand implementationof

recentRun2 analysistools
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Thank you
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Trackerhttps://cds.cern.ch/record/2272264
�ySi-Strip and Pixelsincreasedgranularity
�yExtended coverageto �� /Z4
�yDesignfor tracking in L1Trigger

Level-1Trigger
https://cds.cern.ch/record/2714892
�yTracks in L1Triggerat 40MHz
�yParticleFlowselection
�y750kHzL1output
�y40MHzdatascouting

High-Granularity Calorimeter 
Endcap 
https://cds.cern.ch/record/2293646
�y3Dshowers andprecise timing
�ySi,Scint+SiPMin Pb/Cu-W/SS

BarrelCalorimeters
https://cds.cern.ch/record/2283187
�yECALsinglecrystalgranularityreadoutat 40MHz 

with precise30 pstiming for e/ �� at 30GeV
�ySpikerejection
�yECAL andHCALnew Back-End boards

Beam Radiation Instrumentation and Luminosity 
http://cds.cern.ch/record/2759074
�yBeamabort & timing
ωBeam-inducedbackground
�yBunch-by-bunch luminosity:1% offline,2%online
ωNeutronandmixed-field radiationmonitors

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

�y Full coverage to �� /Z3
�y30-50pstime resolution forMIPs
�yBarrellayer: Crystals +SiPMs
�yEndcaplayer:LowGainAvalanche Diodes

Muon systems
https://cds.cern.ch/record/2283189
�yDT& CSCnewFE/BEreadout
�yRPCBEelectronics
�yNew GEM/RPC1.6< �� <2.4
�yExtended coverageto �� /Z3

DAQ& High-LevelTrigger
https://cds.cern.ch/record/2759072
�yFulloptical readout
�yHeterogenousarchitecture
�y60TB/seventnetwork
�y7.5kHzHLT output
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