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High Luminosity LHC: Schedule
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WE ARE HERE:

End of LS2

Start mounting upgrade

detectors for HL-LHC

Begin of HL-LHC

data taking
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High Luminosity LHC: Challenges
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High pile up event: ~100 PU

● High number of collisions per bunch crossing:
○ Nominal scenario: 5x1034 cm-2s-1 , ~140 PU
○ Ultimate scenario: 7.5x1034 cm-2s-1 , ~200 PU

  
● High pile up and radiation damage to detectors:

○ Degradation of energy reconstruction and                                                           
particle identification

● Timing information can be exploited to reject tracks 
coming from the pile up → Enable 4D 
reconstruction of vertices

● Proposed Minimum Ionizing Particle (MIP) Timing 
Detector (MTD):

○ Provide 30-40 ps time resolution for MIPs 
(beginning of HL-LHC)
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Impact on Physics
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High pile up event: ~100 PU

● Impact on the CMS physics:

○ Improve particle isolation, vertex identification 
(b-tagging, photons, long lived particles) and 
pT

miss reconstruction

○ Time of flight (TOF) detector for charged 
particles identification, helping Heavy Ion 
Physics and Flavor Physics

● Recover the effective background conditions close to 
Phase-1 operations and maintain excellent 
performance of CMS detector during HL-LHC
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CMS MIP Timing Detector
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High pile up event: ~100 PU

● Split into two main sub-systems:
- Barrel Timing Layer (BTL)
- Endcap Timing layer (ETL)

● MTD is required to last throughout the 
HL-LHC era (~3000/fb)

● BTL and ETL will experience differing 
radiation dose through their lifetime   
(FLUKA estimates):

○ BTL : 1.65×1014 - 1.90×1014 neq/cm2

○ ETL : 1.50×1014 - 1.60×1015 neq/cm2

BTL:    |η|<1.48

ETL: 1.6<|η|<3.0

● Different technologies must be chosen:

○ BTL : LYSO:Ce crystal bars coupled to SiPM readout
○ ETL : Si with internal gate (LGAD)
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Barrel Timing Layer
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High pile up event: ~100 PU

➔ Thin (~40 mm), cylindrical layer housed in the Tracker/ECAL interface 
➔ Sensor technology: LYSO:Ce crystal scintillators read by SiPMs at both 

ends
➔ Read out by a dedicated ASIC, TOFHIR (Time-of-flight, High Rate) chip 

which delivers precision timing information
➔ Nominal operating temperature -45°C to limit the noise induced time jitter

❏ Total active area of 38 m2

❏ Z = 5.2 m, R = 1148 mm and |η|<1.48
❏ Total power requirement of ~30 kW
❏ -35°C with CO2 and -10°C with 

thermo-electric cooler (TEC)
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Sensors: LYSO:Ce + SiPMs
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High pile up event: ~100 PU

LYSO:Ce:

❏ High density (7.1 g/cm3 ): most probable value of 
energy deposit by a  MIP ~ 0.86 MeV/mm

❏ High light yield (~ 40000 photons/ MeV)
❏ Fast scintillation rise time (< 100 ps)
❏ Short decay time (~40 ns)   
❏ Non-hygroscopic    

● Crystals:

○ Dimension:  ~3 x 3 x 57 mm3 with η-dependent 
thickness

○ Scintillation light at 420 nm wavelength, matching 
SiPMs sensitivity

○ Very high radiation tolerance                                                                                             
→ verified with 24 GeV protons fluence of 2x1013 cm-2

SiPMs:

❏ Compact, robust and insensitive to magnetic 
fields

❏ Photo-detection efficiency (PDE): 20-40%, with 
optimal cell size of 15 μm

❏ Good radiation tolerance
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Silicon Photomultipliers
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● Challenges:

➔ Increase of dark count rate (DCR) with 
radiation damage and temperature

➔ Linear drift of breakdown voltage with 
radiation   

● Solutions:

○ Dedicated noise cancellation circuit in the ASIC 
(TOFHIR)

○ Annealing the SiPMs to about 40°C during 
shutdown

○ Use thermoelectric coolers (TECs) to reduce SiPMs 
operating temperature 
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Test Beam Studies
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➔ Performed at Fermilab Test Beam Facility (FTBF), using 120 GeV protons

Setup:

❏ Trigger based on a 10 cm2 scintillation counter
❏ Silicon tracker telescope spatial information (X-Y)
❏ Micro Channel Plate (MCP) PMT for time reference
❏ LYSO:Ce + SiPMs (different prototypes) at 25°C,                          

with ad-hoc read out electronics

JINST: 10.1088/1748-0221/16/07/P07023

https://iopscience.iop.org/article/10.1088/1748-0221/16/07/P07023
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Performance
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High pile up event: ~100 PU

Time resolution estimation:

❏ (tleft+tright)/2 - tMCP= taverage 
❏ tleft - tright = tdiff 
❏ tleft- tMCP
❏ tright - tMCP

 

Test various SiPM prototypes:

❏ HPK S12572-015 (3x3 mm2 area)
❏ FBK NUV-HD-TE (5x5 mm2 area)                     

Target time 
resolution achieved
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Summary
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● Precision time measurements of MIP particles:
○  Help mitigating pileup during HL-LHC data taking
○ Improve particle isolation, vertex identification, pT

miss reconstruction and time of 
flight measurement

● Target time resolution of 30 ps has been achieved in test beam characterization of the 
current BTL sensor technology: LYSO:Ce readout by SiPMs

● Prototype testing ongoing :

○ Optimize end of life (end of HL-LHC operation) performance of BTL sensor 
modules with irradiated SiPMs, coupled to thermoelectric coolers 

○ Test ASIC chip (TOFHIR) and readout unit
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High pile up event: ~100 PU

TST

BACKUP
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Particle Identification
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High pile up event: ~100 PU

TST
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Impact on Physics
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High pile up event: ~100 PU

TST
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Impact on Physics
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High pile up event: ~100 PU

TST
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BTL Technical Details
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High pile up event: ~100 PU

TST
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LYSO:Ce scintillators
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High pile up event: ~100 PU

TST
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SiPMs
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High pile up event: ~100 PU

TST
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BTL Electronics
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High pile up event: ~100 PU

TST

● TOFHIR (Time-of-flight, High Rate) 
ASIC chip:

- Discrimination of the leading edges    
- Time measurement with a TDC

● 6 ASICs are mounted on a front end 
board

● 4 front-end boards plugged into a 
Concentrator Card:
- Provide low voltage, bias voltage
- 3 lpGBTs transfer data and control  
signals

● The ASICs, FE, CC, and associated 
power supplies constitute the RU, 
which supports 768 SiPMs


