
Mip Timing Detector 
Il progetto, le performance  
e i nostri impegni  
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•    3 Apr 2017:  MTD incluso nell’upgrade scope di CMS
•  27 Nov 2017: Technical Proposal consegnato a LHCC

•  https://goo.gl/m9ZZqW 

•  27 Feb 2018: LHCC feedback  
•  Q4 2018:          Technical Design Report 

 [ T. Tabarelli de Fatis ] 

[ CMS – Italia – Piacenza  
              29 Novembre 2017 ] 



Basic motivation:  
extend performance at high pileup 
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If beam-spot sliced in successive O(30) ps time exposures,  
effective pileup reduced by a factor 4-5:
•  ~15% merged vertices reduced to 1%
•  Phase-I track purity of vertices recovered

 

VBF H!ττ in 200 pp collisions

Luminous region
•  tRMS ~ 180 ps
•  zRMS ~ 4.6 cm 
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Elements of the timing upgrade of CMS 
}  Calorimeter upgrades: precision timing of showers

}  High energy photons in ECAL
}  All photons and high energy hadrons in HGCal

}  Mip Timing Detector: precision timing of tracks 
}  A single layer between the tracker and the calorimeters 

}  Acceptance: |η|<3.0 ps 
}  pT>0.7 GeV barrel; p>0.7 GeV endcap
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Track-vertex association – with track timing 
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}  With timing, ‘effective 
vertex density’ down  
to LHC level !

1.  Cleaner isolation cones
2.  Improved primary and 

secondary vertex 
reconstruction 

3.  Improved jet and pT
miss 

reconstruction

}  Boost performance  
of several observables

LHC HL-LHC   140PU 200PU



Particle isolation: ROC curves 
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}  Isolation efficiency up by 7 ÷ 10% per lepton (*)
}  Acceptance gain in searches and precision measurements
}  [ Gain amplified on multi-particle final states ] 

Muons Hadronic taus

Track association with vertex: Δt < 90 ps

New 

(*) at constant background rejection power]



b tagging with timing  
}  Efficiency up 4-6% at constant background rejection of 1%  

for light jets from removal of spurious secondary vertices 
}  inclusion of timing in the b-jet algorithm ongoing

}  [ Gain ~ to the power N – for multi-particle final states ] 
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Barrel Endcap

New 

Δt < 90 ps



di-Higgs acceptance projections 
}  Gain in signal yield ~20% in multi-object final states

}  [ at constant rejection power for reducible background ]
}  Large impact from barrel MTD (central signatures)

7 }  Similar gain also for H!ZZ!4leptons: +25%  (not shown here)
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Projections for VBF + H à ττ 
}  Performance gain from timing (S/√B) :

}  +30% from isolation 
}  +30% from VBF tagging [ pileup jet rejection ]
}  +10% from di-tau mass resolution  [ pT

miss resolution ]
}  Timing offsets performance degradations from 140 to 200 PU
}  Large impact from endcap MTD
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3.2.2 Pileup jet suppression1590

In the presence of pileup, soft jets and underlying event activity from multiple pileup inter-1591

actions may overlap and be clustered into a higher energy jet, serving as an additional back-1592

ground for e.g. Vector Boson Fusion (VBF) tagging and other final states with jets. For present1593

LHC Run 2 conditions, this background can be largely suppressed by cleaning the charged par-1594

ticles based on spatial association with the primary vertex, and pileup jets are mainly an issue1595

beyond the present tracking acceptance. Although the tracking acceptance of the CMS Phase-21596

detector will be extended, the higher pileup density and corresponding increase in charged1597

particles from pileup associated to the primary vertex leads to a non-negligible rate of pileup1598

jets.1599

The rate of pileup jets is studied in Z ! µµ events with 200 pileup conditions, with and without1600

precision timing for the charged particles, using jets reconstructed with the PUPPI algorithm [5]1601

and anti-kT clustering with 0.4 distance parameter [78], with a reconstructed jet pT > 30 GeV.1602

The PUPPI algorithm currently uses the first primary vertex in the reconstructed collection. In1603

order to avoid events where the incorrect primary vertex is used, two reconstructed muons1604

with pT > 20 GeV and associated with the first primary vertex are required for events entering1605

the study. Tracks are associated with the primary vertex with |Dz(track, vertex)| < 1 mm;1606

an additional requirement of |Dt(track, vertex)| < 3 strack
t is applied when considering the1607

precision timing case.1608

Signal jets are defined as reconstructed jets that are matched to a generator-level jet with pT >1609

4 GeV within a cone of DR < 0.2, while pileup jets are defined as reconstructed jets that are not1610

matched to a generator-level jet with pT > 4 GeV within a cone of DR < 0.6. The relative rate1611

of both signal jets and pileup jets with and without precision timing for the charged particles1612

is shown in Fig. 3.4, where the addition of precision timing reduces the rate of pileup jets1613

by 25�50% depending on pseudorapidity with minimal effect on the signal jet rate. These1614

projections use a more recent release and a different working point that those used for the1615

study of Section 1.3.3. The working point and the rate reduction from timing may be further1616

optimized. This reduction in pileup jet rate is expected to have a significant impact on signal1617

extraction cases that rely on jet multiplicity event categorization, central or forward jet vetoes,1618

or forward jet tagging, as in the case of VBF topologies.1619
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Figure 3.4: Rate of signal jets (left), and pileup jets (right) reconstructed with the PUPPI algo-
rithm with anti-kT 0.4 clustering and reconstructed pT > 30 GeV with precision timing for the
charged particles relative to the no timing case.
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5.3 Phase II detector performance at pileup 140 and pileup 200 37

observed and the performance degrades at 200 pileup. These fake or “pileup jets” interfere
with accurate counting of the number of jets in the event of interest, which is an important
aspect of many measurements and searches at the LHC.
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Figure 24: Emiss
T distribution for the perpendicular component of hadronic recoil to Z boson,

measured in Z ! µµ, at <PU>= 140 with the high-h tracking extension (red) and <PU>= 200
(green). Results for Phase I at <PU>= 50 (black) are also included (left). Relative rate of
additional misidentified jets as a function of pseudorapidity for different pileup configuration.
Results are shown relative to the performance of the reference detector at <PU>= 140 for
<PU>= 200 (green), and Phase I at <PU>= 50 (black) (right).

The degradation in the reconstruction of jets and Emiss
T has significant impact on several anal-

yses. Figure 25 shows the effect of the degraded Emiss
T resolution on W±H+Emiss

T searches. To
compensate for the increased background level, the event selection has been tightened with
respect to the reference in the TP. A significant reduction in the discovery potential is observed.
In a dataset of 3000 fb�1 the mass reach for discovery is reduced from 940 GeV to about 800
GeV. For measurements of the VBF Higgs to tt final state, where the tt mass is reconstructed
using the missing transverse energy, the performance of the analysis expressed as signal over
the square-root of background is degraded by about 15%. This translates into a 40% increase
in the luminosity needed to achieve the equivalent result at 200 PU. In addition the rate of
jets reconstructed from pileup energy depositions reduces the signal yield and increases the
background from Drell-Yan production, degrading the analysis performance by 25%.

Summary: The performance of the reference upgrade reference detector has been studied for
pileup of 140 and 200 collisions per crossing and compared to the Phase I detector performance
at 50 collisions per crossing. The performance of the Phase I detector can be achieved with the
reference detector in the presence of 140 collisions per crossing. The studies presented here
demonstrate that resolutions, efficiencies, and misidentification rates are degraded in events
with 200 collisions per crossing. Objects measured predominantly with the tracker and those
at large transverse momentum are less affected than objects measured using mostly calorimet-
ric information or with low transverse momentum. As a result, crucial measurements of the
H ! 4µ, H ! µµ, and searches or measurements of heavy resonance show limited sensitivity
to pileup. Measurements relying on the missing transverse energy resolution or jet counting
are significantly affected. The physics analyses that are very sensitive to these observables
indicate that improvements are needed to fully exploit the data collected at higher luminosi-
ties. For the endcap calorimeter, this is addressed by the new timing and pointing capabilities
of the High Granularity Calorimeter. It is expected that these new features will substantially
improve the mitigation of pileup. As well, the improved timing resolution in barrel electro-
magnetic calorimeter is anticipated to provide improve photon energy resolution. Overall, the
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Missing pT performance  
}  With MTD: 

}  MET Resolution improved: ~15% 
}  MET Tails reduced: 40% beyond 150 GeV

}  Extend physics reach in searches of  
massive invisible particles : +150 GeV
}  CMS Upgrade Scope document (no MTD)

  Sensitivity spoiled by MET tails from pileup 
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Searches for long-lived particles (LLP) 
}  New capabilities afforded by the MTD (examples):

1.  Ability to measure decay time in addition to decay length 
}  Extended acceptance for massive LLP

2.  Ability to reconstruct LLP velocity from the space-time  
information of the primary and decay vertex 

}  Peaking observable from constraint on the decay kinematics 
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New 

1.  Neutralino to photon + gravitino 2.  Chargino-neutralino (degeneri)

ECAL + MTD Timing
ECAL Timing

MTD Timing



Sinossi 

}  MTD: improves the full range of Phase-2 physics
}  ~20-30% improvements across all measurements
}  Recovery of performance for MET-tail based searches

}  Enhanced capability for reconstructing the secondary 
vertices of long-lived particles (LLPs) 
}  Resonance reconstruction for LLPs (novel method) 
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Table 1.1: Representative signals for Higgs boson measurements and SUSY searches used to
map each specific detector requirement into the relative performance gain at the analysis level
(analysis impact) and in the measured physical quantity (physics impact).

Signal Detector requirement Analysis impact Physics impact
H ! gg 30 ps photon and track timing

• barrel: central signal
• endcap: improved
time-zero and acceptance

S/
p

B :
+20% - isolation efficiency
+30% - diphoton vertex

+25% (statistical)
precision on
cross section

VBF+
H!tt

30 ps track timing
• barrel: central signature
• endcap: forward jet tagging
• hermetic coverage: optimal
pmiss

T reconstruction

S/
p

B :
+30% - isolation efficiency
+30% - VBF tagging
+10% - mass (pmiss

T ) resolution

+20% (statistical)
precision on
cross section
(upper limit
or significance)

HH 30 ps track timing
• hermetic coverage

signal acceptance : +20%
b-jets and isolation efficiency

Consolidate
HH searches

c±c0 !
W±H+pmiss

T

30 ps track timing
• hermetic coverage: pmiss

T

S/
p

B :
+40% - reduction of pmiss

T tails
+150 GeV
mass reach

Long-lived
particles

30 ps track timing
• barrel: central signature

mass reconstruction
of the decay particle

unique sensitivity
to split-SUSY and
SUSY with com-
pressed spectra

measurement of rare decay modes and of statistically limited differential distributions, with190

sensitivity to Higgs boson pseudo-observables [8]. In the case of H! tt in the vector boson191

fusion (VBF) production mode, additional substantial gains arise from the improved quality of192

the pmiss
T reconstruction and of the VBF jet identification. The improvement of 10–12% in pmiss

T193

resolution at 200 pileup events from using time information for charged tracks (Fig. 3.5) yields194

a proportional gain in the resolution of tt mass reconstruction and in the signal-to-background195

ratio, and alone counteracts almost entirely the performance degradation observed in the tran-196

sition from 140 to 200 pileup events [2]. In addition, the use of time information provides a rate197

reduction of pileup jets by about a factor two (Fig. 1.5), which boosts the performance of VBF198

tagging algorithms, both in H!tt and in other Higgs boson decay modes.199

The sensitivity to several searches for new phenomena is largely driven by the pmiss
T resolution,200

which determines the background level for several BSM signatures, including SUSY models.201

The gain in the pmiss
T resolution with track timing leads to a reduction by a factor of ⇠ 40% in202

the tail of the pmiss
T distribution above 130 GeV (Fig. 3.5), which offsets almost entirely the per-203

formance degradation of SUSY searches observed in the transition from 140 to 200 pileup [2].204

Additional benefits of the precision timing are anticipated in multi-lepton signatures of new205

physics, owing to the increased efficiency of the lepton isolation selection, and in signatures206

where a direct measurement of the time of flight (TOF) of heavy particles is exploited. For207

example, a TOF measurement in a detector in front of the calorimeters will reduce the model208

dependence in searches for Heavy Charged Stable Particles, now limited to particles that have209

little interactions with the calorimeters [9]. Moreover, the track-time reconstruction opens a210

new avenue in searches for neutral long lived particles (LLPs), postulated in many exten-211

sions of the standard model like Split-SUSY, GMSB, RPV SUSY, Stealth SUSY, SUSY models212

with compressed mass spectra and many others discussed in [10] and references therein. The213

space-time information associated to the displaced decay vertex, constructed from the decay214

daughters that do not escape detection, will enable the kinematic closure of the decay and, for215

example, the direct measurement of the LLP mass (Fig. 1.3) even for cases in which the decays216

are partially invisible, dramatically boosting the sensitivity of such searches and providing a217

novel method to characterize any future discovery.218
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MTD: design and technologies 
}  Hermeticity: barrel (|η|<1.48) and endcap (1.6<|η|<2.95) 
}  Radiation: 2x1014 (barrel) and up to 2x1015 neq/cm2 (endcap)
}  Minimal impact on calorimeter performance 
}  Mechanics and services compatible with existing upgrades  
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LYSO/LSO tiles with SiPM readout:
•  TK/ ECAL interface ~ 25 mm thick

•  Surface ~40 m2   
•  Integration with tracker - 2022 

Si with internal gain (LGAD):
•  On the CE nose  ~ 60 mm thick

•  Surface ~12 m2 
•  Integration with endcap - 2025

Tracker

Endcap
calorimeter

 3.0 m    

1.
2 

m

A SINGLE 
ACTIVE LAYER

Read out on  
L0/L1 trigger-sccept
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Barrel timing layer (BTL) layout 

TOFPET CHIP

}  LYSO/LSO:Ce + SiPMs embedded in the tracker support tube 
}  CO2 cooling at ~ −30 0C (limit SiPMs self-heating and dark rate)

}  “Production-ready” and scalable technology
~40 m2    

4k modules  
250k channels

Modules (16x4 crystals)

•  3% occupancy (0.5 mip threshold)
•  Adapt TOFPET2 ASIC (TOFHiR)
•  Leading edge timing + amplitude meas.

ITALIA: 
•  Ottimizzazione sensori (MiB, Rm1)
•  Meccanica: carrelli, moduli e cooling  

(MiB, Pd)
•  Scheda di Front-End (MiB)
•  Simulazione e ricostruzione (TS)

•  Produzione: MiB, Rm1, Pd
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BTL R&D per il TDR  
}  Production-like geometries qualified in test beams

}  Need correction for hit position with nominal geometry :
}  11x11x4 mm3 + SiPM 4x4 mm2

}  Tracker z resolution insufficient (at low pT)

}  R&D1: Custom SiPM (sparse SPAD pitch over the full crystal area) 
}  R&D2: Crystal slabs with double-end readout 

Crystal

NINO 
readout board

SiPM

Crystal

readout board



Endcap timing layer (ETL) layout 
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}  Low gain silicon detectors 
(LGADs) on HGCal nose
}  Emerging technology available  

from at least three foundries
}  Double-disk structure 

}  Similar to tracker TEDD 
}  Al wedges with embedded cooling 

pipes (CO2 cooling at ~ −30 0C)
}  Sensors on both disk sides 

}  Nominal geometry: 4.8 x 9.6 cm2 

modules with 1x3 mm2 pads 
}  Single layer hermetic coverage
}  ~3-5% occupancy

}  ASIC under development

ETL Module

Bottom: ASICs 

Top: Flexible hybrid circuit

Mid: Sensors

ITALIA: 
•  Sviluppo sensori (To, Ge)
•  Produzione (To) 



Sensors qualification and R&D (I) 
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}  Irradiation studies with single pad LGADs: 
}  LGAD can deliver < 40 ps timing resolution for entirety of HL-LHC
}  Need compensation of gain loss with increased external bias

}  R&D1: Bias scheme for individual pads 
}  R&D2: Multi-pad sensors (uniformity, yield, fill factor)
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Collaborazione e interessi italiani 
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}  Tabella 4.5 dal Technical Proposal (post CWR): 
}  Expressions of interest e impegni R&D fino al TDR
}  Commitments per la costruzione saranno definiti nel TDR

•  Responsabilità sviluppo sensori LGAD
•  Coordinamento (interinale) del (proto)progetto



Prossime tappe 
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}  Feedback da LHCC – Febbraio 2018 
}  TDR – Fine 2018

}  Dimostrazione dei componenti principali
}  Definizione dei commitment 

}  EDR – 2019 (BTL) / 2020 (ETL) 
}  Construction timeline for ETL stretched 
}  Two years more than BTL should enable to complete the 

necessary R&D on sensor and on the ASIC development


