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HL-LHC opportunities 

• Physics potential @3000 fb-1  

• Extend discovery reach in searches for new physics & rare SM processes  

• Higgs boson precision measurements  

• Improved SM measurements  

• Precision measurements in flavour sector  

• Rare B decays, CP violation, top FCNC, …
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HL-LHC challenges

• Harsh operating conditions will make it difficult to  
exploit this potential: 

• expected average pileup of 200, with  
resulting increase of particle density 

• radiation damage to the detector  

• B physics is among the physics topics that might suffer more from the HL-LHC conditions 

• relative low momenta of the typical signatures 

• high precision required by the measurements  

• On the other hand, the Phase-II upgrades of the CMS detector promise to recover a good 
detection ability and even give better performances than those of the current detector 

• Lifetime of detectors 

• Increased readout bandwidth            

• PU mitigation                                          
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http://cds.cern.ch/record/2231915

➔ replace inner tracker & forward calorimeter  

➔ replacing electronics 

➔ higher detector granularity to reduce occupancy 

➔ improved trigger capabilities  

➔ precision timing

http://cds.cern.ch/record/2231915


CMS Phase II upgrades overview
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Trigger/HLT/DAQ 
• Track information in hardware event selection 
• 750 kHz hardware event selection 
• 7.5 kHz events registered 
• latency increased from 3.2 to 12.5 µs

Barrel EM Calorimeter 
• New electronics 
• Low operating temperature = 10°

Muon systems 
• New DT & CSC electronics 
• New chambers in 1.6 < η < 2.4 
• Muon tagging 2.4 < η < 3

New endcap calorimeters 
• Sampling calorimeter   
• Radiation tolerant 
• High granularity 
• 3D shower reconstruction

New tracker 
• Radiation tolerant and light 
• Higher granularity 
• Increased forward acceptance up to |η| = 4 
• Tracking information to L1 trigger

MIP timing detector 
• precision timing for  

charged particles 
• O(10’s) ps resolution 



Tracker upgrade

• Needed to deal with radiation damage and cope with higher pileup 

• Inner tracker:  

• pixel sensors 

• narrower pitch than present  
pixel detector  

• increased granularity to limit  
the occupancy  

• coverage up to |η|~4  

• Outer tracker: 

• design driven by addition of  
hardware track trigger capabilities 

• pixel-strip & 2-strip sensors 

• progressively tilted modules 

• Substantial reduction of the material  
budget with respect to present  
detector
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Tracker Upgrades

Upgraded tracking detectors to cope with increased radiation
hardness and occupancy demands

Rapidity coverage of inner tracker (pixel detector) extended to
|eta| = 4

Addition of hardware track trigger capabilities

Josh Bendavid (CERN/LPC) CMS HL-LHC 7
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Tracker performance: efficiency/fake

• High efficiency maintained over the full pseudorapidity coverage both for muons (pT > 10 GeV) 
and tracks from ttbar events (pT > 0.9 GeV) 

• Level of fake tracks increases with pileup, but still under control (always < 4% even at 200 PU)
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Tracker performance: resolution

• Significant improvements in transverse momentum and transverse impact parameter 
resolution with respect to current detector  

• thanks to better hit resolution and lower material budget
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L1 track trigger

• Efficient event selection for data acquisition is a key prerequisite to fully benefit from the 
increased luminosity 

• Introduction of tracking information at L1 is crucial to 

• improve the pT resolution of various objects at L1 (e.g. muons) 

• contribute to the mitigation of pileup 

• allow the exploitation of information on track isolation 

• Hardware trigger capabilities provided by the “pT modules” of the outer tracker 

• two single-sided closely-spaced sensors 

• by correlating hits on the two sensors a  
local pT measurement is determined, allowing  
on-detector filtering through application of  
pT thresholds 

• hardware trigger receives track stubs with  
pT > 2 GeV → 10-100x reduction in data-volume 

• “stubs” are then sent to the off-detector L1 tracking system, which reconstructs tracks for 
input to the L1 trigger  

• limited in angular acceptance up to |η| = 2.4
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24 Chapter 2. Overview of the Phase-2 Tracker Upgrade

Figure 2.5: Illustration of the pT module concept. (a) Correlation of signals in closely-spaced
sensors enables rejection of low-pT particles; the channels shown in green represent the selec-
tion window to define an accepted stub. (b) The same transverse momentum corresponds to a
larger distance between the two signals at large radii for a given sensor spacing. (c) For the end-
cap discs, a larger spacing between the sensors is needed to achieve the same discriminating
power as in the barrel at the same radius.

concept is therefore applicable in the Outer Tracker, and limited in angular acceptance to about
|h| < 2.4.

2.3.2 The Outer Tracker

The Outer Tracker is populated with pT modules, implementing the L1 trigger functionality.
The pT module concept relies on the fact that the strips of the top and bottom sensors of a
module are parallel to each other. With the strip direction being parallel to the z axis in the
barrel and nearly radial in the endcaps, this prevents the concept of stereo strips to be used to
measure the z coordinate (r coordinate) in the barrel (endcaps). For this reason two versions
of pT modules have been realized: modules with two strip sensors (2-strip or 2S modules)
and modules with a strip and a macro-pixel sensor (pixel-strip or PS modules). Details are
provided in Chapter 3. The strips in the 2S modules have a length of about 5 cm, while those
in the PS modules are about 2.4 cm long. In PS modules one of the two sensors is segmented
into macro-pixels of about 1.5 mm length, providing the z (r) coordinate measurement in the
barrel (endcaps). The PS modules are deployed in the first three layers of the Outer Tracker,
in the radial region of 200–600 mm, i.e. down to radii at which the stub pT resolution remains
acceptable and the data reduction effective. The 2S modules are deployed in the outermost
three layers, in the radial region above 600 mm. In the endcaps the modules are arranged in
rings on disc-like structures, with the rings at low radii, up to about 700 mm, equipped with
PS modules, while 2S modules are used at larger radii. The precision on the z coordinates
provided by the three PS barrel layers constrain the origin of the trigger tracks to a portion
of the luminous region of about 1 mm, which is sufficiently precise to partially discriminate
particles coming from different vertices.

The pT module concept implies that both the top and the bottom silicon sensors of a module
must be connected to the readout electronics that performs stub finding. In order to implement
the connectivity between the upper and lower sensors with reliable and affordable technolo-
gies, the two halves of each module are read out independently by front-end hybrids on the two
ends, which prevents communication between the sensor halves and thus the reconstruction of



L1 track trigger performance

• Performance studies shown for PU 200 scenario  
and stub pT > 3 GeV  

• Excellent efficiency for muons (around 98%) 

• Slower turn-on and lower plateau for electrons  

• more challenging due to material interactions  
(further algorithmic improvements ongoing)  

• Excellent resolution on pT and z0 for muons with  
pT > 10 GeV, negligible degradation with PU
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Figure 6.8: Relative pT resolution (left) and z0 resolution (right) versus pseudorapidity for
muons in tt events with zero (black dots), 140 (red triangles), and 200 (blue squares) pileup
events on average. Results are shown for scenarios in which truncation effects are (markers) or
are not (lines) considered in the emulation of L1 track processing. The resolutions correspond
to intervals in the track parameter distributions that encompass 68% (filled markers and solid
lines) or 90% (open markers and dashed lines) of all tracks with pT > 3 GeV.

tracker will be traversed by around 6000 charged particles (inclusively, counting reconstructed
tracks with pT > 300 MeV), produced by about 200 collisions on average, and in those challeng-
ing conditions excellent tracking performance has to be maintained. In this section preliminary
results on the offline tracking performance over the full acceptance of the CMS tracker are pre-
sented. A brief description of the reconstruction method and of future developments is given
in Section 12.3.2.

Given that the CMS HLT tracking is based on the offline tracking code, a similar level of per-
formance is expected. Because of HLT time constraints, a parallelization of the algorithms is
already under development and will be applied also in the Phase-2 HLT track reconstruction.
This topic is discussed further in Section 12.3.2.4.

6.3.2.1 Tracking efficiency and fake rate

The performance of the track reconstruction can be summarized by the track finding efficiency,
the fake rate, and the resolution of the estimated track parameters. The exact definitions of
efficiency, fake rate, and resolution are provided in Section 12.3.2.2. Two simulated samples
have been used: single muons with a transverse momentum of 10 GeV and tt events, both with
superimposed minimum-bias events. Two pileup scenarios — denoted 140PU and 200PU —
are considered, where the number of pileup events is drawn from a Poisson distribution with
mean equal to 140 and 200, respectively.

Figure 6.9 shows the tracking efficiency for single muons. The efficiency is stable and close to
100% in the entire range of pseudorapidity, in both pileup scenarios.

Figure 6.10 shows the results for tracks from tt events in both pileup scenarios. The efficiency
and the fake rate for tracks with pT > 0.9 GeV are shown as a function of the pseudorapidity.
The distributions contain only tracks passing a certain set of quality requirements (referred to
as High Purity requirements). Only tracks produced within a radius of 3.5 cm from the centre of
the luminous region are used for the efficiency calculation. The efficiency is around 90% in the
central region, dropping off at |h| > 3.8, while the fake rate is lower than 2% in the entire range
of h for 140 pileup events. The increase in the fake rate for the 200 pileup scenario is discussed
in Section 12.3.2.2. The expected performance in terms of efficiency and fake rate for 200 pileup

CMS Phase-2 Simulation Preliminary
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tracker will be traversed by around 6000 charged particles (inclusively, counting reconstructed
tracks with pT > 300 MeV), produced by about 200 collisions on average, and in those challeng-
ing conditions excellent tracking performance has to be maintained. In this section preliminary
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Figure 6.6: L1 tracking efficiency versus generated particle pT for |h| < 2.4 (left) and versus h
for pT > 3 GeV (right) for tt events in a scenario with 200 pileup events on average. Results for
muons (electrons) are shown as filled black (open red) circles.

Figure 6.7: Total L1 track rate for tt events with an average pileup of zero (black circles), 140 (red
triangles), and 200 (blue squares) events. Results are shown for scenarios in which truncation
effects are (markers) or are not (dashed lines) considered in the emulation of L1 track process-
ing. In all cases, the expected average track rates are easily accommodated by the downstream
L1 trigger system.

Figure 6.7 presents the total L1 tracking rate for tt events with average pileup scenarios of 0,
140, and 200 events. The growth of track rate with pileup reflects the increase in fake and
duplicate tracks due to combinatorics. The total rate for 200 pileup events on average should
be easily accommodated by the downstream L1 trigger.

The resolutions of the pT and z0 parameters of muons with pT > 10 GeV in tt events are shown
in Fig. 6.8 for various average pileup scenarios. The resolutions are defined in terms of an in-
terval centred on the residual distribution that contains 68% or 90% of the tracks. As expected,
resolutions degrade at forward pseudorapidity due to a corresponding increase in multiple
scattering. In general, L1 parameter resolutions are excellent, which will provide for robust
trigger object matching and charged particle reconstruction in the L1 trigger.

6.3.2 Offline tracking performance

Starting from 2026, the HL-LHC will achieve an instantaneous luminosity of 5⇥ 1034 cm�2 s�1,
with a bunch spacing of 25 ns, as described in Chapter 1. In each bunch crossing, the CMS

CMS Phase-2 Simulation Preliminary
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Figure 6.8: Relative pT resolution (left) and z0 resolution (right) versus pseudorapidity for
muons in tt events with zero (black dots), 140 (red triangles), and 200 (blue squares) pileup
events on average. Results are shown for scenarios in which truncation effects are (markers) or
are not (lines) considered in the emulation of L1 track processing. The resolutions correspond
to intervals in the track parameter distributions that encompass 68% (filled markers and solid
lines) or 90% (open markers and dashed lines) of all tracks with pT > 3 GeV.

tracker will be traversed by around 6000 charged particles (inclusively, counting reconstructed
tracks with pT > 300 MeV), produced by about 200 collisions on average, and in those challeng-
ing conditions excellent tracking performance has to be maintained. In this section preliminary
results on the offline tracking performance over the full acceptance of the CMS tracker are pre-
sented. A brief description of the reconstruction method and of future developments is given
in Section 12.3.2.

Given that the CMS HLT tracking is based on the offline tracking code, a similar level of per-
formance is expected. Because of HLT time constraints, a parallelization of the algorithms is
already under development and will be applied also in the Phase-2 HLT track reconstruction.
This topic is discussed further in Section 12.3.2.4.

6.3.2.1 Tracking efficiency and fake rate

The performance of the track reconstruction can be summarized by the track finding efficiency,
the fake rate, and the resolution of the estimated track parameters. The exact definitions of
efficiency, fake rate, and resolution are provided in Section 12.3.2.2. Two simulated samples
have been used: single muons with a transverse momentum of 10 GeV and tt events, both with
superimposed minimum-bias events. Two pileup scenarios — denoted 140PU and 200PU —
are considered, where the number of pileup events is drawn from a Poisson distribution with
mean equal to 140 and 200, respectively.

Figure 6.9 shows the tracking efficiency for single muons. The efficiency is stable and close to
100% in the entire range of pseudorapidity, in both pileup scenarios.

Figure 6.10 shows the results for tracks from tt events in both pileup scenarios. The efficiency
and the fake rate for tracks with pT > 0.9 GeV are shown as a function of the pseudorapidity.
The distributions contain only tracks passing a certain set of quality requirements (referred to
as High Purity requirements). Only tracks produced within a radius of 3.5 cm from the centre of
the luminous region are used for the efficiency calculation. The efficiency is around 90% in the
central region, dropping off at |h| > 3.8, while the fake rate is lower than 2% in the entire range
of h for 140 pileup events. The increase in the fake rate for the 200 pileup scenario is discussed
in Section 12.3.2.2. The expected performance in terms of efficiency and fake rate for 200 pileup
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• Bs → ϕϕ → 4K, forbidden at tree level in the SM, is sensitive to BSM contributions 

• also suitable to measure CP violating phase through Bs mixing 

• Not covered by existing triggers → L1 track finder will allow identification of ϕ and Bs 

candidates already at L1  

• oppositely charged tracks from the same vertex 

• application of topological cuts at L1 to reduce background  

• very soft pT of the lowest-pT kaon (close to the threshold of 2 GeV) 

• Studies on simulations estimate trigger efficiency is sufficient, but further improvements are 
required to keep a low trigger rate (e.g. displaced vertex finding tool)

Bs → ϕϕ: test case for L1 track trigger
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Muon detectors upgrade

• Upgrade electronics to cope with radiation hardness and meet the trigger/readout latency 
requirements 

• Enhance muon performance in the forward region 

• addition of RPC (iRPC) and GEM (GE1/1, GE2/1) chambers in the forward region to improve 
the efficiency, fake rejection and resolution in the region 1.6 < |η| < 2.4  

• extend the forward coverage up to |η| = 2.8 with new GEM chambers (ME0)
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Figure 1.4: An R-z cross section of a quadrant of the CMS detector, including the Phase-2 up-
grades (RE3/1, RE4/1, GE1/1, GE2/1, ME0). The acronym iRPCs in the legend refers to the
new improved RPC chambers RE3/1 and RE4/1. The interaction point is at the lower left cor-
ner. The locations of the various muon stations are shown in color (MB = DT = Drift Tubes, ME
= CSC = Cathode Strip Chambers, RB and RE = RPC = Resistive Plate Chambers, GE and ME0
= GEM = Gas Electron Multiplier). M denotes Muon, B stands for Barrel and E for Endcap.
Labelling details are given in Section 1.2.2. The magnet yoke is represented by the dark gray
areas.

Near the interaction region a silicon tracker, composed of an inner pixel detector surrounded
by a silicon strip detector, measures vertices and momenta of charged particles. The elec-
tromagnetic calorimeter (ECAL) and the hadronic calorimeter (HCAL) are located inside the
solenoid, measuring electromagnetic and hadronic showers with lead tungstate crystals and a
scintillator-brass sampling detector, respectively.

The current silicon tracker must be replaced before the start of Phase-2, since it will suffer
significant radiation damage by the end of Run 3. To maintain excellent track reconstruction
at high pileup, the granularity of both the inner pixel tracker and the outer tracker will be
increased, by decreasing the pixel size and by shortening the strip lengths. For the first time
at CMS a momentum measurement will become possible within a few microseconds, and this
information can be used in the Level-1 (L1) trigger. The track trigger will greatly sharpen the
L1 pT resolution, which will reduce the trigger rate at a given transverse momentum. Thus
by combining input from the tracker and muon systems the pT threshold for the single muon
trigger can be kept low despite the high rate at HL-LHC.

The endcap calorimeters will also suffer significant radiation damage. The replacement planned
for Phase-2, the High Granularity Calorimeter (HGCAL), will have an electromagnetic and a



Muon performance - L1 trigger

• Higher efficiency thanks to: 

• more hits along the muon’s trajectory in the 
forward muon system due to the new chambers  

• better interplay detectors ⟺ faster electronics  

• Lower rate thanks to improved identification and 
momentum measurement 

• Dramatically improved turn-on thanks to 
integration with L1 track trigger 

• extended coverage in η for multi-muon triggers
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tracks from pileup vertices incorrectly associated with the primary vertex of the hard interac-
tion normalized to the total number of tracks in the vertex.

0.3 mm�1. The performance of b-jet identification, which relies on vertex reconstruction, is
enhanced. The removal of pileup tracks from the isolation cones improves the identification
efficiency for isolated leptons and photons, which are key signatures of many processes of in-
terest for the HL-LHC program. Similarly, the reconstruction of spatially extended objects and
global event quantities that are vulnerable to the pileup, such as jets and pmiss

T , is also signif-
icantly improved. At 200 pileup, the pmiss

T resolution improves by about 10% and the rate of
reconstructed jets that are spuriously clustered particles from pileup interactions (“pileup jets”)
is reduced by up to 40%, using track-time information in jet reconstruction.

Chapter 3 presents thorough simulation studies of track and vertex reconstruction, of parti-
cle isolation, of jet and pmiss

T reconstruction, and of benchmark physics measurements and
searches. These studies consistently motivate that precision timing in the barrel and in the
endcaps, with about 30 ps resolution, not only offsets the performance losses in the transition
from 140 to 200 pileup events, but also recovers the Phase-1 (40 pileup) performance of the
CMS detector, thereby enhancing the HL-LHC physics reach.

1.2 Impact of precision timing on the HL-LHC physics program
The CMS physics program at the HL-LHC will target a very wide range of measurements,
including in-depth studies of the Higgs boson properties and direct searches for physics be-
yond the standard model (BSM). The added value of a timing detector, quantified in terms of
improved vertex identification, acceptance extension for isolated objects, improved pmiss

T reso-
lution, and pileup jet rate reduction, makes a significant impact on the CMS physics program
across several channels. These performance gains are gauged in Chapter 3 with benchmark
analyses representative of Higgs boson measurements, supersymmetry (SUSY) and other BSM
searches. A synopsis is presented in Table 1.1, where detector requirements are mapped into
analysis and physics impacts. The benefits are broad, as further expanded below.

The characterization of the Higgs boson properties, with precision measurements of the Higgs
boson couplings to standard model (SM) particles, and the search for rare SM and BSM decays,
will benefit from the improved acceptance for isolated objects, and in the case of H ! gg de-
cays from improved vertex identification. The quality of the isolation discriminant relies on the

3

Impact of pileup and its mitigation

• Primary vertex and tracks from hard interaction are efficiently reconstructed, but pileup 
contamination increases rapidly with pileup density  

• quantities based on charged particles, currently nearly free of pileup, will be affected 

• Performance can be recovered exploiting the time distributions of the interactions  

• 10’s of ps timing resolution needed to distinguish between interactions 

• Calorimeter upgrades provide precision timing for high/medium energy photons and hadrons  

• Additional timing layer (barrel+ endcaps outside tracker volume) provides precision timing 
(σt ~ 30 ps) for charged hadrons & converted photons down to a few GeV 

• traditional 3D vertex fit can be upgraded to a 4D fit 
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0.3 mm�1. The performance of b-jet identification, which relies on vertex reconstruction, is
enhanced. The removal of pileup tracks from the isolation cones improves the identification
efficiency for isolated leptons and photons, which are key signatures of many processes of in-
terest for the HL-LHC program. Similarly, the reconstruction of spatially extended objects and
global event quantities that are vulnerable to the pileup, such as jets and pmiss

T , is also signif-
icantly improved. At 200 pileup, the pmiss

T resolution improves by about 10% and the rate of
reconstructed jets that are spuriously clustered particles from pileup interactions (“pileup jets”)
is reduced by up to 40%, using track-time information in jet reconstruction.

Chapter 3 presents thorough simulation studies of track and vertex reconstruction, of parti-
cle isolation, of jet and pmiss

T reconstruction, and of benchmark physics measurements and
searches. These studies consistently motivate that precision timing in the barrel and in the
endcaps, with about 30 ps resolution, not only offsets the performance losses in the transition
from 140 to 200 pileup events, but also recovers the Phase-1 (40 pileup) performance of the
CMS detector, thereby enhancing the HL-LHC physics reach.

1.2 Impact of precision timing on the HL-LHC physics program
The CMS physics program at the HL-LHC will target a very wide range of measurements,
including in-depth studies of the Higgs boson properties and direct searches for physics be-
yond the standard model (BSM). The added value of a timing detector, quantified in terms of
improved vertex identification, acceptance extension for isolated objects, improved pmiss

T reso-
lution, and pileup jet rate reduction, makes a significant impact on the CMS physics program
across several channels. These performance gains are gauged in Chapter 3 with benchmark
analyses representative of Higgs boson measurements, supersymmetry (SUSY) and other BSM
searches. A synopsis is presented in Table 1.1, where detector requirements are mapped into
analysis and physics impacts. The benefits are broad, as further expanded below.

The characterization of the Higgs boson properties, with precision measurements of the Higgs
boson couplings to standard model (SM) particles, and the search for rare SM and BSM decays,
will benefit from the improved acceptance for isolated objects, and in the case of H ! gg de-
cays from improved vertex identification. The quality of the isolation discriminant relies on the

3

∼ 5x reduction in 
effective pileup in terms 
of charge multiplicity 

https://cds.cern.ch/record/2296612/files/LHCC-P-009.pdf



Perspectives for B(s) →µµ 

• B(s)→ µµ decays only proceed via FCNC processes forbidden at tree level → highly suppressed in 
SM but enhancements/further suppressions of the BRs predicted in several SM extensions 

• Current experimental results all in agreement with the SM, though statistically limited 

• It will constitute a precision measurement in the HL-LHC era 

• Projections available for two scenarios:  

• Phase-I scenario: expected performance for Run II and III (300 fb-1 @14 TeV)  

• Phase-II upgrade scenario: expected performance after full detector upgrade & 3000 fb-1 
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𝓑(Bs→µµ) 𝓑(B0→µµ)

SM (3.66± 0.23) x 10-9 (1.06± 0.09) x 10-10

Run I (CMS) (3.0+1.0-0.9) x 10-9 1.1 x 10-9 @95% CL

Run I (CMS+LHCb) (2.8+0.7-0.6) x 10-9 (3.9+1.6-1.4) x 10-10

Run I (ATLAS) (0.9+1.1-0.8) x 10-9 4.2 x 10-10 @95% CL

Run I + Run II (LHCb) (3.0± 0.6+0.3-0.2) x 10-9 3.4 x 10-10 @95% CL Phys.Rev.Lett. 118 (2017)

EPJ. C 76 (2016) 513

Nature 522 (2015) 68

PRL 111 (2013) 101804

https://doi.org/10.1103/PhysRevLett.118.191801
https://doi.org/10.1140/epjc/s10052-016-4338-8
http://www.nature.com/nature/journal/vaop/ncurrent/full/nature14474.html
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• Starting point for the projections is CMS Run I analysis  

• including improvements from the CMS+LHCb combination 

• all the details are in Giacomo’s talk, in brief: 

• dimuon trigger at L1, additional mass and  
displaced vertex requirement at the HLT 

• MVA-based muon offline identification 

• normalized to the reference channel B+ → J/ψK+ 

• branching fractions extracted by UML fits in 12  
categorized BDT bins 

• Effects of any possible improvements on the analysis strategy have not been 
considered
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Projections strategy



• Evaluation of the analysis performance done using pseudo-experiments, starting from the 
baseline Run-1 PDFs for signals and backgrounds + assumptions/inputs listed below 

• Production cross sections and BRs predicted by the SM are assumed for B0 and B0s 

• L1 trigger: two opposite-charge muons (tracker+muon stations) with pT > 3 GeV and |η| < 2, 
from the same PV (ΔZ < 1 cm) and with invariant mass between 3.9 and 6.9 GeV
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• Evaluation of the analysis performance done using pseudo-experiments, starting from the 
baseline Run-1 PDFs for signals and backgrounds + assumptions/inputs listed below 

• Production cross sections and BRs predicted by the SM are assumed for B0 and B0s 

• L1 trigger: two opposite-charge muons (tracker+muon stations) with pT > 3 GeV and |η| < 2 
from the same PV (ΔZ < 1 cm) and invariant mass between 3.9 and 6.9 GeV  

• Pileup effects: large number of PVs will impact discriminating variables (e.g. isolation) and 
involve tighter cuts on muon reconstruction to maintain same level of fakes  
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Inputs to the projections

• Evaluation of the analysis performance done using pseudo-experiments, starting from the 
baseline Run-1 PDFs for signals and backgrounds + assumptions/inputs listed below 

• Production cross sections and BRs predicted by the SM are assumed for B0 and B0s 

• L1 trigger: two opposite-charge muons (tracker+muon stations) with pT > 3 GeV and |η| < 2 
from the same PV (ΔZ < 1 cm) and invariant mass between 3.9 and 6.9 GeV  

• Pileup effects: large number of PVs will impact discriminating variables (e.g. isolation) and 
involve tighter cuts on muon reconstruction to maintain same level of fakes   

• Dimuon mass resolution: improved momentum resolution of the tracks is beneficial, 
especially in the barrel region  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Inputs to the projections

• Evaluation of the analysis performance done using pseudo-experiments, starting from the 
baseline Run-1 PDFs for signals and backgrounds + assumptions/inputs listed below 

• Production cross sections and BRs predicted by the SM are assumed for B0 and B0s 

• L1 trigger: two opposite-charge muons (tracker+muon stations) with pT > 3 GeV and |η| < 2 
from the same PV (ΔZ < 1 cm) and invariant mass between 3.9 and 6.9 GeV  

• Pileup effects: large number of PVs will impact discriminating variables (e.g. isolation) and 
involve tighter cuts on muon reconstruction to maintain same level of fakes   

• Dimuon mass resolution: improved momentum resolution of the tracks is beneficial, 
especially in the barrel region  

• Scaling of systematic uncertainties: 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B(s) →µµ projections: results
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298 Chapter 8. Physics performance

ME0-ME1/1, GE2/1-ME2/1) allows one the measurement of the muon momentum within a
single muon station due to a large lever arm formed by the GEM-CSC detector pairs. This
will substantially improve purity of reconstructed low momentum muons, which are typically
identified as a track matched to a stub in the first muon station. In this analysis, we take
advantage of the presence of ME0 chambers, but cannot yet exploit the full potential of the
improved muon reconstruction coming from correlation of muon hits in the GEM and CSC
detectors,since the software is still under development.

Figure 8.6 (left) shows number of reconstructed t ! 3µ events as a function of pseudorapidity
of the most forward muon. Indeed, with the help of the ME0 detectors, one expects to more
than double the number of reconstructed signal events although not all of them will pass the
final selection. As expected, the additional events with muons at high |h| have worse trimuon
mass resolution (see Fig. 8.6 (right)). Hence, we introduce two event categories: Category 1 for
events with all three muons reconstructed only with the Phase-1 detectors, and Category 2 for
events with at least one “ME0-type” muon.
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Figure 8.6: (Left) Pseudorapidity distribution of most forward muon in reconstructed t ! 3µ
events (pseudorapidity is for GEN-level muon). The shaded area corresponds the pseudora-
pidity range covered by ME0 chambers only. (Right) Average trimuon invariant mass resolu-
tion as a function of pseudorapidity of the most forward muon.

To select events, we employ a special “Tau3mu” muon identification targeting very low mo-
mentum muons, which is further augmented with three additional constraints on trimuon vari-
ables: trimuon vertex fit c2/dof, transverse displacement of the trimuon vertex, and maximum
DR distance among three pairs of muons. These three topological cuts help mitigate back-
ground associated with the high pileup conditions. The selection has about 30% efficiency for
signal events and practically eliminates the pileup contamination.

An analysis of a minbias QCD sample shows that more than 90% of the background is due to
events with B mesons, in which two muons come from B-D cascade decays (i.e. B ! µnD + X,
followed by D ! µn + X). The third reconstructed muon arises from a p/K decay-in-flight
or from an accidental alignment of a charged hadron track with a muon stub in the first muon
station.

In this search, there are no sufficiently powerful discriminating observables that could be used
as constraints. Therefore, we opt for building a discriminant Q as a product of ratios of 1D
signal and background probability density functions for more than a dozen observables, the
most discriminating among which are:

Search for the LFV τ → 3µ decay

• Lepton flavour violating process, predicted BR from SM is < 10-14 

• Possible enhancements by many order of magnitudes foreseen in BSMs  

• Best experimental limit so far given by Belle B(τ→3µ) < 2.1 x 10-8 @90% CL 

• Main sources of τ leptons in pp collisions are Ds decays into τν 

• final state muons have very low momenta and are mainly produced in the forward 
direction  

• only ~1.3% of signal events have all three muons within |η| < 2.4 and p > 2.5 GeV  
(current CMS acceptance) 

• will benefit from the extended η   
coverage of the muon system and the  
improved trigger resolution at low pT
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The available projections do take advantage of  
the new ME0 chambers, but do not exploit the  

full potential of the improved muon reconstruction  
coming from correlation of muon hits in the GEM  

and CSC detectors 
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τ → 3µ analysis and projections

• Events are split into 2 categories based on the pseudorapidity of the most forward muon  

• Dedicated L1 trigger, specialized for the 2 categories (in both cases, m3µ< 3 GeV) 

• Cat. 1: 2 muons (pT> 2 GeV) and one GEM-CSC segment in the first muon endcap station 

• Cat. 2: 1 muon and 2 segments in the first muon endcap station, allowing for ME0 
segments in η = 2.4–2.8 range 

• Dedicated muon identification targeting low momentum muons 

• Analysis based on a discriminant built on the product of ratios of 1D signal and background 
probability density functions for ~ a dozen of observables 
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Cat. 1 Cat. 2

|η| most forward muon < 2.4 > 2.4

average 3µ mass resolution 18 MeV 31 MeV

L1 trigger efficiency 80% 50%

B(τ → 3μ) limit per category 4.3 x 10-9 7.0 x 10-9

combined limit 3.7 x 10-9

300 Chapter 8. Physics performance
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Figure 8.7: (Top) Signal (red) and background (blue) distributions, normalized to unity, for
the final observable ln Q. (Bottom) The expected trimuon mass distribution for signal (red)
and background (blue) events after the requirement on the ln Q observable indicated on the
top plots. The assumed t ! 3µ branching fraction is B(t ! 3µ) = 2 ⇥ 10�8. Background
event fluctuations, nearly invisible, in the bottom plots are emulated for the statistics of events
expected with the full HL-LHC dataset. The left plots are for Category 1 events, the right plots
are for Category 2.

can be re-interpreted as an effective gain in integrated luminosity (4.3/3.7)2 ⇠ 1.35, i.e. from
3000 to ⇠ 4000 fb�1. The 5s-observation sensitivity projected for B(t ! 3µ) is 1.1 ⇥ 10�8.
Should the observed background be different from the present simulation predicts by a factor
k, the stated sensitivities would change by factor

p
k. Once the muon reconstruction in GEM-

CSC tandems becomes available, further improvements of the search sensitivity are expected.

8.1.4 Impact of detector acceptance on background determination in searches

Many new particle search signatures at the HL-LHC can be characterized by the presence of
low momentum and forward leptons. This corner of phase space is also dominated by standard
model backgrounds and will be further complicated by the presence of an average of 200 pileup
events. We illustrate the impact of the muon detector acceptance increase in pseudorapidity
on the understanding of these challenging backgrounds in the context of searches for SUSY
signatures with multi-leptons.

Historically, SUSY has been considered one of the most compelling solutions for the hierarchy
problem. Recently, the focus has moved to natural scenarios, that are not strongly impacted by
the exclusion limits set on coloured sparticles. In natural scenarios with gauge coupling unifica-
tion, the higgsino, bino, and wino are at a few hundred GeV scale or below. A typical spectrum

CMS-TDR-016
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Summary

• The HL-LHC will extend the physics reach of the CMS detector and allow to access very rare 
decays  

• Detector upgrades are necessary to maintain excellent performances on all objects used 
in the analyses and achieve the physics goals 

• the tracker and muon system upgrades enlarge their coverage and improve resolution 

• the L1 track trigger is essential to keep the event rate manageable while retaining  
reasonable efficiency for low pT signals 

• the additional timing layer helps mitigating the pileup effects 

• Perspectives on the analysis side: 

• observation of B0→μ+μ− in excess of 5σ is possible in 3000 fb-1  

• the Phase-II detector performance will allow to measure B(B0→μ+μ−) and the BR ratio with 
precisions of 18% and 21% respectively 

• very forward muon coverage improves limit on τ → 3µ decay as an effective integrated 
luminosity gain of +35%  

• studies ongoing to access new low pT final states thanks to the L1 track trigger
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MTD and pileup mitigation
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Figure 3.2: Number of tracks associated with pileup incorrectly associated with the hard pri-
mary vertex in tt (left) and Z ! µµ (right) events as a function of the pileup density, shown
with (4D vtx) and without (3D vtx) precision timing.
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Figure 3.3: Number of pileup tracks in Z ! µµ events incorrectly associated with the hard
primary vertex as a function of pileup density, shown without and with precision timing for
several different acceptance scenarios, considering tracks within the full Tracker acceptance
(left) and just in the central part (right) of the detector.
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Figure 1.5: A simplified GEANT geometry of the timing layer implemented in CMSSW for simu-
lation studies comprises a LYSO barrel (grey cylinder), at the interface between the Tracker and
the ECAL, and two silicon endcap (orange discs) timing layers in front of the CE calorimeter.

either option.

1.4 Overview of the MIP timing detector
Figure 1.5 shows a simplified implementation in GEANT of the proposed layout integrated
in the CMS detector. The MTD will comprise a barrel and an endcap region, with different
technologies based on different performance, radiation, mechanics and schedule requirements
and constraints:

• Cost effective design over a large area: Performance studies motivate the need of a
hermetic coverage, with time resolution of order 30–40 ps for charged tracks through-
out the detector lifetime.

• Integration constraints: A single layer device between the Tracker and calorimeters,
covering up to |h| ⇠ 3, is imposed by space and integration constraints.

• Granularity: A channel area of order 1 cm2 in the barrel, and varying in the endcaps
down to 3 mm2 at |h| ⇠ 3, yields a good compromise between low time response
spread within a channel, low occupancy and low channel count. The channel occu-
pancy is limited to a few percent, ensuring both a small probability of double hits,
needed for unambiguous time assignment, and a manageable data volume.

• Radiation tolerance: The devices must be able to operate efficiently up to an inte-
grated luminosity of 4000 fb�1, without any maintenance intervention for the barrel
detector, whereas the endcap detector may be accessible during the HL-LHC era.
Table 1.2 shows the expected particle fluence and radiation doses at possible timing
layer locations, between the Tracker and the ECAL calorimeter, and in front of the
neutron moderator of the endcap calorimeter.

• Marginal impact on the Tracker performance and design: The proposed design of the
barrel timing layer requires the outer radius of the tracker to be reduced by up to

8

LYSO barrel (grey cylinder), at the interface 
between the Tracker and the ECAL, and two 
silicon endcap (orange discs) timing layers in 
front of the CE calorimeter. 

https://cds.cern.ch/record/2296612/files/LHCC-P-009.pdf



pileup @HL-LHC

• Spread of the vertices along the beam direction at LHC and HL-LHC with 140 and 200 pileup 
events 

• Probability density function of the vertex density along the beam axis
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ties above 1 mm�1. The resulting degradation in resolutions, efficiencies, and misidentification
rates at 200 pileup events impacts on several measurements [2, 6]. While measurements relying
on isolated objects will suffer mainly from an acceptance reduction, measurements relying on
the missing transverse momentum (pmiss

T ) resolution or jet counting are significantly affected.
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Figure 1.1: Spread of the vertices along the beam direction at LHC and HL-LHC with 140 and
200 pileup events. The solid (dashed) line refers to the start (end) of the fill (left). Probability
density function of the vertex density along the beam axis: the modes and the means of the
three distributions are 0.3, 1.2, and 1.9 mm�1 and 0.2, 0.9, and 1.4 mm�1 (right).

The timing upgrade of the CMS detector will improve the particle-flow performance at high
pileup to a level comparable to the Phase-1 CMS detector, exploiting the additional informa-
tion provided by the precision timing of both tracks and energy deposits in the calorimeters.
In the time domain, pileup collisions at the HL-LHC will occur with an RMS spread of approx-
imately 180–200 ps within the 25 ns bunch crossing structure of the colliding beams, constant
during the fill and uncorrelated with the line spread. If one imagines slicing the beam spot
in consecutive time exposures of 30 ps, the number of vertices per exposure drops down to
current LHC pileup levels. A time resolution of this size, therefore, would reduce the ‘effective
multiplicity’ of concurrent collisions to a level comparable to the LHC, thereby recovering the
Phase-1 quality of event reconstruction. The essential basis for the proposed concept is that the
time information from charged tracks is exploited in a space-time reconstruction of tracks and
vertices. Moreover, the time information from photons extracted from calorimeters is matched
with time information from the vertices. At the hardware level, this approach requires a ded-
icated detector for precision timing of minimum ionizing particles (MIPs), in addition to the
enhanced timing capabilities of the calorimeters [1]. At the software level, it requires the devel-
opment of algorithms to integrate the time information in particle-flow reconstruction, and to
exploit that information in the offline analyses and in the high level trigger.

The event display in Fig. 1.2 (left panel) visually demonstrates the power of space-time re-
construction in 200 pileup collisions, using a time-aware extension (4D) of the deterministic
annealing technique adopted in vertex reconstruction by the CMS experiment [7]. According
to simulation, instances of vertex merging are reduced from 15% in space to 1% in space-time.
Another quantitative measure of the performance improvement is shown in the right panel of
Fig. 1.2, showing the rate of tracks from pileup vertices incorrectly associated with the hard
interaction vertex as a function of the line density of vertices. The rate of incorrect associations
increases with the line density, as vertices start to overlap within the optimal selection window.
The addition of track-time information with 30 ps precision reduces the wrong associations to
a level comparable to those observed without timing at the LHC vertex density of to about
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Phase-1 quality of event reconstruction. The essential basis for the proposed concept is that the
time information from charged tracks is exploited in a space-time reconstruction of tracks and
vertices. Moreover, the time information from photons extracted from calorimeters is matched
with time information from the vertices. At the hardware level, this approach requires a ded-
icated detector for precision timing of minimum ionizing particles (MIPs), in addition to the
enhanced timing capabilities of the calorimeters [1]. At the software level, it requires the devel-
opment of algorithms to integrate the time information in particle-flow reconstruction, and to
exploit that information in the offline analyses and in the high level trigger.

The event display in Fig. 1.2 (left panel) visually demonstrates the power of space-time re-
construction in 200 pileup collisions, using a time-aware extension (4D) of the deterministic
annealing technique adopted in vertex reconstruction by the CMS experiment [7]. According
to simulation, instances of vertex merging are reduced from 15% in space to 1% in space-time.
Another quantitative measure of the performance improvement is shown in the right panel of
Fig. 1.2, showing the rate of tracks from pileup vertices incorrectly associated with the hard
interaction vertex as a function of the line density of vertices. The rate of incorrect associations
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Timing from the upgraded ECAL barrel
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156 Chapter 9. Detector performance

vs ECAL hit energy after 300, 1000, 3000, and 4500 fb�1. The noise contribution is lower than
the target time resolution of 30 ps for pulses with 20–25 GeV at the start of HL-LHC (300 fb�1)
and for pulses with 50–90 GeV at the end of HL-LHC (3000 fb�1), where the range expressed
corresponds to |h| = 0 and |h| = 1.45, respectively.
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Figure 9.18: Noise contribution to time resolution for ECAL hits after 300, 1000, 3000, and
4500 fb�1. Left: |h| = 0. Right: |h| = 1.45.

9.5 Phase-2 electron/photon Level-1 trigger performance
The electron and photon trigger algorithms for Phase-2 will use information from the electro-
magnetic calorimeter as well as from the tracking detectors. The algorithms, to be implemented
in firmware, should be sufficiently simple and fast such that the latency for trigger processing
does not exceed ⇠ 4 µs when using stand-alone calorimeter information, or ⇠ 6.5 µs using
combined tracking and calorimeter information. The algorithm should preserve the ability
to reconstruct electromagnetic clusters with pT above a few GeV with high efficiency (95% or
greater above 10 GeV) as well as achieve high spatial resolution which should be as close as
possible to the offline reconstruction.

Following the upgrade of both on-detector and off-detector electronics for the barrel calorime-
ters in Phase-2, the EB will provide energy measurements with a granularity of (0.0174, 0.0174)
in (h, f), as opposed to the current input to the Phase-1 trigger consisting of trigger towers
with a granularity of (0.087, 0.087). The much finer granularity and resulting improvement
in position resolution of the electromagnetic trigger algorithms is critical in improving elec-
tron/photon trigger efficiency and suppressing background at high pileup.

The algorithm currently assumed for the Phase-2 Level-1 electron/photon (EG) trigger follows
closely the one used in Phase-1 offline reconstruction and physics analyses, albeit with a num-
ber of simplifications required by trigger latency constraints. A core cluster is defined as a set
of 3h ⇥ 5f crystals around a seed crystal with pT above 1 GeV, with a possible further extension
along the f direction to take into account bremsstrahlung energy losses. The cluster position is
determined as the energy-weighted sum of the individual crystals within the cluster. Level-1
EG candidates are required to be isolated. The relative isolation of each cluster is calculated us-
ing the sum of energy in a 27 ⇥ 27 crystal matrix around the seed crystal divided by the cluster

With proper attention to clock distribution, reduced 
shaping time, and high ADC sampling rates (160 MHz), 
can achieve ∼ 30 ps time resolution for 30 GeV photons at 
high integrated luminosity (limited by S/N of existing 
APD photo-detectors) 

ECAL barrel

CMS-TDR-015
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L1 tracker performance
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Leakage of Bs → µµ into the B0->µµ signal 
region as a function of pseudorapidity

Mass distributions for Bs → μμ and B0 → μμ 
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CMS tracker layout
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Chapter 2

Overview of the Phase-2 Tracker Upgrade

2.1 Limitations of the present tracker
The present strip tracker was designed to operate with high efficiency at an instantaneous lu-
minosity of 1.0 ⇥ 1034 cm�2s�1, with an average pileup of 20–30 collisions per bunch crossing,
and up to an integrated luminosity of 500 fb�1. The tracker is indeed performing very well
at current instantaneous luminosities that are well above the design value. Performance will
however degrade due to radiation damage beyond 500 fb�1. The original pixel detector has al-
ready been replaced with a new device, the “Phase-1” pixel detector [17], during the extended
year-end technical stop (EYETS) 2016/2017. As the instantaneous luminosity exceeded the
original design value and is projected to increase further prior to LS3, this upgrade was needed
to address dynamic inefficiencies in the readout chip at high rates. One quarter of the layout of
the Phase-1 tracker is shown in Fig. 2.1. The radial region below 200 mm is equipped with pix-
elated detectors. Beyond 200 mm, the present tracker features single-sided strip modules and
double-sided modules composed of two back-to-back silicon strip detectors with a stereo angle
of 100 mrad. Double-sided modules provide coarse measurements of the z and r coordinates
in the barrel and endcaps, respectively. The tracking system was designed to provide coverage
up to a pseudorapidity of |h| ⇡ 2.4.

Before the start of the HL-LHC both the strip tracker and the Phase-1 pixel detector will have
to be replaced due to the significant damage and performance degradation they would suffer
during operation at the HL-LHC, and to cope with the more demanding operational conditions.
The performance degradation has been studied extensively and is documented in the Technical
Proposal for the CMS Phase-2 Upgrade [13, 18].
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Figure 2.1: Sketch of one quarter of the Phase-1 CMS tracking system in r-z view. The pixel
detector is shown in green, while single-sided and double-sided strip modules are depicted as
red and blue segments, respectively.
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Tracker Upgrades

Upgraded tracking detectors to cope with increased radiation
hardness and occupancy demands

Rapidity coverage of inner tracker (pixel detector) extended to
|eta| = 4

Addition of hardware track trigger capabilities

Josh Bendavid (CERN/LPC) CMS HL-LHC 7

Phase I CMS tracker

Phase II CMS tracker


