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Outline
• CMS physics goals for HL-LHC
• Detector challenges for HL-LHC

- longevity and performance 

• The CMS Phase II upgrade programme
- replacement of detector components

- enhanced trigger functionality

• Timeline and summary
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The LHC/HL-LHC programme
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LHC (Phase 1)
L ≤ 2x1034 cm-2s-1, <PU>max ~ 50

HL-LHC (Phase 2)
L = 5x1034 cm-2s-1 (levelled), <PU>max ~ 140

• LHC operation up to LS3 (2023)
- 25ns bunch spacing, √s close to 14 TeV; instantaneous luminosities up to 2x1034 (2x design); 

accumulate ~300fb-1 by 2023

• HL-LHC operation beyond LS3 (2025+)
- new low-β triplets and crab-cavities to optimize the bunch overlap at the interaction region
- level the instantaneous luminosity at 5 × 1034 from a potential  peak value of 2 × 1035;  deliver 

~250 fb−1 per year for a further 10 years of operation. 



HL-LHC physics goals
• Study properties of newly-discovered Higgs boson

- Precision measurement of couplings, including Higgs self-coupling

• Searches for new physics
- SUSY and multi-TeV particle searches

• Improved precision of top and electroweak measurements
- reduce the systematic uncertainty on Higgs boson measurements
- potential probes of subtle new physics effects.
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Figure 23: The minimum cross section times branching ratio for discovery as function of dielec-
tron (left) and dimuon (right) mass for various luminosity scenarios. For the dielectron search,
various luminosity and detector scenarios are considered, where the “EB-EB only” lines repre-
sent the reduced acceptance scenario in which electrons are reconstructed in the ECAL barrel
only.

including 90% geometrical acceptance. The primary source of background is the off-peak, high
transverse mass tail of the Standard Model W ! `n decays. Other backgrounds are negligible
at high MT, which is the dominant region to set the upper limits on the model parameters.
The background predictions are based on simulations up to very high transverse masses. Both
signal and background are generated using MADGRAPH 4.5.1.

The signal parameter in case of a discovery is determined using the profile likelihood method
by generating toy experiments. To assume a discovery, the median likelihood is required to be
less than 5s. The electron and muon channel are treated separately and their likelihoods are
combined.
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Figure 24: Projection of the 5s discovery reach for
p

s = 14 TeV for the sequential standard
model W0 .

The resulting discovery sensitivity on the W0 mass as a function of integrated luminosity is

16 4 Higgs Boson Properties

fusion and via vector-boson fusion production [30–32]. The dimuon events can be observed as
a narrow resonance over a falling background distribution. The shape of the background can
be parametrized and fitted together with a signal model. Assuming the current performance of
the CMS detector, we confirm these studies and estimate a measurement of the hµµ coupling
with a precision of 8%, statistically limited in 3000 fb�1.

0.00 0.05 0.10 0.15

CMS Projection

Expected uncertainties on
Higgs boson couplings

expected uncertainty

γκ

Wκ

Zκ

gκ

bκ

tκ

τκ

 = 14 TeV Scenario 1s at  -1300 fb
 = 14 TeV Scenario 2s at  -1300 fb

0.00 0.05 0.10 0.15

CMS Projection

Expected uncertainties on
Higgs boson couplings

expected uncertainty

γκ

Wκ

Zκ

gκ

bκ

tκ

τκ

 = 14 TeV Scenario 1s at  -13000 fb
 = 14 TeV Scenario 2s at  -13000 fb

Figure 12: Estimated precision on the measurements of k

g

, kW , kZ, kg, kb, kt and k

t

. The pro-
jections assume

p
s = 14 TeV and an integrated dataset of 300 fb�1 (left) and 3000 fb�1 (right).

The projections are obtained with the two uncertainty scenarios described in the text.

0.00 0.05 0.10 0.15

CMS Projection

Expected uncertainties on
Higgs boson signal strength

expected uncertainty

γ γ →H 

 WW→H 

 ZZ→H 

 bb→H 

τ τ →H 

 = 14 TeV Scenario 1s at  -13000 fb

 = 14 TeV No Theory Unc.s at  -13000 fb

0.00 0.05 0.10 0.15

CMS Projection

Expected uncertainties on
Higgs boson couplings

expected uncertainty

γκ

Wκ

Zκ

gκ

bκ

tκ

τκ

 = 14 TeV Scenario 1s at  -13000 fb

 = 14 TeV No Theory Unc.s at  -13000 fb

Figure 13: Estimated precision on the signal strengths (left) and coupling modifiers (right).
The projections assuming

p
s = 14 TeV, an integrated dataset of 3000 fb�1 and Scenario 1 are

compared with a projection neglecting theoretical uncertainties.

4.5 Spin-parity

Besides testing Higgs couplings, it is important to determine the spin and quantum numbers
of the new particle as accurately as possible. The full case study has been presented by CMS
with the example of separation of the SM Higgs boson model and the pseudoscalar (0�) [7].
Studies on the prospects of measuring CP-mixing of the Higgs boson are presented using the
H! ZZ⇤ ! 4l channel. The decay amplitude for a spin-zero boson defined as

A(H ! ZZ) = v�1
⇣

a1m2
Ze

⇤
1e

⇤
2 + a2 f ⇤(1)

µn

f ⇤(2),µn + a3 f ⇤(1)
µn

f̃ ⇤(2),µn

⌘
. (2)

Higgs couplings:  300→3000fb-1

precision improves by factor of 2-3

 

Z’,W’ searches:  300→3000fb-1 
reach improves by 1 TeV

 



Detector challenges
• Ability to survive up to 3000 fb-1, and to 2035
• Ability to operate at 140 PU
• Ability to offer similar performance at 140 PU, 

3000 fb-1 as current detector in Run I
• Maintain current trigger acceptance for HL-

LHC conditions
- Need to maintain lowest possible trigger and 

analysis thresholds
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CMS Phase I detector
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1
2 3 4

5

2
3

3

1) Pixel and Tracker
2) Electromagnetic calorimeter (barrel, endcap)
3) Hadronic calorimeter (barrel, endcap, forward)
4) Superconducting solenoid (3.8T)
5) Muon detectors and flux return yoke

Designed to operate for 10 years, L~1034,  ∫Ldt=500fb-1.



Scope of the CMS Upgrades
• New tracker/pixel detectors and forward calorimeters with:

- enhanced radiation tolerance, granularity

- extended eta coverage for tracking (and calorimetry) up to |η|=4 

• Enhanced Level-1 trigger functionality
- Hardware track trigger at level-1; matching of tracks and calo/muon 

objects → maintain low thresholds at HL-LHC luminosities

- Larger on-detector latency required (12.5μs) for hardware track finding

- Implies consequent replacement of FE electronics in various sub-detectors. New FE readout 
allows for finer granularity L1 trigger input.

- Higher L1 trigger and HLT accept rates (5-10x phase 1 rate) 

- New endcap muon stations to improve muon trigger acceptance
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Tracker - longevity
• Tracker and pixel detectors will experience significant ageing effects in Phase II 

- PIXEL: radiation damage affects charge collection efficiency and Lorentz Angle: worse hit 
resolution (factor of 2) after 500 fb-1; bandwidth limitations: 7% data loss in 1st pixel layer 
at 140 PU

- OUTER TRACKER: increasing number of non-operational modules (leakage current), 
significantly degraded tracking performance (efficiency,fake rates)

→ both must be replaced during LS3
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Figure 1: Map of non-functional modules (in blue) after an integrated luminosity of 1000 fb�1,
for the achievable minimum coolant temperature of �20�C.
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Figure 2: Left: e�ciency for pT = 10 GeV muons as a function of pseudorapidity for the Phase-1
detector before and after the Outer Tracker has been aged by an equivalent of 1000 fb�1. Center:
same plot for charged particles from tt̄ events for which the particles have pT > 0.9 GeV and are
produced within 3.5 cm of the interaction region (in the transverse direction). Right: fake rate,
the fraction of reconstructed tracks that are not matched to a simulated charged particle for the
same selection of particles in tt̄ events.

75� 95% after 1000 fb�1 at 140 PU. The e�ciency for tracks from tt̄ events with pT > 0.9 GeV
drops from above 85� 95% to 50� 80%, while the single track fake rate increases from less than
5% to 12 � 45%. Reducing such fake rate can only be achieved by requiring more hits on each
track, thereby further reducing the e�ciency for finding real tracks.

The e�ciency loss decreases the physics reach of most searches for new physics, diminishes the
e↵ectiveness of high-pT lepton isolation criteria, and degrades jet energy and missing transverse
energy (MET) resolution. Fake tracks cause biases and resolution degradation in jet energy
measurements, increase background levels, and adversely a↵ect high-pT lepton isolation criteria.

CMS also makes profitable use of tracks below 0.9 GeV in the Global Event Description [5],
although the track finding e�ciency progressively decreases at very low momentum. In the low
end of the moment range, the performance degradation in the aged detector is even larger, with
the fake rate reaching close to 70% in certain rapidity regions.
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for the achievable minimum coolant temperature of �20�C.
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75� 95% after 1000 fb�1 at 140 PU. The e�ciency for tracks from tt̄ events with pT > 0.9 GeV
drops from above 85� 95% to 50� 80%, while the single track fake rate increases from less than
5% to 12 � 45%. Reducing such fake rate can only be achieved by requiring more hits on each
track, thereby further reducing the e�ciency for finding real tracks.

The e�ciency loss decreases the physics reach of most searches for new physics, diminishes the
e↵ectiveness of high-pT lepton isolation criteria, and degrades jet energy and missing transverse
energy (MET) resolution. Fake tracks cause biases and resolution degradation in jet energy
measurements, increase background levels, and adversely a↵ect high-pT lepton isolation criteria.

CMS also makes profitable use of tracks below 0.9 GeV in the Global Event Description [5],
although the track finding e�ciency progressively decreases at very low momentum. In the low
end of the moment range, the performance degradation in the aged detector is even larger, with
the fake rate reaching close to 70% in certain rapidity regions.
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Non-operational channels after 
1000fb-1 @-20C

Tracking efficiency and fake rate 
degradation



Tracker upgrade - requirements
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• Longevity and radiation tolerance
- to 3000fb-1, radiation tolerance up to 2e16 neq/cm2 in pixel region
- preserve capability to replace pixel detector during machine shutdown periods

• Increased granularity and two-track separation
- to maintain performance in high pileup environment

- smaller pixels, occupancy O(1%) at 140 PU

• Reduced material budget and high eta extension
- improve low pT tracker performance and calorimeter resolution 
- coverage to |η|=4 (PU mitigation in jets)

• Participation in trigger upgrade
- Satisfy latency and rate requirements of L1 trigger upgrade (12.5μs, 

~500kHz)
- Outer tracker to provide track seeds for L1 trigger decision



Tracker upgrade - design
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Figure 4: Sketch of one quarter of the Tracker Layout. Outer Tracker: blue lines correspond to
PS modules, red lines to 2S modules (see text). The Pixel detector, with forward extension, is
shown in green.

Figure 5: (a) Correlation of signals in closely-spaced sensors enables rejection of low-pT particles;
the channels shown in light green represent the “selection window” to define an accepted “stub”.
(b) The same transverse momentum corresponds to a larger distance between the two signals
at large radii for same sensor spacing. (c) For the end-cap disks, a larger spacing between the
sensors is needed to achieve the same discriminating power as in the barrel at the same radius.
The acceptance window can therefore be tuned along with the sensor spacing to achieve the
desired pT filtering in di↵erent regions of the detector.

introduced. The boundary between the two detectors is at around R = 20 cm, the same location
as the interface between the Pixel detector and the Strip detector in the present configuration of
CMS. A sketch of one quadrant of the Phase-2 Tracker layout is shown in Fig. 4.

1.3 The Pixel detector

The requirement of radiation tolerance is particularly demanding for the Pixel detector, as shown
above in Fig. 3. Preliminary studies show that good results can be obtained by using thin
planar silicon sensors, segmented into very small pixels. With such a configuration the detector
resolution is much more robust with respect to radiation damage than the present detector, where
the precision relies on the ability to reconstruct the tails of the charge deposited in a 300 µm thick

6

Pixel detector, with eta extension

Outer Tracker, with PS and 2S modules 

Phase 1 pixel

Material budget

Outer Tracker significantly lighter than Phase 1 detector

2.4. Performance estimates 45

Figure 2.21: Number of hits (left) and radiation length (right) versus h for the Phase-2 Tracker
and the Phase-1 Tracker. The radiation length distribution is shown for the tracking acceptance
of the Phase-1 Tracker, and reflects only the material inside the tracking volume; the expected
contribution of the Phase-1 pixel detector (hashed histogram) is provisionally used also for the
Phase-2 Tracker.

number of modules, active surface, number of channels, power consumption, total weight etc.2194

The software also calculates the total radiation length and interaction length as a function of2195

rapidity, and hence the expected fraction of interacting particles and photon conversions.2196

The Phase-2 Tracker offers a significantly extended tracking acceptance compared to the Phase-2197

1 Tracker, with slightly fewer hits per track over the common h range (see Fig. 2.21 left).2198

The inactive material inside the tracking volume is substantially reduced, as shown in the right2199

plot of Fig. 2.21, where the distribution of radiation length versus h for the Phase-1 Tracker is2200

compared to that expected for the current model of the Phase-2 Tracker.2201

For the current Tracker, the peak observed in the rapidity region 1.0 < h < 1.5 has two main2202

components: the printed circuit boards and the related electrical interconnections implement-2203

ing the control electronics, that are located at the end of the barrels, and the conductors bringing2204

the current to the FE electronics, that have a large cross section and are crossed five times in that2205

rapidity range due to the specific detector layout, with a shorter Inner Barrel complemented by2206

Inner Disks.2207

In the Phase-2 Tracker there is no dedicated control electronics, since the control functionalities2208

are integrated with the readout in a single optical data link; the cross section of the conductors2209

for the Front-End powering is substantially reduced all the way to the individual modules,2210

thanks to implementation of DC/DC converters on the Service Hybrids; moreover, all barrel2211

layers have the same length. In the Phase-2 Tracker the material of the modules is the main2212

contributor to the total material of the detector, and the steady increase of the radiation length2213

distribution up to h ⇡ 2.3 is mostly due to the inner layers of the TBPS, which are traversed at2214

low incident angles by high rapidity tracks emerging from the LHC collisions: this motivates2215

the study of the tilted TBPS geometry, which could mitigate that effect.2216

The software also gives the map of expected leakage current in the sensors after irradiation,2217

taking fluence maps generated with FLUKA [13]) as input. The map is then used for the op-2218



Pixel detector
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irradiation results on charge 
collection efficiency
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Figure 6: Left: signal charge and leakage current measured in planar n-in-p strip structures in
di↵erent material and technologies, after irradiation to 1.3 · 1016 neq cm�2 with 23 GeV protons
and annealing equivalent to 650 hours at room temperature. Right: signal charge in 3D n-in-p
pixel structures from di↵erent vendors and with di↵erent column configurations, before irradiation
(dashed lines) and after irradiation up to 5 · 1015 neq cm�2 (solid lines).

Figure 7: Left: sketch of the on-detector pixel electronics system, shown for barrel configuration.
Right: bump-bonding grid applied to di↵erent pixel aspect ratios and sizes.

even at the innermost radii, and show the clear advantage of 3D silicon in regard to low bias
voltage. The final choice will take into account performance and radiation tolerance, as well as
the expected sensor cost and yield.

2.2 Readout electronics

The general concept for the implementation of the pixel Front-End electronics system is illustrated
in the sketch of Fig. 7 (left), for a typical barrel layout. Hybrid pixel detector modules are made
from multiple pixel Read-Out Chips (ROC) bump-bonded to a single pixel sensor. Readout and
control signals plus power are connected to the ROCs with wire bonding to a thin and light
Printed Circuit Board (PCB) glued on the back side of the pixel sensor. Low mass cables connect
the pixel modules to the global readout, control and powering systems. The heat generated by
the pixel chips and sensor is evacuated via a heat distribution layer to thin CO2 cooling pipes.
The optional use of Through Silicon Vias (TSV), to get readout signals and power of the ROC
out from its back side will also be investigated to build more compact pixel detector modules
with less inactive surface and material. In that case the PCB would be located on the back side
of the pixel ROCs, to which it would be connected via coarse pitch bump-bonding.
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2.2 Readout electronics 
!  Chip: 

"  Target pixel size of 50×50 µm2 

#  Staggered bumps: possibility to bond to sensor with 25×100 µm2 pixels 
#  Possibility to switch off ½ or ¾ pixels: outer regions with pixels of 100×100 µm2 or 50×200 µm2  

"  Candidate technology 65 nm CMOS TSMC 
"  Common development with ATLAS, up to a full-size demonstrator 
"  RD53 Collaboration established, R&D ongoing Ju

ly
 9

, 2
01

4 
D

. A
bb

an
eo

 

15 

2 The Pixel Detector 

• R&D ongoing for suitable silicon 
sensor technology:

- thinner silicon with smaller pixels
- n-in-p design studies ongoing
- 3D sensors being investigated for inner 

regions

• Readout:
- target pixel size: 50x50μm2 or 

25x100μm2 (factor of 6 smaller than current pixel)

- 65nm CMOS technology - multiple 
readout chips bump-bonded to single 
pixel sensor

- Common development with ATLAS
- RD53 collaboration 
- full-scale prototype planned



Outer Tracker
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Figure 15: Exploded view of the 2S module components (left), 3D view of the assembled module
(upper right), and a sketch of the FE Hybrid folded around its support (lower right). The module
is mounted on five cooling elements on the mechanical support structure.

a comfortable margin with respect to the design specifications of the overall system.
Despite the di↵erent sizes and functionalities of 2S and PS modules, several common solutions

are used in both. The sensors are glued to carbon-fibre reinforced aluminium (Al-CF) elements
that serve as supports and spacer while also playing a key role in the thermal management of the
module. The Al-CF material has low density, high thermal conductivity, and most importantly
a low coe�cient of thermal expansion (CTE) of 4 ppm/K, which, in combination with the sym-
metric design of the sensor sub-assembly, results in minimal stress and deformation of the sensors
when operated at low temperatures. Since Al-CF is electrically conductive, all surfaces of the
supports will be electrically insulated by means of parylene coating.

The sensor sub-assembly is then combined with the module electronics as outlined below for
the two module types. The development of the designs has been guided by detailed Finite Element
Analysis (FEA) of their thermal performance. The concepts chosen enable the di↵erent sensor
spacings to be incorporated with minimal or no impact on the design of the active components.

3.3.1 Design of the 2S Module

An exploded CAD view of the 2S module is shown in Fig. 15, for the version with 4.0 mm sensor
spacing. The sensors are glued to two long Al-CF spacers. The ends of the spacers, which extend
beyond the sensors, house the mounting holes of the module, and additional Al-CF tabs that
provide support and cooling contacts to the FE Hybrids and the Service Hybrid. All hybrids use
flex circuits that are glued onto carbon fiber supports (see Section 3.2). As shown in the sketch
of Fig. 15, the FE Hybrid is folded around a foam spacer enabling wire bond connections from
both sensors to the FE Hybrid. The FE Hybrid support is designed to give minimal clearance
between the Hybrid and the sensors, to facilitate the encapsulation of the bond wires.

Biasing of the sensors provided by flexible tails that are glued and wire bonded to the back
side of each sensor. These tails extend out from the sensors and are plugged into miniature
connectors on the bottom of the Service Hybrid. Due to the power dissipation of the active
components on the Service Hybrid, an extra Al-CF short spacer is placed between the sensors
on the Service Hybrid side of the module to optimize the cooling performance. The 2S module
is therefore mounted on five cooling blocks, of which two are used for precise positioning of the
module on the support structure (see Section 3.4).
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Figure 16: Exploded view of the PS module components (left), 3D view of the assembled mod-
ule(upper right), sketch of the FE Hybrid folded around its support (lower right). The base plate
is glued onto a flat surface on the support structure that is kept cold during operation.

3.3.2 Design of the PS Module

The PS module has several specific features that impact the module design. The pixelated sensor
has the readout chips bump-bonded onto it, covering the entire sensor surface. The sensor and
chips will be bump-bonded first, and then handled as a single component in the module assembly.
The pixelated sensor plus chips has a large heat dissipation, spread over the entire sensor surface.
Therefore, nlike the 2S module, the PS module cannot be e�ciently cooled through a few small-
area contacts. As shown in Fig. 16, a carbon fibre reinforced polymer (CFRP) base plate is
employed as a carrier for all module components and as a more robust interface to the cooling
structure. The sensor sub-assembly is attached to this base plate via a large area glue joint to
provide the thermal path for the heat dissipated in the sensors and the MPA chips.

The sketch of Fig. 16 shows a schematic detail of the flex FE Hybrid. The Hybrid is supported
by CFRP strips and is folded around Al-CF spacers in order to bring the surface of the Hybrids
with the bond pads to the same level as the bond pads on the strip sensor and on the periphery
of the MPAs. The Al-CF spacer with the attached FE Hybrids are glued to the tabs of the base
plate.

As explained in Section 3.2.4, the powering and readout link functions of the PS module are
implemented in two small flex circuits, located on opposite sides of the sensors. The Power Hybrid
is glued directly to the surface of the base plate in order to maximize the e�ciency of the cooling
contact, while the Optical Link Hybrid is mounted on a spacer in order to raise its surface to the
level of the FE Hybrids to facilitate wire bonding. The power for the FE Hybrids and the bias
voltage are distributed from the Power Hybrid via flexible tails.

The CFRP base plate is equipped with two holes that are used to precisely position the
module on the support and cooling structure. The low impedance thermal interface between the
module and the cooling structure is established via phase change thermal interface glues that
allow for the dismounting of modules for repair or replacement prior to the final installation in
the Tracker.
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2S module + FE hybrid design
90 μm x 5 cm strips, no z readout

PS module + FE hybrid design
1st sensor: 100 μm x 2.5 cm strips

2nd sensor: 100 μm x 1.5 mm macro-pixels (z readout)

• Module design
- Two variants: “two-strip” modules 

(R>60cm) and “pixel-strip” (R<60cm) 
modules 

- 2S and PS modules provide “track 
stubs” for use in L1 track trigger @ 40 
MHz

- “pT modules” reject low momentum fake 
tracks → reduce data volume by x10

-

PS and 2S modules
regional coincidence of hits in two closely-spaced sensors 

to reduce fakes from low momentum (pT<2 GeV) tracks
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Figure 4: Sketch of one quarter of the Tracker Layout. Outer Tracker: blue lines correspond to
PS modules, red lines to 2S modules (see text). The Pixel detector, with forward extension, is
shown in green.

Figure 5: (a) Correlation of signals in closely-spaced sensors enables rejection of low-pT particles;
the channels shown in light green represent the “selection window” to define an accepted “stub”.
(b) The same transverse momentum corresponds to a larger distance between the two signals
at large radii for same sensor spacing. (c) For the end-cap disks, a larger spacing between the
sensors is needed to achieve the same discriminating power as in the barrel at the same radius.
The acceptance window can therefore be tuned along with the sensor spacing to achieve the
desired pT filtering in di↵erent regions of the detector.

introduced. The boundary between the two detectors is at around R = 20 cm, the same location
as the interface between the Pixel detector and the Strip detector in the present configuration of
CMS. A sketch of one quadrant of the Phase-2 Tracker layout is shown in Fig. 4.

1.3 The Pixel detector

The requirement of radiation tolerance is particularly demanding for the Pixel detector, as shown
above in Fig. 3. Preliminary studies show that good results can be obtained by using thin
planar silicon sensors, segmented into very small pixels. With such a configuration the detector
resolution is much more robust with respect to radiation damage than the present detector, where
the precision relies on the ability to reconstruct the tails of the charge deposited in a 300 µm thick

6
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irradiation results on charge 
collection efficiency

• Extensive R&D programme ongoing to find 
suitable silicon sensor technology:

- FZ or MCz material, 200μm active thickness, n-in-p 
favoured

• Evaporative CO2 Cooling
- need to dissipate ~100 kW, joint development with 

ATLAS. Based on development of Phase I Pixel

• Readout:
- auxiliary electronics (power, optical links) integrated on 

module. Prototyping mechanical designs
- track finding being explored using fast FPGAs (with 

associative memories)
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Figure 2.11: Charge collected on the seed strip (strip with the highest signal in a cluster) vs.
fluence for 600 V biasing at �20� C after short annealing (50 h to 250 h) at room temperature,
for sensor thickness of 320 µm (left) and 200 µm (right). Lines are drawn to guide the eye.

2.3.1.2 Summary of main results1639

• Charge collection. The measurements of the charge collection (CC) of 300 µm thick FZ sen-1640

sors confirmed the observation from [? ] that strip sensors with collection of holes for signal1641

generation have greater degradation than sensors with collection of electrons for signal gener-1642

ation. This has also been found to be true for thin sensors (Fig. 2.11). In addition, irradiated1643

sensors with n-type bulk have shown non-Gaussian noise, resulting in an irreducible rate of1644

fake hits, that would in some cases be as large as the expected signal occupancy. Device sim-1645

ulations [39] have shown that irradiated p-in-n strip sensors develop high electric fields at1646

the strip edges that intensify with increasing accumulation of oxide charge. The electric fields1647

around the strips in n-in-p sensors are instead reduced by higher oxide charge, which makes1648

them more robust with respect to effects such as breakdown, noise or micro-discharge after1649

heavy irradiation with charged particles.1650

• Annealing. As shown in Fig. 2.12, the CC for thin sensors biased to 600 V does not degrade1651

with the annealing time. It is therefore possible to exploit the annealing of the volume gener-1652

ated current, with no significant loss of signal. There is still higher CC at 1.5 · 1015 neq cm�2
1653

with thicker sensors, but the additional charge decreases with annealing time. One striking1654

result is that MCz material shows very small annealing effects, both in CC and full depletion1655

voltage. Samples indicated as “dd-FZ” in the figure (deep-diffused FZ) are made of FZ ma-1656

terial with very deep back-side doping, in this case to a depth of 120 µm, reducing the active1657

thickness to 200 µm, for a physical thickness of 320 µm.1658

• Strip isolation. In order to implement electron read-out of n-doped strips, an isolation tech-1659

nique involving p-doped elements between the strips has to be defined (or developed). The1660

solutions that have been investigated are: a moderate p-doped layer (“p-spray”) and highly1661

p-doped structures surrounding the strips (“p-stops”). After a fluence of 1.5 · 1015 neq cm�2
1662

both solutions have shown to preserve a high inter-strip resistance of more than ten times the1663

bias resistance as is required for good localization of the signal charge.1664

All other strip parameters studied showed no significant deterioration after irradiation.1665



Calorimeters - longevity
• ECAL and HCAL endcaps (|η|>1.48) will suffer significant radiation 

damage after 500fb-1 and will need to be replaced during LS3

- ECAL: loss of light transmission in PbWO4 crystals caused by hadron irradiation. 
Cumulative, no recovery at room temperature.

- HCAL: loss of signal response from plastic scintillator tiles + WLS fibre

14
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HB/HE Longevity
● The scintillator in the HB and HE suffers 

from signal loss under irradiation due to 
darkening and loss of scintillation.

● Projecting the laser measurements 
results from HE from 25 fb-1 to 1000 fb-1, 
much of the HE will give no signal, 
requiring the replacement of the active 
material

● For the HB, some of the scintillator megatiles 
will be replaced during LS3 to retain 
performance to 3000 fb-1

HB

HE

Predicted HCAL Endcap signal response 
after 1000fb-1 versus active layer and η

500 fb-1

3000 fb-1
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• ECAL Barrel:
- Small light transmission losses (<50%) after 3000fb-1 → Barrel will not be replaced for HL-LHC
- APD dark current increase - mitigated by APD cooling (18→8°C) 
- FE electronics must be replaced in LS3 to satisfy trigger requirements (rate, latency)

• ECAL Preshower:
- Current electronics inconsistent with L1 rate/latency requirements → Preshower will be 

removed prior to HL-LHC operation

• ECAL Endcaps:
- Large light transmission losses → Endcaps will be replaced during LS3
- Radiation tolerant replacement designs with finer granularity to be less sensitive to pileup 

fluctuations

• HCAL Endcaps:
- Replacement of brass absorber and active scintillator material during LS3

- new HCAL endcaps to be constructed on the surface together with the replacement ECAL endcaps

more details in Marco Peruzzi’s talk
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Shielding

Printed 
Circuit Board

Si Sensors

Readout Chip Cu

Cooling pipe
Pb Stainless Steel

Air gap

Figure 3.39: Left: Module, consisting of printed circuit board, silicon sensor, and baseplate.
Right: Sketch of modules mounted either side of a copper and tungsten absorber/cooling plate,
showing the longitudinal arrangement in a double layer.

fluence expected where they are located. As mentioned previously, the cell sizes are adjusted3579

so as to limit the cell capacitance to about 50 pF. Table 3.5 shows the regions of the E-HG and3580

H-HG where the different active thicknesses are used, together with the maximum neutron3581

fluence expected after 3000 fb�1, the cell sizes, and the expected signal-to-noise ratio, S/N,3582

for a mimimum-ionizing particle signal, mip, after 3000 fb�1. The regions are specified by3583

pseudorapidity, h, in the case of E-HG and by the radius, R, measured from the beam axis in3584

the case of H-HG.3585

Table 3.5: Silicon sensor arrangement: thickness of active silicon layer in E-HG and H-HG, with
the associated cell size and S/N for a mip after an integrated luminosity of 3000 fb�1.

Thickness 300 µm 200 µm 100 µm
Maximum neutron fluence 6 ⇥ 1014 2.5 ⇥ 1015 1 ⇥ 1016

E-HG region 1.48 < |h| < 1.75 1.75 < |h| < 2.15 2.15 < |h| < 3.0
H-HG region R > 860 mm R < 860 mm –
Cell size (cm2) 0.9 0.9 0.45
Cell capacitance (pF) 33 50 50
S/N after 3000 fb�1 9.6 4.9 2.4
Si wafer area (m2) 408 192 97

The physical thickness of the silicon wafers will be 320 µm to allow production on high volume3586

commercial lines. The preferred sensor type is p-on-n, as this minimises the processing costs,3587

but n-on-p remains a possible alternative should it prove to be more radiation tolerant. The3588

sensors, and the cells, will be hexagonally shaped, so as to make best use of the wafer surface3589

(a factor 1.3 gain with respect to a square sensor), while providing a geometry that can be tiled.3590

For the sensor production we assume the timely availability of 8” production lines, so that a3591

full size hexagonal sensor will cover about 230 cm2.3592

Each sensor will be assembled into a module. The 300 and 200 µm active thickness sensors3593

form 256-channel modules, while the 100 µm sensors form 512-channel modules.3594

The front-end readout chips are 128-channel wide, and include an amplifier, a 40 MHz low3595

power ADC as well as logic for digital data handling. There will be either 2 or 4 such chips on3596

Calorimeter upgrade options
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Fermilab$Beam$Tests$
W/LYSO/WLS$(at$Fermilab)$

(p,$e,$π$beams$up$to$120$GeV)$

  
4x4$array$of$W/LYSO$modules$

Proton$beam$$
centered$in$$
each$module$

• Replacement EM calorimeter using  radiation 
tolerant crystal plates (LYSO/CeF3) 
interleaved with tungsten absorber

- Scintillation light propagated to photodetector by 
embedded fibre/wavelength shifter

- Compact Shashlik “towers” with small Moliere 
radius to minimise PU fluctuations.            

- Tower dimensions: 1.4 x 1.4 x 114mm3 (LYSO/W)

• Test beam prototypes being evaluated
- R&D on radiation tolerant fibre/wavelength 

shifter and radiation hard photodetectors in 
progress

LYSO/W Shashlik prototype

• Combined ECAL/HCAL using silicon-based 
sampling calorimeter, with W or Brass 
absorber

- High-granularity ECAL (E-HGC): Si/W (25X0)

- High-granularity HCAL (H-HGC): Si/Brass (3.5λ)

- Backing HCAL: brass/scintillator (5.5λ)

- High granularity silicon sensors: 0.45-0.9cm2

• Technical challenges being addressed
- radiation tolerance of sensors; sensor mechanical 

design and readout; low temperature operation 
required (-30°C, evaporative CO2 cooling)

Shashlik option HGCAL option
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3.6. Endcap Calorimetry 91

single WLS fiber running along the length of the finger tile. This design leverages the exist-3335

ing experience of the current detector and allows an immediate understanding of the detector3336

performance. Figure 3.32 shows a comparison between a sigma tile and a finger tile.3337

Figure 3.32: Comparison between a plastic scintillator sigma tile (left), currently used in the HE
detector, and a finger tile, the proposed design for the new HE, in the low-dose region (right).

This simple concept increases the radiation tolerance of the detector because it significantly3338

shortens the average light path between the particle-scintillator interaction point and the closest3339

WLS fiber. However, it is important to keep in mind that the proposed modifications of WLS3340

fiber layout do not address radiation-induced reduction of scintillation or wavelength-shifting3341

mechanism. The new fiber layout also allows for a simple increase of transverse granularity:3342

instead of ganging together all finger tiles, thus reproducing the segmentation of the original3343

sigma tile, one could produce two sets of four tiles, effectively doubling the phi granularity.3344

3.6.2.3.3 Alternative active materials For the replacement of the HE scintillator in the3345

highest dose region, R&D is ongoing to identify an alternative to the scintillators used to date.3346

This effort is proceeding on several fronts, each of which would produce optical signals which3347

could be read using the same technology as the other regions of the HE-rebuild. Many of3348

these designs would encorporate the same quartz-capillary wavelength-shifting technology3349

described for the Shashlik electromagenetic calorimeter.3350

One possible option is the use of liquid scintillator (the material of choice is Eljen EJ-309) as3351

an alternative active readout material. Liquids are intrinsically more radiation tolerant, and3352

containers of liquid scintillator could be produced according to the increased granularity in3353

phi required. The main drawback is the necessity to guarantee leak-tightness of the liquid3354

containers and manage the thermal expansion effects. Preliminary studies performed at the3355

University of Notre Dame show that the light yield of EJ-309 decreases by about 30% after an3356

irradiation of 100Mrad (Co-60 gamma rays).3357

Another alternative is the usage of green scintillator read out with red/orange WLS fibers. The3358
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(a)

(b)

(c)

(d)

Figure 3.33: Demonstration modules for various HE high-dose alternative technologies. (a) An
aluminum container to be filled with EJ-309 liquid scintillator, (b) LuAG crystal fibers doped
with Cerium along with undoped LuAG fibers (colorless), (c) quartz plate coated with scintil-
lating material, (d) plastic scintillator with emission peak at 490 nm

• Investigating technologies for 
replacement HE active medium

- Low radiation region (dose <1Mrad, 
~30%)

- existing scintillator design (“sigma tiles”) can 
be used

- Medium radiation region (dose 1-5 
Mrad, ~30%)

- same materials can be used, but with 
increased granularity (“finger tiles”) to 
minimise light path length

- High radiation region (dose >5 Mrad, 
~40%)

- R&D on more radiation tolerant materials 
ongoing. See examples at right:  

- a) Liquid scintillator,
- b) Ce-doped LuAg fibres; 
- c) Quartz plates with rad-hard WLS coating; 
- d) Plastic scintillator with longer λ WLS fibre

“Sigma” tiles “Finger” tiles

HCAL R&D prototypes



Muon systems
• Current system includes Drift Tubes (DT), 

Cathode Strip Chambers (CSC), Resistive 
Plate Chambers (RPC)

- provide precise muon track measurement for 
triggering (|η|<2.4) and offline reco

• Upgrades for Phase II:
- replacement of DT electronics (longevity)
- replacement of FE cards for inner-ring CSC 

chambers (MEn/1) - rate/latency
- Installation of rate-tolerant forward muon 

chambers to enhance muon trigger performance 
and redundancy for 1.6<|η|<2.4

- GEMs (GEn/1) with high precision measurement 
layers

- RPCs (REn/1) with possible fast timing response - 
redundancy/PU mitigation

- Increased pseudorapidity coverage: |η|~3 (ME0 - 
GEM candidate detector technology) 
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Figure 4.1: A quadrant of the muon system, showing DT chambers (yellow), RPC (light blue),
and CSC (green). The locations of new forward muon detectors for Phase 2 are contained
within the dashed box and indicated in red for GEM stations (ME0, GE1/1, and GE2/1) and
dark blue for improved RPC stations (RE3/1 and RE4/1).

4.2.1 Overview of existing muon detector upgrade3987

During Run 1 the CMS muon system operated well inside its design radiation tolerance, and3988

no aging effects were observed. All muon subsystems performed very stably and with high3989

efficiency (> 95%), thus contributing crucially to the Higgs discovery as well as searches and3990

measurements for many other physics signatures comprising muons in the final state. In the3991

future the muon detectors and their associated electronics must operate at much higher lumi-3992

nosities while accumulating the large doses expected from more than 3000 fb�1 of acquired3993

data from collisions at the HL-LHC.3994

4.2.2 Background nature and rates3995

Background radiation in the Muon system arises from low-energy gamma rays and neutrons3996

from p-p collisions, low-momentum primary and secondary muons, punch-through hadrons3997

from the calorimeters, muons and other particles produced in the interaction of the beams with3998

collimators, residual gas and beam pipe elements. All major background sources affect mostly3999

detectors at the highest pseudorapidity.4000

In the most forward region (|h| >1.6) of CMS, where the neutron flux is highest, the total4001

fluence for neutrons with E>100 KeV, after 10 years of operation at the LHC design luminosity4002

of 1034 cm�2s�1, will be about 6 ⇥ 1011 cm�2, and the total ionization dose (TID) ⇠ 1.8 krad4003

(Figure 4.2). In the barrel region the neutron flux will be more than one order of magnitude4004
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Trigger - upgrade
• Major trigger upgrade required during LS3

- Goal is to maintain current physics acceptance for HL-LHC conditions 
- L1 rate ~1500 kHz during Phase 2 (140 PU) if Run II algorithms are used - beyond 

feasible limits for upgrade 

- Implement track-trigger at L1 to maintain acceptance at lower rates (~500kHz). 
Requires latency of up to 12.5μs to perform hardware track reconstruction. 

- Replacement of ECAL Barrel front-ends, DT readout boards, CSC front-end 
boards needed to satisfy these rate and latency requirements

- The trigger improvements from these upgrades include:
- 25x better ECAL trigger primitive granularity at L1, better matching to tracks
- better muon efficiency and redundancy, also with track trigger

- Preliminary performance estimates with track trigger: 
- ~10x reduction in single electron and muon rates (pT~20 GeV) with comparable 

signal efficiency to Run II algorithms
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DAQ/Online/Offline
• CMS DAQ capacity will be upgraded to handle increased 

event size and L1 rate for HL-LHC conditions

- bandwidth and CPU power increases by a factor of 10-15 
(15-30) for 140(200) PU

• HLT output rate will increase from 0.5-1 kHz to 5-7.5 kHz

- to maintain same factor of 100 reduction factor from L1 to HLT

- optimising algorithms for multi-threaded processing

• Offline computing processing and storage needs will 
increase substantially for Phase II

- new techniques and technologies will need to be developed to 
meet these demands

20



Upgrade timeline
• Installation to be carried out 

in LS3 (2022-5)

• Developing a schedule 
consistent with a 30 Mo 
shutdown

21
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Only EYETS (19 weeks)   (no Linac4 connection during Run2)  
LS2  starting in 2018 (July) 18 months + 3months BC (Beam Commissioning) 
LS3 LHC: starting in 2023 => 30 months + 3 BC 
 injectors: in 2024       => 13 months + 3 BC 
 

LHC schedule beyond LS1 

Run 2 Run 3 

Run 4 

LS 2 

LS 3 

LS 4 LS 5 Run 5 

LHC schedule  approved by CERN management and LHC experiments spokespersons and technical coordinators 
Monday 2nd December 2013 

• R&D milestones being defined for the various detector 
upgrade projects

- will permit the choice of forward calorimeter technology within ~1 year

• Technical proposal to be released this year, TDRs in 2016-7



Summary
• Full exploitation of the physics potential of the LHC                           
→HL-LHC physics programme

- Significant challenges to experiments in terms of harsh radiation 
environment, detector longevity and high pileup

• A major program of upgrades is planned to allow CMS to 
maintain the current high level of performance during HL-LHC 
operation

• Upgrade plan to be detailed in CMS Phase II Technical Proposal 
- In preparation - due at the end of this year

• Technical Design Reports to follow in 2016-2017
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Backup slides
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Tracker upgrade: estimated performance
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• Efficiency/fake rate performance maintained at 140 PU
- performance extended up to |η|=4 

• pT resolution improved due to reduced material budget



Calorimeters - performance degradation
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Predicted ECAL Endcap resolution (standalone 
simulation) at η=2.2, after 500 fb-1

Predicted ECAL Endcap resolution (standalone 
simulation) at η=2.2, after 3000 fb-1

• Effects of ECAL crystal transparency degradation:
- Light transmission loss affects noise and stochastic terms
- Light collection non-uniformity affects constant term



Muon upgrade performance

26

4.7. Performance of the Upgraded Muon System 143

Figure 4.16: (Left) the histogram shows the average number of f-measuring muon layers with
reconstructed hits that are attached to a standalone muon track, for simulated muons from
Z ! µµ as a function of h. It is compared to the flux of neutrons in Hz/cm2 shown as colored
curves (note the log scale on the right), which are the dominant cause of background hits, for
the muon station first crossed by a muon with a given h. (Right) both curves show that the
L1 single muon trigger rate grows rapidly with |h| with the current muon detector geometry
under both loose and tight trigger conditions.

Figure 4.17: Single muon trigger efficiency at the plateau in pT as a function of a fraction of
non-triggering CSC chambers, in Phase 1 and Phase 2.

significantly drop at higher |h| values without upgrades. In the bottom plot, it can be seen that4877

the efficiency is mostly recovered over the full detector coverage with the new chambers (20234878

geometry). In the simulation, two stations containing segments in the case of CSC or hits in the4879

case of GEM or iRPC are required in the muon reconstruction.4880

4.7.2 Performance of the forward muon trigger4881

Figure 4.16 (right) shows the fast growth of the muon trigger rate in the forward region of the4882

current muon system as a function of |h|, for a pT threshold at 15 GeV. The rate is driven by4883

muon momentum mis-measurements associated with the tails in the pT resolution of the muon4884

trigger. The CSC trigger measures muon pT using positions of “stubs” (short segments consist-4885

ing of nearby hits on several layers) reconstructed in muon stations that the track crosses: if a4886
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 Even after L1TkMu there is rate reduction with GE1/1 
 New result –reduction due to punchthrough muons 

Effect with Track Trigger 
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pT only to 50 GeV 
Consistent eta (1.1?) 

Improved muon trigger efficiency and 
redundancy

Reduced muon trigger rate for a given 
threshold with addition of GE1/1 chamber


