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Abstract	  
 
With the major discovery of a Higgs boson in 2012, the European Strategy Group 
recommended the upgrade of the LHC to a High Luminosity accelerator as the main priority 
for High Energy Physics in Europe [1]. Following an introduction to the High Luminosity 
LHC program, this document outlines the process followed by the CMS Collaboration to 
prepare the experiment for physics at HL-LHC, and provides an initial description of the 
upgrade scope and a preliminary cost estimate for CERN LHC Experiments Resource Review 
Board discussion and planning. A Technical Proposal describing the entire project in more 
detail and containing an updated cost will be submitted to the LHCC in 2014. 
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1.	  Introduction	  

1.1	  LHC	  Upgrades	  
The physics program at the LHC began in 2010 with pp collisions at an initial centre of mass 
energy of 7 TeV, increasing to 8 TeV in 2012. At completion of this first running period at the 
end of 2012, CMS had accumulated an integrated luminosity of 29 fb−1, and the accelerator 
performance had exceeded expectation with instantaneous peak luminosities up to 
7.7×1033cm−2s−1, operating with bunch trains with 50 ns bunch spacing.  

The current planning for the LHC and the injector chain foresees a series of three long 
shutdowns, designated LS1, LS2, and LS3. Following LS1 (2013-2014), the centre of mass 
energy will be increased to close to 14 TeV, and it is expected that the bunch spacing will be 
reduced to 25 ns. In the second long shutdown (LS2 in 2018) the injector chain will be 
improved and upgraded to deliver very bright bunches (high intensity and low emittance). In 
LS3 (2022) the LHC will be upgraded with new low-β triplets and crab-cavities to optimize the 
bunch overlap at the interaction region.  

The original performance goal for the LHC, to operate at an instantaneous luminosity of 1×1034 
cm−2s−1 with 25 ns bunch spacing, is likely to be achieved soon after LS1. Under these 
conditions, CMS will experience an average of about 25 inelastic interactions per bunch 
crossing (referred to as event pile-up, PU). This is the operating scenario for which the CMS 
experiment was designed. Based on the excellent LHC performance to date and the upgrade 
plans for the accelerators [2] it is now anticipated that the peak luminosity could reach 1.6 
×1034 cm-2s-1 before LS2, and above 2 ×1034 cm-2s-1 after LS2, providing an integrated 
luminosity by LS3 of over 300 fb-1.  

Following LS3, the high luminosity program with the upgraded LHC is referred to here as HL-
LHC. The operating scenario is to level the instantaneous luminosity at 5x1034 cm-2s-1 from a 
potential peak value of 1x1035 cm-2s-1 at the beginning of fills, and to provide 250 fb-1 per year 
for a further 10 years of operation. Under these conditions the event PU will be a major 
challenge for the experiments, and the performance degradation due to integrated radiation 
dose will need to be addressed.  

With these upgrades, the LHC will allow an expansive physics program at the energy frontier 
for the next two decades, with both search and discovery potential, and important precision 
measurements. This will be a major program of our field into the 2030’s.  

1.2	  The	  Physics	  Program	  at	  HL-‐LHC	  
The discovery of physics beyond the standard model remains a primary goal of the CMS 
experiment.  The higher luminosity of the HL-LHC will extend the mass reach of searches for 
new physics and significantly increases the sensitivity of such searches to processes with 
smaller cross-sections, lower branching fractions, and experimentally challenging final states.  
Moreover, following the recent discovery of a Higgs boson with a mass of ~126 GeV, 
precision measurements of the properties of this new particle, in particular its mass and tree-
level couplings to fermions and bosons, as well as self-coupling, will be central to the physics 
program. 

Projections of the performance of CMS with respect to this physics program have recently 
been documented [3].  These studies assume that the planned upgrades of the CMS detector 
will achieve the goal of mitigating the increased radiation damage and complications arising 
from higher luminosity and higher pile-up.  With this primary assumption, existing results 
based on current data are extrapolated to higher energy and luminosities. The results are 
extrapolated to datasets of 300 and 3000 fb-1 and a centre-of-mass energy of 14 TeV by scaling 
signal and background event yields accordingly.  
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After the observation of a Higgs boson at the LHC, the question about the large quantum 
corrections to its mass is more pressing than ever. A natural solution to this hierarchy problem 
would be the cancellation of these corrections from new particles predicted by supersymmetry 
(SUSY), which have the same quantum numbers as their SM partners apart from spin.  No 
evidence for supersymmetric particles has been found with the data taken so far at a centre of 
mass energy of 8 TeV, but the energy upgrade to 14 TeV will extend the mass reach to cover 
the range of “natural” sparticle masses with searches for strongly produced squarks/gluinos.  

If, however, the lightest accessible SUSY particles can only be produced through electroweak 
interactions, the significantly lower production cross-sections necessitate HL-LHC 
luminosities for discovery of sparticle masses up to ~TeV. For example, the discovery reach 
for direct production of 𝜒1± and 𝜒2± that decay via W and Z bosons into the lightest 
supersymmetric particle (LSP) 𝜒0 was studied using the parametric simulations described in 
Section 2.4 [4]. The projected sensitivity for 3000 fb-1 with <PU> = 140 is shown in Fig. 1.2.1.  
The chargino mass sensitivity extends up to  ~700 GeV, while discovery potential for the 
lightest neutralino extends to ~200 GeV. 

 

  
Figure 1.2.1:  Projections of the discovery reach for electroweak production of 𝜒1± and 𝜒2± that 
decay via W and Z bosons into 𝜒0. 

 

In conjunction with the direct search for new physics, HL-LHC will enable a program of 
precision physics in which a discovery could be made via a deviation from expectations from 
the SM.  This is possible since, with the measurement of the Higgs mass, all the parameters in 
the SM are known.  Precise determination of the Higgs couplings to fermions and gauge 
bosons is the centrepiece of this program.  CMS has estimated the range of precision with 
which these couplings will be measured with extrapolations using two different scenarios for 
evolution of the uncertainty. The results of these projections are summarized in Fig. 1.2.2.  The 
expected precision on the couplings for 3000 fb-1 is in the range 2-10%. This level of precision 
will significantly constrain theoretical models.  The large HL-LHC dataset will also enable the 
search for rare decays of the Higgs.  For example, due to the relatively low mass of the muon, 
the BR of Higgs to µµ is predicted to be ~2 x 10-4.  With HL-LHC, however, a 5σ observation 
of this rare process would become possible.  Higgs to µµ is a particularly important 



	   	  	  CMS	  COLLABORATION	  	  	  	  	  	  	  	  	  	  	  	  	  CERN-‐RRB-‐2013-‐124	  

29	  October	  2013	   Page	  5/31	   	  	  	  CMS	  Phase	  2	  Upgrade
	   	  

measurement because it enables a precise test of the flavour structure of the SM via the ratio of 
leptonic couplings of the 2nd and 3rd generations. 

 

 
Figure 1.2.2: Projections for the achievable uncertainty on the Higgs couplings with 3000 fb-1. 
In Scenario 1, all systematic uncertainties are left unchanged. In Scenario 2, the theoretical 
uncertainties are scaled by a factor of 1/2, while other systematic uncertainties are scaled by 
the square root of the integrated luminosity. 

In addition to testing the coupling of the Higgs to the other particles in the SM, it is important 
to test the Higgs self-coupling.  This is necessary to validate the Higgs role as the quantum of 
the field that breaks electroweak symmetry.  Such a test is in principle possible by measuring 
the rate of di-Higgs production.  This process contains a contributing diagram involving the tri-
Higgs self-coupling that is related to the potential of the Higgs field.  Partly due to negative 
interference with other processes, the cross-section for di-Higgs production is very small and is 
only accessible with the HL-LHC. 

The Higgs field associated with this new boson is believed to be responsible for electroweak 
symmetry breaking and fundamental particle mass generation, however what is not yet known 
to any precision is whether it plays the desired role of completely restoring unitarity to the 
gauge-boson interaction sector of the SM, or whether other (new) physics is also participating.  
The classic test is to measure WL-WL scattering (where WL corresponds to the longitudinal 
polarization component of the W boson) via vector-boson fusion (VBF) production of WW 
pairs. In addition, VV scattering is also potentially linked, in the context of electroweak-gauge-
invariant effective field theory, with other triple and quartic gauge couplings, and hence as 
many sensitive multiboson final states as possible should be studied. These measurements 
typically involve processes with small cross sections, and the most valuable information is 
contained in the high-mass, high-momentum tails of their distributions.  Their study will 
therefore be relevant throughout the 14 TeV era and at the highest integrated luminosities of 
the HL-LHC.  

Finally, the CMS precision program is not limited to Higgs.  CMS will continue to search for 
rare decays in bottom and top quark physics. For example, with 3000 fb-1 at 14 TeV CMS will 
record about 500 million ttbar events in the lepton+jets channel, and about 100 million events 
in the dilepton channel.  In addition, about 150 million events of single-top production could 
be collected in the various channels with leptonic triggers.  With these large samples very rare 
top decays like those induced by flavor-changing neutral currents (FCNC) can be studied. 
These decays occur in the SM only in quantum-loop corrections with tiny branching fractions 
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of about 10-14 and their observation would be a clear signal of new physics. There are models 
of new physics that predict branching fractions as high as 10-4 whereas sensitivities in the range 
of 10-5 are expected for FCNC decays such as qγ and qg.  A new development pioneered by 
CMS is the measurement of the top mass as a function of kinematic properties of the ttbar 
events.  Since this method is theoretically unambiguous, unlike all measurements that have 
been previously performed, it is expected to be the technique that produces the most accurate 
measurement of the fundamental parameter of the SM Lagrangian, mt. This is particularly 
important since the precision on mt is a limitation in many calculations (e.g. stability of the 
vacuum).  

To successfully achieve this rich physics program in the harsh HL-LHC environment will be 
an unprecedented experimental challenge. The work described in this document forms the 
basis to design the appropriate detector for this purpose.  

1.3	  CMS	  Upgrades	  
In 2007 the CMS collaboration submitted a document titled “Expression of Interest in the 
SLHC” [4], where SHLC referred to an upgrade of the LHC to deliver a peak luminosity of 
1x1035 cm-2s-1. The plans for upgrading the accelerator complex have significantly advanced 
since then and the luminosity is now expected to steadily increase throughout the next decade. 
In order to maintain current performance CMS has developed an upgrade program in two 
phases.  

Phase 1 comprises completion of the original scope of the design for 1x1034 cm-2s-1 operation, 
and a targeted set of upgrades to allow operation at the luminosities and radiation levels 
anticipated up to LS3. The full program of upgrades for Phase 1 was described in a Technical 
Proposal (TP) in 2011 [5] that also included a discussion of work towards Phase 2 for HL-LHC 
in an appendix. Following this TP, Technical Design Reports (TDR) were prepared for three 
major Phase 1 upgrades: Replacement of the Pixel Detector [6], upgrades to the Hadron 
Calorimeter electronics [7], and upgrade of the Lever-1 Trigger System [8]. The phase 1 
upgrades have been approved by the LHCC and CMS is proceeding with a schedule of 
construction and installation staged in the period through LS2. 

CMS was originally designed for ten years of operation at 1x1034 cm-2s-1, corresponding to a 
maximum of 500 fb-1 of integrated luminosity. With HL-LHC operation, the experiment will 
integrate a total luminosity of order 3000 fb-1. While the technology used in many systems 
provide sufficient margin in longevity, the tracking system and endcap calorimeters must be 
upgraded, due to the larger radiation dose in these regions.  

At 5x1034 cm-2s-1 the high interaction rate will require further upgrades to the trigger system to 
maintain acceptance for the full physics program. And the detector upgrades must maintain 
high acceptance and reconstruction efficiency at very high PU. By meeting this challenge CMS 
will secure the full potential of the physics program at the LHC for the next two decades. The 
upgrade program beyond LS2 for operation at HL-LHC, is referred to as Phase 2. 

The CMS collaboration has expended considerable effort since completion of the current 
detector to study the issues associated with HL-LHC operation and is currently in the process 
of refining the full scope of work for the Phase 2 upgrade. The sub-systems that must be 
replaced due to radiation damage have been identified, along with the upgrades necessary to 
maintain performance at high rates and occupancy. With these changes, opportunities to 
enhance the performance, particularly in mitigating pile-up effects, are considered when 
expected to be cost-effective in maximising the physics potential. In this process, design 
choices have been made that meet the necessary requirements while limiting cost, for example 
in the design of the tracker. This analysis is continuing for other sub-systems for which scope 
and design choices are not yet finalized. The current status of this work is presented in this 
document.  
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A Technical Proposal describing the whole upgrade program, including physics performance 
studies, a technical description of the upgrades, cost estimates and timelines is anticipated in 
2014. This will be followed by detailed TDRs for each major sub-detector or sub-system 
upgrade, with more complete technical designs and updated cost and schedule information by 
2016/17. Following an internal review process, the documents will be submitted to the LHCC, 
and cost and funding information will be presented to the RRB.  

2.	  The	  Phase	  2	  Upgrade	  
The goal of the CMS upgrade program is to maintain and, as required or where cost-effective, 
enhance the excellent performance that allowed discovery of a Higgs boson and the extensive 
searches for new physics to date, under the challenging conditions and extended operation of 
HL-LHC. Good reconstruction is needed for all physics objects (jets,	  γ’s, electrons, muons, τ’s 
and b’s) with large acceptance, good efficiency, and resolution. High trigger acceptance is key. 
Detector coverage and performance in the forward region is motivated by the need to 
accurately measure the missing-energy, which plays an important role in many physics 
searches, and to provide good acceptance for multi-jet and multi-lepton analyses.	  

To develop conceptual designs for the Phase 2 detector, the present work is focused on: (a) 
extensive studies of the radiation damage and performance longevity of the detectors, (b) 
simulation studies of physics objects (particles and jets) and benchmark physics channels to 
document the performance of the radiation-degraded detector and to demonstrate the 
improvements achievable with the upgrades, and (c) R&D on the technology solutions, and the 
conceptual design for the upgrades. 

While physics performance is a key consideration, infrastructure requirements (including 
radiation shielding and services), and the scope of work during shutdown periods are also 
taken into account and every effort will be made to limit cost. Moreover, by LS3, parts of the 
detector will have received significant radiation dose; minimization of radiological risks to 
personnel will be a key concern in developing the upgrade plan. 

In this section we summarize the considerations for Phase 2, and the motivations for the 
upgrades proposed.  

2.1	  Longevity	  of	  the	  Phase	  1	  detector	  

The CMS detector is illustrated in Figure 2.5.1. The longevity of each sub-system depends on 
the technologies available at the time of the original design and the map of the radiation dose. 
A major goal of CMS has been to identify mandatory upgrades for Phase 2 and the 
collaboration has invested significant effort to understand the effect of radiation damage, 
including: 

-‐ Monitoring the detector signals since the beginning of the LHC operation 
-‐ Radiation tests of individual components, to determine the origin of any degradation 
-‐ Evaluation of possible operational mitigation  
-‐ Simulation of the radiation levels in the various regions of the detector  
-‐ Modelling of the aging process in the simulation software, to extrapolate the detector 

and physics performance degradation with increasing integrated luminosities.  

Performance projections are based on a combination of detailed measurements using the data 
taken in the experiment throughout 2011-2012, and exposure of test components up to HL-
LHC doses. Models for the detector aging have been developed and benchmarked against these 
data, and projections for physics performance are quite advanced. While further tests and 
operating experience will be needed to fully validate the long-term projections, it is already 
very clear which detectors need replacement or upgrade for Phase 2, and the integrated 
luminosity by which this will be required.  	  
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In the Outer Tracker, aging is assessed from the increase of the leakage current in the sensors 
and the decrease of the signal to noise ratio. Present measurements are compatible with the 
usual modelling of radiation damage in silicon devices [9]. The extrapolation to higher 
luminosities indicates that significant portions of the Outer Tracker will no longer be 
operational by LS3 or soon thereafter, with a major impact on the entire physics program. The 
aging of the Pixel detector was also thoroughly investigated for the Phase 1 upgrade. The 
overall design and the sensor technology will allow it to sustain similar luminosity as the Outer 
Tracker, with a single exchange of the innermost layer. The full tracking system must therefore 
be replaced during LS3. 
  
The longevity of the Electromagnetic Calorimeter (ECAL) is driven by the radiation damage to 
the constituent crystals and photodetectors. The behaviour of both components has been 
studied, analysing dedicated beam and laboratory tests and CMS data. The transparency loss in 
the crystals is the dominant factor of aging in the ECAL endcap calorimeter (EE), where the 
collected signal drops as a function of η and as integrated luminosity increases. By 3000 fb-1, 
almost half (in terms of η coverage) of the EE will have the light collection reduced by more 
than a factor of 10, leading to degradation in the measured energy resolution and progressive 
loss of the trigger coverage. Maintaining the signal collection to a level higher than 10% 
(compared to undamaged crystals), over the full detector coverage, will only be possible up to 
300-500 fb-1. The feasibility of a partial replacement in which only the crystals with the highest 
radiation damage are replaced with new elements was investigated in detail. The mechanical 
mounting of the present detector, the layout and connectivity structure of the electronics, and 
the exposure of personnel to significant radiation levels clearly make this scenario untenable. It 
is therefore necessary to replace the full EE during LS3.  

The barrel ECAL (EB) will perform up to 3000 fb-1 with tolerable light loss. It is under 
investigation if the increase in the rate of the ECAL Avalanche Photodiode (APD) noise 
signals induced by radiation can be mitigated with lower temperature operation.  
 
The Hadron Calorimeter (HCAL) is composed of 3 main subsystems, barrel (HB), endcap 
(HE), and Forward (HF). The readout of all 3 systems, including the photo-detectors, will be 
replaced during phase 1, and the new system is designed to operate through Phase 2. The 
plastic scintillator tiles, used as the sensitive material in the HE/HB, will however suffer 
radiation damage. While the effect will be limited in the HB, it will be pronounced in the HE. 
Present measurements indicate that in HE the signal loss will become severe in the far forward 
region (high η) in the range of 300-500 fb-1, particularly for the front sampling layers.  As the 
luminosity increases, this degradation will spread to the less forward region (lower η) and 
deeper layers, and half of the detector would collect less than 5% of the light by 3000 fb-1. In 
HF, quartz fibres are used as the sensitive material and the observed radiation damages are 
limited and compatible with expectations. After 3000 fb-1, the signal correction should be less 
than 30 % below η = 4, reaching about a 100% at η = 5. While HE will require replacement 
during LS3, physics performance studies will be continued to evaluate if, and when, an 
upgrade of the HF would be necessary.  

Replacement of only the most damaged tiles in HE is not cost effective since it would concern 
a large fraction of the detector and the operation is dominated by the assembly work. 
Additionally it would extend the work to be accomplished within the shutdown access period, 
and would increase personnel radiation exposure. Therefore the plan is to build and fully test a 
new HE ahead of time.  
 
The data rates observed in the Muon systems increase with luminosity as expected, with a 
strong dependence on η, and there is no indication of aging so far. The chambers were tested 
up to a maximum integrated current of 0.3 C/cm, a limit that will only be exceeded in some of 
the most forward Cathode Strip Chambers (CSC) at 3000 fb-1. Based on the testing so far, we 
believe that the present chambers will continue to operate well, but further testing will be 
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performed at the CERN GIF facility to confirm the performance at 3000 fb-1. However, the rate 
of single event damage to the Drift Tube (DT) chamber Front-End electronics (FEE) will likely 
necessitate replacement of the read-out electronics during LS3.  

2.2	  Rate,	  Occupancy	  and	  Pile-‐up	  at	  the	  HL-‐LHC	  

At HL-LHC, the brightness of beams and the new focus and crossing scheme at the interaction 
point should allow the accelerator to deliver a luminosity of 1035 cm-2s-1 at the beginning of 
each fill. This would increase the interaction rate by a factor of 10, compared to the design 
goals of the current experiment, leading to a PU of about 260 interactions per crossing. While 
the upgraded detector will be able to operate at this luminosity, it is unlikely that it can perform 
well with so many interactions per crossing. It is therefore proposed to control the event PU by 
tuning the beam focus and crossing profile along the length of fills – a process referred to as 
luminosity levelling.  

The nominal scenario for physics is to operate at a levelled luminosity of 5 x 1034 cm-2s-1, 
corresponding to a mean pile-up of 128 interactions per beam crossing. For the simulation 
studies it is assumed that the luminous region will have a Gaussian z-shape with a 5 cm rms 
and a mean pile-up of 140, slightly higher than the expected mean to account for the cross 
section uncertainty and bunch-to-bunch fluctuations. Future simulation studies, including 
possible alternative luminosity levelling schemes, will determine the highest PU at which the 
upgraded detector can operate with good physics performance.  

The performance issues due to high PU are most pronounced in the inner and forward detector 
regions, where the tracker and endcap calorimeters will be replaced to solve the longevity 
issues. The tracker granularity can be increased, and the new endcap calorimeter configuration 
offers the opportunity to optimize the segmentation and energy measurement, for operating at 
high PU.  

PU mitigation heavily relies on the particle flow event reconstruction and on the excellent 
tracking efficiency to determine the origin of all charged particles. VBF processes, which 
populate the endcap and forward region, will play a significant role in the HL-LHC physics 
program, and initial studies indicate that extending the tracker coverage to higher η will be 
important to mitigate pile-up effect in tagging Jets originating from a same interaction vertex. 
It is therefore planned to extend the coverage of the new tracker from |η| <2.4 to |η| <4, with a 
system of pixel disks. As tracking does not provide mitigation of the effects of pile-up for 
neutral particles, the feasibility of using precision timing information for showers is being 
investigated.  

The ability to ensure efficient event selection for data acquisition is another key pre-requisite to 
benefit from increased luminosity. To achieve this, the DAQ Trigger will need a significant 
upgrade of the hardware level (L1-Trigger). The trigger upgrades during Phase 1 will already 
allow full exploitation of the current detector information through implementation of new 
boards with powerful FPGAs and high bandwidth data transfer. A further reduction of the rates, 
allowing low trigger thresholds at HL-LHC luminosity will require a new approach 
implementing the Tracker information at L1 to provide similar features as in the current online 
computing trigger, the High Level Trigger (HLT). This will be an intrinsic part of the new 
Tracker design and will require new hardware architecture to incorporate the information 
throughout the trigger. The tracker will provide better identification, isolation and momentum 
assignment for leptons, and track associations to the interaction vertex to mitigate the effect of 
combinatorial backgrounds originating from PU. To ensure sufficient latency for the new 
trigger, the ECAL electronics will need to be upgraded. Since the EE will be entirely replaced, 
this will require modification of the EB Front-End boards only. In addition, it will allow the 
system to provide the highest crystal granularity information for the trigger and to operate at a 
trigger rate up to 1 MHz. The overall trigger latency will at this stage be limited to 10 µs by the 
current CSC read-out electronics. If it is determined to be necessary or beneficial to increase 
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the latency further, the CSC FEE could also be replaced, but this is not considered in the 
present cost estimate.  

The tracking trigger will cover a range up to |η| ~ 2.4, but with lower performance in the most 
forward and difficult region. It is therefore proposed to complete the current CSC muon 
stations with new detector technologies in the region 1.5 < |η| < 2.4. First studies have shown 
that the muon momentum assignment and the combinatorial background will be substantially 
improved, allowing a single muon trigger to be maintained in the HL-LHC conditions. The 
implementation of chambers at these positions will also provide redundancy to mitigate failure 
risks, as foreseen in the original design of CMS.  

While the addition of the tracking trigger provides significant gains in rate reduction with good 
efficiency for physics objects, it is believed to be also necessary to increase the trigger rate at 
L1 to maintain the present physics acceptance for all relevant triggers. Such an increase is 
allowed by the upgrades described above. It will require additional processing power in the 
HLT software selection, which is well within expected progress of computing technologies.  

With both the capability to improve the event selection through the tracker implementation and 
the possibility to increase the latency and the rate of accepted events, the new trigger will 
ensure the high acceptance needed to measure the rare processes important to the HL-LHC 
physics program.  

2.3	  Extended	  Endcap	  Coverage 

The η distribution of jets in the VBF process peaks at  |η| ~ 3. To improve the VBF jet-tagging,  
extending the EE and HE coverage from |η| <3 to |η| <4 is under consideration. This would 
avoid the transition to HF at |η| = 3 and increase the coverage for photon and electron 
measurements.  

It is anticipated that this extension to the endcap coverage could make a significant 
improvement in the measurement of VBF processes, an important element of the HL-LHC 
physics program. It may however impact radiation backgrounds in the tracker and muon 
chambers. Studies are ongoing to demonstrate the performance improvement that can be 
attained, and to determine whether the radiation levels are acceptable for the calorimeter and 
the backgrounds are acceptable for the neighbouring detectors.  

With this change it will also be possible to add a muon tagging station to work with the 
extended tracking to  |η| <4. This will significantly increase acceptance for multi-lepton states. 

2.4	  Physics	  Performance	  Studies 

The collaboration has launched a campaign of simulation studies with a goal to optimize the 
Phase 2 detector for the highest luminosity operation at the HL-LHC and to reach the best 
possible precision in measuring or uncovering new physics. The studies will define 
requirements for the performance, and evaluate the detector concepts relative to these 
requirements.  

Implementing the simulation and reconstruction of events with new detector descriptions in the 
CMS software is a long-term endeavour. The simulation studies are therefore proceeding in 
three steps, with increasing complexity:  

-‐ “Delphes” simulation based on simplified detector geometries and parameterization of 
the measurement efficiency and precision at the level of generated particles 

-‐ “Fast Simulation” with regular geometry description used for event reconstruction and 
simplified/parameterized simulation of the detector signals 

-‐ “Full Simulation” with GEANT simulation of the detector signals 	  
Full simulation of the Phase 1 detector with modelling for the radiation damage is used to 
identify the key areas to be addressed in Phase 2. Studies with Delphes allow the definition of 
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detector performance requirements (resolutions and efficiencies) and highlight the benefit from 
improved physics acceptance (low trigger thresholds and extended coverage). Specific Phase 2 
detector configurations can then be tested with several physics signals before being selected for 
complete performance assessment using Fast and Full Simulations for the Technical Proposal.  

2.5	  Experimental	  Area	  and	  Shutdown	  Considerations	  
The CMS detector is illustrated in Figure 2.5.1. During long shutdowns CMS is highly 
configurable to allow access to the various sub-systems, but the access to different areas must 
often be sequential because of the limited overall size of the experimental cavern. In the 
evaluation process leading to the Technical Proposal, consideration will be given to the access 
sequence and the length of shutdown required for various tasks. Shutdown planning for Phase 
2 is of course at a very early stage, but an initial evaluation of the work sequence and duration 
estimates indicates that the full scope of work can be accomplished in a shutdown of 
approximately 30 months duration, from end of beam operations to re-start of beam. 

Additionally, radiation protection and dose to personnel will be a primary concern in planning 
the upgrades and the shutdown work. This may require development of special shielding, 
tooling and work procedures. The costs for these considerations are included under “common 
items” in the cost breakdown. 

 
 
Figure 2.5.1: The CMS Detector, showing subsystems of the detector discussed in this 
document 

3.	  Estimated	  Cost	  
3.1	  CORE	  costs	  
The scope of the Phase 2 upgrade will be fully described in the Technical Proposal. In this 
section a cost estimate based on representative choices for the conceptual designs is presented. 
The estimate is expressed as CORE cost. CORE costs were reported for the construction of 
CMS and for the current Phase 1 upgrades. They represent the material replacement value of 
the installed equipment, in terms of the M&S (materials and services) for the production phase 
of the project. They include final prototype or pre-production fabrication required to validate a 
final design or product quality, engineering costs incurred during production at a vendor or 
contractor, production fabrication and construction costs, QA and system testing costs during 
the assembly process, and transportation costs, integration and installation including costs 
associated with technical labour supplied at CERN for these purposes. They do not include 
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R&D and prototype costs associated with developing the design, the cost of infrastructure and 
facilities at CMS institutions, or institution personnel costs. Spare parts to cover production 
losses are included in the CORE estimates, while spares to support long term maintenance and 
operation (M&O) are not. M&O funds will also support replacement of custom or commercial 
control room electronics that becomes un-maintainable due to age.  

In many cases CORE costs are borne by institutions and funding agencies delivering 
assembled or produced components of the upgrade with an agreed CORE-value.  

Costs are reported here in 2013 CHF, with no correction for inflation to future years. No 
contingency is included.  

The cost is estimated at the individual component level using the original construction of the 
experiment or the current Phase 1 upgrades as the basis wherever possible (correcting for 
inflation as appropriate). For the calorimeter upgrades, where the design concepts are not 
sufficiently advanced, the estimates are based on material costs and an assumed number of 
electronics channels with a representative cost per channel based on experience with similar 
designs. This allows a reasonable estimate of the cost scale for Phase 2 at this stage, which will 
be improved as the designs progress. A full cost estimate will be presented along with the 
conceptual designs in the TP, and updated with the more complete designs in the TDRs.  

The upgrades considered for cost are the following:  

-‐ Replacement of the tracker with extension of the coverage up to |η| ~ 4  
-‐ Replacement of the end-cap electromagnetic and hadronic calorimeters 
-‐ Installation of Muon stations in the region 1.5 < |η| < 2.4 and of a tagging station at 

higher η, and replacement of the Drift Tubes readout electronics 
-‐ Barrel electromagnetic calorimeter (EB) front-end electronics 
-‐ New trigger and DAQ systems 
-‐ Common items: infrastructure and common systems  

The scale of the cost of the Phase 2 upgrade is anticipated to be approximately 270 MCHF, see 
Table 3.1.1. More detailed information is provided in later tables.  

 
Table 3.1.1: Summary of CORE costs for the CMS Phase 2 Upgrade 

 

Item Sub-item
Estimated 
CORE Cost 

(MCHF 2013)
Silicon Tracker 94
Pixel Detector 34

Tracker 127
Endcap Calorimeter Upgrade: EM & HAD 67
HF upgrade to 4-channels per PMT 2

Calorimeters 69
DT Electronics 7
Endcap Muon System Upgrade 12
High Eta Muon Tagging Station 6

Muon System 25
L1-Trigger 7
EB Frontend Electronics 11

Trigger System and Front-end Electronics 18
DAQ system: Clock, Readout, Network 5
HLT 6

DAQ and HLT 11
Shielding Changes for HL-LHC 6
Tooling, rail systems, cranes for LS3 work 5
Common Systems and Installation 9

Infrastructure and Common Systems 19
Total 269

Summary of Phase 2 Costs
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3.2	  Timescale	  for	  the	  Phase	  2	  Work	  
In the present planning process leading to the Technical Proposal, the cost for each upgrade is 
considered along with its impact on the detector performance and contribution to physics. 
Further development of the upgrade scope and the designs will require ongoing simulation 
studies and R&D through the Technical Design Reports, up to final component choices for 
construction.  

The tracking system, endcap calorimetry and track-trigger upgrades require significant R&D. It 
is therefore anticipated to spend 3-4 years for R&D and prototyping followed by 5-6 years for 
construction. Given that the tracking system and endcap calorimeters will need major upgrades 
by the time CMS reaches 300-500 fb-1, the timescale is well matched to the anticipated LHC 
schedule provided the R&D program is well supported. Similarly, the timescale for the TP and 
TDRs is well matched to this R&D and design phase. It is critical however that the simulation 
studies and R&D, which are already underway, must proceed rapidly.  

A profile for CORE expenditures starting in 2017, with a broad distribution 2018-2022 is 
therefore anticipated. Figure 3.2.1 illustrates this shape. The actual profile will be determined 
with the development of full designs and project plans in the TDRs. If the schedule for LS3 
changes, and the shutdown begins later, the funding can be further distributed over additional 
years, lowering the peaks in the profile substantially.  

  

Figure 3.2.1: Anticipated CORE spending profile assuming the major installation occurs 
during LS3 in 2022-2023.  

In order to gain flexibility in scheduling the work during LS3, reduce overall costs and gain 
early operational experience and benefit where possible, consideration is being given to 
advancing some of the work to LS2, if funding shall be available. An example of this is the 
installation of GEMs in the first station of the End-Caps.  

3.3	  R&D	  
The radiation and PU conditions at HL-LHC are challenging. R&D is essential to develop cost 
effective technical solutions, to refine the scope of work and conceptual designs for the 
Technical Proposal and later for the detailed technical designs for the TDRs. Once the designs 
are established, the R&D will evolve to target specific technical implementation developments 
prior to construction.  

R&D is typically resourced through funding agency support for the work of their institutions. 
While the program is centrally approved and coordinated by CMS, it is made up of a set of 
individual R&D activities with an alignment of interest between institutions and the 
experiment. CMS is dependent on this support; it is critical for the upgrade and it is very 
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important that the R&D progresses rapidly in the next few years. Areas of development 
include: 

(a) Radiation tolerant silicon sensors for the Phase 2 pixel and outer tracker detectors 
(b) Radiation tolerant ASIC development (including 65 nm process), especially for tracker 

front-end electronics.  
(c) Radiation tolerant on-detector DC-DC converters (or alternative powering schemes) 
(d) High density interconnection technologies 
(e) High bandwidth and radiation tolerant optical data transmission 
(f) Light mechanical structures with high thermal conductance and evaporative CO2 

cooling technology for detector assemblies  
(g) Fast processors for tracking in the L1-Trigger 
(h) Radiation tolerant crystals, tiles and fibres for the calorimeter upgrades, and the 

development of radiation hard photo-detectors for the readout 
(i) High rate gas chambers with improved spatial and timing resolution 
(j) High precision timing in calorimeter pre-sampling 
(k) Software for new processing technologies (multicore processing, GPU, etc…) 

In this program it is planned to capitalize as far as possible on common R&D with other 
projects and with CERN. Examples of this include the R&D on ASIC and fast optical data 
transmission, radiation-tolerant silicon sensors, and calorimeter designs. As for previous R&D, 
we will work closely with industrial partners to ensure technology transfer. 

4.	  The	  Elements	  of	  the	  Phase	  2	  Upgrade	  

4.1	  Tracking	  System	  
The CMS tracker operates with high efficiency, making a substantial contribution to the 
physics reach of CMS through precision track reconstruction, as well as global event 
description in combination with the other sub-systems. 

The evolution of charge collection efficiency and leakage current of all the silicon sensors is 
continuously monitored and analysed as a function of the integrated luminosity. It is well 
described by the models of radiation damage in silicon. The long term operation requires 
maintaining the tracker at low temperature, and extrapolations show that beyond 500 fb−1, the 
strip-tracker will start loosing significant fraction of its active surface and will therefore be 
unsuitable to operate at HL-LHC. As discussed earlier, the pixel detector will also need to be 
replaced in the same range of integrated luminosity. The necessity of a comprehensive upgrade 
of the CMS tracking systems for extended LHC operation has been anticipated for many years 
and, as a result, there have been already many years of development invested by CMS to 
prepare for this eventuality. In this section we present the general requirements of the tracker 
upgrade along with the conceptual design that has been the outcome of the existing long-term 
development effort.   

The main requirements and guidelines for the Tracker Upgrade can be summarized as follows: 

• Radiation tolerance. The upgraded Tracker must be able to operate efficiently up to a 
target integrated luminosity of 3000 fb-1. This requirement must be fulfilled without 
any maintenance intervention for the outer tracker, while for the inner pixel detector it 
is envisaged to maintain the present concept of easy accessibility, offering the option 
to replace the innermost parts as they accumulate substantial damage. 

• Increased granularity. In order to ensure efficient tracking performance in high pileup, 
the channel occupancy must be maintained around or below the % level in all tracker 
regions, which requires higher channel density; 140 collisions per bunch crossing is 
taken as the target PU figure, with 200 collisions as the upper limit. 
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• Improved two-track separation. The present tracker has lower track-finding efficiency 
in high-energy jets due to hit merging in the pixel detector. In order to optimally 
exploit the statistics of the high luminosity operation, this limitation should be 
improved. 

• Reduced material in the tracking volume. The performance of the current tracker is 
limited by the amount of material, which also affects the performance of the 
calorimeters and the overall event reconstruction in CMS. The exploitation of the high 
luminosity LHC will greatly benefit from a lighter tracker. 

• Robust pattern recognition. Track finding in high pile-up becomes increasingly 
difficult and time consuming. The layout of the upgraded tracker should enable fast 
and efficient track finding, notably for the high-level trigger, but for the offline 
reconstruction as well. Efficiency in this area leads to direct cost benefits in regard to 
computing infrastructure, and leads to higher overall scientific productivity of the 
collaboration. 

• Contribution to Level-1 trigger. The selection of interesting physics events at Level-1 
becomes extremely challenging at high luminosity, not only because of the rate 
increase, but also because selection algorithms become inefficient in high pile up 
conditions. Tracking information can be used in the event selection (see section 4.4) to 
preserve and enhance the performance of CMS in a wide spectrum of physics channels. 

• Extended tracking acceptance. There are clear indications that the overall CMS physics 
performance would greatly benefit from an extended acceptance of the tracker in the 
forward region up to |η| ~ 4. This mostly concerns the layout of the pixel detector. 

In the following paragraphs the main features of the upgraded Outer Tracker and Inner Pixel 
are briefly described. The boundary between the two detectors is around R~20 cm, the same 
location as the interface between pixels and strips in the present configuration of CMS. A 
sketch showing a quadrant of the Tracker layout can be seen in Figure 4.1.1.  

 

Figure	  4.1.1:	  Sketch of a quadrant of the Tracker Layout. Outer Tracker: blue lines correspond 
to PS modules, red lines to 2S modules (see text for explanations of the module types). The 
Inner Pixel detector, with forward extension, is shown in purple.	  

The Outer Tracker 

The Outer Tracker provides, at the same time, data for the Level-1 reconstruction (at 40 MHz), 
and data for the global event processing upon reception of a positive Level-1 trigger decision. 
In order to enable such functionalities, local data reduction in the front-end is required to keep 
the required bandwidth at an affordable level. This is obtained by realizing modules that are 
capable of rejecting signals from particles below a certain pT threshold (“pT modules” where pT 
stands for transverse momentum). A threshold around 2 GeV corresponds to a data reduction 
by about one order of magnitude. 
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The modules are composed of two closely-spaced silicon sensors read out by a common front-
end. The front-end ASICs perform a spatial correlation between the signals collected in the two 
sensors, and select pairs that are compatible with particles above the chosen pT threshold to 
form simple 2-hit track segments (“stubs”). The strong magnetic field of CMS makes it 
possible to obtain sufficient sensitivity to measure pT over small sensor separations, enabling 
the use of pT modules in the entire radial range above R~20 cm. Stub data are sent out at every 
bunch crossing, while all other signals are stored in the front-end pipelines and read out when a 
trigger is received. In order to implement the same pT threshold for stubs consistently 
throughout the tracking volume, the acceptance window must be programmable in the front-
end ASICs, and different sensor spacings have to be implemented in different regions of the 
tracker (see sketches in Figure 4.1.2). 

 
	  

Figure	  4.1.2:	  Correlation of signals in closely-spaced sensors makes it possible to reject low-pT 
particles (a). The same transverse momentum corresponds to larger distance between the two 
signals at large radii, for the same sensor spacing (b). In the endcap, a larger spacing between 
the sensors is needed to achieve the same discriminating power as in the barrel at the same 
radius (c). The acceptance window (d) can therefore be tuned at the same time as the sensor 
pair spacings to achieve the desired pT filtering in the different regions of the detector.	  
	  
The choice of appropriate sensor material and technology is essential to achieve the required 
radiation tolerance. An extensive R&D program has shown that the goal is achieved with p-
type sensor material, thinner sensors than in the present tracker (which also help to reduce the 
material in the tracking volume), and a lower operating temperature. 

Two types of pT modules are under design: 

– “2S” modules are composed of pairs of strip sensors of approximately 10 × 10 cm2, with ~5 
cm long strips and 90 µm pitch. They populate the outer regions, above R~60 cm, (in red in 
the sketch of Figure 4.1.2), which results in approximately 150 m2 of sensing surface. 
Wirebonds provide the connectivity of both sensors to the readout hybrid on the sensor’s 
edges. One “service hybrid” carries a 5 Gb/s data link and the optical converter, as well as 
the DC-DC converter that provides power to the module electronics. The implementation of 
one optical link per module provides the bandwidth necessary for the trigger functionality, 
offering at the same time significant advantages in the system design, as it avoids additional 
electrical interconnectivity in the tracking volume. 

– “PS” modules are composed of two sensors of approximately 5 × 10 cm2. One sensor is 
segmented in ~2.5 cm long strips with 100 µm pitch while the other is segmented in 
“macro-pixels” of dimensions 100 µm × 1.5 mm. The chosen pixel size allows the use of 
the “C4” bump-bonding technology, an industrial process expected to be affordable for a 
fairly large production. The connectivity between the two sensors and the implementation 
of the auxiliary electronics follows the same concept as in the 2S module design. PS 
modules are deployed in the radial range between R~20 cm and R~60 cm (blue in the 
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sketch of Figure 4.1.2) resulting in a total of about 60 m2 of sensors surface (30 m2 short 
strips and 30 m2 macro-pixels). The pixelated sensor provides sufficiently precise 
measurements of the z coordinate for tracking, both at Level-1 and in the full event 
reconstruction. At the same time, three additional layers of unambiguous 3d coordinates 
with associated estimation of the particle pT facilitate track finding and provide robustness 
for the pattern recognition in a more cost effective way than would be the case for an 
extension of the Inner Pixel detector to a larger outer radius.  

CO2 two-phase cooling will be used to remove heat from electronics and sensors, which will 
help to further reduce the amount of passive material in the tracking volume. 

The layout of the Outer Tracker has been the subject of extensive studies and detailed 
modelling, exploring several different variants, including geometries with barrels only, and 
geometries with different numbers and size of end cap disks. The version shown in figure 4.1.1 
has been adopted as baseline, as it provides efficient use of the silicon sensors, yielding good 
tracking performance while minimizing cost and material in the tracking volume. Further 
optimization of the inner barrel region (populated by PS modules) may be possible, and is 
being explored. 

The trigger functionality requires an additional step in the back-end processing, compared to 
the present system. A possible architecture under consideration features a set of back-end 
“receiver boards” connected to the front-end modules through the optical links that fulfil all the 
control and low-level reconstruction tasks. In addition, the receiver boards format the stub data 
and send them to another set of “track-finder” boards that process the stub data to form “Level-
1 tracks” that are the tracker primitives to be combined with information from the other sub-
detectors to form the Level-1 triggers. Custom-designed Associative Memory is a powerful 
tool to perform track finding with small latency. A further track fitting stage in advanced 
FPGAs then determines the track parameters with sufficiently high precision. The cabling of 
the detector and the overall architecture of the back-end system will be optimized to enable 
efficient track finding with an affordable amount of data traffic. 

The Inner Pixel Detector 

The requirement of radiation tolerance is particularly demanding for the Inner Pixels. 
Preliminary studies show that good results can be obtained with the development of planar 
silicon sensors (possibly down to 100 µm thickness), segmented in 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 upon the ability to reconstruct the 
tails of the charge deposition in a 300 µm thick sensor. At the same time, the improvement in 
the two-track separation mentioned above is automatically obtained. A pixel size of about 30 × 
100 µm2 is considered, which represents a factor of 5 reduction in surface area compared to the 
current CMS pixels. Such a small size can be achieved with the use of 65 nm CMOS 
technology and an architecture where a “pixel region” shares digital electronics for buffering 
and controls.  

An alternative option that is being actively developed is the use of 3d silicon sensors, which 
should offer intrinsically higher radiation resistance because of the short charge collection 
distance. As the 3d process is more expensive and not suitable for large volume productions, 
the use of 3d sensors would be limited to small regions where the particle fluence is highest 
(e.g. the first barrel layer and possibly the inner ring of the forward disks). 

The design of the detector will preserve the possibility to replace degraded parts over a short 
technical stop, as it is the case for the current detector.  
 
The geometry for the detector layout is based upon the Phase 1 pixel detector [6] with four 
barrel layers, but with a system of 10 disks per end rather than the three disks of the Phase 1 
design.  
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The cost for the Phase 2 tracking system, including the outer tracker and the inner pixel 
detector is shown in Table 4.1.1.  

 

Table 4.1.1: Estimated CORE Cost for the Tracking Upgrade 
 

4.2	  Calorimeter	  Systems	  	  	  

As described earlier, studies and projections of the performance degradation due to radiation 
damage are ongoing, but it is already clear that the barrel calorimeters will perform well at HL-
LHC. HF will degrade at the highest η and further studies are needed to determine if an 
upgrade will be required. If so, it may be possible to stage this upgrade later than the main 
Phase 2 upgrades in LS3. It is clear, however, that the endcap calorimeters EE and HE must be 
upgraded in LS3.  

In Phase 1, HF is instrumented with four-channel PMTs and new front-end electronics 
including a TDC, to provide improved suppression for beam-related backgrounds. Two-PMT 
channels are ganged into a single readout channel. Operational experience following LS1 will 
demonstrate whether a separation of all four channels will be required for HL-LHC. The cost 
for this is included in the estimate. 

In replacing the endcap calorimeters, the first approach to consider is one that retains a tower 
geometry similar to the present calorimeter, and maintains the emphasis on the electromagnetic 
resolution, with the hadronic resolution and jet response being lower priority. This essentially 
amounts to a replacement of EE and HE with more radiation tolerant designs. The second 
approach is to consider an integrated calorimeter, which aims at maintaining adequate 
electromagnetic resolution, while substantially improving hadronic resolution and jet response. 
In both approaches, replacing the endcap calorimeter system opens the possibility of extending 
its coverage beyond the present |η| = 3, out to |η| ~ 4, in order to provide a uniform response 
over the rapidity range which contains most of the jets associated with VBF (which have a 
distribution peaked at |η| = 3), and beyond which, little transverse missing energy can escape 
the calorimeters.  

For the first approach, the electromagnetic calorimeter uses radiation tolerant, heavy 
scintillating crystals as the active medium. The crystals being considered, LYSO and Cerium 
Fluoride, are both very luminous, and can therefore be used in a sampling calorimeter, 

Item Sub-item
Estimated CORE 

Cost (MCHF 
2013)

Sensors 30.2

Module assemblies (except sensors) 23.7

Mechanics 4.0

Backend electronics 8.7

Power System 8.7

Cooling System 3.7

Services, Assembly&Installation 14.6

Silicon Strip Tracker 94
Sensors + bump bonding 15.8

Module assemblies 3.1

Mechanics 2.8

Electronics 7.5

Power System + Cooling System 3.4

Services, Assembly & Installation 1.0

Pixel Detector 34

Total 127

Cost Estimate for Tracker
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minimizing costs while maintaining the stochastic term of the resolution in the range of 10% / 
√E. The present design study has a Shashlik geometry with four read-out fibres and one 
calibration fibre running through a tower consisting of a lead-crystal sandwich, as illustrated in 
Figure 4.2.1. 

 

 

Figure 4.2.1: Schematic representation of a Lead-LYSO Shashlik sampling calorimeter tower.  

The Shashlik design aims to minimize the light path through materials that will darken under 
the effect of radiation, including both the crystal and the wavelength shifters of the read-out 
fibres. The light path through the wavelength shifter is kept very short by adopting a capillary 
design for the read-out fibres, where the wavelength shifter is inserted within a hollow quartz 
fibre. The quartz fibre, which will maintain excellent transparency even after the full HL-LHC 
exposure, collects light from the wavelength shifter, and transports it over the full length of the 
tower to the photo-detectors.  

A number of options are under study for the read-out of the fibres, in order to optimize costs 
and performance. These include the read-out of the fibres at both the front and the back of the 
Shashlik tower, and ganging fibres together into a reduced number of channels. The cost 
estimate assumes two readout channels per tower. 

The photo-detectors will be installed close to the end of the towers in a region where the 
fluence is such that existing silicon Multi-Pixel Photon Counters (MPPCs) would suffer 
unacceptable noise degradation, due to the radiation induced increase in bulk leakage current. 
For this reason, CMS is developing the technology for GaInP MPPCs, for which the radiation 
induced bulk leakage current is orders of magnitude lower than for silicon. In parallel, CMS 
will follow the trend towards smaller pixels for the Silicon MPPCs, which, together with 
operating temperatures well below 0C, can extend the useful lifetime of these devices in a high 
radiation environment.  

In this approach, the hadron endcap calorimeter would continue to provide similar performance 
as the present one, with replacement of the active element with either more radiation tolerant 
plastic scintillator, or liquid scintillator. Parallel readout fibres will ensure a short light path to 
maintain performance as the attenuation length in the scintillator reduces. While the approach 
is relatively simple, the development and demonstration of radiation tolerant tiles and fibres is 
key. 

This concept is illustrated in Figure 4.2.2. The readout would use the Phase 1 HCAL 
electronics. It may require new, larger area SiPMs to match the higher number of fibres. This is 
included in the cost estimate. Additional readout channels could be added to provide increased 
granularity. 
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Figure 4.2.2a:  Layout of present HE megatile (10 degree phi section). 
	  

	  
	  
Figure 4.2.2b:  Comparison of the existing and new tile designs.  In the existing design (Left), 
the WLS fibre layout is based on a ‘sigma’ groove design, with one end of the fibre mirrored 
and the other end spliced to clear fibre carrying light to the photodetector.  The new tile design 
(Right) is based on a multi-fibre  ‘finger design’.  The diagram above shows an option with 8 
fibres.  WLS fibres would be spliced/merged into a single clear fibre to transmit light to the 
photo-detector. 

For the integrated calorimeter approach, two different concepts are being investigated: (a) a 
fibre based Dual Read-Out calorimeter (DROC), based on the work of the DREAM (RD52) 
collaboration [10], and (b) a high granularity Particle Flow calorimeter (PFCAL), based on the 
work of the CALICE collaboration [11]. The physics object reconstruction, and the trigger 
architecture must be developed and will be quite different from the present schemes. However 
these approaches may have the potential to provide improved performance for particle flow 
reconstruction in this particularly challenging but important region of the detector.  

Dual Read-Out calorimeters exploit the different relative amounts of Cerenkov and 
scintillation light produced by electromagnetic and hadronic showers; the former is sensitive to 
relativistic electrons and positrons produced in electromagnetic showers and in the 
electromagnetic components of hadronic showers, while the latter is a more direct measure of 
ionization loss in the scintillator material. By separately measuring the Cerenkov and 
scintillation light produced in the calorimeter, hadronic showers can be corrected both for the 
scintillation light yield of electrons and hadrons (e/h ratio) and for the shower by shower 
fluctuation of the electromagnetic component. This can lead to significantly improved 
calorimeter energy resolution for both electromagnetic and hadronic objects. For generating 
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Cerenkov light, quartz fibres (which are currently available and sufficiently radiation tolerant) 
analogous to those already employed in HF are used. Possible candidates for suitable 
scintillation fibres are being investigated. The photo-detectors and readout system considered 
are the same as those for the Shashlik design described above.  

In the second option being explored, electromagnetic and hadronic energy deposits are 
identified using very fine granularity, both transverse and longitudinal, in order to provide a 
detailed reconstruction of the shower topology. This has been extensively studied by the 
CALICE collaboration, in the context of the ILC and CLIC detector designs, but must be 
demonstrated for the high rate environment at HL-LHC. The present focus is on understanding 
whether the electromagnetic and hadronic sections instrumented with micro-patterns gas 
detectors (MPGDs) could provide a cost effective solution with adequate performance. Both 
GEMs and Micro-Megas have been used successfully in a range of experiments to date and are 
suitable for large-scale production. In order to ensure adequate response to the highest energy 
electrons and jets at high PU, the development of a 128 channel front end readout-chip is being 
considered, which will integrated a low power 10 bit ADC for each channel. Such a high 
granularity Particle Flow calorimeter will generate large amounts of data, and the development 
of high-speed (10Gbps) data links will be necessary to cope with the corresponding data rates. 

Core Cost 

The costs have been estimated for the replacement of EE and HE as described above, and for 
the concepts for integrated calorimetry. With reasonable assumptions for the absorber material, 
granularity and electronics, the cost of the three options are found to be within ~15% of each 
other. Table 4.2.1 shows the costs for the first approach, amounting to 67M CHF. This amount 
is used in the summary table in section 3.  

An evaluation process has been put in place that includes simulation studies and technology 
feasibility studies that will guide the final design choices to be presented in the TP along with 
plans for further R&D. The final design will be described in detail in the TDR. 

 
Table 4.2.1: Estimated CORE Cost for Approach 1 (Shashlik EE and HE replacement) 

Item Sub-item
Estimated CORE 

Cost (MCHF 
2013)

LYSO crystals 21.8

Pb Absorber 1.1

Lyso+Pb Plate Assembly 1.9

Light collection (fibers, diffusers) 0.7

Photodetectors 1.7

Mechanical parts and Assembly 4.6

Electronics 12.2

Power System 2.0

Calibration System 1.2

Cooling System 1.0

Installation 1.0

Shashlik-LYSO EE Replacement 49
Scintillator 1.3

Brass absorber 8.0

Light collection (fibers, diffusers) 0.7

Megatile Assembly 3.7

Modification to Phase 1 FE Electronics 2.4

Services 1.0

Installation 1.0

18

67

HE Replacement 

Approach 1: Shashlik-LYSO EE replacement, HE 
replacement

Total
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4.3	  Muon	  Systems	  	  
	  
The present CMS muon system uses three different chamber technologies to provide efficient 
muon tracking over a large rapidity range (see Figure 2.5.1): Drift Tubes (DT), Cathode Strip 
Chambers (CSC), and Resistive Plate Chambers (RPC) covering pseudorapidity |η| < 2.4.  In 
preparing the muon system for HL-LHC conditions, there are three main considerations: 

1. Longevity of all three sub-systems and their electronics, in the high radiation 
environment of HL-LHC 

2. Muon trigger: At high luminosities, the Level 1 muon trigger in the forward region is 
increasingly compromised. This can be remedied with additional muon stations. 

3. Rapidity extension: If the endcap calorimeters are extended to rapidity of 4.0, the 
coverage for muon identification can be extended with the addition of a small but 
precise muon detector (ME0) built into the back of the new calorimeter.   

Longevity 

Both the barrel and End-Cap detectors appear to be robust against the effects of the increased 
radiation. However, for the CSCs and RPCs at the highest rapidity, the radiation aging studies 
need to be repeated at larger doses to better understand the aging effects such as deposits on 
pads and wires that will be encountered. A full program of studies at the GIF++ facility is 
planned. Aging mitigation using alternate gas mixtures is also investigated for the long-term 
operation of the RPC detector. The electronics of the DT minicrates will likely need 
replacement due to the limited radiation tolerance of some chips, and this would allow 
operation at higher trigger rates. A solution is being developed where most of the functionality 
is moved out of the collision hall to the service cavern, where accessibility and thus 
maintainability are also greatly enhanced. 

Muon Trigger 

Because of rate limitations of the original RPC detectors installed in CMS, the rapidity region 
1.6-2.4 is currently only covered by CSC muon detectors. However, the solenoidal field 
bending power is dramatically reduced at high rapidity, and the rejection of low-momentum 
muons that dominate the Level 1 muon trigger rate becomes inefficient. The background rate, 
especially from reactions initiated by low energy neutrons, is also highest there. The addition 
of high precision chambers in the forward region has been shown to significantly lower the 
attainable momentum threshold in the trigger, and thereby retain good acceptance for Higgs 
and top decays involving muons. Both triple-GEMs and improved (such as semiconductor 
glass) RPCs fit in the space available and have been shown to easily withstand the high rates 
expected. The locations of the additional forward muon detectors for Phase 2 are indicated in 
Figure 4.3.1.  In the first and second stations where the trigger can be improved by high-
granularity detectors, two layers of triple-GEMs are foreseen. Preparation for a demonstrator 
consisting of two such “super-chambers” in the first station (GE1/1) is already well advanced 
and planned for installation during the year-end 2016 technical stop. In addition, improved 
multi-gap RPCs offer excellent timing precision, which in turn is an effective means for 
rejection of neutron-induced background hits, and an excellent handle on hypothetical heavy 
stable charged particles (HSCP); these are envisioned for the 3rd and 4th muon stations (RE3/1 
and RE4/1). 

Rapidity Extension 

In the scenario where the tracking and endcap calorimeter are extended to rapidity of 4.0, the 
new endcap calorimeter is likely to be more compact than the current design, and space at the 
back could be made available for installation of a small yet precise muon detector to identify 
muons over the far-forward rapidity interval 2.2-4.0. Such identification will add significantly 
to the acceptance and/or signal-to-background ratio for multi-lepton final states. If an endcap 
calorimeter design is chosen that employs gas detectors, a unified approach using the same 
technology for calorimetry as well as muon detection is technically very attractive. With only a 
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single station of muon detectors at these high rapidities, more layers, such as the six that are 
used in the CSC, would be envisioned in order to better reject neutron-induced hits. Detailed 
studies of shielding designs will be necessary given the large backgrounds in this region. 

Core Cost 
An estimate of the CORE cost for the muon systems is shown in Table 4.3.1. The costs for 
GE1/1 and GE2/1 are based on two-layer triple-GEM “superchambers” with high granularity. 
The costs for RE3/1 and RE4/1 are based on glass RPCs (gRPCs) having fine timing capability. 
The cost for ME0 is based on six-layer triple-GEM detectors, and has been extrapolated from 
the GE1/1 cost assuming twice the channel count (individual strip areas of only 0.5 cm2).  

 

 

 

 
 

Figure 4.3.1: A quadrant of the muon system: showing DT chambers (yellow), RPC (blue), 
CSC (green). The location of new stations for Phase 2 are indicated in red.  
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Table 4.3.1: Estimated CORE Cost for the Muon System Upgrade 

4.4	  Trigger	  System	  and	  EB	  Front-‐End	  Electronics	  
A key goal of the CMS Phase 2 upgrade will be to maintain or enhance the overall physics 
acceptance, especially for Higgs production. During 2012 data taking, muon, electron/gamma 
(EG) and hadron object-based triggers have played equally important roles. All of these key 
trigger paths must be maintained for the physics program described in section 1.3. 

In order to accomplish this goal, the trigger upgrade focuses on two key components. The first 
is the addition of a L1 tracking trigger for identification of tracks associated with calorimeter 
and muon trigger objects at L1. The second is a significant increase of the L1 trigger 
acceptance rate, from the current 100 kHz limit up to 1 MHz. The upgrade of the front-end 
electronics of the EB to increase the trigger latency (see below) will also allow this bandwidth 
increase  	  
As described in Section 4.1, the upgraded Outer Tracker will provide data for the L1 trigger 
decision. Tracks above a pT threshold of about 2 GeV will be sent to the trigger for every 
bunch crossing, and the full data will be read out for events with a positive L1 decision. 
Preliminary studies demonstrate that the addition of a L1 tracking trigger provides significant 
gains in rate reduction with good efficiency for specific physics objects (Table 4.4.1), but it 
will not achieve sufficient reduction in rates for all trigger objects to allow the experiment to 
maintain the same physics acceptance without a bandwidth increase. 

 
Trigger 
Objects 

Single 
Muon 

Single 
Electron 

Single Tau Single Photon Multi-Jet 

Main Track 
Trigger Input 

 Improved 
Pt, via track 
matching & 
isolation 

Match with 
cluster & 
isolation 

Isolation & 
calo tau – 
track match 

Tracker 
isolation 

Match jet 
with vertex 

Improvement 
factor 

~6 ~10 ~5 ~2 ~4 

Table 4.4.1 Overview of the projected improvement factors for key trigger objects.  

Item Sub-item
Estimated CORE 

Cost (MCHF 
2013)

DT minicrate electronics 3.4

DT trigger electronics 2.2

DT Controls 1.1

DT minicrate installation 0.4

7

GEM chambers: ME1/1 + ME2/1 2.2

GRPC Chambers: ME3/1 + ME4/1 1.6

GEM Electronics 4.0

GRPC Electronics 1.1

Power Systems 2.0

Services 0.6

Installation 0.4

Muon Stations 1.6<|η|<2.4 12
Gem Chambers: ME0 0.6

Electronics 4.0

Power System 1.0

Services 0.5

Installation 0.1

6

Total 25

Cost Estimate for Muon System

Muon Taggins Station 2.2 <|η|<4

Aging and Longevity
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With replacement of the Tracker, other detector systems will limit the latency (the maximum 
L1 decision time) to 6.4 µs. To allow enough time for hardware trigger track reconstruction 
and sophisticated combinations with the trigger primitives of other sub-detectors, it is 
important to increase this latency. This requires replacing the front-end electronics for the 
barrel electromagnetic calorimeter (EB) to extend the latency to 10 µs, limited only by the 
electronics for the CSC system. This change has other major advantages. The granularity of the 
EB available in the trigger can be increased to the single crystal level, allowing better precision 
for association to the tracker information and therefore improved identification and isolation of 
the electromagnetic objects. Neutron-induced anomalous signals in the EB APDs are 
adequately suppressed at present with filtering algorithms, but at HL-LHC rates this may 
become a problem for triggering. Improved suppression can be built into the new front-end 
electronics. The concept for a new FE card and optical links for EB is shown in Figure 4.4.2. It 
will utilize components from ongoing developments (GBTX, versatile link, on-detector DC-
DC converters) and will transmit individual crystal data at 40MHz (requiring a 10 Gbps optical 
link). This will allow more flexible and powerful algorithms to be run off-detector, including 
triggering and data suppression.   

 

Fig 4.4.2: View of the ECAL on-detector read-out, with the VFE and the new FE cards.  

 

Core Cost  

The cost of the track trigger is mostly contained within the Tracker estimate, with the L1 
Trigger performing the correlation of the produced track with muon and calorimeter trigger 
information. For purposes of costing, a model is used in which the input trigger data is 
processed and formatted in a first layer, with the trigger algorithms executed in a second layer 
that provides the output to the global trigger (Figure 4.4.3). The number of boards assumed is 
based on the data bandwidth expected from simulation studies and the I/O bandwidth of the 
MP7 board developed for the Phase 1 upgrade. The cost estimate is also based on the present 
cost of this board without a scaling factor for performance improvements. 
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Fig 4.4.3:  View of the trigger layout used for the cost estimate, based on the Phase 1 

architecture and including the track trigger. 
 
The calorimeter trigger will need to process the data at higher granularity in order to be 
optimally matched with the track trigger information. As this is very similar to the current 
calorimeter trigger, the cost estimate is obtained by scaling the original cost to a higher channel 
count. 

The endcap muon trigger will need to be rebuilt to incorporate additional chambers in the 
endcap and to provide input for correlation with tracking. The cost is based on a similar Phase 
1 upgrade in this region. In addition, the modifications of the existing muon triggers covering 
the barrel and overlap regions that are needed to provide the input for tracking correlations are 
costed.  

The new Global Trigger will need to process twice the information with the additional 
Tracking Trigger load. Therefore twice the cost of the Phase 1 upgrade Global Trigger is 
included. 

The total cost is 7 MCHF for the trigger system itself, and 11 MCHF for replacing the EB 
frontend electronics (see Tables 4.4.2 and 4.4.3). 

 

 

 
Table 4.4.2: Estimated CORE Cost for the L1-Trigger Upgrade 

Item Sub-item
Estimated CORE 

Cost (MCHF 
2013)

Track Correlation Trigger 1.2

Calorimeter Trigger 1.7

High Eta Muon Track Frinder 0.9

Barrel Muon Track Finder Mod 0.3

Overlap Muon Track Finder Mod 0.3

Endcap Muon Track Finder Mod 0.9

Global Muon Trigger & Global Trigger 1.4

7

L1-Trigger Upgrade

L1-Trigger Total
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Table 4.4.3: Estimated CORE Cost for EB Electronics Replacement 

4.5	  DAQ	  System	  
The computing and network infrastructure in the Data Acquisition system (DAQ) and High 
Level Trigger (HLT) will need to be replaced on the timescale of the Phase 2 upgrade as the 
present equipment becomes unmaintainable. The systems will be upgraded to accommodate 
the changes to the Tracker and Calorimeters, and to allow the increased data rates provided by 
the trigger upgrade. The main parameters of the DAQ/HLT systems for Phase 2 are 
summarized in Table 4.5.1. 

 
Table 4.5.1: DAQ/HLT system parameters 

The capability to operate up to a Level-1 acceptance rate of 1 MHz represents an increase by a 
factor 10 compared to the present trigger and DAQ system. It will enable, together with the 
upgraded L1 trigger system, significantly more flexibility in online event selection, and will 
maximize the efficiency of data collection for a rich physics program. This 1 MHz rate is 
considered to be feasible for the front-end and back-end electronics of the sub-detectors. We 
currently assume the same rejection factor of roughly 100 at HLT as at present, leading to a 
maximum HLT accept rate of 10 kHz. It is expected that technology will evolve to allow these 
rates for online and offline computing. However we continue to work towards minimizing 
computing costs by improving the reconstruction, both with new selection algorithms and with 
code development for multi-core processors. 

The estimated event size of 4 Mbyte is based on extrapolation as a function of PU from the 
current event size of around 1 MByte at PU of 25 to PU of 140. The estimate will be refined at 
the time of the TDR of the sub-detectors when the electronics, data reduction capabilities and 
expected occupancies are specified. 

A first estimate of the required HLT computing power is derived as follows. It has been 
observed for the current HLT selection, with LHC operating at 8 TeV, that the HLT CPU time 
per event roughly scales with PU in the range 10 - 40.  Assuming this extrapolation to PU of 
140, and a factor of 1.5 for the increase in complexity of the triggered events due to the higher 
energy, we will need to increase the HLT computing capability by a factor of 50. This estimate 
will be refined with operating experience with the actual L1 and HLT menus when LHC starts 
operating at ~13 TeV energy in 2015 and when CMS commissions the Phase 1 upgrade L1 
trigger system. 

A system overview of Phase 2 readout electronics, DAQ and HLT is shown in Figure 4.5.1. 

Item Sub-item
Estimated CORE 

Cost (MCHF 
2013)

New Frontend Electronics 3.7

Disassembly/Assembly 2.4

Back End Electronics 1.3

Services: cables, fibers and pipes 2.6

Installation 1.0

EB Front-end Electronics Replacement 11

EB Electronics Upgrade

Level-1 Accept Rate up to 1 MHz
Event Size 4 Mbyte

Recording Rate
(HLT Accept Rate)

10 kHz

HLT Computing Power 10M HEP-SPEC06
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Figure 4.5.1: A schematic of the detector readout electronics, DAQ and HLT for Phase 2. 

 

The proposed Phase-2 DAQ/HLT architecture is the same as for the currently implemented 
system, with a two level event selection; the first (L1) is in hardware with a clock-driven 
synchronous system and the second (HLT) is in software on commercial processors. The HLT 
uses fully reconstructed events at the full L1 rate. 

Experience has shown that event building can be achieved with an effective throughput close 
to the bandwidth of the switching network. The DAQ/HLT will be re-implemented taking 
advantage of advances in computing and networking in the next decade. The DAQ 
requirements in Table 1 correspond to an effective throughput of 32 Tbps for the event 
building network. Commercial networking equipment with a switching capacity of 50 Gbps 
and network interfaces operating at 40 Gbps (Ethernet) or 56 Gbps (Infiniband 4xFDR) are 
available today. Hence it is reasonable to anticipate a DAQ system in 2023 with the required 
throughput with 500 data sources based on 100 Gbps links. 

For the Phase 2 upgrade the bi-directional data links between detector front-ends and back-
ends will have a bandwidth of 5-10 Gbps (GBT versatile links), and transmit data as well as 
timing and trigger signals. The TTC (Trigger, Timing and Control) system is foreseen to be 
upgraded to a bi-directional system with increased bandwidth relative to the current system.  

A preliminary estimate for the CORE costs for TTC/DAQ/HLT upgrades is shown in Table 
4.5.1.  

 
Table 4.5.1: Estimated CORE Cost for TTC/DAQ/HLT systems 

 
The costs of the HLT resources are estimated using actual costs incurred in 2012, extrapolated 
to 2024, assuming a factor of 1.25 performance/cost improvement per year, as has been 
established for dual-CPU general purpose servers [CERN-IT]. Those servers were the main 
platform for both HLT and offline processing in the past decade. These gains in processing 
power have come mainly from an increased number of cores, a trend that appears to be 
continuing. However, there are also industry developments towards co-processers and 
vectorization that might provide more economic solutions. During the next decade, CMS will 

40 MHz CLOCK driven!
Synchronous control loop!

 1MHz EVENT driven!
Asynchronous control loop!

Estimated CORE 
Cost (MCHF 

2013)

1

4

6

11

Item

TTC System

DAQ Read-out and Network System

HLT Compute Nodes

Total
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keep track of technology developments in networking and computing to assure a solid 
technical and economical solution for the regular replacements due to obsolescence of the 
DAQ/HLT equipment up to Phase-II. 

4.6	  Infrastructure	  and	  Common	  Systems	  
As for the detector systems, the infrastructure in CMS was originally designed for a ten-year 
operating life, and while substantial margin was included in the design of major components 
(the solenoid magnet for example), some systems will require replacement or upgrade to 
extend their life. This maintenance will be supported through M&O funding. There are, 
however specific upgrades to the infrastructure and common systems to accommodate the 
upgrades to the accelerator and CMS detector. Costs for these are included in this document. 

For HL-LHC, the low-β quadrupole magnets will be replaced with higher aperture magnets, 
along with the collimator that shields them (the TAS). This change will certainly require new 
radiation shielding for the experiment, and perhaps new mechanical systems to support 
detectors in the forward region and to provide access to the detector. The higher radiation 
levels will require upgrades to sections of the beam pipe. Additionally, the high luminosity 
operation will require new beam-conditions monitoring and abort systems. 

Several of the detector upgrades require changes to the cabling and cooling infrastructure. 
Similarly, some upgrades require new cable and fibre installation. The costs are borne by the 
detector projects, with the installation of services coordinated centrally and executed by 
common teams and contractors. 

It is expected that there will be need for upgrading the infrastructure and common systems 
along with the detector upgrades. Examples include a freewheel thyristor to extend the 
operating life of the solenoids magnet, upgrades to the rack cooling monitoring and control 
systems, and the addition of a second bridge crane.  The cost for this work is expected to be 
covered by a Common Fund, supported by all Funding Agencies in the manner presently 
employed for Phase 1. 

Most importantly, radiation protection and the dose for personnel will be a primary concern in 
planning the upgrades and will require the development of special shielding and remote 
inspection and handling techniques. Some of this cost will also be borne by the Common Fund. 

All of these changes will require significant design and engineering support, which will be 
carried out centrally under common funding.  

The cost for new shielding and tooling cannot be estimated with precision until the plans and 
design for the LHC and detectors are more advanced. The numbers here are representative 
costs based on experience for work of similar complexity during the original assembly of CMS. 
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Table 4.6.1: Estimated CORE Cost for Common Items  

5.	  Concluding	  Remarks	  
CMS has achieved excellent performance and great success in the first running period of the 
LHC. The Phase 1 upgrade program is underway and will allow the experiment to perform 
well at luminosities of about twice the LHC design of 1×1034cm−2s−1.  CMS thanks the LHCC 
committee, CERN and the Funding Agencies for the steady support that was the foundation of 
this success.  

HL-LHC will provide unprecedented physics opportunities and significant challenges, which 
will require a further major upgrade to the experiment in Phase 2. The cost of this upgrade is 
estimated to be approximately 270 MCHF. The project scope and conceptual designs will be 
further developed in a Technical Proposal in 2014, and individual project TDRs thereafter. The 
R&D program is critical and must progress rapidly to support final design choices for the 
TDRs. 

 
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

Item Sub-item
Estimated 
CORE Cost 

(MCHF 2013)

Beam Shielding: New Quads & TAS 2.5

Improvements to Forward Region 1.0

Crane and Rail System 2.0

Shielding, Tooling, Rail Systems etc 6
Remove/Install services (YB0&Endcap) 2.5

Upgrade to Cooling and Gas Distrib 0.5

Access Structures for Upgrade Work 2.0

5
Beam Instrumentation 3.0

Rack system and Slow Controls 0.5

Design and Engineering 5.0

9

Total 19

Cost Estimate for Common Items and Infrastructure 

Common Systems and Installation

Detector Services
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