
INTRODUCTION TO HL-LHC & CMS PHASE 2
12TH SEPTEMBER 2019 
SUDAN PARAMESVARAN (UNIVERSITY OF BRISTOL) ON BEHALF OF CMS UK  
(MANY THANKS TO MONICA D’ONOFRIO FOR VERY HELPFUL SUGGESTIONS ON HL-LHC PHYSICS) 

�1

PPAP 2019



          CMS UK Phase 2                                                           PPAP 2019          12th Sept 2019

TOPICS TO DISCUSS IN VIEW OF HIGH-LUMINOSITY LHC

▸HL-LHC 

▸Goals/Timeline 

▸Physics reach 

▸CMS HL-LHC (Phase 2) program 

▸Common technology 

▸L1 Trigger 

▸Tracker 

▸ECAL/ HGC
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HL-LHC
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HL-LHC TIMELINE �4
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HL-LHC GOALS �5



          CMS UK Phase 2                                                           PPAP 2019          12th Sept 2019

HL-LHC TIMELINE - ULTIMATE PERFORMANCE �6
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HL-LHC PARAMETER ESTIMATES �7
Parameters Nominal LHC 

(Design report)
LHC 2018 

max values
HL-LHC  

(standard)
HL-LHC 
8b+4e12

HL-LHC  
(Ultimate)

Beam energy in collision [TeV] 7 6.5 7 7 7
Nb 1.15E+11 1.15E+11 2.2E+11 2.2E+11 2.2E+11
nb 2808 2556 2760 1972 2760
Number of collisions in IP1 and IP5 1 2808 2544 2748 1967 2748
Ntot 3.2E+14 2.9E+14 6.1E+14 4.3E+14 6.1E+14
beam current [A] 0.58 0.52 1.1 0.79 1.1
x-ing angle [μrad]  285 320 ==> 260 500 47010 500
beam separation [σ] 11 9.4 10.3 ==> 6.8 10.5 10.510 10.5
β* [m] 0.55 0.30 ==> 0.25 0.15 0.15 0.15
εn [μm]  3.75 2 ==> 2.5 2.50 2.20 2.50
r.m.s. bunch length [m] 7.55E-02 8.25E-02 7.61E-02 7.61E-02 7.61E-02
Total loss factor R0 without crab-cavity 0.342 0.342 0.342
Total loss factor R1 with crab-cavity 13 0.716 0.749 0.716
Virtual Luminosity with crab-cavity: Lpeak*R1/R0   [cm-2 s-1] 13 1.70E+35 1.44E+35 1.70E+35
Luminosity [cm-2 s-1] or Leveling luminosity for HL-LHC 1.00E+34 2.00E+34 5.0E+345 3.82E+34 7.5E+345

Events / crossing (with leveling and crab-cavities for HL-LHC) 8 27 55 131 140 197

Peak line density of events [event/mm] (max over stable beams) 0.21 0.38 1.3 1.3 1.9

Leveling time [h] (assuming no emittance growth) 8, 13 - 7.2 7.2 3.5
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HL-LHC PROGRESS �8



HL-LHC PHYSICS REACH
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UK INPUT TO HL-LHC PHYSICS

▸Since 2017, there has been a joint LHC experiments + theorists effort to 
update and document systematically the physics programme for HL-LHC. 

▸https://twiki.cern.ch/twiki/bin/view/LHCPhysics/HLHELHCWorkshop 

▸This served as input to the update of the European Strategy of Particle 
Physics 

▸Broken down into 5 areas: SM, Higgs, BSM, Flavour, Heavy Ion 

▸UK has been heavily involved in this process from the start and occupied 
leading roles in  four of these five groups 

▸Convenor roles in SM, Higgs, BSM, Flavour 

▸Also UK role in overall steering group

�10
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UK INPUT TO HL-LHC PHYSICS

▸UK also strongly represented through the 
actual analyses that form the bulk of the 
reports. 

▸e.g W mass, sin2𝜃eff, Higgs combination, 
trilinear coupling, SUSY searches, 
resonances, B-physics 

▸As such a huge amount of UK input has 
gone into the summary document that was 
submitted to the European Strategy

�11

UK convenors
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HIGGS PHYSICS - NEW REGIME OF UNDERSTANDING �12
•Higgs SM couplings will be 

measured to the percent level 
•Large statistics will 

particularly help with complex 
final states

•Assuming SM Higgs self-
coupling 𝝀 - ATLAS and CMS 
project sensitivity of 3𝜎 each, 
4𝜎 combined,.

•Large statistics will improve 
sensitivity to new Higgs 
bosons. 

•One example decaying to 𝝉𝝉 
will have reach up to 2.5 TeV 
for tan β > 50.
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STANDARD MODEL - PUSHING THE PRECISION �13

•Obtaining the most precise measurement 
of the weak mixing angle: sin2𝜃eff 

•  Most precise measurements to 
date from LEP and SLD but differ 
by 3 s.d.

• With ATLAS, CMS and LHCb 
should be able to achieve 
better than 5.10-5

•Huge luminosities will give rise to EW 
multiple boson production not yet 
accessible at the LHC.  

•Sensitivity to new physics i.e anomalous 
EW couplings 

•Extraction of longitudinal polarisation 
components to same-sign WW scattering 
should give 3𝜎 evidence (CMS+ATLAS)
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BSM PHYSICS - MAXIMISING DISCOVERY POTENTIAL �14
•Huge increase in sensitivity to SUSY 

signatures.  
•E,g. Compressed SUSY models where 

difference in mass between new particles 
is small have barely been covered so far. 

•With HL-LHC will significantly extend our 
reach

•Currently challenging scenario = di-stau 
production 

•Only excluding ~ 100 GeV currently 
•Will be able to reach ~500 GeV for 

discovery at HL-LHC

• In searches for Dark Matter will have 
much improved discovery reach - on the 
order of a ~ TeV for a key search using 
the monojet + missing energy signature
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MANY OTHER IMPORTANT PHYSICS GOALS!! �15

• Reducing errors significantly on 
PDFs - will feed in to improved 
theoretical predictions to help SM 
and BSM physics

• Flavour physics: pushing FCNC 
measurements (stats limited), 
extremely sensitive probe to New 
Physics.  

• Heavy Ion physics: microscopic 
structure of the Quark-Gluon 
Plasma, with much reduced 
uncertainties

combined ATLAS, CMS, LHCb



CMS PHASE 2 
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OVERALL PICTURE �17
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OVERALL PICTURE - UK �18
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OVERALL PICTURE - UK �19

▸Strategy to build on success of original and Phase 1 UK-led projects 

▸Create common technology work package 

▸Maintain intellectual lead in all areas we participate in 
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CMS UK UPGRADE: COMMON TECHNOLOGY - SERENITY �20

Prototype ATCA card to provide back-
end electronic services for CMS

• Flexible, dual FPGA card
• Flexible, pluggable FPGA units 

Small production of 15 cards
• 9 delivered with 6 more on the way.
• For use in Calorimeter, Trigger & 

Tracker 

Focus has now shifted
• Completing infrastructure firmware 

& software
• Integrating application specific 

payload firmware 
• System integration 
• Documentation 

• http://cern.ch/serenity

7Tb/s: 288 fibres @ 25Gb/s via 12x MTP24s

Feeds directly 
into all other 
UK upgrade 

projects

http://cern.ch/serenity
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CMS UK UPGRADE: COMMON TECHNOLOGY -NEXT STEPS �21

Challenge now will move to
• Delivering system, rather than a few 

individual cards.
• Procurement of 100s of cards.

• Multi-million CHF purchase.
• Significant quality assurance task.
• Looking towards next iteration of the 

card, particularly production aspects 

Commissioning Phase
• Still several years away, but planning 

for this is already starting

Infrastructure	firmware	&	so1ware	provides	common	services
•Communica7on,	
•Fast	Control	&	Feedback	(trigger,	7ming,	thro@le)
•SerDes	Links	(aligned,	fixed,	low	latency)
•Providing	input	&	output	buffering
•DAQ	path
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CMS UK UPGRADE: TRACKER �22

Two key areas of UK involvement:

• Developed concept of “pT” modules to discriminate high pT tracks - including leading 
design and production of readout ASIC to be used in the outer layer “2S” modules 

(CBC) 
   

• Developed and led all-FPGA solution to provide tracking information to L1 trigger at 
40 MHz 
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CMS UK UPGRADE: TRACKER FRONT-END �23

CMS Binary Chip (CBC)

• Front-End read-out ASIC for “2S” 
modules. 130nm CMOS. 

• 254 Channels @ 320 MHz readout, 
latency 12.8 us 

• CBC development is now complete. 

• 24 CBC3.1 wafers have been received 
to evaluate for production yield, another 
24 expected next month. 

These are the final pre-production 
orders, and then would move on to 
large scale module assembly
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CMS UK UPGRADE: TRACK-FINDING FOR L1 TRIGGER �24

UK lead:

• Developing concept of L1 Track-Trigger 
• Implementing all-FPGA working solution 

including SW/FW/HW demonstrator 

• For overall project UK has responsibility 
for Data, Trigger & Control card (DTC), 
and for developing Track-Finding 
algorithms

Current status:

• Preliminary firmware for stub 
processing in DTC completed and 
running at 360 MHz 

• TMTT L1 Tracking algorithm run on 
Serenity at 320 MHz 

• Hybrid algo with US contribution 
working in software, being translated to 
firmware via HLS 

• Integration tests at CERN scheduled to 
start this month
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CMS UK UPGRADE: HIGH-GRANULARITY CALORIMETER �25
Key areas of UK involvement:

• UK developed and led the concept of new paradigm in calorimetry.  

• Leading role in Trigger primitive development and electronics, and simulation 
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• Large and complex project pushing technology to 
the limit 

• Huge number of trigger channels 
• Very high data occupancy. 
• However simulation shows excellent efficiency and 

resolution can be achieved.
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CMS UK UPGRADE: BARREL CALORIMETER �26
Key areas of UK involvement:

• Trigger primitive software and firmware for upgraded ECAL barrel 

• Optical fibre routing 
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Developed preliminary ECAL crystal sharing scheme based on 
Barrel Calorimeter TDR design 

sharing of crystal data between 216 trigger processor FPGAs serving 
36 ECAL Barrel supermodules 


using technology developed for CMS Phase 1 Calorimeter Trigger 
upgrade  

Now being revised with an updated and expanded sharing scheme 

Developed first version of ECAL trigger primitive 
firmware to reject direct signals (“spikes”) in APD 

photodetectors 
based on differences in pulse shapes between spike and electron/photon 

signals 

Now updating algorithm to optimise FPGA resource usage and developing 
emulator software 
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CMS UK UPGRADE: L1 TRIGGER �27

• L1T will receive data from all sub-
detectors, inc tracking


• Increased readout capability


• L1 rate < 750kHz


• L1 latency < 12.5us


• Full replacement of L1T system


• Xilinx Ultrascale/+ FPGAs


• Link speeds up to 25Gb/s


• Aim to maintain current L1 trigger 
thresholds through to HL-LHC
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CMS UK UPGRADE: L1 TRIGGER �28

• Reconstruct physics objects 
using particle-flow techniques


• Receive tracks, clusters, 
muon stubs


• Identify vertices


• Identify particle candidates


• Reconstruct jets, taus, 
electrons, photons, energy 
sums etc.

• Demonstrator programme based on 
Serenity hardware well underway


• Rapid algorithm prototyping using 
Vivado HLS

3.2. Updates to Vertex Reconstruction 19

described in the CMS Phase-2 Technical Proposal [3]. This study uses updated simulations that
incorporate a new tilted geometry for the Phase-2 Outer Tracker as described in Ref. [4].
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Figure 3.1: Efficiency for reconstructing the hard interaction primary vertex within 1.5 mm
of the true vertex, as a function of the true longitudinal impact parameter z0. (Left) the effi-
ciency for tt̄ events with different pileup contents. (Right) the efficiency for different signals
(tt̄, H±, H ! ZZ ! 4l and H ! tt) with a pileup of 200.

The tracking performance of the new tilted geometry is largely unchanged or improved com-
pared with the studies presented in [3], except for the z0 resolution, which is known to be
slightly degraded due to simple geometric considerations. The L1 tracks used to find the pri-
mary vertex must have stubs in at least four different tracker layers, a transverse momentum
above a predefined threshold, and a track fit c2 per degree of freedom of less than 20.

The density-based spatial clustering of applications with noise (DBSCAN) [8] algorithm has
been found to be the best compromise between performance and feasibility for an implemen-
tation in hardware. It shows good vertex reconstruction efficiency, excellent tolerance for noise
(i.e. fake) tracks, does not require any pre-sorting of the tracks and, most importantly, has
been already implemented on FPGA hardware [9]. For this interim report, the algorithm was
studied in software and implemented for one dimension, the estimated longitudinal impact
parameter z0 of the L1 tracks. Figure 3.1a shows the distribution of the hard interaction pri-
mary vertex reconstruction efficiency for the DBSCAN algorithm, compared with the results
obtained using the Technical Proposal histogramming method [3], as a function of the z0 posi-
tion of the true vertex in inclusive tt̄ events with different pileup content. For this study only L1
tracks with pT > 3 GeV were considered; reducing the threshold to pT > 2 GeV did not show
significant improvements. The average efficiency to reconstruct the hard interaction primary
vertex within 1.5 mm of the true vertex in tt̄ events with 200 pileup is approximately 86% using
the DBSCAN algorithm and 84% with the histogramming approach. The longitudinal impact
parameter is observed to have a resolution of sz0 = 0.49 mm.

While the DBSCAN algorithm correctly identifies the primary vertex for events with a high
multiplicity of high-pT tracks, it underperforms in events with a low multiplicity of high-pT
tracks. Figure 3.1b shows the efficiency of reconstructing the primary vertex to within 1.5 mm
for various signals superimposed on a pileup of 200 minimum-bias collisions per LHC bunch
crossing. We note that lepton and photon trigger paths would not typically require a primary-
vertex constraint. Hence, signal processes triggered by leptons or photons would not be af-
fected by the inefficiencies to reconstruct the primary vertex in such low track-multiplicity

3.6. New Trigger Objects based on Particle Flow Reconstruction 27

trigger-primitive clusters or trigger-primitive muons. We analyse the linked trigger-primitive
information to create a global list of L1 particle candidates: muons, charged hadrons, electrons,
photons, and neutral hadrons. We then run the L1 PUPPI algorithm on the list of global particle
candidates to filter the event into the most leading, vertex compatible particle candidates. As
with the PF algorithm, the PUPPI algorithmic complexity is reduced and only uses simplified
integer operations. Since PUPPI requires input information from track vertexing but the PF
algorithm does not, such a vertexing step is naturally performed in parallel with the PF oper-
ations. The output of the combined PF+PUPPI trigger algorithm is a set of vertex filtered can-
didates that can then be used to reconstruct and identify triggerable, prompt physics objects.
This approach to pileup mitigation needs the primary vertex to be properly reconstructed, as
can be done easily in events with a large multiplicity of high pT tracks (see Section 3.2).
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Figure 3.8: (Left) efficiency for selecting signal and background for three different E
miss
T trigger

algorithms and (Right) efficiency turn-on curves for three different HT trigger working points:
a calorimeter-only algorithm (purple); a track-only trigger algorithm using tracks consistent
with the primary vertex (red); and a PF+PUPPI trigger algorithm (blue). The HT thresholds
were chosen so that each HT trigger path corresponds to a rate of 20 kHz. The study was
conducted using a background sample of minimum-bias collisions and a signal sample from tt̄
simulated events decaying semileptonically, corresponding to an average PU of 140.

While the L1 PF+PUPPI trigger algorithm remains an early prototype at the time of this writ-
ing, the initial performance has been studied and compared with more traditional, standalone
trigger algorithms based on a single detector (e.g. either calorimeter-only or tracker-only). As
an early proxy of the potential gains expected by this approach, we study the missing trans-
verse momentum (Emiss

T ) and the scalar summed pT over all jets in an event, typically referred
to as HT. Gains are also expected for jet substructure studies for heavy-particle tagging, and
lepton isolation, though we leave those topics for future studies. An example of the early per-
formance of the L1 PF+PUPPI algorithm, using a Phase-2 detector simulation but using tracks
reconstructed with an offline algorithm and mocked-up to have similar performance (resolu-
tion, pT threshold of 2 GeV, etc) as that expected from the L1 track finder, is provided in Fig. 3.8.
The figures show the signal vs background selection efficiency for different E

miss
T triggers, as

well as the efficiency turn-on curves for different HT triggers, using a semi-leptonic tt̄ signal
having true E

miss
T , and they compare three different algorithms based on standalone calori-

meter, standalone track, as well as PF+PUPPI. The HT efficiency turn-on curves show three
different working-point thresholds, one for each algorithm, that are constrained to have a fixed
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CMS UK UPGRADE: SUMMARY �29

▸HL-LHC provides an unrivalled opportunity to advance the collider physics 
program massively. 

▸A wealth of studies have already been done to prepare for Physics exploitation - 
and techniques/tools will improve in the next years to stay on the cutting edge 

▸CMS UK Phase 2 program is well underway- involved in the key CMS projects in 
mission-critical roles.  

▸ In addition developed many of the concepts that underpin the CMS 
Phase 2 detector 

▸Will continue to punch above our weight and ensure CMS UK remains an 
essential contributor to CMS


