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Outlook 
!  In this talk: 

"  Brief Introduction (Physics motivation for HL-LHC) 
•  Requirement for the upgrade of CMS 

"  The Phase-II upgrade 

"  The CMS L1-Trigger upgrade for HL-LHC 
•  Barrel Muon Upgrade (Drift Tubes) 
•  Endcap Muon Upgrade (GEM) 
•  Barrel Calorimeter Upgrade 
•  Endcap Calorimeter Upgrade 

"  Plans and Conclusion 
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Physics goal for HL-LHC 

!  Exploit the LHC at very high luminosity: 
"  Precision measurements of H-sector (self-couplings)  
"  W,Z trilinear and quadrilinear couplings 
"  Rare H-decays + SUSY + Dark Matter 
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!  HL-LHC (2026-203X) conditions: 
"  Linst.=5x1034 cm-2s-  @13TeV # <PU>≤200                
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CMS Max flux:
Barrel ~ 460 Hz/cm2

Forward ~ 10-50 kHz/cm2

Energy:
20 keV - 100 MeV

Integrated dose:
< 1 Gy (Muon Barrel and 
most Forward regions)

Background radiation at LHC

Gamma energy spectrum

08/05/2016 R. Guida CERN EP-DT 4

CMS- experiment: 
Integrated dose 

Measured rate in CMS-Barrel stations

The LHC experiments are embedded into a high radiation environment produced by p-p collisions.

The CMS example for neutral radiation background
CMS-Barrel CMS-Forward

!  HL-LHC challenges: 
"  High luminosity # high pile-up 
"  High n-fluence # degradation of PbWO4 
"  Dose in forward region ~3x105 Gy 
"  huge amount of data reaching the online trigger 

!  The scientific goals require: 
"  High efficieny on lepton/photon reconstruction 
"  Trigger threshold don’t compromise EWK physics 
"  Jet energy resolution maintained at very high PU  



The CMS Phase-II Upgrade 
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Lindsey Gray, FNAL

The CMS HL-LHC Upgrades
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Muons
• Complete RPC coverage in forward 

region (new GEM/RPC technology)
•Nominal coverage to η ~ 2.4
• Investigate Muon-tagging up to η ∼ 4
• (pending calorimeter investigations)

New Endcap Calorimeters
• Radiation tolerant - high 

granularity
•Nominal coverage 1.5 < |η| < 3.0 
• Investigate fast timing options to 

augment Endcap 

New Tracker  
• Radiation tolerant - high granularity - 

less material 
• Tracks in hardware trigger (L1)
•Coverage up to η ∼ 4

These upgrades allow CMS 
to execute its physics 

program while receiving an 
average of 200 pile-up (PU) 

interactions per beam-
crossing.

pile up rejection



The CMS Phase-II Upgrade 
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!  The most demanding issue at HL-LHC is the handling of extreme 
data rates from increased granularity and much higher background 

The performance of an hadron collider experiment is driven by 
the performance of the Level-1 Trigger 

Enormous increase in background Trigger trheshold, driven by the EWK 
energy scale, cannot increase 

Radical, innovative approaches 
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CMS L1-Trigger Phase-II Upgrade 
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!  The new L1-Trigger: 
" The CMS L1-Trigger system is required to select/reject each beam crossing and $ First step of 

data analysis 
" Time-multiplexed structure + tracker information + latest generation of FPGA + fast optical links 

$ For the first time a full event reconstruction at L1 is possible 
" The input to the correlator will be fitted tracks, calo-clusters and muon stubs 
" Change in maximum rate: from actual O(100kHz)$O(1MHz) + fixed latency (4μs$12.5μs) 

6/10/16 Luca Mastrolorenzo - ECFA 2016 

Tracking

Pixels

Barrel calo

Endcap calo
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On-detector front end Trigger primitive generationOff-detector readout Trigger
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Platform / FW

FW

Platform

Platform / FW

2S modules Tracker DTC Track finder

Correlator

HGC readout HGC TPG

EB/HB TPGOptolinks

DAQ

DAQ

Figure 3: CMS high-luminosity readout electronics, with UK contributions indicated

and staff resources towards a common goal. In some areas (e.g. in the architecture of the track-
finding electronics) multiple technical solutions exist, pending a collaboration decision before a
TDR. In these cases, final decisions on responsibilities and roles will be made after decisions are
known, but our expertise and strong track record assures a leading contribution in each of the
areas defined above. The top level objectives of this proposal are:

1. Development and prototyping of a common readout and trigger electronic module for use
across the CMS subsystems

2. Production and delivery of the outer tracker readout ASIC, and integration of tracker on-
detector readout components

3. Development, production and integration of the tracker off-detector readout electronics and
track-finding system.

4. Development, production and integration of off-detector readout and trigger electronics for
the CMS calorimeters

5. Development, production and integration of the Level-1 trigger correlator unit.

4 Project Description

4.1 WP1: Project Management

Work package manager: D. Newbold

The project structure is illustrated in Figure 4. The Upgrade PI is a separate role from that of
CMSUK PI. He or she works closely with deputies and WP managers to manage resources and
personnel, to track progress against milestones, and to liaise with the Oversight Committee.
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On detector front-end 

Muon chambers 

Barrel Calo 

Endcap Calo 

Tracking 

Pixels 

Off detector read-out 

DAQ 

Triogger Primitive Generator  
(TPG) 

Correlator 

L1 decision 

Fixed latency = 12.5µs 



Muon Detector Upgrade 
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!  In addition to the existing DT, RPC 
and CST: 

Phase II Scenario
‣ New detectors to be installed ‣ GEM detectors — GE1/1, GE2/1 

‣ Improved RPC chambers — RE3/1, RE4/1 
‣ Forward muon tagger — ME0

11
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• it is a telescope of position-sensitive detectors 

• sensitive layers are grouped together 

• it provides an ordered array of time measurements 
→ drift distance, given BX identification → 2D position 

• goal: identification of an approximately straight track segment

13 mm

electrode strips

ca
tho

de
 st

rip

anode wire

insulator strips

42 mm

isochrone lines
drift lines

CMS DT chamber

2008 JINST 3 S08004

RPCRPC

RPCRPC

Figure 7.4: A DT chamber in position inside the iron yoke; the view is in the (r-f ) plane. One can
see the 2 SLs with wires along the beam direction and the other perpendicular to it. In between is
a honeycomb plate with supports attached to the iron yoke. Not shown are the RPCs, which are
attached to the DT chambers via support plates glued to the bottom and/or top faces, depending on
chamber type.

with rigidity provided by the outer planes of tubes. A thick spacer also helps to improve angular
resolution within a station. Table 7.1 provides a summary of the general DT chamber parameters.

One SL, that is, a group of 4 consecutive layers of thin tubes staggered by half a tube, gives
excellent time-tagging capability, with a time resolution of a few nanoseconds. This capability
provides local, stand-alone, and efficient bunch crossing identification. The time tagging is delayed
by a constant amount of time equal to the maximum possible drift-time, which is determined by
the size of the tube, the electrical field, and the gas mixture. Within the angular range of interest,
the time resolution was shown to be largely independent of the track angle, but this requires the
cell optics to maintain a linear relationship between the distance from the wire of the crossing track
and the drift-time of the electrons along the entire drift path. bunch crossing tagging is performed
independently in each of the 3 SLs by fast pattern-recognition circuitry. Together with the bunch
crossing assignment, this circuit delivers the position of the centre of gravity of the track segment
and its angle in the SL reference system with precisions of 1.5 mm and 20 mrad, respectively.
This information is used by the first-level muon trigger for the time and transverse momentum
assignment.

The goal of the mechanical precision of the construction of a chamber was to achieve a
global resolution in r-f of 100 µm. This figure makes the precision of the MB1 chamber (the
innermost layer) comparable to the multiple scattering contribution up to pT = 200 GeV. The 100-
µm target chamber resolution is achieved by the 8 track points measured in the two f SLs, since

– 167 –

RPC
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RPC
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fixation rail
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SL 2 / ϴ

SL 1 / Φ

d = 23.5 cm

cell: 4.2 cm × 1.3 cm

outer/upper super-layer 

inner/lower super-layer
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Barrel Muon Trigger Upgrade (DT) 
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!  Motivation for the local DT trigger primitives generator upgrade[1] 
"  The local DT-TPG is currently hosted on-detector and bound to DT 

readout (MiniCrate)  
"  it is based on the BTI processor, which is a synchronous fitter 

sampling a range of bunch crossing hypotheses 

"  The replacement of the MiniCrates is already planned for HL-LHC[2]: the 
readout and trigger electronics are aging because of radiation 
"  the new MiniCrates will host only the readout: TDC signals will be 

driven off-detector on fast optical links using the CERN GBT protocol 
"  The new trigger must be asynchronous 

[1] N. Pozzobon, P. Zotto and F. Montecassiano A proposal for the upgrade of the muon Drift Tubes trigger for the CMS experiment at the HL-LHC. 
proceedings of the Connecting The Dots CTD 2016 workshop (HEPHY Wien, Feb. 2016) - Accepted by Eur. Phys. J. Web of Conference  
[2] Technical Proposal for the Phase-II Upgrade of the Compact Muon Solenoid, CERN-LHCC-2015-10 LHCC-P-008 CMS-TDR-15-02 ISBN 
978-92-9083-417-5 1 June 2015  
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!  A Hough Transform-based approach[2] 

"  R&D activity ongoing in Padova 

"  design of a real-time pattern recognition algorithm[2][3] to be 
implemented in logic devices for fast triggers or filters, requiring high 
efficiency and resolution on reduced input data samples 

" DT chamber layout =  a telescopes of position-sensitive detectors, grouped together 
in layers and super-layers 

"   Trigger on muons with a DT chamber means to recognise when the muon has traveled 
through the chamber and identify its approximately straight track segment                

[1] N. Pozzobon, P. Zotto and F. Montecassiano A proposal for the upgrade of the muon Drift Tubes trigger for the CMS experiment at the HL-LHC. 
proceedings of the Connecting The Dots CTD 2016 workshop (HEPHY Wien, Feb. 2016) - ] Accepted by Eur. Phys. J. Web of Conference  
[3] Nucl. Instr. Meth. A 834 (2016) 81–97 N. Pozzobon, F. Montecassiano and P. Zotto A novel approach to Hough Transform for implementation in 
fast triggers. doi:10.1016/j.nima.2016.07.020 
[4] N. Pozzobon, F. Montecassiano and P. Zotto Design of a Compact Hough Transform for a new L1 Trigger Primitives 
Generator for the upgrade of the CMS Drift Tubes muon detector at the HL-LHC - ] Submitted for publication to IEEE 
Trans. Nucl. Sci.  
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Barrel Muon Trigger Upgrade (DT) 
• it is a telescope of position-sensitive detectors 

• sensitive layers are grouped together 

• it provides an ordered array of time measurements 
→ drift distance, given BX identification → 2D position 

• goal: identification of an approximately straight track segment
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Figure 7.4: A DT chamber in position inside the iron yoke; the view is in the (r-f ) plane. One can
see the 2 SLs with wires along the beam direction and the other perpendicular to it. In between is
a honeycomb plate with supports attached to the iron yoke. Not shown are the RPCs, which are
attached to the DT chambers via support plates glued to the bottom and/or top faces, depending on
chamber type.

with rigidity provided by the outer planes of tubes. A thick spacer also helps to improve angular
resolution within a station. Table 7.1 provides a summary of the general DT chamber parameters.

One SL, that is, a group of 4 consecutive layers of thin tubes staggered by half a tube, gives
excellent time-tagging capability, with a time resolution of a few nanoseconds. This capability
provides local, stand-alone, and efficient bunch crossing identification. The time tagging is delayed
by a constant amount of time equal to the maximum possible drift-time, which is determined by
the size of the tube, the electrical field, and the gas mixture. Within the angular range of interest,
the time resolution was shown to be largely independent of the track angle, but this requires the
cell optics to maintain a linear relationship between the distance from the wire of the crossing track
and the drift-time of the electrons along the entire drift path. bunch crossing tagging is performed
independently in each of the 3 SLs by fast pattern-recognition circuitry. Together with the bunch
crossing assignment, this circuit delivers the position of the centre of gravity of the track segment
and its angle in the SL reference system with precisions of 1.5 mm and 20 mrad, respectively.
This information is used by the first-level muon trigger for the time and transverse momentum
assignment.

The goal of the mechanical precision of the construction of a chamber was to achieve a
global resolution in r-f of 100 µm. This figure makes the precision of the MB1 chamber (the
innermost layer) comparable to the multiple scattering contribution up to pT = 200 GeV. The 100-
µm target chamber resolution is achieved by the 8 track points measured in the two f SLs, since
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!  A Hough Transform-based approach[2] 

"  Hough transform techniques are generally robust against spurious 
hits due to background or fake measurements   
"  DT measurement carry an intrinsic left-right ambiguity, a Hough 

Transform-based technique can solve it 

[3] Nucl. Instr. Meth. A 834 (2016) 81–97 N. Pozzobon, F. Montecassiano and P. Zotto A novel approach to Hough Transform for implementation in 
fast triggers. doi:10.1016/j.nima.2016.07.020 

6

• new read-out replacing the current one suffering from aging: 
asynchronous data feed on high-speed optical links 

• current synchronous scheme based on time-dependent fitter, running 
on ASIC, cannot be applied 

• DT position measurements come with intrinsic left-right ambiguity: 
drift time, given BX identification → drift distance w.r.t. wire: left or right? 

• HT is robust 
against 
spurious or fake 
measurements
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Barrel Muon Trigger Upgrade (DT) 
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!  Key features of the algorithm*:  

"  Clever partitioning of the input dataset into subsets that are 
processed in parallel to extract pattern parameters, and which are 
recombined in a later stage 

"  Reduction of the typical computational load of the Compact Hough 
Transform* by processing N-ples of measurements simultaneausly, 
constraining a function of a single track parameter  
"  Higher combinatorics are largely compensated by the reduction 

in the Hough Transform histogram size in the small input dataset 

6/10/16 Luca Mastrolorenzo - ECFA 2016 

Barrel Muon Trigger Upgrade (DT) 

*patent applied for by Università degli Studi di Padova, 24th Feb 2016 
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!  Majority Mean-Timer 
"   A correct reconstruction of the drift  

distance relies on the identification of  
muon crossing time: 

"  Possibility of resolving ambiguities by means of  
weighted average of reconstructed drift times is one of the key features of 
the CMS DT chambers design since the earliest studies, 

"  Currently being used only in the offline calibration of drift velocity  

"  A straight computation of the crossing time is possible for the majority of 
equations: all the equations can be made explicit in terms of it by applying the 
definition of drift time 

"  The crossing time is obtained on a statistical basis from the evaluation of all the 
triplets of wires and left-right crossing hypotheses, without sampling the 
crossing time hypothesis: the most voted value is chosen to reconstruct the drift 
distances and positions that are input to the CHT   

• the project in Padova: Majority Mean-Timer  
(see also CTD presentation) 

• a correct reconstruction of the drift 
distance relies on the identification of 
muon crossing time: the possibility of 
resolving ambiguities by means of 
weighted average of reconstructed drift times is one of the key features 
of the CMS DT chambers design since the earliest studies, currently 
being used only in the offline calibration of drift velocity 

• a straight computation of the crossing time is possible for the majority of 
equations: all the equations can be made explicit in terms of it by 
applying the definition of drift time 

• the crossing time is obtained on a statistical basis from the evaluation of 
all the triplets of wires and left-right crossing hypotheses, without 
sampling the crossing time hypothesis: the most voted value is chosen 
to reconstruct the drift distances and positions that are input to the CHT

A

B

C

2TA + 3TB + TC = 2T
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Barrel Muon Trigger Upgrade (DT) 
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!  Performance Evaluation 

"  The design is driven by the request of a robust result, with an 
efficiency > 98% over a local φ range spanning ~100°, 

"  A resolution better than 30 mrad (3 mrad) for 4-point tracks (8-point 
tracks) in local φ, and better than 1.4 mm in intercept, fitting within 
few µs latency (not yet a final requirement)  

• the project in Padova: performance evaluation 

• the design is driven by the request of a robust result, with an 
efficiency > 98% over a local ϕ range spanning ~100°, a resolution 
better than 30 mrad (3 mrad) for 4-points tracks (8-points tracks) in 
local ϕ, and better than 1.4 mm in intercept, fitting within few μs 
latency (not yet a final requirement)
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[left] evaluation of the algorithmic efficiency on a 2M track sample for track segments obtained from both SLs (quality ≥ 
6/8) and from only one SL (quality 4/4), the fraction of candidate tracks with correct tp identification is highlighted [middle 
and right] expected resolution of reconstructed track parameters from correct tp identification with 8 aligned hits in both 
SLs (8/8) and with 4 aligned hits in only one SL (4/4), the contribution of intermediate quality tracks (6 aligned hits) in the 
angular range shown and the amount of duplicate track segments are negligible, the contribution of noise and background 
will be addressed in the near future
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Barrel Muon Trigger Upgrade (DT) 
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!  Motivation for muon trigger in the endcap: 

"  Performance relies on optimal working of  
 L1-CSC trigger  
"  Deal with higher rate # maintain stub 

reconstruction efficiency + face with aging 
"  Installation of new detectors (GEM + new 

RPC) 
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Endcap Muon Trigger Upgrade GEM-CSC bending angle

14

Forward muon trigger for |η|>1.6 relies entirely on the CSC 
system 

Largest particle rates are expected here 

Momentum measurement is driven by the magnetic field and 
multiple scattering 

Bending in CSCs is too small for a good measurement at high η 

A GEM detector in front of CSC can measure the muon bending 
angle in magnetic field 

Keep the rate under control (bottom right) and add redundancy 
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From Phase-II Upgrade Technical Proposal

!  Using GEM in front of CSC, will allow to 
measure the muon bending in the 
magnetic field 
"  Distinguish between low and high 

pT muon 
"  Keep trigger rate under control  

GEM-CSC bending angle

14

Forward muon trigger for |η|>1.6 relies entirely on the CSC 
system 

Largest particle rates are expected here 

Momentum measurement is driven by the magnetic field and 
multiple scattering 

Bending in CSCs is too small for a good measurement at high η 

A GEM detector in front of CSC can measure the muon bending 
angle in magnetic field 

Keep the rate under control (bottom right) and add redundancy 

) [rad]r, p(φ∆
-0.04 -0.02 0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

Ar
bi

tra
ry

 u
ni

ts

0

0.02

0.04

0.06

0.08

0.1

YE-1
YE-2
YE-3
YE-4

|<2.4η = 10 GeV/c,  2.14<|
T

muons   p

    Muon Bending Angle              CMS Phase 2 Simulation Preliminary

Bending angle in station 1,2 is large enough; in 
station 3,4 insufficient for good measurement

From Phase-II Upgrade Technical Proposal



15 

!  Algorithm & performance overview: 
" Algorithm for local trigger development from the technical proposal[2] (high PU condition: 

PU=140) 

" Stubs reconstructed with GEM+CSC, bringing the bending angle information, are 
sent to the track-finder#Overall improvement ranging between 3% and 10% 

" Extra GEM and RPC recover efficiency losses in the track-finder, mainly due to CSC aging 
and mechanical spacers in large CSC 

6/10/16 Luca Mastrolorenzo - ECFA 2016 

Endcap Muon Trigger Upgrade 

[2] Technical Proposal for the Phase-II Upgrade of the Compact Muon Solenoid, CERN-LHCC-2015-10 LHCC-P-008 CMS-TDR-15-02 ISBN 
978-92-9083-417-5 1 June 2015  

Displaced L1 muon trigger

19

Prompt muons will be reconstructed with the tracker+muon system in Phase-II
Combined they provide excellent momentum resolution and dramatic rate decrease 
Plot bottom left compares turn-on curves for L1Mu (red) with L1TrkMu (black)

Impossible to trigger on muons with an impact parameter beyond 1 cm 
Muon system is very efficient up to large displacements (bottom right)

Design the Phase-II L1 muon trigger so we get both prompt and non-prompt muons

Plot from Phase-II Upgrade Technical Proposal
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!  Displaced L1-Mu trigger: 
"  Prompt muon reconstructed by tracker 

and muon system # increase efficiency 
and dramatic reduce the rate 

"  Design a Phase-II L1-Mu trigger that is 
efficient both to prompt and not-prompt 
muons  



Calorimeters Upgrade 

16 

!  Physics at HL-LHC requires precision calorimetry in both the barrel 
and endcap regions 

"  To exploit the VBF signature to separate out the different Higgs boson 
production modes. 

"  CMS decided to improve the existing calorimeters in the barrel region; while 
completely changing the endcaps 

"  CMS will adopt two highly segmented sampling calorimeters to replace the 
existing ECAL+HCAL endcaps # HGCal. 

"  This will increase from ~O(20K) up to ~O(6M) the number of channels to 
read out # much-improved pattern recognition for shower reconstruction 

"  For L1 trigger # attempt to perform particle-flow event reconstruction  
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ECAL+HCAL Barrel Upgrade 

17 

!  ECAL+HCAL BARREL 
"  Front-End + Off-Detector read out will be upgraded in order to provide full-

resolution information on a single crystal basis (ECAL) and depth information 
(HCAL) 

Figure 5. Architecture of the (Left) current and (Right) future readout of the CMS ECAL.
Current readout includes two data streams from the front-end electronics (electronics located
on the detector) to the o↵-detector electronics. Data collection and controls of the front-end
electronics is handled by four types of electronics boards. The FE and VFE referred in the
schema are respectively the top horizontal board and the vertical boards in left picture of Fig. 1.
In the new architecture a single data stream is used.

dimensional histogram shows the correlation of the signal timing with a variable sensitive to the
localisation of the signal, defined for a crystal hit as one minus the ratio of the total transverse
energy measured in the four closest crystals to the transverse energy measured in this crystal. In
this histogram, a minimum transverse energy of 3GeV is required on the crystal hits. The rate
of anomalous signals is proportional to the instantaneous luminosity, so a factor 20 increase is
expected for HL-LHC for the same transverse energy threshold, but the rate sharply decreases
when the transverse energy threshold is increased.

3. Upgrade of the central electromagnetic calorimeter of the CMS experiment

Extrapolation of dark current evolution from 2011-2012 data to HL-LHC provides an estimation
of 400MeV noise at the end of HL-LHC. Complementary irradiation tests are being performed
in order to verify this extrapolation. This noise level is considered adequate to reach required
precision. Operation at a lower temperature, 8oC to 10oC, which would mitigate the increase of
dark current is under study. The upgrade for the HL-LHC will concern the readout electronics
from the output of the APDs up to the data acquisition (DAQ) and the trigger systems. Part
of the laser monitoring system will also be upgraded.

The CMS trigger system for HL-LHC will keep the current concept of two levels of triggers:
a Level-1 trigger implemented in dedicated electronics and a High Level Trigger implement in
software and run in a cluster of computers. The Level-1 trigger rate will be increased by a factor
10 to reach 1MHz and the tracker information will be added for the Level-1 trigger decision.
While current ECAL electronics support a trigger latency up to 6.3µs, 20µs will be needed with
the new trigger system. Fig. 5 illustrates the current architecture of the ECAL barrel readout.
A preprocessing is performed for the trigger in the electronics located on the detector and two
data streams go from the on-detector to the o↵-detector electronics, one to feed the Level-1
trigger system and one for the data of the selected events. The functionality of the o↵-detector
electronics is split in four types of boards: detector control cards (DCC) to collect triggered
event data and send them to the CMS DAQ system, trigger control cards (TCC) to collect the
data for the trigger decision and send them to the CMS calorimeter trigger system, the clock and
control system cards (CCS) to control, configure the on-detector electronics, provide it the clock
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HGCal general layout 

98 Chapter 3. Calorimetry

Figure 3.22: Emission spectra, as a function of the emitted wavelength, of samples of EJ-200
with different levels of primary-dopant concentration, un-irradiated samples (left) and Co-60
irradiated samples (right). The concentration varies between 0.5 and 2 times the concentration
found in commercial EJ-200. The spectra are normalized with the same normalization factor.

Figure 3.23: Technical drawing of the overall structure. The EE has its front face at the same
location as the front face of the current EE. Directly behind it there is the FH, which is a 3.5 l

silicon-brass calorimeter. Behind that is a 5 l backing hadron calorimeter, which, since the
radiation levels are low, uses a similar technology to that of the current HE.

Elecromagnetic  (EE) 
Si/W+Cu 
25 X0 (1.5 λ ) 28 layers: 

•  10 x 0.65 X0 
•  10 x 0.88 X0 
•  8 x 1.26 X0 

Hadronic (FH) 
Stain. steel+Si 
3.5 λ 12 layers: 

•  12 x 0.3 λ  

Hadronic (BH) 
Stain. steel+scintillator 
5 λ 12 layers/2 sampling 

•  12 x 0.4 λ   

H
G

C
 

High Granularity sampling Calorimeter (HGCal) 
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!  Each wafer is made up of 128 (256) hexagonal 0.5 (1.0) cm2cells 
!  2(4) readout chips are plugged on each wafer 

HGC readout 
Global overview

! Baseline
! 256 channels sensors
! Half of layers used for trigger generation (15 over 30)
! VFE chip is 64ch
! 2 links for trigger + 1 link for L1 data (full res data)

Co
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converter

Elec to 
optical

converter

10Gb/s
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Trigger

L1 data

(100 / 200 um sensor)
2

!  Data are transmitted by LpGBT: ~8k links dedicated to 
trigger data (1TC = 4cells) and ~6k links dedicated to 
full resolution data 
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Depending on η 

!  ~14000 LpGBT links for 21700 modules! 
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wafer 

!  Trigger cell = 4 hexagonal cells (64 or 32 per wafer) 
!  Important part of the HGCal trigger chain is the processing and data reduction in 

the front-end # selection of a maximum of the 10%-20% trigger cells per 
module 

!  The energy and the position of the selected TC is used as input to complex 
clustering algorithm (under study) # produce the trigger primitives to be sent to 
the correlator 

!  the algorithms and the hardware architecture are very inter-dependent. The 
architecture is putting constraints on the type of algorithms it is possible to 
implement as well as on the data format 

HGC algorithms & data reduction 
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cell 

Trigger cell 

sector 

module •  Assuming 1LpGBT (8.96Gb/s) / module: RO chip 

TPG 

1.12 GB/s x 25 ns / bx = 28 B/bx 

Algorithms 

•  Assuming data-format (16b/TC): 
(28 B/bx) / 2 B ~14TC/module (7TC/wafer) 



HGC TP-generation algorithms 

21 

!  Performance: 
  

"  The expected performace have been evaluated using a 3D clustering approach  
"  Other clustering possibilities are currently under study (from 2D#3Dclusters) 
"  Result from the TP for the trigger efficiency (left) and rate (right) for electrons  
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HGC TP-generation algorithms 
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!  Performance: 
  

"  The expected performace have been evaluated using a 3D clustering approach  
"  Other clustering possibilities are currently under study (from 2D#3Dclusters) 
"  Result from the TP for the trigger efficiency (left) and rate (right) for jets  



Conclusion 
!  To maintain (even improve) the CMS performance to preserve the physics discovery potential at the 

HL-LHC, CMS must undergo a major upgrade stage, called Phase-II upgrade (target 2026). 

!  Phase-II upgrade involves all the CMS subdetectors 

!  Looking to muon TPG upgrade: in the barrel there are already complex algorithms designed to 
generate the DT-TP, in the endcaps, new detectors like GEM/RPC will provide additional information 
to reduce the trigger rate 

!  Full granularity will be exploited by the upgraded barrel ECAL and time information will be 
available in the upgraded barrel HCAL 

!  Given the strategic importance of calorimetry (especially at high-η in tagging the VBF jets), a very 
innovative solution has been adopted for the endcap calorimeters upgrade: HGCal. The high 
granularity allows to perform shower studies and run complex algorithms for object identification 

!  Use of track info + high granularity(&time?) + last FPGA and fast optical links $ First time that 
there is the possibility to reconstruct the entire event at online trigger level with particle-flow-based 
algorithms. Complete inter-dependence between the architecture definition (number of trg-layer, 
links/layer) and the TPG algorithms 
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Back-Up 
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LHC/HL-LHC schedule 
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Lindsey Gray, FNAL

The HL-LHC

2

CALOR2016 3Frank Chlebana 

HL-LHC

0.75 1034 cm-2s-1

50 ns bunch
high pile up ∼40

1.5 1034 cm-2s-1

25 ns bunch
pile up ∼40

1.7-2.2 1034 cm-2s-1

25 ns bunch
pile up ∼60

Run I

Run II
Run III

~5(7.5!) 1034 cm-2s-1

25 ns bunch 
pile up ∼140 - 200

Run IV

50 ⇒ 25 ns 
bunch spacing

Phase 2 installation during LS3 (30 months);  HL-LHC starts in mid 2026 → 10 years of running... 
~ 3000 fb-1 for HL-LHC era (compared to our current total of ~30 fb-1) of data

20252016

LHC HL-LHC

10 years of running at ~5x design luminosity: starting 2026
3000 fb-1 over the HL-LHC program

key issues: radiation tolerance and detector occupancy
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Physics goal for HL-LHC 
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!  The scientific goals require: 

"  Extreme demands on the lepton/photon reconstruction efficiency         

"  Trigger thresholds don’t compromise the ability to select W,Z0 and H decays                

"  Excellent vertex reconstruction for b-tagging  

"  Jet energy resolution maintained at high PU (particularly at high-η, where 
the production of VBF-jets or the forward jets coming from vector boson 
scattering are enhanced) 

Note: The objects reconstruction in CMS relies on the Particle Flow algorithms, thus, 
to reach the optimal reconstruction performance CMS must undergo a balanced 
upgrade of its subdetectors 
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The CMS Phase-II Upgrade 

28 

"  The algorithm is designed for parallel processing of symmetric groups 
of 18 wires each (macro-cells), one per super-layer at a time 

"  The straight track direction is searched for in the 1D HT histogram, 
built from pairs of hits, which is incremented for track slope values m 
meeting the condition |Δx + m⋅Δz| < ε 

"  The CHT is differently tuned for single-super-layer subsets (1-SL CHT) 
and for the two-super-layers subset (2-SL CHT)  
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Back-Up 
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HGC readout 
3.5. Endcap Calorimeter Upgrade 101

1
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module-layout128-6inch

TITLE

2 Sensor Module, 6" wafers

SIZE

C
SCALE

REV

PCB cover

PCB

adhesive layer

2 Sensors

adhesive layer

kapton

adhesive layer

baseplate

Wirebond protector 

Printed circuit board 

Adhesive layer 

Sensor 

Adhesive layer 
Kapton w/ Au layer for bias 

Adhesive layer 

2-sensor baseplate 

Readout chips 

Figure 3.25: (Left) Module, consisting of printed circuit board, silicon sensors, and baseplate.
(Right) Sketch of modules mounted either side of a copper and tungsten absorber/cooling
plate, showing the longitudinal arrangement of a double layer.

Figure 3.26: Protection of the wire bonds which connect the sensor pads to the PCB through
holes in the PCB.

!  The cassette is built up on either side of a 6 mm-thick copper plate 
containing cooling channels. 

!  Pairs of hexagonal silicon sensor wafers are mounted on a PCB  
!  The other faces of the sensors are glued to a tungsten-copper baseplate  
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Possible trigger architecture 
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FPGA 

Trigger Layer 1 

• Full 2D clusters 
reconstruction 

• 4 FPGA/layer 
• 3 ϕ-sector/FPGA 
• ~90 LpGBT link  
        (~9Gb/s) 

x12 nodes

Layer 1 Layer 2 Layer 3 Layer 4 Correlator

x2 nodes

x32 layers x36 nodesx32 nodes
= 128 nodes

HGC Central Trigger 
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Possible trigger architecture 
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Trigger Layer 2 

•  Assuming data 
reduction x3 

• Cluster from 1 layer 
can go into 1 
node 

•  cluster merging at 
sector edges 

• ϕ-ordering 
x12 nodes

Layer 1 Layer 2 Layer 3 Layer 4 Correlator

x2 nodes

x32 layers x36 nodesx32 nodes
= 128 nodes

HGC Central Trigger 
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Possible trigger architecture 
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x12 nodes

Layer 1 Layer 2 Layer 3 Layer 4 Correlator

x2 nodes

x32 layers x36 nodesx32 nodes
= 128 nodes

HGC Central Trigger 

Trigger Layer 3 

• Build 3D clusters 
• 36-fold mplex 
• 1 node/BX 
• Compromise 

between input 
links and latency 

• Each node see 1 
endcap 

BX-1 

BX-2 

BX-36 
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Possible trigger architecture 
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x12 nodes

Layer 1 Layer 2 Layer 3 Layer 4 Correlator

x2 nodes

x32 layers x36 nodesx32 nodes
= 128 nodes

HGC Central Trigger 

Trigger Layer 4 

•  Pipeline the 
correct bunch 
crossing to the 
Correlator 
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Possible trigger architecture 
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x12 nodes

Layer 1 Layer 2 Layer 3 Layer 4 Correlator

x2 nodes

x32 layers x36 nodesx32 nodes
= 128 nodes

HGC Central Trigger 

Correlator 

• Match HGC clusters 
with tracks 

• HGC allocates ~25% 
of the total input 
bandwidth   
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Truth clustering 

! “Perfect clustering”: 
"  Collection of all the recHit (Energy, position) associated to a simHit coming 

from a simulated particle trajectory 
"  Reliable simulation of the cluster behaviour in the hypothesis to collect all 

the information from every HGC cells involved in the incoming particle 
shower 

"  Make use of HyDRA framework (developed @IC) to associate tracks and hits 
to allow simple access to reconstructed + simulated information for 
development of clustering and particle flow 

"  Clusters with perfect sharing of recHit energy between overlapping 
clusters, and perfect connection of separated pieces of a single shower 

37 

SimClustering can be used to begin to develop higher-level object algorithms 
while final clustering algorithm is still being developed 
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Truth clustering 

!  Truth clustering is particle dependent: 
"  Different particles release energy in different ways in HGC 

"  Studies on µ,τ,γ and QCD events # different particle FOOTPRINTS 

"  Possibility to extract useful information to develop real clustering algos: 

#size of the cluster, layers involved, shower shapes, etc…  
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HyDRA in a nutshell 

S. Zenz - PF Dev Tools HGC Sim + Perf - 2 Oct 2015

Overview

7

H
    
D
R
A

y
Tracks

RecHits

Hydra

SimTracksSimHits
SimVertices

GenParticles

Index/Barcode
Storage Vectors

HydraWrapper Efficient
Hash Maps

Your Experimental PF Code

ExampleHydraPFProducer

HydraProducer

!  High y Rapidity Dev Reco Association: 
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h_recHit_E
Entries  7717914
Mean   0.0001168
RMS    0.0001318

recHit Energy
0 0.0002 0.0004 0.0006 0.0008 0.001

410
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h_recHit_E
Entries  7717914
Mean   0.0001168
RMS    0.0001318

h_recHit_E

More on truth clustering – μ studies 
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h_posTrack_XYZ
Entries  1
Mean x     291
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Mean z  -25.42
RMS x       0
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RMS z       0

h_posTrack_XYZ
Entries  1
Mean x     291
Mean y  -95.04
Mean z  -25.42
RMS x       0
RMS y       0
RMS z       0

h_posTrack_XYZ

µ 

SimTrack position at the last tracker layer 

HGC recHits  

!  MIPs Studies: 
"  Identification of the MIPs peak 

"  Definition of the threshold to 
apply on the recHits = 5xMIP 

MIP peak 

Hit energy threshold 

!  MIPs Calibration (next step) 
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