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In Memory
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This talk is dedicated to Ion Siotis



Physics Drives Detector Design
Questions wrt Hadron Colliders -1990s

1. SM contains too many apparently arbitrary features - presumably these 
should become clearer as we make progress towards a unified theory.
ü 2. Clarify the e-w symmetry breaking sector
SM has an unproven element: the generation of mass
Higgs mechanism? or other physics ?
Answer will be found at LHC energies
3. SM gives nonsense at LHC energies
Probability of some processes becomes greater than 1 !! Nature’s slap on the wrist!
Higgs mechanism provides a possible solution

5. Search for new physics at the TeV scale
SM is logically incomplete – does not incorporate gravity 
Superstring theory adramatic concepts: supersymmetry , extra space-time 
dimensions ? 

e.g. why Mg = 0 
MW, MZ ~ 100,000 MeV!

4. Identify particles that make up Dark Matter
Even if the Higgs boson is found all is not completely well with SM alone: 
next question is “Why is (Higgs) mass so low”? 
If a new symmetry (Supersymmetry) is the answer, it must show up at O(1TeV)
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Transparency from 
the early 90’s
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Physics Drivers 1 
Search for the SM Higgs Boson and LHC Experiment Design
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The possibility of detection of the SM Higgs boson over the wide mass
range, and its diverse manifestations, played a crucial role in the
conceptual design of the ATLAS and CMS experiments

Search for a low mass Higgs boson (e.g. H→gg, H→ZZ→4l) placed stringent
performance requirements on ATLAS and CMS detectors (especially
momentum (in the tracker) and ECAL energy resolution).

Natural Width   0.01        1      10        100   GeV

Plot
from the 90’s

Natural width 
G ~ h/t
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Summarizing: Requirements for the design of CMS
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Very good muon identification and momentum measurement
trigger efficiently and measure sign of a few TeV muons (Dp/p1TeV < 10%)

High energy resolution electromagnetic calorimetry
~ 0.5% @ ET ~ 50 GeV

Powerful inner tracking systems
factor 10 better momentum resolution than at LEP

Hermetic calorimetry
good missing ET resolution

(Affordable detector – ceiling set at 475 MCHF by CERN-DG in 1996)



CMS: Concept to Data Taking took ~ 20 Years!

CMS cut in mid-plane

3000 scientists from >40 countries
800 Ph. D. Students!

Silicon Tracker

Scintillating 
Crystals

Brass plastic 
scintillator

Gas ionization 
chambers Ioannina Apr23 6



CMS Detector Closed
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Run 1: The Higgs boson in e.g. CMS
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CMS: H→Z→4l ChannelCMS: H→gg Channel

Expect: 450 events  S/B ~ 3% Expect: 20 events  S/B ~ 1.5

2013



Discovery (July 2012) 
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CMS Local significance
Expected:  2.8σ
Observed: 4.1σ

ATLAS Local significance
Expected:  2.4σ
Observed: 4.5σ

CMS Local significance
Expected:  3.8σ
Observed: 3.2σ

ATLAS Local significance
Expected:  2.6σ
Observed: 3.4σ



Situation Ten Years Later …
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Situation Ten Years Later: Summary
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Recall
CMS TP(1994) did not include 
the search for the low-mass 
Higgs boson via the following 
decay modes

H→ bb
H→ tt
H→ WW 
H→µµ

H coupling amplitudes for
Fermions a mf
Bosons a MV2

Consistent with SM predictions



Matter-antimatter asymmetry

Moving Forward
Should we really expect new physics ?
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Ample observational evidence for physics Beyond the SM

Dark Matter 

The lightness of the Higgs boson?

nenµ

nt

Neutrino mass (oscillations)
a QM phenomenon

2015
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What makes it worthwhile to continue 
physics exploitation of an accelerator?
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1. Higher centre-of-mass Energy
LHC is now running at 13 TeV (only ~ 1 TeV left to cash in)

2. Higher Integrated Luminosity
Collect ten times more data than originally foreseen

3. Qualitatively better detectors

World’s Topmost Priority
exploitation of the full potential of the LHC

High luminosity upgrade of the machine and detectors with a view to 
collecting ten times more data than in the initial design 

No significant evidence for BSM physics as yet.



Current LHC Roadmap to realise full potential
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We are 
here

Construction of Upgrades Installation and 
Commissiong

Physics Exploitation



HL-LHC Started a Long Time Ago !
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Jan 2001

EPJC39 (2005) 293

Apr 2002



Physics Thrust for HL-LHC: Energy Frontier

Ioannina Apr23 16

Physics should drive technical choices (300 fb-1 → 3000 fb-1)
1. Higgs boson and EWSB physics (150M H)
• Experimentally → make precision (aka sensitive) measurements of the 

properties (couplings etc.) and self couplings in a new sector
• Double Higgs production

2012 HL-LHC     Beyond HL-LHC
• Theoretically → are precise predictions (~1%) possible? 

2. Search for physics beyond the SM
• Extend mass reach for possible high mass objects predicted by BSM
• Dark matter & weakly interacting BSM phenomena
• Ensure coverage and sensitivity to elusive signatures
3. Precision (sensitive) SM measurements
• Look for (significant) deviation from SM predictions
• Intrinsic value of knowledge acquired independent of discovery
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E.g.: Higgs boson Physics: Some Numbers

Ioannina Apr23 17

HL-LHC: No. of Higgs bosons produced at √s=14 TeV for 3000 fb-1
Process    No. Evts (M)
gg→ H 145
VBF 13
WH 5
ZH 2.5
ttH 1.8
HH 0.12
• Higher statistics allows categorization of 

signal regions with higher S/B, regions 
where the systematics are better 
controlled, 

• The balance between statistical and 
systematic errors changes

• e.g. VBF H→tt: expect 200k events
• BEH potential (VBF-6k)



Translation to CMS Phase 2 Upgrades
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New higher granularity more radiation hard inner tracker
• x10 larger no. of channels; 
• Higher radiation levels: ability to withstand doses of up to 500 Mrad and 

fluences of 1016 n/cm2(Si-sensors, fe electronics, 10 Gb/s data-links). 
• |h| coverage up to 4. 
• Introduce Track Trigger at Level-1.
Replacement of components affected by radiation
• Electromagnetic calorimeter - new electronics (read each crystal independently, 

improve timing resolution)
• Endcaps calorimeter: new high granularity “imaging” calorimeter with timing 

info. (HGCAL) withstand doses of up to 500 Mrad and fluences of 1016 n/cm2

Higher bandwidth L1 triggers and DAQ
• Introduce Track Triggers in L1
• Higher L1 output rate [e.g. 100→750kHz and latency (>10µs)]
• Enhanced trigger processors (ASIC-based → FPGA-based).
• DAQ recording rate 1000→10k evts/s



Translation to Phase 2 CMS Detector Design
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Replacement of front-end electronics
• To deal with higher rates, longer pipelines (e.g. >10 us)
Introduction of precision timing (e.g. MTD)
• Vertex localization (e.g. H → gg vertex)
• pileup suppression, 
• Particle-id of slow charged tracks, …



20

New Tracker 
• Rad. tolerant - increased granularity - lighter
• 40 MHz selective readout (pT≥2 GeV) in Outer Tracker for Trigger
• Extended coverage to  η ≃ 3.8

Trigger/HLT/DAQ
• Track information in Trigger (hardware)
• Trigger latency 12.5 µs - output rate 750 

kHz
• HLT output 7.5 kHz Muon systems

• New DT & CSC FE/BE 
electronics

• Complete RPC coverage 
1.5 < η < 2.4

• GEMs GE1/1, GE2/1, ME0

New Endcap Calorimeters 
• Rad. tolerant - increased 

transverse and longitudinal 
segmentation -intrinsic precise 
timing capability 

Barrel EM calorimeter 
• New FE/BE electronics 
• Lower operating temperature 

(8∘C) 

Beam radiation and luminosity
Common systems 
&infrastructure

Overview: CMS Upgrades for Phase II
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New Inner Tracker and L1 Trigger
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 More granular and lighter inner 
tracker. 

 Better momentum (secondary 
vertex) resolution

 L1-trigger pT information.
 Coverage extended to η < 4.

pT front-end local discrimination
Hit correlation between closely-spaced sensors.
Stubs: cluster pairs from pT > 2 GeV track:

Reduce trigger data (by 10-20 times).

Level-1 Trigger (FPGAs) HLT 
(GPUs)
L1 output: 100kHz → 750 kHz
Latency: 3.8µs → 12.5 µs
Improve online triggering with 
almost full detector info.



MIP timing Detectors
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 ~ 60ps precision for mips
 Barrel: LYSO crystals+SiPms
 Endcap: LGADs

space

tim
e



High Granularity Endcap Calorimetry
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 High longitudinal and lateral granularity 
(e.g. Si pad size: 0.5 –1 cm2)

 Precise timing of high energy showers
(floor of 25 ps)

 The “narrow” VBF jets from double H 
production lie in middle of HGCAL h 
range 1.5-3.0

Key challenges:
• Channel density ⇒ ASIC 

design, power, services, 
connectivity, mechanics, …

Full-volume operated at -30C.
Imaging calorimeter (W-Si em; Fe-Si or scint–HCAL)

6M silicon pads (620 m2).
8” Hexagonal silicon sensors (100/200/300 μm)
240k plastic scintillator tiles (370 m2).
SiPM-on-tile readout.



Example Event: VBF Hègg - a VBF Jet

DanFest Oct18 tsv 24



Event Display (VBF H®gg)

Pileup <140>

VBF Jet 

g
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Event Display of VBF Jets (VBF H®gg)
Standalone simulation:  Taking Slices through ECAL section

DR~0.2
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Event Display of VBF Jets (VBF H®gg)
Standalone simulation:  Taking Slices through Si- HCAL section

DR~0.2

DanFest Oct18 tsv 27



Use of Timing: HGCAL e.g. Event “Cleanup”

Figure of Merit: pileup mitigation (illustrative)

PU=200 events: No timing cut

VBF (H→gg) event with one photon and one VBF jet in the same 
quadrant, 

g

VBF
jet

Plots show cells with Q > 12fC  (threshold for timing 
measurement) projected to the front face of the endcap
calorimeter.

PU=200 evts: Cut Dt < 90ps  (3s at 30ps)
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Recall: Enormous Challenges Faced During Construction of 
Phase 1 CMS Detector! 
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• Redesign tracker f.e. electronics in 0.25 µm (severe mid-course correction 
in 1999)
• Change to all-silicon tracker (1999)
• Redesign ECAL f.e. electronics in 0.25 µm technology (2001)
• Detector construction (production issues e.g. silicon sensors, crystals 
production, muon chambers factories...)
• Integration and installation (e.g. lowering of the experiment, services on 
coil, …)
• “Re-engineer” reconstruction software (2005) & prepare CMS for physics 
extraction
• Particle Flow reconstruction (2009)
• So expect challenges during the construction of HL-LHC detector. 



Summary
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§ At the LHC we have discovered the keystone of the SM – the Higgs boson – it 
appears to be the one predicted by the SM. Now being studied in great detail.
§ CMS has performed, & is performing, much better than their designers could 
have dreamed. 
§ No evidence has yet been found for physics BSM. However, we are just at the 
start of the exploration of the Terascale. 

§ Over the last 50 years, the “construction” of the Standard Model (SM) 
represents a towering intellectual achievement of humankind.
§ This has allowed us to trace in much detail the evolution of our universe from 
moments after the Big Bang.

§ Several of the open questions today are just as profound as those a century 
ago. LHC is the foremost place to look for new physics. 
§ CMS will be upgraded to draw full benefit from the LHC Project, aiming to 
collect data corresponding to ten times larger integrated luminosity than 
originally foreseen. The HL-LHC Upgrades will yield more powerful 
experiments.


