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Overall detector design is so simple 
you can do it with students on a blackboard!

The challenge is to decide how to build it, with what technologies, and with whom!



CMS’ history goes back to ~1990

80cm

First LHC & detector
concepts: 1990-1992

CMS Letter of Intent: 1992
and Technical Proposal: 1994

Summary of CMS/ATLAS/LHCb/ALICE
as-built detectors & performance: 2009

Technical & Engineering Design Reports
for CMS subsystems: 1997-2006

Technical Proposal and 
Technical Design Reports
for UPGRADES to CMS subsystems: 2015-
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And my history in CMS goes back to 1994

80cm

Technical Proposal: 1994
When I joined the CMS experiment
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CMS: a truly global project
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Inc. about 600 students



CMS in a nutshell

Took ~2500 
scientists and 
engineers more 
than 20 years to 
design and build

Is about 15 
metres wide and 
21.5 metres long

Weighs twice as 
much as the 
Eiffel Tower –
about 14000t

Divided into 5 
main detecting 
layers

mccready/08082002.html


70 Mpix 3-D camera taking 40 million photos per second!
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A slice through the CMS Detector



Muons in CMS



Electrons in CMS



Charged hadrons in CMS



Neutral hadrons in CMS



Photons in CMS



15













Higgs boson decay to 4 muons



The origin of the CMS logo
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Concept: build on the surface and lower underground
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Concept: build on the surface and lower underground
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Remember this part!

CMS: the most visually amazing detector ever made!
(I may be biased!)

file://Users/davidbarney/CMS/Outreach/presentations/Novartis & school/mccready/08082002.html


Why did I become a scientist?
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How did I get here?

• Born and bred in the UK. Left school with
“OK” A-levels in Physics, Maths, 

Chemistry and Computer Science

• BSc degree in Physics at 
Imperial College London (1987-1990)

• PhD in High Energy Physics 
at Imperial (1990-1993)

• Have been working for CERN for
the CMS Experiment for 25 years!
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It has been a family affair!



How did CMS find the Higgs boson?
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Original CMS design partly based on “seeing” the 
Higgs boson through its decay to a pair of isolated photons

And this is what CMS saw in 2011!



But it wasn’t quite that easy!

Photons in CMS don’t only come from decays of Higgs bosons

In fact there are other things that “mimic” isolated photons, 
including decays of neutral pions (p0), that happen far more 
frequently than Higgs boson decays!
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Few mm
p0



But it wasn’t quite that easy!

Photons in CMS don’t only come from decays of Higgs bosons

In fact there are other things that “mimic” isolated photons, 
including decays of neutral pions (p0), that happen far more 
frequently than Higgs boson decays!
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p0

Both photons from the p0 decay 
“seen” as a single photon in an ECAL crystal



The concept of the Preshower

Put a lead sheet (to initiate electromagnetic showers) and a 
highly-segmented silicon detector in front of the crystals, to 
distinguish single photons from closely-space double photons
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p0

Both photons from the p0 decay 
“seen” as a single photon in an ECAL crystal

SiPb



When I joined CMS in 1994…

My job was to turn this concept…
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…into some sort of reality



Examples of 3 years of work as an applied physicist!

• Simulation of Preshower detector in CMS:

• Does it do what it was meant to do? NO! 
 overall design was modified/optimized significantly
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20cm

Instead of one absorber followed by multiple detector layers,
have two absorbers, each followed by a layer of detectors
 essentially the final basic design!



Examples of 3 years of work as an applied physicist!

• Designed a part of the prototype front-end 
microelectronics, called the “sequencer” (determines the 
order in which to do things etc.)
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Below: design of the ”PACE” front-end
micro-electronics chip for the Preshower

Below: photograph of the ”PACE” front-end
micro-electronics chip for the Preshower

~10mmDave did this!



Examples of 3 years of work as an applied physicist!

• Built and tested prototype silicon detector modules in 
particle beams at CERN
 it works!
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Results written-up
in official notes



It’s all about teamwork!
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A few years later…
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A few years later…
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Installation of Preshower in CMS
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Preshower installed in CMS!
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Preshower installed in CMS!
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First collisions in 2009
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Re-discovery in CMS
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And just a couple of years later…
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Joe Incandela
CMS Spokesperson 2012-2013

4th July 2012



That made a lot of physicists very happy!
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Including these two guys
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And the world’s media also got excited!
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891 papers published on data taken with CMS!
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And you and your students can 
make measurements with CMS data!
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https://cms.cern/interact-with-cms

http://opendata.cern.ch/docs/about-cms



Including “Masterclasses” – fully web-based
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http://www.i2u2.org/elab/cms/home/project.jsp

http://www.i2u2.org/elab/cms/home/project.jsp


Including “Masterclasses” – fully web-based
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http://www.i2u2.org/elab/cms/ispy-webgl/

Understanding the structure of the proton (spolier: it is NOT uud!) just by looking at images!

http://www.i2u2.org/elab/cms/ispy-webgl/


CMS is a LONG way 
from its final 
destination!
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CMS has taken ~3% of the planned amount of data!
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High-Luminosity LHC (HL-LHC)

X10 more data than LHC



So what next?
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“The discovery of the Higgs particle – especially with nothing else accompanying it so 

far – is unlike anything we have seen in any state of nature, and is profoundly “new 

physics” in this sense. ...theoretical attempts to compute the vacuum energy and the 

scale of the Higgs mass pose gigantic, and perhaps interrelated, theoretical 

challenges. While we continue to scratch our heads as theorists, the most important 

path forward for experimentalists is completely clear:

“It is the first example we’ve seen of the simplest possible type of elementary 

particle. It has no spin, no charge, only mass, and this extreme simplicity makes 

it theoretically perplexing. ...” 

https://cerncourier.com/in-it-for-the-long-haul/ 

Nima Arkani-Hamed

measure the hell out of these crazy phenomena! 













But it’s not that simple for the CMS detector: 
radiation and pileup are a major problem

61

CMS @ HL-LHC:
~1016 1 MeV neq cm-2 @ 3ab-1

in forward calorimeters, 
with pileup ~200
And up to 2 MGy absorbed dose

78 pileup events in 2012. Expect 140-200 @ HL-LHC

All on-detector electronics will also be obsolete by LS3, 
due to necessary upgrades to the trigger and DAQ systems



e.g. CMS will replace all endcap calorimeters 
with the “High Granularity Calorimeter”
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A wise person once said (about the HGCAL): 
“there are no show-stoppers; it is all just engineering”

Another person responded: 
“HGCAL is perhaps the most challenging 
engineering project ever undertaken in particle physics”



Active Elements:
• Hexagonal modules based on Si sensors

in CE-E and high-radiation regions of CE-H
• “Cassettes”: multiple modules mounted on

cooling plates with electronics and absorbers
• Scintillating tiles with SiPM readout in

low-radiation regions of CE-H

CMS HGCAL (“CE”): a sampling calorimeter with 
unprecedented number of readout channels
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Key Parameters:
Coverage: 1.5 < |h| < 3.0
~215 tonnes per endcap
Full system maintained at -30oC
~620m2 Si sensors in ~30000 modules
~6M Si channels, 0.5 or 1cm2 cell size
~400m2 of scintillators in ~4000 boards
~400k scint. channels, 4-30cm2 cell size
Power at end of HL-LHC: 
~125 kW per endcap

Electromagnetic calorimeter (CE-E): Si, Cu & CuW & Pb absorbers, 28 layers, 25 X0 & ~1.3l
Hadronic calorimeter (CE-H): Si & scintillator, steel absorbers, 22 layers, ~8.5l

~2m

~2
.3

m

CE-E
CE-H



HGCAL will include 30000 modules based on 
hexagonal silicon sensors with 0.5-1cm2 cells
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Silicon sensor glued to baseplate and PCB containing front-end 
electronics

Wire bonding from PCB to silicon through 
stepped holes



Silicon modules are arranged in hexagonal matrices 
to cover fiducial area of HGCAL
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7 hexagonal modules for 2017 beam test



HGCAL will also include 500m2 of 
scintillator tiles with on-tile SiPM readout
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For first beam tests, modified CALICE AHCAL 

used for rear hadron calorimeter: 

3x3cm2 scintillator tiles + direct SiPM readout

SiPMs already used 

successfully in e.g. CMS 

HCAL Phase 1 upgrade

Tile boards or “megatiles” 

limited in size by CTE of 

different components



Large-scale beam-tests of prototypes in 2018
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28-layer Si CE-E

12-layer Si

front CE-H

39-layer 

Scintillator+SiPM

CALICE AHCAL



300 GeV electron shower: event display
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2 energy clusters seen due to electron bremsstrahlung upstream of HGCAL



And other types of particle…
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28-layer Si CE-E 12-layer Si front CE-H 39-layer Scintillator+SiPM CALICE AHCAL

150 GeV Muon in HGCAL prototype

300 GeV charged Pion in HGCAL prototype



Starting to train the next generations
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Starting to train the next generations
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We are in the final R&D phase, soon moving to production, 
assembly and commissioning
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• Finalization of design, prototyping towards final systems (2 years)

• Engineering Design Review (March 2021) and ESRs

– This is a much faster timescale than the original CMS construction phase

• Market Surveys, orders, preproduction, qualification of final 

components

• Production starts in <3 years !

• Installation of 1st endcap ~March 2025 and 2nd endcap 2 months 

later

• Ready for HL-LHC operation in 2026 

• And operate for >10 years



After 25 years on one 
experiment there is still much to 

learn and do! 

Your students could be 
our next wave of 

physicists/engineers/technicians
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