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Meet the Detector Guy

• Physics interests

– EW and Higgs Physics

• Good at:

– Programming clocks and VCRs

– Herding Cats

• Problems with

– Humility  ☺

– Herding Cats

• Eyes on

– New Discoveries at the LHC

• Hobbies

– Sailing, Soccer, Skiing, Music Appreciation
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Subatomic Particles 101
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In the interest of time, playing fast and loose with the subtleties.  If you want details, go to Grad School



Building Blocks of Nature
• Beautiful symmetry

– 12 “things” in 3 sets of 2 

pairs (+ anti-things mirror)

• way easier than chemistry

– 3 types of interactions

• “Standard Model” (SM)= 

building particles and 

interactions from these 

items

– Following certain rules

– Very successful!

• Meaning, hard to break!

June 5, 2023 4PURSUE - FNAL   CMS and the LHC

Weak

Electromagnetic

Strong

u

d s b

c t

e  



e
 

W

Z

H

g
Generation I II III

Proton =

Neutron =

u u d

u dd

u u

d d

ud

W

e

e

Beta Decay:



But can get complicated quickly

• pp → H →bb

– Leptons, Photons, “Jets” of Hadrons, Missing Energy, 

Secondary particles/vertices 
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Rules → Discovery
• Symmetries imply Conserved Quantities (Noether’s Theorem)

• eg. Translation in space, time → Momentum, Energy conservation

– Laws of motion must preserve these symmetries

– Special type of Symmetry: Gauge symmetry

• Sorta like measuring in feet rather than meters

– You have the freedom to choose, and Nature doesn’t care

• Naïve mass term in Standard Model violate Gauge Invariant! Need a trick!

• Probabilities should not exceed 100% (“Unitarity”)
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– J=1 amplitudes cancel  nicely

– J=0 amplitude also diverges

• “wrong helicity” ~ mass

– Need something to cancel with scalar

coupling to mass



You can’t just invent a new particle!
• Pauli, December 4th, 1930, Birthday of 
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Higgs causes other problems

• Electroweak Paradox

– EW observables  light H 

– EW corrections  heavy H

• Supersymmetry: Eliminate 
large corrections without 
destroying EW theory
– For each particle, a sparticle with 

opposite spin statistics

• Fermions  Sfermions, Bosons 
Bosinos (“Charginos”,”Neutralinos”) 

– R parity

• Conservation of sparticle #

• Lightest sparticle stable

, , ,W Z t H−

H H

, , ,W Z t H+
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The LHC is not only about the Higgs

Dark Matter

Next new particle ?=?  Dark Matter

And unify the strong and electroweak forces

Supersymmetry does this

And cure further theoretical ailments 

And … solve climate change?

June 5, 2023 9PURSUE - FNAL   CMS and the LHC



The discovery process
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How to probe Subatomic World

• Basic Recipe: 

– Send in a flux of particles

– Measure what comes out vs 

(Energy, angle, frequency …)

• Need High E to resolve small structures

 Build Accelerators

• What to measure?

– Rate/Scattering Cross Section:

• Distributions in E,…

– Spectroscopy of Excited states

June 5, 2023 11PURSUE - FNAL   CMS and the LHC

Object

2

#
Luminosity (flux): 

cm s

197 MeV fm 10  GeV 0.02fmc p= = →

( ) ( ), ... , ...R E E  = L

Total Cross Section

Unit: 24 21barn=10 cm−



The accelerator
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How to move a particle in a circle? 

• Electromagnetism!

– Acceleration 

– Circular motion

• Have to ramp up B during acceleration to keep 

particles in the ring at fixed R

• Need big B, big R to get highly energetic particles

 Large Storage Rings
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Recycling: The Large Hadron Collider

`

(Lead Ions 

2.76 → 5.5 

TeV/nucleon)

Proton - Proton Collisions

Initially: 106 events/s, 7 TeV

Eventually: 109 events/s, 14 TeV
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Superconducting Double Dipoles
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A BIG Step

• LHC has the reach in Luminosity and Energy to

– Find the higgs ✓

– Find more
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More Chance of making Heavy things
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The detector
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What is a detector?

• Many synchronous cameras looking at same event

• Rather complicated 

– ~ 100 “Mpix”

– 40 MHz shutter speed

• Real-time filtering
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Detector Mission Statemennt

• Goal: Measure observables, compare with theory

– Cross sections 

– Particle Properties

• m, , Branching Ratios, Spin, Parity …

– Interactions and Couplings

• ZWW (“Trilinear gauge”) coupling, quark mixing matrix, …

– Violations of the Standard Model

• Parity or other symmetry violation, proton decay…

• Mandate for the Detector

– Collect as precise data as possible

• Resolution on 

– Collect as much relevant data as possible

• Cover all of 4

• Filter (“trigger”) in face of limited bandwidth

• Robustness  in design and operation
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Measurements
• Position: Follow trail left by ionization/Energy deposition

– Intersections = Interaction vertices, decay vertices

• Energy/Momentum: Bend in     , measure E via calorimeter
• Particle ID

– m via : Čerenkov effect, dE/dx, Time of Flight

– Q from curvature, particle species from range

Figures of Merit
• Resolution
• Response Time

– Time needed to make signal after particle passage

• Dead Time

– Minimum interval between successive detections

• Efficiency: Capability to see events

– Acceptance (Geometrical) – how many events fall in fiducial volume

– Intrinsic – how many in fiducial are 
triggered/reconstructed/recognized
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Particles vs Signatures • Complex!
– Reconstruct final 

state particles

– Filter on 
intermediate 
invariant masses

– Work back 
towards primary 
interaction
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Theory Experiment
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Hadron Kinematics
• Energy set by PDFs f(xi )

• Usually: Boosted along z

 Use parametrization conducive to boosts along z

• Rapidity:

– Additive under boosts:  y is invariant

– m→ 0: Pseudorapidity

• Transverse Momentum: pT

– Transverse mass                            and Energy

• Azimuth: 
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Multiple levels of haystacks
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4• Interesting events swamped by 

mountain of uninteresting background

• Multiple interactions within same 

proton bunch crossing obfuscate the 

single “hard scatter” with “pile-up” 

events



Questionable Detector Analogies
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Tracking

Calorimetry

Muons/Particle ID



Questionable Detector Analogies
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CMS
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3.8T Solenoid

ECAL
76k scintillating 

PbWO4 crystals

HCAL Scintillator/brass

Interleaved ~7k ch

• Pixels (100x150 m2) 

~ 1 m2 ~66M ch

•Si Strips (80-180 m)

~200 m2 ~9.6M ch

Pixels & Tracker

MUON BARREL
250 Drift Tubes (DT) and

480 Resistive Plate Chambers (RPC)

473 Cathode Strip Chambers (CSC)

432 Resistive Plate Chambers (RPC)

MUON ENDCAPS

Total weight         14000 t
Overall diameter   15 m

Overall length       28.7 m

IRON YOKE

Preshower
Si Strips ~16 m2

~137k ch

Foward Cal
Steel + quartz 

Fibers 2~k ch



B
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Neutrino

7 meters 

• L1 Trigger  samples Calorimeter  and Muon content @ 40 MHz

– Selects 1 of ~800 in 4 s for further analysis → full detector readout

• High Level Trigger fully reconstructs event @ 50 – 100 kHz

– Selects 1 of ~1000 for data storage → offline reconstruction and analysis



~ scale…
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But before HL LHC: Upgrade!
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Barrel Calorimeters

• ECAL single crystal granularity in L1 Trigger 

with precise timing for e/ at 30 GeV

• ECAL and HCAL new back-end electronics

Muon Systems

• DT & CSC new FE/BE readout

• New GEM/RPC 

• Extended coverage to 

1.6 2.4 

3.0 

Beam Radiation 

and Luminosity, 

Common Systems,

Infrastructure

MIP Timing Detector

• < 70 ps resolution

• Barrel: Crystals + SiPMs

• Endcap: LGADs
Tracker

• Si Strip Outer Tracker designed for 

L1 Track Trigger

• Pixelated Inner Tracker extends 

coverage to 3.8 

Calorimeter Endcap

• Si, Scint + SiPM in 

Pb-W-SS

• 3D shower imaging 

with precise timing

L1 Trigger/HLT/DAQ

• L1 40 MHz in/750 kHz out 

with tracking for PF-like performance

• HLT 7.5 kHz out



New Tracker
• Current version 

doesn’t survive HL 

LHC dose

• Features

– ~200 m2 of Silicon!

• ×10 increase 

– Extended coverage

– Increased granularity 

– Reduced multiple 

scattering 

– Tracking information in  

L1 Trigger
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New Timing Layer

• Defeat pile-up with separation 

in time

– Analogous to spatial separation in 

tracker

• Large coverage with ~ 30 ps

timing resolution

– Restores pile-up conditions to 

pre-HL LHC levels

• Font of innovation!

– New handle for CMS

– Extremely valuable for Particle 

ID in Heavy Ions, for instance

• First step towards “Quantum 

Worldline Detector” ;)
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Barrel

Endcap



New Endcap Calorimeter
• Current version doesn’t survive dose

• Novel “Imaging Calorimeter” 

– Highly segmented  (×250) 4-D jet image

• Silicon section in high radiation area 

• Scintillator (cheaper!) in lower radiation area
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2.3 m

2.2 m



New Muon Systems

• New GEM and RPC 

detectors  deployed to 

increase coverage

– GEM GE 2/1 installed 

and running in 2023! 
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New Electronics
• Coping with ×5-7 collision rate

– Physics/sec: L1 rate 100 → 750 kHz

– Background/sec: decision time 4 → 12 s 

• Level 1 Trigger (L1T)

– High bandwidth optics brings new/more 

info into Powerful FPGAs

• Longer decision time  complex 

algorithms with multiple detectors

– New!  C++  FPGA algorithms

• Exploits scientist creativity!

• Muons, Calorimeter Backend

– Increased bandwidth to keep up with 

L1A rate
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Excellent times at the LHC, and more to come
• Last 13 years the LHC has been a prolific source of results on a broad 

spectrum of questions addressable at colliders

– Testing the Standard Model at higher and higher precision, including the 

resolution of a 50 year old outstanding question

– Constantly pushing the boundaries of where Physics beyond the Standard Model 

may hide

• Success resulted from excellent accelerator and detector performance

– The only way to lose at the LHC is to not be able to play the game 

• There is a lot more to do

– (Very!) Challenging Upgrades employing cutting edge technologies

– Analyzing the  95% of the data to come – results for the next 20 years!

• Up next: The computing challenge to turn data into results!
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Accumulated  LHC Luminosity



An assortment of older slides
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Rain Delay, 2008

• Above: 12 H solenoid at 30 A  5.4 kJ

• LHC Dipoles: 154 × 0.11 H at 9 kA  690,000 kJ
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Magnet Magnet

Resistor

DC Power

Switch

MIT Technical Services Group – Classical E&M demo



A Series of Unfortunate Events
• Arc: He at 1.9K  Insulation vacuum (Room Temp)

• Relief Valves overwhelmed  - 30 tons on Vacuum Barriers

– Moved tons by ~meter

• Cost one year, initial running at 7 TeV (½ design)
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CERN
CERN



LHC reloaded

June 5, 2023 41PURSUE - FNAL   CMS and the LHC



The Collaboration
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2104 

Authors
239 

institutes

54 

countries

5385 

Members


