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General Description 

● Goals: find special elementary particles and their properties
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Compact Muon Solenoid

● Same goals as ATLAS 

● Better in detecting muons than in detecting electrons 

● consist of multiple layers 





● Newtonian mass vs. invariant mass

●

● “Natural units”

●
○ p is the sum of the momentum of all decay particles

■ Measured by the tracker

○ E is the sum of the energy of all decay particles

■ Measured by calorimeters

○ m is the invariant mass

Calculated particle properties



● 2 leptons

Overview of particles



Comparison with official paper



Invariant muon-antimuon mass Invariant electron-positron mass

Detecting muons vs. electrons



● 782.65  MeV

● Was recorded in the 1960s

● consist of down, anti-down and up anti-up 

Omega (782)



Phi (1020)

● 1019 MeV

● 1972, Connolly, AGS

● strangeonium

● DAFNE

● decay

● OZI

● Gaussian fit



The first Quark Models

● First models: up, down and strange

● Stanford Linear Accelerator Center

● Deep inelastic scattering



J/psi meson

● charm, anti-charm 

● SLAC  and Brookhaven National Laboratory 1974

● Excited states



● bb (bottomonium)

● 1977, Leon Lederman

● Tevatron, Fermilab

● ‘Oops-Leon’

● 5 excited states

Upsilon meson (Υ)



Upsilon(1S) fit

Measured mean

9447,85 MeV

Actual mean

9460,30 ± 0,26 MeV



● Super Proton Synchrotron, 1983

● Weak force

Z-boson





Measured mean Actual mean

90,872 GeV 91,118 ± 0,0021 GeV



● The shorter the lifetime, the more uncertain the energy/mass

● Lifetime (𝜏) can be implied from energy uncertainty (ΔE)

Heisenberg's uncertainty principle



Actual lifetime

7 × 10-21 s

Heisenberg's uncertainty principle

● 1000× smaller

● Actual peak much 

more narrow

● Resolution (1%)

● ‘Smear’



Testing Special Relativity 

m=90

m=0
m=50

Linear graph

Special relativity



Testing Special Relativity 

Quadratic graph

Classic mechanics



Testing Special Relativity 

Plotting using actual data



Testing Special Relativity 

Plotting using actual data

m=90



Testing Special Relativity 

Plotting using actual data

m=90



Thank you!



One more thing...



Four lepton decay (with some event selection)



Four lepton decay (with some event selection)
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Four lepton decay (with some event selection)

Z

Z

Z?



~ 90 ~ 125

180 + X 

Explanation of the 4-lepton peaks 

Z → 4l H → 4l … → ZZ → 4l

(mZZ)2 = 2 mZ
2 + 2 pZ

2

with pZ the Z momentum in the 

ZZ rest frame ( assuming equal 

masses for the two Z bosons, 

and equal but opposite 

momenta )



Our measured mass (ZZ, 13 TeV, 46 fb-1, 2017) 124.37 ± 0.35

GeV 

ATLAS + CMS mass  (ZZ + γγ, 7-8 TeV, 50 fb-1, 2010-12)   125.09 ± 0.24 GeV



Our measured mass (ZZ, 13 TeV, 46 fb-1, 2017) 124.37 ± 0.35

GeV 

ATLAS + CMS mass  (ZZ + γγ, 7-8 TeV, 50 fb-1, 2010-12)   125.09 ± 0.24 GeV

Approximate 

5σ line (2 bins)

(1 : 3,500,000)



Are there any questions?


