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Ø Introduction 
Ø The Standard Model
Ø Leptons, Bosons, and Hadrons: Baryons and Mesons
Ø Instruments for measuring particles masses
Ø Example one: mass measurement (BaBar/Belle experiments)
Ø Example two: mass measurement (ATLAS/CMS experiment)
Ø Summary



Mass

• Amount of matter in 
an object!
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Where does mass come from?
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Matter (macroscopic)

Atom (10-10 m)

Nucleus (10-14m)

Nucleon (10-15m)

Quark (≤10-18m)

a) Democritus
b) John Dalton

c) J. J. Thompson Ernest Rutherford

Ernest Rutherford
James Chadwick

Murray Gell-Mann

32 years
1932-1964



Road Map to the Quark Model
1932 -1964

a) How two or more protons exits in a nucleus? 
-- Hideki Yukawa assumed that the proton and neutron are attracted to one another 
by some sort of field, just as the electron is attracted to the nucleus by an electric 
field and the moon to the earth by a gravitational field – Nobel prize in 1949



Road Map to the Quark Model
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1932 -1964

b) Cosmic Ray Particles
-- Many particles, e.g. 𝜇, 𝜋, 𝐾, 𝑒!, 𝜈 etc., were discovered in Cosmic rays and in the 
particle accelerators that can’t be described by the protons, neutrons, and electrons

c) Kaons’ (K) having longer life-time than expected (10-10 seconds instead of the 
expected 10-23 seconds) contains a strange quark

d) Why Muon? Who ordered that? (Q. by Isaac Rabi who got Nobel prize in 
1944 for NMR)



Introduction to the Quark Model (1961)
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Gell-Mann’s Famous Eightfold Way 



The Quark Model (1964)
Murry Gell-Mann
1929 - 2019

George Zweig
1937 -

Ø Gell-Mann and Zweig independently proposed that all hadrons are in fact 
composed of even more elementary constituents, which Gell-Mann called 
“quarks”. 



The Quark Model (1964)
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More Quarks and Leptons
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• 1974: 𝐽/𝜓 (𝑐 ̅𝑐); 𝑐 → 𝑐ℎ𝑎𝑟𝑚 𝑞𝑢𝑎𝑟𝑘 by Burton Richter (SLAC) and Samuel 
Chao Chung Ting (BNL)

• 1975: 𝜏 𝑙𝑒𝑝𝑡𝑜𝑛 by Martin Lewis Perl (SLAC)
• Six leptons require more quarks!
• 1977: new resonance 𝛶 → 𝑏>𝑏 by Leon M Lederman (Fermilab)
• 1995: top quark discovered by CDF and D0 collaboration (Fermilab)



The 
Standard 

Model (SM)



The 
Standard 

Model (SM)

Ø Hadron: Baryon, Meson
Ø Every baryon is composed of three quarks (and 

every antibaryon is composed of three 
antiquarks) 

Ø Every meson is composed of a quark and an 
antiquark 



Where does mass come from 
to the SM particles?
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Higgs 
Mechanism

• The Standard Model is a paradigm of the “Quantum Field 
Theory (QFT).”

• QFT is the mathematical framework for the SM particles in 
which a Lagrangian controls the dynamics and kinematics 
of the theory.

• The Standard model is described using group theory 
SU(3)×SU(2)×U(1). SU(3) is the gauge group of the strong 
interaction and SU(2) x U(1) is the group of electroweak 
interaction
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Ø For every symmetry there is a corresponding conservation law – Emmy 
Noether (1882-1935) 



SM 
Lagrangian

• ℒ!" = − #
$
𝐹%&𝐹%&

+ 𝑖 '𝜓𝛾%𝐷%𝜓 + h.c
+𝐷%𝜙'𝐷%𝜙 − 𝑉 𝜙
+𝜓( -𝑌Φ𝜓) + ℎ. 𝑐
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Higgs field 
and the 
elementary 
particles mass
(Spontaneous 
symmetry 
breaking)

ℒ" = 𝐷#𝜙$𝐷#𝜙 − 𝑉 𝜙 ;
𝜙 → 𝑐𝑜𝑚𝑝𝑙𝑒𝑥 𝑠𝑐𝑎𝑙𝑒𝑟 𝑓𝑖𝑒𝑙𝑑, with 
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and

𝜇 → 𝑚𝑎𝑠𝑠; 𝜆 → 𝑠𝑒𝑙𝑓 − 𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑓𝑖𝑒𝑙𝑑
ℒ" exibits symmetry with 𝜙 𝑎𝑛𝑑 − 𝜙



Forces and Unifications

Ø The unification of 
forces is the idea that it’s 
possible to view all of 
nature’s forces as 
manifestations of one 
single, all-encompassing 
force – Symmetry 
Magazine
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Elementary particles in the Laboratory
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Ø Rest energy of proton 𝑚𝑐* = 938𝑀𝑒𝑉 ≈ 1𝐺𝑒𝑉
Ø Relativistic energy 𝐸 = 𝛾𝑚𝑐*; 𝛾 = #

#+!
"

#"

Ø 𝑣 = 𝑐 1 − ,-"

.

*
; 𝐸/ = 7𝑇𝑒𝑉 = 7000𝐺𝑒𝑉

Ø 𝑣 = 0.999999989𝑐
Ø 𝑟 = ,0

12 ; 𝜆 =
3
4

Ø Can we make a 7 TeV electron accelerator?
Ø Which machine is better, electron or proton? Why?

Mass and Energy



Large 
Hadron 
Collider

• When protons meet 
during an LHC 
collision, they break 
apart and the quarks 
and gluons come 
spilling out. They 
interact and pull more 
quarks and gluons out 
of space, eventually 
forming a shower of 
fast-moving hadrons.
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SLAC National 
Accelerator 
Laboratory

2
1



SLAC National 
Accelerator 
Laboratory



• SuperKEKB
Collider Achieves 
the World's 
Highest 
Luminosity



How do we see this incredible number of 
collisions? – particle detector
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Belle II Detector ATLAS Detector



Particles 
Interaction 
with Matter



Four Momentum and Kinematics
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≈ 𝐸, �⃗� , 𝑐 = 1

𝑝%𝑝% = 𝐸* − �⃗�* = 𝑚*

𝑚 = 𝐸* − �⃗�*

Lorentz Invariant

�⃗� = 𝛾𝑚�⃗�



Mass 
Measurements

• Example one:
• Patrick’s Honours Thesis – 2019
• BABAR experiment
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Mass 
Measurements

• Example two:
• A Ph.D. Thesis
• Phys. Rev. Lett. 128, 091804
• BABAR experiment
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Mass 
Measurements

• Example three:
• ATLAS experiment
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Data 
Analysis
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Data analysis framework

Raw data

MC samples

Event selections

Results



Analysis 
Strategy

• Preselection or Skim (starting 
sample for the analysis)

• Blind analysis
• Data: 

• Hit in the detector from 
collision

• Digitized and reconstructed 
into tracks and clusters

• Particle Identification (PID) 
algorithms identify each 
tracks or cluster as a 
candidate for a given type or 
particle

• Simulation Production (SP) :
• Continuum and generic
• Used for data/MC agreement
• Estimate the background rate
• Determine efficiencies
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Analysis 
Strategy



Example one 
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𝑚%% = (𝐸# + 𝐸*)*−(�⃗�#* + �⃗�**)*



Example one 

No cut applied! Back-to-back cut applied! Particle Identification 
(charge)

10022.50 ± 0.04 MeV/c2 --Data
10023.26 ± 0.31 MeV/c2 --PDG



Example one 

No cut applied! Back-to-back cut applied! Particle Identification 
(charge)

10022.50 ± 0.04 MeV/c2 --Data
10023.26 ± 0.31 MeV/c2 --PDG
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Example two: Charged Lepton Flavor Violation
𝛶(3𝑆) → 𝑒±𝜇∓

Forbidden in the SM
Lepton Flavor Violation Re-ordering 

incoming/outgoing particles

S. Nussinov, et. al.
Phys.Rev. D63 (2001) 016003

Ø Compare the re-ordered diagram with the ordinary Muon decay

𝜞 𝝁 → 𝟑𝒆 𝑽"𝒆𝒙𝒄𝒉𝒂𝒏𝒈𝒆

𝜞(𝝁 → 𝒆𝝂(𝝂)
≈ 𝑩𝑹 𝝁 → 𝟑𝒆 𝑽"𝒆𝒙𝒄𝒉. ≈

𝜞(𝑽 → 𝒆+𝒆")𝜞(𝑽 → 𝒆±𝝁∓)
𝜞𝟐(𝑾 → 𝒆𝝂)

𝑴𝑾
𝑴𝑽

𝟔

q Theory:

Ø S. Nussinov, et. al. estimated that the contribution of the virtual ¡ (3𝑆) →𝑒±𝜇∓ to 
the µ →𝑒𝑒𝑒 rate would be reduced by approximately M2

µ/ (2 M2
¡ )
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BaBar Detector

596 papers published, 
December 2021 data!

Between Dec. 2007 – Apr. 2008, BaBar collected data below Υ(4𝑆)
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Example two

CLFV
𝛶(3𝑆) → 𝑒±𝜇∓

§ 27.9 fb-1 Υ 3𝑆 on-peak data (signal events)
§ 78.31 fb-1 Υ 4𝑆 on-peak data and  
§ 7.75 fb-1 Υ 4𝑆 off-peak data (40 MeV below the on-peak) and 
§ 2.62 fb -1 Υ 3𝑆 off-peak data (40 MeV below the on-peak)  are used for sytematic 

studies (data driven continuum background)
§ MC signal: 𝑒!𝑒' → Υ 3𝑆 → 𝑒±𝜇∓: 103000 events
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Charged Lepton Flavor Violation

q Data Analysis: selection and reconstruction

Ø two oppositely charged tracks (directly 
from 𝛶(3𝑆)à signal candidates!)

Ø momentum close to beam energy 
(𝐸# =

$
%

)
Ø angle between two tracks: 𝜃&%'( >

179)
Ø energy deposit by muons on EMC > 

50 MeV
Ø EMC acceptance 24) < 𝜃*+, < 130)
Ø main sources of backgrounds: 𝑒-𝑒. →

𝜏-𝜏., 𝜇-𝜇. 𝛾 , 𝑒-𝑒.(𝛾)
Ø in second stage tighter and optimized  

particle identification (PID) and 
kinematics criteria applied, i.e. lepton 
momentum plane

𝒑𝒆
𝒔 ∗ 𝟎. 𝟓

− 𝟏
𝟐
+

𝒑𝝁
𝒔 ∗ 𝟎. 𝟓

− 𝟏
𝟐
< 𝟎. 𝟎𝟏

𝑝 $
/𝐸

%

𝑝&/𝐸%



Charged Lepton Flavor Violation

q Data Analysis: results

Ø Branching Fraction: 𝑵𝐂𝐚𝐧𝐝𝐢𝐝𝐚𝐭𝐞.𝑵𝑩𝑮
𝜺𝒔𝒊𝒈× 𝑵𝚼

=  𝟏. 𝟎 ± 𝟏. 𝟒𝒔𝒕𝒂𝒕(𝑵𝑪𝒂𝒏𝒅𝒊𝒅𝒂𝒕𝒆) ± 𝟎. 𝟖𝒔𝒚𝒔𝒕 ×𝟏𝟎
.𝟕

Ø Set an upper limit at 90% confidence level:

E
nt

ri
es

/0
.1

7 
G

eV
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Systematics
v Systematics

Ø First-ever result of this kind was published recently at Phys. Rev. Lett. 128, 
091804



Example three
Higgs Boson (LHC) 

Gluon-gluon fusion ~88%

Associated production 
with vector bosons ~04%

Vector bosons fusion ~07%

𝐻𝑡 ̅𝑡 ~01%

Higgs Decay



Example three
Higgs Boson 
Mass 
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