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Elementary particles:
• quarks
• leptons
• bosons

Fundamental forces:
• electromagnetic force
• strong force
• weak force

Higgs boson:
• Higgs field
• Higgs potential
• Spontaneous symmetry breaking
• Higgs mechanism
• Discovery
• Unanswered questions
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Intristic Properties

Mass Charge Spin

Each generation heavier than the previous one

Einstein’s mass-energy equivalence:

𝑬 = 𝒎𝒄𝟐 → 𝒎 =
𝑬
𝒄𝟐
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Intristic Properties

Mass Charge Spin

Each generation heavier than the previous one

Einstein’s mass-energy equivalence:

𝑬 = 𝒎𝒄𝟐 → 𝒎 =
𝑬
𝒄𝟐

Energy of 1 gram of mass:

𝐸 = 𝑚𝑐" → 10#$ kg - 3×10%
𝑚
𝑠

"
= 9×10&$ J

1 J = 6.242×10&% eV

𝐸 = 5.6×10"'MeV

𝑚 = 5.6×10"'
MeV
𝑐"
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Intristic Properties

Mass Charge Spin

charged particles
• quarks
• charged leptons

• electron
• muon
• tau

• charged bosons
• 𝑊 boson
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Intristic Properties

Mass Charge Spin

neutral particles
• neutral leptons

• neutrinos
• neutral bosons

• gluon
• photon
• Z boson
• Higgs boson
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Intristic Properties

Mass Charge Spin

neutral particles
• neutral leptons

• neutrinos
• neutral bosons

• gluon
• photon
• Z boson
• Higgs boson

charged particles
• quarks
• charged leptons

• electron
• muon
• tau

• charged bosons
• 𝑊 boson
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Intristic Properties

Mass Charge Spin

spin → intristic angular momentum
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Intristic Properties

Mass Charge Spin

spin → intristic angular momentum

Stern-Gerlach experiment:
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Intristic Properties

Mass Charge Spin

spin → intristic angular momentum

Stern-Gerlach experiment:

fermions

half-integer spin

Fermi-Dirac statistics

𝑠 = ± &
" , ±

$
" , … 𝑠 = 0, 1, 2, …
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Intristic Properties

Mass Charge Spin

spin → intristic angular momentum

Stern-Gerlach experiment:

bosons

integer spin

Bose-Einsten statistics

𝑠 = ± &
" , ±

$
" , … 𝑠 = 0, 1, 2, …
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Intristic Properties

Mass Charge Spin

spin → intristic angular momentum

Stern-Gerlach experiment:

bosons

integer spin

Bose-Einsten statistics

fermions

half-integer spin

Fermi-Dirac statistics

𝑠 = ± &
" , ±

$
" , … 𝑠 = 0, 1, 2, …

good visual explanation: link

https://www.youtube.com/watch?v=pYeRS5a3HbE
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Fundamental Forces included in the SM

Strong Force       Electromagnetic Force Weak Force

range of strong force: ~2.5 fm
size of proton: < 1 fm
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Fundamental Forces included in the SM

Strong Force       Electromagnetic Force Weak Force

𝑊± = 3×10#") s
𝑍 = 3×10#") s

𝛽# decay 𝛽* decay

weak neutral current
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Conflict (early version of SM):
• particles assumed to be massless
• yet, experiments showed they have masses

Idea:
• mechanism to give these particles mass while preserving

the mathematical structure and symmetry of SM
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Conflict (early version of SM):
• particles assumed to be massless
• yet, experiments showed they have masses

Idea:
• mechanism to give these particles mass while preserving

the mathematical structure and symmetry of SM

Explanation:

direct evidence of the existence of the 
Higgs field, validating the Higgs 

mechanism that explains how particles 
aquire mass
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Higgs field
• a scalar field that permeates the entire universe
• has a non-zero value everywhere in space, even in vacuum
• elementary particles that interact with the Higgs field acquire mass
• the more they interact, the more mass they gain
• elementary particles that do not interact with the Higgs field remain massless
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Higgs field
• a scalar field that permeates the entire universe
• has a non-zero value everywhere in space, even in vacuum
• elementary particles that interact with the Higgs field acquire mass
• the more they interact, the more mass they gain
• elementary particles that do not interact with the Higgs field remain massless

Higgs potential
• the function that describes the energy of the Higgs field
• unique potential shape, often referred as a “mexican hat” or “wine bottle” potential
• this shape allows the field to have a non-zero value even in its lowest-energy state
• non-zero value = Vacuum Expectation Value (VEV)



Energy state at 𝝓 = 𝟎:
• rotational symmetric → fully symmetric in all directions
• false vacuum (high-energy state) → no excitation in the field 𝜙
• no interactions → no mass generated
• unstable → potential not at its lowest

Spontaneous Symmetry Breaking

39



Energy state at 𝝓 = 𝟎:
• rotational symmetric → fully symmetric in all directions
• false vacuum (high-energy state) → no excitation in the field 𝜙
• no interactions → no mass generated
• unstable → potential not at its lowest

→ breaks the rotational symmetry of the field

Energy state at 𝝓 ≠ 𝟎:
• rotational symmetry broken → spontaneous symmetry breaking
• true vacuum (lowest-energy state) → the field 𝜙 settles in a new minimum, VEV
• interactions possible → mass generated for particles interacting with the field
• non-zero energy vacuum state → energy due to the Higgs field’s VEV
• higgs boson → excitations as Higgs boson

Spontaneous Symmetry Breaking
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Higgs Mechanism
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Higgs mechanism
• process by which particles acquire mass through interaction with the Higgs field’s VEV

• the Higgs field settles after the symmetry breaking and has a non-zero value everywhere
• other quantum fields are able to interact with the Higgs field
• while interacting, they experience a sort of resistance which is interpreted as mass gain

No interaction:
• photons (and gluons) → no mass

Direct interaction:
• 𝑊 and 𝑍 bosons

Indirect interaction:
• fermions
• interaction through Yukawa coupling
• Yukawa coupling determines the strength of the interaction

between a particular fermion and the Higgs field

Mass is proportional to Yukawa coupling:
• photon: m+ = 0 (no coupling)
• electron: m, = 0.511 MeV (small Yukawa coupling)
• top quark: m- = 173.1 GeV (very strong Yukawa coupling)

the mass differentiation between the 𝑊 and 𝑍 bosons and photons leads to the 
separation of the weak and electromagnetic forces after symmetry breaking

2.2 MeV
proton

2.2 MeV

4.7 MeV

9.1 MeV
938.3 MeV

≈ 1%

mass of quarks

mass of proton



SM Lagrangian
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Standard Model Cup
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Dynamics of gauge fields 
associated with the force carriers:
• 𝛾 → electromagnetic force
• 𝑊 and 𝑍 → weak force
• 𝑔 → strong force

Yukawa coupling term 
describing how fermions gain 
mass through their interaction 
with the Higgs field 𝜙.
• 𝑦./ →Yukawa coupling 

constant determining the 
strength of interaction with 
the Higgs field

Kinetic term for fermions and 
their interactions with the gauge 
fields.
• 𝜓 → fermion field
• 𝐷 → covariant derivative 

showing interactions with 
gauge fields

Higgs field’s kinetic and 
potential terms.
• 𝐷0𝜙

" → kinetic term for the 
Higgs field

• 𝑉 𝜙 → Higgs potential 
driving the Higgs mechanism 
for giving mass to particles



Higgs → Di-Tau
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𝜏#

𝜏*
𝑊*

𝑊#

𝜈1

𝜈̅1

…

Δ𝑅1!1" =
2𝑚23435

𝑝623435

low p7 regime
𝛾∗

high p7 regime
H / Z

X

g g

large-R jet
isolation region

reclustering

𝚫𝑹 = 𝟏. 𝟎
𝒑𝑻 > 𝟑𝟎𝟎 GeV

𝚫𝑹 = 𝟎. 𝟐
𝒑𝑻 > 𝟏𝟎 GeV
𝜂 < 2.5

By using large radius jet (Δ𝑅 < 1.0), there 
is no competition at the seed jet level

The 2𝜏 are contained in a large radius 
jet and the 2𝜏 become 𝜏subjets

Δ𝑅1!1" < 0.4

𝑅 = 1.0

𝜋#
1-prong

𝜋*

𝜋#
𝜋:

𝜋*

leading track

3-prong

1 associated track

3 associated tracks

𝜏had−vis

𝜏had−vis

leading track

𝜋:

𝑅 = 0.2

𝑅 = 0.2

𝜏subjet

𝜏subjetdi-𝜏 object

subjet

H / Z / 𝛾∗H / Z / 𝛾∗

- loose: di-𝜏had−vis matched with large-R jet
- medium: at least 2 subjets in large-R jet 
- tight: 2 𝜏had−vis matched with 2 unique subjets
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Branching Ratios
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Probability
• Extremely low probability for production → one Higgs per 10 billion collisions
• Clean channels not that common
• Lifetime: 1.6×10#"" s

Most visible channels:
• 𝐻 → 𝛾𝛾
• 𝐻 → 𝑍𝑍∗

difficult channel 
(lots of background)

2.9%

0.23%



50 years journey:
• predicted in 1964 by Peter Higgs
• contribution from other physicists: François Englert, Robert Brout, Gerald Guralnik, C.R. Hagen, and Tom Kibble

• Mass anywhere between 10 − 1000 GeV
• Decays instantaneously, very tiny window to observe it

• The search was considered almost impossible:

• Technology cought up in 80s with particle colliders
• Still evaded detection for a few decades
• Each null result narrowed the possible mass range
• Early days of the LHC → mass window narrowed down to 115 − 130 GeV

Discovery
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• LHC launch: September, 2008
• First collisions: March 30, 2010
• Discovery: July 4, 2012

• Discovered by the ATLAS and CMS experiments

Discovery
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Nobel Prize in 
Physics 2013



So far so good:
• Since the discovery, more data was accumulated
• Everything points the Higgs boson being consistent with the SM

Still, many unanswered questions:
• What explains the Higgs mass at 125.35 GeV?
• Are there more Higgs bosons?
• Is it connected to Dark Matter?
• Where is all the antimatter in the universe?

What Now?
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Thank you for your attention!
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