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The Large Hadron Collider
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The goals of the Large Hadron Collider

* Generate particle that arises from the
excitation of the Higgs field

e Study unification of fundamental forces

e Elucidate the nature of dark matter



But what is the Large Hadron Collider?
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The Large Hadron Collider

e Collider?

* Particles from two
beams traveling In
opposite directions are
made to collide at four
different points




The Large Hadron Collider

e Hadron?

e |t accelerates protons or ions — called a hadron

e From the Greek “adros” meaning bulky



The Large Hadron Collider

| arge”
e Approximately 27 km in circumference



The Large Hadron Collider
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* [wo particle beams travel at the speed of light in opposite
directions in beam pipes that are kept at ultrahigh vacuum

* Guided around the accelerator ring by strong magnetic fields
generated by super conducting electromagnets

e Super conducting state or zero resistance state achieved at
-271.3°C @ — this is colder than outer space!

* Achieved with vast distribution system of liquid helium
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The two multipurpose experiments at the Large Hadron Collider




CMS Experiment at the LHC, CERN
Data recorded: 2012-May-13 20.08:14.621490 GMT
Run/Event 194108 / 564224000

ATLAS

%EXPERIMENT
http://atlas.ch

Run: 204769
Event: 71902630
Date: 2012-06-10
Time: 13:24:31 CEST



o On July 4th, 2012

o Two experiments at the LHC
announced that they had
observed a new particle!

O This new particle was consistent
with a Higgs boson as predicted

by the Standard Model of
Particle Physics

O Fourteen years later

o We have measured the
properties of this particle and
have very little doubt that this '/
Is anything other than the
particle predicted by the theory




Higgs discovery turns 10!

HIGGS TURNED




Higgs discovery turns 10!
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I am born!

First steps
Who am I7?

Why am I alone?
Not afraid of dark
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unification ol [orces



The idea of unification — motion of objects

* As physicists, we like to unify phenomena
* We see objects fallings
* \We see planets in orbit

* Are these phenomena related?

e |f so, what is the nature of this force

* Are these phenomena manifestation of the
same force?




The idea of unification — motion of objects
Mid-1600s

 Newton said “yes!”

* Let us call this force “gravity”
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The idea of unification — motion of objects

* |t is the same phenomena that governs the trajectory of cannon balls
and the motion of planets

* Major intellectual development




The idea of unification — electricity and magnetism

* \We have identified the phenomena of
lightning as manifestation of electricity

e Associated with matter that has electric
charge

o Static electricity: common phenomena in
winter




The idea of unification — electricity and magnetism

* We have identified the behavior of
ferromagnetic metals as manifestation of
magnetism

* The first manifestation of magnetism seen
in lodestone (magnetite)

e Attracts iron filings

* Used to remove arrows embedded in a
person’s body or a compass for
navigation

Image courtesy: Wikimedia Commons



The idea of unification — electricity and magnetism

* Noticed by Faraday and others:

e electric current inside a wire creates a
magnetic field outside the wire

e current induced In a moving wire in the
presence of a magnetic field

* |ntellectual leap in connecting electricity
and magnetism

Electricity and magnetism:
Manifestation of the same phenomena

Mid-1800s

Wikimedia Commons

Image courtesy



The idea of unification — space and time

 Emerges from the idea of a frame of reference, an observer and an event

(accelerating)

» Define observer with a local coordinate system (x, y, 7) and a clock

* Reference frames can be inertial (constant velocity) and non-inertial I
 Event — point in space and instance In time

* Einstein’s theory of special relativity:

* The laws of physics are invariant in inertial frames

Killed the idea of the

* Speed of light in vacuum is same for all observers mysterious aether



The idea of unification — space and time

* Unification of space-time major
intellectual leap of the 20t century

Gravitational wave Black hole Spacetime
* Implies unification of mass and energy |
* General relativity: gravity emergesasa "™ £ 00, [ B84 ) i

geometric property of space and time
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Standard Model of Particle Physics

Provides a description ol the most fundamental

building blocks ol matter

Standard Model of Elementary Particles

Focus on interactions of the |
particles with the force o)
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Mediator of
weak forces:
responsible for
nuclear fission
and fusion

Mediators of forces

w

W-boson

g

Gluon

V4

Z-boson

Photon

Mediator of strong
force: responsible
for holding the
proton together

Mediator of
electromagnetic
interactions:
responsible for all
kKnown
electromagnetic
phenomena



Some definitions

e Quantum electrodynamics: a quantum field theory that describes
interactions between electrically charged fundamental particles and the
photon

» Extremely robust theory

. Tested to ten parts in a billion (10°)

* Quantum chromodynamics: a quantum field theory that describes
iInteractions between color charged fundamental particles and the gluon

* Responsible for almost all interactions at the Large Hadron Collider



Representing fundamental physics processes with “diagrams”

» Often useful to represent fundamental particle physics interactions
pictorially

* Provides natural way to compute rates of reactions

* Diagram constructed In space-time

e 7

* At each vertex, strength of interaction is indicated

Before After ;




Unification of two fundamental forces

€

Electromagnetic interaction Weak interaction



Unification of two fundamental forces —
electromagnetic and weak force

 Manifest very differently at low energies
* Unification observed at high energies

* First postulated by Sheldon Glashow, Abdus Salam,
and Steven Weinberg

* Experimental verification came in the form of
detection of W= and Z" bosons




Unification of two fundamental forces —
electromagnetic and weak force

H1 and ZEUS
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Unification of two fundamental forces —
electromagnetic and weak force

H1 and ZEUS
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But unified only above a certain energy?

* S0, what happens at low H1 and ZEUS
energy?

* This symmetry or the
existence of a unified theory
broken at low energies

Charged current

Hidden symmetry
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Symmetry manifest




Symmetry breaking

o EXxplicitly break symmetry

* Write down equations that do not respect underlying symmetries of a
theory

o Spontaneously break symmetry

* Equations obey symmetry but choice of vacuum solution breaks
symmetry



Symmetry breaking

L

Make a choice. That determines the “choice” for the others



Why Is the Higgs such a crucial discovery?

* The Higgs mechanism explains electroweak symmetry breaking
* We just learned of the unification of electroweak theory

 However, we have experimentally observed that electroweak symmetry
IS broken

* The Higgs mechanism provides an explanation of this phenomena



The Higgs mechanism

* |In physics, we often write down
a “Lagrangian” that we can
then use to derive equations of
motion

* Lagrangian = Kinetic energy -
potential energy

 But what Is the form of this
potential energy?

. V=//t2¢2+/1¢4




The Higgs mechanism — let’s spontaneously break the
symmetry

Nature prefers a minimum energy state




The Higgs mechanism — let’s spontaneously break the
symmetry

V = /’t2¢2 i /1¢4
» Minimum value of ¢ is equal to 246 GeV

e |t s referred to as the vacuum
expectation value

246 GeV at every point and extends everywhere in space




What have we learned so far...

* Unification of phenomena leads to complete description of Nature

* Unification of electromagnetism and the weak force achieved at high
energies, but broken at low energies

* This spontaneous breaking of electroweak symmetry is achieved through
the Higgs mechanism

* (Gauge) bosons acquire mass, except the photon which remains
massless

* |nteraction with the Higgs gives masses to the fermions (leptons and
quarks)



The Standard Model formulation before and after
symmetry breaking

» Before symmetry is broken, theory consists of massless electroweak bosons

® \W acquires mass

All massless

Y, 140

® Z acquires mass

® Photon remains massless




After symmetry is broken

» What exactly is happening at the low energy tlL U ARE
region”?

* Only electromagnetic interaction

* Interaction completely driven by the . Neutral current
) S
energy of the process —
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But this only explains how the weak force carriers
(bosons) acquire mass...

* The other particles (fermions) in

the standard model acquire mass \ F }: MV
via the interactions with the Higgs oz L

field




Strength of fermionic interaction

* |nteraction of fermions (leptons
and quarks) with the Higgs field
proportional to the value of the
mass of the fermion

e Referred to as a “Yukawa
Interaction”

e \We are not sure of the
neutrinos




Consequences of the presence of the Higgs Boson

 Down quarks are heavier than

G up quarks

* Consequences with regard to
the stability of the proton

Ensures stabllity of the
Hydrogen atom

Proton: stable Neutron: unstable



Consequences of the presence of the Higgs Boson

e The distance between the electron and
the nucleus defined as the Bohr radius:

n

m,ca

a():

» If m, = 0, no atoms can be formed




Consequences of the presence of the Higgs Boson

e A different value of the electron mass would alter the chemical reactions of
all known elements
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The Higgs is massive — what did we learn from previous experiments

o What would guide our intuition as to how massive is
the Higgs?

90,

Downers
88, G
2366 )

o We have not observed the Higgs in previous
experiments — not light

o We know from the Tevatron that the mass of the
Higgs boson lies between 115 and 135 GeV

o 115 <my < 135 GeV

o For comparison, the mass of the proton is ~ 1 GeV



How would we detect the Higgs?

oBuild an experiment to make it possible for the Higgs to be
generated

oBuild a detector to study the debris from the collision




Production and decay of the Higgs boson

Top quark

Higgs boson

"

Top anti-quark o

b
&

Two gluons Quantum
collide (one from fluctuation Higgs-boson

each proton) (top—-antitop) : decay products

Time




Needle in a haystack
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Production
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Incredible achievement of the ATLAS and CMS Collaborations!
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https://www.nature.com/articles/s41586-022-04892-x
https://www.nature.com/articles/s41586-022-04893-w

The 2025 Breakthrough Prize
In Fundamental Physics

For detailed measurements of Higgs boson

properties conlirming the symmetry-

br’@akmg mechanism ol mass seneration,
the

BREAKTHROUGH PRIZE

THE 2025 BREAKTHROUGH PRIZE IN FUNDAMENTAL PHYSICS IS AWARDED TO
LHC Physicist

, the study ol rare processes and

For detailed measurements of Higgs boson properties confirming the symmetry-breaking mechanism of mass generation,

o the discovery of new strongly interacting particles, the study of rare processes and matter-antimatter asymmetry, and
ll ]l I! a @ ET_ a ]l ]l ]1 II Il ]l a & }T aS § ]l ]l n Il Il ]l & E T § 9 a ]I ]l & E the exploration of nature at the shortest distances and most extreme conditions at CERN’s Large Hadron Collider.
|

APRIL S5, 2025

exploration of nature at the shortest

distances and most extreme conditions at

CERN's Large Hadron Collider.”




Takeaway message...

* The Higgs Boson is one of the greatest discoveries of the 21st century

* The aftermath of the discovery has far-reaching conseguences in terms of
understanding how our universe came to be

* Nearly fourteen years after the discovery of the Higgs Boson we are
studying It’s properties with precision

* Any deviation from expectations = New Physics!



This talk is dedicated to the memory ol

Professor Peter Higgs and Professor Francois Englert

1929-2024 1932-2026
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Proposed by Ernest Lawrence and patented in 1932 CyCIOt rOn

@ lon source (negative charges here)

(@ Accelerated ions
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Higgs Boson Is essential to
ife on earth...

Some may even refer to the
Higgs Boson as the
‘god particle™

Physicists don’t really like that term!
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Representing fundamental physics process with “diagrams”

o Often useful to represent fundamental particle physics interactions pictorially
e Diagram constructed in space-time

* At each vertex, strength of interaction is indicated

* All conservation laws like charge, momenta conserved at each vertex

* Provides natural way to compute probabillities
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Particles that interact with the Higgs field acquire mass
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Particles that interact with the Higgs field acquire mass




Can predict decay probabilities based on Higgs mass
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At the time of the Higgs discovery...
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First

Mass =2.2 MeV ¢
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Where things stand today...
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0.2% YV
In how many ways can the 2.6%

Higgs decay? 2.9%

* The Higgs mass of 125 GeV
leads to some interesting 8.2%
CONSequeNCes:

* A wide array of decay modes
possible

 |If the Higgs were 50 GeV
heavier = detection through
only two decay modes 51 40

8.4%

 |If the Higgs were 10 GeV lighter
— detection through all W and
Z bosons almost impossible



Standard Model of Particle Physics

Provides a description ol the most fundamental

building blocks ol matter

Standard Model of Elementary Particles

Focus on interactions of the |
particles with the force o)
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